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Abstract 
Protein engineering has had an immense impact on the development of biological 

drugs, including replacement therapies with engineered versions of insulin or factor 
VIII to treat diabetes or bleeding disorders, and monoclonal antibodies to treat cancer 
and various other malignancies. Now, with the next generation of treatment modalities 
coming up, including monoclonal reagents based on alternative scaffolds, gene and cell 
therapies, the importance of protein engineering to tailor-make these treatments is 
likely to increase further. 

The neonatal Fc receptor (FcRn) is widely expressed in the body. One of the 
receptor's interesting functions is to rescue immunoglobulin G (IgG) and serum 
albumin (SA) from degradation by cells in contact with blood. When serum proteins 
are endocytosed by a cell, they are transported via the endosome to the lysosome for 
degradation. However, IgG and SA associate with the FcRn already at the slightly 
acidic pH of the endosome followed by transport back to the cell surface. There the 
complex encounters the neutral pH of the blood, at which the binding affinity to FcRn 
is lost, and IgG and SA are released back into circulation. In the main part of this 
thesis, efforts are described aiming to take use of, or block, the FcRn recycling 
mechanism to control the serum circulation half-life of proteins. 

In the first study (Study I), a robust expression strategy for human FcRn was 
designed and evaluated. The extracellular domain was produced in the human SKOV3 
cell-line after facile lentiviral delivery of the expression cassettes. This lead to 
continuous expression of secreted protein that could be purified to homogeneity by a 
single affinity chromatographic step, using the intrinsic pH-dependent interaction 
between FcRn and IgG, where the latter was immobilized in a column. The amount of 
purified protein was 1.4 mg per liter medium. The protein was characterized by SDS-
PAGE, western blotting, circular dichroism spectroscopy, ELISA, surface plasmon 
resonance and a temperature stability assay. The results suggested a fully functional and 
stable protein of high purity. In addition, the gene encoding full-length FcRn as a 
fusion to eGFP was delivered to HeLa cells utilizing the same lentiviral system. 
Subsequent analysis by flow cytometry and confocal fluorescence microscopy indicated 
a wide distribution of eGFP/FcRn expression among the cells. Binding of IgG and 
HSA was found to correlate well with the amount of eGFP/FcRn expressed by the 
cells. 

In a following study (Study II), the goal was to generate affinity proteins interacting 
with human FcRn in a pH-dependent manner similar to that of FcRn's natural ligands. 
The affinity proteins used are denoted affibody molecules, a class of small alternative 
scaffold proteins with a three-helical structure. Affibody molecules were selected from 
a combinatorial library displayed on phage where binding took place at pH 5.5 and 
elution was performed at pH 2.2 or 8.0. Selected variants were characterized by 
developed in vitro and cell based assays, and some were found to have the desired pH-



 
 

dependent binding to FcRn. In vivo studies in mice showed that the serum half-life of a 
model protein, genetically fused to the FcRn binding affibody molecules, was extended 
up to almost three-fold compared to a control protein (from 33 to 91 hours). 

In a subsequent study (Study III), the use of a FcRn binding affibody molecule to 
reduce, rather than prolong, the serum half-life of proteins was explored. Here, the 
rationale was to investigate if injection of a FcRn binding affibody could hinder 
endogenous IgG from being rescued by FcRn, which could lead to depletion of IgGs 
by lysosomal degradation. In autoimmune diseases, such depletion of IgG would 
include also pathogenic IgG and could thus mitigate the symptoms of the disease.  
Using cell based assays, it was found that one affibody molecule, selected in Study II, 
could readily block IgG from binding both human and murine FcRn. A following in 
vivo study in mice showed that systemic injection of the molecule reduced the amount 
of endogenous IgG by 39%. 

In a fourth study (Study IV), the goal was to use a different class of affinity 
proteins to regulate the level of an enzyme in the brain. More specifically, artificial zinc 
finger-based transcription factors regulating the level of GAD67, which is the rate-
limiting enzyme in synthesis of gamma-aminobutyric acid (GABA), were designed. 
Imbalances in GABA-signaling is involved in different diseases, including Parkinson's 
disease and epilepsy, and regulation of GAD67 at particular sites in the brain might be 
a route to ameliorate symptoms associated with such diseases. ELISA-based 
investigation showed that one of the designed zinc fingers, denoted G3, bound 
selectively to its intended target DNA sequence. A construct encoding G3 fused to a 
general transcriptional activator (VP64) was delivered to PC12-cells, using a lentivirus-
based gene delivery system, resulting in a significant up-regulation of endogenous 
GAD67 expression. The same construct was subsequently delivered to the striatum of 
rats, with an induced disease model of Parkinson's disease. Western blot of striatal 
samples showed a significant up-regulation of GAD67 expression in lesioned striatum 
compared to intact striatum, and a tendency towards up-regulation compared to 
lesioned striatum. 

Taken together, the protein engineering efforts described in this thesis concerning 
affinity proteins binding other proteins or DNA, has the potential to find use in drug 
development and may benefit patients in the future. 

Keywords 
FcRn, affibody molecule,  immunoglobulin G (IgG), serum albumin (SA), albumin 
binding domain (ABD), half-life extension, blocking, autoimmune disease, pH-
dependence, GAD67, GAD-1, gene therapy, Parkinson’s disease, zinc finger based 
artificial transcription factor 
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Introduction 
My personal interest for life science developed early. At my graduation 

dinner from the biotechnology programme at KTH I was given “Boken 
om mig” by my mother. This was a thin booklet we wrote as an exercise in 
fifth grade in primary school. To my surprise I had written that I was 
going to study biomedicine; quite an accurate prediction by an 11 year old. 
In high school I took the natural science program, and thereafter started 
the Master of Science in engineering programme 
(civilingenjörsprogrammet) in biotechnology at the Royal Institute of 
Technology (KTH) in Stockholm. During summers and weekends I was 
fortunate to have a job in the Human Proteome Atlas project (HPA, 
http://www.proteinatlas.org/), which gave me the opportunity to talk to 
scientists and PhD students at the School of Biotechnology. It was at this 
time I decided that I wanted to pursue PhD studies that resulted in this 
doctoral thesis. 

Scientific research may be both exploratory and applied. The projects 
in this thesis are more applied than exploratory, where opportunities 
were identified to create proteins for potential medical applications in 
subject areas where a substantial basic knowledge already existed. In the 
introductory chapters of the thesis, the background to the projects are 
given, to help in understanding why the studies were performed, why they 
were performed in the way that they were and the implications of the 
results. This includes what is already known; from the fundamental 
features of protein engineering to the function of the neonatal Fc receptor 
(FcRn) and its ligands. The Present Investigation chapter and the 
appended studies present the research and possible future projects. The 
overall aims of these projects have been to create FcRn binding affibody 
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molecules to allow for half-life extension of fused biomolecules or for the 
blocking of FcRn/IgG interaction to decrease IgG levels in vivo. An aim 
has also been to develop zinc finger based artificial transcription factors 
to regulate the level of GAD67 as a potential remedy for diseases in the 
central nerve system. 

The work presented in this thesis stems from a long history of using 
compounds to cure diseases, and later understanding of the function. 
Herbs and magical decocts have been used since the dawn of man, but 
their mechanisms of function, if any, are many times unknown or have 
been understood only recently. Many times the active ingredient in these 
medical plants has turned out to be small organic molecules. These 
molecules have subsequently been extracted or synthesized to give a more 
defined product than the original herb. 

More recently came the protein based drugs. They were first isolated 
from natural sources, but development of recombinant gene 
technology(1) at the end of the 1970's made it more advantageous to 
express some of them recombinantly in cells. Today there are about 200 
biological drugs on the market, and around 600 in clinical 
development(2). They are mainly vaccines or monoclonal antibodies that 
during the last years have been the totally dominant class of therapeutic 
biopharmaceuticals in clinical development. 

During development of protein based drugs, the amino acid 
composition is often optimized. This is a process termed protein 
engineering and can endow the drug with new or enhanced desired 
properties. More about protein engineering is presented in the next 
chapter.  
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1. Protein Engineering 
Protein engineering is the process where a protein is modified to fulfill 

a new purpose or deliver a better function. In order to grasp the concept 
of protein engineering it is necessary to be familiar with the concept of 
the central dogma, which describes how a protein is created from the 
deoxyribonucleic acid (DNA) code. In fact, when protein engineering is 
performed modifications are typically made at the DNA level, but leads to 
a change in the composition of amino acids in the encoded protein. DNA 
has been called the code of life and is the blueprint of how all proteins 
should be assembled in our bodies. It is built up by long stretches of the 
four nucleotide bases adenine (A), thymine (T), cytosine (C) and guanine 
(G); constituting our  genome(3). Contained in the genome are DNA-
stretches that are used as blueprints for creating proteins. These stretches 
or sequences are called genes. In the first step of creating proteins, DNA 
is used as a template for making RNA in a process called transcription. 
RNA is also a sequence of nucleotides, but with a slightly different 
composition compared to DNA. The RNA is in turn used as a template to 
create proteins in a process called translation, where three bases in RNA, 
a codon, is translated to one amino acid in the protein. There are 20 
natural amino acids, but there are 43=64 different ways in which 3 bases 
can be combined. Therefore, almost every amino acid is encoded by 
several codons, but the number of codons encoding each amino acid is 
unequally distributed. In addition, there are also start (same as the amino 
acid methionine) and stop codons denoting the start and stop of the 
translation. After translation, the polypeptide may receive 
posttranslational modifications and folds into a three-dimensional 
structure after which it can exercise its function. 

Errors in the genetic code, can lead to errors in the encoded proteins, 
which can be fatal or result in disease in the individual. However, 
introduction of errors in the genetic code can also sometimes give rise to 
favorable characteristics. This process is termed evolution and was first 
theorized by Darwin in 1859(4). For example, a fortunate mutation in a 
digestive enzyme can give the individual the possibility to digest nutrients 
not available for its conspecifics. This might in turn give a survival 
advantage if food supply is changed. Billions of years of evolution have 
evolved life from the very simplest life forms into the life forms occupying 
earth today, including humans. 



5   |   Protein Engineering 
 

Recently, evolutionary speaking, we learnt how to make changes on the 
DNA level to obtain proteins with desired functions, the process termed 
protein engineering(5). The template for making the changes can either 
be proteins already present in our bodies as well as proteins from foreign 
sources or novel ones. The improved properties can for example include 
the following: expression level, solubility, stability, immunogenicity, 
pharmacokinetics, catalytic activity and binding affinity. The subject of 
protein engineering can be divided into two main categories; rational and 
random methods, which are presented below. 

1.1. Rational Methods 
In rational protein engineering the approach is to collect as much 

knowledge about the protein as possible and then make a qualified guess 
of what can be changed in order to obtain desired features. The first 
methods developed for protein engineering consisted of chemical 
modification to the side chains. They were not very specific since a 
protein may have many amino acids of the same type or with similar side 
chains(5). Also, in the beginning the changes were basically done blindly 
since not much was known about the proteins. With the advent of 
techniques to solve protein crystal structures(6) and sequencing of 
DNA(7), the knowledge base and foundation for rational design increased 
substantially.  

In rational protein engineering three different types of DNA editing are 
generally used. The engineered protein can be truncated, recombinantly 
fused to another protein or have amino acid residues mutated. Site-
directed mutagenesis is a valuable tool for modification of DNA for 
example using mismatched oligonucleotides in the polymerase chain 
reaction (PCR), which allow for specific mutation of an individual or a 
group of adjacent amino acid residues(8). Since it is still difficult to 
predict the outcome of a rational protein engineering effort, typically 
several variants are constructed and investigated to determine if it has the 
desired function. The very best variants are chosen, and if desired traits 
are found by different changes in the protein, the changes can also be 
combined to form new variants. These hopefully have even better 
properties. 

In my work, the cloning of FcRnECD, FcRn-eGFP, His6-ABP-ZF, His6-Z 
and Z-ABD-Z are examples of rational protein engineering. In these 
cases, I have for example produced a shortened version of a protein that 
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is soluble instead of membrane bound (FcRnECD) or given a protein a 
particular extra function such as being fluorescent (FcRn-eGFP). 

Often when engineering proteins there is not sufficient knowledge of 
how to change the protein to obtain the desired properties. In these 
instances random methods described in the next chapter may be suitable 
instead. 

1.2. Random Methods and Phage Display 
Evolution has found extraordinary solutions to the needs of different 

species, and by mimicking nature’s approach, to evolve by mutation and 
selection, scientists have been able to engineer proteins with a variety of 
functions. Common to the random methods, is to create a large library of 
variants where every protein member has a different amino acid 
composition. From this library variants with the desired function are 
identified and thereafter characterized. 

There are various ways to create a library. One way is to isolate a  
naturally occurring library, such as the antibody repertoire of a living 
being (9).  Here, B cells of the individual are sampled and the variable 
parts of the antibody repertoire may for example be isolated by the 
polymerase chain reaction (PCR). To increase the probability of finding a 
binder to the desired target the being providing the antibody repertoire 
can be challenged with the target antigen to create an immune response 
before sampling. 

Another way to create a library is to start with a protein and make a 
synthetic library of variants in the test tube (in vitro).When creating a 
library of this kind one challenge is the size i.e. the number of variants. 
All combinations of a codon, where each position is A, T, C or G, gives 
43=64 variants, unequally distributed among the 20 natural amino acids, 
start and stop codons. Mutating one codon in all possible ways will give 
641=64 DNA variants. Mutating two codons give 642=4096 DNA variants 
for the 400 possible protein variants. It is easy to see why full 
randomization of all positions in a codon is not optimal since the 
theoretical library size increases very quickly. In practice handling of a 
large library means handling of around 109 to 1010 variants, if cells are 
involved during library creation. Since there are only 20 amino acids it 
would be better to restrict the number of codons to less than 64, in the 
ideal case only 20, to allow for a maximum variation in the library. This 
option is offered by the trinucleotide synthesis technique where full 



7   |   Protein Engineering 
 

codons are added, one at a time, during DNA-synthesis instead of single 
bases(9, 10). 

An alternative is to synthesize degenerate codon libraries(9) in which 
certain positions are restricted to fewer than the four possible nucleotides 
to tackle the theoretical size problem. A popular degenerate codon 
variation is NNK, where N can be any of the 4 nucleotides and K is G or T. 
In this way the number of possible codons is restricted to 4*4*2=32 still 
encoding all 20 naturally occurring amino acids. An equally important 
way of limiting the library size is of course to choose the randomized 
positions carefully and keep them few. 

Other methods for creating a  library are for example error-prone PCR, 
radiation, mutator strains or mutator plasmids(9). In error-prone PCR a 
sloppy DNA polymerase and/or special nucleotides are used together 
with buffers that promote insertion of faulty bases, thus creating 
mutations. Radiation is causing DNA damage that the repair system of 
the cell is not able to correct, and mutations occur. Using mutator strains 
or plasmids results in random mutations caused by faulty repair systems 
in the cells or sloppy polymerases copying the plasmids. It should be 
noted that these methods, although simple, are very unspecific in terms of 
what positions are mutated and can be heavily biased towards certain 
nucleotides. Used as a maturation method or in between every round of 
selection they have however been proven to be a valuable directed 
evolution tool, where the library is not confined to the amino acids 
randomized in the original library(11). 

Once the library has been created, variants with desired features have 
to be isolated. This can be done by screening of individual variants or by 
selection for desired variants from the library. The difference between a 
screening and a selection method is that in a screening every candidate is 
investigated individually, and in a selection the best variants are 
identified in competition with a mixture of other candidates. After a 
completed selection round, the selected candidates are either challenged 
in yet another round or identified and characterized. 

In selection methods, where all variants are analyzed in a mix, there is 
an inherent problem involved since identification of the isolated variant 
by e.g. peptide sequencing is not readily performed. Therefore, the 
systems are typically constructed so that the protein is linked to the gene 
variant encoding it, i.e. there is a connection between the genotype and 
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the phenotype. The reason is that the gene can easily be amplified and the 
composition of nucleic acids determined by DNA sequencing. 

There are a number of methods to connect the genotype and phenotype 
such as ribosome, yeast and bacterial display(12). A popular method for 
affinity selections is phage display (see Figure 1), where the genotype-
phenotype link is preserved by the use of a bacteriophage e.g. filamentous 
bacteriophage M13 (see figure 1A)(13). In this method the DNA encoded 
library is most often cloned as a fusion protein to pIII. The pIII protein is 
located on the tip of the phage and the translated protein is thus 
displayed on the surface of the bacteriophage, ready to interact with the 
target protein. The gene encoding the particular library member 
displayed on the surface is contained within the phage, hence the 
genotype-phenotype link (see figure 1B). 

 

 
 

Figure 1. Panel A describes the structure of M13 bacteriophage with DNA and pVIII in 
black, pVII in red, pIX in cyan, pVI in green and pIII in blue. Panel B shows the outline of a 
phage selection where library members have been fused to the pIII protein. The phage 
library is let to interact with immobilized target (purple), and unbound library members are 
washed away. Bound phages are eluted from immobilized target protein, analyzed and 
possibly amplified for another selection round. 

 
One way to carry out phage selections is to use a phagemid vector in 

combination with helper phages (9, 13). In this set-up the library is 
inserted in frame with pIII (or a version thereof) on a plasmid that also 
contains a M13 origin of replication. The library is then transformed to 
Escherichia coli, followed by addition of M13 phages with a deficient 
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packaging in its genome (helper phages). This results in formation of 
infectious particles carrying a mixture of wild-type pIII (from the helper 
phages) and the chimeric library/pIII (from the phagemid) on the tips of 
the particles. Inside the particles are the phagemid vector, and rarely the 
helper phage genome. This is the type of phage display system used in 
this thesis. In contrast to phage systems, where all phage genes and the 
library are situated on the same plasmid, the phagemid system can results 
in monovalent display of the library and usually allows display of larger 
proteins(9, 14). 

There are various ways to carry out a selection, and when selecting an 
affinity protein the procedure outlined in figure 1B is generally 
performed. The target is immobilized on a solid support either before or 
after interaction with the phage library. After the phages have bound, 
washing takes place to get rid of unbound phages and phages binding 
only weakly to the target. The elution step, where the phages are detached 
from their target, can be performed in various ways. For example by 
changing the pH to abolish binding, or by proteolytic cleavage of the 
linker between the library member and the phage(15). The eluted phages 
are then amplified in E. coli followed by additional rounds of selection. 
When a desired number of selection rounds have been performed, the 
phages are used to infect E. coli. The colonies formed contain one variant 
whose DNA sequence is determined to identify that particular variant.  
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2. The Proteins - Main Characters of the Play 
Every play must begin with an introduction of its characters to present 

their traits, qualities and shortcomings. In this chapter, the main proteins 
involved in this thesis are presented. 

2.1. Natural FcRn Ligands 
The neonatal Fc receptor (FcRn) is a central figure in this thesis and 

has for this reason been given two chapters of its own (see Chapter 5 and 
6). One of the functions of the FcRn is its ability to rescue its ligands that 
have been endocytosed back to blood circulation, thus avoiding lysosomal 
degradation. The FcRn’s two known natural ligands; immunoglobulin G 
(IgG) and serum albumin (SA) are presented here. 

2.1.1. Immunoglobulin G (IgG) 
Immunoglobulin G (IgG) is the most abundant isotype of the 

immunoglobulins and it has helped fight bacterial and viral infections 
since the appearance of mammals(16). There is probably no other single 
class of proteins that have had such a profound impact on medical science 
and human health as the immunoglobulin family, and in particularly the 
member immunoglobulin G (IgG). The medical potential of IgG was first 
harnessed with the invention of vaccines(17), that creates an immune 
response including IgG, and is today making huge progress with 
monoclonal antibodies. 

The IgG is a Y-shaped ~150 kDa protein that entails two heavy and 
light chains constituting two antigen binding Fab domains and the 
constant Fc domain (see Figure 2). The Fc domain of IgG is responsible 
for carrying out effector functions such as activating the complement 
system, triggering antibody-dependent cell-mediated cytotoxicity 
(ADCC), binding to various immune cells and of course binding to the 
FcRn(18). A trait that sets IgG apart from many other proteins in 
circulation is its long half-life, 25 days in humans and 6 to 8 days in 
mice(19). This is partly a consequence of its size, which is large enough to 
not get excreted in the urine by the kidneys. The other major reason is its 
binding to the FcRn which protects it from degradation. This mechanism 
is described more in detail in Chapter 5. 

As a part of the adaptive immune system, the immunoglobulins are 
produced by B cells upon encountering of an antigen and activation by a T 
helper cell(18). Being the most abundant of the immunoglobulins IgG 
measures a concentration of about 10 mg/ml in our blood(20). 
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There are also diseases associated with IgG. A common theme is that 
pathogenic IgGs are produced that target molecular structures in the 
body, leading to that the immune system attacks its own host. These 
diseases are called autoimmune diseases(18). A potential remedy for IgG-
driven autoimmune diseases is investigated in Study III. 

 

 
Figure 2. The Y-shape protein structure of human IgG1 (PDB ID: 1HZH(21)) rendered using 
the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 

2.1.2. Serum Albumin (SA) 
In terms of concentration, serum albumin (SA) is by far the most 

abundant serum protein with its 40 mg/ml(20). There is a constant turn-
over of SA, and an impressive 15 grams is produced every day by  
hepatocytes in the liver(22). Similar to IgG, SA has a half-life in serum 
that is unusually long compared to other proteins. This is partly a 
consequence of its size. The three domains (see Figure 3) of the human 
variant (HSA) has a molecular weight of roughly 67 kDa(23) making it 
large enough to not be susceptible for excretion to urine through the 
kidneys. This feature can however not explain the extraordinary long half-
life of 17-19 days in humans(23), and 35 h in mice(20). Recently, it was 
discovered that SA is rescued from degradation by the FcRn(20), much 
like IgG. 
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Figure 3. The heart-shape protein structure of human serum albumin (PDB ID: 4N0U(24)) 
rendered using the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 

 
Not only does SA have a long half-life, but it also prolongs the half-life 

and act as a carrier for other molecules. This includes cholesterol, bile 
pigments, nitric oxide, fatty acids, metals, hormones, bilirubin, and also 
drugs such as phenytoin, non-steroidal anti-inflammatory drugs 
(NSAID), digoxin, midazolam, thiopental and various antibiotics(25).In 
addition to its abundance in the blood, SA is, unlike immunoglobulins,  to 
a high degree also occupying the interstitial compartment of the body 
where it also brings its accompaniers. 

Albumin also has additional physiological functions; it is maintaining 
the colloid oncotic pressure in the blood and since the molecule contains 
a number of histidines with a pKa of about 7.4 in the protein context it 
also acts as a buffer to maintain the pH of the blood. More functions are 
reviewed elsewhere(25). 
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2.2. Affinity Proteins 
The affinity between a protein and another molecule (protein, DNA 

etc.) is most easily described as how strong they bind to each other. In 
addition to antibodies, that are the most well studied affinity protein, 
scientists have also explored a number of other proteins as poteintial 
affinity proteins. In this section a few affinity proteins, important for this 
thesis, are described. 

The albumin binding domain (ABD), the protein Z and affibody 
molecules are all descendants from surface bound bacterial proteins. One 
theory is that these bacterial proteins have been used to cover the bacteria 
with host proteins in order to evade recognition by immune cells and 
scavenger proteins(26, 27). These surface proteins have played many bad 
tricks on the human population and been involved in masking the 
bacteria, leading to severe infections. Hopefully, it is now time to make up 
for that. 

2.2.1. The Albumin Binding Domain (ABD) 
What in this thesis is referred to as “the albumin binding domain” 

(ABD) is in reality the third ABD (ABD3, G148-GA3) stemming from 
streptococcal protein G(28). Minimization of the domain lead to the 
identification of a 46 amino acid domain with full SA binding. 

ABD’s size is much smaller than the kidney filter and would therefore 
easily be lost into the urine giving it a short half-life. However, ABD has 
an unusually long half-life in vivo since it forms a  complex with SA, 
resulting in a half-life of ABD that is similar to that of SA(28). ABD has 
been used as part of fusion proteins to increase the half-life of its fusion 
partner. Fortunately, ABD binds SA both at pH 7.4 and pH 6.0 at a site 
that is distinct from the FcRn-SA interaction site(29). This implicates that 
ABD, and hence its fusion partner, can be recycled back to blood 
circulation from the acidic environment of the endosome by the FcRn, 
while piggybacking on SA.  

The ABD has since its discovery been engineered in several ways: its 
affinity to SA has been increased (30), potential immunogenic epitopes 
has been removed(28), it has been used as an alternative scaffold to 
create proteins with affinity for protein targets other than SA(31). In this 
thesis ABD was used as a model protein creating a larger protein complex 
with SA to avoid kidney clearance and possibly to get half-life extension 
by the FcRn, also via SA binding (see Study II). 



Johan Seijsing   |   14 
 

 

2.2.2. Affibody Molecules 
Affibody molecules have been generated using protein Z as scaffold. 

Protein Z was initially derived from the B-domain of staphylococcal 
protein A(32, 33). The B-domain is a 58 amino acid long, cysteine-free, 
protein with three anti-parallel helices. It was engineered for better 
chemical stability and the outcome was protein Z with good solubility and 
fairly high thermal stability that could easily be produced in E. coli, but 
still retained its affinity for the Fc domain of IgG. 

 
 
Figure 4. Protein structure of the albumin binding domain (A, PDB ID: 1GJT), protein Z (B, 
PDB ID: 1Q2N(34)) and Her2 binding affibody molecule with the 13 randomized amino 
acids seen as sticks (C and D, PDB ID: 2KZJ(35)) rendered using the PyMOL Molecular 
Graphics System, Version 1.3 Schrödinger, LLC. 

 
Affibody libraries are constructed by combinatorial randomization of 

13 residues in helices one and two, of which most are directly involved in 
the Fc-interaction. Affibody molecules, with affinity for desired targets, 
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are then generated by selection from these libraries. Phage display 
selection has been the most common format for selection, but other 
formats have also been investigated(32). The affibody scaffold has since 
its first version been engineered for increased hydrophilicity, greater yield 
in chemical synthesis, higher melting temperature and storage 
stability(36). In Study II, a phage display selection was carried out to find 
affibody molecules targeting the FcRn. 

 

2.2.3. Zinc Fingers 
Zinc finger domains are small DNA binding proteins often found as 

part of transcription factors. The expression of proteins in a cell begins 
with transcription of deoxyribonucleic acid (DNA) into ribonucleic acid 
(RNA), followed by translation of RNA into proteins(3). Transcription 
factors play many roles in RNA transcription. Among others they can help 
position the transcriptional machinery correctly. They carry out these 
tasks by binding to DNA, e.g. in the promoter of the gene. For many gene-
specific transcription activators, the DNA binding domain (DBD) consists 
of zinc finger proteins fused with a transcriptional activator(37).  

Today it is relatively easy to make your own rationally designed zinc 
finger DBDs. Zinc finger DBDs can be designed for many unique 18 bp 
stretches in the 3.2 billion base pairs human genome(37). However, only 
1% of the genome might be readily accessible for binding because of the 
chromatin packing(38). The zinc finger proteins that have been developed 
furthest and are used in this thesis are based on the Cys2-His2 zinc finger 
scaffold Zif268. In this zinc finger scaffold two cysteine and two histidine 
residues are together coordinating a zinc ion(38). The zinc finger scaffold 
consists of 30 amino acids that are folded into two β-sheets and an α-
helix. Each zinc finger predominantly binds to three nucleotide base pairs 
in the major groove of double stranded DNA, although for some zinc 
fingers, interaction with neighboring bases may also occur; a 
phenomenon called target site overlap(39). To get a protein binding more 
than three bp the fingers are just assembled in a modular sequence with a 
short linker in between, taking potential target site overlap into 
consideration. 



Johan Seijsing   |   16 
 

 

 
Figure 5. Protein structure of six zinc finger domains in complex with DNA (PDB ID: 
1P47(40)) rendered using the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, 
LLC. 
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Several efforts have previously been undertaken to acquire zinc finger 
modules binding specifically to all 64 (43) possible triplet combinations of 
A, T, C and G(38). Typically, amino acids directly interacting with DNA, 
or in their vicinity, were randomized followed by selection for binding to 
desired DNA-triplets by phage display. Other methods described for 
engineering zinc finger proteins with desired specificity includes bacterial 
two-hybrid and yeast one-hybrid screening systems. The pyrimidines (C 
and T) have been shown to be harder to find binders for than the purines 
(G and A)(41). This is because of the lack of opportunities for hydrogen 
bond formation between the bases and their matching amino acid in the 
zinc fingers. In addition, the amino acids that potentially could bind are 
often too short to reach the bases. 

The first step when creating a man-made artificial transcription factor 
is to find a suitable binding site within the promoter. Potential sites may 
be found by hand or by using computer programs (42) and the results can 
be compared to the accessibility of the DNA by available DNAse assay 
data(38). A rule of thumb is to position DBDs: close to DNAse sensitive 
sites and close to endogenous transcription factors, to ensure a high 
probability of successful gene regulation. Another  more exploratory way 
to generate transcriptional activators for a particular gene has been to 
transduce mammalian cells with combinatorial libraries of zinc finger-
based artificial transcription factors (ZFTF), followed by identification of 
the cells with the highest expression from the particular gene(43). In an 
article by Blancafort et. al.(43), this was achieved by delivering the library 
to a desired cell line, stain them with an antibody recognizing the 
particular protein, flow sorting of the most fluorescent cells and then 
identification of the harbored transcriptional activator by sequencing the 
gene encoding it. 

To execute its transcription regulatory function the DBD must be fused 
to an effector domain (ED) that can be either up or down regulating(37). 
Two transcriptional activators are the p65 and VP16 that can be fused to 
various zinc fingers without losing activity(44). Several transcriptional 
repressors also exist like KRAB, SID, ERD and HMT(37, 38, 41), but 
transcriptional repression can also be achieved just by blocking DNA 
binding sites of endogenous transcription factors(41).  In Study IV we 
have rationally designed sets of zinc fingers fused to the transcriptional 
activator VP64(45). VP64 consist of a tetra-repeat of VP16 from the 
herpes simplex virus(41). To be able to execute its gene regulatory effect 
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the artificial zinc finger transcription factor has to enter the nucleus. This 
is achieved by fusing the protein to a nuclear localization signal 
(NLS)(38). 

Apart from being used for transcription regulation, zinc finger-based 
DNA-binding domains have shown promise in fusion with integrases(46), 
recombinases(47) and nucleases(48) for genome editing, and even 
methylases for regulation on an epigenetic level(38). 

An inherent problem of zinc finger based proteins is that they at 
present can not be delivered to the cells as proteins, but must be 
expressed by the cell itself. The genes encoding the zinc finger based 
proteins may be delivered to the cells using viral vectors. In order not to 
get off-target effect tissue specific promoters only activated in the right 
type of cells have been used(49). In addition, retargeting can be achieved 
by integrating protein domains in the viral vectors with affinity to 
receptors on the target cell(50). The envelope proteins of the virus will 
only bind to and transduce the specific cells expressing the receptor target 
protein. 

It is also possible to regulate the expression of the artificial 
transcription factors at will by inclusion of e.g. different steroid hormone 
receptors as fusions to the  proteins(38, 51). In this way the transcription 
factors has been bound to complexes of other proteins in the cytoplasm, 
and been unable to enter the nucleus. Upon delivery of a small molecule 
these complexes has been broken and the transcription factors has been 
able to reach its DNA target in the nucleus. It is also possible to regulate 
the effect of the zinc finger based proteins by splitting the DNA binding 
and effector domain in two and fuse them both to two small molecule 
binding domains. Upon induction with this small molecule the DBD and 
ED come together and are able to carry out their function(38, 52). 

There is potential for a vast plethora of applications using zinc finger 
domains. In this thesis, the goal has been to develop transcriptional 
activators for treatment of neurological diseases. However, zinc fingers 
have been used by others for , antiviral transcription blocking, regulation 
of gene expression in plants, pharmaceutical screenings, genome editing 
etc.(41). 
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3. Pharmacokinetics and Half-Life of 
Biopharmaceuticals 

Pharmacokinetics is a complex subject concerning analysis of the fate 
of externally administered substances to an organism. One of the more 
comprehensive models is LADME; liberation, absorption, distribution, 
metabolism and excretion(53). In the liberation and absorption phase, 
the drug is released from its formulation and absorbed into the 
bloodstream. For biopharmaceuticals that are injected directly into the 
blood the absorption phase is nonexistent and the liberation of the 
compound from its vehicle negligible. More important for these types of 
drugs is the distribution of the biopharmaceutical in the blood and tissue 
of the body. In a time versus plasma concentration plot this process is 
seen as the fast alpha phase, where the plasma concentration of the blood 
is rapidly declining, due to distribution into tissue(54–56). In the beta 
phase the plasma concentration of the drug declines due to metabolism 
(see protease stability and lysosomal degradation) and excretion, where 
the drug primarily is excreted through the kidneys (see kidney clearance) 
and liver. The beta phase is most often measured and presented as serum 
circulation half-life, meaning the time it takes for the blood concentration 
of the compound to be reduced by half. 

There are numerous potential therapeutic proteins that used as a drug 
can not execute their therapeutic function efficiently because of short 
half-life, for example somatostatin(57) and GLP-1(58), and many others 
that would benefit from extending their half-life like FVIII, FIX(59, 60) 
and EPO(61). Hence, much effort has been put into extending the time 
that protein drugs circulate in the blood. There are three main clearance 
routes of proteins circulating in the blood. First, proteins are prone to 
degradation by proteases in the blood, kidney and liver(62). Second, if the 
proteins are endocytosed by cells, they will be degraded in the 
lysosome(62). Thirdly, protein drugs smaller than the molecular weight 
cut off (MWCO) of the kidney will be excreted into the urine(2).  

Endogenous proteins as well as man-made protein drugs, not using 
half-life extending technologies, often suffer from short serum circulation 
time forcing the patient to inject frequently. Even if most drugs benefit 
from having as long half-life as possible, to allow the patient to inject a 
reduced dose more seldom, there are examples where the effect should be 
transient. Insulin should normally only be active directly after a meal and 
glucagon overnight, and it can therefore be desirable to have an 
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adjustable half-life(63). When molecular tracers are used for imaging in 
cancer therapies, the half-life should on the contrary be short to quickly 
reach a high tumor-to-blood and tumor-to-organ ratio to allow 
generation of high contrast images(64). 

3.1. Protease Stability 
Protein drugs are often sensitive to degradation by proteases, which 

shortens their half-lifes. All proteins circulating in the blood are passing 
through both the liver and kidneys frequently making the peptides 
vulnerable for protease degradation. 

Ordered secondary structure elements are somewhat protected from 
protease degradation. However, loose protein loops and C- or N-
terminals are prone for protease cleavage by endopeptidases and 
exopeptidases, respectively. To protect proteins from protease 
degradation, the terminals can be modified and protected by N-
acetylation, C-amidation and N-pyroglutamylation. An alternative way of 
protecting the N- and C-terminals is of course to eliminate them by 
making a circular peptide(62). 

Both the terminal ends and interior protease sensitive sites in the 
proteins can be protected by conjugating bulky moieties that are sterically 
hindering the proteases(62). These bulky moieties include fatty acids, 
glycans and polymers like polyethylene glycol (PEG). 

In addition, yet another way of protecting these sites are simply to 
change amino acid composition or their chirality(62). The drawback of 
altering proteins by changing amino acid composition, conjugating them 
to different moieties and performing chemical modifications is that their 
biological activity can be considerably reduced and immune responses 
can occur, which must be tested in each individual case. 

3.2. Kidney Clearance 
Proteins circulating in the blood are regularly passing the kidneys. The 

function of the kidneys is to filter a volume equal to 50 plasma volumes 
per day and return most of the filtrate back to circulation, while 
unwanted substances are excreted to urine(65). The glomerular filter 
consists of three barriers hindering molecules to enter the urine (see 
Figure 12). Firstly, molecules larger than 100 nm are blocked by 
fenestrated endothelial cells. Secondly, the glomerular basement 
membrane have a smaller filter size and anionic charge, which make it 
hard for negatively charged proteins to pass. Thirdly, size is further 
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restricted to about 70 kDa to pass the podocyte slit diaphragms and 
become excreted into the urine(66). However, the kidney molecular 
weight cut off is not sharp and shape and charge also plays a role. 

Avoiding kidney clearance is generally done by increasing the 
hydrodynamic volume of the protein, but charge is also important not to 
get stuck in the glomerular basement membrane(2). Positively charged 
proteins are more prone to be excreted due to the charge of the 
glomerular membrane, but different parts of the molecule can of course 
have different charges. The hydrodynamic volume of the therapeutic 
protein is easily changed by fusing it to another protein. Common fusion 
partners are the Fc of IgG or SA that in addition allows for FcRn 
recycling, but also highly flexible amino acid chains can increase the 
hydrodynamic volume considerably without increasing the molecular 
weight to the same extent(67). 

Generally a size exceeding 60 kDa is desirable. However, the protein 
drug does not have to be covalently bound to the size increasing moiety 
and many technologies are instead dependent on smaller protein 
domains that are in turn binding to large proteins such as SA(2). Even 
fatty acids and small molecules binding to SA have been developed for 
this purpose. Some of these strategies are discussed more in detail in 
Chapter 6.1.2. 

One of the more common methods for increasing the hydrodynamic 
volume that have been used for several clinically utilized drugs is 
PEGylation i.e. the addition of a polyethylene glycol polymer chains (2). 
Even though PEGylation has worked for a number of drugs it is known to 
give a multidisperse product, where the PEG moiety might even have 
been conjugated to the active site of the biopharmaceutical making it 
ineffective. Moreover, anti-PEG antibodies have been observed in 
patients and non-degraded PEG has been found in the liver(68). 

In addition to the more commonly utilized PEGylation, there are 
similar methods where polysialic acid (PSA) or carbohydrates are added 
to the protein(2). 

3.3. Lysosomal Degradation 
Endothelial cells and cells of hematopoietic origin are all the time 

sampling their environment and endocytosing proteins(2, 62, 69). When 
proteins are taken into the cell they first reach the endosome and are 
subsequently transported to the lysosome. Once in the lysosome the 
proteins are degraded by proteases. 
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IgG and SA are two serum proteins that have extraordinary long serum 
circulation half-lifes(70). When these proteins are endocytosed they 
associate with the FcRn when the pH of the endosome drops below 6.5. 
The FcRn is then transporting the proteins back to the surface of the cell 
where the proteins are released upon contact with the blood at pH of 7.4, 
thus rescuing them from lysosomal degradation. The receptor then 
returns to the endosome. 

This recycling process can be exploited, to increase the half-life of 
desired proteins, by fusion to either the Fc of IgG, SA, or SA binding 
proteins(2). These methods are described in more detail in Chapter 6.1. 
In the research presented in this thesis, affibody molecules with pH-
dependent binding for FcRn were created, which lead to a longer half-life 
of a fused model protein. 

Also, the target of the therapeutic protein can influence the half-life if 
the drug binds to a receptor that is internalized(2, 71). The receptor might 
in this case pull the drug into the endosome which could lead to 
degradation in the lysosome. If the drug has FcRn binding capability it 
can be recycled to the surface, but this process can be inhibited if it is still 
bound to its target. Therefore, drugs releasing the target upon acidic pH 
in the endosome have been developed(72). 

More about the FcRn can be read in the next chapter.  



23   |   The Neonatal Fc Receptor (FcRn) 
 

4. The Neonatal Fc Receptor (FcRn) 
The neonatal Fc receptor (FcRn) got its name from the ability to 

transport IgG from the mother to her progeny. This trait that was 
discovered by Professor Francis William Rogers Brambell (1901-
1970)(73) and a first suggestion that such a receptor could exist was 
published in an article in 1958(74). Due to Professor Brambell's great 
contribution within this field the receptor has also been suggested to be 
called the Brambell receptor (FcRb)(73). Recommended by UniProt is 
however the full name “IgG receptor FcRn large subunit p51” with the 
short name “FcRn” that is used in this thesis. 

 

 
Figure 6. Francis William Rogers Brambell, Photo: Walter Stoneman © National Portrait 
Gallery, London. 

 
During World War II rabbits became an important food source for the 

British population, due to the lack of food. At the time, Brambell studied 
the protein content of rabbit blastocysts after an outbreak of in utero 
death of rabbits (73), and became interested in the catabolism and 
transport of immunoglobulins. The field had been pioneered by Professor 
Paul Ehrlich (1854-1915) who discovered that immunity could be passed 
on from mother to fetus(75). Using an irrelevant IgG to block the 
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transmission of detectable IgG, Brambell observed that the immunity was 
in fact IgG mediated(74, 76). He could also prove that the domain 
responsible for the transport was the Fc since this fraction of the papain 
cleaved IgG was transported best(77). 

Not only did Brambell postulate that it was a receptor carrying out 
these functions(74), but he also predicted its mechanism. These 
predictions were confirmed much later when laboratory techniques had 
advanced considerably. To fully understand and value the incredible 
contributions of Brambell and his group, one must consider that DNA 
sequencing wasn’t developed yet(78), and the structure of DNA(7) and 
the first protein(6) became known during this period. 

 

4.1. DNA Sequence, Evolutionary Relationship and Protein 
Structure 

After Brambell’s breakthrough discoveries it took until 1989 with the 
emerge of new molecular biology methods that Neil E. Simister and Keith 
E. Mostov (79) published the article that would bring the story to the next 
level. In this article they managed to purify the rat FcRn directly from 
brush borders of epithelial cells and visualize it by SDS-PAGE. The two 
bands corresponding to the two chains of the receptor was isolated and 
used to raise antisera in rabbits. The antisera were subsequently used to 
visualize the two chains in Western blots. This was followed by 
immunoprecipitation, using one antibody at a time, which in Western 
blots showed that the two chains had co-precipitated. 

Peptide sequencing of the N-terminal of the smaller chain revealed that 
it was in fact the β2-microglobulin (β2m) that had previously been 
identified as a part of the class I MHC receptor. cDNA encoding the two 
chains was subsequently isolated using the λgt 11 technique and upon 
determination of their composition it was evident that the α-chain of the 
FcRn was indeed related to the class I MHC receptor. Interestingly, they 
noted that even though the FcRn showed an overall homology with the 
class I MHC, the cytoplasmic tail was different and the conclusion was 
drawn that this could be because the receptors required different sorting 
signals. 

When the FcRn sequences of various species became known, the 
question of its evolutionary origin was raised. The issue was investigated 
by the laboratories of both Simister(80, 81) and Kasahara(82). Analyzing 
intron-exon structures, transcription factor binding motifs, protein 
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structure and polymorphisms the conclusion has been drawn that the 
primordial class I MHC receptor deviated into today’s FcRn and class I 
MHC receptors after the arise of amphibians, but before the division into 
marsupial and placental mammals. 

 

 
 

Figure 7. Protein structure of the human FcRn α-chain (blue) and β2m (cyan) in different 
angles (PDB ID: 4N0U(24)) rendered using the PyMOL Molecular Graphics System, 
Version 1.3 Schrödinger, LLC. 

 
The findings of a new MHC related receptor must have drawn the 

attention of the MHC community. As expected only a few years later the 
first crystal structure of the FcRn from Rattus norvegicus was published 
in 1992(83) by the group of Pamela J. Björkman. This structure was soon 
to be followed by the receptor in complex with the Fc domain of IgG(84, 
85). After that it took until 2000 before the crystal structure of the human 
ortholog was published(86). Today (2014-04-09) a search for “FcRn” in 
the RCSB PDB Protein Data Bank yields nine hits with the FcRn, either 
alone or in complex with other molecules. 

Upon examination of the structures, it was found that the FcRn was 
indeed a hetrodimeric receptor with the small soluble β2m light chain and 
the membrane bound heavy α-chain with the α1, α2 and α3 domains, just 
like in the class I MHC receptor(83). In contrast to the class I MHC 
receptor, the FcRn had a collapsed and non-functional version of the 
peptide binding groove. 

The first crystal structure of the FcRn and Fc complex suffered from 
bad resolution due to that the 2:1 FcRn/IgG interaction formed crystals 
with oligomeric ribbon chains. To avoid this problem the Björkman group 
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set out to make a heterodimeric Fc where only one of the chains could 
interact with FcRn and thus getting a different arrangement in the crystal. 
Using this setup, a structure with a resolution of 2.8 Å was obtained and 
it was now possible to elucidate the pH-dependent binding mechanism of 
the receptor and IgG in detail(87). 

 

 
 

Figure 8. Protein structure of the human FcRn (blue and cyan) and its two natural ligands 
human SA (red) and human IgG1(orange) (PDB ID: 4N0U(24) and 1HZH(21)). The human 
IgG1 protein structure was aligned to monomeric Fc and rendered using the PyMOL 
Molecular Graphics System, Version 1.3 Schrödinger, LLC. 

 
As recently as the 27th of January 2014 a co-crystal of the human FcRn 

with both its natural ligands human SA and monomeric Fc was 
published(24), see Figure 8. 

 

4.2. pH-Dependent Binding Mechanism of IgG and SA 
The most evolutionary and biophysically interesting trait of the FcRn is 

its pH-dependent binding that was discovered by E. Anthony Jones and 
Thomas A. Waldmann(88), published in an article in 1972. After 
intraduodenal infusions of 125I-labeled IgG, the intestinal cell wall was 
homogenized and subjected to ultracentrifugation in a sucrose gradient. A 
fraction of the IgG was observed to migrate faster in the sucrose gradient 
and the conclusion was draw that the IgG was in complex with a 
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membrane bound receptor. Interestingly, the proportion of the complex 
was high at pH 6.5, low at pH 7.4 and nonexistent at pH 8.0 suggesting a 
strongly pH-dependent binding between the IgG and the yet unidentified 
receptor. The experiment was repeated using membranes from enterocyte 
microvilli cells with similar results. 

Using the FcRn-IgG complex crystal structure it had been determined 
that FcRn α1 and β2m domains bound IgG-Fc in the interface between the 
CH2 and CH3 domains(85). Crystal structures formed at different pH had 
suggested that the pH-dependent binding was not an effect of 
conformational change in FcRn(89). To determine how FcRn bound IgG, 
binding studies were carried out using mutated variants of IgG and FcRn 
of different species in vitro as well as in vivo. 
 

 
 

 
Figure 9. Protein structure of the human FcRn (blue) and human IgG1 (orange) with 
histidine residues in green and a glutamine residue in red (PDB ID: 4N0U(24) and 
1HZH(21)). His310 in IgG is thought to cause the pH-dependent binding by interacting with 
Glu115 in the FcRn. The human IgG1 protein structure was aligned to monomeric Fc and 
rendered using the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 

 
The binding interface between the FcRn and Fc contains a number of 

hydrophobic interactions as well as a number of salt bridges(24). The 
His310 amino acid residue of the Fc bridges over to the Glu115 in the 
FcRn, and has been suggested to be responsible for the pH-dependent 
binding(90–92). His433 on the Fc and His248-249 on the FcRn has been 
suggested to also be involved in the pH-dependent binding(93, 94), but 
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this has been disputed(24). It is likely that histidine residues control the 
pH-dependent binding since the side chain of histidine has a pKa is 
around pH 6.0. 

 

 
 

Figure 10. The side chain of histidine changes protonation state near neutral pH. At pH 6.0 
and below the residue will have a positively charged, resonance stabilized structure. 
MarvinSketch was used for drawing chemical structures, MarvinSketch 6.2.1, 2014, 
ChemAxon (http://www.chemaxon.com). 

 
The binding of SA to FcRn was published as late as in 2003 by 

Chaudhury et al. and was found not to be overlapping with the IgG 
binding site(20, 95). The discovery was made by accident when FcRn and 
SA was co-purified using IgG chromatography. The binding affinity was 
revealed to be much weaker than that of IgG and thought to be 
predominantly of hydrophobic nature, although still pH-dependent. 
Comparing conserved histidine residues in the FcRn between species with 
the same non-conserved residues in class I MHC molecules it was 
speculated that His166 would be involved in the pH-dependent binding. 
This theory was confirmed only months later by the Sandlie group using 
binding assays for FcRn variants with alanine mutations(96). 

A comparison of the different domains of SA revealed that the DIII 
domain was the only domain essential for FcRn binding and that the 
affinity of DIII for the FcRn was similar to that of the whole SA(95). An 
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addition of the DI domain to the DIII by recombinant fusion slightly 
enhanced the affinity implicating it is also influencing the binding(97). 
Mutations of His464, His510 or His535 of DIII were shown to eliminate 
much of the pH-dependent binding. On the FcRn side it has been found 
that His166 is stabilizing a loop in the SA binding site at low pH by 
coordinating Glu54, Gln56 and Tyr60, while letting the loop free at higher 
pH and thus impede binding(97). Mutations of these amino acid residues 
indeed inhibited binding. 

Very recently the crystal structure of an affinity improved variant of 
human SA binding the human FcRn was published by Schmidt et al.(98), 
and a few months later the wild type co-crystal was also revealed by 
Oganesyan et al.(24). FcRn was found to bind SA in the cleft of the heart 
shaped molecule with the α2 domain and parts of β2m binding DI and 
DIII in the SA – just like predicted. The binding surface is a remarkable 
1800 Å2 in size, where a smaller part constitutes the DI to FcRn closed 
“MHC peptide binding cleft” with mostly polar and electrostatic 
interactions. The DIII exhibits some electrostatic binding to the α2 
domain, but mostly hydrophobic interactions. His161 of the FcRn was 
shown to interact directly with SA and is thought to be involved in the 
pH-dependent binding. The previous His166Ala mutation(96) indeed 
changed the binding, and this seems to occur in an indirect fashion(24). 

4.3. Receptor Trafficking 
In addition to its pH-dependent binding, the second important trait of 

the FcRn is its ability to move in the cells endosomal compartments. This 
is closely linked to its function and has made it evolutionary distinct from 
the class I MHC. When IgG or SA has been endocytosed, the pH is 
continuously lowered from pH 7.4 of the blood to pH 6.0-6.5 of the early 
endosome(99). The FcRn only has the ability to bind IgG when the pH is 
lower than 6.5, and is then carrying the IgG back to the cell surface 
through tubular and fast moving vesicles. The exocytosis of the FcRn-IgG 
complex seems to be following two distinct pathways. In the first, 
resembling the rapid classical pathway, the vesicle fuses completely with 
the plasma membrane and delivers all of its cargo(99). In the second 
pathway, named the prolonged release kiss-and run pathway, the vesicle 
is partly opened and closed in 3-4 s intervals for up to 3 min(99). 
Throughout this process it has been found that the binding between FcRn 
and IgG prevails in the low pH microenvironment close to the vesicle 



Johan Seijsing   |   30 
 

 

opening and that the complex can move away from the vesicle only to 
return a moment later. 

Transport of the FcRn from the plasma membrane to the endosome 
has been investigated. The cytoplasmic tails of FcRn show some 
conserved motifs, common to orthologs of many different species(100). 
Two canonical motifs known to bind to parts of the AP-2 clathrin adaptor 
complex, involved in vesicle formation have been found. The WXXΦ (Φ 
being a large hydrophobic amino acid) motif is known to be involved in 
endocytosis of receptors from the plasma membrane. While mutating LL 
to AA in the DXXXLL motif sends a majority of the FcRn, which is 
normally found in the interior of the cell, out to the plasma 
membrane(101). 

During transport, FcRn has been found to co-localize with Rab4, Rab5, 
Rab7, Rab9, Rab11(100), Rab25 and MyoVb(102). Rab proteins are 
GTPases that can be either membrane-bound or cytosolic and their 
functions are regulated by GTP-GDP exchange. They have various 
functions involved in the trafficking between the compartments of the 
endosome system. Rab5 is a marker for early endosomes, whereas Rab7 
and Rab 9 is a marker for late endosomes and lysosomes. 

During the recycling, exocytosis from the sorting endosome to the 
basolateral membrane FcRn have been shown to co-localize with Rab4 
and Rab11(100). While Rab11 is associated with FcRn all the time during 
transport to the surface, Rab4 is compartmentalized and discarded along 
the way. Thus Rab4 has not been found during vesicle fusion with the 
plasma membrane. Conversely, Rab11 has not been found during 
recycling to the apical side(102). 

MyoVb and Rab25 seems to play a part in transcytosis of the FcRn in 
both directions; apical to basolateral and vice versa(102). They are 
however not included in the recycling process. How the cell can 
distinguish in which direction to transcytose the FcRn has not yet been 
elucidated. One theory is that the sorting machinery can distinguish 
different sides and direction of the cargo by membrane lipid composition, 
or that serine/threonine based motifs could direct the receptor by their 
phosphorylation patterns(102). 

4.4. Tissue Localization and Function 
The FcRn is ubiquitously expressed throughout many tissues in the 

body. The Human Protein Atlas project 
(103)(http://www.proteinatlas.org/, Gene: FCGRT, Antibody: 
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HPA012122) has indeed localized putative receptor expression to all 
classes of tissues except for brain tissue. The functions of the FcRn in all 
these tissues have not been investigated, but the expression in most 
tissues can probably stem from the feature of recycling of IgG and SA. In 
some tissues, the function of FcRn has been studied in great detail, as 
described below. 

4.4.1. Neonatal Functions - Fetal Yolk Sac, Placenta and Small 
Proximal Intestine 

The human FcRn (hFcRn) was first cloned from placental RNA(104). 
Its role in the placenta and fetal yolk sac is to transcytose IgG from the 
mother to the fetus, hence giving the unborn passive immunity(105). This 
is necessary since the human infant does not have the ability to produce 
antibodies until about two months after birth. Actually, the concentration 
of IgG1, 3 and 4 subclasses are higher in fetal blood than in that of its 
mother’s blood during gestation, due to the effective active transport by 
the receptor (106). The fact that immunity was transferred from the 
mother to her offspring has been known since the end of the nineteen 
century, even though the function of the FcRn in the process, was not 
known at the time(75). 

The human yolk sac is present only in the early gestation, while it in 
rodents is present during the whole gestation. In practice, this means that 
in humans, IgG has to take the placental route from the maternal blood, 
whilst in rodents both the placental and yolk sac routes are possible. In 
the placental route IgG has to transverse the terminal villus, the 
syncytiotrophoblast in the placenta and the fetal capillary 
endothelium(107, 108) to reach the fetal blood. The yolk sac route 
consists of transversion of two cell layers; the endodermal monolayer and 
the viteline vasculature. FcRn has been shown to accomplish the 
transcytosis both in the syncytiotrophoblast and the endodermal 
monolayer, while it has not been determined how the transport is taking 
place through the other cell layers. It was seen that IgG took a vesicular 
route through both the syncytiotrophoblast and the fetal endothelium. 

Today the placental and fetal yolk sac routes of perinatal passive 
immunization are well established. However, there is another route 
hypothesized by Brambell that seems to be forgotten(105). He found that 
it is probable that IgG can be transferred to the rat fetus by ingestion of 
amniotic fluid. The circumstance that young vertebrate can acquire IgG 
orally from their mother’s milk after birth has on the other hand been 
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investigated thoroughly(88, 109). After ingestion the milk travels through 
the stomach, where it gets a slightly low pH, to the small proximal 
intestine (duodenum and jejunum), where the FcRn resides. There the 
IgG can be bound and transcytosed through the layer of epithelial cells 
into blood circulation, or lymph(110). 

While FcRn expression in the small proximal intestine of rodents is lost 
after the suckling period, the expression in humans is maintained 
throughout life(111), which might have implications in the development of 
orally administrated protein drugs. 

4.4.2. Upper Airway Epithelium and Alveoli 
FcRn is expressed in the upper airway epithelium and alveoli(112, 113). 

Humans with IgG deficiency are more susceptible to infections through 
the mucosal surfaces, and in particular the respiratory tract. It is thought 
that the FcRn is transporting IgG both to and from the lung (114), and is 
thus able to sample the pathological status of the lung. If there is an 
infection, IgG targeting the invader will be produced and transported into 
the lung lumen. An opsonized pathogen will subsequently be transported 
back to circulation to be investigated by the immune system. Sampling 
the pathological status could also be the answer to why human adults 
maintain the expression of FcRn in the intestines, but does not answer to 
why rodents do not. Nevertheless, the lungs expression is maintained 
throughout life for human, primates, mouse(113) and bovine(115) species. 

4.4.3. Hepatocytes, Endothelial and Hematopoietic Cells 
One of the remarkable functions of the FcRn, is its ability to extend the 

serum circulation half-life of IgG and SA(20). Even though IgA is the 
immunoglobulin that is produced in the largest quantities in the human 
body it is not the immunoglobulin class found at the highest 
concentration in the blood (116). This because IgA has a half-life of four to 
six days in humans. IgG on the other hand, receives half-life extension by 
the FcRn(117), and is therefore found in higher concentration in blood 
even though it is produced in smaller quantities than IgA. 

While the half-life extension of IgG was hypothesized and elucidated 
early by Brambell(118) and signs of receptor mediated half-life extension 
of SA could be seen(119) it wasn’t until recently that the rescue of SA 
could be confirmed(20) . 
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Figure 11. Serum proteins (black) that are endocytosed by a cell will be degraded in the 
lysosome. The exceptions are SA (red) and IgG (orange) that can bind to the FcRn (blue 
and cyan) at pH<6.5 in the endosome. The receptor ligand complex is recycled back to the 
cell's surface, were the ligand is released due to the neutral pH of the blood. 

 
Endothelial cells covering the blood vessels of the body, and many cells 

of hematopoietic origin in the blood, are endocytosing blood plasma. This 
is carried out in order to assimilate nutrition, and in the case of immune 
cells to sample their environment(120). Proteins that are endocytosed are 
taken into the endosomes and will ultimately end up in the lysosomes 
where they are degraded (see Figure 11). Proteins binding to FcRn, like 
IgG and SA, are on the other hand recycled to the surface of the cells and 
thus escape degradation. When these proteins are endocytosed they are 
able to bind to the FcRn, which resides in the endosomes, once the pH 
has been lowered to below 6.5. The FcRn is then escorting its bound 
proteins back to the plasma membrane. Upon coming in contact with 
blood again, at pH>7.0, the proteins are released from the receptor. 

What is described above is true for monomeric IgGs, but it have been 
shown that multimeric immune complexes (IC) of antigen and several 
IgGs are in fact sorted to the lysosome by the FcRn when endocytosed by 
antigen presenting cells (APC) (121). It is thought that the IC is taken up 
either non-specifically or for instance by the FcγR, which binds the IC at 
the surface of the cell and releases the complex once the pH is below 6.5 
in the endosome. At this pH the FcRn take over the cargo and transport it 
into the lysosomes. How this redirection takes place has not yet been 
elucidated. 
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When the FcRn was shown to be expressed in the liver in 1995 it was 
first thought to transcytose IgG into the bile(122), but it was later shown 
that the function of the FcRn in the liver was to maintain IgG and SA 
homeostasis, just like in the endothelial and hematopoietic cells(123). 
However, since the liver is producing SA it is possible that FcRn is also 
involved in transporting it to the blood. 

4.4.4. Kidney Cells 
In comparison to other tissue localizations of FcRn, the kidney has 

largely remained out of the research spotlight. Although evidence  that an  
Fc binding receptor was located in the kidney was found as early as 
1978(124), it is only recently that the receptor's importance to IgG and SA 
homeostasis has begun to be revealed. 

Generally, the kidney filter allows small, positively charged molecules 
to pass into the primary urine. Having a size of 150 kDa and being present 
in high concentration, IgG molecules would easily clog the slit diaphragm. 
But that does not occur since the podocytes(66, 125) are using FcRn to 
transcytose IgG to the urinary space where they are recycled back to the 
blood together with SA as outlined below. 

Described in a labor-intensive article, kidneys from transgenic FcRn (-
/-) mice were transplanted into FcRn (+/+) mice and vice versa to 
investigate the function of the receptor in the kidney(65). Strikingly, a 
FcRn deficient kidney in an otherwise normal mouse was shown to give it 
SA deficiency (hypoalbuminemia), while an FcRn expressing kidney in a 
FcRn(-/-) mouse could restore the SA level in blood almost completely. 
This indicates that FcRn in the kidneys might play a more central role for 
SA homeostasis than previously thought. 
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Figure 12. Upper right: overview of detail in kidney. Left: magnification of renal corpuscle. 
Lower right: magnification of glomerular filter. Blood enters the renal corpuscle and 
glomerulus (light magenta) through the arteriole (red arrows) (65). In the kidney filter, 
molecules larger than 100 nm are blocked by fenestrated endothelial cells (dark magenta), 
while the glomerular basement membrane (purple) restrict passage for even smaller 
proteins and those with negative charge(2). The slit diaphragms between podocytes (green) 
do not let proteins with a size larger than about 70 kDa pass into the urinary space(66). The 
highly abundant IgG with a molecular weight of 150 kDa would easily clog the slit 
diaphragm, but has been found to be transported through the podocytes by FcRn(66, 125). 
Proteins that have passed the glomerular filter are to a large extent taken up by the 
megalin/cubilin receptor complex and degraded in the lysosome of the proximal tubular cells 
(yellow). SA and IgG, has in studies been seen to be recycled to the peritubular capillaries 
(red) and out into the blood circulation(125, 126). Adapted by Johan Seijsing from the 
original image made by M Komorniczak, Wikimedia Commons. 
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SA is produced at the astonishing rate of about 15 g/day in an adult 

human. Even though about 1g/day is thought to  pass the glomerular 
filter of the kidney, only 0.05 g/day can be found in the urine (126). This 
indicates that there is a mechanism rescuing SA from excretion into the 
urine. Proteins, including SA and IgG, that pass the glomerular filter is to 
a great extent taken up by the megalin/cubilin receptor complex of 
proximal tubular cells. Upon acidification in the endosomes, SA and IgG 
is released when the pH drops below 6.5(127). Following megalin/cubilin  
release, most proteins are destined for degradation in the lysosome, but 
SA and IgG was, to a large extent, found to be returned to the blood(126). 
It has been postulated that the FcRn binds SA and IgG when it is released 
by the megalin/cubilin receptor complex and return them to the blood of 
the peritubular capillaries(125).  

It should be noted that IgG homeostasis is not largely dependent on 
the proximal tubular recycling route within the kidneys in contrast to 
SA(65, 126). This could be due to that very few IgG molecules pass the 
glomerular filter and does not enter the urine. 

4.4.5. Blood Brain Barrier 
The function of FcRn in endothelial cells situated in the blood brain 

barrier has been disputed with many articles showing contradictory 
results. No bacteria or large hydrophilic molecules, including IgG, are 
considered to be able to traverse the barrier(128). Nonetheless, when 
measuring protein content in CNS fluid from healthy subjects, IgG is 
present(129). A reason could be that IgG producing B cells can traverse 
the barrier(128) and that it might also open up transiently in case of 
infection(130).  

In early 2000, it was found that an Fc receptor was transporting IgG 
out of the CNS, and could clear 50% of an injected dose in only 48 
minutes(131). However, the FcRn is far from the only Fc receptor 
expressed at this site. 

Even though this part of the field is controversial, an article by Cooper 
et al. is interesting. In this article, different variants of IgGs were injected 
into the brain, targeting the respiratory syncytial virus (RSV), which is 
not present in the brain(132). The different variants of IgG have wild type 
or a single amino acid mutation in the Fc regions giving them stronger or 
weaker affinity to the FcRn. The results show that a better affinity for 
FcRn gives a higher efflux out of the CNS, and the FcRn is therefore 
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indicated to play a crucial role in the efflux of IgG from the brain over the 
blood brain barrier.  
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5. Applications of Molecules Binding the Neonatal Fc 
Receptor (FcRn) 

Having such a profound impact on human life and basic medical 
research it is of no surprise that scientists have developed molecules that 
can take advantage of properties of the FcRn or manipulate its 
endogenous functions in the body. 

5.1. Serum Circulation Half-Life Extension 
One of the holy grails of protein engineering is to be able to tune the 

serum half-life of protein drugs. This allows for a longer interval between 
dosing of the drug and may lead to a more stable serum concentration. 
Among the therapeutically used proteins, that have been shown to benefit 
significantly from half-life extending technologies in the clinic, are for 
example the blood clotting factors FVIII and FIX(59, 60), the diabetes 
peptide GLP-1(133) and the erythrocyte promoting EPO(61). 

5.1.1. IgG, Monoclonal Antibodies, Fc Fusions, CH3 and CH2 
domains 

The molecule in the biologics class that has recently been given the 
most attention and still is of high importance is the IgG monoclonal 
antibody (mAb). Since the Fc-part of mAbs has an inherent binding to the 
FcRn, the half-life is long. 

The realization that it is the Fc domain of IgG that gives the increase in 
half-life has led to its utilization as fusion partner for other proteins to 
increase their half-life. One of the first studies with a Fc-fusion was 
published in 1989 and focused on CD4-Fc to treat HIV(134). Even though 
CD4-Fc did not eradicate HIV other Fc-fused drugs building on for 
example  the fusion of two TNF receptor chains to the Fc (Etanercept, 
Enbrel) has had a huge impact for patients with inflammatory diseases 
and made a fortune to the manufacturer(135). Still today, new Fc-fused 
drugs are entering the market, for example SOBI and BiogenIdec’s Factor 
VIII(59). Probably, Fc fusions will be important also in the future if not 
better technologies are developed. 

When it was found that mutations in the Fc region could decrease 
affinity to FcRn and thereby reduce the serum circulation half-life, the 
idea was raised that the opposite should also be possible. Using phage 
display, murine Fcs were engineered to bind stronger to the FcRn at 
lower pH, resulting in a longer serum half-life(136). For one of the 
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variants, 3.4 times stronger affinity at pH 6.0 resulted in 65% longer half-
life in Balb/c mice, but only 23% in Swiss mice. The current record 
holders in mAb half-life is MedImmune, who has given a human IgG1 a 
fourfold longer half-life in cynomolgus monkeys by increasing the affinity 
for the human FcRn tenfold at pH 6.0, while retaining no significant 
binding at pH 7.4(137). All results correlating affinity and half-life has not 
been consentient, but the general consensus is that a combination of 
higher affinity at pH 6.0 with maintained or lower affinity at pH 7.4 are 
the most important parameters, leading to an increased half-life. 

mAbs with even longer half-life than endogenous IgG(136, 137) of 
course has huge implications on mAb development, but is also interesting 
from an evolutionary perspective. Why was IgG with a longer half-life not 
favored? Is there a danger in having IgGs with a too long half-life; or was 
the current average half-life good enough? 

However, the half-life of injected mAbs is not only dependent on their 
Fc domain. A frequent internalization of the target bound by the Fab 
domain have been found to lead to a decrease in the half-life of the mAb 
since it is co-internalized and degraded(72, 138). A way to tackle this 
problem is to develop mAbs that release their target upon the slightly 
lower pH in the endosome, after which the drug can then be returned to 
the blood by the FcRn. 

Given the knowledge about the Fc/FcRn interaction, it is easy to 
imagine a miniaturized Fc scaffold protein only consisting of the CH2 or 
CH3 domain. Indeed, the CH2 domain alone, was found to have a long 
half-life as early as 1994(139), and has more recently been developed into 
an alternative scaffold protein by shortening flexible loops and 
introducing an disulfide bond(140, 141). Likewise, the CH3 domain has 
been developed into an alternative scaffold with a pH-dependent binding 
to FcRn superior to that of CH2, but has to my knowledge not been tested 
in vivo(142). 

5.1.2. SA Fusion Proteins, SA Chemical Conjugations, SA 
Binders and the DIII Domain 

In resemblance to the Fc fusions described above, coupling have also 
been made with SA to increase the half-life. The first protein to take 
advantage of the half-life extension ability of SA was  porcine growth 
hormone to which SA was chemically conjugated(143). This was later 
followed by recombinant production of SA-fusions and is this case, 
similar to the Fc fusions, SA was first recombinantly fused to CD4(144). 
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Human SA fusions have often had a shorter half-life than endogenous SA 
in animal studies(145). In some animals, the reason is that human SA 
doesn’t bind as well to the animal's FcRn as endogenous SA. Just like 
mAbs, human SA in itself has also been engineered for better half-
life(98). 

An alternative to direct SA-fusion is fusion to an SA binding moiety 
that allows for piggybacking on SA to take advantage of its properties. 
This can be achieved by conjugating or fusing the drug to an SA binding 
fatty acids or organic small molecule(2). Another approach  is to use a 
protein selected for binding to SA or with evolved intrinsic affinity for SA, 
such as the ABD derived from streptococcal protein G (Study II, Chapter 
4). 

In the same spirit as the miniaturized Fc domain consisting of CH2, a 
miniaturized SA domain protein scaffold called DIII has also been 
developed, which was shown to be able to extend the half-life of a 
diabody(146). 

5.1.3. Peptides 
Not only have naturally occurring proteins binding to FcRn or its 

ligands been investigated for applications involving FcRn. Engineered 
peptides of 16 amino acids with linear or cysteine cyclized structure have 
also shown promise and have been shown to be able to perform recycling 
and transcytosis in in vitro cell assays(147). The peptides have, to my 
knowledge, not yet been shown to extend the half-life or to mediate 
transcytosis in vivo. 

5.2. IgG Depletion by FcRn Blocking 
Even though antibodies are most often looked upon as the 

protagonists, they can also be malicious. In the case of autoimmune type 
II and III hypersensitivity reactions, immunoglobulins of the isotypes M 
and G are attacking their own body(18). One of the currently available 
treatments are anti-CD20 antibodies that eliminate B cells to lower the 
concentration of endogenous IgG(148). An alternative approach is to 
transiently lower the concentration of IgG in blood by blocking FcRn's 
IgG binding ability and thus prevent FcRn-mediated rescue(149). 

Another example of viciously acting IgGs occurs in neonatal 
alloimmune disease, where antibodies from the mother are attacking the 
fetus(150). Then pathogenic IgGs produced by the mother are 
transported through the placenta to the fetus by the FcRn. Therefore, if 
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one could block the interaction between FcRn and IgG, the concentration 
of this pathogenic IgG in the fetus might be decreased since IgG would 
not be able to take the FcRn transcytosis route over to fetal blood 
circulation. 

Blocking of the FcRn has been achieved with small organic 
molecules(151), peptides(152) as well as with donated(149, 153) or 
recombinant IgG(154–158) as described below. 

5.2.1. IgG Based Blocking 
Currently, the only approved treatment  based on FcRn blocking is 

intravenous immunoglobulins (IVIg) therapy(149, 153). The rationale 
behind this therapy is to inject copious amounts of IgG into the patient to 
saturate all the FcRn molecules. This leads to increased catabolism of IgG 
that is not rescued from lysosomal degradation, and depletes both 
pathogenic and non-pathogenic IgG. In some  diseases treated with IVIg 
there has been disputes over the true treatment mechanisms, and the 
FcRn-saturation hypothesis has been questioned(159). 

There are several difficulties and drawback with IVIg: the IgGs are 
being extracted from human blood giving the therapy a risk of spreading 
infections, possible batch to batch variations and a high price. There has 
recently been a world-wide shortage of IVIg doses because of an increased 
demand(160).  

In an effort to create a recombinant source of safe IgG that could be 
injected at lower doses, but still maintain the same effect, IgG1s with 
mutated Fc regions were developed(154, 155). These IgG molecules bind 
strongly to the FcRn receptor at both pH 6.0 as well as neutral pH 7.4. 
Another way of blocking the FcRn has been to use mAbs binding with 
their variable regions to either the Fc binding site on FcRn α-chain(156) 
or the β2m(157, 158). 

5.2.2. Peptide Based Blocking 
Recombinant IgG is a step towards a more efficient blocking of FcRn 

function, but easily produced short peptides have also been selected by 
phage display and chemically enhanced for stronger binding and in vivo 
stability(152). The peptides were shown to have good IgG depletion effect 
in mice and non-human primates. 
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5.2.3. Organic Small Molecule Based Blocking 
To this date there is only one article discussing organic small molecule 

inhibitors of the IgG/FcRn interaction(151). This compound was found in 
a ligand-based virtual screen, where the best hits were functionally 
analyzed in a blocking assay and thereafter improved. Since treatment of 
an autoimmune disease in many cases will go on for an extensive period 
of time, this could be one of the better treatments coming up, since 
organic small molecules can be taken orally and are seldom 
immunogenic. 

5.3. FcRn Mediated Oral and Pulmonary Delivery 
Another of the holy grails of protein engineering is to be able to build 

protein drugs that can be administered to the patient without injection. 
Many of today’s biologics need to be injected frequently, which is 
strenuous to the patient. Two other routes of administration are oral and 
pulmonary delivery. Since FcRn is expressed in the proximal small 
intestine, upper airway epithelium and alveoli, FcRn mediated 
transcytosis over the epithelial layers of these parts of the body might be a 
possibility(161). 

Considering oral delivery, FcRn is expressed in the adult proximal 
small intestine throughout life, but only during the suckling period in 
rodents(111). Hence, pre-clinical evaluation of oral delivery has been 
performed in young rats, where the digestion system is not fully 
developed. In adult humans, oral administration of protein drugs is more 
challenging since they can be digested to a large extent if the formulation 
is not used to protect the drug from gastric acid and proteases(62). Oral 
delivery has been tested for follicle-stimulating hormone (FSH)(162) and 
Factor IX (FIX)(163) Fc fusions in rat. Fusion proteins have been seen to 
enter the blood, and has in the case of FSH been seen to have 
physiological effect. 

Pulmonary delivery has been more thoroughly investigated than oral 
delivery. Therapeutic proteins fused to Fc that have been investigated in 
cynomolgus monkeys are erythropoietin (EPO)(164), interferon-β (IFN-
β)(163), interferon-α (IFN-α) and follicle-stimulating hormone 
(FSH)(162). Administration has been performed using aerosolisation of 
the protein. 

The general conclusions from these studies are that Fc fused proteins 
are best taken up by shallow breathing giving the highest concentration of 
the drug in the central parts of the lung. Administration through the 
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alveoli has been more difficult. In many of the studies, both monomer 
and dimer constructs have been investigated, and in almost all cases the 
monomeric constructs have shown better uptake. This is probably due to 
smaller size that contributes to improved diffusion through the protective 
lung mucus(163). 

Not surprising the Fc fused proteins show better half-life than their 
unfused counterparts, and the pulmonary administered proteins 
generally showed high bioavailability with a record of 50% for an IFNα-Fc 
dimer(163). Clinically relevant concentrations in blood have been 
achieved for Fc fused therapeutic proteins that are highly potent, but for 
drugs like common systemically administered mAbs these concentrations 
might be too low(112).  

Interestingly, the EPO-Fc fusion protein has even been tested in a 
human Phase I clinical trial(165) to asses safety, pharmacokinetics and 
tolerability. The amount aerosolized drug that reached the blood after 
inhalation was sufficient to achieve a medically relevant increase in the 
number of reticulocytes. 

Much, if not all of the application-driven in vivo research of FcRn 
mediated drug delivery has been performed by Syntonix Pharmaceuticals, 
Inc. After they were bought by Biogen Idec, Inc. for $40M in 2007 they 
have been able to push two hemophilia Fc-fusions through successful 
Phase III clinical trials of which one has been approved by FDA as of 
today. These drug candidates are traditionally administered by injection, 
and so far nothing has been published by BiogenIdec concerning 
alternative administration routes. 

5.4. Vaccines 
Since FcRn has been shown to play a role in the mounting of an 

immune response by directing the multimeric immune complexes 
consisting of IgG, antigen and FcRn to the lysosome(166), the step is not 
long to suggest that this property might be used for vaccinations. Fc fused 
vaccines have been investigated, but then in their monomeric form. 
Examples of this is mucosal delivery of herpes simplex virus type-2 (HSV-
2) glycoprotein gD(167) and human immunodeficiency virus (HIV) Gag 
protein(168). Both studies showed T and B cell response systemically and 
at mucosal sites. However, the use of monomeric constructs makes them 
another theme of the transcytosis delivery and the full potential of Fc 
multimeric constructs targeted to the lysosome is still to be explored. 
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5.5. FcRn Mediated Central Nerve System Efflux 
A hypothesis is that Alzheimer's disease is caused by amyloid β 

peptides forming fibrils in the brain(169). Amelioration of the symptoms 
or even a cure might be possible if these peptides could be transported 
out of the brain. A possibility could be to use antibodies binding to these 
peptides for transportation or a vaccine eliciting an immune response 
towards the peptide. IgG should normally not traverse the blood brain 
barrier (BBB), but does so from time to time for example in case of 
infection. Since it is known that the FcRn is transporting IgG out of the 
brain through the BBB, IgG binding the amyloid β peptide has been used 
to remove amyloid β peptide from the CNS(170).  
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6. Present Investigation 
In the previous chapters, the art of protein engineering as well as the 

characteristics of proteins important to this doctoral thesis were 
described. In this chapter I will describe the research I performed and 
summarize the results.  

The thesis is based on four studies and the common denominator is 
that they concern engineering of proteins for possible future medical 
applications. In particular, affibody molecules interacting with FcRn has 
been selected and evaluated pre-clinically for two different purposes 
(Study I to III); artificial transcription factors for regulation of GAD67 
expression have been evaluated in a pre-clinical model of Parkinson's 
disease (Study IV).  
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6.1. Study I - Robust expression of the human neonatal Fc 
receptor in a truncated soluble form and as a full-length 
membrane-bound protein in fusion with eGFP 

In this study, a robust production strategy for the extracellular domain 
of human FcRn was designed and evaluated for the purpose of obtaining 
a target protein for selection of affibody molecules as described later 
(Study II). Also, cell lines over-expressing FcRn as a fusion to eGFP were 
created and investigated for the purpose of later studies of the interaction 
between selected affibody molecules and FcRn (Study II and III). 

The published part of (Study I), concerns only expression of the human 
ortholog. However, as will be discussed later in the thesis, affibody 
molecule interaction with FcRn from different species was desirable to 
allow for pre-clinical evaluation. Especially cross-reaction to the murine 
variant was of interest, since it was the desired model organism for pre-
clinical evaluation. FcRn from human and rat has a well conserved 
structure, even though the sequence homology is rather low(171). Also, 
the glycosylation pattern is slightly different between species. To 
minimize the risk of obtaining FcRn with an improper glycosylation 
pattern for forthcoming affibody molecule selection (Study II), human 
FcRn was expressed in the human cell-line SKOV3 and murine FcRn was 
expressed in the murine cell line 3T3.  

Four constructs were created, encoding the human or murine extra 
cellular domains of FcRn. Two of the constructs encoded the murine or 
human α-chain with an N-terminal Ig-κ chain leader sequence to direct 
expression to the culture medium and a C-terminal FLAG-tag. The other 
two constructs encoded human or murine β2m, also with an N-terminal 
Ig-κ chain leader sequence, but with a C-terminal hexahistidine tag. The 
tags were added mainly to allow for different purification strategies 
although they could also be used for detection, which will be described 
later. The plasmids encoding the α-chain and the plasmids encoding β2m 
also contained different resistance genes for simple selection of cells 
harboring the constructs. 

The four constructs were individually packaged into lentivirus-based 
gene delivery particles, pseudotyped with the G-protein from Vesicular 
stomatitis virus (VSV-G) to allow for transduction of a variety of cell 
types. A lentiviral gene delivery system was used since it stably integrates 
its transgene into the genome of their host, often leading to long-term 
transgene expression. 
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Lentiviral particles containing the human α-chain and β2m were 
sequentially added to SKOV-3 cells and murine α-chain and β2m were 
added to 3T3 cells followed by selection for integration of both constructs 
in their respective cells. The reason for using SKOV3, in addition to that it 
is a human-derived cell line, is that it is robust; the cells attach firmly to a 
solid support and they can also withstand tough treatment including 
growth without addition of serum etc. 3T3 cells appeared to be similarly 
robust. Cells were allowed to produce FcRn in medium lacking fetal 
bovine serum (FBS) for 120 h. However, after this time the cells still 
looked healthy and could possibly continue to produce the protein after 
detachment and dilution, even though this was not investigated further.    

Both the human and murine receptors were purified from the medium 
by affinity chromatography, using their intrinsic pH-dependent binding 
to human IgG immobilized in a column. Loading of the culture medium 
was done at pH 5.8 where FcRn can bind to IgG and elution was 
performed at pH 8.1 where IgG affinity is lost. For the human protein, an 
essentially pure protein was obtained (see below). However, the protein 
isolated from the 3T3-cells, possibly the murine receptor, was found in 
small amounts and was not as pure as the human ortholog. Later 
experiments could not confirm the expected functionality and it was 
therefore decided to drop the production of this protein at this stage and 
only continue with the human ortholog. 

Since IgG is a large molecule, the number of binding sites in the 
column are rather limited, possibly resulting in a low capacity column. 
Since we in later studies (Study II) generated affibody molecules binding 
to FcRn, it would be interesting to immobilize one of them in a column 
and compare the function, including capacity, of that column with the 
IgG-column used here.    

IMAC, utilizing the hexahistidine tag on β2m, was also evaluated for 
purification of the receptor. This technique yielded receptor, but gave 
apparently more β2m than α-chain of FcRn, indicating that uncomplexed 
β2m monomer was also being purified. The FLAG-tag on the α-chain was 
not investigated for purification purposes. It is possible that SKOV-3 
produced endogenous FcRn since many cell lines produce this receptor. 
This could potentially have led to formation of hybrid receptors 
consisting of endogenous α-chain and recombinant β2m or vice versa. We 
did not investigate this in the study.  
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For both IgG affinity chromatography and IMAC, a contaminating 
protein was isolated with a size of approximately 67 kDa. The identity of 
the protein was not determined, but could possibly be bovine serum 
albumin (BSA), which was added to the growth medium of the cells as 
part of fetal bovine serum (FBS). It was difficult to remove this 
contamination during purification and it was therefore decided to 
produce the protein without addition of FBS. This resulted in that the 
contamination vanished almost entirely, giving a protein of very high 
purity (see Figure 13). 

 

                         
 

Figure 13. SDS-PAGE separation of purified extra cellular domain of FcRn followed by 
silver staining of the gel, with the β2m seen at ~12 kDa and the FcRn α-chain at ~36 kDa. 

 
Subsequently, the characteristics of the purified protein were analyzed 

using a variety of methods. The secondary structure content was 
investigated by circular dichroism spectroscopy and the resulting 
spectrum was found to be similar to previously published spectra for 
FcRnECD(172, 173). The pH-dependent interaction with IgG was analyzed 
by ELISA. Human IgG was immobilized followed by incubation with 
FcRnECD at different pH values and the results showed the expected pH-
dependent binding, with interaction at pH 6.0 and below, which was 
gradually lost as the pH was increased and disappeared at pH 7.0 and 
above (see Figure 14). The functionality of the FLAG-tag and 
Hexahistidine-tag was also analyzed by ELISA. Here, IgG was 
immobilized in the bottom of a polystyrene plate, which was subsequently 
probed with FcRnECD followed by an α-FLAG antibody or an α-
hexahistidine antibody. The results showed that the α-FLAG antibody 
could be used to detect IgG in this setup, whereas the α-hexahistidine 
antibody could not. The interaction between FcRnECD and IgG or HSA was 
further investigated by surface plasmon resonance (SPR) analysis. 
Injection of a human IgG1 monoclonal antibody (Bevacizumab) over a 
surface with immobilized FcRnECD resulted in reversible binding at pH 
6.0 but no binding at pH 7.4 (see Figure 15A). Similarly, injection of HSA 
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over the same surface resulted in reversible binding at pH 6.0 but no 
binding at pH 7.4 (see Figure 15B).  
 

 
 

Figure 14. The produced human FcRn protein exhibited a strong pH-dependence when 
binding was tested to human IgG at different pH in an ELISA. 

 

 
 
Figure 15. Biosensor analysis of the monoclonal IgG Bevacizumab and human SA binding 
to immobilized human FcRn at pH 6.0 and 7.4. Binding is seen for both ligands at pH 6.0, 
but not at pH 7.4. 

 
Even though the purified protein behaved as expected, an effort to 

create a single-chain variant was undertaken since fusing the α-chain of 
the FcRn with the β2m might give an even more robust protein as 
suggested by Dimitrov et al (174). In our production strategy, an attempt 
was made to produce the single-chain receptor as inclusion bodies in E. 
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coli followed by refolding following a strategy previously described for 
class I MHC(175). Indeed, E. coli production yielded tens of milligrams of 
highly pure protein after purification, per liter of bacterial culture. The 
protein was also found to bind IgG in a pH-dependent manner in ELISA. 
However, the protein was prone to precipitation in the pH 6-8 range and 
was therefore difficult to use for in vitro binding assays. 

HeLa cells over-expressing the human and murine variant of FcRn 
fused to eGFP were also created. The aim was to create an assay to 
evaluate interactions with full length FcRn when it was part of a cell 
membrane. For both receptor variants, the cytosolic tail was fused to the 
enhanced green fluorescent protein (eGFP), and genes encoding the 
constructs were delivered using the same lentivirus based gene delivery 
system as described previously. Studies on the human HeLa cell line was 
included in the published part of this study and is presented below, 
whereas results pertaining to the murine variant are presented in Study 
III. The human HeLa-cell line was found to interact with IgG and SA in 
the expected pH-dependent manner, by flow cytometry analysis (see 
Figure 16). In Figure 16 it was found that the cell populations are widely 
spread along the eGFP-fluorescence intensity axis. This indicates that the 
cells express different amounts of FcRn-eGFP. In an attempt to get a 
population with more homogenous FcRn-eGFP expression, cells were 
fractionated in a cell sorter. Curiously, the spread in expression level seen 
in Figure 16 was reestablished after cultivation for only a few additional 
days. 
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Figure 16. Flow cytometry analysis of Alexa647 labeled IgG (C, D) and SA (E, F) binding to 
HeLa cells expressing hFcRn-eGFP at pH 6.0 (C, E) and 8.0 (D, F). Showing pH-dependent 
binding. 

 
The analysis presented in Figure 16, requires permeabilization of the 

cell. To design a binding assay, where permeabilization could be omitted, 
an LL to AA mutation was introduced in a sorting motif in the cytosolic 
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tail of the human FcRn-eGFP as described in Ober et al. 2001(101). This 
mutation has been shown to interfere with internalization of the receptor 
resulting in an increased concentration on the cell surface. However, this 
cell line was not used in any of the studies described here, but was 
compared to the cell line without the mutation and the subcellular 
localization seen in previous studies were confirmed (see Figure 17). 

 

 
 

Figure 17. Mutations of a sorting motif in the FcRn substantially changes its subcellular 
localization. To the left: HeLa cell transduced with human FcRn-eGFP localizes to small 
compartments that is likely to be endosomes. To the right: HeLa cell transduced with human 
FcRn-AA-eGFP gives a vague homogenous pattern hard to distinguish with the confocal 
microscope. Potentially the receptor is localized to the cell surface. The nucleus is stained 
with DAPI shown blue. The images were captured in collaboration with Martin Hjelmare at 
Science for Life Laboratory in Stockholm. 

 
The localization of the wild-type variants of FcRn fused to eGFP was 

also investigated by fluorescence confocal microscopy (data not shown). 
Interestingly, the distribution of the murine and the human variant 
differed considerably. The murine FcRn was predominantly found in 
larger clusters than the human receptor. A possible explanation is that 
this is partly a consequence of that the human proteins responsible for 
sorting of the FcRn can not interact correctly with the murine ortholog. 
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Figure 18. A video of a HeLa cell expressing human FcRn-eGFP played at 2.5 x real time. 
(http://youtu.be/24VVl4_wWX8). The video was captured in collaboration with Otto 
Manneberg and Hjalmar Brismar at Science for Life Laboratory in Stockholm. 

 
In addition, a number of videos of HeLa cells expressing human FcRn-

eGFP were captured, where the receptor was shown to move around in 
what could possibly be endosomes, vesicles and tubules (see Figure 18). 
In an attempt to capture an endocytosis and recycling event of an IgG, 
and hopefully later also an affibody molecule selected in Study II, IgG was 
quantum dot labeled and subjected to live cell microscopy. No firm 
visualization of endocytosis and recycling has been obtained at this stage 
and this will require more work. 

The lentivirus-based delivery system used here has been shown to 
allow for transduction of a wide variety of cell types in vivo(176). This 
opens up for local expression of FcRn-eGFP in in vivo animal 
experiments, to further elucidate the functions of FcRn. 
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6.2. Study II - An engineered affibody molecule with pH-
dependent binding to FcRn mediates extended circulatory 
half-life of a fusion protein 

In this study, affibody molecules with pH-dependent binding to the 
FcRn were selected. Such affibody molecules can potentially be used as a 
fusion partner to different biopharmaceuticals to extend their serum 
circulation half-life by FcRn mediated recycling. The biopharmaceutical 
would thus be rescued from degradation in the lysosome and its 
therapeutic effect would be prolonged. 

Since a pH-dependent binding mimicking that of the FcRn/IgG 
interaction was desired, histidines would likely have to be present in the 
interaction surface. A possibility could have been to create an affibody 
library with an enriched representation of histidines, followed by 
selection of affibody molecules. However, construction of a library 
requires some effort and since a library already existed, it was decided to 
attempt selection from that library first. This library was not biased for 
any particular amino acid except for the absence of proline and cysteins. 

Two target proteins were initially used for selections; the extracellular 
domain of both the human and mouse ortholog of the FcRn. Selections 
were carried out in eight parallel tracks during four selection rounds. In 
four of the tracks human FcRn was used as target. In the other four tracks 
human and murine protein was alternated between the different rounds 
in order to obtain affibody molecules with binding to both orthologs. The 
concentration of target protein was lowered, and the number of washes 
after binding increased for every selection round, to maintain selection 
pressure and to select binders with as high affinity as possible. 

Since SA has such a high abundance in the blood, binders to the SA 
binding site of FcRn was undesirable, as these might be outcompeted by 
SA for FcRn-mediated rescue. In order to prevent selection of affibody 
molecules to the SA binding site on FcRn, a high concentration of HSA 
was present during library panning to block this site. A possibility was to 
also block the IgG binding site to prevent binders also to this site. 
However, simultaneous blocking of two sites on the FcRn with two rather 
large proteins might mask most or all potential epitopes. Leaving the IgG 
binding site exposed also opened up for finding affibody molecules 
binding this site, which might potentially be used to block IgG recycling 
as described in Chapter 6.2 and Study III. Depletion of binders to β2m 
was carried out prior to each selection round by negative pre-selection, to 
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minimize enrichment of binders to this part of the receptor. FcRn has the 
β2m domain in common with the class I MHC and binders to β2m were 
therefore undesirable since they might be cross-reactive to class I MHC. 

During selection, binding and washing was performed at pH 5.5, and 
elution of bound phage was done at pH 2.2 or 8.0. The binding at pH 5.5 
and elution at pH 8.0 was performed in order to get affibody molecules 
mimicking the FcRn/IgG interaction with binding at pH<6.5 and release 
at pH>7.0. The elution at pH 2.2 was performed for the purpose of 
variation, since other types of affibody variants might be enriched 
compared to those enriched with an elution at pH 8.0. If the pH 8.0 
elution track would have failed binders from the pH 2.2 track could have 
been used in a histidine doped maturation to find pH-dependent binders. 

During post selection ELISA screenings, it was found that the four 
selection tracks with alternating human and murine FcRn did not seem to 
have enriched for any variants binding to human FcRn. A possible 
explanation was low quality of the murine target protein, as discussed in 
(Study I). The variants from these four tracks were not investigated 
further. In the manuscript describing this study these tracks are not 
included. The tracks where human FcRn was solely used yielded several 
affibody molecules with affinity for the FcRn. Several of them had the 
sought for pH-dependent binding, mimicking that of IgG. The binding to 
FcRnECD and β2m was investigated by ELISA, and many variants were 
found to interact with the β2m domain of the receptor (data not shown). 
The negative pre-selection of the library does not seem to have worked 
out entirely satisfactory. 
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Figure 19. ELISA of affibody molecules binding human FcRn at pH 6.0 (A) and 7.4 (B). All 
binders show higher affinity at pH 6.0 than at pH 7.4. 
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Figure 20. Dissociation of affibody molecules from human FcRn at pH 6.0 or 7.4 measured 
by biosensor after injection at pH 6.0. The three binders show faster off-rates at pH 7.4 than 
6.0. 
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Figure 21. Flow cytometry of affibody molecules labeled with CF647 binding to HeLa cells 
expressing human (upper panel) and murine (lower panel) FcRn-eGFP. The tree binders 
show binding to both human and murine FcRn-eGFP expressed on HeLa cells. 

 
Fortunately, four binders with related sequences were found to have 

the sought for pH-dependent binding. Encouraged by this finding, 930 
additional clones were sequenced resulting in the identification of 
another twelve related sequences. The binder's interactions with 
immobilized FcRnECD were screened by ELISA at pH 6.0 and 7.4 (see 
Figure 19). All 16 variants were found to bind stronger to FcRnECD at pH 
6.0 than at pH7.4. Three variants were chosen from this screening for 
further analysis on the basis that they had among the strongest relative 
affinity for FcRnECD at pH 6.0. Surface plasmon resonance (SPR) 
measurements of the interaction between the affibody molecules and 
immobilized FcRnECD showed that the off-rate was faster at pH 7.4 than at 
pH 6.0 after injection at pH 6.0(see Figure 20). The melting temperatures 
of the affibody molecules were determined by measuring the signal at 222 
nm as a function of temperature by circular dichroism (CD) spectroscopy. 
The determined thermal melting temperatures ranged from 49 to 59 °C. 
The interaction between the affibody molecules and the full-length 
versions of both the human and murine ortholog of FcRn as part of a cell 
membrane was also investigated. It was found that the three affibody 
molecules could bind cells expressing both the human and murine 
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ortholog in a manner that corresponded to receptor expression (see 
Figure 21). 

It would have been interesting to analyze the secondary structure 
content by circular dichroism spectroscopy at different pH to see if, 
although unlikely, there is any structural change in the affibody molecule 
that is causing the pH-dependent binding. In all 16 selected variants a 
conserved histidine was present which could be important for the pH-
dependent binding. It would be interesting to investigate the importance 
of this residue for binding to FcRn. Mutation to another amino acids, e.g. 
alanine, could for example be carried out. Determination of the structure 
of the complex would be of even higher scientific value, showing all 
interacting residues. 

Encouraged by the pH-dependent binding to both the human and 
murine version of the FcRn, the next step was to create fusion proteins 
consisting of a model protein and the FcRn-binding affibody molecules. 
As a model protein, another affibody molecule (ZTaq), which binds to Taq 
DNA polymerase, was chosen. In itself, ZTaq has a molecular weight of 
only approximately 7 kD and is therefore rapidly excreted through the 
kidneys. This results in a half-life of merely 10-20 min in rodents(32, 
177). Direct conjugation of ZTaq and the FcRn binding affibody molecules 
ZFcRn would still be small enough to be rapidly lost to urine in the kidneys 
and it would therefore probably not be possible to investigate the 
contribution of FcRn-mediated recycling. Therefore, ABD was also 
included in the construct. Upon injection into blood, such a construct will 
associate with SA both in mice and humans, with a resulting increase in 
size from about 21 kDa to 88 kDa. A protein complex of that size 
surpasses the theoretical molecular weight cut-off of the kidneys. Fusion 
proteins for in vivo investigation of half-life were therefore expressed on 
the format ZFcRn-ABD-ZTaq. When choosing this model we were well aware 
of that this strategy would complicate the subsequent analysis of the 
contribution of ZFcRn to the increased half-life, since SA in itself has an 
intrinsic binding to the FcRn with a resulting extension of its half-life. 
The control used was on the format ZTaq-ABD. This was not completely 
satisfactory, due to the fact that it was slightly smaller. However, all 
constructs including the control will statistically be in complex with SA 
almost all the time, and the molecular weight of the complexes will thus 
be about 80 kDa (control) and 88 kDa (fusion proteins). One could argue 
that a smaller protein complex might be excreted through the kidneys to a 
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larger extent or, though unlikely, that the other unspecific affibody could 
have half-life extending properties. However, in two published(178, 179) 
and one unpublished study (personal communication: Guthenberg-
Höidén I, Frejd F et al. 2013) affibody/ABD constructs with the formats 
Z-ABD, ZZ-ABD, ABD-ZZ and Z-ABD-Z have all been found to have half-
lives similar to that of our control in mice and rats, suggesting that one 
less affibody molecule in our construct is not likely to affect its half-life to 
any great extent.  

Three fusion proteins, on the format ZFcRn-ABD-ZTaq, were expressed 
where ZFcRn was varied. To investigate a possible cooperativity between 
ZFcRn and ABD/SA in the binding to the FcRn, binding to immobilized 
FcRn was investigated by biosensor analysis in the presence or absence of 
SA. Indeed, an avidity effect showing that both ZFcRn and the complexed 
SA could bind FcRn was seen in the off-rate study comparing constructs 
with or without complexed SA to FcRn, for human and murine variants 
respectively (see Figure 22). This was especially evident for the 
experiment with murine FcRn and SA. These kinds of studies are 
complicated and some issues can not be addressed. In this experiment the 
concentration of albumin was kept high enough so that virtually all 
constructs would statistically be associated with SA, but so low that free 
SA binding to FcRn could not be detected due to SA’s low affinity for 
FcRn. Using this technique varying the concentration of the constructs for 
affinity measurement is hard, without changing the construct/SA ratio. 
Further, we do not know if the complex can bind to the same FcRn 
molecule with its ZFcRn and ABD/SA arms, respectively, or if it is binding 
to two receptors. In the case of binding to two receptors this is of course 
dependent on the density of receptor on the SPR chip surface, and how 
well this translates into the density of the receptors in the endosome in a 
living animal is hard to estimate. Some very complicated questions 
indeed. 
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Figure 22. (A) Biosensor analysis of ZFcRn-ABD-ZTaq constructs complexed or not 
complexed to SA of respective species and bound to human or murine FcRn immobilized on 
a chip surface. Constructs complexed with SA has a slower off-rate than constructs without 
SA, which can be attributed to an avidity effect. This is particularly evident for the murine 
variant. (B) The avidity effect can be attributed to the fusion protein construct (ZFcRn in 
purple, ABD in yellow and ZTaq in grey) and its complexed SA (red) binding two FcRn at the 
same time on the chip. Without SA, only the fusion protein construct can bind. 
 

A co-crystal structure showing where on the FcRn the affibody 
molecules are binding could reveal if the complex can even theoretically 
bind with both the ZFcRn and ABD/SA on a single FcRn molecule at the 
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same time. Since such a structure has not been determined, I can only 
make an educated guess. After examining an overlay of available 
structures, I find it unlikely that the complex can bind to a single FcRn 
molecule with both its arms since the distance from the ABD moiety to 
the FcRn is longer than the construct (see Figure 23). 

 

 
 

Figure 23. Protein structure of the human FcRn and its natural ligand human SA (PDB ID: 
4N0U(24)) together with ABD-GA3 (PDB ID: 1GJT(180)). The ABD-GA3 structure was 
aligned to a human SA and ABD-GA1 structure (PDB ID: 1TF0(181), not visible) that was in 
turn aligned to the human FcRn and human SA structure. The complex was rendered using 
the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. The N-terminus of 
the ABD-GA3, where the ZFcRn is fused, is located to the upper left in the structure (arrow). It 
is not probable that the complex can bind two sites on the same FcRn molecule at the same 
time since the distance of the N-terminus of the ABD-GA3 to the FcRn is too long. 
 



63   |   Present Investigation 
 

 
Figure 24. In vivo study of the half-life of ZFcRn constructs in mice. Concentration was 
measure by ELISA of serum samples and the serum circulation half-life was calculated 
using a two-compartment model. All constructs show superior half-life in comparison to 
control, with the best half-life being 91 hours over the 33 hour half-life control protein. 

 
To investigate whether the selected affibody molecules could improve 

the half-life of the model protein the three ZFcRn-ABD-ZTaq and the ZTaq-
ABD control were injected in mice. The animal study could indeed show 
that the half-life of the best fusion protein was extended almost three fold 
in comparison to control, from 33 to 91 hours (see Figure 24).  

Since the affibody molecules have higher affinity for the human FcRn 
than the murine ortholog, it would be interesting to repeat the 
experiment in transgenic mice carrying the human FcRn-gene. It is 
possible that the constructs might have an even longer half-life in such a 
study. If the same constructs with ABD are going to be used, it has to be 
taken into account if the mouse should carry the human or murine 
version of the SA gene, since the affinity of MSA and HSA to FcRn is 
different and might skew the results. Even better, but much more costly, 
would be to perform the experiment in a non-human primate, such as 
cynomolgus monkey, since the FcRn sequence is 97% and the SA is 93% 
identical to the human ortholog and the results are likely to reflect the 
effect in humans better than an experiment in mice. 

Encouraged by the promising results of the affibody molecules to 
extend the half-life of a model protein it would be exciting to see if they 
can be fused to a biopharmaceutical and if this leads to that its 
therapeutic effect is maintained during a longer time. 
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Even more exciting would be to investigate if FcRn mediated 
transcytosis can be achieved by oral or pulmonary delivery of a fusion 
protein including the FcRn binding affibody molecules. Towards this end, 
an in vitro transcytosis assay over a layer of epithelial cells was setup and 
evaluated. However, it was difficult to obtain reliable results. An option 
could be to leave out the in vitro experiment and directly investigate if the 
construct is taken up through the intestines or the lungs. This would 
certainly be of interest especially now that Amylin Pharmaceuticals LLC 
has shown that their ABD fused GLP-1 analog can be administered in 
sufficient amounts by oral delivery in a variety of species(58). 
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6.3. Study III - Reduction of immunoglobulin G in mice by an 
affibody molecule blocking the interaction between 
immunoglobulin G and the neonatal Fc receptor 

In this study, the goal was to investigate if affibody molecules 
generated in Study II (ZFcRn) could be used in vivo to block the IgG 
binding site on the FcRn and thereby be used to lower the concentration 
of IgG in blood as outlined in Chapter 6.2. An affibody molecule blocking 
this site can be used to mitigate various autoimmune diseases, which are 
the result of pathogenic IgGs, since the concentration of both normal and 
pathogenic IgG would be reduced by this approach. 

For blocking of IgG-binding to FcRn, strong binding at the slightly 
acidic pH of the endosomes was desirable. Strong binding at pH 7.4 was 
not as important but still desirable since ZFcRn might then be associated 
with the FcRn even when it is transported to the cell membrane followed 
by re-internalization (see Chapter 6.2). The ZFcRn with the strongest 
binding at pH 6.0 was Z07918. This variant also had the strongest 
interaction with ZFcRn at pH 7.4 and was therefore chosen for 
investigation. 

Several experiments to investigate a possible competition between 
Z07918 and IgG for binding to the FcRn were carried out. The first was a 
competition ELISA where human IgG was used to compete out the 
binding of ZFcRn to FcRnECD. The result of this study showed a slight 
tendency towards blocking, but was not conclusive since the human IgG 
was not able to out-compete the high affinity affibody molecules. 

The next experiment was a biosensor experiment, were biotinylated 
human FcRn was immobilized on a streptavidin chip. Upon injection of 
IgG alone, Z07918 alone or a combination of them both, different 
equilibrium responses were obtained that did not correspond to a simple 
addition of the equilibrium responses obtained when injecting the 
proteins by themselves. The injection of both IgG and ZFcRn lead to a lower 
equilibrium response signal rather than a higher signal suggesting that 
IgG (150 kDa) could be blocked from binding to the FcRn by the 
considerably smaller ZFcRn (~8 kDa). However, the use of a streptavidin 
chip resulted in high background, which made the results non-conclusive. 
Blocking was also indicated in the first flow cytometry experiments, were 
IgG was used to compete out fluorescently labeled affibody molecules for 
binding to  FcRn-eGFP expressing HeLa cells. However, only a tendency 
of competition was recorded in this experiment, probably a consequence 



Johan Seijsing   |   66 
 

 

of that it was difficult to block an affibody molecule with an IgG having a 
much weaker affinity for FcRn. 

 

 
 
Figure 25. Plot of flow cytometry analysis of ZFcRn constructs with concentrations from 0 to 
1000 nM blocking 100 nM human or murine  IgG-Alexa647 from binding to human or murine 
FcRn-eGFP transduced HeLa cells. The two constructs are able to block the binding of IgG 
to FcRn. 
 

However, when the experiment was inverted, so that the affibody 
molecule was used to out-compete fluorescently labeled IgG from binding 
to the cells, the competition was finally evident. A more careful 
experiment was carried out, where both ZFcRn and ZFcRn-ABD were used at 
different concentrations. The results showed that both constructs were 
able to compete with IgG for binding to the cells, and that the ZFcRn-ABD 
performed slightly worse in the murine context (see Figure 25). 
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Figure 26. Biosensor analysis of His6-ZFcRn (A) and ZFcRn -ABD (A) binding human FcRn 
giving equilibrium constants (KD) of 14 and 5 nM respectively. 

 
To investigate the affinity between the two constructs and FcRn, a 

biosensor analysis was performed. The affinity measurements for the 
human FcRn at pH 6.0 gave equilibrium constants (KD) of 14 nM for the 
His6-ZFcRn and 5 nM for the ZFcRn-ABD (see Figure 26).  

 

 
 

Figure 27. Reduction of endogenous IgG in mice by injection of FcRn blocking constructs 
as measured by ELISA. Both constructs are seen to reduce the amount of endogenous IgG 
at best with 39%.  

 
An in vivo study was performed to investigate if the two constructs 

could reduce the amount of IgG in mice. The constructs were injected 
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repeatedly at a concentration of 48 μmol/kg body weight and both the 
ZFcRn and the ZFcRn-ABD was able to reduce the concentration of 
endogenous IgG by 39% (see Figure 27). 

When analyzing the results it was found that the mice had very 
different IgG concentrations in the blood at the start of the study, which 
made interpretation of the results difficult. Therefore, the IgG-
concentrations measured in each individual animal at different time 
points were normalized to the concentration measured at time 0 h for the 
same animal. These values were then displayed as percent of the 
concentration measured at time=0 (see Figure 27). 

It would be interesting to repeat this experiment in transgenic mice 
expressing the human FcRn since the affibody molecule has better affinity 
for the human ortholog. If doing so, then the lower affinity of murine IgG 
to human FcRn also has to be taken into account, since it will be easier to 
block out IgG variants with lower affinity. If the blocking experiment 
shows that a biologically relevant reduction of the IgG level can be 
achieved, the next step could be to evaluate the molecule in an 
autoimmune disease model, which there are plenty of(156, 182–184). 

Another interesting continuation of this study would be to undertake a 
maturation effort to increase the affinity at both pH 6.0 and 7.4, which 
might result in even better blocking of FcRn and thereby even better 
reduction of the IgG concentration. Improved blocking might also be 
achieved by affibody molecule dimerization. For example, a heterodimer 
binding to two sites on the same FcRn or a homodimer binding two 
receptors at once might have a slower off-rate due to avidity. In addition, 
such constructs might lead to multimerization of FcRn in the endosomes, 
which in turn could lead to receptor transport to the lysosome followed by 
degradation(185). This could prove to be even more efficient than just 
blocking the receptor.  
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6.4. Study IV - Up-regulation of endogenous GAD67 expression 
in vivo using designed zinc finger-based transcription 
factors 

Gamma amino butyric acid (GABA) is one of the more important signal 
substances in the central nervous system (CNS). The rate determining 
enzyme in the synthesis of GABA is glutamic acid decarboxylase 
(GAD)(186). This protein exists in two isoforms; GAD65 and GAD67 
expressed from the GAD-2 and GAD-1 genes, respectively. In a number of 
diseases, the local concentration of GABA plays a crucial role. One of 
these is the neurodegenerative Parkinson’s disease, where dopaminergic 
neurons in the substantia nigra have deteriorated. This in turn leads to a 
signal imbalance of the basal ganglia pathways. By weakening or 
strengthening different parts of these pathways it might be possible to 
restore the balance, and ameliorate the symptoms of the disease. 

One way of altering the pathways is to control the amount of available 
signal substances such as GABA. It is possible that this might be achieved 
by up- or down-regulating the amount of GAD67 at local sites in the CNS, 
by the use of artificial zinc finger transcription factors (ZFTF).In this 
study, we assembled two such ZFTF consisting of modular DNA binding 
domains (DBD), developed from the Zif268 zinc finger scaffold, a nuclear 
localization signal and the transcriptional activator VP64. The DBDs 
target sequences were selected using a computer aided approach guided 
by rational means(42). 

 

 
 

Figure 28. Zinc finger-based artificial transcription factor construct. Consisting of six zinc 
finger DNA binding moieties, nuclear localization signal (NLS) and transcription activator 
protein (VP64). 

 
The zinc finger's binding specificity was analyzed using ELISA, where 

the variant G3 showed high specificity for its intended target while G1 was 
binding unspecifically to the intended sequence as well as the control 
sequences (see Figure 29). 
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Figure 29. Binding specificity of the G1 (a) and G3 (b) construct as measured by ELISA. 
The G1 construct shows some off-target binding, whilst the G3 construct is binding 
specifically to its intended target. 

 
To asses if the ZFTFs could up-regulate GAD67 expression, a cell assay 

was performed. Expression cassettes encoding the G1- and G3-VP64 
constructs were delivered to the neuronal cell line PC12 by a lentivirus 
derived gene delivery system, followed by investigation of the amount of 
GAD67 by Western blot analysis. The results showed that the G1-VP64 
construct was not able to up-regulate GAD67, while the G3-VP64 
construct up-regulated GAD67. The up-regulation was proportional to the 
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added viral titer (see Figure 30). It is possible that the inability of G1-
VP64 to up-regulate GAD67 in the cell assay reflects the lack of binding 
specificity seen for the G1 construct in the ELISA binding assay. 

 

 
 

Figure 30. GAD67 levels, as analyzed by Western blotting of PC12 cells transduced with 
the G1- and G3-VP64 construct showing up-regulation of GAD67 by the G3-VP64 construct, 
but not by the G1-VP64 construct. All values are fold change normalized to the 
untransduced PC12 cell control. MOI means multiplicity of infection i.e. the number of 
transductions per cell. 

 
Since G3-VP64 performed well in vitro, it was further studied in a rat 

model of Parkinson’s disease. The rats were lesioned using 
oxidodopamine (6-ODHA), by a unilateral injection into the medial 
forebrain bundle, making the uninjected side in each animal a control 
(intact) for each lesioned side. 6-ODHA is a toxic dopamine analogue that 
will specifically kill dopaminergic and noradrenergic neurons in contact 
with the area of injection(187). Three weeks after lesioning, lentiviral 
particles carrying expression cassettes encoding G3-VP64 or the control 
encoding GFP were injected into the striatum on both the lesioned and 
intact side. After another three weeks, the brain was collected and the 
striatum analyzed for GAD67 protein expression using western blotting 
and GAD-1 mRNA transcription using RT-PCR. The lesioned striatum 
transduced with the G3-VP64 construct showed a significant up-
regulation in comparison to the controls, intact striatum and intact 
striatum expressing eGFP. A tendency of up-regulation was also found 
when comparing lesioned striatum transduced with G3-VP64 in 
comparison to lesioned striatum and lesioned striatum transduced with 
GFP (see Figure 31). 
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Figure 31. GAD67 levels, as analyzed by Western blotting of striatum tissue transduced 
with G3-VP64 construct and GFP control. One side of the brain had been lesioned using 6-
OHDA (lesion), and the other side kept unaffected as a control (intact). Up-regulation of 
GAD67 by the G3-VP64 construct is seen on both lesioned and intact part of the brain. 

 
After this edifying outcome, behavioral testes were carried out in a 

small pilot study using the cylinder test. In this test the motoric function 
of the right and left part of the brain is investigated by placing the rat in a 
cylinder and count how many times it uses its right and left paw to touch 
the wall. A less used paw indicates motoric problems caused by 
complications in the corresponding side of the brain. A paw used equally 
as the intact control indicates restored motoric function. The tendencies 
of the first results were positive, but with a larger group of animals the 
results were not significant. One way of increasing the restoration effect 
might be to regulate GAD67 in cells in more than one part of the pathway, 
and it would be exciting to perform such an experiment. 

In the brain, cells that are spatially close may have totally different 
functions and local expression of a ZFTF, by for example lentiviral 
transduction, might be desired in some cells but not in others. This might 
be solved by restricting the specificity of the lentiviral particles to 
specifically transduce cells with a certain phenotype. Towards this goal, I 
have performed experiments with lentiviral particles pseudotyped with 
the Sindbis envelope protein containing two Z domains with affinity for 
IgG(50). In this way the virus can be covered with antibodies targeting 
receptors specific for certain types of cells in the brain, which might result 
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in a specific transduction of only those cells. So far only in vitro 
experiments have been performed, where cells expressing the cell surface 
receptors Her2, EGFR, CXADR and GLP1R have been investigated. The 
results show that this lentiviral system can preferentially transduce cells 
expressing target receptors. In addition, ZFTF expression might be 
further restricted to only be expressed in certain cell type by using a tissue 
specific promoter. By combining antibody directed transduction with 
tissue specific promoters high cell type specific expression should be 
ensured. 
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1. Grundläggande Biovetenskapliga Koncept och 
Populärvetenskapliga Sammanfattningar 

I så gott som varje cell i våra kroppar har vi en full uppsättning av de 
gener som gör oss till människor. Generna består av DNA-baserna A, T, C 
och G i långa strängar. Olika kombinationer av dessa fyra DNA-baser ger 
oss alla de strax över 20 000 gener, vilka utgör vad vi kallar för 
människans genom. En tripplet av de fyra DNA-baserna kallas för ett 
kodon, vilket kodar för en aminosyra. Det finns 20 stycken naturligt 
förekommande aminosyror, och de sätts i sin tur ihop i proteinsträngar 
efter ritningen som DNA:t ger. Proteiner är inte bara livlösa molekyler 
som vi äter, de utgör självaste kärnan i kroppens maskineri. Deras 
funktioner sträcker sig från de enzymer som bryter ned vår mat, försvar 
från bakterier och virus, jonkanalerna som styr kommunikationen i våra 
nerver, till sammandragningarna av våra muskler. 

1.1. Studie I - Robust expression of the human neonatal Fc 
receptor in a truncated soluble form and as a full-length 
membrane-bound protein in fusion with eGFP 

Den neonatala Fc receptorn (FcRn) är ett protein som sitter bundet till 
de membran (skal), som omger våra celler. Receptorn är inblandad i att 
förlänga den tid som antikroppsproteinerna kan cirkulera i kroppen; på 
så sätt behövs det inte produceras lika många av immunförsvarets celler. 

Antikropparna utgör en viktig del av vårt immunförsvar, som kan 
oskadliggöra bakterier och virus. På 70-talet började forskarna lära sig att 
på konstgjord väg ta fram antikroppar. Detta har i många fall resulterat i 
nya cancerterapier, men möjligheterna är bredare än så. För att som 
läkemedelsutvecklare kunna ta fram nya antikroppar som stannar lång 
tid i kroppen, vilka då inte behöver injiceras så ofta, krävs det att 
antikroppens förmåga att binda till FcRn är bibehållen. 

I denna artikel tog vi genen som kodar för FcRn-proteinet och 
stoppade in den i mänskliga celler, som då började producera receptorn. 
Därefter isolerade vi receptorn i en mycket ren form, karaktäriserade och 
testade den i  olika applikationer.  Utöver detta placerade vi genen för ett 
grönlysande protein intill genen för FcRn. Detta ledde till att ett 
kombinations protein producerades av cellerna som hade FcRns funktion 
och som också lyste grönt. Genom att titta på hur gröna cellerna var 
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kunde vi därefter avgöra hur mycket receptor de innehöll. Dessa celler 
kan användas som verktyg för att studera bindningen mellan antikroppar 
och receptorn. Med hjälp av rent FcRn-protein och FcRn-uttryckande 
celler kan man undersöka hur väl nyutvecklade antikroppar kommer att 
prestera, men vi nöjde oss inte med detta utan utvecklade ett eget FcRn-
bindande protein, som är beskrivet i nästa artikel. 

1.2. Studie II - An engineered affibody molecule with pH-
dependent binding to FcRn mediates extended circulatory 
half-life of a fusion protein 

En affibodymolekyl är ett litet protein, som med ingenjörsmässiga 
metoder kan byggas om till att binda till andra proteiner. På detta sätt är 
den mycket lik antikropparna som används av kroppens immunförsvar 
för att oskadliggöra inkräktare. En stor skillnad är att antikroppar 
traditionellt sätt tas fram i djur och människor (in vivo, i liv) vars 
immunförsvar har blivit utsatta för just det man vill att antikroppen ska 
binda till. När det gäller affibodymolekyler och modern utveckling av 
antikroppar har man till viss del gått ifrån dessa metoder och tar fram 
bindarmolekylerna utanför kroppen ( in vitro, i glas). 

En vanlig metod som används för att ta fram bindarmolekyler kallas 
fagdisplay. Fager är virus, som har bakterier som sin värdorganism, i 
stället för att leva i människor eller djur. Genom att använda 
molekylärbiologiska metoder kan man placera en stor mängd av olika 
affibodymolekyl-varianter på utsidan av fager, men bara en variant på 
varje fag. Det krävs många varianter med endast små skillnader 
sinsemellan för att hitta en affibodymolekyl, som binder till ett annat 
protein. En sådan samling av varianter, vilka kan uppgå till flera 
miljarder, kallas för ett bibliotek. Genom att ta ett målprotein och fiska i 
fagbiblioteket kan man hitta en fag, som med sin biblioteksmedlem på 
utsidan binder till målproteinet. Denna har i sin tur genen för bindaren i 
sig, vilken går att detektera av med DNA sekvenering. 

De affibodymolekyler vi tagit fram i denna artikel binder till receptorn 
FcRn, och karaktäriserades med ett flertal metoder. I det slutgiltiga 
experimentet kunde vi visa att våra affibodymolekyler kunde härma den 
FcRn-bindande mekanism som antikroppar använder för att stanna länge 
i blodet. Vår hypotes är därför att dessa affibodymolekyler ska kunna 
sättas på vilket proteinläkemedel som helst för att kunna få det att stanna 
längre i blodet. På detta sätt kan injektionsfrekvensen minskas och en 
jämnare dos av läkemedlet i blodet uppnås. Som ett exempel skulle denna 



118   |   Grundläggande Biovetenskapliga Koncept och Populärvetenskapliga Sammanfattningar 
 

affibodymolekyl kunna sättas ihop med mänskligt tillväxthormon, vilket 
används för att behandla dvärgväxt, eller någon koagulationsfaktor för att 
lindra blödarsjuka. 

1.3. Studie III - Reduction of immunoglobulin G in mice by an 
affibody molecule blocking the interaction between 
immunoglobulin G and the neonatal Fc receptor 

Tyvärr är det inte alltid som vårt immunförsvar fungerar som de ska. 
Exempel på detta är allergi då immunförsvaret uppfattar något 
främmande men ofarligt som ett hot, eller autoimmuna sjukdomar där 
immunförsvaret börjar attackera den egna kroppen. I många av dessa 
autoimmuna sjukdomar är det just antikroppar som är problemet. Det är 
just dessa som cirkulerar under lång tid i blodet tack vara deras bindning 
till FcRn. Om det därför vore möjligt att blockera denna bindning så 
skulle mängden av de skadliga antikropparna kunna minskas betydligt. 

Med hjälp av de molekylärbiologiska verktyg vi utvecklade i den första 
artikeln kunde vi i denna artikel undersöka om några av de 
affibodymolekyler vi utvecklade i den andra artikeln möjligtvis kan 
blockera bindningen mellan FcRn och antikropparna. Det visade sig att så 
var fallet och att vi därmed kunde blocka antikropparnas inbindning till 
FcRn på celler. Detta skulle kunna användas för att lindra symptomen vid 
sjukdomar som reumatism och Sjögrens syndrom. 

I det sista avgörande försöket i denna artikeln testade vi om våra 
affibodymolekyler verkligen kunde minska antalet antikroppar i blodet på 
möss. Resultatet visade att detta är möjligt. 

1.4. Studie IV - Up-regulation of endogenous GAD67 expression 
in vivo using designed zinc finger-based transcription 
factors 

I Parkinsons sjukdom dör de celler som producerar signalsubstansen 
dopamin. Detta gör att patienten får svårt att påbörja en rörelse, som att 
ställa sig upp, och i detta läge ger man ofta läkemedlet L-dopa. Får 
patienten för mycket resulterar detta i skakningar och yviga rörelser. 
Efter en tid avtar effekten av L-dopa på grund av att cellerna som 
omvandlar L-dopa till dopamin dör. Det finns därför ett behov av 
alternativ. Dessutom vore det önskvärt med en behandling där patienten 
inte behöver ta något läkemedel och effekten inte avtar med tiden. 

En behandling med bestående effekt skulle kunna ges med hjälp av 
genterapi där man introducerar en gen, vilken uttrycker ett protein som 
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påverkar någon mekanism hos sjukdomen, i patientens celler. Genom att 
göra detta finns en teori om att det är möjligt att försvaga och förstärka 
vissa kopplingar i patientens hjärna, och på så sätt uppnå rätt balans. 

Nervcellerna i hjärnan kommunicerar med hjälp av signalsubstanser, 
som produceras av olika enzym i biokemiska processer. I denna artikel 
har vi tagit fram vad man kallar för en transkriptionsfaktor, vilken kan 
reglera hur mycket av ett sådant enzym som produceras. Genom att 
introducera genen för denna transkriptionsfaktor i rätt celler i patientens 
hjärna är vår hypotes att signalerna ska kunna uppnå rätt balans, vilket 
leder till återställd rörlighet hos den Parkinsonsjuke patienten. 
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2. Epilogue - History and Future Outlook for Swedish 
Biotech Industry 

 
 
Medical biotechnology history in Sweden dates back to the 

establishment of the brewery industry monopoly by the AB Stockholms 
Bryggerier (see Figure 32) and Apoteket Nordstjernan, a pharmacy at 
Drottninggatan in Stockholm during the late nineteen century(1). The two 
companies later merged to become KabiVitrum. Pharmacia was another 
company that had been formed at the pharmacy Apoteket Elgen just steps 
away from KTH in 1911. In 1990, KabiVitrum and Pharmacia merged to 
become Sweden’s leading biotech company. 

 

 
 

Figure 1. (Lower left) Draft of Stora Bryggeriet in Stockholm (1890) by Gustav Lindgren 
(1863-1930) (Stockholmskällan) [Public domain], via Wikimedia Commons. (Right) 
Octapharma AG (previously Stora Bryggeriet) a sunny morning in 2014. Thanks Per 
Eriksson (Head of Market Communication) for letting me take the photo. Photo: Johan 
Seijsing ©. (Upper left) Sänghuset Elgen (previously Apoteket Elgen). Photo: Johan Seijsing 
©. 

 
Pharmacia’s first products were dextran blood substitute, sulfasalazine 

against ulcerative colitis and various blood fractionation products(1). 
Kabi (later KabiVitrum) sold freeze dried blood plasma during the Second 
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World War and learnt from Liljeholmens Kema Bryggerierna (LKB) how 
to fractionate its components, which lead to the development of products 
such as Factor VIII. The acquired fractionation and purification 
knowledge was also used when producing freeze dried pituitary glands 
from deceased, containing human growth hormone as a remedy for 
nanism. The sympathetic business was supported and encouraged by the 
government at the time. 

The development of the biotech industry in other parts of the world 
lead to that in 1977, for the first time, Herbert Boyer at the UCSF 
managed to recombinantly produce the somatostatin peptide hormone in 
bacteria and founded Genentech(188). The year after KabiVitrum and 
Genentech started collaborating and signed a contract with the aim to 
produce human growth hormone (Genotropin) together. After only eight 
months of development they had, in just one liter of bacteria, managed to 
produce an annual consumption for the Swedish market. In the 
collaboration Genentech had provided the new DNA technology, while 
KabiVitrum had knowledge about fermentation, purification, analysis and 
about human growth hormone in general. The two companies 
complemented each other very well. 

Throughout the 80’s, Pharmacia combed Sweden for smaller biotech 
companies before its merge with KabiVitrum in 1990. The coming decade 
Pharmacia developed into a formidable money machine for its 
shareholders (to a large extent the Swedish state) increasing its turnover 
by tens of percent every year. During this period the Swedish state sold its 
shares, and the company went through a fusion with the American 
company Upjohn forming Pharmacia & Upjohn. This company was in 
turn sold to Pfizer. During this process, parts of the company was divided 
and sold off. Some of the operations stayed geographically, like the 
production of Genotropin in Strängnäs, Pharmacia Diagnostics (now 
Phadia) and Pharmacia Biotech (now a division of GE Healthcare) in 
Uppsala, while other parts of the company's operations moved out from 
Sweden.  

Pharmacia’s buyout of a large part of Swedish biotech companies, 
followed by their own disintegration, has been a huge loss for Swedish 
biotech industry. Meanwhile in Denmark the four larger life science 
companies have been owned by trust funds, and thereby stayed protected 
from takeovers. This strategy has proven successful and if you, on the 
news that Pfizer was taking over Pharmacia & Upjohn, sold your stock 
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and invested the money in Novo Nordisk you would have gained 770% as 
of 25 of February 2014 - not taking dividends into account. This 
undoubtedly demonstrates the power of long-term ownership in the 
pharmaceutical industry. 

Even if the story might sound sad there is still hope. The highly skilled 
people of Pharmacia, and now also AstraZeneca, which have conducted 
large cuts in the work force in recent years, are still around and the 
politicians have woken up to realize that the biotech sector is both needed 
and in need. Today there is a broad consensus across the political parties 
in Sweden that biotech is an industry for the future, even though there of 
course is a quarrel over how to best develop it. 

The main problem for the Swedish biotech industry is that small 
companies are not able to grow without sufficient capital and often go 
bankrupt. On the other hand, if they are successful they are rapidly sold 
off. To take drugs through Phase II and III clinical trials requires 
substantial resources that are hard to acquire except for the largest 
companies. Nevertheless, accomplishments of successful clinical trials are 
necessary to become a full-blown biopharmaceutical company. 

In the new national medical strategy in Sweden, adaptive licensing is 
discussed as a mean to speed up market implementation of new drugs. 
Adaptive licensing means that new drugs are approved by the authorities 
in a stepwise manner. The drug enters the market early with a small, 
strictly controlled and highly defined patient population. As more 
evidence concerning the safety and effect of the drug is gathered, the 
patient population is allowed to expand and new indications can be 
validated. This strategy can potentially get the drugs to the patients faster 
as well as providing some level of revenue for small businesses earlier in 
the drug development process. Maybe this is what is needed to make the 
biotech industry flourish in Sweden once again.  
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