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Chapter 1  General Introduction

1.1  Chinese hamster ovary cells for biopharmaceutical production

The first therapeutic protein approved for use, a human tissue plasminogen activator, was
derived from recombinant mammalian cells in 1986. Since then, there has been emerging
interest in mammalian cells as host cell lines for biopharmaceutical production. Even though
there are various choices of platforms for protein expression, such as microorganisms, plants,
and insects, mammalian cell lines have been prominently used as host cell lines for commercial
therapeutic protein production. From 2014 to 2018, 155 biopharmaceuticals were approved and
put on the US and EU market. Among them, about 79 % has been produced in mammalian
cells (Walsh et al. 2018). Moreover, there are many kinds of available mammalian cells, such
as those of mouse myeloma-derived NSO, baby hamster kidney, human retina-derived PerC6,
Chinese hamster ovary (CHO), and human embryonic kidney HEK-293. Among these, CHO
cells have been used as a main workhorse for biopharmaceutical production, accounting for
70% of the approved biopharmaceutical proteins on the market (Walsh et al. 2018).

CHO cells have gained popularity as a mammalian cell line for protein production due to its
superior characteristics. Since CHO cells have proved to be safe expression systems for
biopharmaceuticals for more than two decades, regulatory approval of CHO-based
biopharmaceuticals is easier to obtain (Jayapal et al. 2007). Also, this cell line is well known
in the field, so many researchers can easily access its characteristic for gene manipulation. Due
to CHO cells’ structural similarity to human glycan cells, proteins produced in CHO cells have
been demonstrated as safe to human and less immunogenic than other cell types (Walsh et al.
2010). This cell type has efficient post-translational modification and thus can produce suitable
bioactive proteins for human use. Furthermore, CHO cells can easily be adapted to serum-free
medium in suspension conditions, a superior characteristic for industrial settings. However,

one of the disadvantages of CHO cells compared to other mammalian cell lines is their low



specific productivity and their differences with human glycan structures. To solve this problem,
gene amplification systems have been developed, such as dihydrofolate reductase/methotrexate
(DHFR/MTX) or glutamine synthetase/methionine sulfoximine (GS/MSX).

The use of CHO as a host cell line has increased yearly by an average of 35% since 2001
(Aggarwal 2014). Thus, CHO cells may remain a favorite cell line for pharmaceutical
production. Nevertheless, to improve this cell line type for a bio-better product there is demand
to engineer characteristics of this cell type.

1.2 Glyco-engineering Chinese hamster ovary cells for pharmaceuticals productions
Sales of therapeutic glycoproteins have risen to tens of billions of dollars per year (Aggarwal
2014). These glycoproteins include many protein types, such as growth factors, hormones,
cytokines, enzymes, clotting factors, Ig-Fc fusion proteins, and monoclonal antibodies
(Ghaderi et al. 2012, Hossler et al. 2009, Lepenies and Seeberger 2014). The main force behind
the development of these glycoprotein classes is the high demand for biopharmaceuticals in
the treatment of infectious diseases, immune disorder, genetic disorders, cancers, and other
diseases.

Glycan binding to proteins can be heterogeneous. It varies depending on the site of glycan
occupancy and glycan structures (Varki et al. 2009). Various enzymes can participate in the
formation of the final glycan structures. A number of glycans are generated by interaction
between glycol-enzymes and oligosaccharide substrates for most proteins through endoplasmic
reticulum (ER) and the Golgi compartments (An et al. 2003, Stavenhagen et al. 2013).
Specifically, in mammalian cells N-linked glycosylation occurs by a complex network reaction
of glycol-enzymes such as glycosidases and glycosyltransferases in the ER and the Golgi
compartments. Being initiated in the ER membrane, N-glycans start with the transfer of
GIcNAc-P to dolichol phosphate (Dol-P) to form dolichol pyrophosphate N-acetylglucosamine

(Dol-P-P-GIcNAC). Next, oligosaccharide precursor (GlcaMangsGIcNAC?) has been formed by



adding 14 sugars to Dol-P-P-GIcNAc (Varki et al. 2009). Then, oligosaccharyltransferase
(OST) transfers GlcsMangGIcNAcC: to the Asn of the polypeptide and releases Dol-P-P during
the process (Aebi 2013). The oligosaccharide precursor GlcsMangGIcNAC: is trimmed by ER
glucosidase enzymes such as a-glucosidases I and Il, which are involved in the control of
protein folding. Next, the precursor is cut by ER a-mannosidase | to form MangsGICNAc
glycoproteins once the glycoprotein is folded correctly. The MangGIcNAcz glycoproteins then
exist from the ER compartment before translocating into cis-Golgi (Aebi 2010). Here, the
MangGIcNAc: glycoproteins are further cut by other glycosidases in the Golgi, such as a-
mannosidase I, to form MansGIcNAcz glycoproteins. These glycoproteins are key structures in
the formation of other complex and hybrid N-glycoprotein structures (Aebi 2010).

The biosynthesis of complex N-glycoprotein in the medial Golgi is initiated by adding GICNAc
to the MansGIcNAc. glycoproteins by enzyme N-acetylglucosaminyltransferase (GnT-I)
(Varki et al. 2009). Next, GIcNAcMansGIcNAc: is trimmed to form GIcNAcMansGIcNAc: by
Golgi a-mannosidase 1. The resultant N-glycan linked to proteins is then either does not extend
further or is cut to release mannose residues to form a glycan with one or two Man residues.
GIcNACc also can be added to the Man residues in the medial Golgi catalyzed by enzyme 31,4-
N-acetylglucosaminyltransferase Il (GnT-I1I), which results in the bisection of GICNAc
structures. Next, the GIcNAcMansGIcNAC: linked to proteins is added to GICNAc to form
GIcNAc2MansGIcNAc,, a precursor for all multi-antennary structures of N-glycans, the
reaction of which is catalyzed by 1,2-N-acetylglucosaminyltransferase 11 (GnT-Il). A more
complex antennary can be generated by adding GICNAc residues catalyzed by N-
acetylglucosaminyltransferase IV (GnT-1V) and N-acetylglucosaminyltransferase V (GnT-V).
In addition, another type of hybrid N-glycans can be formed in the trans-Golgi by adding core
al,6-fucose to the GIcNAc linked to Asn using al,6-fucosyltransferase. Moreover, the branch

can be elongated to form Gal 31,4GIcNAc N-glycoproteins by adding 3-linked galactose to
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GIcNAc using enzyme galactosyltransferase. Here, sialylated structures can be achieved by
adding sialic acid to the terminal Gal residues by sialyltransferase enzymes (Varki et al. 2009).
As mentioned above CHO cells have been predominantly used as a host cell line for
biopharmaceutical production because its proteins are easily accepted by the human immune
system (Butler and Meneses-Acosta 2012, Ghaderi et al. 2012). However, CHO also contains
two types of nonhuman glycan structure: N-glycolylneuraminic acid (NeuGc) and Gal al,3-
Gal linkages. These differences in glycan structures can be immunogenic to human (Ghaderi
et al. 2012, Padler-Karavani 2008). Glycosylation is an important factor for the measurement
of biopharmaceutical qualities because of its effects on aggregation, half-life, thermal stability,
efficacy, protease resistance, stability, immunogenicity, and solubility (Sareneva et al. 1995,
Sola and Griebenow 2010, Spearman and Butler 2015, Wright and Morrison 1997). Thus, a
number of studies have been performed to alter the glycan profiles of CHO for

biopharmaceutical production.
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1.3  Sialylation pathway in mammalians cells and glyco-engineering Chinese hamster
ovary cells for improving sialylation

The sialic acid terminal of glycosylation, N-acetylneuraminic acid (Neu5Ac), plays a more
important role in biopharmaceutical half-life than other sugar residues in glycans. Sialic acid
is a negatively charged acidic 9-carbon moiety. It is linked to the C8-, C6-, or C3-hydroxyl
group of the galactose terminal in glycan structures via sialyltransferase enzyme [-galactoside
a2,3-sialyltransferases (ST3GAL-1 to ST3GAL-VI) or B-galactoside 02,6-sialyltransferases
(ST6GAL-I and II) in human (Li et al. 2012). Sialylation can occur through 02,3; 0.2,6; or 0.2,8-
linkage to galactose residues (Angata and Varki 2002, Angata and Varki 2002, Wang et al.
2015). In CHO, Neu5Ac terminals are linked to glycoproteins by only the a2,3-linkage due to
the lack of expression of ST6GAL enzymes. Sialic acid on glycoprotein can improve its
bioactivity and circulatory half-life. Terminal sialic acid can be used as a mask for
glycoproteins. Thus, it protects galactose residues from removal in the circulation of blood
because of the interaction between hepatocytes and asialoglycoprotein receptors in the
endocytosis-mediated pathway (Wang et al. 2015, Ashwell and Harford 1982, Cole et al. 1993).
Thus, there is strong demand to maximize the sialic acid content of glycoprotein in CHO cell
lines.

Many studies have attempted to optimize the conditions for bio-parameter processing in
glycoprotein production. Bioprocess parameters include pH, dissolved oxygen (DO),
temperature, and time on glycan profiles. However, the results obtained have not been
definitive, because the effects rely on the cell types and targeted glycoproteins. Also, number
of studies have altered sialylation. Trummer et al. (2006) demonstrated that reducing culture
temperature reduced the number of sialylated patterns. The reduction of temperature after the
exponential growth phase causes a big decrease in NeuGc (Borys and Abu-Absi 2010). DO is

also considered a parameter proved to increase the sialic acid content of human follicle-
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stimulating hormone expression (Chotigeat and Gray 1994). According to Yang et al. (2000a),
ammonium supplements resulted in a decrease in the number of sialylated glycan structures.
Thus, the results obtained vary and are not so effective at altering glycosylation by the
modulation of process parameters, even though potential effectiveness is expected due to its
easy manipulation.

Although many efforts have been made to modulate the glycosylation pathway in CHO cell
lines, the resultant glycoforms did not show big improvements or cost effectiveness. Thus,
there is strong demand for a more direct, stable, and cost-effective method by gene

modification, such as inserting or deleting targeted genes involved in glycosylation pathways.
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Fig. 2 Sialylation pathway in mammalian cells
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14 Dihydrofolate reductase / methotrexate (DHFR/MTX) for genes amplification in
Chinese hamster ovary cells

Low vyield is one of the disadvantages of CHO cells as a host cell line for the production of

therapeutics. Targeted genes have been amplified to solve this problem. Thus far, however,

studies using this amplification method have focused mostly on amplifying therapeutics for a
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better product. Since the spontaneous amplification frequency of genes in CHO cells is very
low, few studies have used gene amplification to improve targeted homogeneous genes in CHO
cells. Several cytotoxic drugs, such as methotrexate, methionine sulfoximine, PALA, cadmium,
and histidinol, help to induce the amplification of genes of interest. The first study was
performed in 1957 (Hakala 1957). DHFR/MTX is a common gene amplification method used
in CHO cells. MTX is known to inhibit DHFR, which is involved in nucleotide synthesis. Thus,
DNA replication stops when DHFR is absolutely inhibited (Pallavicini et al. 1990, Gandor et
al. 1995). The majority of cells die after 2 to 3 weeks, but some cells can overproduce DHFR.
The cells obtained through the single-cell selection can have hundreds to thousands of gene
copies of plasmids integrated in chromosomes (Pallavicini et al. 1990, Wurm et al. 1986). The
enrichment of specific productivity obtained through gene amplification varies and depends on
individual clones, but the increase in productivity can be 10- to 20-fold (Zettlmeissl et al. 1988).
Gene amplification has been widely used for the production of therapeutics. However, the
utility of this method for enriching sialylation in therapeutics is still unconfirmed, since not
many such studies have been conducted.

1.5  Autoimmune disease: causes, symptoms, and treatments

About 70 different kinds of disorders are defined as autoimmune disease (AD), afflicting about
5% of the population of Western countries. They can occur under various conditions such as
in certain age ranges, as a result of some treatments, and some targeted tissues. It was reported
that AD appears because of the complexity of interactions between environmental factors,
defective regulation, and genetic susceptibility such as autoantibodies, loss of immune
homeostasis, or upregulation of inflammatory cytokine (Selmi et al. 2004, Burek et al. 2009,
Dedeoglu 2009, Selmi and Gershwin 2009). All AD mechanisms are believed to advance in
phases from initiation and propagation to resolution. In human AD, many antibodies in serum

work directly against functional components of cells such as receptors, nucleic acids, or nuclear
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molecules. Thus, these antibodies can be used as important factors to classify and diagnose AD.
Many studies have pointed out that AD patients can carry autoantibodies (AAbs) for a long
time before the first symptom emerges. Thus far, however, the reason for the presence of AAbs
in AD patients is still unclear. It is believed that AAbs can occur naturally or result from the
progress of cancer, tissue damage, and paraneoplastic syndromes. These abnormal reactions of
the autoimmune system can lead to some common type of diseases, such as rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), multiple sclerosis, and Type 1 diabetes mellitus.
The common symptoms are fatigue, joint pain and swelling, skin problems, fever, and
abdominal pain. Nonsteroidal anti-inflammatory drugs (NSAIDs) and immune-suppressing
drugs have been developed to treat AD; the latter provide better and longer effects. The
immunosuppressive drugs most commonly used are cytokines, checkpoint inhibitors, B-cell
targeting agents, and antibodies. Meanwhile, plasma human immunoglobulin G (IgG) has been
long used to modulate immunity for diseases such as chronic inflammatory demyelinating
polyneuropathy, systemic lupus erythematosus, and immune thrombocytopenia. There is great
interest in improving the quality of this IgG to improve treatment for AD patients.

1.6 Antibodies IgG and sialylation as treatment for autoimmune disease

IgG antibodies are well known for their ability to protect the body against pathogens. These
antibodies also play important roles in the inflammation and destruction of tissue in
autoimmune diseases such as systemic lupus erythematosus and RA. However, intravenous
immunoglobulins, IgG antibodies prepared from thousands of human donors, are known as
effective treatments for chronic inflammation and autoimmune diseases. Several studies have
proved the functions of oligosaccharides attached to the Fc fragment of IgG. Glycans can block
or enrich the pro- and anti-inflammatory activities of antibodies. It was reported that an 1gG
with low levels of sialic acid terminal and galactose terminal in N-glycan is related to active

autoimmune disease including Crohn’s disease, SLE, and RA (Lauc et al. 2013, Parekh et al.
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1985, Scherer et al. 2010, Shinzaki et al. 2008). In addition, the infusion of IVIg in Kawaski
disease patients was shown to induce sialylated 1gG glycovariants and was associated with
enhanced treatment response in these patients (Ogata et al. 2013). An IVIg with tetra-antennary
sialylation of Fc showed up to a 10-fold increase in inflammatory activity compared to random
IVIg (Washburn et al. 2015). Sialic acid residues can help IgG antibodies bind to receptors on
the surfaces of immune cells such as neutrophils, macrophages, mast cells, and complement
component C1g by modulation of carbohydrate chains. Thus, these residues can avoid the
induction of autoimmune reactions and inflammation (Nimmerjahn and Ravetch 2007).
Recently, bone loss in RA patients was found to be associated with desialylated 1gG. N-
Acetylmannosamine (ManNAc) supplementation results in an acceleration of 1gG sialylation
to suppress inflammation, thus inhibiting bone loss. Sialic acid moieties in IgG glycans can
have effects on anti- and pro-inflammatory as well as cytotoxic activities (Anthony et al. 2008,
Aschermann et al. 2010). IgG antibodies with low sialylation can activate cytotoxic activity by
binding to the FcyR receptor. The highly sialylated IgG in the Fc regions can reduce the binding
activity of receptor FcyR to antibodies, resulting in the loss of cytotoxic activity. We can infer
that 1gG carrying a high level of sialylation is an attractive anti-inflammatory therapeutic for
AD to against auto-antibodies. IgG was naturally found with a low percentage of sialylation
around 5% (Kaneko et al. 2006). Taking all of these results together, 1gG was chosen as a good
model protein for our study to prove of the concept that the engineered cell line can produce
highly sialylated glycoproteins.

1.7 Objectives of this study

Because of their superior quality and long history of production as a therapeutic, it is possible
that CHO cells might persist as the main host cell line among mammalian cells. Thus, many
efforts have been made to improve this cell line. One strategy to improve the quality of CHO

cells is to modify their glycan patterns. Glycosylation is known as an important factor in the
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quality of therapeutics. Meanwhile, sialylation of the therapeutics produced in CHO cells can
modulate the functions of these proteins. Collectively, in this research | aimed to glyco-
engineer this CHO cell line by improving its sialylation. Multiple experiments were performed
toward this goal. | have established a CHO host cell line carrying NeuSAc-based key enzymes
to improve sialylation using the DHFR/MTX method.

To demonstrate the ability of the engineered CHO cell line to produce highly sialylated
therapeutics, | produced IgG subclass antibodies on it. The IgG produced in this targeted cell
line is expected to carry a high level of sialylation on its N-glycan structures at Asn 297. Since
Neu5Ac terminal IgG is known as an effective therapeutic for AD, the resultant 1gG can be a
potential candidate for AD treatment with high sialic acid content in glycosylation binding to
antibodies.

This approach aims to contribute to a better method of engineering CHO host cell lines to

produce better therapeutics.
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Chapter 2: Generation of glyco-engineered Chinese hamster ovary cell lines
2.1 Introduction
Because the glycan structures derived from some mammalian cells are close to human
glycoforms (Xu et al. 2011), the mammalian has been prominently used as host cell lines for
biopharmaceutical production. There are many available types such as CHO, 3T3, HEK293,
BHK, HeLa and HepG2, rodent- or human-derived cells, which are often used in
biopharmaceutical research for numerous protein expressions (Jayapal et al. 2007). Currently,
nearly 70% of recombinant protein therapeutics produced in CHO cells are commercial in the
market (Jayapal et al. 2007). Since the use of biopharmaceuticals generated from CHO cells
has escalated in the last twenty years, these therapeutics are now among the ten best-selling
biopharmaceutical products (Huggett and Lahteenmaki 2011).
Numbers of biopharmaceutical products produced in CHO cells have been recognized as safe
for their potential clinical use, CHO cells have become a biopharmaceutical workhorse for
production of therapeutics (Jayapal et al. 2007). Moreover, CHO cells show its resistance to
many human pathogenic viruses such as HIV, influenza, polio, and herpes (Jayapal et al. 2007,
Shukla et al. 1999, Tyagi et al. 2001). Also, CHO cells can be readily scaled-up in industrial
settings because of their adaptability and their ease of genetic modification such as its ease of
adapting in serum-free suspension culture (Jayapal et al. 2007). Therefore, CHO cells can be
used on an industrial scale with a high accretion in cell suspension cultures. Taken together, at
least into the near future CHO cells may persist as a premier host cell line for biopharmaceutical
production.
The terminal sialylation of N-glycosylation in therapeutics is one of the most important
considerations for the quality attribution. Thus, this aspect should be carefully elucidated in
recombinant protein production process (Lipscomb et al. 2005). As mentioned previously, the

Neu5Ac, known as sialic acid, is well-known as an important moiety because of its biological
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functions. Neu5Ac can modulate the stabilization and the interaction between molecules and
membranes in various organisms because of its strong electronegativity. Moreover, NeuSAc
terminals can enhance the stability of glycoprotein formation and to protect it from digestion
by proteases and glycosidases. This moiety is also believed to alter signaling in the
transmembrane, as well as the differentiation and growth of cells. Also, the Neu5Ac terminal
glycans is reported to have antioxidant effects and help itself to against apoptosis (Varki et al.
2009). With so many superior effects, maximizing NeubAc terminals in glycoproteins are
highly desired in biopharmaceutical glycoprotein production field.

The 02,6-linkages which linked terminal NeuSAc to galactose residues are predominant in
human proteins using enzyme [-galactoside a2,6-sialyltransferase (ST6GAL-I and II).
Nevertheless, CHO glycans have primarily only a2,3-linkages (Xu et al. 2011, Santell et al.
1999, Takeuchi et al. 1989). Therefore, contain a2,6-linked Neu5Ac terminal therapeutics
would be more favourable in human. Thereupon, maximizing the 02,6-linked NeubAc terminal
in recombinant proteins are believed to be desirable. The a2,6-linked sialic acid residues are
known as important factor for the anti-inflammation activity of human intravenous
immunoglobulin (Anthony et al. 2008, 2010). This aspect might also be important for
contributing to the quality of the therapeutics. Accordingly, CHO host cell line containing
superior 02,6 linked Neu5Ac contents might be beneficial for host cell line engineering field.
NeuGc exists in CHO-derived glycoproteins but it does not occur in humans. This is because
the gene encoding cytidine monophosphate (CMP)-N-Neu5Ac hydroxylase in humans does
not have an N-terminal domain required for its activity (Irie and Suzuki 1998). Also, another
key enzyme, UDP-GIcNAc 2-epimerase/ManNAc kinase (GNE), is known for Neu5Ac
synthesis. Glycoproteins with NeuGc residues are not desirable products in the
biopharmaceutical field since humans can sometimes produce high level of circulating anti-

NeuGc antibodies (Padler-Karavani et al. 2008).
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In consideration of the above, by introducing ST6GAL-I and Gne genes, we attempted the
glyco-engineering of CHO N-glycans. We elucidated the effects of the stable expressions of
these two Neu5Ac-based genes on the glycosylation profiles of CHO cell lines. In specific, by
using reverse phase-high-performance liquid chromatography (RP-HPLC), the free sialic acid
content and enzyme activity were measured. Additionally, the N-linked glycosylation profiling
was also revealed by using liquid chromatography-mass spectrometry (LC-MS). The results
obtained reveals an increase of free sialic acid content and an increase of sialylation in the total
N-glycans of total proteins. We therefore conducted the present study to obtain proof of concept
that the resulting glycosylation in engineered CHO cells would consistently exhibit superior
sialylation.

2.2 Materials and Methods

2.2.1 Cells and culture media

The host cell lines CHO-DG44 were cultured in a Minimum Essential Medium Eagle — Alpha
Modification medium (o MEM) (Invitrogen, Massachusetts, USA) with nucleosides and L-
glutamine supplemented with 10% fetal bovine serum (FBS). The transfected CHO cell lines
were cultured in o MEM supplemented with L-glutamine, 10% FBS and 100 pg/mL neomycin.
Next, the selected transfectants were cultured in an (-) « MEM medium (Invitrogen) without
nucleosides, supplemented with L-glutamine, 10% dialyzed FBS and 100 pg/mL neomycin.
All of cell lines were cultured in an incubator maintained at 37°C and 5% CO:..

2.2.2 Expression construct

An attenuated internal ribosome entry site (IRESmt) was established by modifying the IRES
wild-type (IRESwt) with point mutation from the Encephalomyocarditis virus (Invitrogen) at
the ATG 10", 12", IRESwt was point mutated from A to G by using primers, as described
previously (Koh et al. 2013). The plasmid named as pcDNA-SG2 was next obtained by the

insertion of open reading frame sequences for glycosylation genes ST6GAL-I, Gne and Dhfr
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linked by IRESwt and IRESmt, respectively, into a pcDNA3.1 (+) expression plasmid
(Invitrogen). This plasmid contained a neomycin resistance coding sequence. These DNA
fragments were obtained by using PCR in a 96-well thermal cycler (Applied Biosystems,
Massachusetts, USA) with the following primers:

5" GTTGGTGTGAATCATCAAGCTTAAGTTTAAACGCTAGCCAG 3’ (sense for
pcDNA 3.1 (+), 5> GTTGGTGTGAATCATCAAGCTTAAGTTTAAACGCTAGCCAG 3’
(anti-sense for pcDNA 3.1(+),

5> TTAAACTTAAGCTTGATGATTCACACCAACCTGAAGAAAAAGTTCAGCTG 3
‘(sense for ST6GAL-I), 5
GGGGAGGGAGAGGGGTTAGCAGTGAATGGTCCGGAAGCC 3’ (anti-sense for
ST6GAL-I),

5> ACCATTCACTGCTAACCCCTCTCCCTCCCCCCC 3’ (sense for IRESwt), 5’
CCCATTCTTCTCCATAACATGGTTGTGGCAACATATTATAACATCGTGTTTTTCAA
AG 3’ (anti-sense for IRESwt),

5" AGCCACAACCATGTAATGGAGAAGAATGGGAATAACCGAAAGCTTC 3’ (sense
for Gne), 5> GGGGAGGGAGAGGGGCTAGTGGATCCTGCGGGTTGTG 3’ (anti-sense
for Gne),

5" CGCAGGATCCACTAGCCCCTCTCCCTCCCCCCC 3’ (sense for IRESmt), 5’
CAATGGTCGAACCATCACGGTTGTGGCCATATTATCACCGTG 3’ (anti-sense for
IRESmt),

5" ATGGCCACAACCGTGATGGTTCGACCATTGAACTGCATCG 3’(sense for Dhfr) and
S’TCAGCGGGTTTAAACTTAGTCTTTCTTCTCGTAGACTTCAAACTTATACTTGATG
CC 3’ (anti-sense for Dhfr).

The prepared DNA fragments were then ligated by using an In-fusion cloning kit (Takara,

Shiga, Japan). This plasmid pcDNA-SG2 was next transfected into CHO-DG44 cells using
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Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The plasmid of
pcDNA-SG2 was not cut to linear. Then, the plasmid was transfected into 80 — 90% frequency
of CHO wild-type cells using Lipofectamine 2000 supplemented with the final concentration
of G418 (Wako, Tokyo, Japan) 800 ug/mL. Then, the resultant transfectants were maintained
in the concentration of 100 ug/mL G418 in (-) alpha MEM medium without nucleosides.
2.2.3 Quantitative real-time PCR (qQRT-PCR)

Cultured cells (1x 107) were harvested after washing well with phosphate buffered saline (PBS).
To extract total RNA from collected cells, an RNeasy Mini Kit (Qiagen, Hilden, Germany) was
employed following the manufacturer’s instructions. The RNA was next used to synthesize
complementary DNA (cDNA) using a SuperScript® VILO™ ¢cDNA Synthesis Kit (Invitrogen)
as described by the manufacturer’s instructions. A gRT-PCR using FastStart Universal SYBR
Green Master Mix (Rox) (Roche, Basel, Switzerland) was performed using a StepOnePlus™
real-time PCR system (Applied Biosystems) with the following primers: 5’
TGTGTGGAAGGAAAAGAAGAAAGG 3° (sense primer for ST6GAL-I), 5’
GGGTGCTGCTTGAGGATACA 3>  (antisense  primer for  ST6GAL-I), 5’
GTGGAAGGGATGTCAGTACCAAA 3° (sense primer for Gne);, and 5’
CCAAGTCCCAAAGCAGTTCC 3’ (antisense primer for Gne) to examine the expression of
the investigated genes in transfected cells.

2.2.4 Preparation of cell extracts in selected cell lines

The investigated CHO cell lines were homogenized by using ultra-sonication with 25 mM Tris-
HCI (pH 7.4), 0.25 M sucrose, 1 mM MgCl, 50 mM KCI, and protease inhibitor (Roche). Next,
this mixture was ultra-centrifuged for 1 hr at 4°C and 112,000xg. The resultant supernatant
was used for sialic acid quantitation assays and the pellet was used to perform ST6GAL-I

enzymatic assay.
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2.2.5 ST6GAL-I enzymatic assays in CHOmt17-0

The microsomes were re-suspended in 20 mM cacodylic acid (pH 6.0) with 0.1% Triton X-
100. The mixture was then incubated centrifuged at 10,000xg for 10 min at 4°C for 1 hr to
collect the supernatant. The harvested supernatant was then added to an assay mixture
consisting of 20 mM cacodylic acid (pH 6.0), 20 mM MgClz, 5 mM CMP-Neu5Ac, 10 pmol
Gal2-Gn2-M3-PA (Gal: galactose, Gn: N-acetylglucosamine, M3: 3 mannose and 2 Gn, PA:
pyridylamine) and protease inhibitor. Next, the mixture was incubated at 37°C for a defined
time. The mixture was heated at 100°C for 3 min and centrifuged at 10,000xg for 5 min after
incubation. The resultant supernatant was next examined using a RP-HPLC. The glycan
standards used are Neu5Ac(B)a2,6-Gal2-Gn2-M3-PA, Neu5Ac(A)a2,6Gal2-Gn2-M3-PA,
NeubAc202,6-Gal2-Gn2-M3-PA, Gal2-Gn2-M3-PA, M8C (Takara) and Neu5Ac(B)a2,3-
Gal2-Gn2-M3-PA, Neu5Ac(A)a2,3-Gal2-Gn2-M3-PA, and Neu5Ac2a2,3-Gal2-Gn2-M3-PA
(Masuda Chemical Industries, Kagawa, Japan). PA-sugar chains were detected on an RP-
HPLC apparatus (Hitachi 7000 HPLC system, (Hitachi, Tokyo, Japan) ) at the excitation and
emission wavelengths of 310 nm and 380 nm, respectively using a Cosmosil C18 column (4.6
x 250 mm; Nacalai Tesque, Kyoto, Japan). The fraction is eluted by linearly increasing the
acetonitrile concentration from 0% to 35% in 0.02% trifluoroacetic acid (TFA) at 30°C for 50
min at a flow rate of 1.2 mL/min.

2.2.6 Free sialic acid quantitation in CHOmt17-0

According to the manufacturer’s instructions, the free NeubAc and NeuGc from the supernatant
of cell extracts was labeled with 1,2-diamino-4,5-methylenedioxybenzene (DMB) using a
sialic acid fluorescence labeling kit (Takara). The DMB-sialic acids level were next monitored
on an RP-HPLC apparatus (Hitachi 7000 HPLC system) using a Cosmosil C18 column (4.6 x
250 mm; Nacalai Tesque) and were eluted with an isocratic solution containing 4% acetonitrile

and 7% methanol at 1.2 mL/min flow rate at the excitation and emission wavelengths of 373
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nm and 448 nm, respectively. The amounts of free sialic acids were estimated by measuring
the peak area on the RP-HPLC profiles.

2.2.7 Glycan structure analysis of total proteins in CHOmt17-0

Investigated host cell culture (1 x 108) were well washed with PBS before adding lysis buffer
consisting of 50 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate,
1 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% sodium dodecyl sulfate (SDS). By
using peptide-N-glycosidase F (Takara), N-glycans were released from lyophilized lysate
according to the manufacturer’s instructions. The resultant sugar chains were then labeled with
PA and subjected to phenol/chloroform extraction for removal of unreacted PA as previously
described (Kondo et al. 1990). Next, the PA-sugar chains were fractionated by using RP-HPLC
under the same assay conditions mentioned above. By using an LC-MS system (Agilent
Technololies, CA, USA), the fractions eluted from RP-HPLC were then analyzed with HTC
plus software (Bruker Daltonics, MA, USA) as previously described (Limkul et al. 2016). In
brief, the mobile phase of the LC was consisted of acetonitrile/acetic acid used as solvent A
(98/2, viv). The solvent B was composed of water/acetic acid/trimethylamine (92/5/3, vIviv).
The column Shodex Asahipak NH2P-50 2D (2.0 mm ID x 150 mm, Showa Denko, Tokyo,
Japan) was used for separation of PA-sugar chain by linearly increasing concentration of
solvent B from 20% to 55 % at 0.2 mL/min flow rate over 35 min. The MS/MS parameters
conditions were following as: nebulizer flow at 5.0 psi; scan range m/z at 350-2750. Hence, the
peak area of the LC was used for evaluation the N-glycan relative amount.

2.3 Results

2.3.1 Establishment of cell lines highly producing ST6GAL-I and Gne expressions

The tri-cistronic expression of ST6GAL-I, Gne and Dhfr was established and driven by a single
CMV promoter. In Figure 3, these three DNA fragments were then linked to each other by

IRESwt and attenuated IRESmt. This expression vector was named as pcDNA-SG2.
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oW &

pCMV IRESwt IRESmt SV40

pcDNA-SG2

Fig. 3 Schematic representation of expression vector pcDNA-SG2. Plasmid pcDNA-SG2
carrying ST6GAL-I and Gne. pCMV: the human cytomegalovirus promoter; ST6GAL-I:
coding region of the ST6GAL-I gene; IRESwt: IRESwt coding region, Gne: coding region of
the Gne gene; Dhfr: Dhfr coding region used as selection marker; NeoR: neomycin resistance
gene; SV40: simian virus 40 promoter

Six clonally derived cell lines stably expressing ST6GAL-I and Gne was established after
transfecting of the expression vector pcDNA-SG2 into CHO-DG44. The PCR products
amplified by specific primer sets to further confirm that these two genes were successfully
expressed in the stable transfectants were electrophoresed (Fig. 4A). B-actin, a housekeeping
gene used as an internal control, was expressed at the same level in all transfectants.
Additionally, no PCR product band was obtained in the wild-type (WT) as shown in the Fig.
4A. A gRT-PCR was employed to evaluate the expression level of the ST6GAL-I and Gne
genes, hence we can select the cell lines highly expressing these targeted genes. Among the six

positive investigated cell lines expressing these genes, the cell line number 17 exhibited the

highest expression level for both genes of interest as shown in Figure 4B.
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Fig. 4 The relative gene expression analysis data using gRT-PCR in stable expressing CHO
cell lines (A) The expression of the two Neu5Ac-based key enzymes genes were measured by
using quantitative RT-PCR in both wild-type and stable transfected cell lines. Left column:
ST6GAL-I; Right column: GNE; *Under detectable amount; **P<0.05; (B) Gel
electrophoresis of the NeubAc-based key enzymes genes PCR products using specific primers
in the WT and transfected CHO cells

With these current results, | thus could confirm and select stable cell lines which the successful
expressed of both ST6GAL-I and GNE. By using both gel electrophoresis and qRT-PCR, cell
line 17 (CHOmt17-0) among six selected cell lines revealed the highest expression. Thus,
CHOmt17-0 is potential as a candidate for further elucidated profile characterization.

2.3.2 Enzymatic activity assays of ST6GAL-1 in CHOmt17-0

To examine the in vitro ST6GAL-I activity in both CHOmtl17-0 and wild-type using a
galactosylated structure as an accepter substrate and CMP-NeuSAc as a donor substrate, an
RP-HPLC was employed. The enzymatic products were analyzed using the RP-HPLC. | used
M8C as an internal control and other standard glycans as following: PA-sugar chains of
Neu5Ac(B)o2,6-Gal2-Gn2-M3-PA,  Neu5Ac(A)a2,6-Gal2-Gn2-M3-PA,  Neu5Ac2-a2,6-
Gal2-Gn2-M3-PA, Gal2-Gn2-M3-PA, Neu5Ac(B)a2,3-Gal2-Gn2-M3-PA, NeubAc(A)a2,3-
Gal2-Gn2-M3-PA, Neu5Ac2-02,3-Gal2-Gn2-M3-PA, Gal2-Gn2-M3-PA (Fig.5A, Fig.5B).

The RP-HPLC results revealed that there were no peaks corresponding to the sialylated
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structures in the wild-type as showed in Figure 5C or the inactivated state of CHOmt17-0 as
shown in Figure 5D. In contrast, in the microsome fraction obtained from CHOmt17-0 was
incubated for 16 hrs. After reaction with donor and acceptor substrates, I observed a new peak
corresponding to Neu5Ac(A)a2,6-Gal2-Gn2-M3-PA as revealed in Figure. 5E. Thus, these
results may suggest that the active ST6GAL-1 was successfully produced in CHOmt17-0. Thus,
this enzyme produced in CHOmt17-0 was potentially able to transfer the donor substrate
Neu5Ac to the acceptor substrate galactosylated bi-antennae N-glycan to form the sialylated
structures. Here, | confirmed the activity of the ST6GAL-I produced in CHOmt17-0, which is

an agreement with highly expression detected using qRT-PCR previously.
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Fig. 5 Reverse phase HPLC profile for the identification of ST6GAL-I activity in the WT and
transfected cells (A) & (B) RP-HPLC data of PA-sugar chains of Neu5Ac(B) 02,6-Gal2-Gn2-
M3-PA, Neu5Ac(A)a2,6-Gal2-Gn2-M3-PA, Neu5Ac2-a2,6-Gal2-Gn2-M3-PA, Gal2-Gn2-
M3-PA and MS8C; Neu5Ac(B)o2,3-Gal2-Gn2-M3-PA, Neu5Ac(A)a2,3-Gal2-Gn2-M3-PA,
NeubAc2-a2,3-Gal2-Gn2-M3-PA, Gal2-Gn2-M3-PA, and M8C respectively (C) RP-HPLC
profiles for ST6GAL-I activity in the WT for 16 hrs reaction (D) & (E) RP-HPLC analysis for
sialyltransferase activity in CHOmt17-0 for O hr and 16 hrs enzyme reaction.
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2.3.3 Significant enhancement of free sialic acid in cytosol in the CHOmt17-0

The free DMB-sialic acid obtained in CHOmt17-0 could be detected using RP-HPLC (Fig. 6).

The standards of sialic acid were set as defined amounts of Neu5Ac and NeuGc. An equivalent

amount of cytosol extracts collected from the wild-type cells was mixed with labeling solution

without incubation. This mixture was used to ensure the background conditions of the assay.

Fluorescence intensity (373/448 nm)

NeuSAc

A Standard, 2.5 hr.

B Wild-type, O hr

C Wild-type, 2.5 hr.

N _

D Clone 17, 2.5 hr.

A

0 25

50

Retention time (min)
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Fig.6  Reverse phase HPLC profile in cell extracts of WT and CHOmt17-0 for the
identification of free sialic acid; (A) RP-HPLC profile of standard DMB labeled Neu5Ac and
NeuGc respectively; (B) & (C) RP-HPLC result obtained from WT after 0 hr and 2.5 hrs
reaction (D) Identification of DMB-sialic acid in CHOmt17-0 using RP-HPLC for 2.5 hrs
reaction (E) Relative quantitation of the amounts of free NeuSAc in both cell lines. This

experiment was carried out on using three independent experiments.

Here, RP-HPLC profile of the wild-type exhibited no peak corresponding to sialic acid after 0
hr of incubation. To examine the increase in the amount of sialic acid in the CHOmt17-0, |
performed the same amount of total cytosolic proteins in both CHOmt17-0 and wild-type.

Indeed, the free NeuSAc amount in CHOmt17-0 was 41.6% higher than that in the wild-type
(Fig. 6E). Interestingly, an insignificant increase of NeuGc has been found in the transfected
cell line compared to that of the wild-type. Here, the overexpression of GNE possibly led to an

increase in sialic acid and mostly found in NeuSAc moiety.

2.3.4 Highly sialylated antennary structures generated in stable transfected cell lines
Due to the superior characteristics of CHOmt17-0, the detailed glycan profiles of this cell line
were further examined. Next, the CHOmt17-0 cells were then incubated at 37°C for 7 days in

a culture medium supplemented with 100 pg/mL G418 and 10% dialyzed FBS. The viability,
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was not different between the wild-type and CHOmt17-0 cells, was more than approximately

90% at the time of harvesting and cell growth.

N-glycans detected peaks

(a) CHOmt17-0

Fluorescence intensity (380/310 nm)

(b) Wild-type

R MY

N
0 2.5 5(-)
Retention time (min)
3 56 1115 Glucose units
Fig. 7 Glycan profiles of (A) WT and (B) CHOmt17-0 cells. The total N-glycans

extracted from glycoproteins were labeled with PA. The PA- glycans were fractionated using
RP-HPLC. Then, the collected peaks were used to perform LC-MS; Glucose units: RP-HPLC
profile for identification of glucose oligomer 3-15.
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Table 1 Composition of predicted terminal sialic acid residue and predicted N-glycan

structures

Relative amount (%0) in total N-glycan
Structures

CHOmt17-0 Wild-type
Sialylated glycans 11.3 1.3
Neu5Ac terminal 11.3 1.0
NeuGc terminal - 0.3
02,3 linked sialic acid residues 3.3 1.3
High-mannose type 46.1 68.1
Galactosylated glycans 8.2 11.7
Fucosylated glycans 30.4 13.4

Before the PA-labeled N-glycans were analyzed by LC-MS, they were fractionated by RP-
HPLC. The RP-HPLC profiles were indeed significantly different between CHOmt17-0 and
the wild-type as shown in Fig. 7.

Specifically, the late-eluted peak exhibited a dramatic increase in the CHOmt17-0 as compared
to the wild type. Hence the results revealed a big jump in the relative amounts of highly
galactosylated and sialylated structures (Table 1). This result suggests that considerably
enriched the antennary sialylated glycan structures in this stable transfected cells line was
caused by the overexpression of ST6GAL-I and GNE. NeuGc was detected in both the wild-
type and CHOmt17-0, Neu5Ac terminal mostly found in this stable cell line. Additionally,
there was a great increase in di- and tri-antennary structures in CHOmt17-0 as compared to the
wild type. Interestingly, among 11.3% of the sialylated structures in total N-glycans found in
CHOmMt17-0, a2,3 linked sialic acid accounted for 3.3% (Fig. 8). Table 2 exhibits the

composition of predicted abbreviation in glycan structures in CHOmt17-0 and wild type cell
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line. Indeed, the transfected cell line CHOmt17-0 showed a big jump in the amount of sialylated
structures, to approximately 7-fold the amount in the wild-type. Collectively, these results
indicated that the remarkable accretion of sialylated terminal is due to glycans overexpression
of both GNE and ST6GAL-I.

Table 2 Predicted structures found in total proteins derived from highly sialylated cell

lines using LC-MS

Relative amount (%0) in total N-glycan
Predicted structures

Wild type CHOm1t17-100

M2 11 0.3
M2F 4.3 0.9
M3 1.0 12.0
M3F 3.5 4.9
M4 5.1 6.5
M4F 0.2 -

M5 14.5 21.5
M6 26.7 9.7
M6F - 0.03
M7 5.3 3.3
M8 7.1 2.9
M9 14.4 8.7
M9Glc 1.4 -

GnM3 0.2 -

GnM3F 11 6.3
Gn2M3F 0.9 1.6
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Gn3M3F 0.1 1.8
GalGnM4 7.2 0.2
GalGnM5 0.05 0.07
GalGnM3 0.3 -

GalGnM3F 0.3 0.7
GalGn2M2F - 4.0
GalGn2M3 0.2 0.03
GalGn2M3F 0.4 0.01
GalGn3M3 0.7 -

GalGn3M3F - 0.6
Gal2Gn2M3 0.2 -

Gal2Gn2M3F 1.6 1.6
Gal2Gn3M3F 0.2 0.3
Gal3Gn3M3F 0.3 0.6
Gal3Gn3M3 0.1 -

Gal4Gn4M3F - 0.05
Neu5AcGalGnM3 - 1.2
Neu5AcGalGnM3F - 4.0
Neu5AcGalGnM4 - 0.02
Neu5AcGalGn2M3F - 0.8
Neu5AcGal2Gn2M3 0.4 0.6
NeubAcGal2Gn2M3F 0.4 2.1
Neu5AcGal3Gn3M3F - 0.1
Neu5Ac2Gal2Gn2M2 - 0.3
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Neu5Ac2Gal2Gn2M3 0.2 2.3

NeuGcGal2Gn2M3 0.3 -

N-glycans detected peaks a-2,3 alpha sialidase

(a) () Wild-type
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N
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Fig. 8 Glycan profiles of WT and CHOmt17-0 cells digested with 02,3 sialidase. The
total N-glycans extracted from glycoproteins were labeled with PA. The PA- glycans were



fractionated using RP-HPLC. Then, the collected peaks were used to perform LC-MS; Glucose
units: RP-HPLC profile for identification of glucose oligomer 3-15; F: Fucose
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2.4 Discussion

As mentioned above, CHO cells are the most predominant host cell line in the
biopharmaceutical field due to their advantageous genetic properties.

Sialylation is one of the most important factors to determine the efficacy of therapeutics.
Significant studies aim to alter host cell lines producing desired glycan structures in targeted
proteins. It includes the addition of various supplements to the culture media or the
optimization of processing methods. The decrease of culture temperature indicated to reduce
sialylation and level of NeuGc (Trummer et al. 2006, Borys et al. 2010). Addition of DO
concentrations could enhance sialyltransferase activity. This thus increases the sialic acid
content of glycoproteins (Chotigeat et al. 1994). Sugars, nucleotide sugars or metals are used
widely to alter CHO host cell line as media supplements methods. Additions of glucose and
galactose were reported to increase the sialylation of glyproteins (Chee and Gek 2005, Liu and
Fan 2015). Glucosamine was reported to reduce sialylation of therapeutics (Yang and Butler
2000, Baker and James 2001). However, ManNAc can slightly enhance the sialylation (Baker
and James 2001, Wong et al. 2010). Nucleotide sugars which are known as building blocks for
biosynthesis of glycoproteins are also utilized to modulate glycan patterns of therapeutics. Even
though altering process parameters to modulate glycosylation is considered as an attractive
approach, the results in return is highly variable. Hence, the host cell engineering methods by
deletion/insertion of glycosylation-related genes or up/down regulation of is considered as
more direct, stable and efficient.

To our knowledge, this is the first study approached to modify CHO host cells through the
stable co-expression of two Neu5Ac-based key genes in the same construction for highly
sialylated expression. Our results exhibit a profile of the host cell line obtained by the
overexpression of glycosylated enzymes. The overexpression of ST6GAL-l and GNE in

CHOmMt17-0 enrich greater sialylation in total proteins. In this research, CHOmt17-0 exhibited
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more than 7-fold higher in sialylation and 41.6% higher in free NeubAc content as compared
to the wild-type (Table 1, Fig. 6). Previous study reported that the overexpression of GNE alone
is sufficient to increase the free Neu5Ac in CHO cells (Bork and Horstkorte 2007). Thus, in
our current results, the great improvement of sialylation in CHOmt17-0 may have been due to
the expression of both ST6GAL-I and GNE. Additionally, because we have overexpressed
solely ST6GAL-I without ST3GAL-(I =>V1) in this research, the sialylation glycans in total
proteins was possibly formed mostly through ST6GAL-I transferring activity. The level of
a2,6-linked sialic acids resulted in CHOmt17-0 cell line thus revealed more predominated over
a2,3-linked sialic acid possibly due to the overexpression of ST6GAL-I as an agreement with
the results of Lin et al. 2015. Also, the total amount of a2,3-linked Neu5Ac obtained in the
CHOmMt17-0 was slightly higher than that in the wild-type. The overexpression of GNE may
result in an increase of donor substrate CMP-Neu5Ac linked to galactose terminal glycan as an
acceptor substrate to form a sialylated structures. Hence, this slight increase in the amount of
02,3 linked sialic acid glycan profiling in CHOmt17-0 may have resulted from the
overexpression of GNE.

In conclusion, the current results indicate that co-expression of these two genes successfully
yielded a host-engineered CHO-cell line which can produce a noticeably large amount of
sialylation, CHOmt17-0. Due to the importance of the sialylation for their functions, the
CHOmMt17-0 may thus be a potential candidate for industrial applications for therapeutics, such
as antibodies, the production of vaccines or certain hormones productions

2.5 Summary

Here, | can confirm that ST6GAL-I1 and GNE were very important enzymes which playing a
role in the biosynthesis pathway of sialic acid. In this study, the tremendous increase of
sialylation in total proteins of CHOmt17-0 as compared to the wild type is resulted from the

introduction of two investigated genes ST6GAL-I and Gne. For this reason, | thus strongly
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believe that this research possibly assists in the pursuit of new development in the glycosylation
field. Hence, it opens a new aspect for us to enhance sialylation using this CHOmt17-0 using

gene amplification method.
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Chapter 3: Enhancement of sialylation in engineered Chinese hamster ovary host cell
line by using gene amplification

3.1 Introduction

Gene amplification is the method for the selection and repeated genes replication without an
increase of other genes in the whole genome. This method has been long utilized as an
important strategy for development of pharmaceuticals for the enrichment of protein
production. The DHFR/MTX was described as the first gene amplification method applied in
mammalian cells (Omasa 2002). This method widely utilized in the cell line development for
enhancement of the productivity of biopharmaceutical proteins (Takagi et al. 2016). The
system mechanism is to utilize the MTX for inhibition of selection enzyme marker DHFR
which is crucial for the metabolism of cellular in the DHFR deficient CHO cells. The DHFR
deficient CHO cells named as CHO-DG44 has been used for the first time in 1980 (Wigler et
al. 1980, Urlaub and Chasin 1980). The expression vector carrying genes of interest and
selection marker is transfected into CHO cells line. The cells were then selected and repeated
amplified targeted genes using MTX. Thus, the genes of interest copies are increased in
numbers resulting in an upregulation of productivity of targeted recombinant proteins

(Schimke 1984).

Although this method has been widely used in the mammalian cells for recombinant protein
production, the utility of the DHFR/MTX genes amplification to modulate the glycosylation in
the host cell line remains very limited. Here, this study approached to obtain better sialylation
CHO host cell line using two Neu5Ac-based key located same expression cassette using gene
DHFR/MTX amplification system. The selected CHO cell line has been named as CHOmt17-
0. I used MTX as an acceleration drug for upregulation of DHFR enzyme leading to the

enrichment of Neu5Ac based key enzymes expression in the CHO cells. Thus, | attempted to
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achieve to CHO cell line with better sialylation pattern in their glycan structures as compared
to the CHOmt17-0. This study was carried out to prove that gene amplification method
DHFR/MTX may be good tool to enhance the sialylated glycoforms because of great
acceleration of NeuSAc-bases key enzymes.

3.2  Materials and Methods

3.2.1 Cells and culture media

| established the cell line CHOmMt17-0 by co-overexpressing two related human enzymes as
described in chapter 2. These cells were cultured in an (-) o« MEM. This medium was added
with 100 pg/mL G418 without nucleosides or L-glutamine and 10% dialyzed FBS. The
antibodies 1gG-producing transfectants were cultured in an (-) o MEM without nucleosides,
supplemented with 100 pg/mL G418, 10% dialyzed FBS, 1 pg/mL puromycin and 100 pg/mL
hygromycin. High-resistance MTX cell lines, CHOmt17-100, CHOmt17-200, CHOmt17-300
were also cultured in an (-) a« MEM (Invitrogen) without nucleosides, added with 100 pg/mL
G418, 10% dialyzed FBS and an MTX concentration of 100 nM, 200 nM and 300 nM. All of
investigated cells were then cultured in a cell culture incubator monitored at 5% CO; and 37°C.
3.2.2 Quantitative real-time PCR (qRT-PCR)

The protocol to prepare a sample for the gRT-PCR was described in chapter 2. In brief,
harvested cultured cells (1x 107) was well washed using PBS. Next, according to the
manufacturer’s instructions, the total RNA from the collected cells was extracted using an
RNeasy Mini Kit (Qiagen). cDNA was then synthesized using a SuperScript® VILO™ cDNA
Synthesis Kit using the RNA. The gRT-PCR was used in the StepOnePlus™ real-time PCR
system (Applied Biosystems) to elucidate the expression of the investigated genes in the cell
lines. The following primers were employed for the PCR reaction: 5’
TGTGTGGAAGGAAAAGAAGAAAGG 3° (sense primer for ST6GAL-I), 5’

GGGTGCTGCTTGAGGATACA 3>  (antisense  primer for ST6GAL-I), 5’
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GTGGAAGGGATGTCAGTACCAAA 3 (sense primer for Gne), and 5’
CCAAGTCCCAAAGCAGTTCC 3’ (antisense primer for Gne) as described in chapter 2.
3.2.3 Generation of highly methotrexate-resistant cell lines

The glyco-engineered cell lines (1 x 107) were added with various concentrations of MTX into
culture medium containing 100, 200, or 300 nM of MTX to establish highly MTX-resistant
cell lines to upregulate genes of interest in MTX- free CHOmt17-0 cell line. After 3 weeks of
culture, stable highly MTX-resistant cell lines were generated using an incubator at 5% CO>
and 37°C. After selection, the stable cell lines CHOmt17-100, CHOmt17-200, and CHOmt17-
300 were generated, exhibiting high resistance to 100, 200, and 300 nM of MTX, respectively,
3.2.4 Cell viability of highly MTX-resistant cell lines

The cultured cells lines (1 x 107) were washed twice with PBS to perform cell viability. Before
adding 9 mL of fresh o MEM into each dish, the harvested cells were then detached by using
1 mL 0.25% trypsin (Life technologies, California, USA). Then, 50 pL of the sample
containing cells was gently added with 50 pL of 0.4% trypan blue (Sigma, Tokyo, Japan). Next,
15 pL of the mixture was moved into each chamber in a hemocytometer. Counts were carried
on in three experiments on days 1, 3, 5, 7, 9, and 11, followed by analysis under a 40x
microscope objective as described previously (Louis et al. 2011).

3.2.5 Glycan structure analysis total proteins in highly MTX-resistant cells

Investigated host cell culture (1 x 108) were well washed with PBS before adding lysis buffer
consisting of 50 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate,
1 mM EDTA, and 0.1% SDS. The protocol was described in chapter 2.

3.3 Results

-43 -



3.3.1 Establishment of cell lines highly expressing both ST6GAL-1 and Gne with
increased MTX concentrations from CHOmt17-0

| established a tri-cistronic expression plasmid in our previous studies. The plasmid pcDNA-
SG2 carries three genes ST6GAL-I, Gne, and a Dhfr. These genes are linked to each other by
IRESwt and IRESmt for gene amplification purpose. And these genes of interest were driven
using a single CMV promoter as described in detail in chapter 2. The transfection of the
expression vector pcDNA-SG2 into CHO-DG44 cells resulted in the establishment of clone
CHOmMt17-0 derived cell lines stably expressing ST6GAL-1 and Gne. From here, due to its
superior quality to produce high sialylation in total proteins, CHOmt17-0 was chosen to be host
cell lines for further modification. The gRT-PCR was used to examine the expression levels of
the ST6GAL-I and Gne genes in the highly MTX-resistant transfectants CHOmt17-100,
CHOmMt17-200, and CHOmt17-300 which supplied with 100 nM, 200 nM, 300 nM of MTX as

described in the materials and methods.

(A) mRNA expression level of CHOmt17 in various concentration of MTX
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(B) Gel electrophoresis

ST6GALI1

GNE

B-actin

Fig. 9 MRNA expression level analysis data of investigated genese in CHO host cell
line (A) The expression levels of the investigated genes were evaluated using quantitative RT-
PCR in both wild-type and stable transfected cell lines. Left column: ST6GAL-I; right column:
GNE; P<0.05. (B) Gel electrophoresis of the investigated genes’ PCR products using specific
primers in the WT, transfected CHO cells. Control: plasmid pcDNA-SG2 (Thi Sam et al. 2018)
Thus, when the MTX concentration added, the genes of interest indeed exhibited higher
expression levels than that of the wild type and CHOmt17-0 (Fig. 9A). Interestingly, the
expression levels of ST6GAL-1 and Gne in CHOmt17-100, CHOmt17-200, and CHOmt17-
300 obtained from qRT-PCR results revealed approximately three-fold upregulation as
compared to those without MTX treated CHOmt17-0. Additionally, the host cell line
CHOmMt17-200 and CHOmt17-300 with the higher MTX concentrations of 200 nM and 300
nM did not show a noticeably increase in the mRNA expression level as compared to that of
the lower concentration of 100 nM (Fig. 9A). Next, | amplified the full-length sequences of

ST6GAL-I and Gne using cDNA as a template in each host cell lines. The results obtained

showed high expression levels of the genes of interest in the MTX-treated clones to confirm



the gRT-PCR results, as shown in Fig. 9B. This gel electrophoresis result is an agreement with
the relative mMRNA expressions of these investigated then. With the current results, I was thus
able to confirm success in upregulating the expression levels of both ST6GAL-I and Gne in
the cell lines in the presence of MTX.

3.3.2 Highly sialylated antennary structures generated in highly MTX-resistant cell
lines

The glycan profiles of the cell lines with the addition of various MTX concentrations CHOmt
17-100, CHOmt17-200, CHOmt17-300 and MTX-free CHOmt17-0 were further analyzed to

evaluate the effects of MTX on the amplification of sialylation.
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BCHOmtl7-0 ®CHOmtl7-100 ®CHOmtl17-200 ECHOmt17-300

Fig. 10 Growth profiles of the unamplified and amplified CHO cells cultured in o MEM.
Error bars represent the standard deviation calculated from data obtained in three independent
experiments (n = 3).

The CHOmt17-0 cells were incubated in culture medium added with 100 pug/mL G418 and
10% dialyzed FBS in MTX concentrations of 100, 200, and 300 nM at 37°C for 7 to 9 days.

The cell viability of these cell lines was more than approximately 90% at the time of harvesting
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for examination (Fig. 10). As described in the materials and methods, the PA-labeled N-glycans
obtained from these investigated cell lines were fractionated using RP-HPLC. Next, their
structures were detected by LC-MS. Collectively, the RP-HPLC profiles of these host cell lines
were easily distinguishable among the wild type, CHOmt17-0, CHOmt17-100, CHOmt17-200,
and CHOmt17-300, as shown in Fig. 11. Specifically, the late-eluted peaks shown in the RP-
HPLC exhibited a dramatic increase in the intensity of the transfected cell lines as compared
to the wild type and CHOmt17-0. Hence, this change showed in a big jump in the relative
amounts of highly galactosylated and sialylated structures in the highly MTX resistance cell
lines CHOmt17-100, CHOmt17-200 and CHOmt17-300 (Table 3). Interestingly, CHOmt17-
100 showed a great jump of 12-fold in sialylation of total proteins as compared to the wild type.
Also, the cell line CHOmt17-100 illustrated about 1.4-fold higher sialylation compared to the
MTX-free CHOmt17-0. Additionally, there is no big increase in the level of sialylation in the
cell lines CHOmt17-200 and CHOmt17-300 as compared to CHOmt17-100 (Table 3). These
results were indeed an agreement with the mRNA expression level obtained previously shown
in Fig. 9. Collectively, the results obtained initiate that the overexpression of ST6GAL-I and
GNE with MTX supplementation considerably improve the antennary sialylated glycan
structures in the investigated stable transfected cell lines (Table 3). Although the terminal
NeuGc of glycoproteins was detected in all investigated cell lines, the amount of terminal
NeuGc structure obtained was similar to that of the wild type. The terminal sialic acid was
mostly indeed Neu5Ac. These results indicated that due to gene amplification using MTX, the
overexpression of both GNE and ST6GAL-I resulted in a remarkable accretion of sialic acid
terminals in total protein glycans in MTX-resistance stable cell lines. Also, the amount of
sialylation of total proteins produced in CHOmt17-100 was similar level to that of the cell lines

with higher amounts of MTX such as CHOmt17-200 and CHOmt17-300 (Table 3). Thereupon,
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CHOmMt17-100 was chosen as the host cell line to produce recombinant antibodies IgG as a

proof of concept using the gene amplification method due to its better viability.

N-glycans detected peaks

/MW CHOmt17-300
J . M

CHOmt17-200

CHOmt17-100

Fluorescence intensity (380/310 nm)

CHOmt17-0
An ,‘MJM o
L] 1
0 25 45
Retention time (min)
3 56 11 15 Glucose units
Fig. 11 Glycan profiles of CHOmtl7-0, CHOmt17-100, CHOmt17-200, and

CHOmMt17-300 cells using RP-HPLC. The total N-glycans extracted from glycoproteins in
investigated cells were labeled with PA. The PA-glycans were fractionated using RP-HPLC.
Then, the eluted peaks were utilized to perform LC-MS. Glucose units: RP-HPLC profile for
identification of glucose oligomer 3-15.
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Table 3 Composition of predicted terminal sialic acid residue and predicted N-glycan

structures
Relative amount (%0) in total N-glycan
Structures
CHOmMt17-0 CHOmt17-100 CHOmt17-200  CHOmMt17-300
Sialylated glycans 11.3 155 15.8 15.9
Neu5Ac terminal 1.0 11.3 14.4 14.6
NeuGc terminal 0.3 - 1.1 1.2
High-mannose type 68.1 46.1 52.6 62.7
Galactosylated glycans 11.7 8.3 9.9 1.4
Fucosylated glycans 134 30.4 40.5 38.1
Table 4 Predicted structures found in total proteins derived from highly sialylated cell

lines using LC-MS

Relative amount (%) in total N-glycan
CHOmt17-0 CHOmMt17-100 CHOmt17-200 CHOmM1t17-300

Predicted structures

M2 0.3 0.5 - -

M2F 0.9 2.6 1.4 1.6
M3 12.0 0.9 1.3 0.4
M3F 4.9 7.3 3.4
M4 6.5 3.1 6.1 6.0
M4F - 1.8 - -

M5 21.5 8.4 24.5 33.7
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M5F - 0.4 0.2 0.3
M6 9.7 17.9 27.4 17.0
M6F 0.03 1.0 - -
M7 3.3 3.4 2.8 3.9
M7F - 8.6 - -
M8 2.9 2.0 5.7 8.3
M9 8.7 15 2.2 3.6
M9Glc - 0.5 - 0.3
GnM3 - 0.4 0.7 0.7
GnM3F 6.3 7.2 1.9 1.3
GnM5 - 0.1 - 0.1
GnM5F - 6.4 - -
Gn2M2F - 0.9 - -
Gn2M3 - 0.2 0.1 -
Gn2M3F 1.6 - 1.3 0.1
Gn3M3 - 0.3 - -
Gn3M3F 1.8 1.8 - 0.3
GalGnM4 0.2 0.2 - -
GalGnM5 0.07 0.1 - -
GalGnM3 - - - 0.2
GalGnM3F 0.7 - 11 1.7
GalGnM4F - 6.0 - -
GalGn2M2F 4.0 - - -
GalGn2M3 0.03 0.1 - 1.3
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GalGn2M3F 0.01 - - -
GalGn3M3 - - 0.3 -
GalGn3M3F 0.6 - - -
Gal2Gn2M3 - 7.0 - -
Gal2Gn2M3F 1.6 - - -
Gal2Gn3M3F 0.3 - - -
Gal3Gn3M3F 0.6 - - -
Gal3Gn3M3 - 0.8 - -
GaldGn4M3F 0.05 - - -
NeuS5AcGalGnM2 - 3.3 - -
Neu5AcGalGnM2F - - 0.6 -
Neu5AcGalGnM3 1.2 - - -
Neu5AcGalGnM3F 4.0 - 0.2 1.2
Neu5AcGalGnM4 0.02 - 0.1
Neu5AcGalGnM4F - - 0.2 0.2
Neu5AcGalGnM5 - - 0.1 0.4
Neu5AcGalGnM5F - - 0.1
Neu5AcGalGn2M3 - - - 0.5
Neu5AcGalGn2M3F 0.8 - 0.6 1.3
Neu5AcGal2Gn2M3 0.6 - 0.4 0.3
Neu5AcGal2Gn2M3F 2.1 4.8 1.8 1.1
Neu5AcGal2Gn3M3 - - - 2.7
Neu5AcGal3Gn3M3 - 4.7

Neu5AcGal3Gn3M3F 0.1 - 0.6




Neu5Ac2GalGn2M3 0.3 - -
Neu5Ac2Gal2Gn2M3 2.3 - 0.2 0.3
Neu5Ac2Gal2Gn2M3F - 1.7 10.1 5.7
NeuGcGalGnM3 - 0.9 -
NeuGcGal2Gn2M3 - 0.2 -
Neu5AcNeuGcGal2Gn2 0.7

- - 0.7
M3
Neu5AcNeuGcGal2Gn2 0.4 08

M3F
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3.4 Discussion

Post-translational modification is one of the most important factor to determine the
glycoprotein quality such as efficiency and stability. Thereupon, mammalian cell lines are
prominently used as host cell line for recombinant protein production. Meanwhile, among the
mammalian cell line, CHO cells are known as a star in the biopharmaceutical production due
to its superior characteristics. The CHO cell line used in this study can provide the stable
expression recombinant protein with high amount NeuSAc terminals attached in their glycan
structures.

| achieved to establish stable cell line expressing NeuSAc —based key enzyme ST6GAL-I and
GNE resulting in a great increase of sialylation in total proteins using DHFR/MTX gene
amplification method. | have used IRES-driven for dhfr promoter in the expression plasmid.
The IRES fragments has been attenuated to reduce its efficiency, thus able to induce higher
expression of DHFR enzymes for selection clones. In this present study, | used the effect of
MTX on accelerating the genes of interest expression level. With supplementation of MTX to
co-overexpress ST6GAL-I and Gne genes, the highly MTX-resistant cell lines CHOmt17-100,
CHOmMt17-100, and CHOmt17-300 revealed considerably better sialylation glycoforms in the
total proteins about 1.4-fold as compared to that of CHOmt17-0 with MTX-free. With the
supplement of MTX as an inhibitor of DHFR selection enzyme, the co-expression of ST6GAL-
I and GNE showed an significant upregulation of sialylation of total protein in the amplified
clones CHOmt17-100, CHOmt17-200 and CHOmt17-300 up to 12-fold as compared to
unamplified clone. Nevertheless, the mRNA expression level of two genes of interest in the
amplified clone treated with 100 nM of MTX, CHOmt17-100, did not reveal a great jump in
CHOmMt17-200 and CHOmt17-300 with an increase of concentration of MTX. This result
remained unchanged that the composition of the sialylated glycoforms in total proteins of

CHOmMt17-200, CHOmt17-300 did not show great acceleration as compared to CHOmt17-100
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cell line. The increase of genes expression in highly methotrexate concentration in CHOmt17-
100 is about 7-fold higher as compared to the CHOmt17-0. However, in glycan analysis results,
the sialylation from CHOmt17-100 showed only 1.4-fold higher as compared to that from the
CHOmMt17-0. Since there are multiple of glycosylated enzymes have been evolved in the
sialylation pathway as well as the involvement of multiple substrates. However, in this research
we only overexpress two sialylated genes ST6GAL-I and Gne. Thus, it does not ensure a same
ratio of expression in glycan structures increase as compared to that of the mRNA expression.
Furthermore, the cell viability of CHOmt17-200 and CHOmt17-300 were lower as compared
to the CHOmt17-100. This result might be caused of toxicity derived from MTX drug. Hence,
CHOmMt17-100 host cell line can be utilized as the best candidate for further elucidation due to
its superior characteristics.

3.5 Summary

Our results indicate that the stable established cell lines generating high expression of
sialylation can be obtained by engineer CHO cells using gene amplification DHFR/MTX. Here,
this gene amplification method is proved as effective method to upregulate the sialylation of
the total protein in amplified cells to 12-fold as compared to unamplified cells. These results
indicated that CHOmt17-100 host cell line might possibly be a great choice for therapeutic

production.
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Chapter 4: Production of antibodies 1gG in glyco-engineered Chinese hamster ovary
cells

4.1 Introduction

Sialic acid, Neu5Ac, is believed to be able to modulate signaling in cell transmembrane,
differentiation, and growth. Moreover, NeubAc is reported to have antioxidant and anti-
apoptotic effects (Varki et al. 2009). Thus, NeuSAc-terminal glycoproteins are highly desirable
for therapeutic production in CHO cells. | described previously the establishment of transfected
CHO cell lines called CHOmt17-0, carrying two NeubAc-based key enzymes, ST6GAL-I and
GNE, using the DHFR/MTX gene amplification method. I could select CHOmt17-100 as a
host cell line due to its superior sialylation in total proteins. In this chapter, | suggested another
approach to proof concept of highly sialylation in therapeutics production of CHOmt17-100
using antibodies immunoglobulin as model protein.

IgG, a glycoprotein in serum, can protect vertebrates from unknown substances and pathogens
(Beale and Feinstein 1976; Raju 2003). 1gG is the most common component in serum,
composited of more than about 75% of it. The “Fragment antigen binding” (Fab) regions of
IgG provide the body to detect antigenic substance and contribute to the diversity of the
antibodies. Additionally, the antibodies have “Fragment crystallizable” (Fc) regions that help
the antibodies interacting with Fc gamma receptors on phagocytes. While Fab regions can resist
proteases, the Fc fragment and the hinge are more sensitive toward proteolysis (Ryan et al.
2008; Raju et al. 2006; Raju et al. 2007). 1gG relies itself on their Fc regions to be functionally
binding antigens. The domain of Fc fragment CH2 attached to asparagine 297 (Asn297)
composed of glycan structures in the heavy chain (Lund et al. 1996; Krapp et al. 2003). These
glycan structures can help 1gG to activate the binding function between complement and FcyR
receptors (Krapp et al. 2003). While the Fc region interacts with Fcy receptors of immune cells,

IgG can bind to the surface of antigen-presenting cells. These immune cells then release
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cytotoxic substances to cause cell death (Strome et al. 2007). About more than 30 glyco-
patterns linked to the Fc regions of IgG were found (Burton and Dwek 2006). The glycan
structures in the antibodies include variable monosaccharides. And the effects of these glycans
on the biological functions of 1gG are not fully elucidated. Thus, examination the effects of
glycan structures on the functions of antibodies by altering glycosylation is highly interested.
It was reported that the Fc regions of antibodies without core fucose were able to improve the
antibody cellular cytotoxicity (ADCC) (Beale and Feinstein 1976; Shields et al. 2002;
Shinkawa et al. 2003). Recently, the enrichment of 12,6 sialylation of IgG was demonstrated
to result in superior ADCC (Kurogochi et al. 2015). Additionally, the Fc region carrying the
Neu5Ac-terminal glycans was proved to show strong anti-inflammatory ability. Interestingly,
when it contains a large amount of 02,6 sialylation the study reported that intravenous
immunoglobulin is the most effective for anti-inflammation (Kaneko et al. 2006, Anthony et
al. 2008).

Collectively, | approached to engineer a CHO cell line by overexpressing two Neu5Ac-based
key enzymes, so that the host cell line can exhibit greater sialylation profiles in 1gG antibodies
to prove the concept of using gene amplification to enhance sialylation using CHOmt17-100
host cell line.

4.2  Materials and Methods

4.2.1 Cells and culture media

| established the cell line CHOmt17-0 by co-overexpressing two related human enzymes as
described in chapter 2 and chapter 3. These cells were cultured in a (-) « MEM. This medium
was added with 100 pg/mL G418 without nucleosides or L-glutamine and 10% dialyzed FBS.
The antibodies IgG producing transfectants were cultured in an (-) o MEM without nucleosides,
supplemented with 100 pg/mL G418, 10% dialyzed FBS, 1 pg/mL puromycin and 100 pg/mL

hygromycin. High-resistance MTX cell lines, CHOmt17-100, were also cultured in an (-) o

- 56 -



MEM without nucleosides, added with 100 pg/mL G418, 10% dialyzed FBS and an MTX
concentration of 100 nM. All cells were cultured in a cell culture incubator monitored at 5%
CO2 and 37°C.

4.2.2. Purification of antibodies using Protein G Sepharose

Protein G Sepharose™ (GE, Illinios, USA) was used to purify the antibodies from the crude
sample due to its specific binding to the antibodies. The IgG1-producing cultured cells (2 x
108) were cultured in an o MEM without FBS supplementation. Next, the antibodies were then
purified from the medium using Protein G Sepharose™ after 5 days in culture. The collected
sample was first subjected to centrifugation for 5 min at 4°C and at 5000 x g. Four milliliters
of gel column were next loaded by 10 mL binding buffer composed of 0.02 M sodium
phosphate pH 7.0. The gel column was next washed with binding buffer and eluted with 0.1 M
glycine — HCI pH 2.7 after running the medium sample. The resultant elution was neutralized
using 1 M Tris — HCI pH 9.0. The purification process was performed at 4°C condition.

4.2.3 Enzyme-linked immunosorbent assay (ELISA)

The ninety-six-well ELISA plates coated with 2.5 pg/mL of goat anti-human 1gG (H+L) (MBL,
Aichi, Japan) was then blocked by 50 pL of 5% bovine serum albumin (BSA) diluted in PBS.
The plates were next each incubated with 50 pL of crude/purified sample. Then, the plates were
washed three times before incubation with 50 pL of goat anti-human IgG (H+L)
Fab_horseradish peroxidase (HRP)-conjugate by using 150 puL of PBS containing 0.05%
Tween 20. The solution was finally mixed with SIGMAFASTTM o-phenylenediamine
dihydrochloride (Sigma, MO, USA) before the addition of 3M HCI. The amount of bound IgG1
antibody was examined by using absorbance at 450 nm.

4.2.4 Silver staining

The recovered antibodies 1gG in the elution from purification using Protein G Sepharose™

were subjected to perform SDS-PAGE and silver staining. Twenty pL of purified sample was
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mixed with 2x sample buffer (60 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 5% R-
mercaptoethanol, 0.01% bromophenol blue) before heating at 100°C for 5 min. The collected
mixture was then loaded into 10% polyacrylamide gels to run electrophoresis. The bands were
detected by using a silver staining kit, Sil-Best Stain One (Nacalai Tesque, Kyoto, Japan),
according to the manufacturer’s instructions.

4.2.5 Glycan structure analysis of recombinant antibodies

The antibodies resulted from purification using Protein G Sepharose™ were then subjected to
glycan pattern analysis as described in details in chapter 2.

4.3  Results

4.3.1 Examination of recombinant IgG production in cell pools produced in investigated
host cell lines

| transfected plasmid carrying heavy- and light-chain 1gG1 into CHOmt17-0 and CHOmt17-
100 to prove the concept of cell lines highly expressing sialylation. Then, | established stable
cell lines expressing higher levels of antibodies. The crude samples collected were then

analyzed using ELISA to check their production.
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(A) IgG productionin CHOmt17-0
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(B) IgG production in CHOmt17-100
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Fig. 12 (A) Production of IgG derived from CHOmt17-0 (B) Productivity of antibodies 19G
derived from CHOmt17-100 cell pools, in o« MEM on days 1, 3, 5, 7, 9, and 11 using ELISA.
Error bars represent the standard deviation calculated from data obtained in three independent
experiments (n=3)
By using equivalent sample amounts for each cell pool in both CHOmt17-0 and CHOmt17-
100, ELISA was performed to elucidate their productivity as shown in Fig. 12A and Fig. 12B.
The productivity of each antibody was examined on days 1, 3, 5, 7, 9, and 11 in three

independent experiments. Interestingly, the cell pools derived from both CHOmt17-0 and



CHOmMt17-100 illustrate comparable capabilities in producing antibodies: about 1 pg/mL on
day 5. The clone exhibited the highest levels of antibodies were then chosen for purification.
The antibodies harvested from CHOmt17-0 and CHOmt17-100 were next purified using

Protein G Sepharose.
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Fig. 13 Analysis data of 100 ng 1gG-purified proteins using silver staining of SDS-

PAGE gels in investigated wild-type, CHOmt17-0, CHOmt17-100 cell lines. P: human plasma
1gG (50 ng)

Then, the resultant antibodies from purification were detected by ELISA and silver staining. In
reduced-condition SDS-PAGE, Figure 13 shows the variant heavy chain and variant light chain
at 50 kDa and 25 kDa, respectively. Collectively, stable cell lines highly producing 1gG1 have
been established using host cell lines CHO17mt-0 and CHO17mt-100. The resultant antibodies
IgG1 were next subjected to glycan profiling using HPLC and LC-MS to exhibit glycoforms

in these antibodies.
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4.3.2 Highly sialylated antennary structures generated in the recombinant antibodies
19G using host cell line CHOmMt17-100

To examine the N-glycan structures in the recombinant antibodies, an RP-HPLC was employed,
followed by LC-MS in the wild type, CHOmt17-0, and CHOmt17-100. By using peptide-N-
glycosidase F, the resultant antibodies from purification using Protein G Sepharose were then
released N-glycans. The glycan structures were then analyzed by LC-MS after the PA-labeled
N-glycans were fractionated by RP-HPLC. Interestingly, the resultant glycan profiles of
antibodies derived from the wild type, CHOmt17-0, and CHOmt17-100 were significantly
distinguishable (Fig. 14). In specific, the peaks occurring in the late elution in the RP-HPLC
profile revealed a noticeable upregulation of intensity in the IgG glycoforms produced in
CHOmMt17-100 compared to that of the CHOmt17-0 and wild type (Fig. 14). These results
obtained in glycan profiling of 1gG were seen as an agreement with that of glycan patterns in
total protein glycan patterns (Fig. 11). The eluted peaks in each clone were then collected and
transferred to perform glycan analysis by using LC-MS. As a result, Table 5 indicates the
composition of glycan pattern in antibodies 1gG derived from wild type, CHOmt17-0, and
CHOmMt17-100 cell lines. Thus, the Neu5Ac terminal glycans binding to 1gG produced in
CHOmMt17-0 exponentially jumped nine-fold, with about 37% of Neu5Ac terminal structure as
compared to 3.7% of the wild type. Interestingly, by supplementation of MTX, the antibodies
derived from CHOmt17-100 showed more than 53% sialylated glycan structures with about
14.5-fold higher as compared to the wild type. The results are a strong agreement with the
glycan profiling in cell host lines CHOmt17-0 and CHOmt17-100 in total proteins. Also,
Neu5Ac-terminal structures occur for most of the upregulation in sialylated structures as shown
in Table 5. Despite the exponentially increase in sialylation, the proportion of the NeuGc
terminal in IgG derived from CHOmt17-100 and CHOmt17-0 persisted unchanged at less than

5% compared to that of the wild type. These results proved that the two Neu5Ac-based key
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enzymes expression using DHFR/MTX sufficiently improve the Neu5Ac-terminal glycoforms

in 1gG produced in investigated antibodies.

-63 -



N-glycans detected peaks
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Fig. 14 The RP-HPLC profiles of glycan data of IgG antibodies produced in wild-type,
CHOmMt17-0, and CHOmt17-100 cells. The N-glycans derived from the I1gG antibodies were
labeled with PA. The PA-glycans were fractionated using RP-HPLC. Then, the eluted peaks
were collected to perform LC-MS. Glucose units: RP-HPLC profile for identification of
glucose oligomer 3-15.
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Table 5 Composition of predicted terminal sialic acid residue and predicted N-glycan
structures in antibodies produced in engineered cells

Relative amount (%0) in total N-glycan

Structures

Wild-type CHOmt17-0 CHOmt17-100
Sialylated glycans 3.7 37.4 53.5
NeuSAc terminal - 35 53.5
NeuGc terminal 3.7 2.4 -
High-mannose type 12.4 - -
Galactosylated glycans 51.8 13.7 13.6
Fucosylated glycans 64.6 60.6 80.2
'II_'gbII\;SG Predicted structures found in 1gG derived from highly sialylated cell lines using

Predicted structures Relative amount (%0) in total N-glycan

CHOmt17-0 CHOmM17-100
M2 2.6 -
M3F - 6.1
M5 2.2 -
GnM3 0.0 -
GnM3F 31 4.2
Gn2M3 14 -
Gn2M3F 10.1 -
GalGnM3F 6.4 -
GalGnMA4F - -
GalGn2M2F 0.3 22.6
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GalGn2M3 0.0 2.6
GalGn2M3F 3.0 3.0
Gal2Gn2M3 0.8 -
Gal2Gn2M3F 2.3 7.9
Gal2Gn2M4 2.2 -
Gal2Gn2M4F 0.1 -
Gal2Gn2M5 0.1 -
Gal3Gn3M3 0.0 -
NeuS5AcGalGnM2 2.9 -
NeuS5AcGalGnM3F 2.0 -
Neu5AcGalGnM4 0.6 -
Neu5AcGalGnM5 - 0.6
Neu5AcGalGn2M3 0.5 -
Neu5AcGal2Gn2M3 1.2 20
Neu5AcGal2Gn2M3F 24 0.9
Neu5AcGal3Gn3M3 3.5 25
Neu5Ac2Gal2Gn2M3 1.5 9.0
Neu5Ac2Gal2Gn2M3F 2.9 8.0
Neu5Ac2Gal3Gn3M3 17.4 6.0
NeuGcGal2Gn2M4F 0.1 -
NeuGcGal2Gn2M3F 1.4 -
NeuGc2Gal2Gn2M3 0.2 -
NeuGc2Gal2Gn2M4 0.3 -
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4.4  Discussion

CHO cells have been well known as the main host cell lines for therapeutic production for
about 20 years. A large number of studies achieved to modify the glycoforms of CHO cell lines
because of the contribution of glycosylation to the efficiency of therapeutics. These studies
included modulation of glycosylation by culture media supplement, process optimization, or
genetic modification. Additionally, modulation of glycoforms by altering glycosylation-related
genes is the most common used.

. The DHFR/MTX gene amplification method is well known as the first amplification system
used in mammalian cells (Omasa 2002, Kaufman and Sharp 1982). Up to date, the system is
the most common utilized in CHO cells to enhance therapeutics production (Takagi et al. 2017).
Thus, the DHFR/MTX gene amplification system applied in altering glycan patterns stands
uncommon. We believe that this tool has great potential to enrich sialylation patterns by greatly
upregulating Neu5Ac-based key enzymes. To our knowledge, the current research is the first
study obtained stable host cell lines using a gene amplification method that can overexpress
two NeubAc-based key genes driven in the same expression vector. Goh et al. (2014) utilized
the DHFR/MTX genes amplification to restore glycan enzyme GnT-I in the CHO cells with
GnT-I-deficient. In laboratory conditions, the sialylation obtained in erythropoietin (EPO)
glycans derived from the engineered CHO cell line were 25% more abundant than that in wild-
type cells. EPO sialylation with industrial-scale conditions was about 2.5-fold greater than that
in laboratory conditions. In another study, the 1gG derived from CHO cells produced double
times of the total sialic acid content as compared to the control with a similar effort of
ST6GAL-I overexpression (Lin et al. 2015). In our study, the resultant sialylation patterns
obtained in the antibodies noticeably escalated in engineered CHOmt17-100 with about 14.5-
fold increase, and 53% of glycoforms carrying Neu5Ac residues, as compared to that the wild

type. Additionally, the Neu5Ac residues mostly occurred in the glycoforms of the engineering
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cell line, meanwhile the NeuGc residues persists unchanged compared to the wild type.
Interestingly, these results are a strong agreement with the glycan analysis using total proteins
of CHOmt17-100 cell line. The result obtained may possibly confirm the important role of
ST6GAL-I and GNE in production of Neu5Ac. Since NeuGc is considered an immunogenic
factor in human (Higashi et al. 1977; Merrick et al. 1978), with these qualifications CHOmt17-
100 cells might provide itself greater favorably host cell line. Also, Fig. 10 showed that cell
viability of CHOmt17-100 was not greatly changed as compared to that of CHOmt17-0 cell
line, suggesting that concentration of 100 nM MTX might not dampen the viability of the
CHOmMt17-100. The antibodies 1gG concentrations derived from CHOmt17-0 and CHOmt17-
100 both highest detected at approximately 1 g/L on day 5 (Fig. 12). Thereupon, the
supplementation of MTX might not change the antibodies productivity in CHOmt17-100 cell
line. The investigated antibodies IgG have one N-glycosylation at the Asn297 posited in the Fc
region. Here, the resultant glycan showed improvement in sialylation in CHOmt17-100 as
compared to that of CHOmt17-0. As mentioned in our previous studies, the wild type CHO
cells have a2,3-sialyltransferase enzymes but not o2,6-sialyltransferase enzymes. The
upregulation of sialic acid in engineered cell lines mainly caused by ST6GAL-I and GNE. Thus,
the linkage derived from the increased sialylation of the engineered cells is 02,6 linkage sialic
acid. Due to its dynamic quality of the glycan in the Fc region, it can be accessible to approach
to glycosylation enzymes (Barb et al. 2012, Ramasamy et al. 2005). These researches might
possibly explain that the increase of sialylation is due to the upregulation of NeuSAc-based key
enzymes.

45 Summary

In conclusion, due to its superior characteristics, the cell line CHOmt17-100 can possibly be

an attractive host cell for therapeutic production. Additionally, the DHFR/MTX gene
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amplification was demonstrated as an effective method for CHO cell lines in stably amplifying

the glycosylation genes.
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Chapter 5: General Conclusions and Perspectives

A number of therapeutics derived from Chinese hamster ovary cells have been approved for
clinical use. CHO cells have long been demonstrated as a safe workhorse for biopharmaceutical
products (Jayapal et al. 2007). Meanwhile glycosylation, specifically sialylation, is an
important factor in therapeutic qualities such as stability and half-life. Thus, CHO cell lines
that can efficiently produce highly sialylated therapeutics are desirable.

Many researchers are keen to elucidate methods to modify sialylation. Some common methods
are alteration of the process, supplementation of media, and engineering of glycosylation genes.
However, genetic modification is considered the most attractive method due to its stability,
permanence, and cost-effectiveness. The approaches often used to manipulate sialylation are
genetic engineering of sialylation pathways, inhibition of sialidase activity, or overexpression
of N-acetylglucosaminyltransferase genes. In two studies to modify the sialylation of CHO and
HEK cells, Chung et al. (2015) and Krzewinski-Recchi (2003) elucidated the functions of a
total of six genes involved in the sialyation pathways of mammalians cells ST3GAL-I to
ST3GAL-IV and ST6GAL-I to ST6GAL-II, respectively. By combining siRNA knockdown
and overexpression, those authors reported that ST3GAL-IV is the key enzyme for the
synthesis of Neu5Ac residues in CHO cells. They also found out that ST6GAL-I preferred the
R-1,4 linkage of galactose terminal substrates that linked to the proteins; meanwhile, ST6GAL-
Il preferred the free 3-1,4 linkage of galactose terminal substrates. In another study, Bragonzi
et al. (2000) aimed to overexpress ST6GAL-I without ST3GAL genes and found that interferon
-y exhibited about 40% of the sialic acid content of the wild type (Bragonzi et al. 2000). Apart
from the sialyltransferase level and the step prior to that is galactosyl transferase or the
nucleotide sugar substrates, the overexpression of genes for branching N-glycan structure, and
the transportation of them into the Golgi can also have effects on the sialylation of targeted

proteins. Some highly advanced techniques can be used to upregulate sialylation, such as
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CRISPR/CAS9, RNA interference, and TALEN nucleases. Moreover, some combination with
other techniques, such as next-generation sequencing and the editing of other genes, can be
used to modify glycosylation. These tools could enhance the efficiency with which targeted
glycosylation modifications can be made.

In this study, I used two Neu5Ac-based key enzymes to modify the genetic of CHO cells in an
attempt to obtain high-sialylation cell lines. To achieve this, | employed the DHFR/MTX gene
amplification method to amplify those two genes. The results obtained were very attractive.
With the presence of MTX, | established a clone, CHOmt17-100, with 12-fold increase in
sialylation compared to the wild type. To my current knowledge, this is a significant increase
in sialic acid content in N-glycan of CHO host cell lines. This might prove that gene
amplification systems are efficient for improving sialylation by overexpressing genes of
interest. Next, | aimed to express a therapeutic based on this cell line to prove the concept of a
high-sialylation cell line. The Fc region of IgG carrying sialylation has great potential for
autoimmune treatment. IgG was thus determined as a model protein for CHOmt17-100.
Interestingly, the resultant glycans obtained in this IgG transfected in CHOmt17-100 revealed
a tremendous, 14.5-fold increase in sialylation profiles, with about 53% of the total glycans
being sialylated. In the future, |1 believe that to accrete sialylation in pharmaceutical proteins,
we can combine genome editing methods such as CRISPR/CAS9 to knockdown/knockout
sialidase enzymes and gene amplifications of other sialyltransferase enzymes in CHO cells line.
To improve the sialylation, the supplements of substrate and altering cell-culturing parameters
of engineered cell lines can also be utilized.

| believe that this gene amplification system has high potential to serve as a great tool with
which to boost superior glycosylation patterns by greatly increasing levels of NeubAc-based
key enzymes in antibodies derived from amplified cell lines. | thus believe that the present

results could strengthen the position of the bio-better products field.

-72 -



References
Aebi M, Bernasconi R, Clerc S, Molinari M (2010) N-glycan structures: recognition and
processing in the ER. Trends in Biochemical Sciences 35:74-82. doi:

10.1016/j.tibs.2009.10.001

Aebi M (2013) N-linked protein glycosylation in the ER. Biochimica et Biophysica Acta

(BBA) - Molecular Cell Research 1833:2430-2437. doi: 10.1016/j.bbamcr.2013.04.001

Aggarwal SR (2014) Whats fueling the biotech engine—2012 to 2013. Nature Biotechnology

32:32-39. doi: 10.1038/nbt.2794

An HJ, Peavy TR, Hedrick JL, Lebrilla CB (2003) Determination of N-glycosylation sites
and site heterogeneity in glycoproteins. Analytical Chemistry 75:5628-5637. doi:

10.1021/ac034414x

Angata T, Varki A (2002) Chemical diversity in the sialic acids and related a-Kketo acids:

An evolutionary perspective. Chemical Reviews 102:439-470. doi: 10.1021/cr000407m

Anthony RM, Nimmerjahn F, Ashline DJ (2008) Recapitulation of IVIG anti-inflammatory

activity with a recombinant IgG Fc. Science 320:373-376. doi: 10.1126/science.1154315

Anthony RM, Ravetch JV (2010) A Novel Role for the 1gG Fc Glycan: The anti-

inflammatory activity of sialylated 1gG Fcs. Journal of Clinical Immunology 30:9-14. doi:

10.1007/s10875-010-9405-6

-73 -



Antonio La Cava (2015) Mechaisms of human autoimmunity. The Journal of Clinical

Investigation. 125:2228-2233

Aschermann S, Lux A, Baerenwaldt A (2010) The other side of immunoglobulin G:
suppressor of inflammation. Clinical & Experimental Immunology 160:161-167. doi:

10.1111/j.1365-2249.2009.04081.x

Ashwell G, Harford J (1982) Carbohydrate-specific receptors of the liver. Annual Review of

Biochemistry 51:531-554. doi: 10.1146/annurev.bi.51.070182.002531

Arnon B, Mohammad Adawi (2019) Rheumatoid arthritis (RA) and cardiovascular disease.

Autoimmunity Reviews 18:679-690

Baker KN, Rendall MH, Hills AE (2001) Metabolic control of recombinant protein N-glycan
processing in NSO and CHO cells. Biotechnology and Bioengineering 73:188-202. doi:

10.1002/bit.1051

Bork K, Reutter W, Weidemann W, Horstkorte R (2007) Enhanced sialylation of EPO by
overexpression of UDP-GIcNAc 2-epimerase/ManAc kinase containing a sialuria mutation in

CHO cells. FEBS Letters 581:4195-4198. doi: 10.1016/j.febslet.2007.07.060

Borys MC, Dalal NG, Abu-Absi NR (2010) Effects of culture conditions on N-

glycolylneuraminic acid (Neu5Gc) content of a recombinant fusion protein produced in CHO

cells. Biotechnology and Bioengineering. doi: 10.1002/bit.22644

-74 -



Bragonzi A, Distefano G, Buckberry LD, Acerbis G, Foglieni C, Lamotte D, Campi
G, Marc A, Soria MR, Jenkins N, Monaco L (2000) A new Chinese hamster ovary cell line
expressing alpha 2,6-sialyltransferase used as universal host for the production of human-like

sialylated recombinant glycoproteins. BBA-Gen Subjects 1474(3):273-282

Burek CL, Talor MV (2009) Environmental triggers of autoimmune thyroiditis. Journal of

Autoimmunity 33:183-189. doi: 10.1016/j.jaut.2009.09.001

Butler M, Meneses-Acosta A (2012) Recent advances in technology supporting
biopharmaceutical production from mammalian cells. Applied Microbiology and

Biotechnology 96:885-894. doi: 10.1007/s00253-012-4451-z

Chotigeat W, Watanapokasin Y, Mahler S, Gray PP (1994) Role of environmental
conditions on the expression levels, glycoform pattern and levels of sialyltransferase for hFSH
produced by recombinant CHO cells. Cell Culture Engineering IV. Current Applications of

Cell Culture Engineering, vol 1. Springer, Dordrecht. doi: 10.1007/978-94-011-0257-5 24

Chung CY, Yin B, Wang Q, Chuang KY, Chu JH, Betenbaugh MJ (2015) Assessment of
the coordinated role of ST3GAL3, ST3GAL4 and ST3GALG6 on the alpha 2,3 sialylation

linkage of mammalian glycoproteins. Biochem Biophys Res Commun 463(3):211-215

Cole E, Nichols E, Poisson L (1993) In vivo clearance of tissue plasminogen activator: The

complex role of sites of glycosylation and level of sialylation. Fibrinolysis 7:15-22. doi:

10.1016/0268-9499(93)90050-6

-75 -


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bragonzi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Distefano%20G%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buckberry%20LD%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Acerbis%20G%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Foglieni%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lamotte%20D%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Campi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Campi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marc%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soria%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jenkins%20N%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monaco%20L%5BAuthor%5D&cauthor=true&cauthor_uid=10779678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=25998389
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yin%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25998389
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=25998389
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chuang%20KY%5BAuthor%5D&cauthor=true&cauthor_uid=25998389
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chu%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=25998389

Dechecchi MC, Melotti P, Bonizzato A (2001) Heparan sulfate glycosaminoglycans are
receptors sufficient to mediate the initial binding of adenovirus Types 2 and 5. Journal of

Virology 75:8772-8780. doi: 10.1128/jvi.75.18.8772-8780.2001

Dedeoglu F (2009) Drug-induced autoimmunity. Current Opinion in Rheumatology 21:547—

551. doi: 10.1097/bor.0b013e32832f13db

Fukuta K, Yokomatsu T, Abe R (2000) Genetic engineering of CHO cells producing human

interferon-gramma by transfection of sialyltransferases. Glycoconj J 17:895-904.

Gandor C, Leist C, Fiechter A, Asselbergs FA (1995) Amplification and expression of
recombinant genes in serum-independent Chinese hamster ovary cells. FEBS Letters 377:290—

294. doi: 10.1016/0014-5793(95)01328-8

Ghaderi D, Zhang M, Hurtado-Ziola N, Varki A (2012) Production platforms for
biotherapeutic glycoproteins. Occurrence, impact, and challenges of non-human sialylation.

Biotechnology and Genetic Engineering Reviews 28:147-176. doi: 10.5661/bger-28-147

Gordan S, Biburger M, Nimmerjahn F (2015) blgG time for large eaters: monocytes and
macrophages as effector and target cells of anti- body-mediated immune activation and

repression. Immunol Rev; 268: 52-65.

Goh JS, Liu Y, Liu H, Chan KF, Wan C (2014) Highly sialylated recombinant human

erythropoietin production in large-scale perfusion bioreactor utilizing CHO-gmt4 (JW152)

with restored GnT | function. Biotechnol J 9(1):100-9.

-76 -



Hakala MT (1957) Prevention of toxicity of amethopterin for sarcoma-180 Cells in Tissue

Culture. Science 126:255-255. doi: 10.1126/science.126.3267.255

Harduin-Lepers A, Vallejo-Ruiz V, Krzewinski-Recchi M-A (2001) The human

sialyltransferase family. Biochimie 83:727—737. doi: 10.1016/s0300-9084(01)01301-3

Harre U, Lang SC, Pfeifle R (2015) Glycosylation of immunoglobulin G determines
osteoclast differentiation and bone loss. Nature Communications 6:6651. doi:

10.1038/ncomms7651

Hossler P, Khattak SF, Li ZJ (2009) Optimal and consistent protein glycosylation in

mammalian cell culture. Glycobiology 19:936-949. doi: 10.1093/glycob/cwp079

Huggett B, Lahteenmaki R (2012) Public biotech 2011—the numbers. Nature Biotechnology

30:751-757. doi: 10.1038/nbt.2320

Irie A, Suzuki A (1998) CMP-N-Acetylneuraminic acid hydroxylase is exclusively inactive in

humans. Biochemical and Biophysical Research Communications 248:330-333. doi:

10.1006/bbrc.1998.8946

Jayapal KP, Wlaschin KF, Hu WS, Yap MGS (2007) Recombinant protein therapeutics

from CHO Cells - 20 years and counting. Chemical Engineering Progress 103:40-47.

-77 -



Jefferis R (2009) Glycosylation as a strategy to improve antibody-based therapeutics. Nat Rev

Drug Discov; 8: 226-234.

Jeong YT, Choi O, Lim HR (2008) Enhanced sialylation of recombinant erythropoietin in

CHO cells by human glycosyltransferase expression. J Microbiol Biotechnol 18:1945-1952.

Koh EYC, Ho SCL, Mariati (2013) An internal ribosome entry site (IRES) Mutant library
for tuning expression level of multiple genes in mammalian cells. PLoS ONE. doi:

10.1371/journal.pone.0082100

Kondo A, Suzuki J, Kuraya N, Hase S, Kato I, Ikenata T (1990) Improved method for
fluorescence labeling of sugar chains with sialic acid residues. Agricultural and Biological

Chemistry 54:2169-2170. doi: 10.1080/00021369.1990.10870232

Kneitz C, Wilhelm M, Tony HP (2002) Effective B cell depletion with rituximab in the

treatment of autoimmune diseases. Immunobiology. 206:519-527.

Kleyer A, Finzel S, Rech J, Manger B, Krieter M, Faustini F, Araujo E, Hueber
AJ, Harre U, Engelke K, Schett G (2014) Bone loss before the clinical onset of rheumatoid

arthritis in subjects with anticitrullinated protein antibodies. Ann. Rheum. Dis. 73, 854-860

Krzewinski-Recchi MA, Julien S, Juliant S, Teintenier-Lelievre M, Samyn-Petit B,
Montiel MD, Mir AM, Cerutti M, Harduin-Lepers A, Delannoy P (2003) Identification
and functional expression of a second human beta-galactoside alpha2,6- sialyltransferase,

ST6Gal Il. Eur J Biochem 270(5):950-961

-78 -


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kleyer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Finzel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rech%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Manger%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Krieter%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Faustini%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Araujo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hueber%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hueber%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harre%20U%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Engelke%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23520034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schett%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23520034

Lauc G, Huffman JE, Pu¢i¢ M, Zgaga L, Adamczyk B, Muzini¢ A, Novokmet M, Polasek
O, Gornik O, Kristi¢ J, Keser T, Vitart V, Scheijen B, Uh HW, Molokhia M, Patrick
AL, McKeigue P, Kol¢i¢ I, Luki¢ IK, Swann O, van Leeuwen FN, Ruhaak LR, Houwing-
Duistermaat JJ, Slagboom PE, Beekman M, de Craen AJ, Deelder AM, Zeng Q, Wang
W, Hastie ND, Gyllensten U, Wilson JF, Wuhrer M, Wright AF, Rudd PM, Hayward
C, Aulchenko Y, Campbell H, Rudan I (2013) Loci associated with N-glycosylation of
human immunoglobulin G show pleiotropy with autoimmune diseases and haematological

cancers. PLoS Genetics. doi: 10.1371/journal.pgen.1003225

Lepenies B, Seeberger PH (2014) Simply better glycoproteins. Nature Biotechnology

32:443-445. doi: 10.1038/nbt.2893

Li Y, Chen X (2012) Sialic acid metabolism and sialyltransferases: natural functions and
applications. Applied Microbiology and Biotechnology 94:887-905. doi: 10.1007/s00253-

012-4040-1

Limkul J, lizuka S, Sato Y, Fujiyama K (2016) The combination of plant translational
enhancers and terminator increase the expression of human glucocerebrosidase in Nicotiana

benthamiana plants. Plant Science 240:41-49. doi: 10.1016/j.plantsci.2015.08.018

Lin N, Mascarenhas J, Sealover NR, George HJ, Brooks J, Kayser KJ, Gau B, Yasa I,
Azadi P, Archer-Hartmann S (2015) Chinese hamster ovary (CHO) host cell engineering to
increase sialylation of recombinant therapeutic proteins by modulating sialyltransferase

expression. Biotechnology Progress 31:334—-346. doi: 10.1002/btpr.2038

-79 -



Lipscomb ML, Palomares LA, Hernandez V, Ramirez OT, Kompala DS (2005) Effect of
production method and gene amplification on the glycosylation pattern of a secreted reporter

protein in CHO Cells. Biotechnology Progress 21:40-49. doi: 10.1021/bp049761m

Liu J, Wang J, Fan L, Chen X, Hu D, Deng X, Poon HF, Wang H, Liu X, Tan WS (2015)
Galactose supplementation enhance sialylation of recombinant Fc-fusion protein in CHO cell:
an insight into the role of galactosylation in sialylation. World Journal of Microbiology and

Biotechnology 31:1147-1156. doi: 10.1007/s11274-015-1864-8

Looney RJ (2002) Treating human autoimmune disease by depleting B cells. Ann Rheum Dis.

61:863-866.

Ngantung FA, Miller PG, Brushett FR, Tang GL, Wang DI (2006) RNA interference of
sialidase improves glycoprotein sialic acid content consistency. Biotechnology and

Bioengineering 95:106-119. doi: 10.1002/bit.20997

Nimmerjahn F, Ravetch JV (2007) The anti-inflammatory activity of IgG: the intravenous

IgG paradox. The Journal of Experimental Medicine 204:11-15. doi: 10.1084/jem.20061788

Ogata S, Shimizu C, Franco A, Touma R, Kanegaye JT, Choudhury BP, Naidu
NN, Kanda Y, Hoang LT, Hibberd ML, Tremoulet AH, Varki A, Burns JC (2013)
Treatment response in Kawasaki disease is associated with sialylation levels of endogenous
but not therapeutic intravenous immunoglobulin  G. PLoS ONE. doi:

10.1371/journal.pone.0081448

- 80 -



Omasa T (2002) Gene amplification and its application in cell and tissue engineering. Journal

of Bioscience and Bioengineering 94:600-605. doi: 10.1263/jbb.94.600

Padler-Karavani V, Yu H, Cao H, Chokhawala H, Karp F, Varki N, Chen X, Varki A
(2008) Diversity in specificity, abundance, and composition of anti-Neu5Gc antibodies in
normal humans: Potential implications for disease. Glycobiology 18:818-830. doi:

10.1093/glycob/cwn072

Pallavicini MG, Deteresa PS, Rosette C, Gray JW, Wum FM (1990) Effects of
methotrexate on transfected DNA stability in mammalian cells. Molecular and Cellular

Biology 10:401-404. doi: 10.1128/mcb.10.1.401

Parekh RB, Dwek RA, Sutton BJ, Fernandes DL, Leung A, Stanworth D, Rademacher
TW, Mizuochi T, Taniguchi T, Matsuta K, Takeuchi F, Nagano Y, Miyamoto T, Kobata
A (1985) Association of rheumatoid arthritis and primary osteoarthritis with changes in the

glycosylation pattern of total serum IgG. Nature 316:452-457. doi: 10.1038/316452a0

Santell L, Ryll T, Etcheverry T, Santoris M, Dutina G, Wang A, Gunson J, Warner TG
(1999) Aberrant metabolic sialylation of recombinant proteins expressed in Chinese hamster
ovary cells in high productivity cultures. Biochemical and Biophysical Research

Communications 258:132—-137. doi: 10.1006/bbrc.1999.0550

-81-



Sareneva T, Pirhonen J, Cantell K, Julkunen I (1995) N-glycosylation of human interferon-
v: glycans at Asn-25 are critical for protease resistance. Biochemical Journal 308:9-14. doi:

10.1042/bj3080009

Scherer HU, Woude DVD, loan-Facsinay A, Bannoudi H, Trouw LA., Wang J, Haupl T,
Burmester GR, Deelder AM, Huizinga TWJ, Wuhrer M, Toes REM (2010) Glycan
profiling of anti-citrullinated protein antibodies isolated from human serum and synovial fluid.

Arthritis & Rheumatism 62:1620-1629. doi: 10.1002/art.27414

Schimke RT (1984) Gene amplification in cultured animal cells. Cell 37:705-713. doi:

10.1016/0092-8674(84)90406-9

Selmi C, Mayo MJ, Bach N, Ishibashi H, Invernizzi P, Gish RG, Gordon SC, Wright HI,
Zweiban B, Podda M, Gershwin ME (2004) Primary biliary cirrhosis in monozygotic and
dizygotic twins: Genetics, epigenetics, and environment. Gastroenterology 127:485-492. doi:

10.1053/j.gastro.2004.05.005

Selmi C, Gershwin ME (2009) The role of environmental factors in primary biliary cirrhosis.

Trends in Immunology 30:415-420. doi: 10.1016/}.it.2009.05.006

Shinzaki S, lijima H, Nakagawa T, Egawa S, Nakajima S, Ishii S, Irie T, Kakiuchi Y,
Nishida T, Yasumaru M, Kanto T, Tsujii M, Tsuji S, Mizushima T, Yoshihara H, Kondo
A, Miyoshi E, Hayashi N (2008) 1gG oligosaccharide alterations are a novel diagnostic marker
for disease activity and the clinical course of inflammatory bowel disease. The American

Journal of Gastroenterology 103:1173-1181. doi: 10.1111/}.1572-0241.2007.01699.x

-82 -



Shukla D, Liu J, Blaiklock P, Shworak NW, Bai X , Esko JD, Cohen GH, Eisenberg RJ,
Rosenberg RD, Spear PG (1999) A novel role for 3-o-sulfated heparan sulfate in herpes

simplex virus 1 Entry. Cell 99:13-22. doi: 10.1016/s0092-8674(00)80058-6

Sola RJ, Griebenow K (2010) Glycosylation of therapeutic proteins: An effective strategy to

optimize efficacy. BioDrugs 24:9-21. doi: 10.2165/11530550-000000000-00000

Son Y-D, Jeong YT, Park S-Y, Kim JH (2011) Enhanced sialylation of recombinant human
erythropoietin in Chinese hamster ovary cells by combinatorial engineering of selected genes.

Glycobiology 21:1019-1028. doi: 10.1093/glycob/cwr034

Spearman M, Butler M (2015) Glycosylation in cell culture. Cell Engineering Animal Cell

Culture 237-258. doi: 10.1007/978-3-319-10320-4_9

Smith KG, Clatworthy MR (2010) FcgammaRIIB in autoimmunity and infection:

evolutionary and therapeutic implications. Nat Rev Immunol; 10: 328-343.

Stavenhagen K, Hinneburg H, Thaysen-Andersen M, Hartmann L, Vardn Silva
D, Fuchser J, Kaspar S, Rapp E, Seeberger PH, Kolarich D (2013) Quantitative mapping
of glycoprotein micro-heterogeneity and macro-heterogeneity: an evaluation of mass
spectrometry signal strengths using synthetic peptides and glycopeptides. Journal of Mass

Spectrometry 48:627—639. doi: 10.1002/jms.3210

-83-



Takagi Y, Yamazaki T, Masuda K, Nishii S, Kawakami B, Omasa T (2016) Identification
of regulatory motifs in the CHO genome for stable monoclonal antibody production.

Cytotechnology 69:451-460. doi: 10.1007/s10616-016-0017-8

Takeuchi M, Inoue N, Strickland TW, Kubota M, Wada M, Shimizu R, Hoshi S,
Kozutsumi H, Takasaki S, Kobata A (1989) Relationship between sugar chain structure and
biological activity of recombinant human erythropoietin produced in Chinese hamster ovary
cells. Proceedings of the National Academy of Sciences 86:7819-7822. doi:

10.1073/pnas.86.20.7819

Trummer E, Fauland K, Seidinger S, Schriebl K, Lattenmayer C, Kunert R, Vorauer-
Uhl K, Weik R, Borth N, Katinger H, Muller D (2006) Process parameter shifting: Part 1.
Effect of DOT, pH, and temperature on the performance of Epo-Fc expressing CHO cells
cultivated in controlled batch bioreactors. Biotechnology and Bioengineering 94:1033-1044.

doi: 10.1002/bit.21013

Tyagi M, Rusnati M, Presta M, Giacca M (2000) Internalization of HIV-1 tat requires cell
surface heparan sulfate proteoglycans. Journal of Biological Chemistry 276:3254-3261. doi:

10.1074/jbc.m006701200

Urlaub G, Chasin LA (1980) Isolation of Chinese hamster cell mutants deficient in

dihydrofolate reductase activity. Proceedings of the National Academy of Sciences 77:4216—

4220. doi: 10.1073/pnas.77.7.4216

-84 -



Varki AD, Cummings RD, Esko JH, Freeze HH, Stanley P, Bertozzi CR, Hart GW, Etzler
ME (2009) Essentials of glycobiology, 2nd edn. Cold Spring Harbor Laboratory Press, Cold

Spring Harbor , NY

Walsh G, Jefferis R (2006) Post-translational modifications in the context of therapeutic

proteins. Nature Biotechnology 24:1241-1252. doi: 10.1038/nbt1252

Walsh G (2010) Biopharmaceutical benchmarks 2010. Nature Biotechnology 28:917-924.

doi: 10.1038/nbt0910-917

Walsh G (2018) Biopharmaceutical benchmarks 2018. Nature Biotechnology 36(12):1136—

1145. doi: 10.1038/nbt.4305

Wang Q, Stuczynski M, Gao Y, Betenbaugh MJ (2015) Strategies for engineering protein
N-glycosylation pathways in mammalian cells. Glyco-Engineering Methods in Molecular

Biology 1321:287-305. doi: 10.1007/978-1-4939-2760-9_20

Washburn N, Schwab I, Ortiz D, Bhatnagar N, Lansing JC, Medeiros A, Tyler S, Mekala
D, Cochran E, Sarayaiya H, Garofalo K, Meccariello R, Meador JW, Rutizky L, Schultes
BC, Ling L, Avery W, Nimmerjahn F, Manning AM, Kaundinya GV, Bosques CJ (2015)
Controlled tetra-Fc sialylation of 1VIg results in a drug candidate with consistent enhanced
anti-inflammatory activity. Proceedings of the National Academy of Sciences. 112(11):1297-

1306. doi: 10.1073/pnas.1422481112

-85 -



Wigler M, Perucho M, Kurtz D, Dana S, Pellicer A, Axel R, Silverstein S (1980)
Transformation of mammalian cells with an amplifiable dominant-acting gene. Proceedings of

the National Academy of Sciences 77:3567—-3570. doi: 10.1073/pnas.77.6.3567

Wirth M, Bode J, Zettimeissl G, Hauser H (1988) Isolation of overproducing recombinant
mammalian cell lines by a fast and simple selection procedure. Gene 73:419-426. doi:

10.1016/0378-1119(88)90506-9

Wong DCF, Wong KTK, Goh LT, Heng CK, Yap MGS (2005) Impact of dynamic online
fed-batch strategies on metabolism, productivity and N-glycosylation quality in CHO cell

cultures. Biotechnology and Bioengineering 89:164-177. doi: 10.1002/bit.20317

Wong NS, Yap MG, Wang DI (2006) Enhancing recombinant glycoprotein sialylation
through CMP-sialic acid transporter over expression in Chinese hamster ovary cells.

Biotechnology and Bioengineering 93:1005-1016. doi: 10.1002/bit.20815

Wong NS, Wati L, Nissom PM, Feng HT, Lee MM, Yap MG (2010) An investigation of
intracellular glycosylation activities in CHO cells: Effects of nucleotide sugar precursor

feeding. Biotechnology and Bioengineering 107:321-336. doi: 10.1002/bit.22812

Wright A, Morrison SL (1997) Effect of glycosylation on antibody function: implications for

genetic engineering. Trends in Biotechnology 15:26—-32. doi: 10.1016/s0167-7799(96)10062-

7

- 86 -



Wurm FM, Gwinn KA, Kingston RE (1986) Inducible overproduction of the mouse c-myc
protein in mammalian cells. Proceedings of the National Academy of Sciences 83:5414-5418.

doi: 10.1073/pnas.83.15.5414

Xu X, Nagarajan H, Lewis NE, Pan S, Cai Z, Liu X, Chen W, Xie M, Wang W, Hammond
S, Andersen MR, Neff N, Passarelli B, Koh W, Fan HC, Wang J, Gui Y, Lee KH,
Betenbaugh MJ, Quake SR, Famili I, Palsson BO, Wang J (2011) The genomic sequence
of the Chinese hamster ovary (CHO)-K1 cell line. Nature Biotechnology 29:735-741. doi:

10.1038/nbt.1932

Yang M, Butler M (2000) Effects of ammonia on CHO cell growth, erythropoietin production,

and glycosylation. Biotechnology and Bioengineering 68:370-380.

Yang M, Butler M (2002) Effects of ammonia and glucosamine on the heterogeneity of

erythropoietin glycoforms. Biotechnology Progress 18:129-138. doi: 10.1021/bp0101334

Zhang M, Koskie K, Ross JS, Kayser KJ, Caple MV (2010) Enhancing glycoprotein
sialylation by targeted gene silencing in mammalian cells. Biotechnology and Bioengineering.

doi: 10.1002/bit.22633

Zhang X, Lok SH, Kon OL (1998) Stable expression of human a-2,6-sialyltransferase in
Chinese hamster ovary cells: functional consequences for human erythropoietin expression and
bioactivity. Biochimica et Biophysica Acta 1425:441-452. doi: 10.1016/s0304-

4165(98)00095-6

- 87 -



Lists of publications
Nguyen Thi Sam, Ryo Misaki, Takao Ohashi, and Kazuhito Fujiyama: Enhancement of
glycosylation by stable co-expression of two sialylation enzymes on Chinese hamster ovary
cells. Journal of Bioscience and Bioengineering, 126, 102-110 (2018)
Nguyen Thi Sam, Ryo Misaki, Takao Ohashi, and Kazuhito Fujiyama: Enhancement of

sialylation in rlgG in glyco-engineered Chinese hamster ovary cells. Cytotechnology (In Press)

- 88 -



Acknowledgements

First, I would like to deeply express my gratitude to my Professor Kazuhito Fujiyama, my co-
worker, my mentor. With his insightfulness, he has enlightened me to many aspects of the
studies. He has kindly guided, encouraged me for approaching the goal of the study. Without
his help, not only the research could not reach the targeted goal but I cannot be the person who
| am today. He has shown me the view of the research through the beginning to the end.
Secondly, 1 would like to thank Dr. Ryo Misaki. He has been helped me throughout the research.
His comments, questions and beneficial discussion has helped me to prove the point of the
study. Also, I would like to thank Dr. Ohashi for his valuable comments and questions for this

research.

With all my respects, | would like to say thank to Prof. Takeshi Omasa and Prof. Susumu
Uchiyama for helping me to improve the Ph.D. thesis and presentation. They are my review
committee for my pre-defense and thesis. Not only do they carefully review and give me
valuable comments but also they let think and see the study from other aspects. With such
wonderful suggestions and comments, my thesis is much more improved. | am always thankful

for their kindness.

| am so grateful for all the help, support and cheering up from students from the lab through 5
years | am here. Without their friendship, care, joy and love I cannot finish this thesis. I am
very thankful for my senpai Akkiko Maeda. She has guided me with getting familiar with CHO

cells culture, as well as HPLC/LC-MS for glycan analysis.

| have a hard time during 5 years studying here at Osaka University. | have experienced the

worst thing ever in my personal life. Fortunately, Prof. Fujiyama and Dr. Misaki strongly

-89 -



helped me to get through this situation and built me for the strong person | am today. They
have generously supported me, helped me with all the burdens through experiments to my

personal life. With my deepest heart, | appreciated the kindness that cannot be forgotten.

| would like to thank to Japanese Government for the financial help for the research during my

study and residence in Japan.

With the deepest love and appreciation, | would like to thank my family for always be there for

me. Their love and encouragement inspired me to go through many hard situations. Words are

not enough for me to express my love for them.

I would like to thank everyone | have met directly or indirectly supported me to finish this

thesis.

-90 -



