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Abstract

Therapeutic proteins are becoming increasingly important. They are desirable, as they
typically possess low adverse effects and higher specificity compared to the traditional,
small molecule drugs. But they are also more complex and involve different intricate and
expensive development and production processes. Through new technologies in protein
and cell line development, more efficient and safer drugs can be readily available and at a
lower cost. This thesis gives an overview of how protein therapeutics are developed and
produced. It explores strategies to improve the efficacy and safety of protein drugs and how
to improve production yields. In the present investigation, two papers present new methods
for high-throughput cloning and site-directed mutagenesis using solid-phase immobilization
of DNA fragments. These methods were designed to generate new drug candidates with
swiftness and ease. Three papers show the development of a new cell line screening system
that combines droplet microfluidics and the split-GFP reporter system. This combination
allows for relative quantification of secreted recombinant proteins between individual cells
and provides a tool for the selection of the best-producing clones for final production
from a heterologous cell pool. The final paper explores the possibility to produce proteins
at a higher cell density by examining how the metabolome and proteome of a perfusion
bioreactor evolve as the cell density reaches exceptionally high levels. The consistent
goal of all of these studies is to expedite the development and improve the production of
therapeutic proteins, to assist the discovery of new drugs and to bring down production and
development costs. Engineered proteins can be used to cure previously incurable diseases
or give current medications a higher efficacy. Lower production and development costs can
make the treatments available to more people.

Keywords: Cell line development, therapeutic proteins, protein engineering, molecular
cloning, mutagenesis, split-GFP
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Populärvetenskaplig sammanfattning

Det är idag allmänt känt att vårt DNA innehåller vår genetiska "ritning". DNA bestämmer
vilka proteiner som våra celler ska tillverka och när de ska göra det. Proteinerna ger i sin
tur bland annat cellerna och kroppen stadga och struktur, skyddar oss mot mikrobiella
inkräktare och katalyserar kemiska reaktioner som annars skulle ta miljoner år att inträffa.
Livet, på denna submikroskopiska nivå, är ett invecklat och svåröverskådligt system. Men
kunskapen om hur DNA, proteiner och celler fungerar och interagerar fortsätter att öka
för varje dag som går. I takt med detta så blir vi även bättre på att modifiera DNA
och därmed indirekt omstöpa proteiner och hela organismer. Vi kan idag få alger att
producera flygbränsle, jästsvampar att tillverka "kött", bakterier att framställa spindeltråd
och sjukdomar som tidigare var obotliga går nu att bota; listan kan göras lång. För
bara några år sedan hade detta, samt de tekniker som är nödvändiga för att åstadkomma
sådana häpnadsväckande innovationer, framstått som ren och skär science fiction. Nu är
de ett faktum och vi har endast tagit ett litet steg in vad som har utmålats som "DNA:ts
århundrade". Med relativ enkelhet kan vi nu kombinera DNA av olika härkomst samt
specifikt modifiera positioner i gener och arvsmassa. Genom sådana manipulationer kan
vi förmå celler att producera proteiner som tidigare var främmande för dem och som inte
nödvändigtvis existerar någon annan stans i naturen. Sådana proteiner kan användas
som läkemedel och celler görs om till en sorts biologiska fabriker för att tillverka dessa
livsviktiga molekyler. I laboratorium runt om i världen arbetar sådana cellfabriker med att
producera proteinläkemedel för att behandla flera olika former av cancer, multipel skleros,
diabetes och många andra sjukdomar. Proteinläkemedel har under de senaste åren tagit en
allt större del av marknaden från traditionella, kemiska läkemedel. En bidragande orsak
till detta är för de kan modifieras till att binda starkt och specifikt till andra proteiner i
kroppen som är involverade i, eller orsaken till åkomman, och därmed lindra eller råda bot
på sjukdomen.

Att utveckla proteinläkemedel är en komplicerad, tidskrävande och dyr verksamhet. Denna
avhandling ger en inblick i denna process och de metoder som kan användas för att ta fram
nya proteinläkemedel, finna de celler som lämpar sig bäst som fabriker samt hur man kan
gå tillväga för att maximera läkemedelsproduktionen. Nya läkemedel kan bota tidigare
obotliga sjukdomar eller göra existerande alternativ effektivare och säkrare. Att förbättra
själva läkemedelsproduktionen kan reducera sjukvårdskostnader och förhoppningsvis göra
mediciner tillgängliga för fler människor.
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Preface

The pharmaceutical industry is both crucial and controversial. The importance of thera-
peutic proteins is presented with the following phrase in virtually all articles on the subject:
"Biopharmaceuticals is a multi-billion market." The phrase always seems a bit hollow to me.
If it weren’t for the monoclonal antibody Rituximab1, my father would have succumbed
to acute lymphoblastic leukemia (ALL) in early 2013. My aunt was afflicted by the very
same disease and passed away in 1970; she was only 14 years old. Being that young, she
would have had an excellent chance to survive today. These molecules aren’t just money;
they also save lives. But they are expensive, and my family was fortunate that the costly
treatment that was given to my father is available to everyone in our part of the world.
Let’s hope that the cures will be available to more people as soon as possible.

x



Chapter 1

Molecules of life and biotechnology

Proteins are complex and massive molecules that are responsible for an astonishing number
of functions in every living cell on our planet. Since their first mention 200 years ago2, we
have come to understand what they are and many of their roles; nevertheless, many proteins
are still uncharacterized, and the puzzle of life remains unsolved. But we have discovered
that they can give structure and organize cells and bodies, protect us and degrade what is
no longer needed, and catalyze chemical reactions that would otherwise take millions of
years to occur; just to name a few of their duties.

This chapter aims to provide a general introduction to how these versatile molecules are
made in cells and how we can seize control of the cellular machinery and use them in
biotechnology applications. The following sections will more in detail discuss how scientific
advances has allowed us to modify genetic material and thereby redesign proteins and cells
to serve specific needs. Although many of the presented techniques and principals are
applicable to all fields of biotechnology, the focus of this thesis lies on the development of
protein therapeutics and how cells can be turned into factories for the production these
molecules.
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Molecules of life and biotechnology

1.1 Protein biosynthesis

The genetic blueprint we inherited from our parents is stored in deoxyribonucleic acid (DNA),
a macromolecule that typically is depicted in its characteristic double helix structure3. Each
helix is a chain of alternating phosphate groups and deoxyribose; the latter carry one of four
nucleobases: adenine, cytosine, guanine, and thymine. Through hydrogen bonds, adenine
and thymine bind to each other, and the same is true for cytosine and guanine; this holds
the two strands together. It is the order of these nucleobases that determines our genetic
information, that is to say, which proteins to produce, and when.

Transcription Translation

DNA mRNA Protein

A

B

mRNA

Ribosome

tRNA Polypeptide release

Figure 1.1: A) DNA is transcribed into mRNA, which is translated into an amino acid
sequence that will fold into a protein (adopted from image reference I). B) During translation,
the ribosome (brown) binds mRNA (green) and assures that the tRNA molecules (yellow)
delivers the correct amino acids (blue), according to the mRNA sequence. The amino acids
are released when the ribosome reaches a stop codon.
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Molecules of life and biotechnology

A protein called RNA polymerase reads through a stretch of DNA while producing a
corresponding chain of messenger RNA (mRNA); this stage of the protein synthesis is
called transcription4 (Fig. 1.1A). RNA molecules are similar to DNA; they are both nucleic
acids and consist of a string of nucleotides that carry genetic information. However, their
backbone chains differ slightly, and RNA does not have the nucleobase thymine but instead
uracil. RNA is for the most part single-stranded while DNA is predominantly found in
the double-stranded form. When an mRNA molecule encounters a ribosome, a huge and
complex molecular machine comprising both RNA and proteins5, its sequence is converted
into a chain consisting of, more or less exclusively6, 20 different amino acids (Figure 1.1B).
These amino acids are delivered by transfer RNA (tRNA) molecules and this phase is
referred to as the translation. A myriad of post-translational modifications (PTMs) can
occur that will determine the faith and function of the final protein7. The amino acid chain
may be cleaved, disulfide bonds can form between cysteine amino acids, phosphorylation or
lipidation may be carried out, and proteins can be decorated with carbohydrate molecules,
just to name some examples. A protein will also fold into a three-dimensional structure
(Fig. 1.2) and be directed to its corresponding location to carry out its function8,9.

200 ÅRibosome
1J5E and 1JJ2

RNA polymerase
3AOH Antibody

1IGT

GFP
4KW4

Insulin
2HIU

tRNA
4TNA

Actin Filament
3G37

Simian Virus 40
1SVA

Figure 1.2: Examples of protein structures and complexes of different sizes. Protein data
bank (PDB) ID written below name (adopted from image reference II).
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Molecules of life and biotechnology

1.2 Biotechnology

Protein functions can be tweaked through genetic manipulations, which is a central theme
in biotechnology. This field is defined as "any technological application that uses biological
systems, living organisms, or derivatives thereof, to make or modify products or processes
for specific use10." With this broad definition, its history goes back thousands of years, to
early days of selective breeding11 and fermentation of alcoholic beverages12 (Fig. 1.3A). For
thousands of years, we bred animals and crops, baked yeast-leavened bread13 and got tipsy.
During the first half of the last century, new applications began to emerge. Bacteria were
used to produce chemicals for the war industry during the first world war14, and penicillin,
the first true antibiotic, was discovered and produced by mold in fermenters15 (Fig. 1.3B).
We also began to diversify organisms haphazardly by exposing them to different kinds of
mutagens16.

Around 1970, the modern era of biotechnology commenced as researchers began to alter
organisms in a more controlled manner. Over time, the techniques for doing so have become
more sophisticated and have brought a plethora of applications. Today, biotechnology can
be found in all kinds of places. Engineered enzymes in our washing detergents remove stains
from our clothes17 and others make lactose-free dairy products by cleaving lactose into
glucose and galactose18. Microorganisms can be used to clean up environmental waste19,
genetically modified crops can resist drought20 and pathogens21 (and herbicides22), we can
make fuel in algae23, produce "meat" in reactors24, spider silk in bacteria25, and the list goes
on. But arguably the most important field of biotechnology is medical applications.

A B
Figure 1.3: Early examples of biotechnology. A) Wine making in Egypt 1500 BC (image
reference III). B) Penicillin advertisement from 1944 (image reference IV).
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Molecules of life and biotechnology

An early example of this is when the production of insulin for diabetes patients switched
from the pancreas of animals to E. coli bacteria in the late seventies26. There are now
more than 200 protein and peptide (a shorter amino acid chain) drugs approved by the
American Food and Drug Administration (FDA). These drugs account for 10 % of the
pharmaceutical market, a number which is expected to increase in the years to come owing
to the versatility, high specificity and low toxicity of protein and peptide drugs27,28.

The two following sections of this chapter serves as short introductions to chapter two and
three.

1.3 Recombinant DNA and protein engineering

To specifically change, add or delete DNA bases, transfer genes between species and
create new sequences never before seen in nature, is nowadays a relatively straightforward
undertaking. In the seventies, researchers started to combine DNA from different origins29.
This procedure is called molecular cloning, and the resulting product is termed recombinant
DNA. More specifically, molecular cloning refers to the transfer of DNA from one place to
another without changing its original sequence30. For example, E. coli bacteria can receive
a gene for antibiotic resistance from another bacteria or turn green after incorporating a
gene for a fluorescent protein from a jellyfish. Molecular cloning is done by first isolating
the DNA sequence of interest; it is often a gene and referred to as an insert. These inserts
can be cut out from their source by restriction enzymes31, or millions of copies can be made
through the polymerase chain reaction (PCR). Inserts are subsequently introduced into
another DNA molecule called a vector, which carries the insert and allows it to replicate in
living cells; this recombinant DNA can then be transformed or transfected into a host cell.
Finally, screening or selection is carried out to find cells that acquired the desired DNA32,33.
The possibility to transfer DNA between organisms allows us to study the essential nature of
a particular gene or genes and produce large quantities of a protein of interest (POI).

In addition to the mentioned transfer of DNA, we can also delete, add or interchange the
nucleobases of DNA, either randomly or precisely; this is called mutagenesis. Random
mutagenesis has been used since before the modern era of biotechnology when, for exam-
ple, crops were exposed to mutagens, such as UV-light, to find beneficial decedents for
cultivations34. In the seventies, site-directed approaches became available to introduce
mutations at desired positions35. Just as with the cloning, the introduction of the PCR in
the eighties greatly simplified the workflow as it rapidly can provide billions of DNA copies
of virtually any gene. Around the same time, significant advances in DNA sequencing
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Molecules of life and biotechnology

were announced36, which also facilitated DNA engineering immensely. With the tools for
cloning and mutagenesis established, proteins and organisms can be engineered, and a gene
can be introduced into a new host to express large quantities of its corresponding protein.
Protein engineering and subcloning to the final expression vector is primarily carried out in
bacteria as they grow fast and are easy to handle. The expression vector may subsequently
be transferred to another host organism for production.

1.4 Producing recombinant protein therapeutics

For the production of a recombinant protein therapeutic, there are a few things to consider.
You need the gene of the protein you want to produce in the organism that should
manufacture it. Proteins that don’t require human-like PTMs can be expressed in bacteria
or yeast as these organisms are more straightforward and less expansive to cultivate37.
Proteins that are difficult to produce in bacteria and yeast, or are dependent on more
human-like PTMs to be functional or to not trigger an immune response, must be expressed
in mammalian cells38. Chinese hamster ovary (CHO) cells are most commonly used for the
production of therapeutic proteins. The vector carrying the gene of interest is typically
introduced into the genome of mammalian cells at random positions, and transfected cells
end up with various copies of the gene39. Consequentially, the production efficiency of the
transfected cells will vary, and a high-producing clone has to be selected for final production40.
In the end, the most suitable clone for production is grown in a large bioreactor, and the
POI is purified to remove other elements of the cultivation. There are plenty of alternatives
to increase production apart from finding the best producer during the screening of the
transfected cell pool. The gene, the expression vector, and the genome integration can be
optimized in various ways. Also, the cells themselves can be engineered to yield more and
safer products41. Cell line engineering has become a far more manageable task as a result of
the recent CRISPR/Cas9 technology for genome engineering42,43. Techniques for analyzing
an entire set of molecules, so-called omics techniques, are becoming better and more available;
for example, the total gene or protein expression of cells can be analyzed directly44. These
methods generate copious amounts of data and provide detailed descriptions of cellular
activity under different conditions. This data can be used in computer models that are
becoming more advanced in predicting the behavior of cells and can provide targets for cell
line engineering45. Optimization of the cultivation process and the subsequent purification
steps can also significantly improve the yield and safety of the product46.
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Chapter 2

Reconstructing nature

2.1 Traditional molecular cloning

Traditional molecular cloning is based on a cut-and-paste principle (Fig. 2.1). Isolated
DNA is first cut with restriction enzymes that recognize short sequences of double-stranded
DNA and cleaves it at a specific position. These enzymes were discovered in 1968 by
Arber and Linn, who managed to isolate a protein that could degrade exogenous DNA
but not bacterial47. Arber received the Nobel Prize in 1978. To only digest DNA would
be somewhat meaningless for cloning purposes; thankfully, a year before the isolation
of the first restriction enzyme, five groups had independently isolated DNA ligases (the
"paste-enzymes") and shown that they could stitch DNA fragments together48–52. It didn’t
take long before Berg, in 1972, used both the cut and the paste together for the first time,
thereby creating the first recombinant DNA molecule29. Berg and his colleagues combined
the E. coli galactose operon or a piece of lambda bacteriophage DNA with simian virus 40
DNA. Berg received the Nobel Prize in 1980.

Recombinant DNA should be transferred into a host organism where it can propagate. The
first example of experimentally transferred DNA between two bacterial strains was carried
out already in the twenties when Griffith transformed a non-lethal bacterial strain into a
lethal strain by exposing it to a heat-inactivated lethal strain53. However, it was not until
1944 that it was understood that DNA transfer was responsible for this phenotypic change54.
In 1970, Mandel and Higa made E. coli susceptible to transformation by exposing it to
calcium chloride, which allowed them to introduce bacteriophage DNA into the bacteria55.
Two years later, Cohen inserted a plasmid carrying a gene for antibiotic resistance into the
same kind of bacteria56. Another year went by before digestion, ligation, and transformation
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Reconstructing nature

LigationLigation

Digest with restriction enzymes Digest with restriction enzymes 

Vector         +           Vector Vector        +    PCR product

Figure 2.1: The traditional cloning workflow. DNA vectors and PCR fragments are cleaved with
restriction enzymes. The resulting DNA pieces are separated on an agarose gel by electrophoresis
and the desired fragments can be removed from the gel by a razor blade. The isolated DNA can
subsequently be stitched together by a DNA ligase.

was combined for the first time by moving a DNA fragment from one plasmid to another.
The resulting plasmid was transformed into E. coli and thereby making the bacteria resistant
to tetracycline57.

This traditional workflow gradually improved over the years that followed. For example,
cloning vectors became standardized with antibiotic resistance and multiple cloning sites
(MCS), i.e., many restriction enzymes to choose from to digest the vector58. A new cloning
vector also included a mutation to increase the copy number of plasmids within each cell59.
Blue/white screening was introduced to more easily find plasmids carrying an insert60.
More restriction enzymes were identified, they were made more efficient and became
commercialized. Alkaline phophatases61 were discovered, which could remove phosphate
groups at the ends of DNA fragments and thereby inhibit plasmid re-ligation without an
insert.

Two revolutionizing and Nobel prize-awarded techniques, DNA sequencing36,62 and the
polymerase chain reaction (PCR)63, monumentally improved the field of molecular cloning.
By sequencing the resulting plasmid from a cloning experiment, it was possible to confirm

8



Reconstructing nature

a correct experimental outcome assuredly. DNA sequencing was developed in the late
seventies and was automated a few years later64. The PCR, invented by Mullis in 1983,
made it possible to quickly and exponentially copy segments of DNA. Suddenly, enough
DNA for cloning purposes could readily be acquired for virtually any gene. Furthermore,
the PCR also made it possible to add desired restriction sites for the insertion into a cloning
vector.

2.2 The molecular cloning toolbox expands

Cloning with restriction/ligation is still extensively used today. Restriction enzymes for more
than 200 different specificities are commercially available31, many of which are engineered
for improved specificity and speed. We also have plenty of cloning vectors with several
commonly used restriction sites conveniently positioned for cloning. Nevertheless, the
traditional workflow doesn’t always cut it. The gene that is to be cloned could also
contain the restriction sites of the MCS, most restriction enzymes leave additional "scar
sequences" that could be undesired, and multiple fragments assemblies can be problematic
with restriction/ligation cloning.

The PCR provided options to the traditional approach, and soon after its introduction, the
overlap extension PCR (OE-PCR) was presented65. Instead of having insert and vector
sharing common restriction sites, they could share homologous end sequences, which made it
possible to combine them in a PCR reaction. OE-PCR allowed for directional and sequence
independent cloning as it does not require specific restriction sequences and does not leave
"scar sequences" from restriction sites. Genes that were too long to be amplified in a single
PCR reaction could thereby be cloned without altering their original sequence by insertion
of restriction sites.

In the early nineties, Ligation-Independent Cloning (LIC) was introduced66. With only one
nucleoside triphosphate present, a T4 polymerase uses its proofreading function to excise
nucleotides at the 3’ end of PCR products and linear vectors until reaching a base of the
dNTP that is present. This chew back of one strand exposes complementary regions, which
allow the DNA fragments to assemble. High-fidelity DNA polymerases became available
and granted PCR products with higher quality and made it possible to amplify longer
fragments without mutations67. These enzymes possess a 3’-to-5’ exonuclease activity
that "proofreads" nucleotide incorporation and can remove misincorporated bases68. More
recent ligation-independent techniques, such as SLIC (Sequence- and Ligation-Independent
Cloning)69 and the popular Gibson Assembly70, does not have the same sequence constraints
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regarding the complementary overhangs and are better suited for assembly of multiple
fragments. A more recent restriction/digestion based cloning that has circumvented the
limitations of the traditional workflow is Gold Gate cloning71. This method utilizes Type
II restriction enzymes which cleave outside of their recognition site72, a feature that also
simplifies assemble of multiple DNA fragments simultaneously and doesn’t leave any scar
sequences. USERTM cloning73 also generates overhangs, but instead of relying on enzymes
that cleave double-stranded DNA, the inserts and vectors are amplified with primers
containing one uracil base instead of thymine. A unique enzyme mix can remove the uracil
base, and this will provide overhangs for fragment assembly. Several cloning techniques
solely depend on the PCR reaction to assemble fragments. Modernized versions of OE-PCR
have been developed74, PIPE cloning uses incomplete primer extension in later PCR cycles
and thereby generates overhangs for assembly75. Some DNA polymerases incorporate
an additional adenine at the 3’-ends of PCR products, an attribute that is exploited in
TA-cloning76. Ligase Cycling Reaction (LCR) is another method that also takes advantage
of thermocycling but uses oligos and a thermostable ligase for multi assemblies77. Other
techniques rely on in vitro recombination for assembly78,79. Several assembly standards have
been established to simplify assembly of larger constructs and the sharing of DNA between
researchers80. These standards modularize DNA into building blocks through predefined
sequences for assembly and thereby making them more straightforward to reuse.

At the moment, DNA synthesis is becoming more economical and attractive81. For de
novo assembly of double-stranded DNA, a set of single-stranded oligonucleotides (∼60-80
bases) are chemically synthesized; these oligos will have overlapping sequences (∼15-25
bases) and can hybridize when combined in an assembly reaction82. There will typically
be sequence gaps that have to be filled in by a DNA polymerase to reduce the number
of oligonucleotides. In this fashion, a "synthon" (∼200 -1500 bases) is created, which is
PCR amplified to get large quantities of the full-length product. Once the sequence of the
synthon has been verified, it can be used to assemble even larger fragments by, for example,
Gibson Assembly, Gold Gate cloning or LCR.

2.3 Mutagenesis

While molecular cloning allows us to move and combine DNA, mutagenesis provides the
opportunity to randomly or precisely add, delete or change DNA bases.
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2.3.1 Random mutagenesis

The first mutagenesis experiments were of random nature83,84. Mutations were achieved by
exposing DNA to UV-light, radiation or certain chemicals. For example, many of the crops
we eat have been exposed to random mutagenesis to grow faster and be more resistant to
disease85. Introducing random mutations is still a standard and powerful approach in protein
engineering as it does not require a definite idea regarding what kind of modifications will
turn out to be the most beneficial. A prevalent method for random mutagenesis in protein
engineering is error-prone PCR86. This kind of PCR is a deliberately sloppy variant, which
will randomly incorporate mutations during amplification (Fig. 2.2A). The vast majority of
the gene variants generated by random mutagenesis will be unfavorable; thus, a drawback
with random mutagenesis is that a high-throughput screening method must be used to find
and isolate the few clones that possibly have a desirable mutation. Random mutagenesis
has, for example, been used in epitope mapping87, to improve protein stability88, binding89,
solubility90, enzyme activity91, heterologous expression92, and metabolic pathways93.

ATRYNGLEIKPA

ATRYNGYEIKEA

ATRRNGYEIKPA

ATRANGTEIKAA

ATRPNGLEIKGA

ATRYNGAEIKKA

ATRPNGPEIKPA

ATRKNGIEIKKA

Combinatorial library

Original sequence

Mismatch

Mismatches

Mutagenic oligo

DNA polymerase
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B

C

Figure 2.2: A) Randomly inserted mutations by sloppy polymerase extension in error-prone PCR.
B) Site-specific mutagenesis with a mismatch introduced by a mutagenic oligo. C) Combinatorial
library with three randomized positions.

2.3.2 Site-directed mutagenesis

If one knows exactly where a mutation is desired, a more precise approach is site-directed
mutagenesis. With this type of mutagenesis, the modification is directed to a specific site
of the DNA. Early variants of site-directed mutagenesis were carried out by chemicals,
which could change GC to AT or AT to GC94,95. As one can imagine, these methods
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were not particularly specific compared to today’s standards. Nowadays, mutations are
often introduced in vitro through mutagenic oligonucleotides which hybridize to a DNA
template in a PCR reaction96 (Fig. 2.2B). Compared to a regular PCR primer, a mutagenic
oligonucleotide (or mutagenic oligonucleotides) carries a mismatch, a non-complementary
sequence, which will introduce the mutation. This mismatch could be a base substitution
or an indel (insertion or deletion of a nucleobase or nucleobases). Some applications for
site-directed mutagenesis have been to survey structure-function relationships97, finding
targets for small noncoding RNAs98, enzyme engineering99, add or remove restriction sites
and stop codons, and alanine100 and deep mutational scanning101.

2.3.3 Combinatorial and saturation mutagenesis

To improve a property of a protein such as stability, enzymatic activity or binding affinity, it
is often necessary to simultaneously modify several positions and thereby generate a library
of different mutants; this is called combinatorial mutagenesis (Fig. 2.2C). The positions of
interest are commonly subjected to what is termed saturation mutagenesis102, which implies
that they are randomly mutated to any or a defined set of amino acids. Mutant variants
must be screened to identify the desired clones. Combinatorial libraries can be used in, for
example, enzyme engineering103, to improve protein solubility and expression92,104, and to
find novel and stronger affinity proteins105.

2.3.4 Recombination

Homologous recombination can be utilized to accomplish mutations and genome editing in
vivo106. A double-stranded break in a genome will trigger the host’s DNA repair machinery.
A supplied vector with a desired mutation, flanked by sequences that are homologous to
the strand-break region, can then serve as a spare part when the cell tries to mend the
damaged DNA. Consequently, the cell will incorporate a sequence that carries mutations
at a defined position of the genome. If no spare part is accessible, the repair machinery
will attempt to rejoin the strand through non-homologous end joining (NHEJ)107, which
often results in indels and gene knock-outs. The recent introduction of CRISPR/Cas9
technology has made it relatively easy to induce strand breaks in genomes42,43. With
CRISPR/Cas9, short guiding RNAs direct the Cas9 enzyme to a specific site of the genome
where it performs a double-stranded DNA cleavage. Strand-breaks for directed genomic
modifications could be achieved before by meganucleases, zinc-fingers and TALEN:s108, but
CRISPR has dramatically simplified the workflow and thereby taken genetic engineering
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into a new era. DNA shuffling is a form of in vitro recombination that is occasionally
used to fragment and randomly recombine homologous DNA sequences to quickly increase
mutant library sizes109.

2.4 Protein engineering

Ultimately, what we commonly want to achieve by cloning and mutagenesis, is to engineer
and enhance some aspect of a protein. We can, for example, boost the catalytic activity of
an enzyme, make a protein more heat-resistant, or strengthen its binding affinity towards
another protein. Proteins are engineered through rational design, directed evolution or a
combination of both.

2.4.1 Rational design

In rational design110, the final protein configuration is decided on beforehand and compre-
hensive information about the function and structure of the protein is required to make
reasonable engineering decisions. Such data is often not available, thus rendering a rational
approach unworkable. Frequently, even with the structural and functional information
at hand, it can be too complicated to anticipate the result of many mutations. Over
the years to come, increasingly powerful computers and algorithms and an approaching
artificial intelligence revolution are bound to make rational design an even more powerful
methodology111.

2.4.2 Directed evolution

Often, the researcher does not have a clear picture of which mutations that will turn
out to be the most beneficial; on such occasions, directed evolution can be applied112.
The significant advantage of this approach is that it doesn’t necessarily require any prior
knowledge concerning protein structure or function. Directed evolution is carried out in
two steps; either of these steps may be repeated until the desired feature of the protein
is obtained. First, a library of clones is created, either through random or combinatorial
mutagenesis. Then, from this library of clones, the ones expressing the most desirable
proteins have to be isolated through some form of high-throughput selection.
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2.4.3 Display technologies

A genotype-phenotype link is required to isolate appealing candidates from a library of clones.
The phenotype is, in this case, the characteristics of the proteins of interest, and one must
identify which gene variants in the library that correspond to which proteins. Screening
on agar or microtiter plates are very adaptable but suffer from low-throughput, even
when automated; higher throughput can be accomplished through compartmentalization
techniques113. Cells can be encapsulated in droplets to be screened and selected at high
velocity on microfluidics chips; or, reactions can take place inside or on the surface of cells
that can rapidly be sorted by flow sorters at high velocity.

In phage-display114, library proteins are expressed on the surface of bacteriophages (a virus
that infects bacteria). The library is screened against a molecule to which binding is sought.
This molecule is often a protein, and it is immobilized on a solid support. Phages will
bind the immobilized molecule with varying success depending on their displayed library
protein. By washing the solid support, only the phages with proteins that give rise to the
strongest interactions will remain coupled. These phages are then allowed to infect bacteria
for amplification and are subsequently recovered and can be subjected to more rounds of
target screening to enrich for phages with the most significant binding. Finally, phages
infect a bacterial strain and are sequenced to identify the genes that corresponded to the
favorable interactions. Phage display is often used for peptides and antibody fragments
and has the advantage that a considerable library size (1010 - 1012 gene variants) can be
screened. It is also relatively inexpensive. However, phages can be somewhat limited when
it comes to which proteins it can display on the surface, especially concerning protein size
and charge115. Furthermore, phage display is "carried out in the dark", and it is first after
the selection process that one actually can get an idea of how the results turned out.

In cell surface display, the protein of interest is displayed on the surface of cells. In
comparison to phages, cells are more sizable and can therefore be used with flow sorters
(Fig. 2.3). Just as with phage-display, upon binding between the cell-displayed protein
and its target molecule, washing is carried out to clear away the weakest binders before
the selection. The target molecule is then fluorescently labeled before cells are sorted on a
flow cytometer; cells displaying a protein with a stronger interaction to the target molecule
will fluoresce more intensely and can be selected. As multiple-interactions can be analyzed
simultaneously on the flow cytometer, also the surface expression of the library protein can
be measured. In this way, it is possible to avoid enriching for clones with high expression
but not necessarily a significant interaction with the target. With the flow cytometer, the
selection is not carried out in the dark as it shows interactions in real-time and allows
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Figure 2.3: Selection of a scFv library with a flow sorter and bacterial display. A) Cells are
incubated with the target protein, which is subsequently fluorescently labelled. The surface expression
is also monitored. B) The strongest binders are selected using a flow sorter. Here, the cells pass a
laser beam and the fluorescent emission from target binding and surface expression detection is
measured. The cells will then be encapsulated in droplets and the ones that has fulfilled a certain
criteria can be given an electric charge that allows them to be sorted out as they pass an electric
field. C) Collected cells can be further evaluated in a new selection round.

for selective enrichment. Bacterial, yeast and mammalian cells may be used to display
proteins, each with advantages and drawbacks. Broadly, the bacterial display allows for
the most diverse libraries, up to 1011 clones116 while mammalian libraries are typically
about 106 due to the large volumes required for cell growth117, but mammalian cells are
unsurprisingly better suited to display mammalian proteins correctly118. Yeast holds a
middle ground between the bacterial and mammalian display and allows for larger libraries
than mammalian cells and are better at expressing more complex proteins compared to
bacterial cells119.

Instead of anchoring proteins to phage and cell surfaces through genetic fusion, single cells
can be encapsulated in small droplets that can be sorted on flow sorters or microfluidics
chips120. This latter technique is called droplet microfluidics and enables screens that are
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not possible with flow sorters. Proteins may be secreted and analyzed in their natural
soluble state without losing the phenotype-genotype connection; it also permits selection for
other features than affinity, for example, better enzyme activity121. As is the case with flow
sorters, multiple protein interactions can be analyzed in real-time by using different labels.
A downside of droplet-sorting is that the throughput is lower (library size 107 is possible to
sort122) compared to regular flow sorters (1010 if pushing the boundaries)123.

It is also possible to carry out selection entirely in vitro, for example, by ribosome display
and mRNA display. By omitting a surface displaying host, extraordinary library sizes
(typically 1012-1013) can be achieved as the transformation/transfection efficiency is not a
limiting factor124. In ribosomal display, the polypeptide is not released from the ribosome
during translation; instead, a ribosome/mRNA/protein complex is formed. Just as in
other display technologies, the protein binds to its target, washes are carried out, and the
complexes with the most robust interactions are recovered. Through reverse transcription,
complementary DNA (cDNA) of the best genes can be generated, and new mutations may
be introduced before ensuing selection rounds. The mRNA display is carried out similarly,
but the translated protein is fused to its mRNA molecule before it is released from the
ribosome125.

2.5 Engineering of fluorescent proteins

Fluorescent proteins have been heavily engineered. In these proteins, a fluorescent com-
ponent of the protein absorbs light energy and then re-emits the light at a less energetic
wavelength. Ever since the gene for the green fluorescent protein (GFP) was discovered and
cloned from the jellyfish Aequorea Victoria (Fig. 2.4A) into E. coli in the early nineties126,127,
it has been a tremendously valuable asset in the molecular biology toolbox. GFP consists of
238 amino acids, which fold into a barrel shape of eleven beta-sheets128 (Fig. 2.4B). Once
the barrel is formed, a chemical reaction occurs at the center of the protein that rearranges
three amino acids to create the light absorbing chromophore129. One of its advantages is
that GFP essentially only requires oxygen to form its chromophore and it is functional
in all kinds of cells. While the purpose of a fluorescent protein in Aequorea Victoria is
unknown130, in the lab it is widely used as a reporter to localize proteins and to visualize
expression. Its relatively small size makes GFP an excellent fusion partner to a protein of
interest. This protein and GFP, when genetically fused, will be expressed as one protein
chain that can easily be detected. The wild-type variant of GFP was not exceptionally
useful in research. It had broad excitation peaks, formed dimers, and trimers and it took a
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long time for the chromophore to mature. To this end, GFP has been engineered to change
the excitation and emission spectra, change its color (Fig. 2.4C), improve its brightness,
folding and maturation times131–133. Shimomura, Chalfie, and Tsien were awarded the Nobel
prize for the discovery and development of GFP. Fluorescent proteins from other organisms
have also been discovered and applied in research134,135. GFP has even been split into
subunits that become functional when they encounter one another to complete the protein
structure136,137. Split-protein reassembly assays have been used to study protein-protein
interactions138, and they are less perturbing than full-length protein fusions, which makes
them attractive for cellular localization studies139.
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Figure 2.4: A) Aequorea Victoria (image reference V) B) Crystal Structure of Green Fluorescent
Protein (PDB ID 4KW4). Image made with NGL Viewer140. C) Several color mutants have been
made with GFP (adapted from image reference VI). D) A delightful sunset painted with E. coli
expressing different color variants of GFP (image reference VII).
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2.6 Deep sequencing in protein engineering

Current high-throughput sequencing techniques can generate millions of reads, and the
richness of information that lies therein is now being exploited in protein engineering
and high-throughput screening. With this kind of "deep sequencing", superior quality
control and inspection of library design are obtained, and it is possible to sequence all
gene variants from multiple selections in a single experiment. Deep sequencing has shown
that libraries are not always as diverse as expected and that sequencing up to 400 clones
does not necessarily reveal even the ten most abundant clones141. Apart from providing
a comprehensive description of the mutant library pre- and post-selection, the extensive
information from deep sequencing has been applied to refine library design142,143, speed up
epitope mapping144, enzyme engineering145,146, and creating a dual-action antigen-binding
fragment (Fab) with high affinity against two different proteins147.
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Chapter 3

Turning cells into factories

3.1 Host cell alternatives for therapeutic protein pro-
duction

Since insulin became the first recombinant protein to be approved by the FDA in 1982,
biologics have become increasingly popular. Between 2000 and 2009, 16.5 % of newly FDA-
approved drug applications were biologics. For 2010 to 2017, the number had increased
to 30.8 % with 2017 being a record year with 38.9 %148. This escalation is due to their
excellent specificities and limited adverse effect but also owing to the technical advances
in protein engineering and cell line development, which makes them easier to produce.
Recombinant proteins are made in living systems, and the type of cell that is best suited as
factory depends on the complexity of the protein that will be produce. Broadly, proteins
are produced in E. coli bacteria, mammalian cells or yeast (Fig. 3.1), but other alternatives
such as plant and insect cells can also be used149.

3.1.1 E. coli

This gram-negative bacteria has been called the biological rock star150 and has been a
lab favorite for decades. It became popular because it was easy to work with, and as a
consequence, it is now the most well-understood organism on the planet150. E. coli is the
most popular host for recombinant protein production in general; it is easily cultivated
at high densities and allows for a cost-effective production151. However, when it comes
to proteins that will be used in treatments, it is often not the best choice. Large and
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complex proteins, such as the commonly used monoclonal antibodies, require the appropriate
environment and enzymes to be correctly folded and receive the necessary PTMs152. Another
issue is host derived endotoxins, lipopolysaccharides from the bacterial cell wall, that can
cause an immune response153. E. coli has been engineered to overcome such drawbacks;
for example, enzymes for glycosylation have been introduced (still of a non-human kind)
and proteins have been transported to the more oxidative environment of the periplasm
for improved folding154,155. Endotoxins can be removed with careful purification steps, and
there is also now an endotoxin-free E. coli strain156. Still, E. coli is more suitable for the
production of small and less complicated proteins such as insulin.

3.1.2 Yeast cells

We have exploited yeast cells for thousands of years in baking and fermentation of alcoholic
beverages, but they are likewise commonly used in laboratory settings. Yeasts hold a middle
ground between E. coli and mammalian cells. Just as E. coli, they are inexpensive systems
and can easily be manipulated and cultivated. Additionally, yeasts share many biological
processes and features with mammalian cells that make them able to perform various PTMs,
and they are therefore and more capable when it comes to correctly fold and secrete complex
proteins37. Nevertheless, the glycosylations that occur in yeasts are considerably different
from those that are carried out in mammalian cells. Saccharomyces cerevisiae (baker’s yeast)
has traditionally been the most commonly used yeast for recombinant protein production,
but strains from the Pichia genus has recently seen an increase in popularity157.

3.1.3 Mammalian cells

Mammalian cells are more suitable than E. coli and yeast for the production of complex
proteins. They are natively eqipped with the right enzymes, organelles, and environment to
make advanced PTMs and correctly fold many of the proteins that are used in treatments.
The most commonly used cell lines for the production of therapeutic proteins are Chinese
hamster ovary cells (CHO) and murine myeloma cells, and these rodent cell lines have
glycosylation patterns that are similar to humans37. Close to 70 % of all therapeutic
proteins are produced in CHO cells158; these cells provide high protein yields and are
tolerant to changes (pH, oxygen, pressure, and temperature) during the manufacturing
process159. Additionally, by becoming a frequent mammalian choice early on, CHO cell
lines also benefit from a notable knowledge base. Ideally, human cell lines should be used
as these would provide true human PTMs; however, utilizing human cell lines implies a risk
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Figure 3.1: A) E. coli (image reference VIII). B) Saccharomyces cerevisiae (image reference IX).
C) CHO cells (image reference X).

of human viral contamination149, and there is currently more knowledge about production
in CHO. Compared to E. coli and yeast, using mammalian cells is more expensive, and
they are more difficult to develop160. They furthermore grow slower and have provided
comparably lower yields, though technological advances have improved the yield up to a
1000-fold since the eighties161.

3.2 Improving product yield and quality

For a therapeutic protein to be produced in large quantities, a high producing clone has to
be isolated and used to establish a stable cell line. Typically, to develop such a cell line, cells
are transfected with an expression vector carrying the POI. After clonal expansion, selection
is carried out to identify single clones that might be of interest162. These single clones are
further investigated and the most promising candidates are grown in larger vessels and yet
again characterized. Once more, the cell lines that account for the best product at the
highest yield are frozen and saved in a biobank and further assessed in even larger vessels.
Apart from finding a good producer, many approaches exist to improve the productivity of
the cell factory.
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3.2.1 Optimizing the protein coding gene, expression vector and
genome integration

A gene and its regulatory elements, the expression cassette, can be remodeled for higher
production. Codon optimizing the gene for a particular host, i.e., exchanging codons to
account for the tRNA availability of the organism, is one way to improve production163.
Also, the choice of promoter will affect the transcription rate of the gene and should
be chosen with care164. The promoter can also be engineered to tailor the transcription
level165. DNA that has been introduced into mammalian cells can either be integrated into
the host’s chromosomal DNA (stable transfection) or stay extrachromosomal (transient
transfection)166. The transient transfection is mostly used in early development stages
to get small quantities of proteins for pre-clinical studies; but as these clones are not
stable, they are not used for the final production167. For stable transfection, it is essential
that the gene for the POI end up at the "right spot(s)" of the host genome and that the
copy number of the integrated gene is high. Gene expression is very much dependent
on the chromatin surrounding and many genes will end up at an unfavorable genome
location after transfection. The expression in such clones will be low and suppressed
after a while168. Therefore, finding a high-producing and stable clone requires a very
labor intensive screening to increase the chances of finding a good production host. Gene
amplification using different selection markers is used to favor clones with more copies of
the gene169. Metabolic selection/amplification methods with cell lines that have glutamine
synthetase (GS) and dihydrofolate reductase (DHFR) deficiencies are more commonly used
than antibiotic selection as they provide higher selectivity170. DNA opening elements have
been introduced into the expression vector171; these components flank the gene of interest
and make it less susceptible to the chromatin surrounding. Another alternative is to do
targeted integration by homologous recombination at a known chromatin permissive region
where expression is known to be good; such locations are called hotspots or safe harbors172.
Targeted integration has become remarkably easier with CRISPR technology. Nevertheless,
gene amplification might still be needed if the expression is not satisfactory. Another
option is to introduce whole mammalian genetic locus with open and defined chromatin
environment using bacterial or yeast artificial chromosomes168. Consequently, the gene
should not be affected by the chromatin surrounding of the integration site.
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3.2.2 Cell line engineering

Early optimizations to increase protein yield were directed towards media composition,
bioprocess techniques, clonal selection processes and vector engineering. These efforts
improved titers by approximately a 100-fold, mainly by increasing the volumetric yield as a
result of higher cell densities162. As the tools for genetic engineering have become more
adept, an increasing amount of work has been done to engineer cell lines.

Gene knock-out or knock-down
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Introducing novel genes

RNA silencing
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Productivity

Growth Metabolism
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Figure 3.2: A) Cell line engineering strategies. B) Targets in cell line engineering.

To give a few examples (Fig. 3.2): enzymes have been incorporated into CHO cells to
make protein glycosylation patterns more human-like173–175, and the metabolic activity of
the cells can be optimized to improve nutrient consumption and reduce byproducts176,177.
Pro-proliferative178 and anti-apoptotic179 genes can be overexpressed to increase volumetric
yields and enhance the quality of the product as dying cells release proteases and other
processing enzymes180. Overexpression of transcription factors can boost productivity181,
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and the secretory capacity of the cells can be improved182. Early examples of gene knock-
out/knockdown were the DHFR and GS gene, which allowed for gene amplification183,184.
Knockout of a pro-apoptotic gene has resulted in a five-fold increase in antibody yield185.
Gene knockouts have also been used in glycoengineering to adjust the glycosylation patterns
of recombinant proteins produced in CHO cells186,187. Gene silencing through non-coding
RNAs has also been used to improve production188. The simplicity of CRISPR/Cas9
technology42,43 has already proven useful with several simultaneous knockouts189 and is
promising an accelerated cell line development172.

3.2.3 Omics technologies in cell line engineering

Protein biosynthesis and secretion in mammalian cells is an exceptionally intricate procedure
that is orchestrated by a multitude of distinct proteins and pass through different cellular
organelles. To fully understand this patchwork of interactions and to use the information
to improve recombinant protein production, omics technologies and systems biology can
be applied. Omics technologies aim to characterize a complete set of biomolecules; it can
be all metabolites, RNA, DNA or proteins of a biological system. With the enormous
amount of data these technologies generate, systems biologists can construct genome-scale
models for predictions of productivity and product quality. Metabolomics studies have been
used to identify accumulating apoptosis-inducing by-products190 and have been applied to
analyze the interplay between culture media, growth rate, viability, and productivity191.
Transcriptomics studies have found links between beneficial glycosylation and metabolomics
patterns in differential expression of specific genes192. In a proteomics study, down-regulation
of DNA replication and up-regulation of glutathione synthesis and intracellular protein
transport was found to be a typical trait for high-producing CHO cells193. These are just a
few examples from this expanding research field. Omics data can also increase the knowledge
regarding the mechanisms behind protein folding, secretion, glycosylation, etc., which also
can provide insights in cell line engineering194–196. Machine learning and systems biology
methods will undoubtedly take us to the next level of cell line engineering by providing
us with more advanced protein production models. These models will present us with
new ideas for optimization of media and bioprocesses, as well as gene targets for cell line
engineering.
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3.2.4 Screening and selection of cell factories

Random chromosomal integration with different copy numbers of the gene of interest (GOI)
signifies heterogeneous expression in the transfected cell pool. This variation entails a
process to identify clones with a good and stable production. The traditional and the most
simplistic way to do this is by limiting dilution of cells to ensure monoclonal cell lines,
followed by individual analysis of production capabilities39. Though straightforward, this
method is both laborious and low-throughput. These downsides can be compensated by
robotic systems197 which not only make it less arduous but also improve the throughput;
nevertheless, this considerably reduces the simplicity of limited dilution.

Transfection Selection Limiting dilution

Further evaluation 
and expansion of 

selecred clones with 
increasing production 

scale

Cell bank
storage

Figure 3.3: Selection of a good production cell line is a tedious process. Cells must be re-evaluated
several times on increasing production scales.

Flow sorting methods have been used to improve the screening throughput. With flow
sorters, millions of cells per minute can be sorted based on fluorescent signal198, but here,
this signal must correspond to the productivity of the cells. Furthermore, the signal must
in flow sorting assays originate from inside the cells or in some other way be linked to the
surface of its producer. A fluorescent reporter protein, such as GFP, can be co-expressed
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with the POI, preferably at low amounts to minimize the metabolic burden. Reduced
quantities of the reporter protein can be accomplished by taking advantage of internal
ribosome entry sites (IRES)199 or non-AUG start codons200. Secreted proteins can be
kept and quantified in the vicinity of their producer either by trapping them on the cell
surface, for example by cold capture201, directly anchoring them on the surface202 or by
encapsulating single cells in droplets203. While these fluorescent-based methods effectively
improve the screening throughput, they also depend on either indirect POI detection or
unnatural expression, which unlikely reflects the final production. Another approach is to
use semisolid media in which cells are immobilized for three to four weeks. Secreted POI
will remain in proximity to their producer and can be detected with fluorescently labeled
antibodies. Automated cell pickers204/killers205 can select the cells with the most fluorescent
surroundings. Compared to flow sorters, the semisolid media techniques have the benefit
of measuring secretion over a more extensive period and quantifies protein secretion more
directly.

Unfortunately, the best producers that have been identified during the initial screening are
not guaranteed to the superior ones in large scale production206. Thus, a smaller number
of clones are further assessed in scale-up screens to find the best producer for the final
large-scale production reactor (Fig. 3.3). The selected clones are typically first grown
in shake flasks, followed by benchtop bioreactors (∼1 L), and finally pilot plant reactors
(∼100 L), each round with fewer candidates40. Efforts have been made to optimize this
time-consuming and costly up-scaling process by mimicking large bioreactors on a smaller
scale207. Such miniaturization allows for analysis of many more cultures simultaneously.
Another interesting approach is to select clones based on mass spectrometry fingerprinting
and statistical models. This procedure has allowed researchers to predict the best-producing
clone from a 96-deep well format when scaled up to 10 L production, even though it was
ranked number 32 in productivity on the smaller scale208. Such experiments give a taste of
what the omics-era of cell line development could bring.

3.2.5 Cultivation and downstream processes

Therapeutic proteins are typically produced in fed-batch cultures209. Cells and the protein
product remain in the bioreactor until the end of the production, but compared to the
more straightforward batch mode, nutrients are added (fed) to the reactor during the
process. This additional nutritional control can provide higher cell densities and more
extended periods of production than the regular batch mode. Still, byproducts accumulate
over time, and the environment is consequently continually changing, which can cause
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variation in product quality over time210. Long residence time in the reactor is especially
troublesome for proteins that are prone to degradation211. A continuous process can be
used to maintain high yield and high quality of such proteins212. In continuous mode, not
only are nutrients continuously supplied to the culture, but the harvest is also continuously
removed; hence, continuous mode supports a more constant and controlled environment
and a shorter residence time for the product in the reactor. In continuous perfusion
mode, also cells can be removed to keep the cell density stable. This mode allows for
more extended cultivation periods, high cell densities, low byproduct accumulation and
a stable environment213; however, perfusion mode is considerably more complicated to
manage. Disposable bioreactors have become increasingly popular for protein production
as traditional bioreactors, which are made out of stainless steel, need validated cleaning
and sterilization between runs214.

Nucleic acids, lipids, host cell proteins (HCP) and other contaminants must be separated
from the protein of interest through a series of purification steps called downstream
processing (DSP)215. HCPs can cause an immune response in patients216, possibly also
autoimmunity217, and reduce the protein quality and yield through degradation218. Increased
protein yields have put more pressure on the purification process to keep up, and it has
been estimated that about 80 % of the operation cost of a monoclonal antibody was
related to DSP219. Apart from optimizing the DSP itself, the culture conditions can also be
improved to reduce the purification load. The host cell line, media formulation, feeding
strategy, culture duration and cell viability affects the final HCPs found in the harvest.
Mass spectrometry can be used to identify dispensable HCPs220 that can be knocked down
by cellular engineering and thereby simplify the purification221.

27





Chapter 4

Present investigation

The first two papers of the thesis are related to cloning and mutagenesis. Paper I presents
two methods for solid-phase cloning with the aspiration to minimize hands-on time by
automating the workflow. The second paper introduces a mutagenesis approach, also on
solid-phase. In both of these projects, much effort was directed towards creating, cloning and
engineering antibodies. Papers III, IV and V are related to a novel method for quantifying
protein secretion of individual cells. By combining split-GFP and droplet microfluidics
we can screen polyclonal cell pools in order to select for the best-producing cell lines for
production. In the last paper, the protein and metabolic content in a perfusion bioreactor
is followed over a 45 day period to examine how they change as the cell density reaches
extremely high densities. This chapter contains summaries of the studies; the articles and
manuscripts can be read in their entirety at the end of the thesis.
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4.1 Paper I - Solid-phase cloning for high-throughput
assembly of single and multiple DNA parts

In this paper, we present two methods for automated high-throughput cloning. Both
methods utilize biotinylated PCR-products which are immobilized on streptavidin-coated
paramagnetic beads to be managed by a liquid handler. The first method, restriction
enzyme-based solid-phase cloning (RE-based SPC), is a procedure to generate restriction-
cleaved and purified DNA inserts ready for cloning into vectors. RE-based SPC was
developed to handle the tremendous workload in the Human Protein Atlas (HPA) project222

where it was applied to clone more than 60,000 unique human gene fragments, which were
PCR amplified from RNA-pools. The second method, head-to-tail SPC, was developed to
also provide the option to assemble multiple DNA fragments and reduce the dependency
on restriction enzymes. More than 150 unique constructs were cloned with the head-to-tail
SPC.

The principle for RE-based SPC is that biotinylated PCR-products of the inserts are
immobilized on paramagnetic beads (Fig 5.1A). These beads are subsequently washed
before the first restriction enzyme cleaves the inserts at the non-immobilized end. The
cleaved-off end is washed away before a second enzyme cleaves the insert at the immobilized
end and is subsequently heat-inactivated. The resulting product is a double-digested insert
that is ready for vector insertion. The success rate of this workflow in HPA was 85 %, while
10 % were categorized as failed PCRs from the RNA pool and 5 % as sequencing error.
The main reason for the failed cloning appeared to be a high GC-content, which is known
to hamper polymerase extensions223. This complication could most certainly explain the
PCR-errors and potentially also the failed sequencing due to a higher risk of contamination
products in the PCR.

In head-to-tail SPC, both vector and inserts are immobilized on beads, and NaOH is used
to elute the non-biotinylated strands (Fig 5.1B). Eluted insert strands are transferred to
the now single-stranded vector, the two strands are allowed to hybridize at an elevated
temperature, and a proofreading polymerase is subsequently added to extend the strands. In
this way, DNA fragments are assembled in a sequence-independent manner. This operation
is repeated for each insert, and finally, the cloning construct is released from the beads
by a restriction enzyme and then recirculated by a ligase. The high-throughput potential
of the method was evaluated by the simultaneous transfer of the light and heavy chain of
48 different single-chain variable fragments224 to create full-length antibodies. Of these
resulting 96 assemblies, 95 resulted in correct clones with a success rate of 87 % per colony.
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Figure 4.1: Schematic outline of A) RE-based SPC and B) head-to-tail SPC.

To test the method’s capability to introduce multiple inserts, up to four fragments were
assembled with more than 80 % of the resulting clones containing all fragments. Equal
results were achieved with Gibson cloning. Three more vectors were then divided into four
fragments and reassembled with 75 % of the clones containing all pieces. As the method
relies on single-stranded DNA for assemblies, synthetic oligos can directly be used for shorter
inserts; thereby, the PCR amplification step can be omitted. Such oligo hybridization was
assessed by, for example, tailoring of 17 expression vectors (e.g., changing signal peptides
and C-terminal affinity tags), and to create 18 bispecific antibodies225 with different linker
lengths and affibody molecules226 as affinity partners.

At the beginning of the head-to-tail project, other principles for the DNA assembly were
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tested. Both USER cloning and ligation-independent cloning were also tested but the single-
strand approach was the one that gave results first and was therefore further developed. Still,
other cloning approaches could benefit from a solid-support to avoid everything-in-one-pot
experiments and thereby reduce the chance of failure.

4.2 Paper II - SAMURAI (Solid-phase Assisted Muta-
genesis by Uracil Restricted Ablation In vitro) for
Antibody Affinity Maturation and Paratope Map-
ping

The second paper can be regarded as a continuation of the solid-phase cloning presented in
paper I, but instead of high-throughput cloning, the aim was high-throughput mutagenesis.
The fundamental principle is the same, DNA is immobilized on paramagnetic beads, one
strand is eluted and washed away, while the immobilized strand serves as a template for
the following reactions. But this time around, a template strand was bombarded with
mutagenic oligos to remodel the antigen binding site, i.e., the complementarity-determining
regions (CDRs) of a single-chain variable fragment (scFv). A scFv is a fusion of the variable
domains of the heavy and light chain of a full-length antibody, representing the binding
parts in a format that can more conveniently be produced in less sophisticated hosts, such
as phages and bacteria.

An earlier attempt to introduce new mutations in a scFv binding HER2 (an important target
of therapy and biomarker in breast cancer) by error-prone PCR resulted in many undesired
modifications in the antibody framework, outside the CDRs. Framework variations are
typically undesired as they may influence expression levels and immunogenicity and thereby
require a re-evaluation of the antibody227. Many techniques exist that can introduce
multiple mutations at defined positions simultaneously228–230, but to our knowledge, no
other documented method has produced libraries with diversity in all six CDR loops
simultaneously. Most affinity maturation libraries focus on CDRH3 and CDRL3, although
all six CDRs can contribute to antigen binding231. Hence, we decided to expand on our
solid-phase cloning method to introduce a new mutagenesis method: SAMURAI (Solid-
phase Assisted Mutagenesis by Uracil Restricted Ablation In vitro) (Fig. 4.2A). It proved
to be a very useful approach, both to make single-mutation variants in a high-throughput
manner and to rapidly generate combinatorial scFv libraries with hardly any mutations in
the framework, and very low levels of the original wild-type gene left.
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When using SAMURAI to introduce new mutations in the CDRs, the scFv was PCR
amplified with uracil instead of thymine in the nucleotide mix (Fig. 4.2A). The PCR
product was immobilized on paramagnetic beads, and the unbound strand was eluted by
NaOH and washed away. The immobilized strand now served as a template for mutagenic
oligos that annealed and were extended by a DNA polymerase. A thermostable ligase and
an oligo, complementary to the 3’ end of the immobilized strand, were used to complete the
anti-sense strand. Now, an uracil excision enzyme mix (USER) was added to completely
disintegrate the template strand, leaving only the mutated strand, which then served as a
new template in a second PCR amplification.
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Figure 4.2: A) Schematic outline of SAMURAI. B) Paratope mapping of scFv using alanine
mutagenesis. Blue residues were subsequently randomized in the enhancing library and red residues
were mutated in the diminishing library. HER2 binding was evaluated using a flow cytometer and
staphylococcal surface display.
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To evaluate the high-throughput potential of the method, an alanine scan of all 50 CDR
positions of the scFv was carried out. This scan was readily done in a 96-well plate in a
thermocycler, and after mutagenesis, the plate was directly transferred to a liquid handler
to insert the mutated genes into an expression vector by the solid-phase cloning method
presented in paper I. The scFvs were thereafter displayed on Staphylococcus carnosus and
analyzed on a flow cytometer. Some alanine substitutions were found to enhance the binding
towards HER2 while most appeared to be unfavorable (Fig. 4.2B).

Next, we evaluated the method for the construction of combinatorial libraries. Based on
the knowledge from the alanine scan, three combinatorial libraries were swiftly created
with SAMURAI: one with all CDR positions mutated (the raw library); a second library
with the four positions that showed the most positive effect on binding in the alanine scan
(the enhancing library); a third library with the six most detrimental paratope positions
mutated (the diminishing library). For the combinatorial libraries, each mutagenic oligo
had been designed with a degenerative codon (NNK). Before assembly of the final libraries,
various protocols and ways of supplying the oligos were evaluated. It was verified that the
mutation frequency could be tuned by changing the number of PCR cycles or by switching
between either simultaneous or sequential annealing of the oligos. Simultaneous annealing
with ten cycles was eventually selected as the standard protocol since it provided an average
of three mutations per gene for the random library, which was considered a well-balanced
option. By Sanger sequencing, we could confirm that the mutagenesis resulted in virtually
no framework mutations. Deep sequencing was used to examine the amino acid composition
in the CDR regions, which verified a satisfying distribution of mutations (Fig. 4.3).

We wanted to assess the outcome of the three library design strategies. This was done by
affinity maturation selections using bacterial surface display (on Staphylococcus carnosus232)
by three rounds of flow sorting. Both the random and enhancing library resulted in several
binders with improved affinity; the best binders from both libraries showed a five-fold
increase in affinity. No new binders were, as expected, found with the diminishing library,
where only wild-type sequence containing binders were enriched. Deep sequencing was
used to examine the libraries by calculating the amino acid distribution after selection
rounds. The wild-type amino acids were enriched for at the paratope positions in the raw
library; contrastingly, three of the enhancing library positions showed an enrichment of
non-wild-type amino acids in the raw library. The best binder in the random library had
mutations in two of the enhancing positions, but also at a location in CDR L3 that did
not appear to be beneficial in the alanine scan. Although the five-fold increase in affinity
was only a minor improvement, it’s noteworthy that the much smaller and more focused
enhancing library presented as good results as the random library.
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Figure 4.3: Distribution of amino acids based on deep sequencing in A) the raw library, B) the
enhancing library, and C) the diminishing library. The number and the letter above the heat-map
represent the CDR position and its amino acid and in the wild-type gene. The heat-map color and
the letters on the left side show the relative occurrence of each amino acid and stop codon and in
the libraries. Blue dots above the raw library are the positions in the enhancing library, while the
red dots demonstrate the positions in the diminishing library.

We believe that SAMURAI is an excellent method to create combinatorial libraries and to
make single-mutation variants in high-throughput. Although we, in this proof-of-concept
study, used SAMURAI to mutate a scFv, the methodology is applicable to any given
gene.
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4.3 Paper III - Versatile microscale screening platform
for improving recombinant protein productivity in
Chinese hamster ovary cells

Improving the productivity of cell factories can reduce the production cost of therapeutic
proteins. This is particularly true for glycosylated non-mAb proteins as the production of
these is less optimized182. Many possibilities exists to improve production with cell line
engineering, and all completed experiments must be evaluated. To increase the evaluation
throughput, one should work on the smallest possible scale, and preferably have the
method automatable. This paper presents a generic and down-scaled screening platform
for high-throughput evaluation of the amount of protein product. The platform uses
96-well microplates for transient transfection, cell-cultivation, cell counting and antibody-
independent determination of productivity using the split-GFP reporter system (Fig 4.4).
We showed that volumetric productivity and growth profiles were similar in microplates and
shake flasks, that split-GFP can be used to accurately determine relative protein titers of
therapeutic glycoproteins, and that the platform can be used for screening of target genes
that can improve recombinant protein production.

First, to monitor the cell-growth, a 96-well-based cell-counting assay that only requires
three microliters of cell culture was established; it provided similar results as a commercially
available alternative. With the cell-counting assay set-up, cell growth and volumetric pro-
ductivity were compared between 96-half-deepwell plates and shake flasks for four different
proteins. Comparable results between the two production scales were demonstrated.
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Figure 4.4: Schematic illustration of the four processes of the microscale screening platform.

Next, we evaluated the split-GFP reporter as a tool to measure protein titers of therapeutic
glycoproteins. In the split-GFP reporter system, the GFP molecule is split into subunits
that do first become fluorescent when they encounter one another and complete the protein
fold. In a common variant of split-GFP, one of the eleven beta-sheets of GFP (GFP 11)
is genetically fused to a POI, and when this protein encounters the other GFP subunit
(GFP 1-10), complementation of the GFP protein will occur. Upon complementation,
the GFP chromophore will form and provide a fluorescent signal (Fig 4.4.4). Secreted
proteins with a GFP 11 tag can therefore conveniently be quantified by merely adding an
excess amount of GFP 1-10 to the supernatant of cultivations. In this study, two different
GFP 11 tags (M3 and H7) were fused and evaluated both N- and C-terminally on two
glycoproteins: human α1-antitrypsin (hα1AT) and human C1 esterase inhibitor (hC1INH).
These two proteins are currently derived from human plasma for therapeutic use. The
H7 tag has been demonstrated to be a better alternative than M3 for the expression of
membrane proteins233. It is one amino acid longer (17 residues in total) and differs from
M3 at seven amino acid positions. For hα1AT, the H7 tag increased the product titer while
M3 did not show any influence on the productivity. Both tags implied a slight decrease in
productivity for hC1INH. The M3 tag was chosen for further experiments as it showed a
better signal-to-noise ratio and O-glycosylation appeared to be affected when H7 was fused
N-terminally to hC1INH.
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Figure 4.5: The split-GFP product titer assay was used to show that A) over-expression of Atf4
resulted in an significant increase in production of hα1AT-GFP 11. B) Over-expression of both
Aft4 and Xbp1 provided a significant increase in production of hC1INH. C-D) ELISA assays and
split-GFP assays provided similar results for the evaluation of protein titers.

To evaluate the screening platform as a tool for the discovery of target genes that can
enhance secretion of recombinant proteins, several genes that had shown a positive impact
on the expression of recombinant glycoproteins in CHO234,235 were co-expressed with hα1AT
and hC1INH. Previously, five genes had been reported to have positive effects on protein
secretion (Xbp1s, Pdia3, Ppp1r15a, Ero1l, and Atf4 ), mixed outcome had been shown for two
genes (Hspa5 and P4hb) and one gene (Hsp90b1 ), correlated positively with heterologous
protein production but never been directly evaluated236. Here, only co-expression with
Aft4 and Xbp1 resulted in improved production (Fig. 4.5A and B). A reason for this
disagreement with previous results could be that the positive effects on POI production
that the other genes had shown are protein-specific. The microscale split-GFP assay was
considered to provide accurate results as it gave comparable results with an ELISA assay
(Fig. 4.5C and D). ELISA was also used to verify that co-expression of Aft4 and Xbp1
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improve the production of untagged hα1AT and hC1INH.

The presented screening platform provides a reliable, high-throughput approach for the
quantification of recombinant protein titers, and as the platform mainly relies on liquid
transfer between 96-well plates, it should be automatable. We believe that the platform
has the potential to be a valuable tool in the search for novel genes that can improve
recombinant protein production.

4.4 Paper IV - Droplet microfluidics and split-GFP
complementation enable selection of Chinese ham-
ster ovary cells with high specific productivity of
therapeutic glycoproteins

When creating stable production clones of CHO, genes are typically randomly inte-
grated which results in heterogeneous cell pools of clones with different protein secretion
capabilities162. A selection method must therefore be applied to find the best protein
secreting clones. Often, limiting dilution cloning (LDC) is used to isolate individual clones
by a series of dilutions into microtiter plate to obtain single clonality; the productivity of
each clones is then examined individually. This is a time-consuming and labor-intensive
undertaking, and therefore, high-throughput selections are needed. Flowcytometry based
methods have been presented, but as most therapeutic proteins are secreted from the
cells237, establishing a proper genotype-phenotype link is not a straightforward task. Still,
many different techniques have been developed with the aim to accomplish this40. Most
high-throughput methods rely on indirect measurement of protein production/secretion
by intracellular co-expression of fluorescent reporters or localization of the protein on the
cellular surface. These techniques do not necessarily reflect the actual level of secreted
protein and may be biased by protein stickiness to cell surface or aggregational properties
making these methods less reliable.

In paper III, we showed that split-GFP can be used as an alternative to ELISA assays on
cell supernatants to determine protein titres from CHO cells accurately. Here, we combined
the split-GFP reporter system with droplet microfluidics to propose a new high-throughput
screening method for cell factories. As in paper III, a small part of the GFP protein
(GFP 11) is genetically fused to the POI, and cells from a polyclonal stable cell pool are
individually encapsulated in droplets of micrometer size (Fig. 4.6A and B). GFP 11 is
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only 16 amino acids long and should, therefore, have little influence on protein folding and
production. The remaining part of GFP (GFP 1-10) is added in the media surrounding the
cells. As the POI is secreted, the small fusion tag comes into contact with the GFP 1-10 in
the media, and they will assemble into a complete and fluorescent GFP molecule. After three
to four hours of incubation, the droplets will pass a microfluidic chip where their fluorescent
signal, which correspond to the amount of secreted POI, will be analyzed. Droplets with
high fluorescence can be selected by applying a small electric pulse. This approach provides
a generic method which allows for isolation of the best clones by measuring actual amount
of secreted protein by each cell directly.
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Figure 4.6: A) Cells producing a GFP 11-tagged protein are encapsulated in droplets containing
GFP 1-10, and droplets are sorted based on fluorescence after a few hours of incubation. B) Cells
in droplets, the scale bar is 20 micrometers. C) PCR amplification verified that cells producing
a GFP 11-tagged variant of a monoclonal antibody could be sorted out from an excess of cells
producing a non-tagged antibody.

Firstly, we wanted to confirm that we could distinguish between cells that produce tagged
and non-tagged protein. The monoclonal antibody Herceptin was tagged with GFP 11
and a 1:10 mixture of cells producing tagged and non-tagged antibody were encapsulated
and sorted using the microfluidic chip. PCR amplification before and after sorting showed
that we had enriched for cells producing the tagged antibody (Fig. 4.6C). Ultimately, the
goal was to select the best producers from a polyclonal pool. To this end, CHO cells were
transfected with a plasmid carrying the gene for erythropoietin (EPO) tagged with GFP 11,
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and cells with stable genomic integration of the gene were selected by antibiotic resistance.
From the generated cell pool, the EPO-secretion of 160 clones were individually evaluated
and this confirmed a high heterogeneity. A high-producing, a medium-producing, and a low
producing reference clone were selected for future comparisons. Cells from the polyclonal
pool were subsequently encapsulated in droplets and the most fluorescent droplets were
selected after four hours of incubation using the microfluidic chip. An apparent enrichment
of high-producing cells was seen when comparing sorted and non-sorted droplets (Fig. 4.7).
By LDC, single clones were isolated from the sorted pool, and the EPO productivity of
20 of these clones was evaluated. The six best clones were further examined on a larger
scale where five of the six clones showed an equal or higher productivity compared to the
high-producing reference clone. In summary, about 25% of the selected clones from the
droplet sorting were categorized as high-producers, which was about 5 times more compared
to the unsorted cell pool. As the GFP 11 tag serves no therapeutic function, CRISPR/Cas9
and homologous directed repair were used to remove the tag in a high-producing clone, and
when compared head-to-head, we could see no difference in production between cells with
the tagged and non-tagged EPO.
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Figure 4.7: A) Sorted and B) non-sorted droplets after equal incubation time. C) Sorted clones
showed a higher production compared to the polyclonal pool. D) The highest producing clone was
expanded and showed a higher productivity than the best clone from a manual clonal selection by
limiting dilution.
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Owing to its advantages, including direct quantification of secreted product, and its high-
throughput capacity compared to the traditional limiting dilution methodology, we think
that this novel screening method can be a valuable tool for the selection of high-producing
cell factories. It can furthermore become a tool in cell line engineering to evaluate clonal
libraries of, for example, secretion enhancers, chaperons or other factors related to protein
production.

4.5 Paper V - Chromophore pre-maturation for im-
proved speed and sensitivity of split-GFP in vitro
applications

An enhanced version of GFP 1-10 was here developed for faster detection in, for example,
the droplet based cell sorting method presented in paper IV. Complementation of GFP
1-10 and GFP 11 is very fast, but fluorescence is delayed due to the formation of the GFP
chromophore. In this maturation process, a slow autocatalytic cyclization occurs at the
three amino acid residues which form the chromophore129. Consequently, it takes several
hours before the fluorescent signal reaches its maximum in a split-GFP assay238. For the
droplet experiments in paper IV, an incubation time of three to four hours between cell
encapsulation and sorting was used; this incubation time is a compromise between protein
secretion rate, split-GFP signal generation and the physical wellness of the cells in the
droplets. A quicker fluorescent response from the reporter system could allow for shorter
incubation times, which in turn would give a higher throughput of the method and allow
for screening of larger libraries.

It has previously been shown that GFP can be disassembled and lose fluorescence and then
regain fluorescence upon reassembly239. We postulated that such a GFP 1-10 variant (GFP
1-10mat), one that has been in contact with GFP 11 and thereby already has a maturated
chromophore, would provide a fluorescent signal much faster upon a second encounter with
GFP 11, and thus, it would be a more desirable alternative in our droplet sorting setup. For
this reason, we developed a protocol for the production of pre-maturated GFP 1-10mat (Fig.
4.8). In this protocol, GFP 1-10 is supplemented to Sepharose beads with immobilized GFP
11. Together, the two subunits complete the GFP fold and the chromophore is allowed to
become maturated. The resulting GFP 1-10mat molecules with maturated chromophores can
subsequently be separated from the GFP 11s by lowering the pH. The buffer is thereafter
promptly changed to neutralize the pH.
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Figure 4.8: Schematic outline of GFP 1-10 chromophore pre-maturation on beads. 1) GFP 1-10
is supplemented to beads with immobilized GFP 11. 2-3). The two subunits complete the GFP
fold and the chromophore is allowed to become maturated. 4) The pH is lowered to separate the
resulting GFP 1-10mat molecules from the GFP 11s and the beads. 5) A GFP 1-10mat will generate
a fluorescent signal more quickly compared to ordinary GFP 1-10 as its chromophore is already
maturated.

The GFP chromophore formation involves a loss of one oxygen and four or five hydrogen
atoms according to maturation theory129. Accordingly, a successful pre-maturation could be
confirmed by mass spectrometry as it demonstrated the anticipated mass shift (- 20.77 Da)
(Fig. 4.9A). Furthermore, the MS spectra showed no sign of residual GFP 1-10 in the GFP
1-10mat sample. To investigate whether our pre-maturated GFP 1-10mat provided a faster
generation of a fluorescent signal, it was evaluated head-to-head with the non-maturated
GFP 1-10 (Fig. 4.9B). Both GFP 1-10 versions were mixed with a 1000-fold molar excess of
GFP 11 and fluorescence was monitored over time. Already at the first measurement (after
two minutes), fluorescence from the GFP 1-10mat had reached more than 10,000 arbitrary
units (a.u) and was, thereby, initially increasing by more than 80 a.u./sec. A decline in
signal generation rate was seen over time, presumably due to a reduction in availability of
GFP 1-10mat. Meanwhile, non-maturated GFP 1-10 increased steadily by only 0.5 a.u/sec
until it reached its maximum; hence, GFP 1-10mat was up to approximately 150-times faster
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in the beginning. To our surprise, GFP 1-10mat furthermore reached a maximum intensity
that was almost four times greater than the non-maturated GFP 1-10. This was possibly
due to an enrichment of functional GFP 1-10 molecules during the pre-maturation, as the
protocol also could work as a purification step for GFP 1-10s that are functional and able
to perform the complementation.
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Figure 4.9: A) Pre-maturation of GFP 1-10 was confirmed by detecting the expected mass-shift
on mass spectrometry. B) GFP 1-10mat showed an accelerated generation of the fluorescent signal
upon complementation with GFP 11 and reached a higher maximum signal compared to regular
GFP 1-10. C) GFP 1-10mat proved to be the preferred variant for distinguishing between cells with
different recombinant protein productivity.

In our droplet screen in paper IV, we wanted to select the cell lines with the highest protein
secretion rate. In this study, we also compared GFP 1-10mat and GFP 1-10 to see whether
our enhanced version would be a better alternative for distinguishing between cell lines
with different productivities. Three stable EPO-producing cell lines had previously been
established, with the following productivities: high producer (1.5 pg/cell/day), medium
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producer (0.2 pg/cell/day), and low producer ("efficiency too low to measure"). GFP
1-10 and GFP 1-10mat were compared to measure EPO-secretion of the three cell lines in
real-time (Fig. 4.9C). The assay was carried out in microtiter plates as the droplet method
was not yet fully operational. We found that by the use of GFP 1-10mat, it was possible
to distinguish between the high and medium producer already from the first time point,
and after 2.5 hours, the same was true for the medium and low producer. A significant
separation of the cell lines was never possible with the original GFP 1-10.

We believe that the use of GFP 1-10mat is an excellent option when a faster detection or
improved sensitivity is required. Although it has yet to be tested in our droplet screening,
this is where we envision it to be particularly useful, as it could allow for much shorter
incubation times.

4.6 Paper VI - High cell density perfusion culture has
a maintained exoproteome and metabolome

The final paper focuses on cultivation conditions. CHO cells producing a monoclonal
antibody were cultivated in perfusion mode for 45 days and were allowed to reach the
extremely high viable cell density of >200 million viable cells per milliliter (MVC/mL). The
perfusion mode has a few critical advantages compared to batch or fed-batch cultivation.
It is a continuous cultivation process where fresh, nutritious media is flown through the
reactor, and the product continuously captured; furthermore, cells can be removed from
the bioreactor, which provides the possibility to control the cell density. By controlling the
nutrient feed and continuously clearing away hazardous byproducts, healthy cultivations can
be maintained for extended periods, and much higher cell densities can be reached. These
are features that could give more protein product at a lower cost in a smaller reactor than
what is typically needed for batch cultures. The ability to continuously harvest product
allows for higher product quality, in particular for easily degraded or sensitive proteins,
which possibly translates into better efficacy and safety for the patient. For this reason, we
set out to explore how the metabolomic and proteomic footprints of the perfusion reactor
evolve as the cell density reaches higher and higher levels, to portray these aspects of high
cell density production (Fig. 4.10A and B).

For the metabolomics analysis, < 10 kDa fractions extracted from the bioreactor supernatant
were analyzed using ultra-high-pressure liquid chromatography and electrospray ionization
mass spectrometry. Principal component analysis (PCA) was used to visualize the data set
and identify differences and similarities between the samples. The metabolomics results
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indicated that the metabolism of the cells began to change above the very high cell density
of 110 MVC/mL. The metabolites that varied could be related to glutathione metabolism,
which in turn, would most probably be a sign of an increase in oxidative stress. Glutathione
is a vital antioxidant that cells use to defuse reactive oxygen species (ROS) that would
otherwise bring havoc to the cells by attacking practically any biomolecule coming close240.
The metabolomics study also comprised a comparison with fed-batch cultivations. This
comparison demonstrated what was expected, that perfusion mode has a more stable
metabolite profile.
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Figure 4.10: A and B) Supernatant samples were collected for metabolomics and proteomics
analysis as the cell density in the perfusion reactor reached extremely high levels above 200 MVC/mL.
C) Sample distance matrix based on Pearson correlation coefficients showing the relationship between
the samples. Overall, a strong similarity was observed between the samples with most coefficients
well above 0.9.

For the proteomics analysis, supernatant samples from 17 days were prepared for tandem
mass spectrometry by filter-aided sample preparation241; three technical replicates were
used for each sample. The raw files from the mass spectrometer were processed using the
MaxQuant software and the resulting iBAQ-values for the detected proteins were used for
further analysis. In agreement with the metabolomics results, the proteomics analysis also
indicated a relatively stable protein content over time according the Pearson correlation
coefficients that were calculated to determine the similarity between the samples (Fig 4.10C).
Signs of a change in glutathione metabolism were also seen at very high cell densities.
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At the same cell density where the metabolomics data suggested a shift in glutathione
metabolism, the presence of catalase began to increase, an enzyme that eliminates ROS
molecules242. At even higher cell densities, the enzymes that produce and recycle glutathione
(glutamate-cysteine ligase, glutathione synthetase, and glutathione reductase) drastically
increased and this is also a sign of oxidative stress243. To further investigate what occurs
as the cell density increases, Spearman’s rank correlation coefficients were calculated to
identify the proteins with the strongest link to cell density and pCO2.
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Figure 4.11: A) The best positive and negative spearman correlations with both cell density and
pCO2 presented in a co-expression subnetwork. Many proteins that showed a positive correlation
were associated with stress fiber assembly, for example, alpha-actinin and the neural cell adhesion
molecule. B-D) Examples of proteins with positive (decorin and adenylyl cyclase-associated protein)
and negative correlation (metalloendopeptidase).

A prominent portion of the proteins that correlated the best with cell density are associated
with stress fiber formation and cellular structure (Fig. 4.11). Stress fibers are contractile
actomyosin bundles and are important for mechanotransduction, morphogenesis and cell
adhesion. They affect the cellular stiffness and cellular shape and can be formed when cells
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are exposed to mechanical forces244. Interestingly, the average cell diameter of the cells was
reduced at higher cell densities. The cause and effect of the increase of stress fiber proteins
and other proteins associated with cellular structure is an intriguing element to consider.
Many studies have shown that differences in regulation of cytoskeleton genes differed
between a high and low producers245,246. Genes related to cytoskeleton dynamics are also
compelling targets in cell line engineering as they can influence a variety of critical factors
for protein production, such as secretion, cell stability, and intracellular trafficking41.

Overall, the results from this study suggest that, from a biological perspective, perfusion
cultivations could be run up to 100 MVC/mL to achieve a better product yield. This cell
density is about three times higher than what is conventional to use. At this cell density,
no remarkable changes in neither the metabolome or proteome were seen, which could allow
for a highly efficient, high cell density, bioproduction.

4.7 Concluding remarks and future perspective

With an increasing market share, therapeutic proteins have shown their potential, probably
due to their high specificity and low adverse effect. Advancements in cloning and protein
engineering can speed up the discovery of new therapeutics and boost the potency of the
ones that we already administer. New remedies can cure previously incurable diseases, and
with better efficacy, the survival rate and quality of life for a never-ending list of patients
will be immeasurably improved. If my aunt had gotten her leukemia today, at the age of
14, she would have had a pretty good chance to recover. My father caught the same disease
43 years later at the age of 61; at that age, we have been incredibly fortunate to have him
still around. For this, we can thank an incredible team of doctors and nurses, but also all
the researchers that have developed the tools and drugs necessary to combat this ruthless
form of cancer.

This thesis has discussed and presented ways to both facilitate the development of new
biologics and improve the production efficiency and safety of such molecules. Papers I and
II concern the development of protein therapeutics. The first paper described a cloning
method that was used to transfer single-chain fragments to full-length antibodies quickly,
to generate bispecific antibodies and tag protein drugs with GFP 11 for selection of high
producers. Paper II presented a method to introduce mutations swiftly and provided an
efficient approach for the creation of combinatorial libraries for antibody engineering.

Papers III-VI focused on the production of recombinant proteins. Production and devel-
opment of drugs is a costly business; finding a good production cell line can reduce cost
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as cultivations and downstream processes can be scaled down. Papers III-V show the
development of a new screening platform using split-GFP and droplet microfluidics to find
high-producing cell lines for final production. The droplet sorting can simplify and expedite
the critical upscaling process during cell line development. The principle was also used to
evaluate the effect that overexpressed target genes have on CHO productivity. The final
paper portrayed the perfusion bioreactor environment for CHO cells and is an exploration of
the possibility to produce recombinant proteins at higher cell densities. Such densities could
also downscale the production process and relieve the downstream processes. Reducing
the production cost of protein therapeutics can hopefully make them available to more
people.

Monoclonal antibodies currently account for most of the approved protein drugs, but in the
years to come, alternative scaffolds and proteins that have been difficult to produce are
likely to take a larger market share41,247,248. We will also begin to see more biosimilars as
the patents of many drugs are coming to end249. A biosimilar is the biologics equivalent
of a generic alternative for small-molecule drugs. Due to genomic differences, a drug that
works for person X, might not have the same effect in person Y. Precision medicine, the
tailoring of treatment for the characteristics of the patient, is another field that certainly
will expand250. Gene therapy is another promising field that will undoubtedly expand to be
applicable in more treatments251. New and engineered host cells for production can be used
in the future. For more suitable post-translational modifications, human cell lines could be
used to a more substantial extent252. Glycoengineering can make bacteria154 and yeast253

more applicable for production of therapeutics. Recent technological advances, especially
CRISPR/Cas9, has markedly simplified genome engineering and will speed up cell line
development. It will surely be guided by the ever-increasing quantity of omics data that
systems biologists can feed their machine-learning algorithms to make better and better
models of the cellular machinery and provide targets for genome engineering45.

At the dawn of "the century of the DNA"254, we are experiencing an exciting time where
biotechnology most certainly will transform our society, bringing both possibilities and
ethical dilemmas. It remains to be seen, which applications and technologies that will
prevail in the years to come.
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