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Abstract

Chinese hamster ovary (CHO) cells are currently the workhorses of the biopharmaceutical
industry for the production of recombinant therapeutic proteins, mainly because of their
ability to grow in suspension and to secrete complex proteins with human-like glycosylation.
However, although CHO cells have been used for more the 25 years, the cellular processes
that control and limit recombinant protein synthesis and secretion are still poorly understood.
In addition, other expression systems such as the yeast Pichia pastoris are about to enter this
field. To compare their capability for recombinant protein secretion, high producing CHO cell
lines and P. pastoris strains expressing two proteins of different complexity were established
and cultivated in comparable bioprocesses. Our results indicate that the protein secretion
machinery of CHO cells is much more efficient, and especially the secretion of the more
complex protein was strongly impaired in P. pastoris.

To investigate recombinant protein production in CHO cells at a physiological level and to
provide transcriptomics data for a cross-species comparison with P. pastoris, low and high
producing CHO cell lines as well as a non-producer were cultivated under steady-state
conditions and global gene expression was profiled using a novel CHO-specific microarray.
In addition, the expression of microRNAs was analyzed. MicroRNAs are short (~22
nucleotides) non-coding RNAs that play an important role in the regulation of gene
expression in higher eukaryotes and therefore may have great potential as cell engineering
targets. In the present study, we identified several genes and microRNAs that might be
involved in recombinant protein production in CHO cells and consequently may constitute
potential targets for cell engineering to improve bioprocess-relevant properties such as
productivity or longevity. However, our results also suggest that the reaction of CHO cells to

heterologous protein expression is strongly product and/or clone-specific.



Kurzfassung

Chinese hamster ovary (CHO) Zellen sind derzeit die Arbeitstiere der biopharmazeutischen
Industrie fiir die Produktion von rekombinanten therapeutischen Proteinen, hauptséchlich,
weil sie dazu befahigt sind, in Suspension zu wachsen und komplexe Proteine mit human-
ahnlicher Glykosylierung zu sekretieren. Obwohl CHO Zellen schon seit Giber 25 Jahren daftr
verwendet werden, sind die zellularen Prozesse, welche die Synthese und Sekretion von
rekombinanten Proteinen steuern und limitieren, noch sehr schlecht verstanden. Zudem stellen
andere Expressionssysteme wie die Hefe Pichia pastoris eine interessante Alternative dar.
Um die Fahigkeit von CHO Zellen und P. pastoris rekombinante Proteine zu sekretieren zu
vergleichen, wurden Zelllinien bzw. Stdmme entwickelt, die zwei unterschiedlich komplexe
Proteine produzieren und diese in vergleichbaren Bioprozessen kultiviert. Unsere Ergebnisse
zeigen, dass die Sekretionsmaschinerie von CHO Zellen wesentlich effizienter ist. Besonders
die Sekretion des komplexeren Proteins war in P. pastoris stark beeintréchtigt.

Um die rekombinante Proteinproduktion in CHO Zellen auf einer physiologischen Ebene zu
untersuchen und um Genexpressionsdaten fir einen speziesiibergreifenden Vergleich mit
P. pastoris zu generieren, wurden niedrig- und hochproduzierende CHO Zelllinien sowie ein
Nichtproduzent unter stationdren Bedingungen Kkultiviert und die Gesamtgenexpression
mittels eines neuen CHO-spezifischen Microarrays gemessen. Zusétzlich wurde auch die
Expression von microRNAs analysiert. MicroRNAs sind kurze (~22 Nukleotide) nicht-
kodierende RNAs, die eine wichtige Rolle bei der Regelung der Genexpression in hoheren
Eukaryoten spielen. Daher wird ihnen ein groRes Potential als Ziel fiir die gentechnische
Optimierung (Cell Engineering) von CHO Zellen zugeschrieben. In der vorliegenden Arbeit
wurden etliche Gene und microRNAs identifiziert, die moglicherweise an der rekombinanten
Proteinproduktion in CHO Zellen beteiligt sind und daher potenzielle Ziele fur Cell
Engineering zur Verbesserung bioprozessrelevanter Eigenschaften, wie Produktivitat und
Langlebigkeit darstellen. Allerdings deuten unsere Ergebnisse auch darauf hin, dass die
Reaktion von CHO Zellen auf die Expression von Fremdproteinen stark produkt- und/oder

klon-spezifisch ist.
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1. Introduction

1. Introduction

1.1 Expression systems for therapeutic protein production

Human protein therapeutics for the treatment of various previously incurable diseases have
revolutionized modern medicine over the last decades. As the isolation from natural sources is
often limited, the introduction of recombinant DNA (rDNA) technologies in the mid-1970s
represented a milestone for the development of biopharmaceutical drugs. From now on,
peptides and proteins could be produced in foreign hosts. In 1982, human insulin produced in
Escherichia coli (Humulin by Eli Lilly) was the first recombinant drug that gained FDA
approval. Since then, many more biopharmaceutical products including hormones,
interferons, vaccines as well as monoclonal antibodies have become available. Today,
therapeutic proteins are a fast growing multibillion-dollar market. In 2012, the global
spending on biological drugs was 169 billion US$ and is expected to reach more than 220
billion US$ in 2017 (Rickwood et al. 2013). In the US, monoclonal antibodies (mAbs) were
the highest selling class of biological drugs, followed by hormones and growth factors
(Figure 1).

= mAbs
® Hormones
Growth factors
Fusion proteins
m Cytokines
® Therapeutic enzymes
m Blood factors
m Recombinant vaccines
H Anti-coagulants

Figure 1. US sales (billion US$) of the top nine categories of biological drugs in 2012. Adapted from Aggarwal
(2014)

Today, various production systems are in use for the expression of heterologous proteins
ranging from bacterial hosts to transgenic animals. Until January 2009, 151 recombinant
pharmaceuticals were approved by the FDA and EMEA. 45 of them were produced in
Escherichia coli, 28 in Saccharomyces cerevisiae, 17 in hybridoma cells, one in transgenic
goat, one in insect cells and 59 in mammalian cells (Ferrer-Miralles et al. 2009). Of the 58
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approved biopharmaceuticals between 2006 and June 2010, 32 are produced in mammalian
cells, 17 in E. coli and five in yeast (Walsh 2010).

Therapeutic proteins may require correct post-translational modifications (PTMs) such as
glycosylation, disulfide bond formation, phosphorylation and proteolytic processing for
biological efficacy and therefore the choice of the most suitable expression system highly
depends on the complexity of the product as well as on its ability to conduct PTMs.

Among bacteria, E. coli is the predominant host for the production of recombinant proteins.
This is mainly due to the vast number and quality of available information because of its role
as model organism as well as the availability of well-established molecular biological
methods and sophisticated fermentation technologies. This extensive knowledge led to
processes which enable very high yields of recombinant proteins up to 50% of total biomass
(Panda 2003). Additionally, E coli can grow very fast in inexpensive media and fermentation
protocols for high cell density cultivation (HCDC) have been established which enabled a
biomass concentration of more than 100 g L™ (Lee 1996). However, bacterial hosts lack the
ability for correct post-translational processing and in many cases the heterologous proteins
aggregate and form inclusion bodies within the cell. Thus, proteins might lose their function
unless the correct structure can be restored by in vitro refolding. Although genetic engineering
efforts made glycosylation also possible in prokaryotic hosts, the authenticity of the glycans is
far from eukaryotic systems (Pandhal and Wright 2010). Another major drawback of E. coli
was the inability to secret proteins into the culture medium. However, genetic engineering
also enabled extracellular protein production and yields of more than 2 g L have already
been reported (Ni and Chen 2009). Additionally, E. coli are Gram-negative bacteria and so
they contain lipopolysaccharides (LPS) in the outer membrane. These structures are
endotoxins which are highly pyrogenic in humans. As even small amounts of endotoxin can
cause illness in humans, E. coli derived therapeutics require extensive purification to ensure
endotoxin-free products.

Yeast expression systems have many of the same advantages as E. coli. Molecular biological
methods for genetic manipulation are well established and complete genome sequences are
available for many strains. Furthermore, they can grow in inexpensive, chemically defined
media to very high cell densities. Until 2009, all approved yeast-derived biological drugs were
produced in S. cerevisiae. But also expression systems based on non-conventional yeasts have
been established during the last two decades and especially the methylotrophic yeasts
Hansenula polymorpha and Pichia pastoris have a great potential for the production of

recombinant proteins. In 2009, Ecallantide (tradename Kalbitor) was the first therapeutic
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derived from P. pastoris that was approved by the FDA (Waegeman and Soetaert 2011). The
main advantages of yeasts in comparison with E. coli are that they can secrete recombinant
proteins into the culture broth and that they do not produce endotoxins. In addition, yeasts do
not contain oncogenic or viral DNA (Mattanovich et al. 2012). As yeasts are eukaryotes, they
have the capacity for protein processing such as protein folding and PTMs. However, the N-
linked glycosylation patterns differ significantly from human and consequently can impair
serum half-life and immunogenicity of therapeutic proteins (Dasgupta et al. 2007; Sola and
Griebenow 2009). The oligosaccharide chains added to the proteins mainly consist of
mannose units. In addition, S. cerevisiae often hyperglycosylates the proteins by adding up to
150 mannose residues per glycosylation site, whereas the majority of oligosaccharides added
in P. pastoris contain only 8-16 mannose units (Grinna and Tschopp 1989; Maccani et al.
2014). The absence of human typical sugar residues such as sialic acid and the high mannose
content are the main drawbacks of yeasts compared to mammalian cells. Hence, a lot of effort
has been put into the engineering of strains that are able to synthetize human-like N-glycans
in P. pastoris (Hamilton et al. 2006; Potgieter et al. 2009; Ye et al. 2011). However, no
glycosylated therapeutic proteins produced in yeast have entered the market to date.

For this reason, mammalian cells are the expression systems of choice today, because they are
able to produce complex therapeutic proteins such as mAbs which require proper folding,
human-like PTMs or multimeric assembly. A variety of mammalian cell lines have been
established including Chinese hamster ovary (CHO), mouse myeloma (NSO and SP2/0), baby
hamster kidney (BHK), human embryonic kidney (HEK-293) and human embryonic
retinoblast (PER.C6) cells. Most of these cell lines were adapted to grow in suspension which
makes them highly suitable for large scale bioreactor cultivation (up to 20,000 L) commonly
reaching yields of 1-8 g L in industrial processes (Beck and Reichert 2012). Monoclonal
antibodies are the largest and fastest growing class of therapeutic proteins with several
hundred in different stages of clinical trials. Of the 28 mAbs on the European Union or US
market in 2012, 43% were produced in CHO cells, 25% in SP2/0 cells, 18% in NSO cells and
7% in hybridomas (Reichert 2012), which clearly shows that CHO cells are currently the
workhorses of the biopharmaceutical industry. This will most likely not change in the near
future as the cell line is well characterized and has been used very successfully for a wide
range of products over the last three decades. Hence, it is much easier and very likely more
rapid to gain regulatory approval of new biological drugs derived from CHO cells than from a

less well-known or an entirely new cell line.
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1.2 Chinese hamster ovary (CHO) cells — A historic perspective

Chinese hamsters (Cricetulus griseus) belong to the rodent family of Cricetidae and are
native to the desert of northern China and Mongolia (Figure 2A). Almost 100 years ago in
1919, Chinese hamsters were already used in laboratory for typing pneumococci. In the early
1920’s, they became a valuable tool for the study of leishmaniasis (also known as kala-azar or
black fever) as they were known as carriers of Leishmania, a parasite causing this deadly
disease. In 1948, Dr. C. H. Hu of the Peking Union Medical College gave some specimens to
Dr. Robert Watson of the Harvard Medical School who smuggled them into the United States.
The Chinese government thought that the hamsters were part of a biological weapons program
and so both scientists were accused of war crimes, which led to the imprisonment of Dr. Hu.
(Jayapal et al. 2007; Yerganian 1985). In the 1950s, it was noticed that Chinese hamsters have
fewer and therefore larger chromosomes (2n = 22) than mice (2n = 40) and rats (2n = 42),
which made them an excellent model for radiation cytogenetic and tissue culture studies
(Tonomura and Yerganian 1956; Yerganian 1952). The birth of the original CHO cell line
was in 1957 when Dr. Theodore T. Puck of the University of Colorado Medical Center in
Denver isolated an ovary from a female Chinese hamster provided by Dr. George Yerganian
of the Boston Children’s Cancer Research Foundation and successfully recovered a
spontaneously immortalized population of cultured fibroblast cells (Tjio and Puck 1958).
Cultured adherent CHO cells are illustrated in Figure 2B. As they were easy to maintain,
CHO cells were thereafter used in numerous medical and cell biology studies, making them
the mammalian counterpart of E. coli as a laboratory model. In the 1960, Puck and others
used mutagenesis to generate auxotrophic cells that required certain nutrients for maintaining
growth and viability (Kao and Puck 1967; Puck and Kao 1967). The use of CHO cells in the
biopharmaceutical industry began in the early 1980s after Dr. Gail Urlaub and Dr. Lawrence
A. Chasin of the Columbia University in New York isolated cell lines (DUKX-B11 and
DG44) lacking the metabolic enzyme dihydrofolate reductase (DHFR) after mutagenesis and
selection of thymidine auxotrophic cells (Urlaub and Chasin 1980; Urlaub et al. 1983). This
genetic defect was then utilized to generate stable production cell lines by introducing the
transgene together with a functional copy of the DHFR gene (dhfr) as selection marker. In
addition, this method enabled the amplification of the transgene copy number to increase the
productivity using methotrexate (MTX) which is an antagonist of DHFR. In the mid-1980s,
recombinant CHO cell lines were adapted to grow in suspension in serum-free media

(Figure 2C), which finally cleared the way for the industrial application (Wurm and Hacker
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2011). In 1987, the tissue plasminogen activator for the treatment of myocardial infarctions
was the first CHO-expressed therapeutic protein that gained approval for clinical application.
Since then dozens biologic drugs produced in CHO cells including many monoclonal
antibodies have reached the market. The most recent milestones were the publications of the
first CHO genomic sequences in 2011 (Hammond et al. 2012a; Xu et al. 2011b) and Chinese
hamster genome sequences in 2013 (Brinkrolf et al. 2013; Lewis et al. 2013), which heralded

a new era of CHO research.

Figure 2. From Chinese hamster to Chinese hamster ovary (CHO) suspension cells. Chinese hamsters
(Cricetulus griseus) belong to the rodent family of Cricetidae and are native to the desert of northern China and
Mongolia (A). In 1957, Dr. Theodore T. Puck isolated the original CHO cell line from the ovaries of a female
Chinese hamster and successfully recovered a spontaneously immortalized population of cultured fibroblast
cells. The cells were adherent requiring a surface to grow (B). In the mid-1980s, recombinant CHO cell lines
were adapted to grow in suspension in serum-free media (C), which finally cleared the way for the industrial

application.
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1.3 Recombinant protein production in CHO cells

Chinese hamster ovary (CHO) cells are the predominant mammalian hosts for the generation
of stable high producing clones in the biopharmaceutical industry for various reasons. They
can easily be adapted to grow in suspension which enables large scale cultivation.
Furthermore, several systems for gene amplification to generate clones with high specific
productivity are well established. CHO cells can grow in serum-free, protein-free and
chemically defined media which is important to ensure reproducibility between different
batches. In addition, this reduces the risk of contaminations with viruses or prions which
might be introduced by bovine or human serum, and it also simplifies downstream processing
because of the lower content of protein contaminations. An advantage over human cell lines is
that CHO cells are safer in regard to human viruses. In a study from 1989, 44 human
pathogens including influenza, polio, herpes, measles and human immunodeficiency virus
(HIV) were tested and the majority of them did not replicate in CHO cells (Wiebe et al. 1989).
Beside safe products, CHO cells are also able to produce complex therapeutic proteins that are
biological active and stable in humans, which require correct protein folding and post-
translational modifications (PTMs) such as human-like glycosylation. The glycoforms on the
Fc domain of IgGs produced in CHO cells have the complex-type biantennary structures
which are typically found on human IgGs (Beck and Reichert 2012; Maccani et al. 2014). In
addition, the levels of immunogenic glycoforms with terminal galactose-a-1,3-galactose or N-
glycolylneuraminic acid, which may appear as traces, are lower compared to those frequently
found on glycoproteins produced in the murine cell lines NSO or Sp2/0 (Beck and Reichert
2012; Bosques et al. 2010).

A major drawback of CHO cells (and immortalized cell lines in general) is the high degree of
genetic and phenotypic diversity between different cell lines, which is a result of the long and
uncontrolled history of these cells including changes from chemical and radiation mutagenesis
(e.g. DUKX-B11 and DG44) together with the cultivation under highly diverse conditions in
the different labs (Wurm 2013).

In the mid-1980s, when industry started to use CHO cells for recombinant protein production,
they were regarded as a not very effective expression system yielding only 50-100 mg L in
typical batch processes. However, due to the establishment of gene amplification systems as
well as vector, media and process optimization, antibody concentrations of more than 1 g L™

are typically reached in industrial fed batch processes today (De Jesus and Wurm 2011).
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The currently applied platforms for CHO cell line development are mainly based on random
integration and gene amplification using either the dihydrofolate reductase (DHFR) or the
glutamine synthetase (GS) system. The DHFR system originates from the early 1980s
(Kaufman and Sharp 1982) and can be applied for the DHFR-deficient cell lines CHO
DUKX-B11 and DG44 which are triple auxotrophs for glycine, hypoxanthine and thymidine.
The cells are co-transfected with the gene of interest (GOI) and a functional copy of the
DHFR gene (dhfr) which enables the selection of recombinant clones in media free from
hypoxanthine and thymidine. The system makes use of methotrexate (MTX), a folic acid
analog that blocks DHFR activity. A stepwise increase of the MTX concentration in the
culture medium results in an amplification of the transfected dhfr and the GOI. The GS
system was initially developed for NSO cells (Bebbington et al. 1992), but was also adapted
for CHO cells and is commonly used for CHO-K1 cells, a subclone of the original CHO cell
line. The principal is similar to the DHFR system. Recombinant cells are obtained by co-
transfection of a functional GS gene together with the GOI and selection in the absence of
glutamine. The application of methionine sulfoximine (MSX), a GS inhibitor, enables the
amplification of the GS gene and the GOI. The principal of cell line development using these
technologies is illustrated in Figure 3.

Random gene integration and gene amplification results in very heterogeneous cell
populations which requires single cell cloning such as limiting dilution followed by the
screening of thousands of clones in order to identify high producing ones. The efficiency of
the screening process can be improved by using high-throughput techniques such as
fluorescence-activated cell sorting (FACS)-based systems (Yoshikawa et al. 2001) or the
ClonePix FL system (Dharshanan et al. 2011). However, the development of production cell
lines is still a very time-consuming and labor-intensive process which takes at least six month
(Lai et al. 2013).

Over the past years, various vector engineering strategies based on site-specific integration
and cis-acting elements have been developed that facilitate the establishment of stable high
producing cell lines (Kim et al. 2012; Lai et al. 2013). The traditionally used random
integration of the transgene into the chromosomes leads to a huge variance of the specific
productivity between the individual clones (chromosomal position effect). In addition, it
might favor the instability of the specific productivity which is frequently observed during
long-term cultivation and is likely caused by the chromosomal environment due to gene
silencing via methylation or chromosomal rearrangement (Barnes et al. 2003). But high

producing clones can also be generated in a reproducible and predictable manner using site-
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specific integration based on recombinase-mediated cassette exchange (RMCE). This
technique, however, requires the identification of a chromosomal locus that allows a stable
and high expression of the GOI, followed by the establishment of a host cell line containing
the recognition sequence of a specific recombinase in the identified locus. The two site-
specific recombinases Cre and Flp, which recognize the loxP and FRT sequence respectively,
are most commonly used. The first use of targeted gene integration in CHO cells was reported
by Kito et al. (2002), who used the Cre/loxP system to generate mAb producing cell lines.
Another recombinase-based gene targeting system uses an artificial mammalian chromosome
that contains 50-70 recombination acceptor sites together with a mutant lambda integrase,
which allows the incorporation of multiple copies of the GOI (Kennard et al. 2009). Another
strategy is the use of large vectors such as bacterial artificial chromosomes (BACs) which
contain regions of open chromatin that is transcriptionally active. BACs have a large cloning
capacity (up to 300kB) and due to their large size, transcription from BACs is less affected by
the surrounding chromatin (Blaas et al. 2009; Mader et al. 2013).

Amplification marker

Gene of interest Gene amplification

Stepwise increase of

inhibitor concentration
Chromosome

Transfection Selection

Single cell cloning

»

Nucleus

Host cell line Recombinant cell line High producer clone
Deficient in or weak activity of One or few transgene copies Many transgene copies
amplification marker enzyme = Low-level expression = High-level expression

Figure 3. Typical process to develop a recombinant high producer CHO cell line by gene amplification. An
auxotroph host cell line (e.g. dihydrofolate reductase deficient CHO cells) is transfected with a vector containing
the gene of interest (GOI) and an amplification (selection) marker (e.g. dhfr) to obviate the need for the nutrients
the host cell is auxotroph for (e.g. glycine, hypoxanthine and thymidine). This allows the selection of
recombinant cell lines with one or few copies of the GOI. Applying increasing amounts of an appropriate
inhibitor of the amplification marker (e.g. methotrexate (MTX)) leads to the amplification of the amplification
marker as well as genetically linked sequences including the GOI. Repeating rounds of gene amplification and
single cell cloning (e.g. limiting dilution) enables the establishment of clonal high producer cell lines. Adapted
from Maccani et al. (2013)
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Other approaches use cis-acting elements which can remodel chromatin to keep the GOl in an
active conformation. Matrix attachment regions (MARS) and scaffold attachment regions
(SARs) maintain a transcriptionally active chromatin by creating chromatin loops and it was
demonstrated that MARs and SARs flanking the GOI are able to improve recombinant gene
expression in CHO cells (Girod et al. 2005; Kim et al. 2005; Kim et al. 2004; Zahn-Zabal et
al. 2001). Ubiquitous chromatin opening elements (UCOEs) are cis-acting elements that
maintain chromatin in an open configuration. The incorporation of UCOEs upstream of the
promoter enables gene expression that is independent of the integration site and resistant to
silencing and it was shown to reduce the screening effort (Benton et al. 2002; Ye et al. 2010).

An alternative to increasing selection pressure by increasing the drug concentration is the
attenuation of the selection/amplification marker. Consequently, lower drug concentrations
should be sufficient to obtain high producer clones, which might also reduce potential side-
effects of the drug such as reduced cell growth. One strategy is the mutation of the selection
marker to reduce its activity. Reducing the affinity of the selection marker neomycin
phosphotransferase Il by introducing a mutation led to an increased productivity of mAbs
expressing CHO cells (Sautter and Enenkel 2005). Another strategy is to impair the
expression of the selection marker. This can be done by using a weak promoter to drive
transcription of the selection marker (Niwa et al. 1991). A different strategy was used by
Westwood et al. (2010) who improved product yields of recombinant CHO cells by codon
deoptimization of the selection marker dhfr in order to lower translational efficiency.
Alternatively, mRNA and protein destabilizing elements can be used to reduce the expression
of the selection marker. Using short AU-rich elements (AREs) and the mouse ornithine
decarboxylase (MODC) PEST region as destabilizing elements resulted in a significant
improvement of the specific product secretion rate (ge) using the DHFR/MTX amplification
system (Ng et al. 2007). Internal ribosome entry site (IRES) elements are frequently used to
directly link the GOI and the selection marker, which ensures expression of the GOI upon
selection (Lai et al. 2013).

The most essential element for gene transcription, however, is the promoter region. High-level
protein expression requires strong constitutive promoters. The human and mouse
cytomegalovirus (CMV) major immediate-early (MIE) enhancer/promoter is most commonly
used. But also the Simian virus 40 (SV40) immediate-early promoter and the Rous sarcoma
virus (RSV) long terminal repeat (LTR) promoter are frequently applied to drive heterologous
gene expression in mammalian cells (Makrides 1999). But also the application of CHO

endogenous transcription regulatory elements has been described. The 5° and 3’ flanking
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regions of the CHO-derived elongation factor-1a (CHEF-1) gene were used for heterologous
protein expression in CHO cells as well as various other mammalian cell lines, resulting in
significantly higher expression levels compared to the CMV promoter (Running Deer and
Allison 2004). More recently, the use of synthetic promoters has been proposed (Brown et al.

2014; Grabherr et al. 2011).
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1.4 Cell engineering of CHO cells

A multitude of cell engineering approaches to enhance productivity of recombinant Chinese
hamster ovary (CHO) cells have been described. The aim of these strategies was mainly to
improve the time integral of viable cell concentration (IVCC) and/or the specific product
secretion rate (gr). The IVCC can be in increased by increasing maximum viable cell density,
specific growth rate () and/or culture longevity.

Delaying programmed cell death is a very common cell engineering approach to increase
IVCC. During cultivation, cell death is induced by various types of stress including nutrient
depletion, accumulation of toxic by-products, increased osmolarity and sheer stress.
Preventing apoptosis by overexpression of anti-apoptotic proteins such as Bcl-2, Bcl-xL and
Mcl-1 (Chiang and Sisk 2005; Kim and Lee 2001; Majors et al. 2009; Meents et al. 2002a) or
down-regulation of pro-apoptotic proteins such as Bak and Bax (Cost et al. 2010) was shown
to improve recombinant protein production. As the apoptotic signal is mediated by a caspase-
cascade system, the suppression of caspases using antisense RNA or small interfering RNA
(Kim and Lee 2002; Sung et al. 2007) or caspase inhibitors such as X-linked mammalian
inhibitor of apoptosis (Sauerwald et al. 2002) was also beneficial to delay apoptosis.
Engineering of CHO cells with proliferation-related proteins can be used to increase p and/or
the maximum viable cell concentration (VCC). Enhanced expression of cyclin-dependent
kinase like 3 (CDKL3) resulted in elevated cell proliferation (Jaluria et al. 2007), and the
overexpression of the cell cycle transcription factor E2F-1 was shown to increase the
maximum VCC (Majors et al. 2008). An increased proliferation rate and maximum VCC was
achieved by overexpression of c-Myc, which promotes an earlier transition from G1-S by
shortening the G1 phase of the cell cycle (Kuystermans and Al-Rubeai 2009). A very
interesting target for cell engineering is the mammalian target of rapamycin (mTOR)
signaling pathway which plays important roles in many cellular processes including cell
proliferation, apoptosis, metabolism, and protein synthesis. Dreesen and Fussenegger (2011)
showed that the ectopic expression of human mTOR can improve cell growth, proliferation,
viability, robustness and ge of recombinant CHO cells.

The major bottlenecks preventing mammalian cells from fully exploiting their physiologic
production capacity are most likely translation or post-translational processes such as protein
folding (Mohan et al. 2008). Hence, engineering the chaperone network might improve the
capacity for recombinant protein production of CHO cells. An increase in gp was observed in

thrombopoietin (TPO) producing CHO cells by overexpression of ERp57, an isoform of
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protein disulfide isomerase (Hwang et al. 2003), and co-overexpression of calnexin and
calreticulin (Chung et al. 2004). The overexpression of protein disulfide isomerase (PDI)
could increase the product secretion rate of antibody producing CHO cell lines (Borth et al.
2005; Mohan et al. 2007), however failed to enhance productivity of CHO cells expressing
other proteins such as TPO, interleukin-15 (IL-15) and a tumor necrosis factor receptor:Fc
fusion protein (Davis et al. 2000; Mohan et al. 2007). Other strategies target pathways of the
unfolded protein response (UPR) which are induced upon endoplasmic reticulum (ER) stress.
The ectopic expression of the human transcription factor XBP1s (spliced X-box binding
protein 1) increased the secretion capacity of recombinant CHO cells (Tigges and
Fussenegger 2006). In another study, the same approach was only successful in a transient
transfection system but not when applied for stable cell lines (Ku et al. 2008). The
overexpression of two other prominent transcription factors of the UPR, ATF4 and GADD34,
improved the ge of antithrombin Il1-producing CHO cells (Ohya et al. 2008; Omasa et al.
2008). Low temperature shift (37°C to 30-33°C) is a common cultivation strategy to increase
ge of recombinant CHO cells, which leads to a change in expression of many cold-stress
proteins such as the cold-inducible RNA-binding protein (CIRP). The stable overexpression
of CIRP was shown to improve the productivity of interferon-y expressing CHO cells at 37°C
(Tan et al. 2008). In a recent study, Le Fourn et al. (2014) found that the improper cleavage of
the light chain signal peptide of a “difficult-to-express” immunoglobulin (infliximab) resulted
in precipitation of the light chains in an insoluble cellular fraction and consequently to low
secretion levels. Overexpression of components of the signal recognition particle (SRP)
pathway such as the signal receptor protein SRP14, however, restored proper protein
processing and secretion leading to high yields of the “difficult-to-express” protein and also
increased the production of an “easy-to-express” antibody (trastuzumab). Another potential
bottleneck of in the secretory pathway might be related to vesicle trafficking. Soluble NSF
(N-ethylmaleimide-sensitive factor) receptors (SNAREs) and Secl/Muncl8 (SM) proteins
play a key role in membrane fusion between different compartments. Ectopic expression of
the SNAREs SNAP-23 and VAMP as well as the SM proteins Slyl and Munc18c was able to
increase the secretion capacity of various recombinant CHO cell lines (Peng et al. 2011; Peng
and Fussenegger 2009).

The accumulation of toxic byproducts such as ammonium and lactate is known to limit cell
growth and VCC (Lao and Toth 1997; Xing et al. 2008). Ammonium is a waste product of the
glutamine catabolism and its production could be reduced in glutamine-free cultures using

engineered recombinant CHO cells expression glutamine synthetase (Zhang et al. 2006). In
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another study, the ammonium production of recombinant CHO cell lines was reduced by the
overexpression of carbamoyl phosphate synthetase | (CPS 1) and ornithine transcarbamoylase
(OTC) which catalyze the first and second steps of the urea cycle (Park et al. 2000). Lactate
accumulation is a result of excessive glucose consumption. Repressing lactate dehydrogenase
(LDH) and/or glycerol-3-phosphate dehydrogenase (GPDH) decreased the lactate content in
CHO cell cultures (Jeong et al. 2006). In another study, the fructose-specific transporter
GLUTS was expressed in CHO cells which enabled the utilization of fructose instead of
glucose. The cultivation of these cells in media containing fructose in place of glucose led to
reduced sugar consumption and lactate production because the GLUTS5 fructose transporter is
less specific for its substrate (Wlaschin and Hu 2007).

Engineering approaches to alter cellular pathways commonly apply the stable overexpression
or silencing of individual genes. The stable overexpression of one or more genes, however,
constitutes an additional burden to the translational machinery of the cell. Hence, microRNAs
(miRNASs) have been proposed as potential targets for cell engineering as they are non-coding
RNAs that can modify the expression of entire groups of genes (Hackl et al. 2012b; Jadhav et
al. 2013; Madller et al. 2008). MicroRNAs are short (~22 nt) endogenous RNAs that play an
important role in the regulation of gene expression (Bartel 2004). They are predominantly
transcribed by RNA Polymerase Il (RNA Pol II), processed by Drosha and Dgcr8, and
exported to the cytoplasm where the ~70 nt precursor hairpin (pre-miRNA) is cleaved by
Dicer resulting in a miRNA duplex (Figure 4). One strand (mature miRNA) associates with
Argonaute (AGO) proteins and forms a miRNA-induced silencing complex (miRISC) which
recognizes the target mRNAs predominantly by binding to the 3’ untranslated region (UTR)
through imperfect base-pairing (Krol et al. 2010). MicroRNAs act in a post-transcriptional
manner by decreasing translational efficiency and/or transcript levels. A single miRNA can
repress hundreds of different MRNAs and thereby regulates entire gene networks (Hobert
2008). They play crucial roles in a wide range of biological processes including development,
proliferation, differentiation, apoptosis and metabolism (Bartel 2004; He and Hannon 2004).
In mammalian cells, miRNAs are predicted to regulate or fine-tune gene expression of ~50%
of all protein-coding genes (Koh et al. 2009). The stable inhibition of mmu-miR-466h-5p
which reduces the expression of several anti-apoptotic genes was shown to improve apoptosis
resistance in CHO cells (Druz et al. 2013). Jadhav et al. (2014) observed enhanced growth
and an increase of ge with an engineered recombinant CHO cell line overexpressing miR-17.
Another group demonstrated that the overexpression of miR-7 can increase the gp of
recombinant CHO cells (Barron et al. 2011).
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Figure 4. MicroRNA biogenesis and their biotechnological application. MicroRNAs (miRNAs) are small non-
coding RNAs that are transcribed predominantly by RNA Polymerase 11 (RNA Pol I1) from intergenic regions or
introns (1). The primary miRNA transcripts (pri-miRNAS) are processed by the Drosha/Dgcr8 complex (2),
resulting in ~70 nt long precursor miRNAs (pre-miRNAS) that are exported into the cytoplasm via Exportin5 (3).
In the cytoplasm, the RNase Dicer in complex with the double-stranded RNA-binding protein TRBP cleaves the
pre-miRNA hairpin into the ~22 nt long mature miRNA duplex (4). One strand of the mature miRNA forms
together with Argonaute proteins (AGO) the RNA-induced silencing complex (RISC), which is directed to a
specific MRNA where miRISC predominantly binds to the 3’ untranslated region (3 UTR) by imperfect base-
pairing (5), resulting in translational repression and/or mRNA decay. It has been shown that miRNAs play
crucial roles in the regulation of a wide range of biological processes (6), which suggests the application of
miRNAs as targets for cell engineering as well as biomarkers for cell line and bioprocess development.
Ilustration based on Krol et al. (2010) and Hackl et al. (2012a)
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1.5 Genomic characteristics of CHO cells and the Chinese hamster

In 2011, the publication of a draft genomic sequence of the CHO-K1 ancestral cell line was a
major breakthrough for the genomic characterization as well as for cellular and metabolic
engineering of Chinese hamster ovary (CHO) cells. The assembly of paired-end sequence
reads from an Illumina sequencer comprised 2.45 Gb of the genome with 24,383 predicted
genes (Xu et al. 2011b). The authors of this study estimated the CHO-K1 genome size to be
2.6 Gb, which was a very helpful information to improve the estimation of the nuclear DNA
content of CHO cells. The unreplicated nuclear DNA content of one cell is required to
determine the absolute transgene copy number per cell and was estimated to be 5.4 pg in CHO
cells (Maccani et al. 2013). Xu et al. (2011b) also found that several key viral entry receptors
for viruses are not expressed in the CHO-K1 cell line, which can explain the high resistance to
viral infections of CHO cells. In addition they identified homologs for 99% of the human
glycosylation-related genes. Although only 53% of them were found to be expressed under
exponential growth conditions, it can explain the similarity of glycan structures obtained from
human and CHO cells. Furthermore, these results suggest a great potential of CHO cells for
glycoengineering (Xu et al. 2011b).

However, the value of genome data from an ancestral cell line might be limited, as a
considerable genomic heterogeneity between different CHO cell lines has been observed in
various cytogenetic studies. Hence, it is unknown whether genes are still present in the cell
lines used today. The diploid genome of the Chinese hamster has 22 chromosomes (10 pairs
of autosomes and 2 sex chromosomes), but CHO cells have an altered karyotype. Deaven and
Petersen (1973) analyzed the parental cell line of CHO-K1 and found that only 8 of the
determined 21 chromosomes appear to be normal compared to the euploid Chinese hamster
chromosomes and the remaining 13 chromosomes (Z group) contain translocations, deletions
and pericentric inversions. Furthermore, various karyotyping studies have shown that
immortalized cell lines undergo continuously genomic modifications, which very likely
account for the significant phenotypic differences between different cell lines (Wurm 2013).
Chromosomal heterogeneity was already observed in the ancestor of CHO-K1 where a
considerable number of the cells had chromosome numbers deviating from 21 (Deaven and
Petersen 1973). Derouazi et al. (2006) karyotyped the DG44 host cell line as well as 16
DG44-derived recombinant cell lines. The DG44 host had a total of 20 chromosomes of
which seven were normal, five could be assigned to the Z group, seven were derivative

chromosomes and two were marker chromosomes. Remarkably, for more than 60% of the
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recombinant cell lines, genomic rearrangements relative to DG44 were observed which were
specific to each cell line (Derouazi et al. 2006). In a more recent study, Cao et al. (2012)
constructed a BAC-based physical map of the CHO DG44 chromosomes and made a
karyotypic comparison between DG44, CHO-K1 and primary Chinese hamster cells.
Supporting earlier findings, they observed extensive chromosomal rearrangements compared
to the diploid hamster genome as well as between DG44 and CHO-K1. Nevertheless, the draft
genomic sequence of the CHO-K1 cell line will facilitate the sequencing of other CHO cell
lines as well as the establishment of tools (e.g. CHO-specific mMRNA microarrays) for a better
understanding of CHO cell physiology.

Considering the genetic heterogeneity among CHO cell lines, a well-defined reference
genome that comprises all native Chinese hamster genes and regulatory elements would be
very beneficial. To address this issue two draft genome sequences of the Chinese hamster
were published recently (Brinkrolf et al. 2013; Lewis et al. 2013). Brinkrolf et al. (2013)
isolated individual chromosomes of a male Chinese hamster by flow cytometry following
separate Illumina sequencing reactions, which allowed the assignment of the sequence
assemblies to specific chromosomes. Lewis et al. (2013) assembled a 2.4 Gb genomic
sequence of a female Chinese hamster consisting of 24,044 genes. In addition, they sequenced
the genomes of six CHO cell lines derived from CHO-K1, DG44 and CHO-S. Comparing the
Chinese hamster and CHO-K1 genomes revealed a 99% overlap in gene content. However,
numerous genomic variations were detected between different CHO cell lines as well as
relative to the Chinese hamster including single-nucleotide polymorphisms (SNPs), short
insertions and deletions (indels), gene copy number variations (CNVs) and missing genes
(Lewis et al. 2013). Interestingly, they found that several processes associated with
proliferation and immortalized phenotypes in cancer cells including the WNT and mTOR
signaling pathways and autophagy were insulated from mutations. In addition, they found
duplications of many apoptotic genes.

In order to bundle all CHO genomic information and make them publicly accessible, a
website (www.chogenome.org) was created (Hammond et al. 2012a). The website hosts the
latest updates of CHO genome information and provides genome browsing tools.
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1.6 Systems biology approaches towards CHO cell engineering

The various omics-based tools can provide valuable information on a systems biology level to
characterize Chinese hamster ovary (CHO) cell factories (Figure 5). These techniques enable
the study of the cellular physiology on different levels (transcriptome, proteome and
metabolome), and may play an important role in identifying bottlenecks, missing activities
and regulatory mechanisms that prevent a desired phenotype such as high productivity,
robustness and longevity. In addition, these data will provide the foundation for mathematical
models that describe CHO phenotypes as well as for innovative cell and metabolic

engineering approaches.

Cellular level Techniques

RNA |:> Transcriptomics |:> Microarray
Chemical diversity: low H RNA-Seq

~25,000 protein coding genes qRT—PCR
>100,000 transcripts
(alternative splicing, non-coding RNAs)

Protein |:> Proteomics |:> 2D gel electrophoresis
Chemical diversity: medium = Mass specrometry

~10,000 expressed proteins 0 (MALDI-TOF, LC-MS/MS)
>100,000 unique proteins including PTMs s S

Metabolite Metabolomics |:> Mass specrometry

Chemical diversity: high (GC-MS, LC-MS, CE-MS)
3000 — 8000 unique metabolites NMR

Figure 5. Overview of omics techniques. Transcriptomics aims to measure all transcribed RNAS (transcriptome),
proteomics the complete set of expressed proteins (proteome) and metabolomics the complete set of metabolites
(metabolome) in a cell. CHO cells have about 25,000 protein coding genes (Xu et al. 2011b), but the number of
transcripts is much larger (>100,000) because of splicing variants and non-coding RNAs such as microRNAs.
About 10,000 gene products are present in a mammalian cell (Cox and Mann 2007), however, mammalian cells
may potentially produce much more unique proteins due to post-translational modifications (PTMs) such as
glycosylation and phosphorylation (Jensen 2004). Metabolites are chemically highly diverse. The number of

unique metabolites is estimated to be between 3000 and 8000 in mammalian cells (Zhang et al. 2011).

1.6.1 Transcriptomics

The transcriptome refers to all transcribed RNAs (e.g. mMRNAs and miRNAS) in a cell under a
specific physiological condition. Several methods have been used to study the transcriptome
of CHO cells including DNA microarrays, quantitative reverse transcription polymerase chain
reaction (qRT-PCR) and more recently transcriptome sequencing (RNA-Seq). DNA
microarray analysis is the most comprehensive and powerful technique used to assess
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transcriptional changes and differences. The suitability of this method, however, relies on the
available genomic sequence information. Until the first genomic sequences of CHO cells
became publicly available in 2011 (Xu et al. 2011b), analyses were based on incomplete
CHO-specific microarrays constructed from expressed sequence tag (EST) data (Kantardjieff
et al. 2009; Melville et al. 2011; Nissom et al. 2006; Wlaschin et al. 2005) which were,
however, not publicly available, and mouse or rat-derived DNA microarrays (Baik et al. 2006;
Ernst et al. 2006; Yee et al. 2008b). Comparative DNA microarray analyses were done to
study the effects of specific product secretion rate (ge)-enhancing culture conditions such as
low temperature (Baik et al. 2006; Yee et al. 2009), sodium butyrate treatment (De Leon Gatti
et al. 2007; Yee et al. 2008a) and high osmolarity (Shen et al. 2010). In a study combining
low culture temperature (33°C) and sodium butyrate treatment, Kantardjieff et al. (2010)
observed that elements of the secretory pathway, including Golgi apparatus, cytoskeleton
protein binding and small GTPase-mediated signal transduction were enriched, suggesting
that the increased productivity under treatment is the result of an elevated cellular secretory
capacity. Doolan et al. (2010) compared fast and slow growing CHO cells in order to identify
genes associated with a high specific growth rate (1) phenotype. They identified several
candidates including the valosin-containing protein (VCP) that were involved in the
regulation of cell growth. Wong et al. (2006) used DNA microarrays to profile gene
expression during batch and fed-batch CHO cell cultures, in order to investigate induction and
regulation of apoptosis at the later stage of cultivation. They found that apoptosis was
predominantly regulated via the death receptor- and mitochondria-mediated signaling
pathways rather than by the endoplasmic reticulum-mediated apoptosis signaling pathway.
Only few microarray studies aimed at identifying genes associated with a high gr phenotype
(Kang et al. 2014; Nissom et al. 2006; Trummer et al. 2008; Vishwanathan et al. 2014).

As the cost for next generation sequencing (NGS) continuously decreases, it is anticipated
that RNA-Seq will become an interesting alternative to microarrays for the generation of
comprehensive transcriptome data (Birzele et al. 2010; Rupp et al. 2014). In 2011, Becker et
al. (2011) used NGS to unravel the transcriptome of CHO cells. They identified 29,184 isotigs
(possible transcripts) and 24,576 isogroups (possible genes) from several CHO cell lines
cultured under different conditions, and could assign 13,187 transcripts with functional
annotation. From the transcriptome data, they reconstructed the central carbohydrate
metabolism and the biosynthesis routes of sugars used for protein N-glycosylation, showing
that the major steps of the N-glycosylation pathway are present in CHO cells.
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In addition to mRNA, there is an increasing interest in non-coding RNAs especially
microRNAs (miRNAs). Mature miRNAs are short non-coding RNAs (~22 nt) that regulate
gene expression at a post-transcriptional level mainly by mRNA degradation or translational
repression. The mature miRNA sequences are generally well conserved between animals,
which allows the use of cross-species microarray platforms (human, mouse or rat). Hackl et
al. (2012a) showed that >70% of the annotated CHO miRNAs can be reliable detected using
microarrays comprising combined probe-sets against human, mouse and rat miRNAs. Hence,
most of the published CHO miRNA profiling data were acquired using either human, mouse,
rat or combining microarray platforms. But also NGS technologies (RNA-Seq) were applied
(Hackl et al. 2011; Hammond et al. 2012b; Johnson et al. 2011) and could confirmed the high
degree of miRNA sequence conservation between Chinese hamster, human, mouse and rat. In
these three NGS studies, between 190 and 365 conserved mature miRNAs were identified in
CHO cells.

To date, few miRNA profiling studies have been conducted in order to understand their
function and relevance for specific phenotypes in CHO cells. Mainly microarrays and
confirmation by gRT-PCR was applied to measure the mature miRNA transcript levels under
certain conditions in order to relate them to cell growth/proliferation, apoptosis and gp. In the
first miRNA profiling study, Gammell et al. (2007) analyzed changes in miRNA expression
during batch cultivation as well as upon low temperature shift (37°C to 31°C), which is a
common cultivation strategy to achieve growth arrest that typically results in increased
productivity and prolonged longevity. They found miR-21 and miR-24, two known growth
inhibitory miRNAs, as being up-regulated during stationary growth phase induced either by
the temperature shift or during normal batch culture. In another low temperature shift study,
Barron et al. (2011) applied gRT-PCR (human TagMan microRNA array) to profile miRNA
expression. In addition to several differentially expressed miRNAs, they found miR-7 more
than 8-fold down-regulated upon low temperature shift. Overexpression of miR-7 confirmed
its role as inhibitor of cell growth accompanied by increased ge, however, down-regulation of
miR-7 using antagonists did not increase growth of recombinant CHO cells. In another study,
Hernandez Bort et al. (2012) analyzed the dynamics of miRNA expression during batch
cultivation of CHO-K1 cells. In total, they identified 118 miRNAs that were significantly
differentially expressed during batch cultivation relative to the lag phase. Special attention
was given to the miR-17-92 cluster which was up-regulated during the exponential growth
phase. The transient overexpression of miR-17 in an Epo-Fc secreting CHO cell line

increased the growth rate significantly (Jadhav et al. 2012), and the stable overexpression of
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miR-17 resulted in enhanced growth and a two-fold increased ge (Jadhav et al. 2014). In an
extensive study, Clarke et al. (2012) investigated the role of miRNAs in the regulation of
CHO cell growth by profiling the miRNA expression of 30 clones with different specific
growth rates ranging from 0.011 to 0.044 h. They identified 51 miRNAs that were
associated with increased growth rate. In a more recent study, Hackl et al. (2014) analyzed
miRNA transcription of five CHO cell lines with low to high specific growth rate using
microarrays. They identified 63 growth-correlated miRNAs, of which 43 were positively
correlated. In addition, they found that the expression of Dicer, a key enzyme of the miRNA
biogenesis which mediates the final step of miRNA maturation, was strongly correlated with
cell growth.

To address the relevance of miRNAs for apoptosis in CHO cells, Druz et al. (2011) analyzed
changes in miRNA transcription upon nutrient depletion using microarray technology. They
identified 70 miRNAs that were significantly differentially expressed in the cells exposed to
depleted media compared to cells exposed to fresh media. Among these miRNAs, the miR-
297-669 cluster was strongly up-regulated in CHO cells subjected to depleted media and
special attention was given to miR-466h-5p which was 452-fold induced. In a follow-up
study, Druz et al. (2013) showed that the stable inhibition of mmu-miR-466h-5p improves
apoptosis resistance and protein production in recombinant CHO cells.

To date, only two miRNA profiling studies have addressed the question whether miRNAs are
directly involved in driving or maintaining a high gr phenotype in recombinant CHO cells.
Lin et al. (2011) compared the miRNA expression profiles of four 1gG-producing cell lines to
the parental DG44 host cell line using a cross-species microarray platform for screening and
gRT-PCR for confirmation. They observed a significant down-regulation of miR-221 and
miR-222 in all 1gG-producing cell lines compared to the host, however, there was no
significant correlation between g and the relative expression of these two miRNAs. Hackl et
al. (2011) compared the miRNA expression of an Epo-Fc and an antibody producing cell line
to the respective parental CHO cell line using RNA-Seq. They identified one miRNA (miR-
21-5p) which was significantly down-regulated in both recombinant cell lines and seven
miRNAs (miR-10b-5p, miR-16b-5p, miR-28-5p, miR-1959-5p, miR-125a-5p, miR-1937-5p
and miR-1839-5p) which were significantly up-regulated. According to miRBase 20
(Kozomara and Griffiths-Jones 2014), two of them (miR-1959-5p and miR-1937-5p) are,
however, fragments of tRNAs and therefore most likely no miRNAs.

In addition to miRNA, other non-coding RNAs such as long non-coding RNAs and PIWI-
interacting RNAs (piRNAs) might be interesting for cell engineering of CHO cells (Jadhav et
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al. 2013). In a first attempt to identify transcribed piRNAs in CHO cells, Gerstl et al. (2013)
predicted 25,626 piRNAs and 540 piRNA clusters from RNA-Seq data.

1.6.2 Proteomics

Transcriptome analysis can provide first insights into the regulation of cellular processes,
however, the expression levels of the gene products need not directly correlate with the
MRNA levels. Proteomics is the detection and quantification of the complete set of proteins
within a cell (proteome) under specific physiological conditions. Hence, proteomics provides
more detailed information about the behavior of cells compared to mRNA expression
profiling. However, the analysis of the proteome is analytically more challenging due to the
wide dynamic range of protein expression levels (7—8 orders of magnitude) in mammalian
cells (Anderson and Anderson 1998). The present methods are either gel or mass
spectrometry (MS)-based. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
allows the analysis of a large number of proteins separated by charge and mass. However, it is
limited in its ability to detect proteins of low abundance, high hydrophobicity, low or high
molecular weight, extreme isoelectric points or proteins that co-migrate (Rabilloud et al.
2010). Two-dimensional difference gel electrophoresis (2D-DIGE) enables the analysis and
comparison of up to three samples (most commonly two samples and an internal standard) on
one gel by labeling the samples with different fluorescent dyes, which improves the
reproducibility and reliability of differential protein expression analysis (Alban et al. 2003).
To overcome the limitations of gel-based techniques, shotgun proteomics approaches have
been developed that couple high-performance liquid chromatography (HPLC) and tandem
mass spectrometry (MS/MS) (Fournier et al. 2007). For relative quantification of protein
levels between different cell samples, peptides can be labeled using techniques such as stable
isotope labeling (SILAC), isobaric tags for relative and absolute quantification (iTRAQ) and
tandem mass tag (TMT).

The recently available CHO genomic sequence data have greatly improved the capacity of
MS-based proteomics studies by increasing the number of identifiable proteins as well as the
confidence in identification (Meleady et al. 2012b). In a recent comprehensive study, the
proteome of the CHO-K1 cell line was elucidated using different fractionation strategies and
enrichment methods combined with MS analysis, leading to the identification of 6164
proteins (Baycin-Hizal et al. 2012). In addition, the codon frequency of CHO cells was

determined and found to be distinct from humans.
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Comparative proteomics in CHO cells has mainly been done to study the intracellular and
physiological changes upon ge enhancing treatments such as low culture temperature shift
(Baik et al. 2006; Kantardjieff et al. 2010; Kaufmann et al. 1999; Kumar et al. 2008),
hyperosmotic pressure (Lee et al. 2003), sodium butyrate (Baik et al. 2008; Kantardjieff et al.
2010; Yee et al. 2008a), cytochalasin D (Hayduk and Lee 2005) and dimethyl sulfoxide
(DMSO) treatment (Li et al. 2006). Similarly, the proteomes of CHO cells with high p and
low p were compared in order to identify proteins related to enhanced growth rate (Doolan et
al. 2010). Comparative proteomics was also applied to study the intracellular effects of cell
engineering including the overexpression of the apoptosis inhibitor Bcl-x. (Baik and Lee
2010; Carlage et al. 2009; Carlage et al. 2012), the overexpression of PACEsol which effects
ge (Meleady et al. 2008) and the overexpression of miR-7 which significantly inhibits growth
but enhances gr (Meleady et al. 2012a). Only few studies have addressed the identification of
cellular proteins that are differentially expressed between CHO clones exhibiting low and
high gr (Kang et al. 2014; Nissom et al. 2006).

Proteomics of CHO cells is frequently combined with transcriptome analysis in order to
monitor transcriptional and post-transcriptional events (Baik et al. 2006; Doolan et al. 2010;
Kang et al. 2014; Kantardjieff et al. 2010; Nissom et al. 2006; Yee et al. 2008a). In a recent
study, Clarke et al. (2012) combined miRNA, mRNA and protein expression analysis in order
to reveal the role of post-transcriptional regulation by miRNAs controlling cell growth of

recombinant CHO cells.

1.6.3 Metabolomics

Transcriptomics and proteomics provide information about the presence and expression levels
of cellular proteins, however, not about the biochemical reactions within a cell. The
concentrations of metabolites are determined by the activity of many enzymes. Hence,
metabolites are the direct signature of biochemical activity and therefore easier to correlate
with the cellular phenotype (Patti et al. 2012). The metabolome comprises all small molecules
produced by a cell including carbohydrates, amino acids, nucleosides, amines and fatty acids
(Datta et al. 2013). Metabolomics aims to detect and quantify all of these molecules and is
either based on nuclear magnetic resonance (NMR) or high performance mass spectrometry
such as liquid chromatography mass spectrometry (LC-MS), gas chromatography mass
spectrometry (GC-MS) and capillary electrophoresis mass spectrometry (CE-MS). However
metabolomics faces significant technical challenges caused by rapid turnover,
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physicochemical diversity and varying abundance of metabolites (Dietmair et al. 2010). To
address the rapid turnover of certain metabolites, various quenching and extraction methods
have been established and optimized in order to improve the preservation of the in vivo
metabolite levels of mammalian cells (Dietmair et al. 2010; Hernandez Bort et al. 2014;
Sellick et al. 2011b; Volmer et al. 2011).

Metabolomics profiling of extracellular metabolites has been used to design improved media
and feeding strategies that enhance recombinant protein production in CHO cells (Bradley et
al. 2010; Chong et al. 2009; Sellick et al. 2011a). Based on the identified nutrient limitations,
Sellick et al. (2011a) developed a feeding strategy that significantly increased cell biomass
and doubled the antibody titer. Chong et al. (2009) observed a significant extracellular
accumulation of malate, which was caused by an enzymatic bottleneck at the malate
dehydrogenase Il (MDH 1) in the tricarboxylic acid (TCA) cycle. Overexpression of MDH |1
increased the intracellular levels of ATP and NADH as well as the maximal viable cell
concentration (Chong et al. 2010). Metabolomics was also used to identify apoptosis-inducing
metabolites in the media of antibody-producing CHO fed-batch cultures (Chong et al. 2011).
They found several metabolites, mainly nucleosides/nucleotides and amino acid derivatives,
that correlated with caspase activity, where oxidized glutathione, AMP and GMP were shown
to induce apoptosis when introduced to fresh CHO cultures.

The more challenging profiling of intracellular metabolites has already been done to identify
metabolites associated with gp (Chong et al. 2012) and growth rate (Dietmair et al. 2012).
Chong et al. (2012) identified several metabolites (NADH, FAD, reduced and oxidized
glutathione, and three activated sugar precursors) that are potentially related to the high gp
phenotype. These metabolites are involved in key cellular pathways of the TCA cycle,

oxidative phosphorylation, glutathione metabolism and glycosylation.
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2. Objectives

Recombinant Chinese hamster ovary (CHO) cells have now been used for more than 25 years
as a host for the production of therapeutic proteins. Although the recent advances in cell
culture technology have led to product titers up to 10 g L™ in industry, the cellular processes
that control and limit recombinant protein synthesis and secretion as well as cell growth are
poorly understood. Systems biology approaches such as transcriptomics, proteomics and
metabolomics can provide an important contribution to a comprehensive characterization of
mammalian cell factories. However, the study of CHO cells has been hindered due to the lack
of genomic sequence information. Hence, the publication of the first genomic sequence of a
CHO cell line in 2011 was a major breakthrough which heralded a new era of CHO systems
biology.

The present thesis is part of an extensive cross-species comparison between the two
prominent expression systems CHO cells and Pichia pastoris. A prerequisite for a thorough
and meaningful system comparison is the establishment of comparable recombinant CHO cell
lines and P. pastoris strains as well as the cultivation in comparable bioreactor systems under
comparable conditions. The present work comprises the development, cultivation and analysis
of the recombinant CHO cell lines, whereas the study of P. pastoris is part of a separate PhD

project.

The aims of this thesis were as follows:

e Development of stable low and high producing CHO cell lines expressing either human
serum albumin (HSA) or the 3D6 anti-HIV-1 single-chain Fv-Fc fusion antibody
(3D6scFv-Fc) by selecting clones at different stages of transgene amplification.

e Conducting a system comparison between the established high producing CHO cell lines
and P. pastoris stains cultivated in comparable fed batch bioreactor processes, in order to
highlight the strengths and limitations of each expression system.

e Cultivation of the established recombinant CHO cell lines as well as a mock transfected
non-producer cell line in a bioreactor under steady-state conditions using a chemostat
process, in order to generate comparable samples for transcriptomics (MRNA and

microRNA) and proteomics.
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e Comparative transcriptome (MRNAS) analysis of the established high, low and non-
producing CHO cell lines using a novel CHO-specific microarray and gRT-PCR, in order
to identify genes that are involved and potentially constitute bottlenecks in pathways and
processes associated with high recombinant protein synthesis and secretion.

e Comparative microRNA expression profiling of the established high, low and non-
producing CHO cell lines using a cross-species microarray and qRT-PCR, in order to

identify microRNAs associated with a high productivity phenotype.

The outcome of this study enables the identification of genes and microRNAs that are
potential targets for cell engineering in order to improve process-relevant phenotypes such as
high specific secretion rate (ge) or longevity.

In addition, this work represents the foundation for a genome-wide comparison of
recombinant protein expression between CHO cells and P. pastoris, with the aim to identify
organism-wide conserved and species-unique mechanisms and pathways that influence

recombinant protein production.
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3.1 Publication A: Nuclear DNA content of CHO cells

Whole genome sequencing improves estimation of nuclear DNA content of

Chinese hamster ovary cells
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Whole Genome Sequencing Improves
Estimation of Nuclear DNA Content of

Chinese Hamster Ovary Cells

CHINESE hamster ovary (CHO) cells are the most widely
used mammalian host for the expression of recombinant pro-
teins for therapeutic application. The generation of stable
CHO production cell lines as well as the methods for charac-
terization and validation are well established. High-expressing
cell lines are generally produced by exploiting the phenom-
enon of gene amplification which is widespread in eukaryotic
cells (1). The host cells (e.g., dihydrofolate reductase-deficient
CHO cells) are transfected with an expression vector contain-
ing an adequate amplification marker (e.g., dihydrofolate
reductase) and the gene of interest. Applying increasing
amounts of the appropriate inhibitor (e.g., methotrexate)
leads to the amplification of the amplification marker as well
as genetically linked sequences including the gene of interest
(Fig. 1). In order to study the efficiency of the applied amplifi-
cation strategy, the correlation between transgene copy num-
ber and target transcript or target protein levels, or the
stability of the copy number over cultivation time, it is essen-
tial to know the number of target genes that are integrated in
the genome. The method most frequently used to determine
gene copy numbers is quantitative real-time PCR (qPCR).
The calculation of the absolute gene copy number per cell
requires the knowledge of the number of genome copies in
the template used for amplification. However, the assumed
nuclear DNA content of CHO cells varies considerably
between different studies ranging from 3.3 pg (2) to 6.0 pg per
cell (3) or is not mentioned at all in many other publications.
Although the sequence of the CHO-K1 cell line became avail-
able recently (4), there is still some uncertainty among scien-
tists about the nuclear DNA amount in unreplicated nuclei of
CHO cells. The diploid genome of a normal Chinese hamster
(Cricetulus griseus) cell has 22 chromosomes (10 pairs of
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autosomes and 2 sex chromosomes). However, CHO cells
have an altered karyotype. In the parental cell line of CHO-
K1, only 8 of the determined 21 chromosomes appear to be
normal as compared to the euploid Chinese hamster chromo-
somes and the remaining 13 chromosomes (Z group) contain
translocations, deletions, and pericentric inversions (5).
Nevertheless, apart from the X, chromosome all of the
euploid chromatin is present in CHO cells (5). Consequently,
CHO cells have a nuclear DNA content close to that of normal
diploid Chinese hamster cells.

Furthermore, the definition of genome size often leads to
confusion. The correct usage of the term “genome size” and
also the commonly used term “C-value” has been discussed
extensively in literature (6). For diploid cells, genome size and
C-value are interchangeable and are generally defined as the
amount of nuclear DNA within a haploid (1n) set of chromo-
somes (7,8). Consequently, the nuclear DNA content of a dip-
loid cell is twice the genome size or the 2C-value. However,
what does this mean for CHO cells? Here, the unreplicated
nuclear DNA content of CHO cells (2C DNA amount) was
estimated in three different ways based on the currently avail-
able data from literature providing very similar results.

THE GENOME SEQUENCE OF THE CHO-K1 CEeLL LINE

In 2011, the genome sequence of the CHO-K1 cell line
was published (4). The assembly contained 2.45 Gb of
genomic sequence and the authors of this study estimated a
genome size of 2.6 Gb (4). As the total amount of chromatin
in CHO cells is close to that in normal Chinese hamster cells
(5), it can be assumed that most of the genomic sequence is
also present twice in CHO cells like it would be in normal
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Figure 1. General procedure of gene amplification to generate stable, high-expressing recombinant mammalian cell lines. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

diploid cells. Consequently, the 2C genome size is 5.2 Gb.
Applying Eq. (1) which was determined by Dolezel et al. (9)
leads to a 2C DNA amount of 5.3 pg.

DNA content[pg ]| =genome size [bp]/(0.978x10%) (1)

FEULGEN CYTOPHOTOMETRY

In a study from 1983, Feulgen cytophotometry was used
to determine the nuclear DNA content of various animal cells
relative to the plant Allium cepa (10). Allium cepa is frequently
used as reference for DNA measurements having a 2C-value
of 33.5 pg (11). Although this value originates from a study
published in 1965, it is still the generally accepted estimate
today (7). Greilhuber et al. measured 134 nuclei of mitotic
Chinese hamster lung fibroblasts and 50 nuclei of mitotic
CHO cells which were considered as diploid (2#). The deter-
mined DNA amount relative to Allium cepa was 0.1590 =
0.0088 for the Chinese hamster cells and 0.1630 = 0.0058 for
CHO cells (10). Consequently, the 2C DNA amounts are 5.33
pg and 5.46 pg, respectively.

CoMPARISON TO THE HUMAN GENOME SIZE

The overall human genome (22 autosomes, X and Y chro-
mosome) was estimated to be 3.08 Gb (12). Subtracting the
size of the Y chromosome leads to a genome size of 3.05 Gb for
a female human cell. Kato et al. measured the genome size of
34 species relative to diploid human fibroblasts using Feulgen
cytophotometry (13). They determined the genome size of the
Chinese hamster to be 91.5% of the female human genome.
Hence, the genome size of the Chinese hamster is 2.79 Gb. As
CHO cells contain 3% less total chromatin than diploid Chi-
nese hamster cells (5), the 2C genome size of CHO cells is 5.41
Gb. Applying Eq. (1) leads to a 2C DNA amount of 5.53 pg.

The human genome size of 3.05 Gb corresponds to a 1C-
value of 3.12 pg which perfectly fits to the 3.11 £0.16 pg
measured previously by Greilhuber et al. using Feulgen

894

cytophotometry (10). They determined the nuclear DNA con-
tent of CHO cells to be 88% of human, which would lead to a
2C DNA amount of 5.49 pg.

AVERAGE NUCLEAR DNA ConNtenT OF CHO CELLS

All considerations were made based on data from the
CHO-K1 cell line or its parental cell line. CHO cells are genet-
ically very unstable leading to considerable genomic heteroge-
neity between different cells lines (14). For example, the cell
line DG44 has only 20 chromosomes of which only seven are
normal, four can be assigned to the Z group, and the remain-
ing nine are altered chromosomes (15). Consequently, it is
very likely that there are also slight differences in genome size
between cell lines. However, it can be assumed that the varia-
tions in the total amount of nuclear DNA are marginal. The
determined 2C DNA amounts of CHO cells were within a nar-
row range of 5.3-5.53 pg. For this reason 5.4 pg seems to be a
good estimation of the unreplicated nuclear DNA content of
CHO cells.
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Research Article

Pichia pastoris secretes recombinant proteins less efficiently
than Chinese hamster ovary cells but allows higher space-time
yields for less complex proteins
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Chinese hamster ovary (CHO) cells are currently the workhorse of the biopharmaceutical indus-
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try. However, yeasts such as Pichia pastoris are about to enter this field. To compare their capabil- Revised 22 NOV 2013
ity for recombinant protein secretion, P. pastoris strains and CHO cell lines producing human Accepted 27 DEC 2013
serum albumin (HSA) and the 3D6 single chain Fv-Fc anti-HIV-1 antibody (3D6scFv-Fc) were cul- Accepted

tivated in comparable fed batch processes. In P. pastoris, the mean biomass-specific secretion rate article online 03 JAN 2014

(gp) was 40-fold lower for 3D6scFv-Fc compared to HSA. On the contrary, g, was similar for both
proteins in CHO cells. When comparing both organisms, the mean q,, of the CHO cell lines was
1011-fold higher for 3D6scFv-Fc and 26-fold higher for HSA. Due to the low g, of the 3D6scFv-Fc
producing strain, the space-time yield (STY) was 9.6-fold lower for P. pastoris. In contrast, the STY
of the HSA producer was 9.2-fold higher compared to CHO cells because of the shorter process
time and higher biomass density. The results indicate that the protein secretion machinery of
P. pastoris is much less efficient and the secretion rate strongly depends on the complexity of the
recombinant protein. However, process efficiency of the yeast system allows higher STYs for less
complex proteins.

Supporting information
available online s

Keywords: CHO cells - Fed batch - Protein secretion - Recombinant protein production - Volumetric productivity

1 Introduction

Human protein therapeutics became more and more
important for the treatment of various diseases over the
last decades. Today, many different production systems

Correspondence: Prof. Diethard Mattanovich, Department of Biotechnol-
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CDM, cell dry mass; CHO, Chinese hamster ovary; HSA, human serum
albumin; MTX, methotrexate; PTM, post-translational modification; STY,
space-time yield

are in use for the expression of heterologous proteins
ranging from bacterial hosts to transgenic animals. To
date, approved biopharmaceutical products are produced
in a limited number of expression systems (in particular
Escherichia coli, Saccharomyces cerevisiae, and Chinese
hamster ovary (CHO) cells) [1], but non-conventional sys-
tems are catching up [2]. The choice of the most suitable
expression system strongly depends on the complexity of
the product as well as the need for correct post-transla-
tional modifications (PTMs) such as glycosylation, disul-
fide bond formation, phosphorylation, and proteolytic pro-
cessing which might be required for biological efficacy.

* These authors contributed equally to this work.
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Mammalian cells are currently the expression system of
choice for the production of complex therapeutic proteins
which require proper folding, human-like PTMs or multi-
meric assembly. Various mammalian cell lines such as
CHO, mouse myeloma (NS0), baby hamster kidney (BHK),
human embryonic kidney (HEK-293), and human embry-
onic retinoblast (PER.C6) cells have been established.
However, almost all approved mammalian cell-derived
biopharmaceutical proteins have been produced in CHO
cells [1]. Mammalian cells have been used for more than
three decades for the production of recombinant proteins
and initially they were considered as the least effective
production system reaching product titers of only
50 mg L' in the mid-1980s. But mainly due to media and
bioprocess optimization, product titers ranging from 1 to
5 g L™ are typically reached in industry today [3]. Com-
pared to microbial expression systems, mammalian cell
cultures grow very slowly and reach only a low biomass
density. Moreover, media costs are generally higher,
although chemically defined, serum- and protein-free
media have been developed for CHO cells. Additionally,
cell line development is a very time-consuming process
which takes at least 6 months [4]. In spite of these draw-
backs, mammalian cells and especially CHO cells are cur-
rently the workhorse in biopharmaceutical industry,
mainly because they are the only established expression
system which is able to produce complex recombinant
proteins with human-like glycoforms which are bioactive
in humans. But also yeast expression systems have been
used for the production of therapeutic proteins since the
early 1980s. They can grow on inexpensive, chemically
defined media to very high cell densities. Until 2009, all
approved yeast-derived biopharmaceutical proteins were
expressed in S. cerevisiae. However, expression systems
based on non-conventional yeasts have been developed
during the last two decades. Especially the methy-
lotrophic yeasts Pichia pastoris and Hansenula polymor-
pha are frequently applied for recombinant protein pro-
duction. In 2009, Ecallantide (trade name Kalbitor) was
the first therapeutic derived from P pastoris that gained
FDA approval [5]. The main advantages of yeasts over
bacterial expression systems such as E. coli are their abil-
ity to secrete recombinant proteins into the culture broth
as well as the absence of endotoxins. Moreover, yeasts do
not contain oncogenic or viral DNA [6]. Furthermore,
yeasts are eukaryotes and so they have the capability of
protein processing such as protein folding and PTM-like
glycosylation. N-linked glycosylation patterns however
differ significantly from human and can impact the serum
half-life and immunogenicity of therapeutic proteins [7,
8]. The high mannose content and the absence of sugar
residues typical for human glycoproteins such as sialic
acid are a major drawback of yeasts compared to mam-
malian expression systems. Because of this, much effort
has been put into the engineering of strains that are able
to form human-like glycans. The synthesis of fully human-
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ized N-glycans in P pastoris has been achieved [9], as well
as the production of recombinant human proteins with
humanized N-glycans [10].

Although a huge amount of information about the
individual expression systems as well as comparative
reviews can be found in literature, a quantitative compar-
ison of heterologous protein production data is very diffi-
cult. The productivities of the individual systems strong-
ly depend on the expressed recombinant protein. Howev-
er, the proteins produced in microbial processes are gen-
erally different ones than those expressed in mammalian
cells. Smaller proteins are supposed to be produced more
economically in microbial cells, whereas mammalian
expression systems are exclusively used for large glyco-
sylated proteins. However, due to the recent advances in
glycoengineering, yeasts become a more and more attrac-
tive alternative for the recombinant production of com-
plex proteins.

In this study, process relevant parameters of high pro-
ducing recombinant P pastoris strains and CHO cell lines
secreting the same model proteins were compared. For
downstream processing, the product concentration as
well as the relative purity of the culture supernatant is of
high importance. Beside media costs, the achievable
space-time yield (STY) is the crucial criterion to assess
the economic efficiency of the fermentation process. The
STY depends on the one hand on the specific growth rate
(1) and the achievable biomass density and on the other
hand on the ability for product formation and secretion
which is described by the specific product secretion rate
(gp). Two model proteins with different complexity were
selected in order to challenge the expression systems in
different ways. One of them, human serum albumin (HSA)
is a monomeric and non-glycosylated protein that can be
produced at very high levels in P pastoris [11]. As a sec-
ond more complex model protein, a single chain Fv-Fc
fusion antibody (3D6scFv-Fc) derived from the monoclon-
al anti-HIV-1 antibody 3D6 [12] was designed. This pro-
tein is homodimeric and contains the Fc-specific glyco-
sylation site. For both host systems, transgene copy num-
ber was increased by gene amplification in order to estab-
lish high producing strains and cell lines which then were
cultivated in standard fed batch processes using the
same bioreactor system. Comparing the process relevant
parameters highlighted the strengths and limitations of P
pastoris and CHO cells for the production of recombinant
proteins.

2 Materials and methods
2.1 Model protein construction
The 3D6scFv-Fc antibody was designed by combining

the variable heavy chain (V;,) and the variable light chain
(V;) domain of the monoclonal antibody 3D6 [12] via a

© 2014 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 527
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(GGGGS), linker and fusing this single-chain fragment
variable (scFv) construct to the human IgGl fragment
crystallizable (Fc) region. The cDNAs of 3D6scFv-Fc and
human serum albumin (HSA) were codon optimized for
CHO cells and P pastoris respectively and synthesized
(Geneart, Germany).

2.1.1  P. pastoris expression vector

For both proteins, codon optimized genes were cloned
into the multiple cloning site (Sbfl, Sfil) of the in-house
vector pPUZZLE containing the Zeocin resistance cas-
sette for selection and the NTS region of the ribosomal
DNA locus as genome integration sequence [13]. The
expression of both model proteins was controlled by the
constitutive glyceraldehyde-3-phosphate dehydrogenase
(GAP) promoter of P pastoris. HSA was secreted by
means of its native secretion leader. For secretion of the
3D6sclv-Fc antibody the prepro leader sequence of the
S. cerevisiae alpha mating factor was used.

2.1.2 CHO cells expression vectors

Both target genes were cloned into the pCl-neo mam-
malian expression vector (Promega, WI, USA) which car-
ries the human cytomegalovirus (CMV) immediate-early
enhancer/promoter to drive the constitutive expression of
the inserted gene as well as the neomycin phosphotrans-
ferase gene for selection (pCl-neo_HSA_CHO, pCl-neo_
3D6scFc_CHO). For secretion of HSA the native leader
was used. The 3D6scFv-Fc antibody was secreted using
the human Ig heavy chain leader. Additionally, a second
plasmid (p2-dhfr) which contains the dihydrofolate reduc-
tase gene under the control of the SV40 early promoter
was used for gene amplification.

2.2 P. pastoris strains and CHO cell lines

2.2.1 P. pastoris strain development
The establishment of a high producing P pastoris strain
for each model protein was based on the procedure of
post-transformational vector amplification via repeated
selection on stepwise increased antibiotic concentrations
as described previously [14].

Plasmids linearized with Spel were transformed into
P pastoris SMD1168H (Life Technologies, CA, USA) using
electroporation (2 kV, 4 ms, GenePulser, Bio-Rad, CA,
USA). After regeneration, the cell suspension was plated
on YPD agar plates (10 g L™! yeast extract, 10 g L™ pep-
tone, 20 g L7 glucose, and 20 g L' agar) containing
25 ug mL! Zeocin. Initially, 24 clones for each model pro-
tein were picked from the 25 g mL ™! Zeocin containing
YPD agar plates, screened in shake flasks and analyzed by
SDS-PAGE, western blot, and ELISA. Out of those, the
best 12 clones were stepwise transferred to YPD agar
plates with increasing Zeocin concentrations (100, 500,
1000, 2500, and 5000 ug mL™). Thus, 12 clone families
were generated, each one containing six clones which
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were descended from different Zeocin levels. Thereby, the
clone selected on the lower Zeocin level represents the
parental strain of the clone selected on the next higher
level. Screening of the corresponding clones was carried
out in shake flask cultures on a Multitron II shaker (Infors,
Switzerland). Therefore, a single colony of the desired
clones was cultivated in 5 mL of YPD (10 g L ! yeast
extract, 10 g L™ peptone, and 20 g L ™! glucose) medium
supplemented with the respective amount of Zeocin.
Such pre-cultures were shaken at 180 rpm for 24-48 h at
28°C. After measuring the optical density (ODg,) of the
pre-cultures, main cultures (10 mL YPD medium in a
100 mL shake flask) were inoculated to an OD600 0f0.1 and
grown for 48 h at 28°C and 180 rpm. Additional glucose
(100 uL of 50% w/v glucose) was added to the cultures
after 12, 24, and 36 h. The cultures were harvested after
48 h of cultivation. Wet cell mass concentrations were
determined by centrifugation of 1 mL culture broth for
1 min at 17000g and 4°C. Aliquots of the supernatant as
well as cell pellets were stored at —20°C until further analy-
sis.

2.2.2 CHO cell line development

Two stable recombinant CHO cell lines producing
3D6scFv-Fc and HSA, respectively were established. Pro-
tein-free cultivated dihydrofolate reductase deficient
(dhfr) CHO cells DUKX-B11, ATCC CRL-9096 [15] were
used as host cell line. These cells were co-transfected
with the plasmids pCl-neo_ HSA_CHO or pCl-neo_
3D6scFc_CHO and p2-dhfr using polyethyleneimine (PEI)
as previously described [16]. Selection of recombinant cell
lines was performed in the presence of G418 and the
absence of hypoxanthine and thymidine (HT). For this
purpose the protein-free CHO medium ProCHO5 (Lonza,
Switzerland) supplemented with 4 mM L-glutamine and
0.5 mg mL™! G418 was used. To select single clones, lim-
iting dilution was conducted by seeding the cells into
96-well plates for 24 h after transfection. For each cell line,
transfections were done in four independent experiments
using 5 x 108 cells respectively. Cells were cultivated in a
37°C, 5% carbon dioxide environment. Additionally,
0.05 uM methotrexate (MTX) was added to the medium
for gene amplification and stepwise increased to 0.1 uM
in the subsequent passages. Best producing clones were
identified by screening the supernatants using product
specific ELISA assays. The number of clones was step-
wise reduced and the culture volume increased to 10 mL
using 48-well plates and T25 cell culture flasks. Finally, the
four best producing clones were transferred into 125 mL
spinner flasks and propagated in 50 mL suspension cul-
tures at 50 rpm and 37°C. These clones were evaluated
regarding specific growth rate and specific productivity
for at least ten passages. The best performing clone was
then subcloned by limiting dilution in 96-well plates. The
cultures were treated as before and MTX concentration
was stepwise increased to 0.4 uM in the subsequent pas-
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sages. The four best producing clones were again trans-
ferred into 125 mL spinner flasks and evaluated regarding
specific growth rate and specific productivity for at least
ten passages. For the two best performing clones, the
MTX-pressure was stepwise increased to 0.8 uM and
finally to 1.6 uM. The best performing clone at 0.4 uM
MTX was subcloned by limiting dilution in 96-well plates
for a third time. During culture volume expansion, the
clones were adapted to DMEM/Ham's F12 (1:1) supple-
mented with 4 mM L-glutamine, 0.25% soy peptone
(Quest International, The Netherlands), 0.1% Pluronic
F68, protein-free supplement (Polymun Scientific, Aus-
tria), and 0.4 uM MTX. The four best producing clones
were again transferred into 125 mL spinner flasks and
evaluated regarding specific growth rate and specific pro-
ductivity for at least ten passages. Working cell banks
were generated at the different stages of gene amplifica-
tion and subcloning.

2.3 Fed batch cultivation

2.3.1 P. pastoris cultivation

Glucose limited fed batch cultivations of the selected
P pastoris high producing strains were carried out in
duplicate in 1.0 L bioreactors (SR0O7000DLS, DASGIP,
Germany) with a fed batch starting volume of 350 mL as
described previously [17]. Pre-cultures for fed batch
experiments were inoculated from a cryo-stock and
grown at 25°C in 1000 mL shake flasks containing 100 mL
of YPD medium with corresponding amounts of Zeocin.
Cultures were shaken at 180 rpm for 24-48 h. Pre-culture
cells were harvested and used to inoculate the bioreactor
to the desired starting optical density (ODg,,) of 3.0.
Therefore, a defined culture broth volume was with-
drawn, transferred into sterile 50 mL centrifuge tubes and
centrifuged (1504g, 4 min, 25°C). After washing, the cells
were re-suspended in 40 mL of sterile batch medium and
used to inoculate the bioreactor, which was prefilled with
410 mL of sterile batch medium. After complete con-
sumption of glycerol in the batch phase, fed batch culti-
vation was initiated by starting the balance controlled
feed pumps. A constant feed of 2.38 g h™! fed batch medi-
um was applied for 113 h. The air flow rate was 13.56 L h™’.
Foam formation was antagonized by controlled addition
of 5% w/w antifoam solution (Glanapon 2000, Bussetti,
Austria). Samples for determination of cell dry mass
(CDM), product concentrations and cell viability were tak-
en every day. Viability of cells was analyzed with a cell via-
bility kit (BD Biosciences, CA, USA) on a flow cytometer
as described previously [18].

Batch medium contained per liter: 40 g glycerol, 12.6 g
(NH,),HPO,, 0.6 g MgSO, - 7H,0, 0.9 g KCl, 0.022 g
CaCl, - 2H,0, 2 g citric acid monohydrate, 4.6 mL PTM1
trace salts stock solution, and 2 mL of a 0.2 g L ™! biotin
(Sigma—Aldrich, MO, USA) solution. The pH was set to
5.85 with 25% w/w HCI. Fed batch medium contained per
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liter: 550 g glucose-H,0, 10 g KCl, 6.45 g MgSO, - 7H,0,
0.35 g CaCl, - 2H,0, 12 mL PTM1 trace salts stock
solution, and 2 mL of a 0.2 g L™! biotin solution. PTM1
trace salts stock solution contained per liter: 6.0 g
CuSO, - 5H,0, 0.08 g Nal, 3.36 g MnSO, - H,0O, 0.2 g
Na,MoO, - 2H,0, 0.02 g H,BO,, 0.82 g CoCl, - 6H,0,20.0g
ZnCl,, 65.0 g FeSO, - 7H,0, and 5.0 mL H,SO, (95-98%
W/W).

2.3.2 CHO cell cultivation

Fed batch cultivation was conducted in 800 mL cell cul-
ture bioreactors (DS0700TPSS, DASGIP, Germany) with a
starting working volume of 500 mL. The inocula were
expanded in spinner flasks starting from the working cell
bank. Exponentially growing cells from passage six were
used for inoculation. The initial cell concentration was
2.5 x 10° cells mL™!. The cultures were maintained at
37°C, pH 7.0, 30% dissolved oxygen, and an agitation
speed of 80 rpm. The initial batch medium was
DMEM/Ham's F12 (1:1) supplemented with 4 mM L-glut-
amine, 0.25% soy peptone (Quest International), 0.1%
Pluronic F68, and protein-free supplement (Polymun Sci-
entific). The feed medium for the 3D6scFv-Fc expressing
cellline contained 20 g ™! p-glucose, 28 mM L-glutamine,
5x MEM amino acids (PAA, Austria), and 10x MEM non
essential amino acids (PAA). The feed medium for the
HSA producing cell line was composed of 10 g L ! b-glu-
cose, 14 mM L-glutamine, 2.5x MEM amino acids, and 5x
MEM nonessential amino acids. Both feed media were
based on DMEM/Ham's F12 (1:1) supplemented with
0.25% soy peptone, 0.1% Pluronic F68, and protein-free
supplement.

After 50 h batch cultivation, the cultures were contin-
uously fed at a constant feed rate. The feed rate was
adjusted daily to maintain the glucose concentration of
the culture broth within the target range of 1.0-2.5 g L.
Samples for off-line analyses were taken once a day.
D-Glucose, L-glutamine, L-glutamate, and ammonium
concentrations were measured with a bioprofile analyzer
(BioProfile 100 Plus, Nova Biomedical, MA, USA).

2.4 Biomass concentration determination

2.4.1 P. pastoris

Optical density (OD) of P pastoris cultures was measured
at a wavelength of 600 nm after dilution in ddH,O. Yeast
dry mass concentrations were determined in duplicate for
each sample. Three milliliters of culture broth were cen-
trifuged at 4307g for 5 min, pellets were washed with b mL
ddH,O, centrifuged and re-suspended in ddH,O. This
suspension was transferred to a pre-weighed beaker and
dried at 105°C for 24 h.

2.4.2 CHOcells
Cell concentration was determined by counting the
nuclei of lysed cells with a Z2 Coulter Counter (Beckman
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Coulter, CA, USA). Cell viability was determined by try-
pan blue exclusion using a hemocytometer.

For CDM determination, more than 9 x 107 cells were
collected by centrifugation, washed with Dulbecco’s PBS
and dried as described above. The CDM was determined
once per fermentation. The time course of the CDM con-
centration was calculated based on the cell concentration
and the determined average dry mass of one CHO cell.

2.5 Analytical methods

2.5.1 ELISA

The concentrations of the secreted products were deter-
mined from the culture supernatants using sandwich
ELISA assays. For 3D6scFv-Fc, 96-well immunosorbent
plates (Nunc MaxiSorp, Thermo Fisher Scientific, MA,
USA) were coated with 0.33 ug mL ™! goat anti-human IgG
(y-chain specific) antibody (13382, Sigma-Aldrich) diluted
in coating buffer (0.1 M Na,CO,/NaHCO,, pH 9.6) at 4°C
overnight. After each incubation step, the plates were
washed three times using washing buffer (phosphate-
buffered saline (PBS)) containing 0.1% Tween 20, pH 7.4).
Affinity purified 3D6scFv-Fc was used as a standard pro-
tein at a starting concentration of 100 ng mL ™. Standard
and samples were serially diluted in washing buffer con-
taining 1% bovine serum albumin (BSA) and applied onto
the pre-coated plates. After 1 h, captured 3D6scFv-Fc was
incubated with 0.5 ug mL ™" horseradish peroxidase (HRP)
conjugated goat anti-human IgG (y-chain specific) anti-
body (62-8420, Life Technologies) for 1 h. Staining was
conducted using 100 mg mL ™! o-phenylenediamine dilut-
ed in 0.15 M citric acid buffer, pH 5.0 containing 0.02%
H,0,. After stopping the reaction with 25% H,SO,,
absorption was measured at 492 nm (620 nm reference
wavelength) using the infinite M1000 microplate reader
(Tecan, Switzerland). HSA concentrations were deter-
mined using the Human Albumin ELISA Quantification
Set (E80-129, Bethyl, TX, USA) according to the manufac-
turer’s instructions.

2.5.2 SDS-PAGE and western blot

Sample supernatants were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using NuPAGE Novex 4-12% Bis-Tris Gels (Life Tech-
nologies) and MOPS buffer according to the manufactur-
er's instructions. Proteins were visualized by silver stain-
ing [19] or transferred to a polyvinylidene difluoride
(PVDF) membrane for western blot analysis. Semi wet
blotting was applied using the XCell II Blot Module (Life
Technologies) according to the supplier's manual. The
membrane was blocked with washing buffer (PBS, 0.1%
Tween 20) containing 3% skim milk powder for 1 h. To
detect 3D6scFv-Fc, the membrane was incubated with
alkaline phosphatase (AP) conjugated goat anti-human
IgG (y-chain specific) antibody (A3187, Sigma-Aldrich)
1:5000 diluted in washing buffer containing 3% skim milk
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powder. 5-Bromo-4-chloro-3-indolyl-phosphate combined
with nitro blue tetrazolium (BCIP/NTB) staining was used
for the colorimetric detection of AP activity. HSA was
detected using a horseradish peroxidase (HRP) conjugat-
ed goat anti-human albumin antibody (A80-129P, Bethyl)
in a 1:30 000 dilution. For protein visualization the Super-
Signal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific) was used.

2.6 Parameter calculations

Smoothing of experimental data for CDM and secreted
product concentration was done using the smoothing
spline algorithm of the Matlab Curve Fitting Toolbox (The
MathWorks, MA, USA). A smoothing parameter of p = 0.2
was used for smoothing the CDM data, whereas a
smoothing parameter of p = 0.00001 was applied for
smoothing of the product concentration data. Specific
secretion rates and STYs were calculated based on
smoothed product concentrations as described in the
following. The specific product secretion rate g,
(mg g' h™) between two consecutive sampling points
was calculated according to Equation (1), where ¢, (h) is
the later point in time. Pj (mg) is the total amount of secret-
ed product at the time t, and CDM, (g) represents the total
CDM at the time ¢,

1 2(P, - B 4)
i ti—l CDMj_l + CDMJ

gp =7 (1)

The mean specific product secretion rate prmean
(mg g h™") was calculated with Equation (2), where ¢, (h)
is the time at the end of cultivation. In this study ¢, (h) rep-
resents the time of the feed start because pmean WaS
determined for the feed phase

2B - P_4)

1
tg—to 2_; CDM,_, +CDM, @

dPmean =

The STY (mg L™ h™") at a given point ¢, (h) was calculat-
ed according to Equation (3), where t, (h) represents the
time of fermentation start. P, (mg) is the total amount of
product at the time t,. V; is the total culture volume at the
time ¢,

1B-R

STY =
Vi ti—t

@)

The specific growth rate y (h™) between two consecutive
sampling points was calculated according to Equation (4)

__1 . cDM,
ti—tiq  CDM;

u (4)
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3 Results

3.1 Strain and cell line development

High-producing P pastoris strains and CHO cell lines
expressing 3D6scFv-Fc and HSA were developed. The
key data of strain and cell line development are shown in
Table 1. To achieve high-level expression, amplification of
the transgenes was conducted by stepwise increasing of
the Zeocin concentration in case of P pastoris and the
MTX concentration for CHO cells according to estab-
lished standard protocols.

The selection of high-producing P, pastoris strains was
based on the determination of biomass-specific product
yields in correlation to gene copy number. For 3D6scFv-
Fc, the maximal product yield in shake flask screening
cultures was obtained from a strain which was selected
on 500 ug mL! Zeocin (Supporting information, Fig. S1A).
Further increment of selection pressure resulted in
decreased product yields and gene copy numbers. In con-
trast, maximal product yields for HSA producing strains
were already reached at a Zeocin concentration of
100 ug mL! (Supporting information, Fig. S1B). Increas-
ing antibiotic concentrations led to higher copy numbers,
whereas product yields remained unchanged. Based on
the desired strain properties (high product yields and
high gene copy numbers), the 3D6scFv-Fc producing
strain derived from 500 pg mL™" Zeocin and the HSA pro-
ducing strain derived from 1000 ug mL™! Zeocin were
chosen for bioreactor cultivation.

The established CHO clones were evaluated by mon-
itoring the specific productivity g, and cell growth over
several passages. Increasing the MTX concentration from

Table 1. Key data of P. pastoris and CHO system comparison
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0.1 to 0.4 uM improved the productivity considerably
(Supporting information, Fig. S1C and D). However, a fur-
ther increase of MTX concentration could not raise the
specific productivity significantly. The determined gene
copy numbers clearly correlated with the specific produc-
tivities. For this reason the clones at 0.4 uM MTX were
selected for the final subcloning step to establish clonal
high producing CHO cell lines.

3.2 Fed batch cultivation

The established high producing P pastoris strains and
CHO cell lines were cultivated in a fed batch process
using comparable bioreactor systems (Table 1).

For P pastoris cultures, the substrate feed was started
after around 30 h of batch phase and was maintained for
113 h in order to reach a yeast dry mass concentration of
100 g L. The time courses of CDM and product concen-
tration of the 3D6scFv-Fc and HSA producing P pastoris
strains are shown in Fig. 1A and B.

Product concentrations were measured in the cell free
culture supernatant, corrected for the volume of the bio-
mass and recalculated to total culture volume as previ-
ously described [20]. After biomass correction, the P pas-
toris 3D6scFv-Fc cultivation yielded 8.8 + 0.1 mg L1, In
contrast, a product concentration of 380.2 + 32.7 mg L™!
could be achieved in the P pastoris HSA process. The cell
viability remained above 98% during the cultivations.

In case of the CHO cell lines, feeding was started after
an initial batch phase of 50 h. The process was stopped
after the viability dropped to 70%. CDM, cell viability and
product concentration of the CHO 3D6scFv-Fc and CHO
HSA cultivations are shown in Fig. 1C and D. The dura-

P. pastoris CHO cells
Host SMD1168H DUKX-B11
Promoter GAP promoter CMV promoter
Leader HSA Native Native
Leader 3D6scFv-Fc o-factor Human Ig heavy chain
Integration rDNA locus Random
Selection Zeocin resistance DHFR deficiency, G418 resistance
Amplification Zeocin Methotrexate
Bioreactor system SRO7000DLS, DASGIP DS0700TPSS, DASGIP
Cultivation mode Fed batch Fed batch
Temperature 25°C 37°C
Dissolved Oxygen 20% air saturation 30% air saturation
Stirrer speed 400-1250 rpm 80 rpm
pH 5.85 7.00

Synthetic, 40 g L' glycerol
Synthetic, 500 g L' glucose

Batch medium
Feed medium

Feeding strategy

Glucose-limited, constant feed rate (2.38 g h™)

DMEM/Ham’s F12 based

DMEM/Ham'’s F12 based, enriched with glucose and
amino acids

Constant residual glucose concentration of 1-2.5 g L,
feed rate adjusted accordingly
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Figure 1. Time courses of fed batch cultivations. Mean cell dry mass concentration, cell viability and product concentration of the (A) P. pastoris 3D6scFv-Fc,
(B) P. pastoris HSA, (C) CHO 3D6scFv-Fc, and (D) CHO HSA cultivations. Arrows mark the feed start. Data represent mean values + standard deviation of
two independent cultivations (CHO HSA: data of one cultivation after 163 h). Curves for cell dry mass and product concentration were calculated using the
smoothing spline algorithm of the Matlab Curve Fitting Toolbox. Biomass-specific secretion rates of (E) 3D6scFv-Fc producers and (F) HSA producers and
space-time yields of (G) 3D6scFv-Fc producers and (H) HSA producers during the feed phase. Data were calculated using smoothed product concentra-
tions of two independent cultivations. P. pastoris and CHO cells were cultivated in comparable DASGIP bioreactor systems. P. pastoris cultures were inocu-
lated with an optical density (ODy,) of 3.0 and grown at 25°C, pH 5.85, and 20% dissolved oxygen. A constant feed rate of 2.38 g h™' fed batch medium
(500 g L! glucose) was applied for 113 h. The CHO cell concentrations at cultivation start were adjusted to 2.5 x 10° cells mL™" and the cultures were
grown at 37°C, pH 7.0, 30% dissolved oxygen, and an agitation speed of 80 rpm. The feed rate was adjusted daily to maintain a constant residual glucose
concentration of 1.0-2.5 g L™. Product concentrations were determined using ELISA and are expressed as milligram product per liter of culture broth.
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tion of the CHO 3D6scFv-Fc fermentations was 234 h lead-
ing to a final product concentration of 1568.9 + 0.6 mg L.
The CHO HSA fermentation could be maintained for 379 h
and yielded 129.3 mg L.

Nearly 50-fold higher product levels were obtained for
HSA in comparison to 3D6scFv-Fc with P pastoris,
whereas product concentrations were in a similar range
for both proteins in the CHO cultivations. Notably, three-
to four-fold higher final HSA concentrations were
obtained in P pastoris fermentations, while for 3D6scFv-
Fc more than 12-fold higher product levels were reached
with CHO cells.

The quality of the expressed proteins and the purity of
the culture supernatant were evaluated by SDS-PAGE
and western blot. The results at two points in time (after
start of the feed and at the end of the process) of one rep-
resentative fermentation run are shown in Fig. 2. The
recombinant protein constituted the major product in the
supernatant in all cultivations.

The binding affinity of the 3D6scFv-Fc antibody to the
HIV-1 envelope protein UG37 gp140 was measured using
bio-layer interferometry (Supporting information, Fig. S2).
Very similar binding properties (k__, k g, and K values)
could be observed for 3D6scFv-Fv derived from P, pastoris
and CHO cells (Supporting information, Table S2). The
determined affinity constant K was 3.7 nM in both cases.
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:CHO HSA66 h
:CHOHSA379h

. P pastoris HSA 51 h

: P. pastoris HSA 149 h

: CHO 3D6scFv-Fc 66 h

: CHO 3D6scFv-Fc 234 h

. P. pastoris 3D6scFv-Fc 47 h

. P, pastoris 3D6scFv-Fc 145 h
M: molecular weight marker

Figure 2. Fed batch culture super-
natants after feed start and at the end of
the process. Silver stained SDS-PAGE
was used to analyze the total protein
content in the culture supernatant. West-
ern blot analysis was used to identify the
recombinant proteins HSA (67 kDa) and
3D6scFv-Fc (homodimer: approx.

kDa 110 kDa), respectively. (A) Silver stained
SDS—-PAGE and (B) western blot under
reducing conditions of the HSA produc-

140 ing CHO and P. pastoris clones. (C) Sil-
15 ver stained SDS-PAGE under non-reduc-
80 ing conditions, (D) Western blot under

65 non-reducing, and (E) reducing condi-
tions of the 3D6scFv-Fc expressing CHO
50 and P. pastoris clones. Equal volumes of
40 supernatant were loaded onto the gel.
Samples of two independent cultivations
30 were analyzed. The results of one repre-
25 sentative replicate per clone are shown.
15 Compared samples were always ana-
10 lyzed on the same gel.

3D6scFv-Fc glycosylation pattern was analyzed by
mass spectrometry. CHO cell-derived 3D6scFv-Fc anti-
bodies contained complex-type N-glycans which were
mainly fucosylated, whereas P pastoris-derived 3D6scFv-
Fc antibodies had exclusively high-mannose-type N-gly-
cans ranging from Man9 to Man16 (Supporting informa-
tion, Fig. S3).

The quality of secreted HSA was further analyzed on
the level of secondary structure. Therefore, far-UV circu-
lar dichroism spectra were recorded. The comparison to a
reference albumin derived from human serum revealed no
significant differences, showing that the HSA produced
in P pastoris and CHO cells was properly folded (Support-
ing information, Fig. S4).

The biomass-specific product secretion rate g, is an
essential parameter to assess the secretion performance
of an expression system. Figure 1E and F show the corre-
sponding time courses of gy, for both organisms and mod-
el proteins. In P pastoris, Qpmean Was significantly lower
(40-fold) for 3D6scFv-Fc than for HSA, whereas the spe-
cific product secretion rates were very similar for both
model proteins in the CHO cell lines. Furthermore, g,
clearly declined during the process in the P pastoris
strains. Large differences in g, could be observed com-
paring both organisms. The mean specific secretion rates
in the CHO cell lines were 1011-fold higher for 3D6scFv-
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Table 2. Overview of the results from the fed batch cultivations
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P. pastoris CHO P. pastoris CHO

3D6scFv-Fc 3D6scFv-Fc HSA HSA®)
Duration (h) 145 234 149 379
Maximal cell dry mass concentration CDM__ (g L™")? 853%1.0 0.604 +0.027 941142 0.311 £0.009
Maximal specific growth rate u__ (h™")? 0.147 £ 0.008 0.028£0.002  0.148+£0.003  0.023 +0.002
Gene copy number 10+ 19 18 +29) 11£29 130+ 169
Product concentration (supernatant) (mg L™)3 12.3+0.1 159.4+0.7 551.0+£36.4 129.4
Product concentration (broth) (mg L™")? 8.8+0.1 158.9+£0.6 380.2+32.7 129.3
Mean specific secretion rate q, . (feed phase) (mg g™ h™")®) 0.0018 1.82 0.071 1.86
Maximal specific secretion rate g, ... (feed phase) (mg g™ h™)?) 0.0040 2.36 0.113 2.77
Space-time yield (process end) STY, | (mg L' h™")® 0.067 0.642 2.856 0.312
Maximal space-time yield STY___ (feed phase) (mg L' h™")b) 0.088 0.642 2.866 0.427

max

) Mean + standard deviation (n = 2), two independent fed batch cultivations.
)

) Mean * standard deviation (n = 4), data from strain selection.
d) Mean * standard deviation (n = 2), data from cell line selection.
) Data of one cultivation after 163 h.

Fc and 26-fold for HSA compared to the P pastoris strains
(Table 2).

The STY is an important parameter to evaluate the
performance of the whole process. The time courses of the
STY during the feed phase for both organisms and model
proteins are shown in Fig. 1G and H. In P, pastoris the STY
at the end of the process was significantly higher for the
HSA compared to the 3D6scFv-Fc expressing strain
(more than 40-fold difference), whereas it was in the same
range for both model proteins in the CHO cell lines (less
than two-fold difference). Due to the low g, of the
3D6scFv-Fc producing P pastoris strain, the STY at the
end of the process was 9.6-fold lower in P pastoris in com-
parison with the corresponding CHO cell line. In contrast,
the STY of the HSA producers was 9.2-fold higher in
P pastoris compared to the CHO cell line due to the
shorter process time and the higher biomass density
(Table 2).

All process-relevant parameters of the fed batch culti-
vations are summarized and compared in Table 2.

4 Discussion

In this study, we compared the ability of the two fre-
quently applied expression systems P pastoris and CHO
cells for recombinant protein production. To conduct a
thorough comparison, we established P pastoris strains
and CHO cell lines which express the same model pro-
teins and cultivated them in fed batch processes using
comparable bioreactor systems (Table 1). Both expression
systems have their advantages and disadvantages con-
sidering clone development, cell growth, cell density, pro-
ductivity, and product quality.

Calculated with smoothed product concentrations, two independent fed batch cultivations.

4.1 Cell line and strain development

A major advantage of the P pastoris system is that stable
clones can be developed within a short time. A single
round of screening after transformation may be sufficient
to achieve a production clone, requiring about 2 weeks.
Additional rounds of amplification as described here may
extend this to 2 months.

Although site-specific integration of transgenes is
possible in CHO cells using recombinase-mediated cas-
sette exchange [21, 22], random integration is still com-
monly used. However this necessitates extensive screen-
ing, because the chances of isolating high-producing
clones depend on the number of clones that have been
screened. Furthermore, the establishment of a high-pro-
ducing stable CHO cell line requires steps of amplification
and single cell cloning and so the whole procedure is very
time-consuming and labor-intensive. Our standard proce-
dure includes initial single-cell cloning after transfection
followed by amplification, screening, and selection of the
best clone. This clone will then be subjected to two addi-
tional rounds of single-cell cloning, amplification, and
selection. Hence the whole clone development process
from transfection to cell banking takes at least 6 months.
Although high-throughput cell screening systems such
as FACS-based screening have been developed, the clone
development time of CHO cells cannot keep up with the
very short development times of P pastoris and microbial
systems in general.

4.2 Cell growth and cell density

One major limitation of the CHO cell system is low spe-
cific growth rate, leading to long process times and limit-
ed cell densities. Cell growth and viable cell concentra-
tions are additionally limited by the accumulation of tox-
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ic byproducts such as ammonium [23], lactate [24] as well
as elevated pCO, and hyperosmolality [25]. In P pastoris
cell density is mainly limited by the technical feasibility of
biomass removal from the culture broth. Therefore one
major aim of CHO process development is to achieve
higher cell densities by optimizing the fed batch strategy
[26], or by removing spent medium using perfusion [27].
While the low p . of CHO cells extends process duration
markedly, microbial processes are commonly not limited
by the cell’'s ability to achieve high growth rates but by
technical limits of heat and oxygen transfer. It should be
noted that the standard fed batch performed here for P
pastoris is rather long at low feed rates, leaving room for
optimization.

4.3 Productivity

One means to optimize feed rates is to adapt the feed pro-
file to the optimal trajectory of STY. We have shown before
[20] that specific secretion rate and specific growth rate
correlate strictly in P pastoris which is also observed here.
In CHO cells this correlation is rather weak (Fig. 3). There-
fore different optimization strategies need to be applied to
the two production platforms. In P pastoris, optimization
leads to initial high feed rates for rapid accumulation of
biomass, followed by a phase of decreasing u, thus allow-
ing time for product accumulation [20]. In CHO cells, the
fed batch strategy rather aims at maintaining reasonably
high viable cell concentrations. This difference in feed
strategy leads to large differences in process duration
spanning from 50 to 150 h for P pastoris up to 21 days for
CHO cells [28]. The STY is a measure for the product out-
put per bioreactor volume and time, and thus illustrates
the respective capital costs per unit of product. STY is
reverse proportional to process duration, so that in other
words the capital costs per unit product increase propor-
tionally with the time needed to achieve a defined amount
of product. Especially for the biopharmaceutical industry
capital costs for production plants are a major factor of
total production costs [29], so that maximizing STY is a
valid optimization strategy.

Our results illustrate clearly that specific productivity
(mean values during feed phase) in P pastoris depends
strongly on the product, being 40-fold lower for the anti-
body fragment compared to HSA. Low g, of the antibody
fragment cannot be explained by protein size and number
of disulfide bonds as HSA is a large protein of 67 kDa com-
posed of three domains with a total of 17 intramolecular
disulfide bonds and one free cysteine, compared to about
110 kDa and 10 disulfide bonds of the dimeric antibody
fragment. It is more likely that folding efficiency and ther-
modynamic stability account for differences in g, as
described for different variants of scFv fragments [30].
Notably this does not account for CHO cells as gy, is the
same for both proteins in this expression system. It may
be speculated that CHO cells are specifically better suit-
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Figure 3. Relationship between biomass-specific secretion rate g, and
specific growth rate | during the feed phase of fed batch cultivations.

(A) 3D6scFv-Fc and (B) HSA producing P. pastoris and CHO clones.

P. pastoris and CHO cells were cultivated as described for Fig. 1. Product
concentrations were determined using ELISA. Biomass-specific secretion
rates were calculated using smoothed product concentrations (smoothing
spline algorithm of the Matlab Curve Fitting Toolbox) of two independent
cultivations. Specific growth rates represent mean values of two independ-
ent cultivations.

ed to produce antibodies or their fragments while other
proteins like HSA are well produced also in lower eukary-
otic expression systems.

4.4 Product quality

Downstream processing is the major cost factor in a bio-
pharmaceutical production process accounting for 50-80%
of the total manufacturing costs [31]. Hence, it is very
important that an expression system produces the
desired protein at high relative purity to facilitate purifi-
cation. Both production systems in this study are able to
deliver very pure supernatants that contain low amounts
of host cell proteins. Certainly, the produced proteins
should be correctly folded and fully assembled to ensure
biological activity. In the CHO processes we did not
observe any product degradation. In case of P pastoris
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very little amounts of degraded HSA could be detected.
However, most of the HSA had the correct size and was
properly folded. The 3D6scFv-Fc antibody was predomi-
nantly assembled as a dimer of the correct size in both
expression systems. Not surprisingly, differences could be
observed in the N-glycosylation pattern of the 3D6scFv-
Fcantibody. The P, pastoris-derived antibodies were part-
ly unglycosylated or contained glycans of the high-man-
nose-type. In contrast, the Fc glycans present in antibod-
ies produced in CHO cells had the complex-type bianten-
nary structures which are typically found in human IgGs
[32]. As expected, the differences in IgG-Fc glycosylation
did not impair binding to the epitope. However, it is well
known that Fcyreceptor and complement mediated effec-
tor functions (antibody-dependent cellular cytotoxicity
and complement-dependent cytotoxicity) are strongly
affected by the IgG glycoform [33]. Hence, glycoengi-
neered P pastoris strains [34] would be required to pro-
duce fully functional IgGs or scFv-Fc antibodies.

4.5 Concluding remarks

In this study, we could demonstrate that in contrast to
CHO cells the secretion capacity of P pastoris is highly
dependent on the complexity of the produced recombi-
nant protein. In P pastoris the specific product secretion
rates are considerably lower compared to CHO cells. How-
ever, the shorter process times and the higher cell densi-
ties of P pastoris processes can compensate for the lower
secretion potential. Whether P pastoris or CHO cells are
the more adequate expression system strongly depends
on the particular protein. Considering the two model pro-
teins used in this study, we concluded that antibodies and
antibody fragments may be produced more economically
in CHO cells. On the contrary, P pastoris seems to be the
better choice for the production of less complex proteins
such as HSA.

The results of this study clearly indicate that the pro-
tein secretion machinery is much more efficient in mam-
malian cells than in yeast. The mechanisms that control
and limit recombinant protein expression and secretion in
yeast as well as in mammalian cells are still poorly under-
stood. Hence, a comprehensive comparison of these
expression systems on a physiological level using various
omics technologies might be very useful to identify the
bottlenecks of heterologous protein secretion in lower
eukaryotes.
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Supporting information: Strain and cell line selection

Supporting materials and methods
Transgene copy number determination in P. pastoris

Isolation of genomic DNA and determination of gene copy numbers was done as described previously [1].
Briefly, genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen, Germany) according to
the supplier’s supplementary protocol. Concentration of isolated DNA was measured with a
spectrophotometer at 260nm (Nanodrop). Gene copy numbers were determined with quantitative real-time
PCR using the SensiMix SYBR Kit (Bioline, UK) and a Rotor-Gene PCR cycler (Qiagen, Germany). Each
reaction was performed in quadruplicate. Raw data were analyzed relative to a reference sample with known
gene copy number by using the comparative quantitation method of the Rotor-Gene system software
(Qiagen, Germany). The protein disulfide isomerase (PDI) gene was used as normalizer. Primers used in this
study are given in Table S1.

Transgene copy number determination in CHO cells

Cells at different stages of gene amplification were cultivated in 250 mL Erlenmeyer flasks at 37 °C, 7 %
CO,, 90 % humidity and 120 rpm in an incubator shaker. Samples for gene copy number (GCN)
determination were taken in the exponential growth phase of two consecutive passages. 5 x 10° cells were
washed with Dulbecco’s PBS and genomic DNA was isolated using the QIAamp DNA Blood Mini Kit
(Qiagen, Germany) according to the manufacturer’s instructions including the RNase A digestion step in
order to obtain RNA-free DNA samples. The genomic DNA was then denatured at 99 °C for 10 min and
stored at 4 °C. DNA concentration and purity (Ajsp/Azg) was determined using the NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, MA, USA). The GCN was determined by quantitative real-
time PCR (qPCR) using a SYBR Green I assay and the MiniOpticon real-time PCR detection system (Bio-
Rad, CA, USA). One set of primers specific to the CMV immediate-early enhancer/promoter was employed
for all cell lines (Table S1). The amplicon size was 131 bp. The linearized pCl-neo expression vector was
used as standard for absolute quantification of the copy number. Standard dilutions containing 1 x 107 to
1 x 10* copies in a 1:10 dilution series were analyzed in triplicates for each qPCR run. Genomic DNA
samples were analyzed in triplicates using 10 ng as a template. The unreplicated nuclear DNA amount of
CHO cells was estimated to be 5.4 pg [2] and so the analyzed 10 ng represent the nuclear DNA amount of
1850 cells. The 20 uL reaction mix consisted of the SensiMix SYBR No-ROX Kit (Bioline, UK), 250 nM of
each oligonucleotide primer and the appropriate amount of template DNA. qPCR runs were performed by
10 min initial polymerase activation and DNA denaturation at 95 °C followed by 40 cycles of amplification
(15sat95°C, 15 s at 66 °C and 15 s at 72 °C). Fluorescence was recorded after each amplification cycle.
The specificity of the reactions was verified by analyzing the melting curve immediately after the last
amplification cycle. The results were evaluated with the CFX Manager software 2.1 (Bio-Rad, CA, USA).
Quantification cycle (C,;) values were determined using the ‘Regression’-mode. PCR efficiency was

calculated from the slope of the standard curve and was within 96.0 and 97.5 % for all qPCR runs.
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Supporting tables and figures

Table S1 Sequences of oligonucleotides used for determination of gene copy numbers by quantitative real-time PCR

Primer Organism Sequence (5-3")
3D6 fw P. pastoris TGC TGT TGA ATG GGA GTC TAA
3D6 rev P. pastoris GCA TAA CGG AAC AGG AGA AAAC
HSA fw P. pastoris AGA GAG ACA GAT CAA GAA GCA GAC
HSA rev P. pastoris CCA ACT TCT TAC CCT CTT CAG CG
PDI fw P. pastoris GGA AAG GCC CAC GAT GAA GTT GTC
PDI rev P. pastoris GCA TCC TCA TCA TTG GCG TAA AGA GTA G
CMV fw CHO cells ACC AAT GGG CGT GGA TAG CG
CMV rev CHO cells GGG CGA TCG CAG TTG TTA CG
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Figure S1 Strain and cell line selection. Selection of P. pastoris strains was based on biomass-specific (wet cell mass) product yields
and gene copy numbers (A and B). P. pastoris samples were taken after 48 h of shake flask cultivation. Product yields for P. pastoris
represent mean values of two independent screenings. Gene copy numbers for 3D6scFv-Fc producing strains derived from 25 and
500 pg mL™!' Zeocin as well as for HSA producing strains derived from 25 and 1000 ug mL™" Zeocin represent mean values of one
screening and three independent bioreactor cultivations and confirm the reproducibility of the experimental procedure and the genetic
stability of the generated yeast strains. For all other P. pastoris strains gene copy number determination was based on one biological
sample from a screening culture. Shown error bars represent standard deviations of two or four replicates as described above. For
CHO cell lines specific product secretion rates (qp) and gene copy numbers were the primary selection criteria (C and D). Data for
CHO cells were obtained form shake flask cultures and represent mean values + standard deviation of three (qp) and two (gene copy
number) consecutive passages. Product concentrations for yield and qp calculation were measured using ELISA. Gene copy numbers
were determined by quantitative real-time PCR and represent absolute values per unreplicated genome.



Supporting information: 3D6scFv-Fc binding affinity

Supporting materials and methods
Binding affinity determination

Binding affinity of 3D6scFv-Fc to the HIV-1 envelope protein UG37 gp140 (Polymun Scientific, Austria)
was determined using bio-layer interferometry (BLI). The Octet QK instrument (Pall ForteBio, CA, USA)
with Protein A biosensors was used to perform the kinetic assays. The 3D6scFv-Fc antibodies were loaded
onto the biosensors and the kinetic measurements were performed at serial dilutions of UG37 gp140 (2 uM,
1 uM, 500 nM and 250 nM). The assays were conducted at 30 °C and 1000 rpm agitation in Pall ForteBio’s
Kinetics Buffer. All data were processed by reference subtraction, y-axis alignment, inter-step correction and
Savitzky-Golay filtering. Binding kinetics were calculated using the 1:1 binding model and global fit
analysis provided by the Octet data analysis software 6.4 (Pall ForteBio, CA, USA).

Supporting tables and figures
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Figure S2 Affinity measurement of 3D6scFv-Fc to HIV-1 envelope protein UG37 gp140. Bio-layer interferometry sensorgrams
showing association and dissociation of UG37 gp140 to 3D6scFv-Fc derived from (A) P. pastoris and (B) CHO cells. UG37 gp140
was applied at concentrations of 2 uM, 1 pM, 500 nM and 250 nM (blue curves). Data was fitted using the 1:1 binding model (red

curves).

Table S2 Kinetics for binding of 3D6scFv-Fc to the HIV-1 envelope protein UG37 gp140

P. pastoris 3D6scFv-Fc CHO 3D6scFv-Fc
Kon [10° M s71] 1.97 +0.25 1.32+0.01
Ko [10¢ 5] 7.21+0.84 4.90+0.19
Kp [nM] 3.66 +0.03 3.71+0.13

Mean + standard deviation (n = 2), samples of two independent fed batch cultivations



Supporting information: 3D6scFv-Fc glycosylation

Supporting materials and methods
HPLC-ESI-MS analysis of glycopeptides

Supernatants from fed batch processes were used for determination of the N-glycosylation pattern of the
3D6scFv-Fc antibody. Antibodies were subjected to standard SDS-PAGE under non-reducing conditions.
Coomassie stained 3D6scFv-Fc homodimers were excised, S-alkylated and digested with trypsin as
described elsewhere [3]. Prior to SDS-PAGE separation, P. pastoris supernatant was concentrated 10-fold by
acetone precipitation to provide a sufficient amount of antibody for subsequent analysis steps. Glycopeptide
analysis was performed on a high-performance liquid chromatography electrospray ionization mass
spectrometry (HPLC-ESI-MS) system consisting of a Dionex UltiMate 3000 LC system (Thermo Fisher
Scientific, MA, USA) and a Waters Q-TOF Ultima MS system (Waters, MA, USA) with standard ESI-
source. Glycopeptides were separated on a BioBasic C18 column (150 mm x 0.32 mm, 5 pm, Thermo Fisher
Scientific, MA, USA). A gradient from 1 % to 80 % acetonitrile (ACN) was developed over 60 min at a flow
rate of 6 uL min™' (solvent A consisted of 0.3 % formic acid buffered to pH 3.0 with ammonia and solvent B
was 100 % ACN). Positive ions in the range from m/z 400 to 1800 were measured. Capillary voltage was
3.2 kV and time of flight voltage 9.1 kV, source temperature was 100 °C and desolvation temperature

200 °C. Data were evaluated using MassLynx 4.0 software.

Supporting references

[3] Stadlmann, J., Pabst, M., Kolarich, D., Kunert, R., Altmann, F., Analysis of immunoglobulin glycosylation by LC-ESI-MS of
glycopeptides and oligosaccharides. Proteomics 2008, 8, 2858-2871.
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Figure S3 N-glycosylation patterns of secreted 3D6scFv-Fc. The deconvoluted glycopeptide spectra of (A) CHO cell and
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(B) P. pastoris produced 3D6scFv-Fc was determined by high-performance liquid chromatography electrospray ionization mass
spectrometry (HPLC-ESI-MS). CHO cell derived 3D6scFv-Fc carries several complex-type N-glycans (mostly fucosylated), whereas
P. pastoris derived 3D6scFv-Fc carries exclusively high-mannose-type N-glycans, ranging from Man9 to Manl6. In contrast to
CHO, a notable amount of non-glycosylated product (indicated by the peptide peak in (A) and (B)) was found for P. pastoris. Panel
(C) highlights the presence of phosphorylated forms of the oligo-mannosidic N-glycans Man11, Man12 and Man13 on P. pastoris
produced 3D6scFv-Fc, albeit at very low levels when compared to the abundance of the corresponding non-phosphorylated mannose
structures. The relevant part of the deconvoluted glycopeptide spectra is depicted. Peaks representing phosphorylated mannose forms
are marked with Ph (+ 80 Da distance to the respective non-phosphorylated structure). Y-axes of glycopeptide spectra show relative
intensity in % and X-axes represent mass of [M+H]" ion. Panel (D) summarizes the structures of the complex-type N-glycans found
in this study. N-glycan nomenclature is based on the Proglycan abbreviation system (www.proglycan.com). Abbreviations (in

brackets: Proglycan single letter code): GlcNAc (Gn) — N-acetylglucosamine; Gal (A) — galactose; Man (M) — mannose; Fuc (F) —
fucose; Neu5Ac (Na) — N-acetylneuraminic acid.



Supporting information: HSA structure

Supporting materials and methods
HSA purification and Electronic Circular Dichroism analysis

To investigate the secondary structure of secreted HSA, supernatants from fed batch processes were purified
and applied to Electronic Circular Dichroism (ECD) analysis. Purification of supernatants was done using a
1 mL HiTrap Blue HP column in combination with an AKTA chromatography system (GE Healthcare, UK)
following the manufacturer's protocol. For each organism 40 mL of filtered protein solution, containing a
total amount of 3.6 mg HSA, were loaded onto the column by applying a flow rate of 0.7 mL h™. Prior to
loading, protein solutions were filtered (Millex GP, 0.22 pm, EMD Millipore, MA, USA). 50 mM KH,PO,
solution was used as binding buffer (pH 7.0). Elution buffer contained 50 mM KH,PO, and 1.5 M KCI
(pH 7.0). HSA was eluted from the column with 5 mL elution buffer at a flow rate of 0.7 mL h™'. Desalting
of eluates was achieved by using PD-10 Desalting columns (GE Healthcare, UK) following the gravity
protocol according to the manufacturer’s instructions. 50 mM KH,PO, solution (pH 7.0) was used as elution
buffer. Amicon Ultra-0.5 Centrifugal Filter devices (EMD Millipore, MA, USA) were used for further
concentration of the protein solutions according to the supplier’s manual. ECD spectra were measured on a
Chirascan spectropolarimeter (Applied Photophysics, UK) that allowed simultaneous UV-Vis and ECD
monitoring. The system was equipped with a Peltier temperature control unit and flushed with nitrogen at a
flow rate of 3 L min™. Far-UV spectra (190-280 nm) were measured in a | mm path-length quartz cuvette.
The following instrument settings were used: spectral bandwidth: 1 nm; step size: 1 nm; scan time: 15 min.
The protein concentration was 0.30 mg mL"'. All ECD measurements were performed in binding buffer at

25 °C. Each spectrum was automatically corrected with the base line to remove birefringence of the cell.

Supporting tables and figures

80

—— P.pastoris
CHO

60 1 ——~ Standard

H
o
1

Ellipticity [ndeg]
S

o
1

-20

'40 T T T T T
180 200 220 240 260 280 300

Wavelength [nm]

Figure S4 Electronic circular dichroism based characterization of secreted human serum albumin (HSA). Far-UV spectra
(190-280 nm) of HSA produced in P. pastoris and CHO cells were compared to a human serum derived HSA standard (A8763,
Sigma-Aldrich, MO, USA).
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Abstract

MicroRNAs are short non-coding RNAs that play an important role in the regulation of gene
expression. Hence, microRNAs are considered as potential targets for engineering of Chinese
hamster ovary (CHO) cells to improve recombinant protein production. Here, we analyzed
and compared the microRNA expression patterns of high, low and non-producing
recombinant CHO cell lines expressing two structurally different model proteins in order to
identify microRNAs that are involved in heterologous protein synthesis and secretion and thus
might be promising targets for cell engineering to increase productivity. To generate
reproducible and comparable data, the cells were cultivated in a bioreactor under steady-state
conditions. Global microRNA expression analysis showed that mature microRNAs were
predominantly up-regulated in the producing cell lines compared to the non-producer. Several
microRNAs were significantly differentially expressed between high and low producers, but
none of them commonly for both model proteins. The identification of target mRNAS is
essential to understand the biological function of microRNAs. Therefore, we negatively
correlated microRNA and global mRNA expression data and combined them with
computationally predicted and experimentally validated targets. However, statistical analysis
of the identified microRNA-mRNA interactions indicated a considerable false positive rate.
Our results and the comparison to published data suggest that the reaction of CHO cells to
heterologous protein expression is strongly product and/or clone-specific. In addition, this
study highlights the urgent need for reliable CHO-specific microRNA target prediction tools
and experimentally validated target databases in order to facilitate functional analysis of high-

throughput microRNA expression data in CHO cells.

Keywords: Chinese hamster ovary cells, productivity, chemostat, microarray, miRNA

expression profiling, miRNA target identification
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Introduction

Chinese hamster ovary (CHO) cells are the most frequently applied expression system for the
production of therapeutic proteins, mainly because of their ability to grow in suspension and
to secrete complex recombinant proteins that are correctly processed. CHO cells allow proper
protein folding and post-translational modifications such as human-like glycosylation which
might be required for biological efficacy. Mammalian cells have originally been considered as
the least effective production systems. But due to the advances in cell culture technology over
the last three decades, product titers of 1 to 5 g L' are typically reached in industry today
(Hacker et al. 2009). This was mainly achieved by vector, media and process optimization,
but also cell engineering has been applied to improve the productivity of recombinant CHO
cells. A multitude of strategies to engineer apoptosis resistance, cell proliferation, product
secretion or cell metabolism have been described and are comprehensively reviewed
elsewhere (Kim et al. 2012). These approaches often include the stable overexpression of one
or more genes, which constitutes an additional burden to the translational machinery of the
cell. To circumvent this drawback, microRNAs (miRNASs) have been considered as potential
targets for cell engineering (Mdiller et al. 2008). MicroRNAs are short (~22 nt) endogenous
RNAs that play an important role in the regulation of gene expression (Bartel 2004). They are
predominantly transcribed by RNA Polymerase Il, processed by Drosha and exported to the
cytoplasm where the ~70 nt precursor hairpin (pre-miRNA) is cleaved by Dicer resulting in a
MIRNA/MIRNA* duplex. One strand (mature miRNA) associates with Argonaute (AGO)
proteins and forms a miRNA-induced silencing complex (miRISC) which recognizes the
target mRNAs predominantly by binding to the 3’-UTR through imperfect base-pairing (Krol
et al. 2010). MicroRNAs act in a post-transcriptional manner by decreasing translational
efficiency and/or transcript levels. A single miRNA can repress hundred different mRNAs
and thereby regulates entire gene networks (Hobert 2008). They play crucial roles in a wide
range of biological processes including development, proliferation, differentiation, apoptosis
and metabolism (Bartel 2004; He and Hannon 2004). In mammalian cells, miRNAs are
predicted to regulate or fine-tune gene expression of ~50% of all protein-coding genes (Krol
et al. 2010). In CHO cells it has already been shown that miRNAs can be utilized to improve
growth (Jadhav et al. 2012), apoptosis resistance (Druz et al. 2013) and specific productivity
(Barron et al. 2011; Jadhav et al. 2014; Strotbek et al. 2013).

In this study, we analyzed and compared the miRNA expression pattern of high, low and non-
producing recombinant CHO cell lines to identify miRNA targets that are involved in

recombinant protein synthesis and secretion and thus might be promising starting points for
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cell engineering to increase specific productivity. Cross-species miRNA microarrays were
used as screening tools and quantitative reverse transcription polymerase chain reaction (QRT-
PCR) for the confirmation of differentially expressed miRNAs. Samples for comparative
physiological analyses are generally taken in the exponential growth phase. However, the
cellular transcriptome of mammalian cells is very dynamic during batch cultivation where the
conditions change continuously due to nutrient consumption and the accumulation of
metabolites (Hernandez Bort et al. 2012; Koh et al. 2009). For this reason, we applied steady-
state cultivation using a continuous process (chemostat). This enabled the cultivation of the
cells with a defined specific growth rate in a constant environment.

Because miRNAs regulate gene expression via interaction with their target mRNAs,
identifying targets is crucial for understanding the biological function of miRNAs. However,
although more than 400 expressed mature miRNAs have been identified in CHO cells (Hackl
et al. 2012), the exact biological function of most of them in cultivated cells is still largely
unknown. To identify potential miRNA-mRNA interactions, miRNA expression data were
linked to mMRNA expression data from microarray analysis. But due to a lack of reliable
computational prediction tools and CHO-specific experimentally validated miRNA target
databases, high-throughput miRNA target identification remains a major challenge.

Material and Methods
Cell lines

Recombinant CHO suspension cell lines expressing the 3D6 single chain Fv-Fc fusion
antibody (3D6scFv-Fc) and human serum albumin (HSA) with low and high productivity
were established as previously described (Maccani et al. 2014). Briefly, protein-free
cultivated dihydrofolate reductase deficient CHO cells (DUKX-B11, ATCC CRL-9096) were
used as host cell line. After co-transfection with a pCl-neo mammalian expression vector
(Promega, Madison, WI, USA) containing the appropriate gene of interest and a second
plasmid (p2-dhfr) which contains the dihydrofolate reductase gene, stable recombinant cells
were selected in the presence of G418 and the absence of hypoxanthine and thymidine.
Productivity was improved by stepwise increase of the methotrexate (MTX) concentration
and two steps of subcloning by limiting dilution. Low producing cell lines (CHO 3D6scFv-Fc
low producer and CHO HSA low producer) were selected at 0.1 uM MTX and high
producing cell lines (CHO 3D6cFv-Fc high producer and CHO HSA high producer) at 0.4
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UM MTX. A stable non-producing cell line (CHO empty vector) was established by co-
transfection of the host cell line with the empty pCl-neo vector and p2-dhfr. MTX
concentration was increased to 0.1 pM.

Steady-state cultivation

Chemostat cultivations were conducted in 800 mL cell culture bioreactors (DS0700TPSS,
DASGIP, Jilich, Germany). The inocula were expanded in spinner flasks starting from the
working cell bank. Exponentially growing cells from passage six were used for inoculation.
The initial cell concentration was 2.5 x 10° cells mL™. The cultures were maintained at 37°C,
pH 7.0, 30% dissolved oxygen and an agitation speed of 80 rpm. The medium was composed
of DMEM without glucose and Ham’s F12 (1:1) supplemented with 4 mM L-glutamine,
0.25% soy peptone (Quest International, Naarden, The Netherlands), 0.1% Pluronic F68 and a
protein free supplement (Polymun Scientific, Klosterneuburg, Austria). After 3 days of batch
cultivation, the process was switched to continuous operation for 11 days. Fresh medium was
supplied at a constant flow rate to maintain a dilution rate D of 0.5 dX. The working volume
was kept constant at 400 mL using a DASGIP level sensor. Samples for off-line monitoring
were taken once a day. D-glucose, L-glutamine, L-glutamate and ammonium concentration
were measured with a bioprofile analyzer (BioProfile 100 Plus, Nova Biomedical, Waltham,
MA, USA). Cell concentration was determined by counting the nuclei of lysed cells with a Z2
Coulter Counter (Beckman Coulter, Brea, CA, USA). Cell viability was determined by trypan

blue exclusion using a hemocytometer.

Productivity determination

The concentrations of the secreted products were determined from the culture supernatants
using sandwich ELISA assays as previously described (Maccani et al. 2014). Briefly, 96-well
microtiter plates (Nunc MaxiSorp, Thermo Fisher Scientific, Waltham, MA, USA) were
coated with 0.33 pg mL™* goat anti-human IgG (y-chain specific) antibody (13382, Sigma-
Aldrich, St. Louis, MO, USA) to detect 3D6scFv-Fc. Affinity purified 3D6scFv-Fc was used
as a standard. Standard and samples were applied in serially two-fold dilutions and captured
3D6scFv-Fc was incubated with 0.5 pg mL™ horseradish peroxidase conjugated goat anti-
human IgG (y-chain specific) antibody (62-8420, Life Technologies, Carlsbad, CA, USA).
Staining was conducted using o-phenylenediamine and H202. The absorption was measured at

492 nm with an infinite M1000 microplate reader (Tecan, Mannedorf, Switzerland). HSA
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concentrations were determined using the Human Albumin ELISA Quantification Set (E80-
129, Bethyl, Montgomery, TX, USA) according to the manufacturer’s instructions.

The specific product secretion rate ger (pg cell* d) during steady-state cultivation was
calculated according to equation (1), where D (d!) represents the dilution rate. VCC (cells

mL1) is the viable cell concentration and Cr (ug mL™) the product concentration.

C
-D P_%10° 1
Op =Dx T omx (1)

RNA Isolation

Total RNA samples were isolated from 5x10° cells using the Ambion TRI Reagent (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions using
chloroform for extraction. Yield and purity were determined using the NanoDrop 1000
sprectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Only total RNA
samples with an A260/A280 ratio between 1.8 and 2.0 and an A260/A230 ratio >2.0 were
used in this study. The integrity of the RNA samples was analyzed using the Agilent 2100
Bioanalyser together with the RNA 6000 Nano LabChip kit (Agilent, Santa Clara, CA, USA).
The RNA integrity number (RIN) was >9.9 for all samples which indicates a very high
sample quality.

MicroRNA microarray

Cross-species microRNA microarray assays were conducted as described previously
(Hernandez Bort et al. 2012). Briefly, epoxy-coated Nexterion glass slides were spotted with
eight replicates of a locked nucleic acid (LNA) probe set consisting of 2367 probes against
human, mouse and rat miRNAs based on miRBase 16. Total RNA extracts of three biological
replicates per cell line from independent steady-state cultivations were analyzed. Therefore,
800 ng total RNA were hybridized against a common reference (pooled RNA from all
samples). To label the miRNAs, the Exiqon Power Labeling Kit (Exiqon, Vedbaek, Denmark)
was used according to the manufacturer’s instructions. The arrays were hybridized for 16 h at
56°C followed by automated washing and drying with nitrogen using a Tecan HS 400
hybridization station (Tecan, Mannedorf, Switzerland). Slides were then scanned at 10 um
resolution and auto-gain settings using a Roche NimbleGen MS200 scanner (Roche
NimbleGen, Madison, Wi, USA).
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Feature extraction was conducted using the GenePix software (Molecular Devices,
Sunnyvale, CA, USA). The LIMMA package of R/Bioconductor was applied for background
correction, normalization and statistical analysis as previously described (Hackl et al. 2010).
The resulting p-values were corrected for multiple testing according to Benjamini and
Hochberg (Benjamini and Hochberg 1995). Raw and normalized microarray data have been
deposited in NCBI’s Gene Expression Omnibus (GEO) database
(www.ncbi.nlm.nih.gov/geo/) and are available under accession number GSE57023.

The software Genesis 1.7.6 (Sturn et al. 2002) was used to conduct hierarchical clustering.

MRNA microarray

As microarray platform, the 4x44k design from Agilent (CA, Santa Clara, USA) was chosen.
60-mer oligonucleotide probes were designed based on the published genomic sequence of
the CHO-K1 cell line (Xu et al. 2011). The probe-set and array-design (20650 genes, spotted
in duplicates) were submitted to the Agilent eArray platform.

Total RNA extracts of three biological replicates per cell line from independent steady-state
cultivations were analyzed in duplicates (dye-swap). The Agilent Low Input Quick Amp
Labeling Kit was used to generate fluorescent cRNA targets for hybridization with CHO-
specific oligonucleotide arrays. Labeling and hybridization were performed according to the
manufacturer’s instructions. Briefly, 200 ng of total RNA were used for reverse transcription
and the subsequent cRNA synthesis and labeling reaction with either cyanine 3-CTP (Cy3) or
cyanine 5-CTP (Cy5). After purification of labeled cRNA using the RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands), yield and labeling efficiency was determined using the
NanoDrop 1000 sprectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The
labeling efficiency was >22 pmol Cy3 or Cy5 per ug cRNA for all samples. The cRNA of the
appropriate sample and the common reference (pooled RNA from all samples) were mixed
and fragmented using the Agilent Gene Expression Hybridization Kit and transferred to the
microarray slide. Hybridization was performed at 65°C for 17 h. After washing, the slides
were scanned at 5 pum resolution using an Agilent microarray scanner G2565AB.

The scanned images were processed using the Agilent Feature Extraction 11.0 software.
Background correction, normalization and statistical analysis were performed as previously
described (Graf et al. 2008). The resulting p-values were adjusted for multiple testing using
the method of Benjamini and Yekutieli (Reiner et al. 2003).



Appl Microbiol Biotechnol (2014) 8

Quantitative reverse transcription PCR

MicroRNA and mRNA expression were measured using the miScript PCR system (Qiagen,
Venlo, The Netherlands) which allows the parallel quantification of mature miRNAs and
mRNAs. Total RNA extracts were converted into cDNA using the miScript Il RT Kit
(Qiagen) according to the manufacturer’s instructions. Quantitative real-time PCR (gPCR)
was performed on a MiniOpticon real-time PCR detection system (Bio-Rad, Hercules, CA,
USA) using the miScript SYBR Green PCR Kit (Qiagen) according to the supplier’s manual.
To improve the reliability of the assay, the expression of each miRNA was normalized using
two internal references (cgr-miR-185-5p and Actr5). The miRNA cgr-miR-185-5p was used
as an internal control previously (Jadhav et al. 2012) and the mRNA Actr5 showed very stable
expression in the microarray experiment across all CHO cell lines used in this study.
Additionally, Actr5 was described as a suitable internal control gene before (Bahr et al. 2009).
For mRNA quantification, Gapdh and Actr5 were used as internal reference genes. A 20 pL
gPCR reaction mix contained 10 ng cDNA and the appropriate 10x miScript Primer Assay
(Qiagen). All miScript Primer Assays and other primers used in this study are specified in
Table S1 (Supplementary material). The PCR was run at 95°C for 15 min and 40 cycles of
94°C for 15 s, 55°C for 30 s and 70°C for 30 s. The specificity of the reactions was verified
by analyzing the melting curve immediately after the last amplification cycle. The results
were evaluated with the software CFX Manager 3.0 (Bio-Rad). Quantification cycle (Cq)
values were determined using the ‘Regression’-mode. Three biological replicates (samples
from three independent cultivations) were analyzed in technical duplicates (two independent
gPCR assays). Relative expression ratios were calculated using the software REST 2009
(Pfaffl et al. 2002). The REST 2009 algorithm uses a statistical randomization test to
determine the significance of the expression ratio as well as a complex Taylor series to

estimate the standard error (SE).

Target prediction of differentially expressed miRNAs

For miRNA target prediction the miRWalk database (Dweep et al. 2011) was used. Beside the
miRWalk algorithm this database includes miRNA-mRNA interactions predicted by DIANA-
microT (version 3.0), miRanda (August 2010), miRDB (April 2009), PicTar (March 2007),
PITA (August 2008), RNA22 (May 2008), RNAhybrid (version 2.1) and TargetScan (version
5.1). Only interactions predicted by more than half of these programs were considered. The

database miRTarBase 4.5 (Hsu et al. 2014) was used to identify potential targets based on
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validated miRNA-target interactions in human, mouse or rat. Pearson correlation was
analyzed between miRNA expression levels (QRT-PCR data) and mRNA expression levels
(microarray data). Student’s t-tests was used to identify significantly negatively correlated
miIRNA-mRNA pairs. The resulting p-values were corrected for multiple testing according to
Benjamini and Hochberg (Benjamini and Hochberg 1995).

Results
Steady-state cultivation

The CHO cell lines were cultivated in a continuous process (chemostat) to establish steady-
state conditions. After a batch phase of three days, the process was switched to continuous
operation with a constant dilution rate D of 0.5 d'. The viable cell concentration remained
constant during continuous operation (Fig. la—e). Consequently, the specific growth rate u
was equal to the dilution rate D. Also the residual glucose, glutamine, lactate and ammonium
reached constant concentrations (Fig. Sla—e, supplementary material), confirming the
establishment of steady-state conditions. The specific product secretion rates qe were
considerably (8-fold) different between high and low producers but similar for 3D6scFv-Fc
and HSA (Fig. 1f). Samples for miRNA and mRNA expression analysis were harvested on
day 14 after more than five volume changes.

The high producing cell lines had been established by increasing the transgene copy number
of the low producers in order to reduce effects caused by clonal variation (Maccani et al.
2014). Consequently, observed differences in miRNA and mRNA expression profile between
high and low producer should predominantly be relatable to cellular processes that are
involved in the biosynthesis of the recombinant protein including transcription, mRNA
processing and translation as well as protein processing and secretion. The product mRNA
levels perfectly corresponded to the determined increase of qgr between high and low
producers (Fig. 2), indicating that there are no limitations at the stage of translation, protein
processing or secretion. However, differential gene expression between the high and low
producers may reflect the adaptations necessary for the cell to handle the higher recombinant

protein load.
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Fig. 1 Time courses of steady-state cultivations. Viable cell concentration and viability of (a) CHO 3D6scFv-Fc
low producer, (b) CHO 3D6scFv-Fc high producer, (c) CHO HSA low producer, (d) CHO HSA high producer
and (e) CHO empty vector (non-producer). (f) Specific product secretion rate gp in steady-state. Cells were
cultivated in a 0.8 L cell culture bioreactor. After three days of batch cultivation, the process was switched to
continuous cultivation (dilution rate D = 0.5 d™!). The culture volume was maintained at a constant level of 400

mL. Data represent mean values of three independent cultivations (error bars: SD)
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Fig. 2 Correlation of product mRNA level and specific product secretion rate gp. The diagram shows the ratios of
product mRNA and gp of 3D6scFv-Fc and HSA high producers to low producers. Transcript levels were
determined by qRT-PCR. Data represents mean values of three independent steady-state cultivations (error bars:

SE)

MicroRNA expression screening by microarray analysis

Expressed and differentially regulated miRNAs were initially identified using a miRNA
microarray platform containing probes against 2367 mature miRNAs from human, mouse and
rat. In total 320 miRNAs were significantly expressed (signal intensity > background intensity
+ 2 x standard deviation) in the five CHO cell lines. For these miRNAs, logz fold changes
against a common reference pool were calculated and the distribution analyzed (Fig. 3a). The
results showed increased miRNA levels in the producing cell lines compared to the non-
producer, where the shift was statistically significant (Student’s t-test, p < 0.05) for 3D6scFv-
Fc low producer and 3D6scFv-Fc high producer. Comparing high producers with low
producers as well as producers with non-producer, a total of 83 non-redundant miRNAs were
significantly differentially expressed (adj. p < 0.05 and fold change > 1.5) in at least one of
the comparisons. These miRNAs were analyzed using hierarchical clustering (Fig. 3b). The
heat map shows that 3D6scFv-Fv expression predominantly led to an up-regulation of
mIiRNA expression (Cluster D and E). In contrast, a large fraction of miRNAs was down-
regulated in both HSA producers (Cluster A, B and C). Especially the miRNAs of cluster A
were highly affected by HSA expression. However, comparing the high producers with the
low producers, no significantly differentially expressed miRNA (adj. p < 0.05 and fold change
> 1.5) was commonly up- or down-regulated for both model proteins (Fig. 3c). Interestingly,
more MiRNAs were significantly down-regulated than up-regulated between the individual

high and low producers, although we observed a global increase of miRNA levels in the
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producing cell lines relative to the non-producer. Between high producers and non-producer
five significantly differentially expressed miRNAs were commonly up-regulated and one was

commonly down-regulated (Fig. 3d).
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Fig. 3 Comparative microRNA profiling using microarray analysis. Total RNA samples of five CHO cells lines
from steady-state cultivations (n = 3) were analyzed. 3D6_L, CHO 3D6scFv-Fc low producer; 3D6_H, CHO
3D6scFv-Fc high producer; HSA L, CHO HSA low producer; HSA H, CHO HSA high producer; EV, CHO
empty vector (non-producer). (a) Density plot of the log, fold change miRNA expression between each cell line
and a common reference pool (mean values, n = 3). (b) Hierarchical clustering of 83 significantly differentially
expressed mature miRNAs (adj. p < 0.05 and fold change > 1.5) based on log; fold changes between producers
and non-producer. Commonly and exclusively up- or down-regulated miRNAs were determined using Venn
diagrams. The number of significantly differentially expressed miRNAs of (c) 3D6scFv-Fc high producer versus
3D6scFv-Fc low producer and HSA high producer versus HSA low producer and (d) 3D6scFv-Fc high producer
versus non-producer and HSA high producer versus non-producer are illustrated. 1, up-regulated; |, down-

regulated
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Differential miRNA expression by gRT-PCR

A total of 14 mature miRNAs from the microarray study were selected for qRT-PCR. The
selection was based on the observed most significantly differentially expressed miRNAs
between high and low producers as well as between the individual producers and the non-
producer including the miRNAs found to be commonly up- or down-regulated between both
high producers and the non-producer. Two of them were human-specific miRNAs (hsa-miR-
936 and hsa-miR-3175), one was mouse-specific (mmu-miR-711) and the others showed a
100% sequence identity between the known mature mouse, human, rat and Chinese hamster
miRNA according to miRBase 20 (Kozomara and Griffiths-Jones 2014). However, only the
11 conserved miRNAs could be reliably detected by qRT-PCR (Fig. 4). The mature
sequences of hsa-miR-936, hsa-miR-3175 and mmu-miR-711 could also not be found in the
genome of CHO-K1 (Xu et al. 2011) and the Chinese hamster (Brinkrolf et al. 2013; Lewis et
al. 2013) by BLAST search (100% identity) using the Chinese hamster genome database
(Hammond et al. 2012), indicating that those Chinese hamster RNAs leading to a signal on
the microarrays are different from the human and mouse miRNAs. In addition, there are no
similar Chinese hamster miRNAs which are included in miRBase 20 that could have cross-
hybridized to the microarray probes of hsa-miR-936, hsa-miR-3175 and mmu-miR-711.

The miRNAs let-7b-5p and let-7c-5p were up-regulated in all producing cell lines compared
to the non-producer and the expression levels correlated with the productivity. Comparing the
3D6scFv-Fc high and low producer, miR-99a-5p was significantly (p < 0.005 and fold change
> 1.5) up-regulated and miR-100-5p, miR-125b-5p and miR-19a-3p significantly down-
regulated. Of these, miR-100-5p and miR-125b-5p showed the inverse effect between HSA

high and low producer, where they were significantly up-regulated.
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Fig. 4 Differentially expressed miRNAs determined by gRT-PCR. 3D6_H, CHO 3D6scFv-Fc high producer;
3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer; HSA L, CHO HSA low producer;

EV, CHO empty vector (non-producer). gRT-PCR data were normalized using two endogenous controls (miR-

185-5p and Actrb). The software REST 2009 was used to calculate relative expression ratios and for statistical

analysis (* p < 0.05, ** p < 0.01, *** p < 0.005). Data represent mean values of three independent steady-state

cultivations (error bars: SE)

Identification of potential mMIRNA-mRNA interactions

In order to generate hypotheses about the biological function of the 11 conserved miRNAs

analyzed by gRT-PCR, potential target mRNAs were determined based on computational

target prediction algorithms and experimentally validated targets, combined with the

identification of mMiIRNA-mRNA pairs that show a negatively correlated expression profile.
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Computational miRNA target prediction was conducted using miRWalk (Dweep et al. 2011),
DIANA-microT (Maragkakis et al. 2009), miRanda (John et al. 2004), miRDB (Wang 2008),
PicTar (Krek et al. 2005), PITA (Kertesz et al. 2007), RNA22 (Miranda et al. 2006),
RNAhybrid (Rehmsmeier et al. 2004) and TargetScan (Lewis et al. 2005). To reduce the false
positive rate, only mRNAs predicted by five or more of these nine algorithms were
considered. In a second approach, potential targets were obtained from miRTarBase 4.5 using
the experimentally validated miRNA-mRNA interactions in human, mouse or rat.

The mRNA microarray experiment revealed a total of 2842 genes which were significantly
differentially expressed (adj. p < 0.05 and fold change > 1.5) in at least one comparison
between the five cell lines analyzed in this study. Pearson correlation coefficients (PCC) were
computed for the 11 differentially expressed miRNAs (expression levels from qRT-PCR) and
the 2842 differentially expressed mRNAs (expression levels from microarray experiment).
Identified potential MiIRNA-mRNA interactions that showed a negative correlation (PCC < -
0.5 and adj. p < 0.05) are listed in Table 1. Fisher’s exact test was used to analyze whether
negatively correlated targets are significantly (p < 0.05) enriched. For the computationally
predicted targets, no significant enrichment was observed (Table 2). Regarding the
experimentally validated targets, negatively correlated ones were significantly enriched for
miR-21-5p and miR-99a-5p (Table 2). Kernel density plots were computed to visualize and
compare the distribution of the PCCs for validated targets, predicted targets and total
differentially expressed mRNAs (Fig. S2, supplementary material). Generally, a shift to
negative PCCs was observed. However, the shifts were only statistical significant (Student’s
t-test, p < 0.05) for the validated targets of miR-10b-5p, miR-21-5p and miR-125b-5p as well
as the predicted targets of let-7c-5p. Hence, these results indicate a considerable degree of

false positives within the discovered miRNA-mRNA interactions.
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Table 1 Identified negatively correlated potential targets of differentially expressed miRNAs

Mature miRNA Potential target MRNAs®

let-7b-5p Adam8, Ammecrll, Atad3a, Cpsf3l, Ddx26b, Ddx41, Dmd, Dnmbp, Eeflel, Fam49b, Gltpdl, lars, 1gf2bp3, Lingol,
Lman2, Mars2, Nid1, Prss22, Ptgs2, Slc30a4, Syncrip, Taf5, Tmem65, Tmprss11f, Txndc5, Zadh2, Zbtb5

let-7¢-5p Adam8, Ammecrll, Atad3a, Bzw1, Col4al, Ddx18, Ddx26b, Fkbp10, Gltpd1, Goltlb, lars, Igf2bp3, Jarid2, Lingol,
Lman2, Mars2, PId3, PIxna2, Prss22, Rb1, Slc30a4, Sk, Stk24, Syncrip, Tmprss11f, Txndc5, Vps25, Zbthb5

miR-100-5p -

miR-10b-5p Acly, Ap3m1, Arhgap18, Col4al, Ctdspl, Eifl, Glod4, Gpcl, Hivep2, 1dh3a, 1gf2r, Igfbp4, Klhdc7a, Lrrcl6a, Lrrc59,
Mboatl, Nkiras2, Ormdl1, Ppp1r9b, Rap2a, Rhobtb2, Sdcl, Slc25a30, Stk4, Tox4, Txndc16, Ube2z

miR-125b-5p 6430548MO8Rik, Ak3, Akapl, Ankrd13h, Arrbl, BC003266, Cd320, CIn6, Cspg4, Cyp2c55, Cyyrl, Dusp3, Dynit3,
Ebpl, Fbnl, Fbxw4, Fgfr2, Gbfl, Ghdc, Gpc6, Gsn, Hspd1, lcmt, ler3, llvbl, Jub, Ldb1, Lss, M6pr, Mamdc2,
Map3k1, Mgat5, Myt1, Nglyl, Nup50, Osgepll, Pdela, Phex, Ppwdl, Rere, Sept3, Slc27a6, Snx8, St8sia4, Stat5b,
Taf15, Thopl, Tmem180, Tmem201, Tnfsf4, Tspan9, Zmym3

miR-193a-3p Abcc3, Acpl2, Ap2bl, Avpil, Bicd2, Ccdc134, Cyb561d2, Dnajc7, Faf2, Fzd4, Gnat2, 1gf2bp3, 1gf2r, Ing5, Kdelcl,
Kras, Lamc2, Lrrc16a, Mmp14, Nkiras2, Npepps, Phf21b, Slc4a3, Simap, Spsb4, Tmed3, Vps37b

miR-19a-3p Abhd10, Ahrr, Atp10a, Bmp2k, Depdclb, Dsel, lcmt, Mdfic, Midlip1, Pde5a, Pdik1l, PIs3, Rras2, Snx7, Stx12, Timp2,
Tmem50a, Zeb2

miR-21-5p Aftph, Alx1, Ank2, Ankrd28, Arhgap24, Atp11b, B3galintl, Bmprlb, Boc, Ccdcl17, Cd44, Cryab, Ctdsp2, Dmd,

Dock4, Dse, Dynclli2, EIf2, Elovl7, Entpd5, FbxI17, Fubpl, Glccil, Gngl2, Gpam, Grsfl, Hoxa9, lcam1, Mbnl1,
Mthfd2, Nbea, Nek1, Nfib, Nkirasl, Pdcd4, Phf2011, Pias3, Pkd2, Postn, Ppap2a, Ptx3, Pura, Rabgapll, Rbms3,
Rnfll, Rnfl67, Rpa2, Rufy3, Sashl, Smap2, Srpk2, Taf5, Timp2, Trim33, Ttc33, Usol, Wwc2, Zbth38, Zfp110,
Zfp112, Zfp367

miR-221-3p 2900011008Rik, Ank2, Ankrd28, Bmp2k, Bmprla, Capn7, Carhspl, Casp9, Ccnd2, Cd44, Cdknlb, Cxcr7, Eafl,
Eif4g3, Elavl2, Eya4, Fhil, Figf, Glud1, Gnptab, Gpbpl, Icam1, Mbnl1, Mdfic, Nkiras1, Nt5dc2, Pak1, Pdik1l,
Phf21a, Pkd2, Plscr4, Ptx3, Rfx7, Rpl15, Sema3b, Sema3e, Sh3d19, Shmt2, Slc25a12, Slc33al, Slc4a7, Sqstm1l,
Ssbp2, Stmnl, Tapbp, Tmem140, Tmem176h, Wwc2

miR-350-3p -

miR-99a-5p Ap2bl, Apexl, Arhgap22, Col4al, Ctdspl, Ddhd1, Ddx18, Lman2, Nfe2l1, OrmdI1, Rb1, Scpepl, Serpinel, Smarca5,
Sucla2, Tribl, Zfp689

* Computationally predicted miRNA targets, experimentally validated miRNA targets in human, mouse or rat (underlined) or determined by
both methods (bold)
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Table 2 Enrichment analysis of negatively correlated miRNA targets

miRNA Number of Number of Number of negatively Odds ratio (OR)® p-value (Fisher’s exact
negatively differentially expressed  correlated test)®
correlated targets differentially
differentially expressed targets

expressed Predicted Validated Predicted Validated Predicted Validated Predicted Validated

genes® targets targets targets targets

let-7b-5p 237 169 205 19 16 1.392 0.931 0.200 0.896
let-7¢c-5p 314 162 19 24 5 1.400 2.874 0.158 0.052
miR-100-5p 11 17 44 0 0 - -

miR-10b-5p 860 57 28 19 12 1.152 1.728 0.663 0.153
miR-125b-5p 514 316 56 50 11 0.851 1.107 0.353 0.727
miR-193a-3p 710 93 0 28 0 1.293 - 0.275

miR-19a-3p 243 200 10 18 0 1.058 - 0.794

miR-21-5p 825 122 115 41 46 1.237 1.630 0.309 0.016
miR-221-3p 647 159 42 47 14 1.423 1.696 0.053 0.137
miR-350-3p 0 264 0 0 0 - -

miR-99a-5p 925 10 24 6 13 3.107 2.448 0.088 0.030

22842 differentially expressed genes in total
® Indicates the degree of enrichment/depletion. OR > 1, negatively correlated differentially expressed targets are overrepresented. OR < 1,
negatively correlated differentially expressed targets are underrepresented

¢ Significance of enrichment/depletion

Discussion
Comparable conditions by steady-state cultivation

A prerequisite for a comparative physiological analysis of different cell lines is the generation
of samples under comparable and defined conditions in order to obtain reproducible and
meaningful information. In simple batch cultures the physico-chemical conditions are very
dynamic and have a considerable impact on the cell’s transcriptome (Hernandez Bort et al.
2012; Koh et al. 2009). Koh et al. observed significant changes in miRNA expression even
within the exponential growth phase of batch cultivated HEK-293 cells. This clearly shows
that in batch cultivations the time of sampling is crucial for the outcome of omics studies that
compare different cell lines. Consequently the chemostat with its defined and constant
environment is the ideal set-up for such experiments (Hoskisson and Hobbs 2005). Chemostat
cultures have been used to grow CHO cells under steady-state condition for more than two
decades (Hayter et al. 1992). However, as the standard industrial bioprocess is fed-batch,

steady-state cultivation was not applied in recent CHO-omics studies.
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Product dependency of miRNA expression profile

The most striking observation in our study was the divergence in differentially regulated
miRNAs between the cell lines producing different proteins. We observed a general increase
of miRNA expression levels in the producing cell lines, which indicates that miRNAs play an
important role in the regulation of processes involved or caused by recombinant protein
synthesis and secretion. Several miRNAs were differentially expressed comparing high, low
and non-producing CHO cell lines. However, significant differences in miRNA expression
were predominantly seen between producers and non-producers as well as between 3D6scFv-
Fc and HSA producers, rather than between high and low producers. Furthermore, no
significantly differentially expressed miRNA was commonly up- or down-regulated
comparing high and low producers for both model proteins. These results suggest that the
reaction of CHO cells to recombinant protein expression strongly depends on the particular
product, which would also explain the low level of consensus observed between previously
published studies investigating the transcriptome of different CHO production cell lines in
relation to high productivity (Vishwanathan et al. 2014). Different proteins require specific
cellular aid with folding, glycosylation and bonding depending on their structure. The exerted
stress may well initiate differential responses and consequently affect the regulation of both
miRNAs and mRNAs that provide the cells with the capacity to handle the various types of
stress. As the mRNA expression of the product genes correlated well to the cell specific
productivity, it appears that the cellular protein production machinery was able to adapt to
these individual requirements without running into limitation. Nevertheless, the contribution

of effects caused by clonal variation is unknown and cannot be neglected.

Impact of confirmed miRNAs

For those differentially regulated miRNAs that were confirmed by gRT-PCR, some consensus
could be found in similar previously published studies. In an earlier work, we compared the
miRNA expression of an Epo-Fc and an antibody producing cell line to the respective
parental CHO cell line (Hackl et al. 2011). We observed an up-regulation of miR-10b-5p and
down-regulation of miR-21-5p in recombinant cell lines, which is in compliance with our
results of the HSA producers, but not for the 3D6scFv-Fv producers. Additionally, we could
already show that miR-21-5p overexpression reduces specific productivity (Jadhav et al.
2012). Consequently, this suggests that a knockdown of miR-21-5p could increase specific
productivity. As one of the best studied miRNAs, miR-21-5p has been linked to cell
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proliferation, apoptosis and migration (Krichevsky and Gabriely 2009) and even cellular
longevity (Dellago et al. 2013). Like miR-21-5p, miR-10b-5p was described as an oncogenic
miRNA with a pro-proliferative and anti-apoptotic function (Lin et al. 2012).

In another study, Lin et al. (2011) profiled miRNA expression in four recombinant CHO cell
lines expressing the same human IgG and compared them with the parental DG44 cell line. In
compliance with our results, they found miR-221-3p being significantly down-regulated in the
recombinant cell lines. They also observed a down-regulation of miR-125b-5p in two clones,
as observed in the 3D6scFv-Fc high producer in our study. However, they detected opposed
effects for miR-19a-3p and let-7b-5p. In human hepatocellular carcinoma cells, miR-221-3p
was found to control cyclin-dependent kinase inhibitor 1B (p27X*Y) and cyclin-dependent
kinase inhibitor 1C (p57K1*?) expression (Fornari et al. 2008). Induction of G1-specific growth
arrest by conditional overexpression of p27XiP! resulted in increased specific productivity in
CHO (Meents et al. 2002), however, transient overexpression of miR-221 had no significant
effect on growth or productivity (Jadhav et al. 2012). This might indicate that miR-221
expression changes in response to cellular requirements, but forced manipulation of its
expression does not by itself change the phenotype. miR-125b-5p can act as tumor suppressor
or as oncogene and it was shown to promote apoptosis by suppressing the expression of Bcl-2
family members (Gong et al. 2013).

All miRNAs described above, have been associated with cell growth and/or apoptosis, so that
their relation to productivity may only be indirect and therefore difficult to interpret. Hence,
further evaluation of the identified target miRNAs is required.

The challenge of high-throughput miRNA target identification

Identifying the biological function of a miRNA is still a major challenge. Due to the
complexity and diversity of miRNA-mRNA target interactions, functional screenings using
biological methods are very labor-intensive and time-consuming. Hence, reliable
computational tools for the prediction of interactions between miRNAs and target mRNASs
would be a huge benefit. But the prediction of targets is very challenging as miRNAs
recognize specific sequences with only partial complementarity. However, although perfect
pairing between nucleotides 2—7 (seed region) and the target site is the most common motif in
animals (Pasquinelli 2012), also imperfect seed pairing compensated by extensive pairing of
the 3’ end (Vella et al. 2004) and centered pairing (Shin et al. 2010) have been described.
Numerous algorithms based on seed pairing, evolutionary conserved sites, secondary structure

of the 3° UTR and thermodynamic calculations have been developed for computational target
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prediction. Many of these algorithms consider cross-species conservation to reduce false
positive rates (Maziere and Enright 2007). However, by applying a novel biochemical
approach known as high-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (HITS-CLIP), it was shown that a considerable fraction (40%) of all
functional target sites is not conserved (Ellwanger et al. 2011). The lack of agreement
between the results of different computational methods as well as the high false-positive and
false-negative rates clearly show the complexity of target prediction in mammalian cells (Liu
et al. 2014; Ritchie et al. 2009). In CHO research the reliability of the currently available
target prediction tools is additionally impaired as the CHO or Chinese Hamster genome has
not been included in any of them yet. Hence, the results rely on an assumed high degree of
conservation of miRNA and target mMRNA interactions between Chinese hamster and mouse,
rat or human.

In mammalian cells, various studies suggest that miRNAs predominantly act by decreasing
target mMRNA levels (Baek et al. 2008; Guo et al. 2010; Hendrickson et al. 2009). This
supports the frequently used approach of correlating miRNA and mRNA expression levels to
identify negatively correlated pairs, which we also applied here. We analyzed whether
negatively correlated mMiRNA-mRNA pairs are enriched within computationally predicted and
experimentally validated targets. However, a statistically significant enrichment could only be
observed within the validated targets for two of the eleven analyzed miRNAs. This approach
also assumes that the target mMRNA is predominantly regulated by the miRNA and not at a
different stage of gene expression. In addition, it has been shown that most miRNAs are only
discernibly active above a certain expression level (Mullokandov et al. 2012). Furthermore,
there are several factors that can affect miRNA binding efficiency to a specific target mRNA,
including competition with RNA-binding proteins (Kedde et al. 2007), miRISC cofactors
(Neumdiller et al. 2008) or modification of Argonaute proteins (Johnston and Hutvagner
2011). In addition, mRNAs can contain multiple target sites for a single miRNA and also
target sites for several miRNAs which suggests even more complex regulatory mechanisms
by miRNAs (Liu et al. 2014). Together this indicates that many targets most likely remain
undiscovered by the simple assumption of an inverse relationship between the expression

levels of a miRNA and its target mRNAs.

In conclusion, this is the first report of miRNA expression data of recombinant CHO cell lines
cultivated under steady-state conditions. Cell lines that express heterologous proteins appear

to have higher levels of mature miRNAs in general, which suggests that miRNAs play a
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crucial role in recombinant CHO cell lines. However, comparing the miRNA expression
profiles of different CHO cell lines, both from this study and published results, revealed little
consensus. This indicates that the reaction of CHO cells to the overexpression of heterologous
proteins is strongly protein and/or clone dependent. Hence, cell engineering approaches to
improve recombinant protein production may also be product and/or clone-specific and not
generally applicable.

Identifying miRNAs and their target mRNAs is crucial for a better understanding of
biological processes in CHO cells and there is no doubt that high-throughput miRNA and
mRNA profiling can deliver valuable information. Additional results from proteome analyses
would also be beneficial to obtain a comprehensive picture (Baek et al. 2008). As the
regulatory mechanisms of miRNAs are very complex and today’s computational target
prediction tools are inefficient, it is still a major challenge to retrieve correct and meaningful
results from high-throughput omics data. Hence, reliable computational miRNA target
prediction tools that also include the CHO genome are urgently needed. This also requires
thoroughly defined 3° UTR boundaries in the CHO genome as this highly influences the
outcome of miIRNA target prediction (Ritchie et al. 2009). In addition, experimentally
validated miRNA targets in CHO cells need to be collected in order to finally facilitate

functional analysis of high-throughput miRNA expression data.
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Table S1: Primers used for gRT-PCR

Target

Primer sequence (5'-3") or Qiagen miScrijihBr Assay

Actr5 sense

Actr5 antisense
Gapdh sense
Gapdh antisense
3D6scFv-Fc sense
3D6scFv-Fc antisense
HSA sense

HSA antisense
let-7b-5p

let-7c-5p
miR-100-5p
miR-10b-5p
miR-125b-5p
miR-19a-3p
miR-185-5p
miR-193a-3p
miR-21-5p
miR-221-3p
miR-350-3p
miR-99a-5p

CTCCTTCCAGGTTCAGCTTG
GGCACAATGTTCCTTGAGGT
GTAAGAAGCCCACCCTGGA
GTGAGGGAGATGATCGGTGT

CCCAAGCTGCTGATCTACAA
GATGGTCAGGGTGAACTCG

CCTGGAAGTGGACGAGACATAC
GTCTGCTTCTTGATCTGCCTTT

MS00001225

MS00005852

MS00032214

MS00032249

MS00005992

MS00001302

MS00001736

MS00001785

MS00011487

MS00032585

MS00007938

MS00033117
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4. Results and discussion

4.1 CHO cells versus Pichia pastoris: A system comparison

Chinese hamster ovary (CHO) cells are currently the workhorses of the biopharmaceutical
industry. However, various eukaryotic hosts ranging from microbes such as yeasts and
filamentous fungi to higher eukaryotes including plant, insect as well as other mammalian cell
lines have been utilized for recombinant protein production, where each expression system
has specific benefits and drawbacks. Yeasts such as Pichia pastoris are considered as
promising alternatives, as they can grow more rapidly to much higher cell densities than
mammalian cells. On the other hand, yeasts cannot compete against the high secretory
capacity of mammalian cells. However, although a lot of valuable information about the
capability of CHO cells and P. pastoris for heterologous protein production is available, a
quantitative comparison of process relevant data is very difficult. The specific product
secretion rate (ge) strongly depends on the particular protein, however, the proteins produced
in microbial systems are in general different from those expressed in mammalian cells.
Therefore, we analyzed process relevant parameters of high producing P. pastoris strains and
CHO cell lines secreting the same two model proteins in comparable fed batch processes
(Publication B).

Human serum albumin (HSA) and the 3D6 anti-HIV-1 single-chain Fv-Fc fusion antibody
(3D6scFv-Fc), two proteins with very different structure and complexity, were selected as
model proteins in order to challenge the expression systems in different ways. HSA is a
monomeric protein of 67 kDa composed of three domains with a high content of a-helices
(67%) but no B-sheets and 17 intramolecular disulfide bonds (Curry et al. 1998), and it can be
expressed at very high levels in P. pastoris (Kobayashi et al. 2000). The more complex
homodimeric protein 3D6scFv-Fc (Figure 6) has about 110 kDa and contains the Fc-specific
glycosylation site of an IgG1 antibody.

Stable high producing CHO cell lines and P. pastoris strains were established by increasing
the transgene copy number via gene amplification and cultivated in standard fed batch
processes using the same bioreactor system. In the following, the most important findings of

Publication B as well as additional aspects of this study are summarized and discussed.
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Figure 6. Schematic structure of a single-chain Fv-Fc fusion antibody. The variable heavy chain (VH) and the
variable light chain (VH) domain are combined by a (GGGGS); linker and fused via the hinge region to the IgG1

fragment crystallizable (Fc) region, which is composed of two constant domains (CH2 and CH3).

4.1.1 Cell growth and cell density

One major limitation of CHO cells is the low specific growth rate. In the present study, the
maximal specific growth rate (pUmax) was about 5-6-fold lower compared to P. pastoris.
Consequently more time is required to build up biomass which leads to significantly longer
process times. To compare the biomass density of both expression systems, the cell dry mass
(CDM) concentration was used instead of the cell concentration which is typically used in cell
culture technology. The maximal CDM concentrations were about 140-300-fold lower for
CHO cells compared to P. pastoris. In the applied standard (non-optimized) fed batch
process, the maximal CDM concentration of the CHO 3D6scFv-Fc producer was 0.604 g L
which corresponds to a viable cell concentration of 2.26x10° cells L. However, optimized
fed batch processes (media composition, cultivation strategy) can reach cell densities of
10-15x10° cells L today (De Jesus and Wurm 2011). Even higher cell densities (>20x10°
cells L) can be achieved using perfusion. Clincke et al. (2013) even reported a CHO cell
density of >200x10° cells L™ in a perfusion process using a wave-induced bioreactor. But
perfusion processes are technically more challenging because spent medium needs to be

continuously separated from the cells and removed as well as fresh medium added.

4.1.2 Productivity

The most significant differences could be observed comparing the biomass-specific product
secretion rates gp (Mgproduct gcom™ h2). In P. pastoris, ge was strongly product dependent (40

times lower for 3D6scFv-Fc compared to HSA), whereas in CHO cells gr was very similar for
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both model proteins. Comparing both organisms, the mean ge of the CHO cell lines was
>1000-fold higher for 3D6scFv-Fc and 26-fold higher for HSA. These results clearly
demonstrates that CHO cells are superior compared to P. pastoris with respect to recombinant
protein secretion.

The space-time yield (STY) is an important criterion to assess the economic efficiency of the
fermentation process. The STY depends on the available viable biomass, the gr and the
process duration. Because of the higher biomass densities and the shorter process times,
P. pastoris can partly compensate for the lower secretion potential. Thus, the STY of the HSA
producer was 9.2-fold higher compared to CHO cells. However, due to the very low gp of the
3D6scFv-Fc producing strain, the STY was 9.6-fold lower for P. pastoris. Consequently, it
may be speculated that antibody and antibody fragments can be produced more economically

in CHO cells, while P. pastoris is the better choice for less complex proteins such as HSA.

4.1.3 Product quality

Beside high productivity, an expression system should deliver products of high quality which
are biological active. This includes correct protein folding and assembly as well as proper
glycosylation. Whereas CHO cells secreted only products of correct size in our study, little
amounts of degraded products were detected by Western blot analysis in the P. pastoris
processes although a protease deficient strain (SMD1168H) was used (Figure 2, Publication
B). Proteolytic degradation has an effect on process efficiency as well as product purity and is
still a major problem in yeasts, although various methods to reduce proteolytic degradation
including the generation of protease deficient strains have been established (Macauley-Patrick
et al. 2005; Sinha et al. 2005; Wu et al. 2013). One major advantage of P. pastoris is the low
amount of host cell proteins (HCPS) in the culture supernatant (Mattanovich et al. 2009). In
CHO cells, we observed an increasing amount of HCPs in the supernatant in the course of the
fed batch (Figure 7). The results of Tait et al. (2012) indicated that HCPs in the supernatant
mainly arise through cell lysis rather than by secretion. Hence, it is crucial to maintain a high
viability until the end of the process in order to minimize HCP contaminations. However, in
our cultivations the product was clearly the most abundant protein in the supernatant

indicating a high relative purity.
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Figure 7. Total protein content in the supernatant during fed batch cultivation. Silver stained SDS-PAGE under
non-reducing conditions of the supernatants of (A) CHO 3D6scFv-Fc producer and (B) CHO HSA producer.
Equal volumes of supernatant were loaded onto the gel. The results of one representative fed batch cultivation

are shown.

As expected, differences were observed in the N-glycosylation pattern of the 3D6scFv-Fc
antibody. CHO cells produced mainly fucosylated Fc glycans of the complex-type
biantennary structure which are also typically found in human IgGs (Zauner et al. 2013).
P. pastoris-derived 3D6scFv-Fc antibodies contained exclusively high-mannose-type N-
glycans (Man9-Man16) or were partly unglycosylated. The differences in Fc glycosylation
did not impair epitope binding, however, it is known that effector functions such as antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) are
strongly affected by the glycan structure (Jefferis 2009). Hence, CHO cells can produce fully
functional 1gGs or scFv-Fc antibodies by nature, whereas glycoengineered strains would be

required for P. pastoris (Ye et al. 2011).

4.1.4 Cross-species comparison to improve recombinant protein production

The results of this study clearly show that the protein secretion machinery is much more
efficient in CHO cells than in P. pastoris. Whereas CHO cells produced both model proteins
at the same level, 3D6scFv-Fc secretion was significantly impaired in P. pastoris. The
mechanisms that control and limit recombinant protein formation and secretion in both
organisms are still poorly understood. Hence, a comparative genome-wide analysis of both
eukaryotic expression systems might be very useful to identify conserved mechanisms and

pathways that influence heterologous protein synthesis and secretion as well as cell growth.
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Conserved genes and pathways that are differentially regulated between both organisms
and/or both model proteins may be crucial for efficient protein production or high cell growth,

and therefore potential targets for cell engineering.
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4.2 Global mRNA expression profiling in recombinant CHO cell lines

In this study, the mRNA expression profiles of high, low and non-producing recombinant
CHO cell lines were analyzed and compared in order to identify genes and pathways that are
involved in heterologous protein synthesis and secretion. For this purpose, CHO cell lines
expressing 3D6scFv-Fc and HSA were generated and low and high producers were selected at
different stages of transgene amplification (Publication B and C). In addition a mock
transfected CHO cell lines was established (non-producer). All five cell lines were cultivated
in biological triplicates in 800 mL DASGIP bioreactors under steady-state conditions using a

chemostat process (Publication C).

4.2.1 Comparable conditions by steady-state cultivation

A prerequisite for the comparison of expression profiles of different cell lines is that the
samples are generated under comparable and defined condition in order to obtain reproducible
and meaningful data. In previously published CHO omics studies, cell samples were generally
taken from the exponential growth phase of batch cultivations. However, in simple batch
cultures the physico-chemical conditions are very dynamic due to nutrient consumption and
accumulation of metabolites, and have a significant impact on the cell’s transcriptome
(Hernandez Bort et al. 2012). Hence, the time of sampling is crucial for the outcome of
comparative gene expression studies when batch cultures are used. Considering the
sometimes considerable differences in cell growth of different recombinant cell lines as well
as host cell lines, makes it clear that the optimal time of sampling is very difficult to define.
Consequently the chemostat (from chemical environment is static) which provides a defined
and constant environment is the ideal cultivation mode for gene expression experiments
comparing different cell lines (Hoskisson and Hobbs 2005).

In a chemostat fresh medium is continuously added, while culture broth is continuously
removed at the same flow rate (F) in order to keep the culture volume (V) constant (Figure 8).
The cell concentration (x) levels off at a certain value where growth is limited by the limiting
nutrient (glucose). This enables the cultivation of cells in a physiological steady-state, where
the cells grow at a constant rate and all culture parameters (e.g. nutrient, metabolite and
product concentrations) remain constant. In steady-state the specific growth rate (4) of the
cells is equal to the dilution rate (D), where D is defined as the flow rate (F) divided by the
culture volume (V). Consequently, cells can be grown at a defined and constant specific

growth rate (W), and p can be set to any value lower than pmax by adjusting the flow rate (F).
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Figure 8. Principle of steady-state cultivation using a chemostat. Flow rate (F), substrate concentration (S), cell

concentration (x), culture volume (V), dilution rate (D) and specific growth rate ()

Chemostat cultivation of CHO cells to achieve steady-state conditions was already described
more than two decades ago (Hayter et al. 1992). However, it was not applied in recent CHO-
omics studies, whereas the chemostat is frequently used for yeasts (Baumann et al. 2011;
Dragosits et al. 2009).

4.2.2 A novel CHO-specific microarray

The publication of the first genome sequence of a CHO cell line (CHO-K1) in 2011 was also
a major milestone for transcriptome analysis of CHO cells (Xu et al. 2011b). Due to the lack
of publicly available CHO sequence information before 2011, our microarray analyses of
CHO cells relied on the cross-species hybridization to commercially available microarrays
designed for closely related species such as mouse and rat (Ernst et al. 2006; Hernandez Bort
et al. 2012; Trummer et al. 2008). However, although CHO transcripts show a high degree of
sequence similarity (92%) to their corresponding mouse and rat homologs (Ernst et al. 2006),
cross-species hybridization is accompanied by a lower sensitivity.

Based on the publicly available genomic sequence data of the CHO-K1 cell lines, we
designed 60-mer oligonucleotides probes for 20,650 unique transcripts, which were spotted in
duplicates using the 4x44k oligonucleotide microarray design offered by Agilent (CA, USA).
In this experiment, we analyzed five different cell lines in biological triplicates and technical
duplicates (dye-swap) and 11,255 unique transcripts could be reliably detected in at least one
of the five cell lines (based on Agilent GeneSpring 12.6 analysis).
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The results of the microarray analysis were validated using quantitative reverse transcriptase
PCR (qRT-PCR). For this purpose 38 mRNAs and two housekeeping genes (Gapdh and
Actr5) were selected. Gapdh is highly and Actr5 moderately expressed in CHO cells and the
expression levels were very stable between the different samples. To distinguish between
mature mMRNA and genomic DNA, the primers were preferably designed at exon-exon
junction or that the amplicon spans at least one intron. qRT-PCRs were conducted for all 15
samples (five cell lines, three biological replicates) in technical duplicates (independent qRT-
PCR runs). For statistical analysis and determination of the ratios using two housekeeping
genes, the software REST 2009 was used. The primer pairs for seven mRNAs generated
wrong or additional products or primer dimers and so these results were not included in the
analysis. However, the expression ratios of 30 of the remaining 31 genes corresponded very
well with the data obtained by the microarray analysis (Figure 9 — Figure 14). Only for one
gene (Akrlb7), the expression data of gRT-PCR and microarray analysis were significantly
different (Figure 9). One possible explanation would be an alternative splicing variant. The
60-mer oligonucleotide probe on the microarray is specific for the end of the 3’ untranslated
region (UTR), whereas the gRT-PCR primers bind to exon 1 and exon 2, respectively. Hence,
a potential splicing variant lacking exon 1 or exon 2 is not detected by qRT-PCR. On the
other hand, alternative splicing that affects the 3> UTR might result in a transcript that escapes
microarray detection.

Nevertheless, the results of the gRT-PCR analysis confirmed that our CHO-specific
microarray provided accurate and reliable data.
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Figure 9. Comparison of gene expression determined by gRT-PCR and microarray (Acsl1-Cd68). 3D6_H, CHO
3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer;
HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)
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Figure 10. Comparison of gene expression determined by qRT-PCR and microarray (Cesflf~Duspl14). 3D6 _H,
CHO 3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer;
HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)
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Figure 11. Comparison of gene expression determined by qRT-PCR and microarray (Ereg-1115). 3D6_H, CHO
3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer;
HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)
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Figure 12. Comparison of gene expression determined by gRT-PCR and microarray (Lipa—-Rpl15). 3D6_H, CHO
3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer;
HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)
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Figure 13. Comparison of gene expression determined by gRT-PCR and microarray (Sbsn-Upb1). 3D6_H, CHO
3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer;
HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)

100



4. Results and discussion

ugRT-PCR

Wapal :
= Microarray

© Iy N w
=) =} o o
n L )

=
o

Log, fold change

AN ST S S S
R AR S
63\. v 3{. 69. 6‘3;. ’bo lbo ‘b%v. Q@V‘
S F S S

Figure 14. Comparison of gene expression determined by gRT-PCR and microarray (Wapal). 3D6_H, CHO
3D6scFv-Fc high producer; 3D6 L, CHO 3D6scFv-Fc low producer; HSA H, CHO HSA high producer;
HSA L, CHO HSA low producer; EV, CHO empty vector (hon-producer). qRT-PCR data were normalized
using two endogenous controls (Gapdh and Actr5). Data represent mean values of samples obtained from three

independent steady-state cultivations (n = 3, error bars: SE)

4.2.3 Product/clone dependency of mMRNA expression

In order to identify differences in the gene expression profiles of the five CHO cell lines

analyzed in this study, following eight comparisons were made.

e CHO 3D6scFv-Fc high producer vs. CHO 3D6scFv-Fc low producer (3D6_H: 3D6 L)
e CHO HSA high producer vs. CHO HSA low producer (HSA_H: HSA L)

e CHO 3D6scFv-Fc low producer vs. CHO HSA low producer (3D6_L: HSA L)

e CHO 3D6scFv-Fc high producer vs. CHO HSA high producer (3D6_H: HSA_H)

e CHO 3D6scFv-Fc low producer vs. CHO empty vector (3D6_L: EV)

e CHO 3D6scFv-Fc high producer vs. CHO empty vector (3D6_H: EV)

e CHO HSA low producer vs. CHO empty vector (HSA_L: EV)

e CHO HSA high producer vs. CHO empty vector (HSA_H: EV)

Genes with a fold change (FC) > 1.5 and an adjusted p-value (adj. p) < 0.05 (multiple testing
correction based on Benjamini and Yekutieli) were considered as differentially expressed. A
total of 2842 genes were differentially expressed in at least one of the eight comparisons. The
specific product secretion rates (qe) were ~8-fold higher in the high producer cell lines
compared to the low producers for both model proteins. However, significantly more genes

were differentially expressed between high and low producer of 3D6scFv-Fc than between
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high and low producer of HSA (Table 1). On the other hand, a higher number of genes was
differentially expressed between the HSA producers and the non-producer (CHO empty
vector) than between the 3D6scFv-Fc producers and the non-producer. Most differentially
expressed genes were, however, identified between CHO 3D6scFv-Fc high producer and
CHO HSA high producer.

Table 1. Number of differentially expressed genes (Fold change > 1.5 and adj. p < 0.05)

3D6_ H: HSA H: 3D6_L: 3D6 H: 3D6 L: 3D6 H: HSA L: HSA H:

3D6_ L HSA L HSA L HSAH EV EV EV EV
Up 362 204 614 773 262 517 504 673
Down 339 84 377 734 222 467 697 817
Total 701 288 991 1507 484 984 1201 1490

Venn diagrams were used to compare and visualize overlaps between the different datasets
(Figure 15). Only few genes (16.3% of HSA H: HSA L) were commonly up- or down-
regulated between high and low producers for both model proteins (Figure 15A). Comparing
3D6scFv-Fc low and high producer producers against the non-producer showed that 58.1% of
the up- or down-regulated genes in low producer were also up- or down-regulated in the high
producer (Figure 15B). For HSA, the overlap was higher with 76.6% (Figure 15C). 49.6% of
the up- or down-regulated genes between 3D6scFv-Fc low producer and non-producer were
also up- or down-regulated in the HSA low producer (Figure 15D). Regarding the high
producers, 39.5% of the up- or down-regulated genes between 3D6scFv-Fc high producer and
non-producer were also up- or down-regulated in the HSA high producer (Figure 15E).
Comparing all producers against the non-producer showed that 60 genes were commonly up-

regulated and 85 commonly down-regulated (Figure 15F).
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Figure 15. Number of commonly and exclusively differentially expressed genes. 3D6_H, CHO 3D6scFv-Fc high
producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer; HSA_L, CHO HSA low
producer; EV, CHO empty vector (non-producer). Venn diagrams were generated using VennPlex (Cai et al.
2013).

In summary, we observed a considerable divergence in the affected genes that are potentially
related with recombinant protein biosynthesis and secretion between cell lines producing
different proteins. The differences in gene expression were more distinct between 3D6scFv-
Fc and HSA producers than between high and low producers. This was also observed by
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Principal component analysis (PCA) using the whole dataset (including all genes that were
not significantly differentially expressed), where component 1 (50.4%) clearly separates

3D6scFv-Fc producers and HSA producers, but not high and low producers (Figure 16).

0.15
|

010

Component 2 (29.2%)

-40

Component 1 (50.4%)

Figure 16. Principal component analysis (PCA) of the whole dataset (8 comparisons). 3D6_H, CHO 3D6scFv-Fc
high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA_H, CHO HSA high producer; HSA_L, CHO HSA
low producer; EV, CHO empty vector (non-producer)

Our results suggest that the reaction of CHO cells to heterologous protein expression is
strongly product and/or clone dependent. This would also explain the poor agreement between
previously published studies that analyzed the transcriptome of different recombinant CHO
cell lines in relation to high ge (Kang et al. 2014; Seth et al. 2007; Vishwanathan et al. 2014).
Different proteins require specific cellular aid with folding, disulfide bond formation or
glycosylation depending on their structure. Hence, stress exerted by the high-level expression
of heterologous proteins may well initiate different responses in the cell and consequently
affect the regulation of gene expression. However, considering the inherent genetic instability
of CHO cells, the contribution of clonal variation might not be negligible.

Seth et al. (2007) suggested that hyper-productivity is not the consequence of large expression

level changes of a few master genes, but rather the accumulation of many small changes
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affecting a wide range of cellular functions including protein secretion, energy metabolism,
cell growth/death control and redox balance, and that multiple and alternative routes may lead
to high productivity. In a recent study, Kang et al. (2014) analyzed 17 different monoclonal
antibody producing cell lines covering a wide range of ge on transcriptome and proteome
level. Using PCA of the global expression data, they found a strong correlation of the primary
components to phenotypes such as cell size and proliferation rate but no correlation to
productivity, suggesting that only a minor part of the global expression space is related to

productivity.

4.2.4 Endoplasmic reticulum (ER) stress and unfolded protein response (UPR)

The endoplasmic reticulum (ER) constitutes a potential bottleneck for the secretion of
recombinant proteins. In eukaryotes, the secretion of proteins starts with the translocation of
the nascent polypeptide chain into the ER, where several ER-resident proteins including
chaperons ensure the correct folding and processing of the protein. Improperly folded proteins
are retained in the ER and predominantly subjected to ER-associated degradation (ERAD)
which involves the proteasomal degradation after retrotranslocation into the cytoplasm.
However, the accumulation of unfolded and misfolded proteins (e.g. due to overexpression of
heterologous proteins) results in ER stress and the activation of the unfolded protein response
(UPR). ER stress activates the stress sensors ATF6 (activating transcription factor 6), PERK
(double-stranded RNA-activated protein kinase-like ER kinase) and IRE1 (inositol requiring
enzyme 1), which represent the three branches of the UPR (Figure 17). Each UPR pathway
produces a transcription factor (ATF6n, ATF4 and XBP1s, respectively) that induces genes to
increase the protein-folding capacity in the ER (chaperons and foldases) and/or enhance the
ERAD pathway. In addition, PERK and IREL1 also reduce the protein load entering the ER by
attenuating translation or degrading mRNAsS, respectively (Walter and Ron 2011). The UPR
functions as a feedback loop to mitigate ER stress by reestablishing protein folding
homeostasis. Persistent ER stress, however, induces apoptosis. If the protein folding
homeostasis cannot be restored, the increased protein synthesis leads to oxidative stress and
consequently to cell death (Han et al. 2013).
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Figure 17. The three branches of unfolded protein response (UPR) in metazoans. ER stress is sensed by three
signal transducer (ATF6, PERK and IRE1) resulting in the production of three transcription factors (ATF6y,
ATF4 and XBP1s), which drive the transcription of UPR target genes (e.g. chaperones) that mainly serve to
increase the protein folding capacity in the ER. PERK and IRE1 also decrease the protein load in the ER by
attenuating translation and degrading mRNAs, respectively. Each pathway uses a different mechanism for signal

transduction (Proteolysis of ATF®6, selective translation of ATF4 and nonconventional splicing of Xbp1).

In order to identify a potential UPR induction, the expression profiles of UPR target genes
were analyzed using the microarray data. Potential target genes of ATF6n, ATF4 and XBP1s
were retrieved from the literature (Adachi et al. 2008; Han et al. 2013; Okada et al. 2002;
Shaffer et al. 2004; Shoulders et al. 2013; Yamamoto et al. 2007).

ATF6N targets include genes encoding prominent ER-resident proteins involved in protein
folding such as BiP/GRP78 (encoded by Hspa5), protein disulfide isomerase (PDI, encoded
by P4hb), HSP90B1/GRP94 (encoded by Hsp90bl) and calreticulin (encoded by Calr). All

106



4. Results and discussion

four genes are highly expressed in CHO cells, however, only Hsp90bl was slightly up-
regulated in the HSA high producer compared to the low producer (Figure 18). Hspa5 was
even down-regulated in all producers compared to the non-producer. In general, an up-
regulation of ATF6n target genes in the producers compared to the non-producer was not
observed. Hmgcsl (encoding 3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA-S)) was
up-regulated in both high producers compared to the low producer. However, HMG-CoA-S is
part of the cholesterol biosynthesis pathway and the connection to UPR is unclear (Okada et
al. 2002). In addition, the genes encoding ATF6 (Atf6), S1P (Mbtpsl) and S2P (Mbtps2) were

not differentially expressed in any comparison.
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Figure 18. Expression profile of potential ATF6y target genes (ATF6 branch of UPR). Only significantly
differentially expressed genes (FC > 1.5, adj. p < 0.05) are shown. The potential target genes Atp2a2, Calm1l,
Calr, Creld2, Derl3, Dnajbll, Eroll, Erollb, Galnt3, Herpudl, Hoxal, Hrg, Hyoul, Manf, Nucb2, OrmdI2,
0s9, P4hb, Pdia3, Pdia4, Pdia6, Piga, Sdf211, Selll, Syvnl, Thcedl and Wipil were not differentially expressed.
3D6_H, CHO 3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer; HSA H, CHO HSA high
producer; HSA_L, CHO HSA low producer; EV, CHO empty vector (non-producer)

The expression of the two most important targets of the PERK pathway, Ddit3 (encoding
CHOP) and Ppplrl5a (GADD34) was not enhanced because of heterologous protein
production. None of the ATF4 target genes was up-regulated in the high producers compared

to the low producers (Figure 19).
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Figure 19. Expression profile of potential ATF4 target genes (PERK branch of UPR). Only significantly
differentially expressed genes (FC > 1.5, adj. p < 0.05) are shown. The potential target genes Aars, Atf3, Ddit3,
Eif2s2, Eif3c, Eif4g2, Eif5, Eprs, Eroll, Gars, Gotl, Idua, Lars, Mars, Nars, Pax6, Ppplri5a, Sars, Trib3, Vars,
Wars, Xpot and Yars were not differentially expressed. 3D6_H, CHO 3D6éscFv-Fc high producer; 3D6_L, CHO
3D6scFv-Fc low producer; HSA H, CHO HSA high producer; HSA L, CHO HSA low producer; EV, CHO

empty vector (non-producer)

Most of the potential target genes of XBP1s were not differentially expressed in any cell line
(Figure 20). Xbp-1 itself was significantly down-regulated in the 3D6scFv-Fc high producer
and in both HSA producers compared to the non-producer. Sec24d was up-regulated in both
high producers compared to the low producer and Sec31la was up-regulated in both HSA
producers compared to the non-producer. Both genes encode proteins of the COPIl complex
which is responsible for vesicle budding from the ER and transport to the Golgi apparatus
(Jensen and Schekman 2011). Most interestingly, Serpl (encoding stress-associated
endoplasmic reticulum protein 1 (SERP1)) was up-regulated in the 3D6scFv-Fc high producer
compared to the low producer as well as the non-producer. SERP1 is identical to the
ribosome-associate membrane protein 4 (RAMP4), a membrane protein associated with the
Sec61 complex (ER translocon), and the deletion of SERP1/RAMP4 was shown to induce ER
stress (Hori et al. 2006). SERP1/RAMP4 also controls glycosylation of the major
histocompatibility complex class Il-associated invariant chain (Schroder et al. 1999).
Yamaguchi et al. (1999) demonstrated that SERP1/RAMP stabilizes newly synthetized

membrane proteins during ER stress and subsequently facilitates glycosylation. Hence,
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SERP1 might be involved in processing and glycosylation of the 3D6scFv-Fc antibody in the
ER.
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Figure 20. Expression profile of potential XBP1s target genes (IRE1 branch of UPR). Only significantly
differentially expressed genes (FC > 1.5, adj. p < 0.05) are shown. The potential target genes Arcnl, B4galt2,
Calr, Canx, Cope, Creld2, Ddost, Dnajbll, Dnajb9, Edem2, Edem3, Erollb, Fkbpll, Fut8, Golgbl, H13,
Herpudl, Hyoul, Lmanl, Manlbl, Mgat2, Mogs, 0s9, P4hb, Pdia2, Pdia3, Pdia4, Pdia6, Ppib, Rhog, Rpnl,
Sec23b, Sec6lal, Sec6lg, Selll, Srp54b, Srpr, Stégalnac4, Stt3a, Sulfl, Syvnl, Traml and Wipilwere not
differentially expressed. 3D6_H, CHO 3D6scFv-Fc high producer; 3D6_L, CHO 3D6scFv-Fc low producer;
HSA H, CHO HSA high producer; HSA_L, CHO HSA low producer; EV, CHO empty vector (hon-producer).

Nevertheless, a clear induction of UPR was not observed in any of the producing cell lines.
Hence, the high-level expression of 3D6scFv-Fc and HSA did not induce ER stress in the cell
lines analyzed in the present study, which is also supported by the qRT-PCR analysis of the
product mRNA levels (Figure 21). For both model proteins, an ~8-fold higher product
transcript level in the high producer compared to the low producer resulted in an 8-fold higher
ge, suggesting that secretion does not constitute a bottleneck in these cell lines. Consequently,
a cell engineering strategy aiming to enhance the secretory capacity would most likely not
increase recombinant protein production. This might also explain the different outcomes of
cell engineering studies targeting chaperons and the UPR signaling pathway (see Chapter
1.4), suggesting that the effectiveness of these approaches depends on the particular

recombinant protein and its expression level.
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Figure 21. Correlation of transgene copy number, product mRNA level and specific product secretion rate (gp).
Transgene copy number of (A) CHO 3D6scFv-Fc low and high producer, and (B) HSA low and high producer.
Gene copy numbers were determined by qPCR specific for the cytomegalovirus (CMV) major immediate-early
(MIE) enhancer/promoter (absolute values per unreplicated genome). Data represent mean values + SD (n = 2).
(C) Ratios of product mRNA and gp of 3D6scFv-Fc and HSA high producer to low producers. Transcript levels

were determined by qRT-PCR. Data represent mean values + SE of three independent steady-state cultivations.

4.2.5 Engineering transcription efficiency

The perfect correlation of transgene copy number, product mRNA level and ge (Figure 21)
indicates that there is most likely no limitations at the stage of translation, protein processing
or secretion in the recombinant CHO cell lines investigated in this study. Hence, the
efficiency of transgene transcription driven by the human cytomegalovirus (CMV) major
immediate-early (MIE) enhancer/promoter may potentially constitute a bottleneck in these
cell lines.

The CMV MIE enhancer/promoter contains binding sites for various transcription factors
including NF-kB, CREB/ATF, SP1, YY1, AP-1 and NFI (Stinski and Isomura 2008). Some
of them were also differentially expressed in our study (Figure 22).

The nuclear factor-kappa B (NF-«kB) family is composed of two subfamilies (NF-xB and Rel).
Two members of the NF-kB subfamily (NF-kB1 and NF-kB2) are synthetized as large
precursor (p105 and p100) and processed to become the active DNA-binding proteins p50 and
p52, respectively (Gilmore 2006). RelA, RelB and c-Rel are the most prominent members of
the Rel subfamily. Various studied have demonstrated that NF-xB is a key regulator of
transcription from the human CMV MIE enhancer/promoter, although this remains
controversial as it has also been shown that NF-kB binding sites are not required for gene

expression (Gustems et al. 2006). We found Nfkb2 (encodes NF-kB2) exclusively up-
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regulated in the 3D6scFv-Fc high producer, and Relb (encodes RelB) exclusively up-
regulated in the HSA high producer (Figure 22).
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Figure 22. Expression profile of transcription factors associated with the cytomegalovirus (CMV) major
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immediate-early (MIE) enhancer/promoter. Only significantly differentially expressed genes (FC > 1.5,
adj. p < 0.05) are shown. Atf2, Atf3, Atf4, Atf5, Crebl, Jun, Nfia, Nfix, Rel, Rela, Spl and Yyl were not
differentially expressed. Atf5 encodes Activating transcription factor 5 (ATF5). Nfkb2 encodes nuclear factor-
kappaB p100 subunit (NF-kB2). Relb encodes RelB a transcription factor of the NF-xB family. Nfib encodes
nuclear factor I/B (NFIB). 3D6 H, CHO 3D6scFv-Fc high producer; 3D6 L, CHO 3D6scFv-Fc low producer;
HSA H, CHO HSA high producer; HSA_L, CHO HSA low producer; EV, CHO empty vector (hon-producer)

Nfib, which encodes nuclear factor I/B (NFIB), was up-regulated in the HSA low producer
(2.5-fold) and HSA high producer (3.2-fold) compared to the non-producer, whereas Nfib was
not significantly differentially expressed in both 3D6scFv-Fc producers (Figure 22). The HSA
producing clones had considerably higher absolute transgene (CMV promoter) copy numbers
than the 3D6scFv-Fc producing clones (Figure 21A and B). Thus, Nfib up-regulation might be
the consequence of the considerably higher number of NFIB binding sites. In a recent study, it
was observed that the overexpression of NFIB led to a strong up-regulation of gene
expression driven by a CMV promoter in HEK293 cells (Liang et al. 2012). Hence, it appears
that NFIB is a crucial transcription factor of the CMV promoter and therefore a promising
target for cell engineering to enhance specific productivity of recombinant CHO cells.

Using hierarchical cluster analysis, we identified Nfkbie and Mdfic showing a similar

expression profile as Nfib. Nfkbie encodes IxBe which is an inhibitor of different NF-xB
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proteins including RelA, c-Rel, p50 and p52 (Li and Nabel 1997). The human Mdfic gene
which encodes the human I-mfa domain containing protein (HIC), was shown to activate
transcription elongation (Young et al. 2007). Interestingly, not the protein but the 3> UTR of
HIC mRNA binds and activates the positive transcription elongation factor b (P-TEFb), which
phosphorylates the carboxy-terminal domain (CTD) of RNA polymerase Il in order to
stimulates transcription. In CHO cell lines producing human Epo and IFNy, it was shown that
the overexpression of the 3° UTR of HIC mRNA, but not the full-length HIC mRNA,
significantly improves recombinant protein production (Liu et al. 2009).

In conclusion, targeting key components that control the transcription efficiency of the gene
of interest might be a promising strategy to increase specific productivity of cell lines where

translation, protein processing or secretion are not limiting.
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4.3 Global miRNA expression profiling in recombinant CHO cell lines

In this study, the microRNA (miRNA) expression profiles of high, low and non-producing
recombinant CHO cell lines were analyzed and compared in order to identify miRNAs that
are involved in heterologous protein synthesis and secretion. Therefore, CHO cell lines
expressing 3D6scFv-Fc and HSA were generated and low and high producers were selected at
different stages of transgene amplification (Publication B and C). In addition a mock
transfected CHO cell lines was established (non-producer). All five cell lines were cultivated
in biological triplicates in 800 mL DASGIP bioreactors under steady-state conditions using a
chemostat process. Cross-species miRNA microarrays (human, mouse and rat) were used as
screening tools and quantitative reverse transcription polymerase chain reaction (QRT-PCR)
for the validation of differentially expressed miRNAs (Publication C). In the following, the
most important findings of Publication C as well as additional aspects of this study are

summarized and discussed.

4.3.1 Product/clone dependency of miRNA expression

In order to identify differences in the miRNA expression profiles of the five CHO cell lines

analyzed in this study, following eight comparisons were made.

e CHO 3D6scFv-Fc high producer vs. CHO 3D6scFv-Fc low producer (3D6_H: 3D6 L)
e CHO HSA high producer vs. CHO HSA low producer (HSA H: HSA L)

e CHO 3D6scFv-Fc low producer vs. CHO HSA low producer (3D6_L: HSA L)

e CHO 3D6scFv-Fc high producer vs. CHO HSA high producer (3D6_H: HSA H)

e CHO 3D6scFv-Fc low producer vs. CHO empty vector (3D6_L: EV)

e CHO 3D6scFv-Fc high producer vs. CHO empty vector (3D6_H: EV)

e CHO HSA low producer vs. CHO empty vector (HSA_L: EV)

e CHO HSA high producer vs. CHO empty vector (HSA_H: EV)

MicroRNAs with a fold change (FC) > 1.5 and an adjusted p-value (adj. p) < 0.05 (multiple
testing correction based on Benjamini and Hochberg) were considered as differentially
expressed. In general, higher miRNA expression levels were observed in the cell lines
expressing heterologous proteins compared to the non-producer, suggesting that miRNAs
play an important role in regulation of processes related to recombinant protein synthesis and
secretion. Several differentially expressed miRNAs were identified between the producers and
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the non-producer as well as between 3D6scFv-Fc producer and HSA producer, but only few

between the high and low producers (Table 2).

Table 2. Number of differentially expressed miRNAs (Fold change > 1.5 and adj. p < 0.05)

3D6 H: HSA H: 3D6 L: 3D6 H: 3D6 L: 3D6 H: HSA L: HSA H:

3b6 L HSA L HSA L HSAH EV EV EV EV
Up 2 1 26 20 30 18 7 13
Down 7 6 4 9 0 6 12 18
Total 9 7 30 29 30 24 19 31

However, none of the differentially expressed miRNAs was commonly up- or down-regulated
comparing high to low producer for both model proteins (Figure 23A). To increase the
statistical power (reduce the false negative rate), the data was reanalyzed without applying
multiple testing correction, confirming that there are no miRNAs commonly differentially
expressed (FC > 1.5 and p < 0.05) between high and low producer for HSA and 3D6sc-Fv-Fc.
Comparing 3D6scFv-Fc low and high producer against the non-producer showed that only
seven out of 30 differentially expressed miRNAs in the low producer were also up- or down-
regulated in the high producer (Figure 23B). For HSA, the overlap was considerably higher
with 14 out of 19 (Figure 23C). Interestingly, all commonly differentially expressed miRNAs
in the 3D6scFv-Fc producers were up-regulated (Figure 23B), whereas for HSA most of them
(10 out of 14) were down-regulated (Figure 23C). The Venn diagram of both low producers
as well as both high producers versus the non-producer showed only a very little overlap in
both cases (Figure 23D and E). Comparing all producers against the non-producer showed
that only one miRNA was commonly differentially expressed (Figure 23F).

The results of the miRNA expression profiling experiment are consistent with those of the
MRNA profiling experiment (see Chapter 4.2.3), supporting the hypothesis that the reaction
of CHO cells to heterologous protein expression is highly product and/or clone dependent.
Consequently, cell engineering approaches to improve the productivity of recombinant CHO

cell lines may as well be product and/or clone-specific and not generally applicable.
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Figure 23. Number of commonly and exclusively differentially expressed miRNAs. 3D6_H, CHO 3D6scFv-Fc
high producer; 3D6_L, CHO 3D6éscFv-Fc low producer; HSA_H, CHO HSA high producer; HSA_L, CHO HSA
low producer; EV, CHO empty vector (non-producer). Venn diagrams were generated using VennPlex (Cai et al.
2013).
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4.3.2 Impact of confirmed miRNAs

The expression profiles of 11 priority miRNAs were confirmed by qRT-PCR. Some of them
were already found to be differentially expressed between producer and non-producer in
similar previously published studies. Up-regulation of miR-10b-5p and down-regulation of
miR-21-5p was observed in an Epo-Fc and an antibody producer compared to the respective
parental CHO cell line (Hackl et al. 2011), which is in compliance with the results of the HSA
producers but not the 3D6scFv-Fc producers. In another study, Lin et al. (2011) profiled
mIiRNA expression in four recombinant CHO cell lines expressing the same human IgG and
compared them with the parental DG44 cell line. In accordance with our results, they found
miR-221-3p being significantly down-regulated in the recombinant cell lines. They also
observed a down-regulation of miR-125b-5p in two clones, as observed in the 3D6scFv-Fc
high producer in our study. However, they detected opposed effects for miR-19a-3p and
let-7b-5p.

It was already shown that the overexpression of miR-21-5p reduces the specific productivity
of recombinant CHO cells (Jadhav et al. 2012), consequently a knockdown of miR-21-5p
might increase the specific productivity. As one of the most abundant and best studied
miRNAs, miR-21-5p has been linked to cell proliferation, apoptosis, migration (Krichevsky
and Gabriely 2009) and cellular longevity (Dellago et al. 2013). Nfib and Pdcd4 are well
described targets that were also identified as potential targets of miR-21-5p in CHO cells in
our study. Programmed cell death protein 4 (encoded by Pdcd4) acts as tumor-suppressor
which is up-regulated during apoptosis (Shibahara et al. 1995), and it was shown to inhibit
translation initiation by binding to elF4A (Suzuki et al. 2008). However, this cannot explain
the observed alteration in specific productivity. The transcription factor Nuclear factor 1/B
(encoded by Nfib) is a transcriptional repressor of miR-21 which is involved in a double
negative feedback mechanism to sustain the level of miR-21 transcription (Fujita et al. 2008).
Thus, the down-regulation of miR-21-5p in the HSA producers may only be a consequence of
the increased Nfib levels, which we hypothesized to be caused by the high transgene copy
number of these cell lines (see Chapter 4.2.5).

Like miR-21-5p, miR-10b-5p was described as an oncogenic miRNA with a pro-proliferative
and anti-apoptotic function (Lin et al. 2012). We identified Sdcl as a potential target of
miR-10b-5p, which was also described in breast cancer cells (Ibrahim et al. 2012). Its gene

product Syndecan-1 is a transmembrane proteoglycan which acts as a co-receptor for various
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growth factors and growth factor receptors, thereby having a crucial effect on processes
involved in the regulation of cell growth (Szatmari and Dobra 2013).

In human hepatocellular carcinoma cells, miR-221-3p was found to control the expression of
cyclin-dependent kinase inhibitor 1B (p27X®Y) and cyclin-dependent kinase inhibitor 1C
(p57KP?), which are important cell cycle inhibitors (Fornari et al. 2008). Cdknlb which
encodes p27KiP! was also identified as a potential target of miR-221-3p in our study. Increased
specific productivity in CHO cells was achieved by conditional overexpression of p27XP?,
which induced a G1-specific growth arrest (Meents et al. 2002b). Hence, knockdown of miR-
221 might have a similar effect, however, transient overexpression of miR-221 had no
significant effect on growth and productivity in an Epo-Fc producing CHO cell line (Jadhav et
al. 2012). In human hepatocellular carcinoma cells, miR-221 was also linked to apoptosis
regulation, where ER stress-induced apoptosis was attenuated by miR-221/222 inhibitors (Dai
et al. 2010).

Diverse functions have been described for miR-125b, as it can act as tumor suppressor or as
oncogene and it was shown to promote apoptosis in various human cell lines by suppressing
the expression of Bcl-2 family members (Gong et al. 2013). Hence, the strong down-
regulation of miR-125b-5p in the 3D6scFv-Fc high producer might be a response to cellular
stress caused by high expression of the scFv-Fc antibody in order to prevent apoptosis.
However, in human Kkeratinocytes it was also demonstrated that miR-125b modulates cell
proliferation by targeting Fgfr2 which encodes fibroblast growth factor receptor 2 (Xu et al.
2011a). Fgfr2 was also identified as potential target in CHO cells in our study.

Two highly expressed members of the let-7 family, let-7b-5p and let-7c-5p, were up-regulated
in all producers relative to the non-producer and their expression levels correlated with
specific productivity. The let-7 family is highly conserved across animals and has been
associated with the regulation of various cellular processes including cell differentiation and
proliferation as well as tumor suppression (Roush and Slack 2008). In human cancer cells, the
overexpression of let-7b led to reduced Dicer protein levels (but not mMRNA levels) as well as
significant inhibition of cell proliferation (Jakymiw et al. 2010). Dicer expression was also
found to be strongly correlated with growth rate in CHO cells (Hackl et al. 2014). Hence,
let-7b might as well be able to modulate cell proliferation in CHO cells. In mice, it was found
that let-7b also regulates glucose metabolism by targeting genes of the PIBK/AKT/mTOR
pathway (Zhu et al. 2011). We identified Igf2bp as a potential target of let-7b-5p in CHO
cells. Insulin-like growth factor 2 mRNA binding protein 3 (encoded by Igf2bp) is a
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translational activator of insulin-like growth factor 2 (encoded by Ifg2) which is an activator
of the MAPK as well as the PI3BK/AKT/mTOR pathway (Suvasini et al. 2011).

In various cancer studies, miR-19a was described as an oncogenic miRNA with a pro-
proliferative and anti-apoptotic function, and in laryngeal squamous cell carcinoma, it was
shown to target Timp2 (Wu et al. 2014), which was also identified as potential target of
miR-19a-3p in our study. Tissue inhibitor of metalloproteinase 2 (TIMP-2), which is encoded
by Timp2, plays an important role in the suppression of cell proliferation. In human
endothelial cells, shear stress induces miR-19a that targets the cyclin D1 mRNA, which leads
to an arrest of cell cycle at G1/S transition (Qin et al. 2010). In a recent study, miR-19a was
also linked to the PISBK/AKT/mTOR pathway, suggesting a positive feedback loop (He et al.
2013).

The two members of the miR-99 family, miR-99a and miR-100, have been described to
function as tumor suppressor or oncogene. In various cancer studies, it was demonstrated that
overexpression of miR-99a/100 inhibits cell proliferation and/or promotes apoptosis by
suppressing the expression of mTOR (Chen et al. 2012; Cui et al. 2012; Sun et al. 2013).
However, in myeloid leukemia, it was shown that miR-99a/100 play an oncogenic role by
regulating the expression of CTD small phosphatase-like protein (CTDSPL) and tribbles
pseudokinase 2 (TRIB2), which are two tumor suppressors (Zhang et al. 2013; Zheng et al.
2012). Ctdspl was also identified as potential target of miR-99a-5p in CHO cells in our study.

Diverse functions have also been described for miR-193a. In leukemia cells, miR-193a acted
as a tumor suppressor by inducing G1 growth arrest and apoptosis (Li et al. 2013). However,
in mesenchymal stem cells (MSCs), it was shown that miR-193a promotes proliferation by
targeting the mRNA of inhibitor of growth family 5 (ING5) which inhibits cyclin-dependent
kinase 2 (CDK2), but does not affect apoptosis (Wang et al. 2012).

In rat cardiomyocytes, it was shown that the overexpression of miR-350 induces hypertrophy
and apoptosis by repression the c-Jun N-terminal kinase (JNK) and the p38 mitogen activated
protein kinase (MAPK) pathway (Ge et al. 2013).

All miRNAs described above, have been related to diverse functions mainly associated with
cell proliferation and/or apoptosis, so that their relation to productivity may only be indirect
and therefore difficult to interpret. Interestingly, let-7b, miR-19a and the miR-99 family have
been associated with the PIBK/AKT/mTOR pathway. It has already been showed that the
ectopic expression of human mTOR can improve cell growth, proliferation, viability,
robustness and specific productivity of recombinant CHO cells (Dreesen and Fussenegger

2011), consequently modulating expression of let-7b, miR-19a or the miR-99 family may also
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affect bioprocess-relevant phenotypes. Nevertheless, it is necessary to further evaluate the
identified target miRNAs experimentally. This can be done by transient and stable
overexpression of the miRNA as well as knockdown using either antisense miRNA

oligonucleotides (antagomirs) or miRNA sponges (Jadhav et al. 2013).

4.3.3 Functional characterization of miRNAS

Identifying targets mRNAs is crucial to understand the biological function of miRNAs.
Biological and biochemical methods for high-throughput miRNA target identification are
very labor-intensive and time-consuming, hence, reliable software prediction tools would be
very beneficial. However, today’s computational target prediction tools are inefficient due to
the complexity and diversity of miRNA-mRNA interactions. In addition, no prediction tools
as well as experimentally validated target databases that are specific for CHO cells are
currently available.

Various web-based tools such as DIANA miRPath (Vlachos et al. 2012), miRSystem (Lu et
al. 2012) and miRGator (Cho et al. 2013) have been developed for the functional
characterization of miRNAs based on gene enrichment analysis. They heavily rely on correct
computational miRNA target prediction or comprehensive validated target databases. But
experimentally validated target databases are currently incomplete, with the best coverage for
human, but a low number of validated targets in other organism. For instance, miRTarBase
45 (Hsu et al. 2014) contains 489 validated human targets of the very well-studied
miR-21-5p, whereas only 11 targets are present for mouse and nine for rat. Additionally, most
validated targets originate from cancer research, consequently interactions relevant for cell
culture technology might be underrepresented. Considering also the significant false-positive
and false-negative rates of target prediction algorithms, it is very likely that results of the
currently available functional analysis tools are biased and therefore might lead to

misinterpretations.
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Chinese hamster ovary (CHO) cells are currently the workhorses of the biopharmaceutical
industry for the production of recombinant therapeutic proteins. However, due to recent
advances in glycoengineering, yeasts such as Pichia pastoris are about to enter this field.
Although, a large amount of information about heterologous protein expression has been
published for both expression systems, a quantitative comparison of these data is very
difficult, as they were generated in non-comparable ways following different research
questions. In addition, the productivity of the individual expression systems strongly depend
on the particular protein, however, proteins produced in yeasts are generally different ones
than those expressed in mammalian cells. In order to conduct a thorough system comparison
between CHO cells and P. pastoris, we established comparable high producer cell lines and
strains that express two structurally different model proteins. One of them, human serum
albumin (HSA), can be produced at very high levels in P. pastoris, whereas the other one, a
single chain Fv-Fc fusion antibody (3D6scFv-Fc), is more complex and contains the Fc-
specific N-glycosylation site. In P. pastoris, the biomass-specific secretion rate (qe) was
significantly lower (~40 times) for 3D6scFv-Fc than for HSA, whereas gp was similar for
both model proteins in CHO cells. Comparing both organisms, the ge of the CHO cell lines
was more than 1000-fold higher for 3D6scFv-Fc and 26-fold higher for HSA, which clearly
demonstrates that the protein secretion machinery is much more efficient in CHO cells than in
P. pastoris. The cellular mechanisms and processes that control and limit recombinant protein
synthesis and secretion in mammalian cells as well as in yeast are still poorly understood.
Hence, a comparative genome-wide analysis of the established CHO cell lines and P. pastoris
strains using various omics approaches may provide valuable insights, which enable the
identification of conserved and species-unique mechanisms and pathways that are involved in
recombinant protein production. The analysis of differentially regulated conserved pathways
might than be useful to identify bottlenecks of heterologous protein secretion in P. pastoris.

In order to investigate recombinant protein production in CHO cells and to provide
transcriptomics and proteomics data for a cross-species comparison with P. pastoris, we
established low and high producing CHO cell lines expressing HSA and the 3D6scFv-Fc
antibody as well as a non-producer. A prerequisite for a comparative physiological analysis of
different cell lines is the generation of comparable and defined conditions in order to obtain

reproducible and meaningful results. In batch or fed-batch cultures the physico-chemical
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conditions are very dynamic and have a significant impact on the cell’s transcriptome
(Hernandez Bort et al. 2012). For this reason, we applied steady-state cultivation using a
chemostat. As the standard industrial bioprocess is fed-batch, chemostat cultures have not
been applied in any gene, miRNA or protein expression profiling study of CHO cells yet.
Accordingly, this is the first report of transcriptomics data which were generated under

steady-state conditions.

Due to the lack of publicly available CHO sequence information, our previous microarray
analyses of CHO cells have relied on the cross-species hybridization to commercially
available microarrays designed for closely related species such as mouse and rat (Ernst et al.
2006). For the present study, we designed a novel CHO-specific microarray based on the first
published genomic sequence of a CHO cell line (Xu et al. 2011b). A comprehensive
validation of the obtained microarray results using qRT-PCR confirmed that our CHO-
specific microarray provided accurate and reliable data.

A multitude of genes were differentially expressed between high, low and non-producing cell
lines. However, we observed a considerable divergence in differentially regulated genes that
are potentially related with recombinant protein biosynthesis and secretion between cell lines
producing different proteins. This might be caused by the different structure and properties of
HSA and the 3D6scFv-Fc antibody, however, the contribution of effects caused by clonal
variation is unknown and may not be negligible. CHO cells are characterized by a high degree
of genetic and phenotypic diversity and so each cell line has its own unique genome,
transcriptome and proteome (Wurm 2013). Hence, the comparison of expression data of
different cell lines may be very difficult. The elimination of effects that are caused by clonal
variation would require the analysis of several independent clones that show similar
bioprocess-relevant phenotypes (growth rate, specific productivity and longevity). However,
this would be a very time-consuming, labor- and cost-intensive study, especially when
conducted for several different proteins including high and low producers.

The gene expression profiling data of this study were also systematically analyzed using
hierarchical and k-means clustering as well as Gene Ontology (GO) and KEGG pathway
enrichment analysis. But the identified enriched biological processes, molecular functions and
pathways could not directly be related to protein synthesis or secretion (data not shown).
However, our results support the hypothesis of Seth et al. (2007), which suggests that high
productivity may not be ascribed to large changes of a few master genes, but rather to minute
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changes affecting a multiplicity of cellular functions including energy metabolism, redox
balance, protein processing and secretion as well as growth and death control.

Although we could not increase the productivity of the high producing cell lines by increasing
the selection pressure (MTX concentration), our results strongly indicate that there are no
limitations at the stage of translation, protein processing or secretion, as the product mMRNA
levels perfectly corresponded to the increase of gr between high and low producers. In
addition, we did not observe an induction of the unfolded protein response (UPR) and
especially the genes encoding the prominent chaperons BiP/GRP78, PDI, calreticulin and
calnexin were not affected or even down-regulated upon recombinant protein overexpression.
Hence, in the cell lines of this study, the limitations of recombinant protein production are
rather at the stage of transcription. Various transcription factors have been reported that
modulate transcription efficiency of the cytomegalovirus (CMV) major immediate-early
(MIE) enhancer/promoter, however, they have not been used as targets for cell engineering of
CHO cells yet. Therefore, we suggest that the overexpression of transcription factors may be a
promising strategy to enhance recombinant protein production of CHO cell lines experiencing

no protein processing or secretion bottleneck.

In addition, we analyzed the microRNA (miRNA) expression profiles using a cross-species
mMiRNA microarray as well as gRT-PCR. MicroRNAs are short (~22 nt) endogenous RNAs
that play an important role in the regulation of gene expression (Bartel 2004), and they have
been considered as promising targets for pathway engineering of CHO cell factories, because
they regulate entire gene networks and do not constitute an additional burden to the cell’s
translational machinery (Hackl et al. 2012b; Muller et al. 2008).

Our results indicate that miRNAs play an important role in recombinant cell lines, as
producing cell lines appear to have higher levels of mature miRNAs in general. However, the
comparison of miRNA expression profiles of different cell lines, both from this study and
previously published results, revealed little consensus. This supports the findings of the
mRNA profiling study, indicating that the reaction of CHO cells to overexpression of
heterologous proteins is strongly protein and/or clone dependent.

The confirmed priority miRNAs have been related to diverse functions mainly associated with
cell proliferation and/or apoptosis, so that their relation to productivity may only be indirect
and therefore difficult to interpret. Interestingly, let-7b, miR-19a and the miR-99 family have
been associated with the PIBK/AKT/mTOR signaling pathway in various cancer studies. It

has already been showed that the overexpression of mTOR can improve cell growth,
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proliferation, viability, robustness and specific productivity of recombinant CHO cells
(Dreesen and Fussenegger 2011), consequently modulating expression of let-7b, miR-19a or
the miR-99 family may also affect bioprocess-relevant phenotypes.

The identification of mMiIRNA-mRNA interactions is essential to understand the biological
function of miRNAs. Experimental screening methods are very labor-intensive and time-
consuming, however, methods based on computational prediction and correlation of miRNA
and mMRNA expression data are very inefficient due to the complexity of miRNA regulatory
mechanisms. Statistical analysis of the identified miIRNA-mRNA interactions indicated a
considerable rate of false positives. Our results highlight the urgent need for reliable CHO-
specific miRNA target prediction tools and experimentally validated target databases in order

to facilitate functional analysis of high-throughput miRNA expression data in CHO cells.

As a next step, protein expression results which were generated using MS-based shotgun
proteomics need to be included in order to get a more comprehensive and clearer picture
about the affected processes. In addition, the protein expression data will be very helpful to
improve miRNA target identification.

Furthermore, overexpression and knockdown experiments should be done in order to
investigate the biological function of the identified genes and miRNAs in CHO cells as well
as their impact on bioprocess-relevant properties such as cell proliferation, protein

synthesis/secretion and longevity.
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Supporting information: Validation of CHO-specific microarray

Supporting material and methods

Gene expression determination by gRT-PCR

Transcript levels were measured by one-step quantitative reverse transcription PCR (gRT-
PCR) using SYBR Green I. At first, total RNA extracts were treated with RQ1 RNase-free
DNase (Promega, WI, USA) according to the manufacturer’s instructions in order to remove
potential residues of genomic DNA. gRT-PCR was performed on a Chromo4 real-time PCR
system (Bio-Rad, CA, USA) using the QuantiFast SYBR Green RT-PCR Kit (Qiagen,
Germany) according to the supplier’s manual. Expression levels were normalized using two
internal references (Gapdh and Actr5) to improve the reliability of the assay. Gapdh was
highly and Actr5 moderately expressed and the transcript levels for both genes were very
stable in the microarray experiment across all CHO cell lines used in this study. Primers were
preferentially designed to span an exon-exon junction or on two different exons, leading to an
amplicon size between 100 and 200 bp. All primers used for this experiment are listed in
Table 3. A 20 pL reaction mix contained 10 ng total RNA, 1 puM of each oligonucleotide
primer, 0.2 pL QuantiFast RT Mix and 10 puL 2x QuantiFast SYBR Green RT-PCR Master
Mix. gRT-PCR was performed at 50°C for 10 min (reverse transcription) and 95°C for 5 min
(initial polymerase activation) followed by 40 cycles of 95°C for 10 s and 60°C for 30 s.
Fluorescence was recorded after each amplification cycle. The specificity of the reaction was
verified by analyzing the melting curve after the last cycle. Quantification cycle (Cq) values
were determined with the software Opticon Monitor 3.1.32 (Bio-Rad). Relative expression
ratios were computed using the software REST 2009, which allowed the consideration of both
internal references and uses a complex Taylor series to estimate the standard error (SE).
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Supporting Tables and Figures

Table 3: Primers used to determine transcription levels by gRT-PCR

Primer Sequence (5°-3°)

Acsll_F TGAACCGGATGTTTGACAGA
Acsll_R ATCCCACAGGCTGTTGTTTC
Actr5_F CTCCTTCCAGGTTCAGCTTG
Actr5_R GGCACAATGTTCCTTGAGGT
Adh5_F GCCCATCCAGGAAGTACTCA
Adh5 R GATTTCTTCACCCGAAGCAG
Akrlb7_F CGGATACCGCCACATAGACT
Akrlb7_R CCAGTTTCAGATCCGAGAGG
Arhgap24 F CCTCCTTTGACAGCAACACA
Arhgap24 R TTCCTTCACACCTGCTTCCT
Ccl2_F ACGCTTCTGTGCCTGCTACT
Ccl2_ R TCCTCTTGGCGGTAAATGAG
Cd68_F CAGCTCCAAGCACAAATTCA
Cd68_R CTGCTCCATGTCCTGTTTGA
Ceslf F CAACACTGTGCCCTACATCG
Ceslf R CAACTGGAACTGCATCCTCA
Cptla_F GCAAAGGGCTGATCAAGAAG
Cptla_R GAAAGAGCCGAGTCATGGAG
Crot_F GAAACTGGCTGGAAGAGTGG
Crot_R AACTGAGTGCCTTCCATTGC
Ctla2a_F GGAATATGAGCAGGGCAAGA
Ctlaza_R GGAATCTCTACCAATCCACAGC
Cxcl3_F GTGCCTGAAGACCCTACCAA
Cxcl3_R TGGACTTGGCCTTCTTCAGT
Duspl4 F AGGCATTGCTCAGATCACCT
Duspl4 R CGATGGTAGCATTCACGATG
Ereg_F GTGCATCTACCTGGTGGACA
Ereg_R TGGATCCAGCGATTATGACA
Fabp4_F CCGATCAGAGAGCACATTCA
Fabp4 R CTTGTCACCCTCTCGCTTTC
Gapdh_F GTAAGAAGCCCACCCTGGA
Gapdh_R GTGAGGGAGATGATCGGTGT
Glud1l_F GGTGAATCTGATGGGAGCAT
Gludl_R GACTTTGGGTGCATTGGACT
Gnbl_F CAAAGCTGACAGAGCAGGTG
Gnbl R TCAGGGTTGGAATGGTCTTC
Gstml_F ATCCCTTCCCAAACCTGAAG
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Primer Sequence (5°-3°)

Gstml_R CTCCATATGAGAGCCCGTGT
1115 _F AGGCTGGCATTCATGTCTTC
1115 R TGCAACTGGGATGAAAGTCA
Lipa_F ACCTCGGTGCAAAACTTACG
Lipa_ R CAAAGCAGTGGGTACAAGCA
Lrpl F ACCACCAGCTACCTCATTGG
Lrpl R CCTGGCCACACTAATGGTCT
Mmpl2_F TCCTGTCATTCCATCAGCAG
Mmpl2 R ATCCACCAGACGAACCTGTC
Nadk_F CACTGCATGGGTGTCTTTTG
Nadk_R GCAAGGCTCTCAAACCAGTC
Ppap2a_F CCTTCCAACGAGGAGTGTTC
Ppap2a_R GGTGCCAAAGTGAACAGACA
Rpl15 F TGTTGCTGAGGAGAGAGCTG
Rpll5 R TCTCTGTGCTTGTGGACTGG
Shsn_F ATGCTCATAACGGGGTCAAC
Shsn_R GCGATACTCCTCCACAGAGC
Sgkl F ATCGCCAACAACTCCTATGC
Sgkl R TGCCCTTTCCAATCACTTTC
Slpi_F GGTGCTGCCAATTTAGGTGT
Slpi_R CCTATTGGGAGGATTCAGCA
Thoc7_F CTCTGGGCAAAGAATTGGAG
Thoc7_R GAGCTTCGTCCACCTCTGAC
Ugtlal F TGTCCTGGAAATGACTGCTG
Ugtlal R CAGGTCCAGAGGCTCTATCG
Upbl F TGGTCTCTCACGCAATCAAG
Upbl R ACATCTCAAGTCGGCCTGTC
Wapal_F CTCCTACACAGCCCTGCTTC
Wapal_R GACTTCTGGCCTGTTGTTCC
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Soluble NSF (N-ethylmaleimide-sensitive factor) receptor
single-nucleotide polymorphism
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tandem mass tag

thrombopoietin

tribbles pseudokinase 2
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untranslated region
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