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1 ZUSAMMENFASSUNG
Die Behandlung von verschiedenen Krebsformen gewann in der biotechnologischen Industrie
immer mehr an Bedeutung und entwickelte sich zu einem der Hauptziele in deren Forschung.
Es gibt verschiede Ansätze und Versuche, um die Formen der Therapiemöglichkeiten zu
optimieren, wobei es mittlerweile effiziente monoklonale Antikörper gibt, die von der Food
and Drug Administration zugelassen wurden.
Jedoch besteht immer noch ein großer Bedarf an Pharmazeutika, die noch effektiver und
verträglicher sind, nicht nur, um die Produktionskosten zu reduzieren, sondern auch um die
Applikationsmöglichkeiten und Darreichungsformen der Medikamente zu erleichtern und um
mehreren Patienten die Möglichkeit zu einer gezielten Behandlung ihrer Erkrankung zu
gewähren. Weiterhin könnte durch Optimierung der Pharmazeutika die zu verabreichende
Dosis des Arzneimittels minimiert werden, so dass dadurch eine bessere Verträglichkeit und
geringere Nebenwirkungen resultieren.
Aus diesem Grund wurde für diese Arbeit ein monoklonaler Antikörper (nachfolgend αB2
genannt) zur Behandlung von Non-Hodgkin-Lymphomen herangezogen, um aufzuzeigen,
dass eine Optimierung und ein Engineering des Therapeutikums zu einer Erhöhung der
biologischen Aktivität und dadurch zu einer Verbesserung der Eliminierung von Krebszellen
führt.
Das Hauptaugenmerk wurde hier auf das Glykoengineering gesetzt. Die Glykosylierung von
Antikörpern hat einen großen Einfluss auf verschiedenste Funktionen und es wurde schon
bestätigt, dass die N-Glykosylierung der schweren Kette des IgG Moleküls die biologische
Aktivität, die Pharmakokinetik, die Effektivität der Verteilung des Proteins im menschlichen
Körper, die Löslichkeit und die Stabilität des Antikörpers beeinflusst.
Ein Ansatz, die Glykosylierungsstruktur im Hinblick auf die biologische Aktivität zu
verbessern, beinhaltete die Expression des monoklonalen Antikörpers αB2 in dem
Moosstamm Physcomitrella patens, und nicht wie üblich in Chinese hamster ovary cells
(CHO). Die Wahl der Expressionszelllinie ist ausschlaggebend für die Produktion des
therapeutischen Antikörpers. Abhängig von der Expressionszelllinie, ergeben sich
1
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verschiedene Glykosylierungsmuster, die schließlich zu verschiedenen Eigenschaften des
therapeutischen Proteins führen.
Es ist bekannt, dass therapeutische Proteine, die in Physcomitrella patens exprimiert wurden,
eine defucosylierte Form und dadurch eine erhöhte Aktivität aufweisen. Der Wildtyp von
Physcomitrella patens ist nicht in der Lage α1,6-verknüpfte Fucosereste an das Protein
anzuhängen, zeigt jedoch α1,3-verknüpfte Fucose und β1,2-verknüpfte Xylose Reste, von
denen gezeigt wurde, dass sie für den menschlichen Körper immunogen sind. Daher wurde
für die Expression von αB2 ein Mossstamm verwendet, der defizient ist im Hinblick auf die
Expression der pflanzenspezifischen Zuckerreste.
Nach erfolgreicher Expression des therapeutischen Proteins folgte die Charakterisierung von
αB2, im Hinblick auf dessen Glykosylierungsstruktur, dessen Affinität zu FcγRs und dessen
Fähigkeit Effektormechanismen zur Beseitigung von Krebszellen zu induzieren.
Außerdem wurden weitere Änderungen in der Glykosylierungsstruktur in vitro durchgeführt,
um aufzuzeigen, ob der Effekt der Defucosylierung des Antikörpers durch Expression in
Physcomitrella patens noch weiter verbessert werden kann. Dadurch wurde festgestellt, dass
nicht die defucosylierte Variante des αB2 Antikörpers die effektivste darstellt, sondern dass es
noch weitere Änderungen in der Glykosylierung der schweren Kette gibt, die zu einer
Erhöhung und Verbesserung der biologischen Aktivität führen.
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2 ABSTRACT
The treatment of different cancer forms has become one the main focus of the biotechnology
industry. There are several approaches for optimizing the mechanisms of therapy possibilities
and there are already efficient monoclonal antibodies approved by the Food and Drug
Administration. But there is still a need for even more effective and compatible drugs, not
only to reduce the costs for production but also to facilitate the application for more patients
as until now. Furthermore, the application dose of optimized therapeutics could be diminished
thus leading to a higher tolerance and less adverse effects.
Therefore in this study a monoclonal antibody (in the following named αB2) for the treatment
of non-Hodgkin’s lymphoma was chosen to show that an engineering of this therapeutic can
lead to an enhancement of the biological activity and thereby improve the effect on the
elimination of cancerous cells.
The main focus was set on the glycoengineering of the antibody, because it is already known,
that glycosylation has a great impact on several functions. The N-glycosylation of the IgG
heavy chain is known to affect biological activity, pharmacokinetics, pharmacodistribution,
solubility and stability.
The first approach to optimize the glycosylation structure in favour of the biological activity
was made by expressing the monoclonal antibody αB2 not in Chinese hamster ovary cells
(CHO) as usual, but in the moss strain Physcomitrella patens. The choice of the expression
cell line is crutial for the production of therapeutic antibodies. Depending on the expression
cell line, different glycosylation pattern arise, leading to different characteristics of the
therapeutic protein.
It is described that therapeutic proteins, expressed in Physcomitrella patens show a
defucosylated form and thus an enhanced activity. Yet the wild type Physcomitrella patens
strain indeed lacks the addition of α1,6-linked fucose but shows α1,3-linked fucose and β1,2linked xylose residues, which are shown to be immunogenic for humans. Therefore a moss
strain lacking these plant specific sugar residues was used for the expression of αB2.
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After expression of the therapeutic protein, αB2 was characterized regarding its glycosylation
structure, its affinities to FcγRs, and its ability to induce effector mechanisms to remove
cancerous cells.
Furthermore the glycosylation structure of the expressed and defucosylated antibody was
changed, resulting in different glycosylation patten, to allow the question whether the effect of
defucosylation of an antibody could be enhanced even more. Thereby it was observed that the
defucosylated form of the αB2 antibody is not the most effective, but that there are further
possibilities of glycosylation modifications of the heavy chain, leading to a more enhanced
biological activity.
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3 INTRODUCTION
3.1 Antibodies and their structure
Antibodies have become very important therapeutic proteins with the emergence of the
biotechnology industry more than 30 years ago. In 2003, 64 potential candidates were
approved by European and US regulatory agencies and some 500 product candidates were in
clinical and preclinical development. Approximately 70 % of them were glycoproteins.
The global market for biopharmaceuticals, including antibodies, was estimated at more than
30 billion US dollars [122].
Antibodies or immunoglobulins (Igs) are proteins found in the plasma, playing a central role
in the humoral immune response by binding and subsequently inactivating antigens or
triggering an inflammatory response which leads to the elimination of them [140, 142]. They
are the most secreted products of the adaptive immune system [4].
In humans five different classes of antibodies are identified, consisting of IgG, IgA, IgE, IgM
and IgD whereas all of them share similar structures composed of Ig domains [140, 142].

Fig. 1: Different subclasses of human antibodies [4]
Illustration of different antibody subclasses structures, with the respective amino acids
representing binding or attachment sites.
5
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Each antibody subclass displays an appropriate function. IgA has its key role at the mucosal
surface, such as the linings of the lungs and the gastrointestinal tract and protects from
pathogens. The IgE molecules are necessary to protect against infections, parasitic helminths
and is furthermore responsible for the impeding symptoms of allergies. IgM in contrast is
principally restricted to the circulation, where it defends from bacterial and fungal infections,
due to its large size. However, the function of IgD remains less clear [140].
Human IgG consists of four subclasses, namely IgG 1 – 4, having different characteristics,
whereas IgG1 is the most predominant form in human sera [4].
The IgG molecule consists of a multifunctional glycoprotein that binds antigens specifically
to form immune complexes that activate effector mechanisms, in general, the clearance and
destruction of pathogens [4].
IgG molecules are composed of two heavy chains with identical amino acid sequence and two
light chains with identical amino acid sequence as well, each folded into globular
immunoglobulin domains, making up a molecular weight of approximately 150 kDa. The
heavy chain accounts for each 50 kDa, whereas the light chain has a molecular weight of each
25 kDa [80, 140, 142]. The N-terminal domains of each chain constitute the variable (V)
regions which recognize antigens, while the other domains make up the constant (C) regions
[142].
The heavy chains of an IgG antibody are composed of four homologous domains, namely the
VH, CH1, CH2 and CH3 domains, whereas the light chains are divided into the two
homologous domains VL and CL. The heavy and light chains are arranged to form two
antigen-binding (Fab) regions [80].
The Fab regions of the antibody serves for a highly specific recognition of the antigen target
[57]. Heavy and light chains are linked in covalent and non-covalent association through a
flexible linker, the hinge region [15, 61, 140].
The hinge region allows for segmental flexibility, such that the Fab region may access and
bind its target antigen whilst the Fc region remains accessible to effector ligands [96].
The Fc region of an IgG antibody is a homodimer comprising interchain disulphide-bonded
hinge regions, glycosylated CH2 domains bearing N-linked oligosaccharides at asparagine 297
and non-covalently paired CH3 domains [60, 80, 141].
The IgG Fc region contains interaction sites for ligands that activate different clearance
mechanisms. Such effector responses upon antibody binding include antibody-dependent
cellular cytotoxicity (ADCC), the secretion of inflammatory mediators, an enhanced antigen
6
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presentation, the regulation of antibody production, oxidative burst and phagocytosis [73,
140].
An IgG molecule contains two N-linked oligosaccharide sites in its Fc region at the position
asparagine 297, buried between the CH2 domains, forming extensive contacts with amino acid
residues within CH2. The general structure of these N-linked oligosaccharides in humans is of
complex, biantennary type, whereas the two glycosylation sites of the Fc region may be
heterogeneously glycosylated [4, 60, 125, 142].

Fig. 2: Antibody structure [60]
Antibody crystal structure with the respective subunits, as the Fab region serving as antigen
binding site, the Fc region as effector site, where the amino acid Asn at position 297 is the
most important, bearing the glycosylation site of the Fc part, the hinge region as linker
between Fab and Fc part and the subdivition of the Fc region in CH2 and CH3 domain. The
hinge region and the CH3 domain contain furthermore sites for potential proteinengineering
leading to an enhancement of the antibody activity as well [52a,76, 107a, 150a]
The glycans at asparagine 297 are indispensable, because of the enormous role they play.
They contribute to the stabilization of the Fc region and help to maintain the quaternary
structure and the thermodynamic stability of the Fc region [4]. Furthermore this
posttranslational modification is important for IgG recognition by Fc receptors, to initiate the
following signalling cascades, as cell lysis either through the apoptosis cascade, the
7
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elimination by complement-dependent cytotoxicity events or by antibody-dependent cellular
cytotoxicity [100]. Beyond these characteristics, the glycans contribute to the solubility and
conformation of the antibody, facilitate subcellular transport, secretion and clearance and
maintain effector functions by ensuring optimal binding of the Fc region to Fc receptors [4].
Glycosylation is a posttranslational modification which occurs in the endoplasmatic reticulum
(ER) and the Golgi apparatus, that results in the attachment of a glucosylated high mannose
oligosaccharide (GlcNAc2Man9Glu3) which is trimmed to a GlcNAc2Man9Glu structure that
is bound by chaperones that aid and monitor folding fidelity. The addition of outer arm sugar
residues to a core heptasaccharide is variable, where 32 different oligosaccharide and
potentially more than 400 glycoforms are possible [60].

Fig. 3: Human-like N-glycosylation at Asn297 [60]
Sequence of oligosaccharide attached to the Fc region of an antibody at Asn297
But also the Fab region of the antibody may be glycosylated. It has been demonstrated that
15 – 20 % of polyclonal human IgG molecules bear N-linked oligosaccharides within the
IgG-Fab region and when present, the oligosaccharides are attached in the variable regions of
the kappa (Vκ), lambda (Vλ) or heavy (VH) chains. The N-glycans present at the Fab region of
IgG significantly influence antigen binding [4, 60].

3.2 The N-glycosylation pathway
N- and O-linked glycans are the two principle glycan classes formed on mammalian cellderived secretory glycoproteins. Both types are major contributors towards protein structure
and function, and in immunological recognition of these glycoproteins [53].
8
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The O-linked attachment of sugar residues occurs posttranslationally in the Golgi apparatus
and is initiated by the attachment of N-acetylglucosamine to the hydoxyl group of serine or
threonine residues in the peptide backbone of the therapeutic protein. The proximal
carbohydrate is the target for glycosyltransferases to form a mature O-glycan structure. Olinked glycosylation is affected by secondary structural elements such as an extended β-turn
[53, 122, 138].
The main focus in this case is the consideration of the N-glycosylation. This posttranslational
modification is located in the endoplasmatic reticulum (ER) and the Golgi apparatus. In
contrast to the O-glycosylation, the N-glycosylation occurs at a specific sequence motif,
namely Asn-X-Thr/Ser (consensus sequence, where X is any amino acid, except of proline)
[53, 122, 138].
The N-linked glycosylation is a covalent protein modification in eukaryotic cells where the
oligosaccharides are attached to the rising protein as core oligosaccharide unit, leading to an
attachment or a remove of sugar residues. N-glycosylation has a functional role in
glycoprotein folding, not only through stabilizing the polypeptide structure, but serve also as
recognition tags. These tags allow the protein to interact with several lectins, glycosidases and
glycosyltransferases. It also determines oligomer assembly, solubility, degradation, clearance
rate and serves for quality control [47].
In eukaryotes, N-linked glycans are attached to proteins in the lumen of the ER as presynthesized oligosaccharides, consisting of branched oligosaccharide units, composed of 3
glucoses,

9

mannoses

and

2

N-acetylglucosamines

(Glc3Man9GlcNAc2).

These

monosaccharides are transferred to a lipid carrier, the dolichol-pyrophosphate through the
monosaccharyltransferase in the ER membrane. For further glycosylation events, the lipid
carrier-bound glycans have to be translocated in the ER lumen by an ATP-dependent flippase
where it is transferred onto nascent glycoproteins. For successful transfer of the
oligosaccharides onto the protein, first an α1,2-linked glucose residue is attached, so that it is
recognized by the oligosaccharyltransferase (OST). OST is an enzyme consisting of multiple
transmembrane units and catalyzes the attachment of N-linked oligosaccharides to an
appropriate sequence, namely Asn-X-Ser/Thr, where X is any amino acid, except of proline.
After the attachment of the oligosaccharide to the nascent polypeptide, one glucose residue is
removed by the glucosidase I, before glucosidase II removes the second glucose residue, so
that the now monoglucosylated protein can either bind to calnexin or calreticulin, both lectins,
that facilitate chaperon-assisted glycoprotein folding [47].
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Subsequently the glycoprotein is transferred to the ER protein 57 (ERp57), a thiol-disulfide
oxidoreductase, to add disulfide bonds, followed by the removal of the last glucose residue
through glucosidase II, allowing the dissociation of calnexin / calreticulin. Now, three
different possibilities are given for the glycoprotein. If properly folded, it is released of the ER
assisted by mannose lectins as ERGIC-53 (ER-Golgi intermediate compartment 53), VIP36
(vesicular integral protein 36) or VIPL (VIP36-like protein). If the protein has a wrong
folding conformation UDP-Glc:glycoprotein glucosyltransferase (GT) uses the UDP-glucose
transported by a UDP-glucose/UMP exchanger from the cytosol to reglucosylate the high
mannose glycans, which subsequently rebind to calnexin / calreticulin. GT is a soluble,
luminal protein with a C-terminal ER sequence and a folding sensor, recognizing misfolded
proteins via outstanding hydrophobic peptides or excessive surface dynamics. The third fate is
the ER-associated degradation (ERAD) of the misfolded proteins. This occurs when the
misfolded protein stayed in the ER lumen for some time and when it is recognized by the
lectin EDEM (ER degradation-enhancing α-mannosidase-like protein) because it has lost a
mannose through the action of ER mannosidase I [47].

Fig. 4: Calnexin / calreticulin cycle in the lumen of the endoplasmatic reticulum [47]
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In mammalian cells, correctly folded glycoproteins are actively transported to the Golgi
apparatus where their N-glycans are modified by mannosidases and glycosyltransferases to
yield complex, sialic acid, fucose and galactose containing structures. Mannosidases remove
mannose monosaccharides (Man) from glycans at the earliest stages of N-glycan processing.
N-acetylglucosaminidases then catalyze the addition of N-acetylglucosamine (GlcNAc) to the
mannose sugars attached to the conserved core structure of the N-glycan, having a
determining role towards the number of branches or antennae, which are formed on the
glycan. Fucosyltransferases add fucose to the N-acetylglucosamine proximal to the protein
and galactosyltransferases and sialyltransferases add galactose and sialic acid, respectively,
onto the terminal ends of the N-glycan branches. The reactions of these enzymes are generally
irreversible, generating stable N-glycosylated proteins [19, 47, 53].

3.3 The role of N-glycosylation at Asn297
Antibodies have distinct glycosylation profiles, depending on the production cell system, on
cultivation conditions, such as the pH, the concentration of ammonium and hormonal
supplements, on the efficacy of protein expression and on the physiological status of the host
cell [4, 61, 138, 142]. The resulting glycosylation pattern affects the efficacy of the
therapeutic glycoproteins by modulating interactions with specific receptors [122]. This is
why the modification of glycosylation pattern is a major challenge in protein- and
glycoengineering of biotechnological manufacturing, and one that affects the industry’s
overall ability to maximize the clinical and commercial gains possible with these agents [52a,
76, 107a, 150a, 122].
Chinese hamster ovary (CHO) cell lines are currently the most preferred host for the
production of therapeutic glycoproteins, as well as the murine myeloma cell line NS0,
because of the ability of the production of proteins with similar N-glycans to those found on
human proteins. Mouse and hamster derived cell lines process oligosaccharides similar to
those of human serum IgG, but have a relatively high fucosylation rate and do not express
β1,4-N-acetylglucosaminyltransferase III, an enzyme that catalyzes the addition of a bisecting
N-acetylglucosamine. The bisecting N-acetylglucosamine is thought to increase biological
activity in ADCC [4].
Nevertheless, the advantages of these cell lines are numerous. There is an extensive knowhow of these systems, an established infrastructure in the biotechnology industry and
11

INTRODUCTION
___________________________________________________________________________
furthermore a high process stability and scalability. But, the high cost of goods and a
relatively long development time from gene to production cell line, led the biotechnology
industry to develop alternative expression systems [122]. Yeast cells (Pichia pastoris) are a
robust expression system, have the ability to perform N-glycosylation, but an engineering of
the yeast glycans is necessary to obtain human-like glycosylation [78, 122]. Also insect cells
are already investigated as efficient expression system and are described to be able to perform
posttranslational modifications as N-glycosylation. But proteins expressed in insect cells are
not of complex type, but instead contain either hybrid, high mannose or paucimannose
glycans. These proteins have a poor serum half-life and furthermore a non-human α1,3-fucose
may be present which may be immunogenic for humans. Antibody glycosylation in fungal
expression systems consist of non-human N-glycans of the high mannose type, which are
immunogenic in humans [46]. Transgenic animals have the disadvantage that N-glycans of
expressed proteins are of high-mannose and hybrid type with low sialic acid content.
Transgenic plants on the other hand lack of galactose and sialic acid residues but have the
presence of β1,2-xylose and α1,3-fucose which are immunogenic for humans, but there are
efforts ongoing to humanize N-glycosylation in plants [122].
The carbohydrate moieties attached to the Fc region of the antibody influence several features
of the therapeutic proteins. Pharmacokinetics, pharmacodistribution, solubility, stability,
enhancement of effector function and receptor binding are the main impacted characteristics.
Glycosylation of IgG-Fc is essential for optimal activation of FcγRI, FcγRII, FcγRIII and
C1q, thus allowing efficient immune responses [35, 49, 61, 138]. The effector functions of
IgG are dependent from the glycosylation pattern of the Fc region. As the elimination of
antigens is mediated by the Fc region through the activation of host immune mechanisms, the
glycosylation is indispensable for the maintenance of the defense against pathogens, because
aglycosylated or deglycosylated forms of IgGs show impaired or ablated effector mechanisms
[142].
The Fc regions express interaction sites for ligands that activate clearance mechanisms. These
effector ligands include three structurally homologous cellular Fc receptor types (FcγRI,
FcγRII, FcγRIII), the C1q component of the complement and the neonatal Fc receptor (FcRn)
[60]. Interactions of the Fc region with these receptors can lead to a multitude of reactions,
causing among other an elimination of the antigen. Such reactions include the clearance of the
antigen via antibody-dependent cellular cytotoxicity (ADCC), phagocytosis, complementdependent cytotoxicity (CDC) or the determination of the half-life / clearance rate of the
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antibody itself. Antibody catalyzed responses are triggered by interactions of the antibody to
appropriate ligands. ADCC and phagocytosis, for instance, are mediated through interactions
of cell-bound antibodies with Fcγ receptors, whereas CDC occurs when the antibodies interact
with the soluble proteins as C1q, a protein with a central role in CDC reactions, that constitute
the complement system and half-life is determined by interaction with the neonatal Fc
receptor [96]. The glycosylation pattern itself affects the impact on therapeutic protein
efficacy. There are glycans that affect plasma half-life as sialic acid, tissue targeting or
modulate the biological activity as fucose, bisecting N-acetylglucosamine or galactose [122].
However, the antigen binding activities are not affected by N-glycosylation of antibodies at
Asn297 [120].
Non human glycoforms can adversely affect pharmacokinetic properties and raise
immunogenicity and safety concerns. The use of therapeutic antibodies bearing non-human
glycoforms could lead to rapid clearance, complement activation and enhanced
immunogenicity by targeting to antigen-presenting cells, as also described in 3.6 [122].
A common feature of therapeutic IgG1 antibodies used for cancer treatment is that their
antitumor efficacy requires high serum concentrations and continued application of the
antibody for several months. The treatment cycles thus consume several grams of therapeutic
antibody, resulting in a significant amount of drug needed and very high costs. Yet, there are
already data that it is possible to decrease the therapeutic dose in a microgram range, as
approvend by Trion Pharma GmbH [57].
On this account, it is necessary to engineer therapeutic antibodies, either by modelling their
glycosylation structure, or by protein engineering strategies, such as site-directed mutagenesis
within the CH2 domain. The Xencor company is known to have an effective platform to
develop protein-engineered antibodies. In most cases this proteinengineering comprises an
exchange of essential amino acids within the Fc region, either in the hinger region or in the
CH3 domain. It is shown that proteinengineering can lead to an enhanced effector fucrion of
antibodies, as well as glycoengineering does. But the exchange of essential amino acids
involves the risk of immunogenicity, so that an optimization of the N-linked glycans attached
to Asn297 at the Fc region could be the principle way to improve bioactivity and thus leading
to enable a reduction in therapeutic dose [35, 52a, 76, 107a, 150a, 49, 94].
It is proven that incorrectly glycosylated or aglycosylated antibodies display uncontrolled
functions. For example it has been described that in patients with rheumatoid arthritis, there is
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a marked increase in the percentage of serum IgG glycans lacking sialic acid and galactose
residues, which is also characteristic for other diseases, including Crohn’s disease, juvenile
onset chronic arthritis, systemic lupus erythematousus complicated by Sjögren’s syndrome
and tuberculosis, demonstrating the importance of N-glycosylation of antibodies. The
disorders affecting the glycosylation can arise from genetic mutations leading to molecular
defects in glycan processing enzymes, sugar nucleotide donors or protein trafficking
machinery within a cell and have severe pathological consequences as cellular destructive
activities [4, 15].

3.3.1 Bisecting N-acetylglucosamine
N-acetylglucosaminyltransferase III (GnTIII) is a Golgi-localized enzyme and catalyzes the
addition of an N-acetylglucosamine (GlcNAc) residue to a bisecting position of N-linked
oligosaccharide
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galactosyltransferase (GalT). This particular modification is commonly found in the N-linked
sugar residues of human IgG, but not of other mammalian species [27, 35, 49]. Once the
addition of the bisecting GlcNAc through GnTIII to an oligosaccharide is completed, other
central reactions of the biosynthesis pathway such as core-fucosylation and conversation of
hybrid to complex glycans are blocked, so that GnTIII plays a controlling role over the
glycosylation process in the Golgi apparatus [35, 120].
Remodelling of glycans in antibodies is a feature, to improve binding affinities and effector
functions of the therapeutic proteins. Therefore, the impact of bisecting GlcNAc, normally
found

only

in

human

antibodies,

was

investigated.

A

recombinant

β1,4-N-

acetylglucosaminyltransferase III was therefore overexpressed in expression cell lines as
CHO. The overexpression of GnTIII in CHO cells can be regulated by tetracycline addition
whereas this regulation method may lead to growth inhibition of the cells and even to cell
death after a few days [35, 131, 132].
Beside the addition of a bisecting GlcNAc, the overexpression of the GnTIII enzyme leads to
an increase of non-fucosylated and hybrid type oligosaccharides with increased ADCC
activity [35, 49]. As hybrid type oligosaccharides typically show decreased CDC activity
compared to complex type ones, a possibility was investigated to change the hybrid
oligosaccharides to complex type one. A co-expression of GnTIII together with α-
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mannosidase II (Man II) was demonstrated to lead to complex type oligosaccharides linked to
the antibody and a similar degree of non-fucosylation as with GnTIII alone [35].
The presence of a bisecting GlcNAc on the Fc glycans alters the surface exposure of the
structural epitope for the Fcγ receptors on killer cells, increasing the avidity of the interaction
and thus ADCC activity [4, 27, 120]. Two possibilities are given for the reason of the
increased ADCC activity of antibodies with bisecting GlcNAc. The first may be a simple
increase in affinity of the altered antibody for the FcγRIII receptor, but the better ADCC
activity may also result from a better crosslinking of FcγRIII receptors on the surface of NK
cells, which initiates the process of degranulation, leading to lysis of the target cell. The
increase in binding to FcγRIII is probably due to conformational effects specified by the
bisecting glycoform on the Fc structure of the antibody [27, 35, 49, 120].

3.3.2 Fucose
As the carbohydrates attached to a glycoprotein can affect the stability and the dynamics of
the protein by directly interacting with the polypeptide and lead to different biological and
binding activities, a remodelling of antibodies in their glycosylation is established [92]. The
modifications in glycosylation leading to increased effector functions as ADCC and/or CDC
can thus enable a reduction in therapeutic dose and furthermore fucose removal from IgG
could reduce the antigen amount required for ADCC induction via efficient recruitment and
activation of effector cells [49, 90, 113, 124]. It is reported that the lack of fucose allows an
enhanced binding affinity to the FcγRIIIA, the most important receptor triggering ADCC
through a favourable binding enthalpy of the receptor [57, 92]. No effects in binding affinity
of defucosylated antibodies to human FcγRI, C1q or the neonatal Fc receptor (FcRn) are
observed, and only a slight improvement in binding to FcγRIIB and FcγRIIA are perceivable
[90, 94, 124, 125, 126]. Yet, a fucose removal has no effects on antigen-binding and CDC
[89, 150].
The deletion of the fucose residue has the greatest impact on ADCC activity. The less an
antibody is fucosylated, the more active is the effector function, even in the presence of
plasma IgG, which competes with the binding site of therapeutic proteins to FcγRIIIA on
effector cells [63, 85, 89, 91, 112]. Moreover the lack of fucose can abrogate the effect of the
polymorphic variants of FcγRIIIA in binding affinity. Two polymorphisms exist in the
FcγRIIIA structure, the FcγRIIIA with a valine at position 158 or a phenylalanine,
respectively. Defucosylated antibodies have improved binding affinity to FcγRIIIA,
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independent of its phenotype, whereas fucosylated therapeutic proteins have an increased
affinity for the FcγRIIIA-Val158 variant [76, 88].

Fig. 5: Enhanced ADCC of non-fucosylated therapeutic antibodies [112]
(a) fucosylated antibodies lead to a low ADCC activity whereas non-fucosylated ones result is
a high ADCC activity (b) as non-fucosylated therapeutic antibodies have a higher binding
capacity to FcγRIIIa they compete with fucosylated plasma IgG and lead thereby to an
enhanced ADCC activity, recruiting NK cells with a high efficacy (c) fucosylated therapeutic
antibodies fail to recruit NK cells with high efficacy and lead thereby to a weaker ADCC
activity.
As the depletion of the core fucose of N-linked oligosaccharides at Asn297 of antibodies is
shown to be the most posttranslational modification to affect antibody potency, several
approaches has been made to generate cell lines, which express N-glycosylated antibodies
deficient in fucose [84, 91].
Four different methods to lead to the structural expression of relatively high defucosylated
therapeutic antibodies bearing the biantennary complex type of Fc oligosaccharides were
established [112].
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The most effective technique to gain defucosylated therapeutic antibodies is the introduction
of small interfering RNA (siRNA) specifically against the FUT8 gene in a definite cell line, as
CHO, resulting in a knockout of the respective gene [63, 84, 89, 112, 125]. FUT8 encodes an
α1,6-fucosyltransferase that catalyzes the transfer of fucose from GDP-fucose to GlcNAc in
an α1,6-linkage [84, 150]. The hence resulting antibodies show a high defucosylation rate,
even if not completely deficient in fucose residues [112].
The next possibilities to obtain nearly fucose-deficient antibodies are the application of
certain expression systems, as the CHO cell line Lec13 or the rat hybridoma YB2/0 cell line
as host, both with low fucose expression rates [63, 112].
As mentioned before, a co-expression of the enzyme GnTIII and Golgi α-mannosidase II not
only leads to an addition of a bisecting GlcNAc, but also reduces the content of fucosylation
in the N-linked glycans of antibodies, thus creating an other variant to generate defucosylated
glycoproteins [35, 49, 112].
The exclusion of the α1,6-linked core fucose can be further achieved with mutant CHO cells
lacking an enzyme in the GDP-fucose synthesis pathway, the GDP-mannose 4,6-dehydratase,
which catalyzes the formation of GDP-4-dehydro-6-deoxy-D-mannose and H2O from GDPmannose [49].

3.3.3 Galactose
Oligosaccharide profile of polyclonal IgG from the sera of patients with certain inflammatory
diseases can be significantly different. In rheumatoid arthritis (RA), for example, a deficit in
galactosylation is observed that may serve as a prognostic indicator, leads to the formation of
rheumatoid factor-IgG complexes and inflammatory reactions are activated [61, 101].
But also in other diseases, the proportion of agalactosylated oligosaccharides is increased and
such antibodies are more susceptible to aggregation and formation of insoluble immune
complexes. These diseases include juvenile chronic arthritis, active Crohn’s disease,
infections due to Mycobacterium tuberculosis or spondyloarthropathy, sarcoidosis and
erythema nodosum leprosum, where this agalactosyl glycoform of IgG is reversible after
remission [80, 101, 142].
Agalactosyl IgG activates complements through interaction with mannose-binding protein
(MBP), an endogenous lectin, resulting in the inflammation of RA. But the galactose content
in IgG carbohydrate chains is significantly increased during pregnancy, when remission of
RA symptoms occurs and it was observed that galactosylation of fetal IgG is higher than that
17

INTRODUCTION
___________________________________________________________________________
of maternal IgG, which suggests that there exists a placental selective transport with
preference for highly galactosylated IgG molecules [80].
A removal of the galactose residues through β-galactosidase treatment was shown to lead to
reduced binding affinities to C1q and FcγRIII, resulting in a decreased CDC and maybe also
ADCC activity, but does not affect FcγRII binding [44, 49, 75, 80, 142].
Yet, the relationship between the galactose residues and ADCC is controversial. Boyd el al.,
among others, have shown that obvious change was not found in ADCC after removal of the
majority of the galactose residues. Kumpel et al. on the contrary showed that galactose
residues enhance ADCC but only in erythrocytes, where no apoptotic cascades can occur, and
not in nucleus containing cells. But it has to be mentioned that most of the scientist
investigating the effect of galactose on effector function found that a degalactosylation does
not impact ADCC activity [74, 75, 94, 125]. Kumpel et al. argue that a galactosylation could
result in either greater accessibility of galactose residues to interact with ligands on effector
cells or alternatively could have the opposite effect whereby the exposed oligosaccharide
moieties could sterically hinder these intermolecular interactions, whereas they confirmed
first hypothesis [74].
To date, no data on comparison of the effect of fucose, galactose and GlcNAc or the
combined effect of fucose and bisecting GlcNAc or galactose are available [125].

3.3.4 Sialic acid
As glycosylation of antibodies is cell type specific and leads to different patterns of
oligosaccharides, differences in biological function and binding affinities are also observed
with variable sialic acid contents [59].
Different forms of sialic acid are found, namely N-acetylneuraminic acid (NANA) and Nglycolylneuraminic acid (NGNA). Human and chicken IgGs contain oligosaccharides with
NANA, whereas in rhesus, cow, sheep, goat, horse and mouse antibodies the NGNA variant is
exclusively found. IgGs from dog, guinea, pig, rat and rabbit contain both NANA and NGNA
[123].
But sialylation in human is modest with 5 – 17 % of structures being monosialylated and 2 – 7
% disialylated [61].
The half-life and clearance rate of an antibody is determined by many factors including
molecular size and net charge. The glycans attached to the IgGs contribute significantly to the
hydrodynamic volume and charge of glycoproteins, especially the sialic acid residues with
18

INTRODUCTION
___________________________________________________________________________
improving characteristics for pharmacokinetic. It is namely found, that asialylated
glycoproteins are subject to receptor-mediated clearance by the asialoglycoprotein receptor
(ASGPR) found in the liver where therapeutic proteins with terminal mannose or terminal
GlcNAc are cleared through the reticulo-endothelial system [122].
In patients with rheumatoid arthritis and several forms of autoimmune vasculitis not only
antibodies lacking galactose residues are found, but also the level of sialylation is decreased,
compared to normal individuals [64].
But the opinion about the role of sialylation of IgGs is controversial as that of galactose
residues. Some report that sialic acid residues do not affect either CDC or ADCC, whereas
there are findings that a sialylation of IgG antibodies results in a 40 – 80 % reduction in
biological activity which can be due to reduced binding affinities of sialylated Abs to FcγRs
and interestingly a reduced binding affinity to cell surface antigen was also found [13, 64, 94,
113].
IgGs are capable to mediate pro- and anti-inflammatory activities through the engagement of
the Fc region with distinct FcγRs. Fc-FcγRs interactions normally generate pro-inflammatory
effects of immune complexes. In contrast, therapeutic intravenous gamma globulins which
have elevated contents of α2,6-linked sialic acids show anti-inflammatory effects by
enhancing the expression of the inhibitory IgG Fc receptor II B [64, 65].
It is reported that the enhanced expression of the inhibitory FcγRIIB on effector macrophages
results from an interaction of sialylated IgG Fc proteins with a currently unidentified sialic
acid specific receptor on regulatory macrophages in the marginal zone of the spleen. This, in
turn, leads to a requirement of an enhanced threshold for pathogenic IgG to activate signalling
FcγRs and hence to trigger inflammatory processes, so that it is possible that sialylated
therapeutic proteins could lead to reduced effector functions and decreased pathogen
elimination [65].
As it is clear, that an optimal glycosylation of therapeutic proteins leads to better effector
functions of those, the necessity emerged for an expression of glycoengineered antibodies.
The fact that a defucosylated variant of therapeutic proteins seems to have a pivotal effect on
the antibody activity, a new expression system was established. In contrast to the so far used
cell lines as CHO, Sp2/0 or NS0, the use of plants for the expression of therapeutics was took
in account, as the expression of such proteins in moss cells.
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3.4 The moss Physcomitrella patens
Mosses (division of Bryophyta) in general are one of the oldest groups of land plants. They
are separated by approximately 450 million years of evolution from crop plants.
Mosses are habitants that range from high mountains to deep forest and from Antarctica to
deserts revealing that they are very resistant to environmental stresses [104, 106, 116]. But the
moss Physcomitrella patens has made genomic changes with the evolutionary movement to
land as the loss of flagellar arms and the acquisition of genes regarding terrestrial factors
[104].
The moss Physcomitrella patens has a genome size of approximately 511 Mbp, divided
between 27 chromosomes and over 200.000 expressed sequence tags (ESTs) are available for
Physcomitrella. The complete sequencing of its genome was terminated by the end of 2005
[26, 28, 29, 105, 106, 121].
To date efforts were done to utilize plant-based expression systems for biopharmaceuticals,
causing several advantages. Current recombinant pharmaceuticals are produced mainly in
microbial (E. coli, Saccharomyces cerevisiae) or in mammalian systems (mainly CHO) [28].
The expression of therapeutic proteins in plants or in mosses, respectively, is associated with
lower costs compared to mammalian production systems. Furthermore with plants there is a
minimized risk of contamination with higher safety, due to absence of human pathogens as
well as of animal viruses and prions. As mammalian production systems, the moss
Physcomitrella patens is able to secrete the protein of interest into the surrounding medium
[9, 29, 72, 119].
Plants are able to perform most of the higher eukaryotic posttranslational modifications as
complex glycosylation, protein processing and folding and the assembly of complex
multimeric proteins [7, 9, 119].
The moss Physcomitrella patens is the only known plant today with a high frequency of
homologous recombination, which is unique among plants, that can be used for the
construction of transgenic knockout plants. It is possible to express therapeutic proteins in a
transient manner allowing a fast screening of the expressed protein, but for industrial scale the
production of stable transformants is necessary [9, 29, 72, 106, 114, 119].
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3.4.1 Life cycle of Physcomitrella patens
Physcomitrella patens develops in early summer, grows beside lakes, rivers and ditches on
soil that has been exposed by falling water levels and is adaptive to different temperatures,
whereas a temperature below + 18 °C is optimal for germination [26].
The life cycle of the moss Physcomitrella patens is dominated by the photoautotrophic
haploid gametophytic generation that supports a relatively simple and mainly heterotrophic
diploid sporophyte. The haploid gametophyte itself is characterized by two distinct
developmental stages. The protonema, a filamentous network of chloronemal and caulonemal
cells, which develops by apical growth and cell division of apical and subapical cells and the
gametophore or leafy shoot, which differentiates by caulinary growth from a simple apical
meristem (the bud). Caulonema cells are predominantly at the G1/S, whereas chloronema
cells are mainly accumulating at the G2/M transition [26, 28, 29, 105, 115, 116, 121, 134].
The phytohormones auxin and cytokinin induce the specific cell differentiation in mosses.
Auxin is known to induce caulonema cells and cytokinins are known to induce buds, threefaced apical cells which give rise to the leafy shoots [121].
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Fig. 6: Life cycle of Physcomitrella patens [116]
(1) Spores (2) light-dependent spore germination leading to primary chloronema cells (3) 15
days old protonemal colony (4) branching chloronema (5) caulonema cells (6) filamentous
two-dimensional structure switching to three dimensions with the appearance of young buds
(7) young bud emerging of the gametophore (8) fully developed leafy gametophore (9)
archegonium (10) two antheridia (11) meiosis
In moss, male gametes or spermatozoids are produced in antheridia and are motile, having
flagella and female gametes are produced in archegonia, respectively. The sex organs of
mosses are developed under appropriate conditions, as sufficient light, and after selffertilization a spore capsule grows on top of the gametophore and with subsequent release of
the spores the life-cycle is completed [26, 29, 116, 121].
Physcomitrella patens has a high capacity for regeneration, even small pieces of either
gametophytic or sporophytic tissue can regenerate to produce protonemal tissue and yet a
homogenization of the protonemal tissue resulting in tissue fragments allows a further growth.
An enzymatic digestion of young protonemal tissue results in the acquirement of isolated
protoplasts which are able to regenerate and form again the protonemal stage in a manner
essentially similar to that of germinating spores. Consequently, protoplasts are employed as
the starting material for mutagenesis, transformation and somatic hybridization [26].
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3.4.2 Cultivation and transformation of moss cells
Cultivation of moss Physcomitrella patens is much easier than cultivation of mammalian
cells, anyhow under GMP (good manufacturing practice) suitable conditions. Moss cells
require only a simple mineral cultivation medium with a pH of about 6,5, a constant low light
or day-night light cycle and a temperature of about + 25 °C optimal for growth. The modified
Knop media (mineral cultivation media) normally do not contain any sugar additives or other
organic compounds. Nitrates and carbon dioxide are the only sources of nitrogen and carbon,
respectively [9, 26, 28, 29, 106].
Moss cells are highly tolerant to a variety of abiotic stresses like drought, salinity, low
temperature and heavy metal stress. Even sodium chloride concentrations up to 350 mM can
be managed. One mediator of the underlying regulatory network for abiotic stress tolerance
can be the plant hormone abscisic acid (ABA), because in seed plants, as well as in moss,
many stress-responsive genes seems to be regulated by ABA-dependent signalling pathways
[38, 106]
Physcomitrella patens can be cultivated in liquid medium either in batch culture in a
fermenter or in a stirred bioreactor. For a volume up to 15 L, photobioreactors as stirred glass
tanks are developed and future developments in moss bioreactor technology will focus on the
improvement of a tubular system establishing a 100 L photobioreactor [26, 28, 29].
The continuous dilution of liquid cultures leads to maintenance of cell density where the
development is arrested at the protonemal stage and no genetic instability is observed. For
long-term storage of moss strains, tissue can be frozen and stored in liquid nitrogen for many
years. But as thawing is problematic, it is advisable to store moss tissue in distilled water in
darkness at + 4 °C for at least one year [26, 28, 29].
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Fig. 7: In vitro cultivation of moss cells (Physcomitrella patens) [28]
(a) moss life cycle with haploid and diploid stages (b) storage of moss cell lines in agar plates
(c) propagation of moss protonema in a stirred photobioreactor (d) propagation of moss
protonema in a tubular photobioreactor
For transformation of Physcomitrella patens cells the overall used method of choice is the
polyethylenglycol- (PEG) mediated transfection of moss protoplasts. After transient
transformation the protoplasts show a survival rate of 10 – 30 % and the surviving moss
protoplasts were viable under non-regenerative culture conditions over a long time period and
did not regenerate cell walls or undergo cell division. Upon transformation the expressed
protein is secreted into the surrounding medium, is correctly folded and has the correct
processing of the homodimer [9, 26, 29, 98, 116].
But, for an efficient secretion of the protein of interest by transformed moss protoplasts,
optimized signal peptides had to be established. The broad sequence variability among signal
peptides suggests differing efficiency of signal peptide recognition, so that different signal
peptides were compared to obtain the most efficient signal transduction and for secretion of
proteins in Physcomitrella patens, signal peptides of this moss strain are found to be the most
effective [28, 29, 114].
The mechanism of protein secretion depends on the recognition of an N-terminal signal
peptide and is conserved among all eukaryotes whereas the amino acid composition of signal
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peptides is extremely variable and the exact mechanism of their recognition by SRP and the
translocon is not yet completely understood [114].
As important as the choice of the signal peptide, there is also a need for a strong constitutive
promoter. The most commonly used promoter is the 35S promotor from the cauliflower
mosaic virus but it was shown that the rice actin 1 5’ region leads to an enhanced activity in
Physcomitrella patens. Because of these findings a new optimized expression vector (p127)
for Physcomitrella patens was designed in which the human signal peptide was replaced by a
plant signal peptide and which contains a cassette coding for resistance to geneticin [26, 137].
An external piece of DNA harbouring homologous sequences to the genome will almost
exclusively integrate into the corresponding genomic position, a phenomenon called “gene
targeting”, a powerful tool for directed knockout of genes. Physcomitrella patens is able to
integrate DNA efficiently by homologous recombination. The act of transformation
apparently takes place during a specific phase of the cell cycle, at the G2/M transition [62, 98,
106, 116, 121]. The explanation for the largely dominant homologous recombination process
observed upon transformation of Physcomitrella patens includes three hypotheses. The first is
related to the transformation per se, the second possibility is that specific properties of the
physiology of the haploid gametophyte stage itself favor homologous recombination or that
the cell cycle distribution in protoplasts has an impact on the transformation process [115,
116].
Prokaryotes and lower eukaryotes favour the use of homologous sequences to repair
chromosomal double-strand breaks and to insert transforming sequences. Illegitimate
integration via microhomologies and non-homologous end-joining (NHEJ) are usual in higher
eukaryotes. In Physcomitrella, a typical transformation experiment generates, in addition to
stable transformants, a larger number of unstable transformants that maintain transgenes only
as long as selection is maintained, due to mitotic and/or meiotic loss of the transformation
sequence. But the delivery of linearized DNA reduces the frequency of unstable transformants
[26, 62, 115]. The transformation process begins with one end of the concatemer that initiates
homologous recombination and the following recruitment of DNA repair proteins results in
the resection of the targeting construct to generate 3’-ss DNA that can initiate invasion of the
homologous genomic target. Strand scission of the targeted locus could then generate a
genomic 3’-ss DNA that could, in turn, invade the concatenated targeting construct [51, 62,
115].
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3.4.3 Glycosylation in mosses
Plants are able to perform most of the higher eukaryotic posttranslational modifications as
complex glycosylation, protein processing and folding and assembly of complex multimeric
proteins. The N-glycosylation of plant proteins starts in the ER by the transfer of an
oligosaccharide precursor onto specific Asn residues, similar to the mechanism in mammalian
cells and further processing of plant N-linked glycans occurs along the secretory pathway as
the glycoprotein moves from the ER through the Golgi apparatus to its final destination [29,
54, 71, 119]. But the major difference between plant an mammalian or human glycosylation,
respectively, is that the core oligosaccharide is substituted by β1,2-linked xylose and α1,3linked core fucose, instead of α1,6-linked core fucose in mammals and that plants lack the
characteristic terminal galactose and sialic acid residues. The crucial point for the formation
of complex N-glycans in plants seems to be the transfer of the first GlcNAc residue catalyzed
by GnTI, which represents a signal for subsequent 1,2-xylosylation and/or 1,3-fucosylation [7,
8, 28, 29, 54, 71, 72, 114, 119].
The plant-specific sugar residues, β1,2-xylose and α1,3-fucose, are shown to be highly
immunogenic in humans and might play a role in allergenicity [7, 8, 28, 29, 72, 119].

Fig. 8: Plant-specific glycosylation structure [8]
Glycosylation of plant derived antibodies with the plant specific sugar residues α1,3-fucose
and β1,2-xylose
To obtain therapeutic proteins, expressed in Physcomitrella patens, lacking the human α1,6fucose but also the plant-specific β1,2-xylose and α1,3-fucose a double knockout production
strain that lacks these two plant-specific sugar residues was created. The genes for α1,3fucosyltransferase and β1,2-xylosyltransferase in Physcomitrella patens were therefore
disrupted by homologous recombination, resulting in the double knockout strain Δfuc-t, Δxylt [9, 54, 72, 119].
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The knockout itself as well as the modified glycosylation structure does not impair the
secretory pathway of the moss. Neither morphology nor growth rate nor development, differ
from the wild type strain [54, 72, 106, 119].
It was already shown, that the reduction of core fucosylation via targeted knockout in
Physcomitrella patens, results in enhanced ADCC activity, due to increased binding affinities
to the FcγRIII, so that it could be assumed, that antibodies expressed in moss cells could be
more efficiently in their biological activity [29, 86, 119].

3.5 Fcγ receptors
Fcγ receptors (FcγRs) are a family of heterogeneous molecules that play opposite roles in
immune response and control the effector functions of IgG antibodies (e.g. ADCC and CDC)
and are expressed on most of haematopoietic cells, including macrophages, eosinophils,
neutrophils, natural killer cells, and lymphocytes. They provide important links between the
cellular and humoral branches of the immune system [4, 17, 69, 91, 97, 133]. ADCC and
phagocytosis are mediated through interaction of cell-bound monoclonal antibodies (mAbs)
with FcγRs. CDC on the other hand is mediated by interactions of cell-bound mAbs with the
complement system and half-life is mediated by binding of free mAbs to the neonatal FcR
(FcRn) [97].
Two distinct functions for IgG-Fc receptors may be distinguished. One is to activate effector
functions when the antibody is complexed with its respective antigen. This function is
mediated for IgG by the homologous FcγRI, FcγRII and FcγRIII receptors. Moreover
transport of IgG across epithelial membranes by transcytosis is mediated through the FcRn
[61].
FcγRs also play a critical role in other immune responses, including release of inflammatory
mediators, endocytosis of immune complexes and regulation of immune system cell
activation [96, 97].
FcγRs bind asymmetrically in a 1:1 ratio to the hinge proximal region of the CH2 domain. For
recognition of IgG by FcγRs, two CH2 domains are required, either paired covalently at the Nterminal end by hinge disulphide bonds or non-covalently at the C-terminal end by the CH3
domain pair [81, 100]. Glycosylation of antibodies is required for high affinity binding of the
FcγRs. Different sugar residues have different impacts on the binding efficacy of FcγRs to the
antibody. It is known that a fucose removal increases binding of FcγRs, as well as probably
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the addition of galactose residues. A deglycosylation of therapeutic antibodies leads to an
abolishment of the binding properties [4, 61, 97, 100].
Three distinct classes of FcγRs are identified: FcγRI (CD64), FcγRII (CD32) and FcγRIII
(CD16). FcγRI is a high glycosylated, 72 kDa protein that binds with high affinity to IgG and
is expressed on monocytes, macrophages and IFN-γ-activated neutrophils [4, 17, 61, 97, 133].
FcγRII, with a molecular weight of 40 kDa, in contrary has a low affinity for ligands and
interacts only with Igs in complex form. In humans, subclasses of FcγRII are identified,
namely FcγRIIA and FcγRIIB whereas FcγRIIB is preferentially expressed by B
lymphocytes. FcγRIIA, which is 96 % identical to FcγRIIB in the extracellular domain, is
among others expressed by neutrophils which respond to immune complex binding by the
release of proinflammatory mediators [4, 61, 97, 133]. FcγRIII, a 50 – 80 kDa protein, is
subdivided into FcγRIIIA, a transmembrane receptor, and FcγRIIIB, that is coupled to the
outer leaflet of the plasma membrane via a GPI anchor [96, 97, 133]. Two polymorphisms are
found in FcγRIIIA at position 158, the FcγRIIIA-Val158 and FcγRIIIA-Phe158. FcγRIIIAVal158 is characterized as a high affinity receptor, whereas the FcγRIIIA-Phe158 variant has
a lower affinity for antibodies [17, 36, 70, 78, 97, 133]. The FcγRIIIA is the only receptor
expressed by natural killer cells and triggers ADCC, but is also expressed by macrophages
and a subset of T cells. FcγRIIIB is in contrary only expressed by neutrophils [17, 61, 78].
FcRn has been tapped as a potential transporter of IgG across tissues in addition to its
homeostatic role. Furthermore the FcRn advances the pulmonary delivery of therapeutics and
contributes to the half-life of IgGs, as it modulates the IgG transport and protect against the
IgG catabolism. Interactions between FcRn and antibodies are reported to be pH dependent
[96].
All FcγRs belong to the IgG superfamily having an IgG-binding α-chain with an extracellular
portion comprised of either two (FcγRII and FcγRIII) or three (FcγRI) Ig-like domains and
share sequence homologies in their extracellular regions, but they differ in their cytoplasmic
regions. FcγRIIA contains an immunoreceptor tyrosine-based activation motif (ITAM) in its
cytoplasmic region and the multichain FcγRI and FcγRIIIA contain an ITAM sequence in the
associated signal transduction units, that is involved in the early stages of intracellular signal
generation. Upon receptor engagement, the ITAM motif is phosphorylated by src family
protein tyrosine kinases (PTKs). The protein tyrosine kinase Syk is then recruited and
activated by the phosphorylated ITAMs, which leads to the phosphorylation of downstream
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targets and to effector responses such as cell degranulation, cytokine secretion or
phagocytosis of immune complexes. In addition, the activating FcγR on monocytes,
macrophages and NK cells can mediate ADCC [17, 61, 96].
The inhibitory receptor FcγRIIB contains an immunoreceptor tyrosine-based inhibitory motif
(ITIM) in its cytoplasmic tail, thereby transducing an inhibitory signal on colligation with the
activating receptors. The ITIM motif is tyrosine phosphorylated by src family protein kinases
upon colligation, which finally leads to the inhibition of the effector responses [17, 61].

3.6 The immune system and its function
Cells of the immune system have their origin in the bone marrow, in which most of them
maturate. Furthermore they reside in the blood, in the so called lymphatic system. All blood
cell types emerge from the haematopoietic stem cells. The myeloid precursor cell is the prestage of granulocytes, macrophages, dendritic cells and mast cells of the immune system.
Macrophages and neutrophils are types of phagocytes in the immune system and play and
important role in the innate immunity. Dendritic cells are specialized to adsorb antigen and
present them to lymphocytes for recognition. Granulocytes on the other hand are relative
short-lived and arise after immune response, thereupon they quit the blood system and
migrate to the source of infection or the center of inflammation [58].
Lymphocytes arise from the lymphatic precursor cells and two main groups of lymphocytes
exist, the B lymphocytes or B cells, which differentiate to plasma cells after their activation
and release antibodies, and the T lymphocytes or T cells. T cells differentiate either to
cytotoxic T cells (CTLs), which express CD8 as characteristic feature and kill virus infected
cells, or to such T cells which activate B cells or macrophages and express CD4 as a
characteristic surface molecule [1, 41, 58].
Microorganisms as bacteria are attacked by cells or molecules that can mediate an innate
immune reaction. Phagocytic macrophages bind pathogens with the aid of surface receptors,
engulf them and induce the secretion of cytokines and chemokines that provoke
inflammations. Dendritic cells (DCs) are the only cells that can activate naive T cells upon
antigen presentation and migration to lymph nodes. Here the naive T cells are activated and
differentiate to CD8+ or CD4+ T cells, respectively. Once differentiated, the T cells can
migrate to the source of infection. DCs can also participate in the immune system by
maturating to antigen presenting cells (APCs) upon their activation. Lymphocytes are
activated and proliferate in the lymphatic tissue where they encounter APCs. After
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recognition of the antigen, the lymphocytes terminate to migrate and maturate to
lymphoblasts, of which B- and T-effector cells differentiate. Effector cells have only a limited
lifetime. Most of the antigen specific cells are triggered for apoptosis, if the antigen
presentation is terminated. But several cells survive and become memory cells which make up
the basis of the immunologic memory, that can facilitate a faster and more effective reaction
and a permanent immunity for a new infection with the same pathogen [58, 68].
All reactions of T cells are based on interactions with cells containing foreign proteins. T cells
recognize their target cell due to peptide fragments of foreign proteins. These fragments are
captured by specialized molecules of the host cells and presented on their surface. These
molecules, presenting peptide antigens to T cells, are membrane bound glycoproteins, coded
from a group of genes, the so called major histocompatibility complex (MHC) [58, 68].
Two classes of MHC molecules exist, MHC I and MHC II. Antigens bind to MHC molecules
which then allow their recognition through T cells. MHC class I molecules take up peptides
from proteins, synthesized in the cytosol and allow therefore a presentation of viral proteins
on their surface. MHC class II proteins on the other hand bind peptides of proteins in
membrane bound vesicles within the cells. They present peptides of pathogens living in
vesicles of macrophages or that are ingested by phagocytes or B cells, respectively. MHC
class I molecules are recognized by CTLs, whereas MCH class II molecules are identified by
T helper cells, which is due to the fact, that CD8, specific for CTLs, binds to MCH I and
CD4, specific for T helper cells, binds to MHC II [1, 58].
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Fig. 9: ADCC-mediated immune switch [1]
(a) monoclonal antibodies bind to the antigen on the cell surface, thus allowing the binding of
NK cells to the Fc region (b) uptake of cell debris by antigen-presenting cells (APCs) which
present the antigen to B cells (c) B cells release specific antibodies with specific epitopes on
the target antigens (d) cytotoxic T lymphocytes (CTLs) can recognize and kill cells that
express the target antigen presented by APCs
In the cellular immune system, specific glycoforms are involved in the folding, quality control
and assembly of peptide-loaded major histocompatibility complex (MHC) antigens, the T cell
receptor complex and the ER-associated retrograde transport of misfolded proteins.
Oligosaccharides attached to glycoproteins in the junction between T cells and antigen
presenting cells help to orient binding faces, provide protease protection and restrict nonspecific lateral protein-protein interaction.
Antigens can be eliminated from their hosts in three different ways, depending whether the
initial event takes place in the cytosol, in the extracellular space or through the endocytic
pathway. In the cytosol antigenic peptides generated by the proteasome are transported by
membrane bound transporters associated with antigen processing (TAP1 and 2) into the ER
where they bind to MCH class I molecules. In the endocytic pathway on the other hand
protein antigens are degraded in specialized acid compartments (MCH class II-containing
compartments) into peptides prior to loading onto MHC class II molecules. MHC class I and
class II are finally recognized by T lymphocytes. In the extracellular space, at last, intact
antigens are recognized either by antibody molecules or by the mannose-binding lectin
(MBL), both of which activate the complement system [109].
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The immune system can also respond to the application of therapeutic proteins. Depending on
the derivation of a therapeutic antibody, several immune responses are possible. If the
antibodies are from murine origin, the immune system could recognize the therapeutic protein
as antigen and lead therefore to an immune response due to monoclonal human anti-mouse
antibody (HAMA). The recognition of peptides displayed on the surface of APCs requires
MHC complementarity and involves specific recognition by T cell receptors. Such T helper
cell binding triggers a response that includes T cell proliferation, release of interleukin-2 and
other lymphokines, appearance of IL-2 receptors and interaction with naive B cells to
generate multiple B cell clones that proliferate and differentiate into plasma cells that produce
antibody with specificity to a variety of epitopes on the original protein immunogen. HAMA
occurs across a wide dose range from < 1 mg to > 1 g of mAb and appears to be more likely
to occur with repeated injection. The Fab region is less immunogenic as the C2 and C3
components of the constant region. To avoid HAMA, several efforts were done, generating
chimeric antibodies with murine variable regions combined with human heavy and light chain
constant regions, or the creation of fully humanized antibodies [68]. But fully humanized
antibodies are also reported to show immunogenicity. Though the Antitope company has
made several efforts to reduce the immunogenicity of human antibodies through
deimmunization and composite of human antibodies [21a, 51a].
Immune responses result in different mechanism, directing cytotoxic effects to damaged cells
leading finally to the apoptotic death of the target cell. Each of the resulting effector function,
either CDC or ADCC is triggered upon binding of therapeutic antibodies to the respective
receptors [1].

3.6.1 Complement-dependent cytotoxicity (CDC)
The complement system, a central innate system, is the effector of adaptive immunity. It
spontaneously identifies any potential pathogen and efficiently protects the host from
intruding pathogen attack through a wide range of cellular responses. The complement system
consists of over 30 soluble plasma proteins and membrane proteins that can trigger three
distinct protease cascades known as the classical, mannose-binding lectin (MBL), and
alternative pathways and serve as defense against microorganisms, as bacteria, fungi and
parasites, but can also lead to tissue damages when unregulated in several diseases.
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The classical pathway is triggered by antigen-bound antibody molecules and is initiated by the
binding of a specific part of the antibody, namely the Fc region, to C1q. The MBL pathway
on the other hand is initiated when plasma MBL in complex with MBL and MBL-associated
protease (MASP)-1/2 bind to arrays of carbohydrates (specifically mannose and fucose
residues) on the surface of many pathogens. MASP-1/2 then cleaves C4 and triggers the
subsequent complement cascade. Finally the alternative pathway is capable of spontaneous
autoactivation termed the “tickover” of C3.
The CDC effect is characterized by swelling of mitochondria, dilation of the rough
endoplasmatic reticulum, disruption of the Golgi complex and of the plasma and nuclear
membranes, and heterochromatin disappearance at the ultrastructural level involving the
generation of reactive oxygen species [10, 55, 61, 96, 152].
Complement activation by mAbs can cause direct tumor cell lysis or enhance ADCC. Tumor
cells normally are protected from complement-mediated injury by membrane-bound
complement regulatory proteins (mCRP) that are often expressed at elevated levels on tumor
cells [39].

3.6.1.1 The classical pathway
In the classical pathway nine glycoproteins (C1 – C9) are involved, whereas the complement
factor C1 consists of the subunits C1r, C1s and C1q. C1q possesses multiple binding domains
for antigen-bound antibodies (IgG and IgM). IgA, IgE and IgD antibodies are not capable to
activate the classical pathway. C1q however can directly bind to the surface of the pathogens
and activate the classical pathway without binding of antibodies. After activation the serine
protease C1s catalyzes the two start reactions of the classical pathway, a cleavage of C2 in
C2a and C2b and a further cleavage of C4 in C4a and C4bM. The products C2b and C4a
diffuse and function as anaphylatoxins with the release of histamine and other substances that
increase vascular permeability, stimulate smooth muscle constriction and induce chemotaxis.
C2a and C4b accumulate to the C4bC2a complex and form the C3 convertase of the classical
pathway [1, 127, 152].

3.6.1.2 The lectin pathway
In this case the mannose-binding lectin (MBL) binds to mannose or GlcNAc on the surface of
the pathogen and activates the MBL-activating proteases MASP-1, MASP-2 and MASP-3.

33

INTRODUCTION
___________________________________________________________________________
These proteases then catalyze the same reactions as in the classical pathway leading to the C3
convertase C4bC2a complex [1, 127, 152].

3.6.1.3 The alternative pathway
The instable complement factor C3 degenerates spontaneously into C3a and C3b, where C3a
diffuses and possesses chemotactic and inflammatory effects as anaphylatoxin. C3b in
contrary covalently binds to the pathogen cell surface and binds the factor B. A fragment of
the factor B on the C3bB complex is cleaved through the serum factor D. The resulting Bb
fragment is further on bound to C3b and the complex C3bBb forms the C3 convertase [1, 127,
152].

3.6.1.4 C3 convertase triggered reactions and the membrane attack complex
The resulting C3 convertases C3bBb and C4b2a can now cleave C3 in C3b and C3a, whereas
the resulting C3b molecules have three distinct possibilities. When there is no adequate
surface to bind to, C3b molecules are consequently inactivated. A further possibility is that
the C3b molecules accumulate on the surface of the target cells, lead to a further start of the
alternative pathway and tag the target cell for phagocytosis. Finally some C3b molecules can
bind to either C4b2a or to C3bBb. The resulting trimolecular complexes C4b2a3b and
C3bBbC3b cleave C5 and are now called C5 convertase [152].
The two products of the C5 cleavage on the one hand act as anaphylatoxin and chemotactic
attractant (C5a) and on the other hand C5b induces the formation of the membrane attack
complex (MAC) with a diameter of 5 – 10 nm. Therefore C5b recruits the factors C6, C7 and
C8 and results in the C5b678 complex which starts the polymerization of C9. For target cell
lysis a single MAC is enough for erythrocytes but nor for nucleated cells, because nucleated
cells can endocytose MAC and repair the damage unless multiple MACs (12- to 16-mers) are
assembled. After clustering of 12 – 18 C9 monomers the C5b678poly9 complex represents
the completed membrane attack complex, which leads to the lysis of nucleated target cells,
forming pores in the target cell membrane [1, 127, 152].
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Fig. 10: The three complement activation cascades [152]
The three complement activation cascades are divided into the classical, the MBL and the
alternative pathway, each finally leading to the formation of the membrane attack complex
(MAC)

3.6.2 Antibody-dependent cellular cytotoxicity (ADCC)
One of the main functions of the immune system is to recognize and destroy abnormal or
infected cells to maintain homeostasis [20].
Also tumor cells are removed by immune system effector mechanisms and ADCC is thought
to be a major antitumor mechanism. An efficient and powerful ADCC activity is achieved
when IgGs bind to high-affinity tumor antigens. Tumor cells expressing a high density of
antigens on their surface are more susceptible to ADCC. ADCC occurs when antibodies
simultaneously engage antigens on target cells through their Fab domains and the Fc receptors
on effector cells through Fc domains. Glycoengineering and proteinengineering of
monoclonal antibodies and optimizing their binding affinity to FcγRIIIA receptors leads to
enhanced ADCC activities, for example through the removal of the core fucose at the Nglycosylation site of IgGs. In this case it is possible to induce enhanced ADCC although low
density expression of antigen on the target cell surface [52a, 76, 79, 107a, 128, 150a].
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Furthermore not only optimized antibodies are able to enhance ADCC activity, but also the
addition of cytokines as interleukin-2 (IL-2) or interferon-γ (IFN-γ) to cell culture can lead to
an enhancement of ADCC by increasing the expression of FcγRs on lymphocytes as well as
monocytes [93].
Cytotoxicity is a highly organized multifactor process performed by different cells of the
immune system. Natural killer cells and CD8+ T cells (cytotoxic T cells) are two of the main
cell populations considered as cytotoxic cells, because their most important activity is to
remove abnormal or infected cells to prevent the development of malignancies and to
eliminate intracellular pathogens [20].
Nearly all cell-mediated cytotoxicity executed by cytotoxic T cells and natural killer (NK)
cells comes from either the granule exocytosis pathway or the Fas pathway. The granule
exocytosis pathway utilizes perforin to traffic the granzymes to appropriate locations in target
cells, where they cleave critical substrates that initiates DNA fragmentation and finally results
in apoptosis. A breakdown of the membrane lipid asymmetry, the loss of matrix adhesion and
mitochondrial membrane potential, the “boiling” of cytoplasm, the condensation of
chromatin, and finally, the internucleosomal cleavage of the nuclear DNA characterize
apoptotic cell death resulted from ADCC. DNA fragmentation and the loss of chromatin is a
characteristic feature of the later stages of apoptosis [52, 110].
When T cells receive specific signals to activate and proliferate via the T cell receptor,
transcriptional mechanism are activated that lead to the production of cytotoxic granules and
their consistent proteins. In contrast, the granules of NK cells are preformed during NK cell
development, so that they are permanently armed [58, 110].
Upon target cell identification and conjugation, specific signals are generated in the effector
cells that lead the granules to migrate by vectors to the site of contact. At the cell surface, the
granule fuses with the plasma membrane, and its contents are secreted into the intracellular
junction formed between the two cells. Perforin, subsequently, polymerizes and enters the
target cell membrane in the presence of calcium. The synthesized perforin has to be modified
posttranslationally to become active. Perforin is synthesized as a 70 kDa precursor that is
cleaved at the carboxyl terminus to yield the active 60 kDa form [1, 20, 110].
The released granzymes out of the granules of killer cells can directly activate caspases in the
target cells which then lead to the cleavage of additional apoptotic substrates that further lead
to DNA fragmentation and apoptosis. After granzyme synthesis, the protein first has to be
posttranslationally modified, processing it to assume an active conformation. Therefore a
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signal peptide is first removed by a signal peptidase, and then a short prosequence is removed
by a second enzyme, the dipeptidyl peptidase I (DPPI) [110].
Yet a complete signal transduction pathway is required for granule mobilization and secretion.
Phosphoinositide-3 (PI-3) kinase is activated by ligation of NK cells to their target which
subsequently activates RAC-1. RAC-1 activates p21-activated kinase 1 (PAC-1) that in turn
activates MAPK kinase and finally the extracellular signal regulated kinase (ERK) [110].

Fig. 11: Adaptive immune responses by antibody-dependent cellular cytotoxicity [136]
First an anti-tumor antibody binds to the specific antigen of the tumor cell and engages the
Fcγ receptor on killer cells. Phagocytosis or direct lysis of the tumor cell leads to antigen
processing and presentation via MHC class I or class II molecules on antigen-presenting
cells, which results in the production of antigen-specific cytotoxic T lymphocytes, antibodies,
or both.

3.6.2.1 Granzymes
Granzymes are proteases and the most known granzymes are granzyme A and B, whereas less
is known about the mechanism of action in inducing cell death through granzyme A.
Granzyme B is a serine protease and has the preference to cleave after aspartatic acid in the
P1 position, similar to caspases, whereas granzyme A is a trypase and prefers to cleave
synthetic substrates with Arg or Lys at the P1 position [20, 110].
Granzyme B in the target cell initiates cell death by cleaving a variety of protein substrates
that are either directly or indirectly linked to the induction of DNA fragmentation and cell
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death, as a number of procaspases (caspase 2, 3, 7, 8, 9 and 10). CAD, a caspase-activated
DNase exists as a heterodimer with ICAD in the nucleus, where CAD is retained in its
inactive form. When caspase 3 is activated it can cleave the ICAD/CAD complex, where
CAD gets into its active form. Granzyme B is capable to directly activate CAD without the
collaboration of caspases. Granzyme B is also able to directly cleave Bid, whose cleavage
results in translocations of tBid to the mitochondria, where it interacts with its receptors Bax
and Bak to cause cytochrome c release. Cytochrome c then activates the apoptosome, which
activates procaspase 9 and ultimately caspase 3 [110].

3.6.2.2 Natural killer cells in ADCC
Natural killer cells (NK cells) are large, granular lymphocytes that mediate crucial functions
of the innate immunity mainly against viral infections, but also are involved in the elimination
to tumor cells. NK cells comprise up to 15 % of peripheral blood lymphocytes and are found
in peripheral tissues, including the liver, peritoneal cavity and placenta [11, 18, 20].
NK cells destroy target cells negatively or deficiently expressing classical and non-classical
major histocompatibility complex class I (MHC I) molecules. The function of NK cells is
regulated by a balance between signals transmitted by activating receptors, which recognize
ligands on tumors and virus-infected cells, and inhibitory receptors specific for MHC I
molecules. NK cells express a number of inhibitory receptors that recognize major MHC I
molecules expressed on normal cells. The lack of expression of MHC class I molecules leads
to NK-mediated target cell lysis (“missing-self hypothesis”) [18, 82, 127].
Such inhibitory receptors include the human killer cell immunoglobulin-like receptors (KIRs)
and the rodent lymphocyte antigen 49 complex (Ly49) receptors. These receptors contain
immunoreceptor trypsine-based inhibitory motifs (ITIMs) in their cytoplasmic domains,
which recruit intracellular tyrosine phosphatases that mediate inhibition [11, 18, 127].
The activation of NK cells probably results from the concerted action of cytokine receptors,
adhesion molecules, and interactions between activating receptors recognizing ligands on the
surface of tumors or pathogen-infected cells. Most of the activating NK cell receptors are
transmembrane molecules with short intracellular domains that lack intrinsic signalling
activity. They function by coupling to signal transduction transmembrane adaptor molecules
through charged amino acids in their transmembrane regions [18, 82].
Different natural cytotoxicity receptors on NK cells are found to have an impact on the
effector function of these cells. Such a receptor is NKp46 expressed by all NK cells, but
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absent in all other cell types. NKp46 is the major triggering receptor which can lead to Ca2+
mobilization, cytotoxicity and cytokine release. NKp44 is a 44 kDa surface molecule that is
absent in freshly isolated peripheral blood lymphocytes but is expressed by all NK cells upon
culturing with IL-2, therefore being a specific marker for activated human NK cells. NKp30,
expressed by all NK cells, cooperates with NKp46 and NKp44 in the induction of cytotoxicity
[82].
NK cell destruction of target cells involves exocytosis of granules containing perforin and
serine esterases (granzymes). These are believed to be the primary mediators of the cellular
cytotoxicity exhibited by NK cells.
Blocking of the Ca2+-dependent cytotoxicity pathway by EGTA/MgCl2 significantly inhibits
endothelial target cell killing, suggesting a predominant role for the perforin/granzyme
pathway [11].

3.6.3 Apoptosis – Definition
Apoptosis is a genetic regulated program within the cell which leads, upon activation, to the
suicide of the cell. Apoptosis became popular since 1972 Kerr et al. described all mechanisms
leading to this self destruction [67].
Apoptosis is a controlled physiologic process which leads to a removal of single damaged
cells, whereas no inflammatory reactions are evoked [66].
Apoptosis is based on a proteolytical cleavage of proteins. The human proteases are members
of the group of caspases (cystein dependent aspartate-specific proteases) [23, 87]. Caspases
have a cystein in their active center and cleave their substrate at specific aspartate residues [2,
23].
Apoptosis is an important mechanism during the embryonic development, for the
maintenance of homeostasis, at the end of an immune response, but also for the removal of
defective cells [2, 5, 56, 73, 148]. Defectives in the mechanism of apoptosis can therefore lead
to severe consequences for the organism, so that failures in apoptotic programs are involved
in several diseases as autoimmune diseases and cancers [37, 40, 103, 144, 145, 146].
Apoptotic cells have characteristic biochemical and morphological features. The first step in
apoptosis is the shrinkage of the cell and therefore a reduction of the cell volume, based on
membrane damages. Nearly at the same time a condensation and fragmentation of the
chromatin occurs. A typical symptom for apoptosis is the “blebbing” of the plasmamembrane,
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leading to apoptotic bodies which protects from inflammation by being enclosed in vesicles
and phagocyted from bordering cells [40, 111, 149]. Furthermore, during apoptosis the
genomic DNA is cleaved in defined, characteristic 180 – 200 bp fragments [37, 56, 66, 149].
The formation of such oligonucleosomal DNA fragments is called DNA laddering which is a
characteristic for apoptosis [3, 24, 33].

3.6.3.1 Caspases – Their role in apoptosis
Caspases, the “motor” of the programmed cell death are responsible for the cleavage of
substrates, bearing all a specific sequence motif, Asp-Xaa-Xaa-Asp (DXXD) [23, 129, 145].
To date 14 members of the caspase family are found and 11 of them are characterized as
human [87, 151]. Caspases are divided mainly into two groups according to their function as
initiator caspase (caspase-2, -8, -9 and -10) or effector caspase (caspase-3, -6 and -7), whereas
the initiator caspases are responsible for the activation of the effector caspases. Caspases are
synthesized as zymogens (procaspases) which have to be activated before leading to a
cleavage of the substrates [2, 14, 23, 40, 151].
One of the most important caspase is caspase-3. A significant role of caspase-3 is the
activation of an apoptosis-specific DNase, the CAD (caspase-activated DNase). CAD and
ICAD (inhibitor of the caspase-activated DNase) normally are synthesized as dimer without
DNase activity. Proteolytical processing of ICAD leads to the release of ICAD from its
catalytic subunit CAD. CAD maturates to an active, multiple complex which cleaves DNA
leading to the typical DNA laddering [40, 83, 111, 143].
There are two main pathways of apoptosis depending on whether the cell receives
intracellular or extracellular signals inducing the cell death mechanism, the intrinsic or
mitochondria mediated pathway and the extrinsic pathway, mediated through ligand-receptor
binding [5, 118].

3.6.3.1.1 The intrinsic pathway
The induction of the intrinsic pathway leads to cytochrome c release, via a permeabilization of
the outer membrane of mitochondria inducing the reduction of the mitochondrial
transmembrane potential (ΔΨm). The release of cytochrome c is regulated by several pro- and
anti-apoptotic members of the Bcl-2 family, but also by the tumor suppressor protein p53 [2,
14, 30, 40, 118].
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The released cytochrome c in the cytoplasm binds together with dATP to the adaptor protein
Apaf-1 (apoptotic protease-activating factor 1) leading to its oligomerization to a hepatomeric
complex which binds procaspase-9 and building the so called apoptosome [14, 40, 43, 87,
102, 151].

3.6.3.1.2 The extrinsic pathway
In the extrinsic pathway, also called receptor mediated pathway, apoptosis is initiated through
the binding of extracellular ligands as the Fas ligand, TRAIL (TNF-related apoptosis
inducing ligand) or TNF (tumor necrosis factor) to the respective receptors Fas receptor,
Trail-R1 and TNFR1 [5, 40]. These receptors are able to activate caspases within seconds.
The ligand-induced aggregation of the receptors mediates a convergence of the adaptor
proteins, as for example FADD (Fas-associated death domain), which then recruits
procaspase-8 (or procaspase-10) via the homologous DEDs (death effector domain), leading
to the formation of a “death-inducing signalling complex” (DISC), which in turn leads to the
Fas-mediated activation of caspases [2, 5, 14, 40, 102].
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Fig. 12: Simplified schematic illustration of the intrinsic and extrinsic pathway [14]
Molecular mechanism of apoptosis including the intrinsic pathway affecting the mitochondria
and the extrinsic pathway after activation of the FADD receptor

3.6.3.1.3 Apoptotic regulators of the Bcl-2 family
Apoptosis is regulated by a multitude of proteins which inherit the function of apoptotic
regulators. The Bcl-2 family is a constituent of these proteins [146, 147].
All Bcl-2-like proteins share a homology within four conserved Bcl-2 homology (BH)
domains. Two main groups of Bcl-2 proteins are distinguished, the multi-BH and the BH3only proteins. Anti-apoptotic members, such as Bcl-2 and Bcl-xL are conserved in all 4 BH
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domains, whereas the multi-domain pro-apoptotic members Bcl-2 associated X protein (Bax)
and Bcl-2 antagonist killer (Bak) show conservation in BH1-BH3 domains [14, 40, 117].
After stress-induced apoptosis (intrinsic pathway) the proteins Diablo/Smac and Omi/HtrA2
are released from the mitochondria and are responsible for the inhibition of IAPs (inhibitor of
apoptosis proteins). The IAP family represents an integral checkpoint in the execution of
apoptosis by their ability to bind to and to inhibit activated caspases and therefore leads to the
shutdown of the apoptotic cascade [2, 14, 40].
Many cancers are characterized by inactivating mutations in pro-apoptotic proteins, for
example in tumor suppressor p53, which is instrumental in the activation of the mitochondrial
pathway of apoptosis upon DNA damage by substances such as chemotherapeutics.
Alternatively, anti-apoptotic proteins such as Bcl-2 and IAP family members are frequently
upregulated [14].

3.7 Non-Hodgkin’s lymphoma and leukemia
Lymphoma is a cancer type characterized by rapidly dividing, abnormal lymphocytes, cells
that comprise part of the immune system. There are 35 different types of lymphoma grouped
into two main types: Hodgkin’s lymphoma (5 subtypes) and non-Hodgkin’s lymphoma (30
subtypes) [21, 48].
About 80 – 90 % of the malignancies of lymphocytes in non-Hodgkin’s lymphoma (NHL)
express B cell markers as the cluster of differentiation antigens CD19, CD20, CD22, CD40,
CD45 and more. Furthermore they have immunoglobulin gene rearrangements indicating their
clonal derivation from a B cell progenitor [21, 48, 127].
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Fig. 13: Cell-surface antigens on B cells [21]
B cell with a variety of antigens that can be used as targets for monoclonal antibody therapy
NHL is more common in men than women and most common in the USA, Europe and
Australia [32, 48].
In most cases of NHL, the cause is unknown. Some subtypes are associated with infections
with several viruses, as Epstein-Barr virus (EBV), the human-immunodeficiency virus (HIV),
the hepatitis C virus or the human T cell leukemia/lymphoma virus (HTLV-1), with
autoimmune diseases and with induced immunodeficiency, as for example after organ
transplantation [32, 34, 48, 107].
HIV is strongly associated with NHL and approximately 5 – 10 % of HIV positive patients
undergo NHL, typically late in the course of their disease. Although the malignant or
cancerous cell type in NHL may be either B cells or T cells, the overwhelming majority of
NHL in people with HIV is of B cell type. Most common among the HIV positive population
are the more aggressive subtypes such as Burkitt’s lymphoma, diffuse large cell lymphoma,
immunoblastic lymphoma plasmacytoid, and anaplastic large B cell lymphoma [45, 48, 108].
Most lymphoid malignancies worldwide are derived from B lymphocytes at various stages of
differentiation [32]
Some B cell NHLs are indolent or slow-growing, yet incurable, and in contrast others are
aggressive or very aggressive and may be rapidly fatal, yet are often curable [21].
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Typical symptoms of B cell lymphomas are fatigue, lack of energy, dyspnea, dizziness,
bleeding, easy bruising and elevated infection risks [34].
For NHL diseases a specific staging system was established, allowing a differentiation
between the several stages in the course of disease, called Ann Arbor staging system of NHL
[48].

Stage I
Stage II
Stage III
Stage IV

disease in a single lymph node
or a lymph node region
disease in two or more lymph node regions
on the same side of the diaphragm
disease in lymph node regions on both sides
of the diaphragm are affected
disease is wide spread, including multiple involvement
at one or more extranodal sites, such as the bone marrow

3.7.1 Classification of lymphomas and leukemias
At the early stage of antigen-independent differentiation, B cells are large and proliferate
rapidly (lymphoblasts) before eventual differentiation into small, quiescent and mature but
naive effector cells (B lymphocytes) in the bone marrow. Further maturation occurs in the
lymph nodes and extralymphatic follicles. On exposure to antigen, the lymphocytes become
large proliferating cells (immunoblasts or centroblasts) in the germinal center of the lymph
nodes. Somatic hypermutation occurs in the variable regions of the rearranged
immunoglobulin genes to improve antigen specificity. Small non-proliferative lymphocytes
(centrocytes) ultimately form in the germinal center and plasma cells that produce IgG
accumulate in the medulla of the lymph nodes. Some centrocytes migrate to form a marginal
zone around the activated follicle and remain there as memory B cells [32, 48].
During maturation of cells within their life cycle, several genetic lesions as the activation of
proto-oncogenes and disruption of tumor suppressor genes can occur, leading to malignant
transformations. Chromosomal translocations represent the main mechanisms of protooncogene activation resulting in their deregulated expression [22, 32, 48, 99, 108, 135].
An important example for such a translocation is the t(14;18) (q32;q21) which leads to
constitutive activation of the BCL2 oncogene and thus to a decreased apoptotic pathway.
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Although not definitive, current studies have shown that the prevalence of t(14;18) is
positively correlated with age, heavy smoking, HIV infection, and pesticide exposure, all of
which are also associated with increased risk for NHL [22, 99].
Chronic lymphocytic leukemia (CLL) is a disease known to have a variable course. Some
prognosis factors for CLL comprise the importance of sex, age, the degree of peripheral
lymphocytosis, the degree of associated anemia or thrombocytopenia, cutaneous
manifestations, sings of inflammation and the onset of a sarcoma [12].
Acute lymphoblastic leukemia (ALL) is a heterogenous disease with distinct biologic and
clinical features displayed by various subtypes, caused mostly by chromosomal translocations
or viruses. Lymphoblastic leukemias are generally initiated in B or T cell progenitors that
arrest at various levels of maturation and proliferate. 75 % of cases of ALL are of B cell
lineage and more than 20 differentiation antigens have been identified on cells of B lineage
[25, 50].
T-cell NHLs are uncommon malignancies and represent approximately 12 % of all
lymphomas. T-cell NHL commonly presents with extranodal disease and often contains
varying amounts of necrosis/apoptosis on biopsy specimens, making a differentiation between
a reactive process and lymphoma challenging [108].

3.7.2 Treatment possibilities for lymphoma and leukemia
The most common used therapy forms for cancer diseases are chemotherapy, radiotherapy or
antibody therapy. But a combination of chemotherapy with therapeutic antibodies has
markedly improved the outcome in aggressive NHL since its introduction in the 1970s [6, 31,
48].
The typical chemotherapy consists of the CHOP therapy (cyclophosphamide, doxorubicin,
vincristine and prednisone), which unfortunately not only leads to the elimination of
malignant cells but also to the destruction of healthy cells, because chemotherapeutics affect
unspecifically fast proliferative cells, often engaging with DNA replication. Furthermore T
cells are often persistent suppressed leading to enhanced infection rates [21, 50].
Stem cell transplantation bears the risk of the rejection of the engrafted cells and the risk of
the graft-versus-host-disease [21, 48].
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The aim of radiotherapy however, is to deliver an adequate dose of radiation to the target
volume to ensure local control of the malignant cells. Yet, large cell lymphomas are less
sensitive as follicular lymphoma and require higher radiation doses.
The design for a proper course of radiotherapy must take into account the extent of disease,
the appropriate margins, routes of lymphatic and possible extranodal spread, and the radiation
tolerance of normal tissues and organs. The disadvantage is that with radiotherapy also nonmalignant cells are damaged [21, 42, 95].
Combination of chemotherapy or radiotherapy with antibody treatment allows the possibility
to conduct toxic substances through their antigen-specificity selectively to the target cell
leading to an improvement of overall and complete remission rates [95].
Combination of the classical CHOP regimen with infusion of Rituximab, a monoclonal
antibody, is independently from CHOP cycles and an effective treatment possibility. 100 % of
the treated patients responded to the combination, and 58 % of them achieved a complete
remission [95]. Rituximab became the first mAb approved by the Food and Drug
Administration (FDA) for the treatment of human cancer-relapsed or refractory, low-grade
(indolent) or follicular, CD20 positive NHL [21].
Furthermore antibodies may also work by priming antigen-specific T cells through the crosspresentation of tumor antigens released by dying cells, a mechanism that is termed a “vaccinal
effect”, leading to a persistent immunity against the specific antigen [21, 77].
As antibodies can lead to different alternatives of target cell destruction, they are potent
therapeutics against tumor cells with lower adverse effects as with chemo- or radiotherapy.
By means of a study, it was confirmed that there are no significant differences of the quality
of life between Rituximab treatment group and the observation group, leading to the
conclusion that Rituximab maintenance therapy seems to be safe and does not impair quality
of life [139].
Therapeutic antibodies have appropriate characteristics affecting tumor cell removal in
different pathways. There are antibodies functioning as inducer of either CDC, ADCC or
apoptosis or combined pathways or by inhibiting cytokines or other factors that are necessary
for tumor cell survival [21, 77, 95].
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Fig. 14: Different mechanisms of action of therapeutic monoclonal antibodies [21]
The different mechanisms of action of antibodies include antibody-dependent cellular
cytotoxicity with the recruitment of effector cells through Fcγ receptors, complementdependent cytotoxicity involving the complement system and direct induction of apoptosis.
To date several therapeutic antibodies are developed for the treatment of lymphomas and
leukemias. As mentioned before, Rituximab was the first approved antibody by the FDA.
Rituximab is a chimeric (human-mouse) anti-CD20 antibody that induces responses in
approximately half of the patients with relapsed indolent lymphomas and a third of patients
with relapsed aggressive lymphomas, when used as a single agent [95, 139].
Gemtuzumab Ozogamizin is a humanized IgG1 consisting of hypervariable region with a
human IgG4 conjugated to the bacterial toxin colicheamicin, for the treatment of acute
myeloid leukemia [95, 139]. Epratuzumab, an anti-CD22 monoclonal antibody against B cell
malignancies affects B cell activation and adhesion [65, 95]. This only represents a small

48

INTRODUCTION
___________________________________________________________________________
overview of the approved antibodies and those in development, affecting tumor types as B
cell malignancies [16, 21, 77, 95, 138].
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4 OBJECTIVES OF THE THESIS
The main focus in this study was in the development and the functional characterization of an
antibody directed against the non-Hodgkin’s lymphoma disease, which is one of the most
frequent occurring cancer type.
Therefore the antibody αB2 was expressed on the one hand in the engineered moss strain
Physcomitrella patens, lacking the plant specific sugar residues α1,3-fucose and α1,2-xylose
as well as the human-like α1,6-linked fucose, and on the other hand in Chinese hamster ovary
cells (CHO), which are commonly used in the biopharmaceutic industry.
The expression of αB2 in Physcomitralla patens (in the following called αB2b) was
performed in collaboration with Greenovation Biotech GmbH, Freiburg.
Therefore two different technologies were performed, the Bryo-SpeedTM and the BryoMasterTM technology, leading to a transient and a stabile produced antibody, respectively.
The parental CHO produced αB2 (in the following called αB2a) was produced by Boehringer
Ingelheim GmbH & Co. KG, Biberach an der Riss.
After successful expression and purification of the antibodies, they were characterized
regarding their glycosylation structure, their binding affinities to FcγRs and their proapoptotic capacity in inducing directly apoptosis or the effector mechanism of antibodydependent cellular cytotoxicity.
Beyond this, is was attempted to further optimize and enhance the biological activity of the
resulting defucosylated antibody out of Physcomitrella patens by in vitro glycoengineering
and leading thus to a conclusion of which oligosaccharide structure has the greatest impact on
therapeutic effects.
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5 MATERIALS AND METHODS
5.1 Materials
5.1.1 Technical equipment
Äkta Explorer: Äkta Explorer (Amersham Biosciences, Munich, D)
Biacore software: Biacore C Control Software Version 1.0
Biacore system: Biacore C, Biacore 3000 (GE Healthcare Europe GmbH, Freiburg, D)
Biosensor matrix: Sensor Chip CM 5 (GE Healthcare Europe GmbH, Freiburg, D)
Blotting chamber: Multiblot Transfer Chamber (Multimed, Kirchheim/Teck, D)
Centrifuges: Heraeus Multifuge 1 L-R, Heraeus Biofuge pico, Heraeus Multifuge 3SR Plus,
Sorvall RC 5C Plus (ThermoFisher Scientific, Braunschweig, D), MiniSpin® and 5415R,
Centrifuge 5804R, Centrifuge 5810R (Eppendorf, Wessling-Benzdorf, D)
Chromatography software: Empower (Waters GmbH, Eschborn, D)
Cooling unit: FL 300 (Julabo Labortechnik GmbH, Seelbach, D)
Desiccator: Nucerite (Nalgene Labware, Roskilde, DK)
Documentation of agarose gels: Bio Doc Analyze (Biometra, Goettingen, D)
Electrophresis chambers: Peqlab (Peqlab Biotechnologie GmbH, Erlangen, D)
ELISA Software: ELISA Erfassung 2.3 (Boehringer Ingelheim GmbH & Co. KG, Biberach
an der Riss, D)
ELISA-Reader: Labsystems Multiscan RC (Labsystems GmbH, Quickbronn), SpectraMax
Plus (MDS Analytical Technologies GmbH, Ismaning, D)
Fluorescence Detector: Acquity UPLC TUV Detector (Waters GmbH, Eschborn, D), FP2020 (Jasco GmbH, Groß-Umstadt, D)
Guava EasyCyteTM Plus System: Guava Technologies Inc., Hayward, USA
Heating block: Thermomixer compact (Eppendorf Wessling-Benzdorf, D)
HPLC columns: 2 x BioSep SEC-S 3000 300 x 7,8 mm (Phenomenex Inc., Aschaffenburg,
D), BioSuite pPhenyl 1000, 10 µm RPC, 2,0 x 75 mm (Waters GmbH, Eschborn, D),
HPLC systems: Waters Acquity UPLCTM Systems (Waters GmbH, Eschborn, D),
SpectraSYSTEM SCM1000 Solvent Degasser, SpectraSYSTEM P4000 Quaternary Pump,
SpectraSYSTEM AS3500 Inert Autosampler (ThermoFisher Scientific, Braunschweig, D)
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Incubators: B. Braun Biotech International (Melsungen, D), Binder GmbH (Tuttlingen, D),
Steri-Cycle CO2 Incubator Model 370 Series (Thermo Electron Corporation, Braunschweig,
D)
Laminar Flow: BDK-SK 1200 (BDK Luft- und Reinraumtechnik GmbH, Sonnenbühl, D)
Mass spectrometer: Q-ToF Premier, Waters GmbH, Eschborn, D
Mass Spectroscopy software: MassLynx 4.1 (Waters GmbH, Eschborn, D)
Microscopes: Axiovert 40 CFL (Carl Zeiss AG, Oberkochen, D), Leica DM E (Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, D)
Microwave: Microstar MD 6459 (MTC-Medion Technologie, Mühlheim, D)
Mixer mill: Retsch MM300 (Retsch GmbH, Haan, D)
Multilabel Counter: Wallac VICTOR2 1420 Multilabel Counter (PerkinElmer LAS GmbH,
Rodgau – Jügesheim, D)
PCR cylcer: Biometra T-Gradient (Biometra, Goettingen, D)
pH-meter: MeterLab PHM 240 (Radiometer Analytical SAS, Düsseldorf, D)
Photometer: BioPhotometer (Eppendorf, Wessling-Benzdorf, D)
Pipette boy: pipetu-akku (Hirschmann Laborgeräte, Eberstadt, D), accu-jet pro (Brand GmbH
& Co. KG, Wertheim, D)
Pipettes: Gilson (Abimed, Langenfeld, D), Eppendorf (Wessling-Benzdorf, D)
Polygraphitized Carbon Cartridge: PGC, Supelco, Taufkirchen, D ???
Power Supply: Gibco BRL PS 305 (Gibco, Karlsruhe, D)
Printer for agarose gels: Canon Selphy, (Canon, Krefeld, D)
Protein A Column: HiTrap rProtein A FF HP Column (CV = 1mL), Amersham, Munich, D
Scales: Kern 770 (Kern & Sohn, Balingen-Frommern, D), AX 205 Delta Range (MettlerToledo GmbH, Giessen, D)
Shaker: Promax 1020, Polymax1040 (Heidolph Instruments, Schwabach, D)
Solid Phase Extraction Robot: Speedy (Zinsser Analytic GmbH, Frankfurt, D)
SPEC Cartridge: SPEC 3 mL Cartridge NH2 15 mg, Darmstadt, D
TSKgel Amide-80, 3 µm, 4,6 x 250 mm (Tosoh Bioscience GmbH, Stuttgart, D)
TurboVap: TurboVap LV Evaporation System (Zymark GmbH, Rüsselsheim, D)
Ultra Turrax: Ultra Turrax T25, IKA Werke, Staufen, D
Vortexer: REAX Top (Heidolph Instruments, Schwabach, D), MS1 Minishaker (IKA Werke,
Staufen, D)
Water bath: Medingen WB22 (P-D Industriegesellschaft mbH, Dresden, D)
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5.1.1.1 Further materials
0,22 µm sterile filter: Millex GP 0,22 µm PES (Millipore GmbH, Schwalbach, D)
0,45 µm filter caps: HV Durapore (Millipore GmbH, Schwalbach, D)
Bioreactors (5 L): Applikon Biotechnology B.V., Schiedam, NL
Cell culture flasks:
Cellophane film: Hans Schütt, Halstenbek, D
Centrifuge beakers: Corning GmbH, Kaiserslautern, D
Cuvettes: Eppendorf, Wessling-Benzdorf, D
Falcon test tubes: Corning GmbH, Kaiserslautern, D
Filter 100 µm and 50 µm: Wilson filter, CLF GmbH, Emersacker, D
Glass ware: Schott, Mainz, D
Membranes: Optitran BA-S83 Reinforced NC, Whatman GmbH, Dassel, D
Microtiter plates: Greiner Bio-one GmbH (Frickenhausen, D), Nunc GmbH & Co. KG
(Langenselbold, D)
Petri dishes: Greiner Bio-one Cellstar, Frickenhausen, D
Pipette tips: Omnitip Fastrack (Omnitip, Warsaw, PL), Eppendorf (Wessling-Benzdorf, D),
Finntip (ThermoFisher Scientific, Braunschweig, D)
Protoplasting test tubes: Schott, Mainz, D
Reaction test tubes: Eppendorf, Wessling-Benzdorf, D
Sterile pipettes for cell culture: Greiner Bio-one Cellstar, Frickenhausen, D
Syringe: Omnifix (B. Braun Melsungen AG, Melsungen, D)
Whatman paper: Carl Roth GmbH, Karlsruhe, D
X-ray films: GE Healthcare, Munich, D
Fluorescent tubes: OSRAM L8W / 840, Lumilux cool white, OSRAM, Munich, D

5.1.2 Chemicals
α-B2 cDNA: Boehringer Ingelheim GmbH & Co. KG, A BP Process Science, Biberach an
der Riss, D
α-fucosidase: ProZyme, San Leandro, USA
β-galactosidase: ProZyme, San Leandro, USA
α-galactosidase: ProZyme, San Leandro, USA
α-mannosidase: ProZyme, San Leandro, USA
Antipain dihydrochloride: Roche Diagnostics GmbH, Mannheim, D
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Carica papaya Papain: Roche Diagnostics GmbH, Mannheim, D
ECL Western Blotting Detection Reagents: GE Healthcare Europe GmbH, Munich, D
Expression vector p127: Greenovation GmbH, Freiburg, D
FcγRIIIA V/V ligand (CD16): Boehringer Ingelheim GmbH & Co. KG, Biberach an der
Riss, D
Fetal calf serum (FCS): Boehringer Ingelheim GmbH & Co. KG, Biberach an der Riss, D
Fetal calf serum (FCS): SAFC Biosciences, Hamburg, D
G418: Promega GmbH, Mannheim, D
GnTII: Greenovation GmbH, Freiburg, D
Hexosaminidase: ProZyme, San Leandro, USA
Human CD64 (FcγRI): R&D Systems GmbH, Wiesbaden-Nordenstadt, D
Milk powder: Sucofin (TSI GmbH & Co. KG, Zeven, D)
Neuraminidase: New England Biolabs GmbH, Frankfurt, D
Oxoid agar: OXOID Purified Agar (OXOID GmbH, Vienna, A)
PNGase F: Boehringer Mannheim GmbH, Mannheim, D
Primer for polymerase chain reaction: Eurofins MWG Operon, Ebersberg, D
Proleukin (hIL-2): Chiron Behring GmbH & Co., Marburg, D
All other chemicals that are not further specified were provided from Sigma Aldrich Chemie
GmbH (Deisenhofen, D), Carl Roth GmbH (Karlsruhe, D) Fluka (Buchs, D), Serva
Electrophoresis GmbH (Heidelberg, D), Merck KGaA (Darmstadt, D), Riedel-de-Haen
(Seelze, D), Fermentas GmbH (St. Leon-Rot, D) and Invitrogen GmbH (Karlsruhe, D).
Primers used for cloning were provided from Geneart AG (Regensburg, D).

5.1.3 Antibodies
Anti-Human IgG (γ-chain specific), F(ab’)2 fragment – Peroxidase antibody (from
goat): Sigma Aldrich Chemie GmbH (Deisenhofen, D)
Anti-Human Kappa Light Chains (Bound and Free) – Peroxidase antibody (from goat):
Sigma Aldrich Chemie GmbH (Deisenhofen, D)
ECL Rabbit IgG, HRP-Linked Whole antibody (from donkey): Amersham, Munich, D
IgG1, Kappa from human myeloma plasma: Sigma Aldrich Chemie GmbH (Deisenhofen,
D)
Rabbit Anti-Peroxidase: Rockland Immunochemicals, Inc., Gilbertsville, PA
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Anti human CD64 (anti FcγRI): R&D Systems GmbH, Wiesbaden-Nordenstadt, D

5.1.4 Kits
Illustra GFX PCR DNA and Gel Band Purification Kit: GE Healthcare Europe GmbH,
Freiburg, D
Illustra PlasmidPrep Mini Spin Kit: GE Healthcare Europe GmbH, Munich, D
Serazym Human IgG Kit: SARAN, Heidesee OT Wolzig, D
Biacore Amine Coupling Kit: GE Healthcare Europe GmbH, Freiburg, D
EndoFree Plasmid Giga Kit: Qiagen GmbH, Hilden, D
Silver Quest Silver Staining Kit: Invitrogen GmbH, Karlsruhe, D

5.1.5 Buffers and solutions
1x PBS:
150 mM sodium chloride, 20 mM di-sodiummonohydrogenphosphate x 2 H2O pH 7,4
(adjusted with 150 mM sodium chloride and 20 mM sodiumdihydogenphosphate solution)
2AB reaction solution:
10 mM sodium cyanoborohydride, 3,7 mM 2-aminobenzamide, 3 mL acetic acid (glacial), 7
mL DMSO
3M-580 medium:
12 mM MgCl2 x 6 H2O, 5,12 mM MES, 490 mM D(-)-mannit pH 5,6 (adjusted with 1 M
KOH)
solution was diluted in H2O to an osmolarity of ~ 580 mOsm; solution was sterile filtrated
Activation buffer (Papain digestion):
0,02 M EDTA, 0,02 M cysteine, diluted in 1x PBS
Biacore blocking buffer (0,1 % gelatine buffer):
1 g gelatine, 0,5 g Tween 20 were diluted up to 1 L in 1x PBS
to dissolve the gelatine the buffer was heated up to 50 – 100 °C under stirring
Biacore immobilization buffer:
10 mM sodium acetate pH 5,0 (adjusted with 1 M NaOH); 0,22 µm sterile filtrated
Biacore normalizing buffer:
40 % glycerine solution in water
Biacore regeneration solution 1:
25 mM KOH
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Biacore regeneration solution 2:
50 mM HCl
Biacore system and dilution buffer (Hepes Buffered Saline):
10 mM Hepes, 150 mM NaCl, 3,4 mM EDTA, 0,05 % Tween 20 pH 7,4 (adjusted with 1 M
NaOH)
0,22 µm sterile filtrated and degassed in a desiccator
BM additive:
10 mL 183,7 mM KH2PO4 solution (sterile filtrated), 1 mL 50 mM Fe-EDTA solution (sterile
filtrated) and 1 mL SEL-9 trace element solution (pH 7,0, sterile filtrated)
BM agar plates:
3,35 mM KCl, 1,01 mM MgSO4 x 7 H2O, 4,23 mM Ca(NO3)2 x 4 H2O, 5 mM MES, 1,5 %
(w/v) OXOID-agar pH 5,9 (adjusted with 1 M KOH); subsequently the buffer was autoclaved
and cooled down to approximately + 50 °C before adding 12 mL/L BM additive solution; if
necessary 50 µg/mL G418 were added as selection antibiotic
BM medium:
3,35 mM KCl, 1,01 mM MgSO4 x 7 H2O, 4,24 mM Ca(NO3)2 x 4 H2O, 5 mM MES pH 5,9
(adjusted with 1 M KOH); subsequently the buffer was autoclaved and cooled down to
approximately + 50 °C before adding 12 mL/L BM additive solution; for regeneration of moss
cells, 0,45 % w/v glucose monohydrate were added to the BM medium
Column storage buffer for protein A columns (CSB):
20 % ethanol
filtrated through a 0,22 µm PES filter
Elution buffer for protein A capture (EB):
0,1 M glycine pH 2,8
filtrated through a 0,22 µm PES filter
Extraction buffer:
250 mM Tris-HCl, pH 7,5, 250 mM NaCl, 25 mM EDTA, 0,5 % SDS
Hepes buffer for galactosylation:
100 mM Hepes, 5 mM MnCl2 pH 7,0
0,22 µm filtrated
Knop agar:
0,184 M KH2PO4, 0,335 M KCl, 0,101 M MgSO4 x 7 H2O, 0,423 M Ca(NO3)2 x H2O,
4,5 mM FeSO4 x 7 H2O pH 5,8 (adjusted with 1 M NaOH)
subsequently 1,5 % OXOID-agar was added and autoclaved
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Knop medium 100x:
0,184 M KH2PO4, 0,335 M KCl, 0,101 M MgSO4 x 7 H2O, 0,423 M Ca(NO3)2 x H2O,
4,5 mM FeSO4 x 7 H2O pH 5,8 (adjusted with 1 M NaOH)
the medium was autoclaved before use
LB agar plates:
1 % tryptone (w/v), 0,5 % yeast extract (w/v), 1 % NaCl (w/v), 1,5 % (w/v) bacto agar
LB agar was autoclaved before use
LB medium:
1 % (w/v) tryptone, 0,5 % (w/v) yeast extract, 1 % (w/v) NaCl
LB medium was autoclaved before use
Loading buffer Orange G:
50 % v/v glycerol, 200 mM EDTA, a spatula tip orange G
Mannitol solution:
0,5 M mannitol (adjusted to 560 mOsm)
PEG4000 solution:
a 40 % PEG4000 solution was prepared in 3M-580 medium pH 6,0
PNGase F buffer (pH 7,5):
Stock solution A:
0,2 M NaH2PO4
Stock solution B:
0,2 M Na2HPO4
To produce a 0,1 M phosphate buffer 16 mL solution A are mixed with 84 mL solution B and
filled up to 200 mL with distilled H2O; 1,5 mL aliquots of the buffer were prepared and stored
at -20 °C until use
Reducing loading buffer:
313 mM Tris (pH 7,0), 10 % SDS, 400 mM DTT, 50 % glycerol, 0,05 % BPB
Reduction reagent for 2AB labelling:
5 mL of a 69,4 mM SDS stock solution was prepared and 300 µl of 99 % β-mercaptoethanol
solution were added
RMa (regeneration medium):
197,6 mM D(-)-mannit, 302,78 mM D(+)-glucose monohydrate, 1,84 mM KH2PO4, 3,35 mM
KCl, 1,01 mM MgSO4 x 7 H2O, 4,23 mM Ca(NO3)2 x 4 H2O, 0,045 mM FeSO4 x 7 H2O pH
5,8 (adjusted with 0,1 M NaOH)
solution was diluted in H2O, adjusted to an osmolarity of 580 mOsm and sterile filtrated
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Secretion medium:
0,1 M NaCl, 0,184 mM KH2PO4, 0,335 mM KCl, 0,101 mM MgSO4 x 7 H2O, 0,423 mM
Ca(NO3)2 x 4 H2O, 0,0045 mM FeSO4 x 7 H2O pH 5,8 (adjusted with 0,01 M KOH)
secretion medium contained a confidential additive (according to Greenovation GmbH)
SEL-9 trace element solution:
9,93 mM H2BO3, 0,11 mM CoCl2 x 6 H2O, 0,1 mM CuSO4 x 5 H2O, 0,5 mM KI, 1,97 mM
MnCl2 x 4 H2O, 1,03 mM Na2MoO4 x 2 H2O, 0,11 mM NiCl2 x 6 H2O, 0,04 mM Na2SeO3 x 5
H2O, 0,19 mM Zn-acetate x 2 H2O, pH 7,0
TAE buffer 50x:
10 % (v/v) EDTA pH 8, 0,95 M acetic acid, 2 M Tris
TB buffer:
7,5 mM MgCl2 x 6 H2O, 2,56 mM MES, 200 mM D(-)-mannit, 62,5 mM CaCl2 x 2 H2O,
68,5 mM NaCl, 2,75 mM D(+)-glucose monohydrate, 5 mM KCl pH 5,6 (adjusted with 1 M
KOH)
TBS:
50 mM Tris-HCl, 150 mM NaCl, pH 7,5
TBS-H:
20 mM Tris-HCl, 500 mM NaCl, pH 7,5
TBS-T:
50 mM Tris-HCl, 150 mM NaCl, 0,05 % Tween 20, pH 7,5
Towbin buffer:
25 mM Tris-HCl, 192 mM glycin, 20 % methanol
solution was diluted with H2O, adjusted to an osmolarity of 530 - 570 mOsm and sterile
filtrated
Wash buffer for protein A capture (WB):
20 mM Tris, 0,5 M NaCl pH 7,4
buffer was filtrated through a 0,22 µm PES filter
YPD agar plates:
1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) glucose, 1,5 % (w/v) OXOID-agar
YPD agar was autoclaved before use
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5.1.6 Cells and cell lines
NKL cells were kindly provided from Prof. Alessandro Moretta, Universitá Genova, Facoltá
di Medicina e Chirurgia, Italy.
Ramos cells were obtained from the American tissue culture collection (ATCC No. CRL1596, Rockville, MD, USA).
Physcomitrella patens double knockout Δfuc-t, Δxyl-t cells were kindly provided by
Greenovation Biotech GmbH, Freiburg, Germany.
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5.2 Methods
5.2.1 Molecular biologic experiments
5.2.1.1 Polymerase chain reaction of cDNA
To amplify the template DNA, in this case cDNA of the heavy and light chain of the antibody,
a PCR was performed.
With this method the desired DNA fragment can be amplified through cyclic repetition of
denaturation, annealing and elongation steps, by using two specific oligonucleotides (primer)
and a thermostable DNA polymerase. Specific primer were designed, all of which had a 5’
phosphorylation modification, and ordered at Eurofins MWG Operon. For the heavy chain the
following primer were designed:
1. Forward primer: 5’ – GCC GTG CAG CTG CAG CAG TCT GG – 3’ (MoB1634)
2. Reverse primer: 5’ – TCA TTT ACC CGG GGA CAG GGA GAG G – 3’ (MoB1635)
For the light chain of the antibody the subsequent primer were created:
1. Forward primer: 5’ – GAC ATC CAG ATG ACT CAG TCT CC – 3’ (MoB1632)
2. Reverse primer: 5’ – CTA ACA CTC TCC CCT GTT GAA GC – 3’ (MoB1633)
For preparative PCRs a Pfu polymerase was used. The Pfu polymerase has a 3’-5’
proofreading capacity, so that the error ratio through integration of false bases could be
minimized. For analytical PCRs on the other hand, the Taq Polymerase was chosen.
For the reaction mix, the following components were pipetted on ice:
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component

volume final concentration

MBI Pfu native polymerase

1 µl

2,5 units

Pfu polymerase buffer (MgSO4)

4 µl

2 mM MgSO4

dNTPs

0,8 µl

200 µM

template DNA

2 µl

20 ng

primer 1

1 µl

250 nM

primer 2

1 µl

250 nM

H2O

ad 40 µl

The PCR mixes were transferred by hot start mode into the thermocycler.
As the optimal annealing temperature for the heavy and light chain DNA was unknown, three
different annealing temperatures were checked, + 50 °C, + 55 °C and + 60 °C.
step

function

time

temperature

1

denaturation

2 min

+ 95 °C

10 sec

+ 95 °C

2
3

annealing

5 sec

+ 50, 55 or 60 °C

4

elongation

2 min / kb

+ 72 °C

5 min

+ 72 °C

5

As the elongation time for the Pfu polymerase is 2 min / kb, the elongation time for the heavy
chain resulted in 170 sec and for the light chain 80 sec. After the first cycle, the steps 2 to 4
were repeated 40 times.
To analyze the PCR and purify the desired DNA fragment an agarose gel electrophoresis was
performed.

5.2.1.2 Polymerase chain reaction of moss extracted DNA
For the amplification of extracted DNA out of moss protonema cells a PCR was performed to
check to correct insertion of the desired heavy and light chain into the transformed moss cells.
As negative control three samples were used, containing only H2O with different primer. As
positive control plasmid DNA from each heavy and light chain was used together with the
respective primer.
.
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For the reaction mix, the following components were pipetted on ice:
component

volume

final concentration

Taq polymerase

0,3 µl

2,5 units

1x Taq polymerase buffer ((NH4)2 SO4)

2 µl

2,5 mM (NH4)2 SO4

dNTPs

0,4 µl

200 µM

template DNA

1 µl

1 ng

primer 1

0,5 µl

250 nM

primer 2

0,5 µl

250 nM

H2O

ad 20 µl

The PCR mixes were transferred by hot start mode into the thermocycler where the following
parameters were chosen:
step

function

time

temperature

1

denaturation

3 min

+ 95 °C

20 sec

+ 95 °C

5 sec

+ 55 °C for LC

2
3

annealing

+ 60 °C and 65 °C for HC
4

elongation

80 sec

+ 72 °C

3 min

+ 72 °C

5

After the first cycle, the steps 2 to 4 were repeated 40 times.
To analyze the PCR and purify the desired DNA fragment an agarose gel electrophoresis was
performed.

5.2.1.3 Agarose gel electrophoresis
To analyze PCR or restriction digestion or to isolate and purify DNA fragments, agarose gel
electrophoresis was performed.
This method is based on the principle that nucleic acids are separated according to their sizes
in an electrical field.
After ethidiumbromide staining the DNA fragments were visualized under UV-light (λ254).
The sizes of the received DNA fragments were compared by using a DNA ladder standard.
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Therefore 1 % agarose was dissolved in 1x TAE buffer (1 g agarose in 100 mL 1x TAE) by
heating up the solution in a microwave for 2 – 5 min at 800 W. The solution was cooled down
at approximately + 50 °C, then 0,01 % (v/v) ethidiumbromide were added and subsequently
the solution was transferred into a gel sleigh. The DNA samples were mixed with 6x orange G
loading buffer and transferred into the slots of the solidified gel.
The agarose gel was connected with an amplifier and a voltage of 100 V was applied for 1 h.
Concluding, the gel was exposed to UV light and photographed (BioDoc Analyze).

5.2.1.4 Purification of DNA from TAE agarose gel
After agarose gel electrophoresis the desired DNA fragment was isolated out of the agarose
gel. Under UV light the band of required size was cut out with a sterile scalpel and transferred
into a 1,5 mL reaction tube.
The purification of the DNA from TAE agarose gel was performed according to the manual of
the GE Healthcare illustra GFX PCR DNA & Gel Band Purification Kit.

5.2.1.5 DNA precipitation
After elution of the DNA fragments out of the agarose gel, the DNA was precipitated with
ethanol. Therefore the eluted DNA samples were pooled and 0,1 volume 3 M sodium acetate
and 2,5 volume 100 % ethanol were added. The DNA was precipitated over night at - 20 °C.
To receive the precipitated DNA, the samples were centrifuged 30 min at 16100 x g and + 4
°C. The supernatant was removed and the pellet was air-dried. The dried pellet was dissolved
in 20 µl sterile water and the DNA concentration was determined.

5.2.1.6 Ligation
The isolated and purified DNA fragment was ligated with the linearized, dephosphorylated
vector p127, using T4 ligase.
The enzyme catalyzed the formation of a phosphodiester binding between the 3’-OH and the
5’-phosphate end of the DNA.
For the reaction mix 4 µl of each insert (heavy and light chain) were added to 3 µl vector
p127 and 1 µl T4 ligase buffer. The mixes were then transferred on ice before adding 1 µl T4
ligase (5 units). Thereafter the mixes were retransferred at RT, before adding 1 µl of PEG
4000.
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The ligation was incubated for 1 h at + 16 °C. As negative control only light and heavy chain
DNA was used.
To check the successful ligation the samples were analyzed by agarose gel electrophoresis.

5.2.1.7 Transformation of E. coli
To amplify the ligated plasmid in E. coli, 100 µl chemocompetent E. coli Top10 cells were
thawed on ice and each 10 µl of the ligated plasmids or 0,5 µl purified DNA (for heavy and
light chain) were added to the cells and incubated 30 min on ice. After 2 min heat shock at
+ 42 °C and subsequently cold shock for 2 min on ice, 900 µl of LB medium were added and
incubated for 1 h at + 37 °C and 850 rpm for phenotypical expression of the antibiotic
resistance gen. Thereafter the cells were pelletized at 4900 x g for 5 min. 900 µl of the
supernatant were removed. The cells were resuspended in the remaining medium, plated on
LB agar plates with 100 µg/mL ampicillin and incubated over night at + 37 °C.

5.2.1.8 Inoculation of E. coli cultures
After successful transformation of E. coli Top 10 cells, cultures of the transformed cells were
inoculated and incubated over night for a period of at least 18 h and not exceeding 24 h.
Therefore grown colonies of each heavy and light chain were picked and transferred into a
sterile test-tube containing 3 mL LB medium with 100 µg/mL ampicillin for mini plasmid
preparation. The cultures were incubated over night at + 37 °C under shaking conditions.
For giga plasmid preparation first a 8 mL culture containing 100 µg/mL ampicillin was
inoculated and incubated 8 h at + 37 °C under shaking conditions. With that 8 mL preculture
2,5 L LB medium with 100 µg/mL ampicillin were inoculated and incubated under the same
conditions as mentioned above.

5.2.1.9 Plasmid DNA isolation (MiniPrep)
The plasmid isolation, purification and DNA precipitation was performed according to the
manual of the GE Healthcare Illustra plasmidPrep Mini Spin Kit.
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5.2.1.10 Plasmid DNA isolation (GigaPrep)
The plasmid isolation, purification and DNA precipitation was performed according to the
manual of the Qiagen Plasmid Giga Kit.

5.2.1.11 Determination of DNA concentration
The concentration of the isolated and purified plasmid DNA was measured photometrically,
measuring the absorption at a wavelength of 260 nm (A260

nm).

As blank sample, distilled

water was used. The purity of the isolated plasmid DNA was calculated out of the ratio of
A260

nm

/ A280

nm.

A value between 1,8 and 2,0 indicates that the DNA is free of protein

contaminations.

5.2.1.12 Restriction digestion
To analyze the plasmid DNA and to prepare DNA fragments with specific ends, the DNA was
digested with restriction endonucleases.
For analytical digestion 2 µl of mini preparation DNA were added to 0,5 µl restriction
enzyme (5 units), 1,5 µl reaction buffer and filled up to 15 µl with distilled water. The
samples were then incubated for 1 – 2 h at + 37 °C.
For preparative digestion 25 µg of giga preparation DNA were added to 6 µl restriction
enzyme (15 units), 5 µl reaction buffer, filled up to 50 µl with distilled water and incubated 4
h at + 37 °C.
Successful digestion was always approved by agarose gel electrophoresis.

5.2.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE)
SDS-PAGE is a technique to separate proteins according to their relative molecular mass.
Proteins are denatured by SDS and get subsequently negatively charged which allows the
electrophoretical separation according to their size.
The used NuPAGE Novex 4-12 % Bis-Tris gels are commercially available at Invitrogen. The
SDS running buffer was also used from Invitrogen (NuPAGE® MOPS SDS Running Buffer).
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All samples had to be in a minimum volume of 10 µl, where necessary they were filled up
with 1x TBS. To denature the proteins, two different loading buffers were used. To cleave the
disulfide bondages by reduction 2,5 µl 5x reducing buffer containing DTT per 10 µl sample
were used. In this case the samples had to be boiled 5 min at + 90 °C. Using the non-reducing
loading buffer containing only SDS to denature the proteins, the samples had to be mixed
with 3,3 µl 6x loading buffer and incubated 10 min at + 70 °C. As size marker a molecular
weight standard was loaded on the gel.
The samples were then loaded on the gel and the gel chamber was filled up with 1x
NuPAGE® MOPS SDS Running Buffer. The gel run with a constant current of 60 mA and a
variable voltage of maximal 200 V for a duration of 55 min. After run, the gel was either
stained or used for western blotting.

5.2.2.1 Coomassie staining
To make protein bands visible, after SDS-PAGE the gel was stained with coomassie blue.
The coomassie brilliant blue G-250 dye attaches to the basic and aromatic side chains of
amino acids, so that the proteins are unspecifically stained.
The staining was performed according to the manual of the SimplyBlue Safe Stain solution
from Invitrogen.

5.2.2.2 Silver staining
The silver staining is the more sensitive staining method to detect proteins in polyacrylamide
gels. Proteins, especially sulfhydryl and carbonyl groups, can complex silver ions (Ag+)
which are reduced to silver (Ag) with formaldehyde and makes the protein bands visible.
The staining was performed according to the manual of the Silver Quest Silver Staining Kit
from Invitrogen.

5.2.3 Semi-dry western blotting
With the western blotting specific proteins are detectable using specific antibodies against the
desired protein.
Therefore the proteins are transferred to a polyacrylamide gel by SDS-PAGE and
subsequently transferred to a nitrocellulose membrane by semi-dry blotting according to
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Towbin et al. [130]. The proteins are first marked by a specific first antibody that is detected
by a convenient secondary antibody.
The protein samples were loaded on an SDS gel and SDS-PAGE was performed.
For western blotting 8 whatman paper pieces and a nitrocellulose membrane in the gel size
(9 x 6,5 cm) were soaked in 1x Towbin buffer (transfer buffer) for 1 min, as well as the gel
itself for equilibration (5 min).
For blotting assembly first the anion and the cation side had to be moistened with transfer
buffer. Then 4 whatman papers were put on the anion side, next the nitrocellulose membrane,
the gel and another 4 whatman papers were added to the stack. Air bubbles between the layers
were removed by rolling a pipette across the stack.
The proteins were transferred at 100 mA / gel for 45 min with a starting voltage of 7 – 9 V
and an ending voltage of 17 – 20 V.
After transfer the nitrocellulose membrane was incubated in TBS plus 5 % milk powder to
block unspecific binding of antibody for 1 h at RT or over night at + 4 °C. Subsequently the
membrane was briefly washed in TBS-T buffer and then incubated with the primary antibody
diluted in TBS-T plus 2,5 % milk powder for 1 h at RT. Then the membrane was washed 3x
10 min to remove unbound primary antibody. Afterwards the HRP coupled secondary
antibody, diluted in TBS-T plus 2,5 % milk powder was added to the membrane and
incubated for 1 h at RT. Unbound antibody was again removed by washing the membrane 3x
10 min with TBS-T buffer.
The protein bands were detected via chemiluminescence using the ECL Western Blotting
Detection System of GE Healthcare. The exposure time to x-ray films was between 1 and 4
min. The films were developed in GBX developing and GBX fixation solution.
Used antibodies and their dilutions:
Anti-Human IgG (γ-chain specific), F(ab’)2 fragment: the antibody against heavy chain
was diluted 1:1000 in TBS-T plus 2,5 % milk powder
Anti-Human Kappa Light Chain: the antibody against light chain was diluted 1:2000 in
TBS-T plus 2,5 % milk powder
Rabbit Anti-Peroxidase: the primary antibody against HRP was diluted 1:1000 in TBS-T
plus 2,5 % milk powder
Donkey Anti-Rabbit Ig-HRP Conjugate: the secondary antibody against rabbit Ig-HRP
conjugate was diluted 1:1000 in TBS-T plus 2,5 % milk powder.
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5.2.4 Enzyme-linked Immunosorbent Assay (ELISA)
ELISA is used as an immunologic verification procedure based on an enzymatic colour
reaction. With the enzyme-linked immunosorbent assay it is possible to detect antibodies or
antigens in samples.
The assay principle is based on binding of an unknown amount of antibody to a specific
antigen, immobilized on a surface (mostly used are polystyrene microtiter plates), forming an
antibody-antigen complex. To remove unbound antibodies in excess, it is necessary to wash
the plate with a mild detergent solution. The washing step is followed by adding an enzymelinked secondary antibody that binds to the first antibody. Unbound conjugate is removed by
washing steps. To make the signal visible, a substrate is added. The enzyme-conjugated
second antibody converts the colourless substrate into a coloured or fluorescent product.
Before measuring the absorption or the fluorescence the enzymatic reaction has to be stopped
by adding a stopping solution.
The absorption or the fluorescence is directly proportional to the specifically bound
concentration of the investigated antibody. To quantify the amount of antibody in the sample
a standard curve has further to be measured.
In this case ELISA assays were performed according to the manual of the Serazym Human
IgG Kit (SARAN).

5.2.5 Moss cell culture experiments
5.2.5.1 Transient

transformation

of

Physcomitrella

patens

(BryoSpeed

technology)
Physcomitrella patens double knockout moss strain Δfuc-t, Δxyl-t lacking β1,2xylolytransferase and α1,3-fucosyltransferase was cultivated in Knop cultivation medium
with a stable pH of 5,8 (± 0,1) in 5 L bioreactor with constant light exposure und air influx.
The moss is passaged every day under sterile conditions.
The moss Physcomitrella patens can be transformed with desired genes, coding for proteins.
To transform the moss it is essential to protoplast the differentiated plants.
In this case the protoplasts were transformed with two different digested plasmid DNAs
coding for the heavy and the light chain of the antibody.
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For transformation first a 4 % driselase solution had to be prepared. Therefore 2 g of driselase
were dissolved in 50 mL 0,5 M mannitol solution. The solution was shaken 45 min at RT to
dissolve completely. Afterwards the driselase solution was centrifuged at 2300 x g for 10 min
to sediment the insoluble driselase. The solution was then sterile filtrated through a 0,22 µm
sterile filter.
For transformation 4 – 8 L moss biomass was harvested under sterile conditions and
transferred into each 1 L glass flasks.
After sedimentation of the biomass, approximately 800 mL supernatant were removed
without agitating the moss pellet. The moss was resuspended in the remaining 200 mL
medium and then filtrated through a 100 µm filter. The flow trough was discarded. The
biomass of each litre culture was washed with each 30 mL 0,5 M mannitol solution. Biomass
of 1 L culture was than transferred with blunt tweezers into 150 mm culture petri dishes and
resuspended in 48 mL 0,5 M mannitol solution. Subsequently 16 mL 4 % driselase solution
were added, avoiding light exposure. To protoplast the moss, the dishes were incubated 2,5 h
at + 22 °C into the dark.
The obtained protoplasts were very delicate and had to be filtrated carefully through a 100 µm
filter. The dishes were washed with each 10 mL 0,5 M mannitol solution to get all protoplasts.
These 10 mL were also filtrated slowly trough the same filter. Each filtrate containing the
protoplasts was then again filtrated slowly through a 50 µm to remove all cell debris and to
get pure protoplasts. The previous filter cups were washed with each 2 mL 0,5 M mannitol
solution.
The filtrates of 2 L culture were transferred to Corning centrifuge beakers. The 50 µm filter
cups were again washed with 2 mL 0,5 M mannitol solution and also transferred into the
centrifuge beakers. The final volume of 2 filtrates was 156 mL.
The protoplasts were sedimented at 45 x g, for 16 min at + 20 °C. Acceleration and break had
to be set at level 3.
The supernatant was discarded by pipetting and the cell pellet was carefully agitated in
approximately 2 mL remaining supernatant. The pellet was then carefully resuspended in the
same volume (156 mL each centrifuge beaker) 3M-580 medium and sedimented again with
the same conditions. The supernatant was again discarded by carefully pipetting, without
agitating the beakers.
All pellets were pooled carefully in exactly 150 mL final volume 3M-580 medium. The cells
were incubated 30 min into the dark. Meanwhile the cells were counted via Fuchs-Rosenthal
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chamber. Subsequently the cells were sedimented as before and than adjusted to 1,2x106
cells/mL in TB buffer.
For transformation each 10 mL protoplasts were dispensed into one Corning centrifuge
beaker. To each 1,2x107 cells ( = 10 mL) 600 µg circular plasmid DNA of heavy chain and
600 µg of light chain were added. Subsequently 20 mL 40 % PEG 4000 solution were added
to achieve transformation. The cell suspension was incubated 12 min at RT while shaking
every 2 min. Afterwards TB buffer was added stepwise. First 13,3 mL TB buffer were added
and shaken, followed by 40 mL TB buffer, shaken and finally 80 mL TB buffer and final
shaking step. Cell suspension was than centrifuged at 45 x g, 20 min at + 20 °C (acceleration
and break had to be set at level 3). The supernatant was carefully removed by pipetting and
the cell pellet was carefully resuspended by slowly shaking in remaining 2 mL supernatant.
The protoplasts were filled up with the removed supernatant to a final cell concentration of
2,25x106 cells/mL.
Each 1,6 mL of the transformed protoplasts were than transferred into one well of sterile 12well plates and incubated at + 22 °C under sterile, non-regenerative and half dark conditions,
because of the sensitivity of protoplasts towards light stress.

5.2.5.2 Stable transformation of Physcomitrella patens (BryoMaster technology)
To obtain a stable expression of the desired protein out of moss plants, in this case
Physcomitrella patens, it is necessary to generate stable clones of transformed moss cells.
Linearized DNA of each heavy and light chain expression cassettes, containing a super coiled
plasmid carrying a resistance marker (pRT99_NPT-II) for G418, were used for transformation
of moss protoplasts. Linearization of DNA is essential for better integration into the moss
genome, further it has the advantage that no bacterial or viral sequences are transformed into
moss cells, because through linearization, only the moss derived 3’UTR with terminator,
5’UTR, signal peptide, promoter and the integrated gene of interest are used for
transformation.
Linearization of heavy and light chain plasmid DNA was performed, digesting 25 µg DNA
with each 20 units restriction enzymes Xho I, Hind III and PVU I, 1/10 volume of the
corresponding reaction buffer and adding H20 up to a final volume of 50 µl. Digestion was
incubated at + 37 °C for 4 h and subsequently analysed via gel electrophoresis. The desired
band sizes (in this case 3659 bp for heavy chain and 2963 bp for light chain) were cut out of
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the TAE agarose gel and DNA was purified according to the manual of the GE Healthcare
illustra GFX PCR DNA & Gel Band Purification Kit. Eluted DNA was precipitated as
described under 5.2.1.5 and DNA concentration was determined as described under 5.2.1.11.
For stable transformation the moss was cultivated in 200 mL glass flasks in Knop medium
with pH 5,8 under light exposure (20 µmol s-1 m-2) and a temperature of + 22 °C.
At day 0 the moss was milled 30 sec with an Ultra Turrax T25 with constant speed of 24000
rpm and subsequently filtrated through a 100 µm filter. The biomass was then transferred in a
200 mL glass flaks with 200 mL fresh Knop medium pH 5,8. At day 4 and 6 a medium
exchange had to be performed by filtrating the moss through a 100 µm filter and transferring
the biomass into a new flask. At day 7 the moss could finally be transformed.
Therefore the moss had first to be protoplasted with driselase. A 4 % driselase solution had to
be preparated as described under 5.2.5.1.
The protonema out of the 200 mL culture was filtrated through a 100 µm filter and
subsequently washed with 4 mL 0,5 M mannitol solution. The biomass was transferred into 9
cm petri dishes and 12 mL 0,5 M mannitol solution were added, mixed and incubated for 30
min at + 22 °C under shaking conditions to adapt the protonema to the new medium.
Afterwards 4 mL of the 4 % driselase solution were added. The protonema was incubated
2,5 h at + 22 °C under shaking and dark conditions to digest the cell wall.
After incubation the protoplasts had to be enriched. Therefore the protoplast suspension was
carefully pipetted and filtrated first through a 100 µm filter and then through a 50 µm filter to
remove cell debris and to obtain pure protoplasts. 10 mL of the filtrate were transferred to 15
mL glass tubes and centrifuges 10 min at 45 x g and + 20 °C (acceleration and break had to be
set at level 3). The supernatant was removed by pipetting and discarded. The protoplast
sediment was resuspended carefully in 10 mL 3M-580 medium, centrifuged again as previous
described and resuspended in 10 mL 3M-580 medium. The cells were then counted and set to
a cell concentration of 1,2x106 protoplasts per mL and incubated 30 min on ice. A next
centrifugation step of 10 min at 45 x g and + 20 °C followed (acceleration and break had to be
set at level 3). The supernatant was discarded and the cells were resuspended in 3M-580
medium to achieve a concentration of 1,2x106 protoplasts per mL.
For transformation each heavy and light chain 1,5 µg of prepared, linearized DNA were
distributed in 15 mL glass tubes and 25 µl protoplast suspension were added, followed by 50
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µl PEG 4000. The suspension was carefully mixed and incubated 12 min at RT while slowly
shaking every 2 min. Then TB buffer was added stepwise, first 100 µl, than 200 µl, 300 µl,
400 µl and finally 500 µl to dilute the PEG concentration in a final volume of 1500 µl. The
protoplast were then sedimented 10 min at 45 x g and + 20 °C (acceleration and break had to
be set at level 3). The pellet was resuspended in 6 mL regeneration medium RMa and
subsequently transferred in a 6-well plate, 1,5 mL each well. The transformed protoplasts
were incubated 20 – 24 h under half-dark conditions and + 22 °C to regenerate. After
regeneration the protoplasts were set under light exposure at 20 µmol s-1 m-2 and + 22 °C for a
period of 7 – 10 days to germinate. Each 750 µl of the germinated protoplasts were then
transferred onto a 9 cm BM agar plate displayed with cellophane film to allow the protoplasts
to grow. After approximately 7 days, when enough protonema was grown, the Physcomitrella
DoKo clones were put on G418 selection. This was effected by transferring the cellophane
film with the grown protonema onto new 9 cm BM agar plates with 50 µg/mL G418. After
successful selection, the resistant clones were separated by transferring each clone with a
sterile tweezers into 48 well plates covered with BM agar containing 0,5 % (w/v) glucose.
The isolated clones were then incubated at + 22 °C under light exposure (20 µmol s-1 m-2)
until further experiments followed.
To check the best antibody producing clone, the protonema was transferred into secretion
medium and the antibody titer was measured by ELISA (see 5.2.4). Therefore a part of the
protonema of each clone out of the 48 well plates was picked, transferred into 48 well plates
filled with secretion medium and put under light exposure for 7 days. After one week, each 55
µl supernatant were harvested, diluted with 55 µl ELISA dilution buffer and subsequently an
ELISA was performed to define the best producers.
A screening for checking if the antibiotic resistance was successful integrated into the moss
genome was necessary, so that a further selection on G418 was performed. Therefore a part of
the best producer clones were picked and transferred onto BM agar plates with 50 µg/mL
G418, incubated for approximately one week and rechecked for resistance. Also the
integration of heavy and light chain of the antibody into the moss genome was verified by
PCR. Therefore first DNA of antibody producing clones was extracted (see 5.2.5.7) and
subsequently PCR was performed (see 5.2.1.2).
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5.2.5.3 Protoplasting of protonema cells of transformed Physcomitrella patens
The need for a new protoplasting step after transformation arises from the possibility of the
development of genetic chimera after regeneration of the transformed protoplasts, regarding
the ectopic inserted foreign DNA.
Therefore 20 mL of milled protonema preculture are harvested and filtrated through a 100 µm
filter. The moss is then transferred into a 9 cm petri dish, resuspended with 12 mL 0,5 M
mannitol solution and incubated 30 min at + 22 °C under shaking conditions. After incubation
4 mL of 4 % driselase solution were added to a final driselase concentration of 1 %. The
protonema was incubated for 2 – 3 h in the dark under shaking conditions to protoplast the
cells. The protoplasts were then pipetted carefully first through a 100 µm and subsequently
through a 50 µm filter. An aliquot of 50 µl was taken to proof microscopically successful
protoplasting.
10 mL protoplast were then transferred into a 10 mL glass tube to sediment them at 45 x g for
10 min at + 20 °C (acceleration and break had to be set at level 3). The supernatant was
carefully removed and discarded. The protoplasts were washed four times in 10 mL 3M-580
medium at the same centrifugation conditions as above. After washing the cells were
resuspended in 1,5 mL RMa medium and transferred into a well of a sterile 6-well plate. The
protoplasts were then incubated 24 h under half-dark conditions and subsequently for 7 – 9
days under normal light conditions (20 µmol s-1 m-2).
After germination of the protoplasts, each 0,5 mL of them were plated an BM agar plates
covered with cellophane. The single clones (about 20 clones) were transferred into 48-well
plates with BM agar after 4 – 6 days to separate them. As soon as the clones were grown
(after approximately 1 week) each clone was divided and transferred into a 48-well plate with
secretion medium and onto a 9 cm petri dish with BM agar for backup.
After one week on secretion the clones were testes by ELISA and the antibody titer was
determined, whereas the high titer clones were then proliferated in Knop medium. Further
analysis before high production of the antibody were investigated, as the determination of dry
weight (see 5.2.5.5) and the intracellular cell disruption (5.2.5.6) to define the amount of
secreted antibody per mg moss dry weight.
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5.2.5.4 Sample drawing of transient transformation
As moss transformed protoplasts are able to secrete the desired protein into the cultivation
medium, it was possible to harvest the protein by pooling the cultivation medium and
subsequently purify the protein.
The transient transformed moss protoplasts in secretion medium were kept in 6-well plates
under sterile conditions. Once a week, each plated well 75 % (1,2 mL) of the supernatant were
collected and pooled whereupon the antibody was quantified via SARAN ELISA. The
harvested supernatant was centrifuged 10 min at 6170 x g to remove eventual cell debris and
subsequently the samples were stored at + 4 °C until antibody secretion in transient
expression was terminated. The removed volume out of the plated wells was then replaced by
fresh identical medium.

5.2.5.5 Determination of dry weight
Dry weight had to be determined before intracellular cell disruption to investigate the amount
of protein that is secreted by the moss plants to define the best producer plants with a high
titre of protein in culture.
Therefore of each transformed moss clone preparatory culture, 2 x 20 mL culture were
collected and filtrated through a 50 µm filter for investigation of duplicates.
The biomass was then picked with a blunt tweezers and the remaining water was dabbed off
with a cellulose cloth. The biomass was transferred onto aluminium pads and incubated over
night at + 120 °C. The biomass was dried and dry weight was determined by weighing.

5.2.5.6 Intracellular cell disruption
It is possible to determine the amount of produced protein in moss plants by disrupting cells.
Therefore 10 mL of preparatory culture were filtrated through a 50 µm filter in duplicates.
The biomass was then dried with a cellulose cloth and transferred into a 1,5 mL reaction tube
and an iron bead was added. The reaction tube was transferred into liquid nitrogen to freeze
the biomass immediately. Cell disruption was performed in the mixer mill for 90 sec at 30 Hz.
The samples were transferred again into liquid nitrogen and 1000 µl TBSH plus 1x complete
inhibitor mix were added. The following centrifugation step for 20 min at 16100 x g and + 4
°C was used to sediment the cell debris and get the soluble protein in the supernatant. From
each sample 900 µl supernatant were transferred into a new reaction tube and stored at
- 20 °C.
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5.2.5.7 DNA extraction of moss protonema
The harvested protonema material was transferred into a 2 mL reaction tube together with a
little metal bead and then transferred into liquid nitrogen to shock freeze the protonema.
Subsequently the material was grinded in the mixer mill for 1 min at 30 Hz and retransferred
into liquid nitrogen.
Each 500 µl extraction buffer were added on ice and vortexed for 10 sec. The samples were
centrifuged 5 min at 16100 x g and + 4 °C. 300 µl were removed, transferred into a 1,5 mL
reaction tube, 300 µl isopropanol were added and afterwards incubated 2 min at RT before a
following centrifugation step for 5 min at 16100 x g and + 4 °C. The supernatant was
discarded and the pellet was air dried before dissolving it in 50 µl H2O.

5.2.6 Downstream processing
5.2.6.1 Purification and protein A capture of IgG
Purification of the antibodies was kindly performed from Dr. Wolfgang Jost, Greenovation
Biotech GmbH, Freiburg, Germany.
The culture supernatant of the produced antibody in Physcomitrella patens moss cells was
purified by protein A capture.
Culture supernatant was harvested approximately 30 days after inoculation of the 5 L
bioreactor with transformed moss flask culture of the selected clones.
First, moss cells were removed through filtrating the 5 L cultures over a 50 µm filter. The
obtained supernatant without moss cells was then filtrated through a 1 µm glass fiber filter
and subsequently through a 0,45 µm HV Durapore filter, resulting in 4,95 L SNF (supernatant
filtrated).
Purification of the supernatant was performed with the Äkta explorer device. To capture the
antibody, a HiTrap rProtein A FF (CV = 1 mL) was used.
Purification of the antibody by the protein A column was performed using wash buffer (WB),
elution buffer (EB) and column storage buffer (CSB).
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For purification of the antibodies the following protocol was used:
Step

Vol.

Buffer

Flow rate

Fraction vol.

Equilibration

10 mL

WB

3 mL/min

–

Sample load

4850 mL

sample

3 – 4 mL/min *

collect all / F3

Wash

50 mL

WB

3 mL/min

collect all / F4

Elution

15 mL **

EB

1 mL/min

0,5 mL ***

Final wash

50 mL

WB

3 mL/min

collect all / F5

*: due to large sample volume contact time 15 – 20 seconds only
**: manual next breakpoint after peak collection
***: immediate neutralisation of fractions with adding of 1/20 volume of 1 M Tris pH 9,0

Peak fractions containing the antibody were pooled and sterile filtrated through a 0,22 µm
PALL Acrodisc Syringe Filter.
The UV280 peak integrations resulted in an area under the peak corresponding to the protein
amount. For calculation of the protein amount the following equation was used:

mass [mg ] =

peak [ Au x mL]
extinction coefficient (mg / mL) − 1 x cm −1 x I [cm]

[

]

An extinction coefficient of 1,45 as general coefficient for antibodies and a 0,2 cm cuvette (I)
was used for the protein determination. The extinction coefficient was calculated according to
the following formula. First, the molar extinction coefficient had to be determined:
⎡

L

⎤

ε = n x ε tryptophan + n x ε tyro sin e + n x ε cystine ⎢
⎥
⎣ mol x cm ⎦
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Subsequently the extinction at 280 nm was calculated for an antibody concentration of 1
mg/mL.

E =ε x c x d

E = extinction at 280 nm
ε = molar extinction coefficient
c = antibody concentration in mmol/mL
d = thickness of 1 cm cuvette

5.2.7 In vitro Glycoengineering
5.2.7.1 In vitro galactosylation
To modify antibodies in their glycosylation structure of the Fc part, an enzymatic assay was
performed to investigate the effect of highly galactosylation of antibodies on different
features.
For galactosylation, first a reaction buffer had to be prepared. Different Hepes buffers were
tested adding different concentrations of MnCl2 or MgCl2. The best galactosylation ratios
were achieved using a reaction buffer containing 100 mM Hepes and 10 mM MnCl2, pH of
7,0.
The reaction buffer had to be filtrated through a 0,22 µm filter before use.
For enzymatic reaction of galactosylation 1 mg antibody (in a total volume of 200 µl) were
added

to

3

mM

uridine-5’-diphosphogalactose

(UDP-galactose),

500

mU

galactosyltransferase and was filled up to a final volume of 1000 µl with reaction buffer. The
samples were incubated for 72 h at + 32 °C under shaking conditions. Untreated samples were
treated in the same conditions except of the addition of galactosyltransferase, which was
replaced by water, representing the control sample.

5.2.8 Fluorescence activated cell scanning (FACS)
The technique of flow cytometry is used in several biological and medical analysis.
The principle of flow cytometry is based on the excitation of cells through light of a single
wavelength, in this case by a blue laser (488 nm), which is capable to excite the commonly
used fluorescent dyes.
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Cells in suspension are taken up through a capillary, pass a laser beam and the scattered light
is detected by a photomultiplier. Depending on the integrity of cells, different amounts and
intensities of light are scattered, allowing the characterization of cells by size and
morphology. By means of the forward scatter (FSC) the size of the cells can be analyzed, with
the side scatter (SSC) on the other hand, the complexity is monitored.
The fluorescent detectors can monitor fluorescent characteristics of cells, if they are stained
with fluorescent-labelled antibodies.

5.2.8.1 Apoptosis assay
Several antibodies are able to induce apoptosis on cells, bearing the specific target on their
surface. Apoptotic cells can be distinguished in the flow cytometer because they excite
different forward light scatter and side light scatter after irradiation with laser light. The
increase of living cells with decreasing antibody concentration was measured in this case.
A serial dilution of the antibody and a reference sample was performed in PRMI1640 medium
containing 0,5 % BSA (v/v) in 96-well plates in a total volume of 100 µl, in duplicates. Cells
bearing the target of the respective antibody were harvested and washed twice in RPMI1640
without additives (5 min, 200 x g, RT). The seeded cells were then resuspended in RPMI1640
medium containing 0,5 % BSA (v/v) to a density of 1x106 cells/mL. Each well 100 µl
adjusted cells were added and incubated for 24 h at + 37 °C and 5 % CO2.
After incubation live cells were gated and their increase with decreasing antibody
concentration was measured in columns at the Guava EasyCyte Plus flow cytometer acquiring
3000 events in a maximum time of 45 sec.
The assay was evaluated according to a non linear dose-effect relationship with a 4-parametric
regression. The cell number of living cells was plotted against the antibody concentration and
the apoptosis activity was calculated using the following equation:

apoptosis activity [%] =

V50 sample
x 100
V50 reference

5.2.8.2 Fab binding assay
To analyze the Fab binding properties of specific antibodies to their target, cells bearing the
target at the surface were incubated with the antibody and a fluorescent marked antibody,
resulting in a competitive assay. Therefore a fluorescein (FITC) labelled antibody was used.
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The analyzing antibody was diluted whereas the concentration of the FITC-labelled antibody
was hold constant. With decreasing concentration of the non-labelled antibody the binding
affinity of the FITC-labelled antibody increased, so that a higher fluorescent signal was
measured.
The testing antibody and a reference sample were serial diluted in RPMI1640 medium
without any additives in a total volume of 100 µl in 96-well plates, in duplicates. Each 100 µl
target cells in a density of 1x106 cells/mL and 0,4 µg/mL fluorescein labelled antibody in a
total volume of 50 µl were added. Incubation was performed at + 4 °C under shaking
conditions for 1,5 h. After incubation the cells had to be resuspended before measuring the
intensity of the fluorescence with an excitation maximum at 494 nm and the emission
maximum at 521 nm, typically for fluorescein. The samples were measured in columns and
each sample 2000 alive cell gate events were acquired with the Guava EasyCyte Plus flow
cytometer in a maximum time of 45 sec.
The evaluation of the assay was performed using a non linear dose-effect relationship with a
4-parametric regression. The binding activity of the analyzed antibodies was calculated
according to the equation

binding activity [%] =

V50 sample
x 100
V50 reference

5.2.9 Antibody dependent cellular cytotoxicity (ADCC)
To determine natural killer (NK) cell mediated cell lysis of target cells in an antibody
concentration depending mode, ADCC assays were performed.
The principle of the assay is that NK cells bind to antibody bound target cells. ADCC is
mediated through the Fc receptors of the NK cells, binding to the antibody-target cell
complex, leading to the lysis of the target cells by the release of the NK granula.
There are different possibilities to perform ADCC measurements. In this work the method of
calcein-AM (Calcein O,O′-diacetate tetrakis(acetoxymethyl) ester) labelling of target cells
was chosen.
Calcein-AM is an acetoxymethyl ester of calcein which is converted into calcein by
intracellular esterases. Calcein is a polar fluorochrome which can pass the damaged
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membrane of the target cells, therefore allowing the fluorescence measurement of the
supernatant. The release of calcein correlates with the amount of lysed cells.

5.2.9.1 Calcein-AM release
Target cells were harvested and adjusted to a concentration of 2,5x106 cells/mL in a final
volume of 2 mL. Calcein-AM stock solution was prepared, dissolving calcein-AM in DMSO
to a concentration of 2,5 mM. To label the cells, 87,5 µM calcein-AM were added to 5x106
cells and incubated for 45 min in a water bath with 37 °C. Subsequently the cells were washed
twice in 4 mL RPMI 1640 medium without any additives by centrifugation at 270 x g for 10
min at 20 °C. The cell pellet was resuspended in medium to a concentration of 2x105
cells/mL.
As effector cells, NKL cells were used, normally in an effector:target ratio of 30:1. NKL cells
were therefore cultured as described in 5.2.13.2.2.
For reaction a serial antibody dilution in 96-well plates was performed. Effector and target
cells were mixed in a 50 mL tube just before using them for the assay. Each well 150 µl of the
effector-target cell mix were added. As controls a background control (medium), a minimum
control (effector and target cells), a low control (target cells and antibody) and a maximum
control (target cells with 1,5 % triton X-100) were performed.
The microtiter plates were then incubated 3 h at + 37 °C. After incubation the cells were
pelleted at 450 x g for 5 min at + 20 °C. Carefully 150 µl supernatant were transferred into a
new microtiter plate and the fluorescence was measured using Wallac VICTOR fluorescence
reader with an excitation of 485 nm, an emission of 538 nm and a measurement period of 1
sec per well. Evaluation was performed using a suitable software.
For evaluation of the mean fluorescence, the avarage of each duplicate was estimated, and
background fluorescence was substracted. Cytotoxicity in % lysis was calculated with the
following equation:

cytotoxicity [%] =

reaction mix − minimum control
x 100
total lysis − mi nimum control
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5.2.10 Biacore
The Biacore system enables the detection of biospecific interaction analysis in real time.
Furthermore it is possible to specify the binding properties of molecules, to quantify the
concentration of the analyte, both total and active concentration, to determine the association
and dissociation rates (kinetic measurements) and to evaluate the affinity of the interaction
molecules. The accumulation and the disaggregation of biomolecular complexes on the
surface of the biosensor is measured by Surface Plasmon Resonance (SPR).
Using SPR, alterations of the refractive index of a solution, which flows over a specific
prepared surface, are determined. Each modification of the mass concentration, caused by
interactions, is detected as SPR signal and registered as resonance unit (RU). All alterations of
the SPR signal are recorded continuously and represented as sensorgram of signals against
time.
Here a carboxymethyl dextran CM5 sensor chip was chosen, as a chip for most basic
researches of quality control. The chip consists of a glass surface, coated with a thin layer of
gold. The most common method of sensor chip coupling, also used in this case, is the amine
coupling.
The ligands (stationary phase), which were each immobilized on the chip surface, in this case
anti-FcγRI (anti-CD64) and the FcγRIIIA (CD16), bind covalently to the carboxymethylated
dextran matrix of the sensor chip. Parts of the Fc region of the antibody (mobile phase)
interact specifically with the coupled ligand on the chip surface. The concentration of the
analysed sample was calculated relatively to a related calibration curve.

5.2.10.1 FcγRIII binding activity
The aim of this assay was to characterize the FcγRIIIA V/V binding activities of different
antibodies compared to a reference sample. Here the direct binding activity was evaluated.
First, 96-well plates were blocked with 250 – 300 µl of a 0,1 % gelatine blocking buffer and
incubated for at least 1 h at + 4 °C.
The immobilization of FcγRIIIA on the surface of the sensor chip was achieved using the
amine coupling kit of GE Healthcare. A 50 % mix of N-hydroxysuccinimide / 1-ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride (NHS / EDC) was used to activate the
surface and to obtain succinimide esters. The NHS / EDC mix was injected with a flow rate of
5 µl/min and a contact time of 7 min. Subsequently the FcγRIIIA ligand was diluted to a final
concentration of 50 µg/mL in 10 mM sodium acetate buffer pH 5,0 and was immobilized on
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the chip surface with a flow rate of 5 µl/min and a contact time of 8 min. Afterwards
ethanolamine hydrochloric acid was injected with a flow rate of 5 µl/min and a contact time
of 7 min to deactivate and saturate the chip surface. For regeneration of the sensor chip a
25 mM KOH solution was injected with a flow rate of 100 µl/min and a contact time of 3 sec,
followed by an additional washing step, before loading the analyt.
Four different dilution steps of the antibody samples were prepared, namely 1:400, 1:800,
1:1000 and 1:2000 based on the initial concentration of the respective antibody. The standard
reference sample was serially diluted 1:2 in HBS in a concentration ranging from 62,5 to
8000 ng/mL in gelatine blocked 96-well plates. For each measurement at least one blank
sample (HBS) was performed. The plates were covered with an adhesive film to avoid
evaporation of the dissolvent.
The samples were injected with a flow rate of 10 µl/min and a contact time of 210 sec. After
each sample cycle the sensor chip was regenerated as mentioned above.
The Biacore Control Software calculated automatically the active concentration of the
analyzing sample according to the reference sample. The binding activity was given as ratio
of active concentration and total protein concentration in % according to the following
formula:

binding activity [%] =

active concentration [mg / mL]
total protein concentration [mg / mL]

5.2.10.2 FcγRI binding kinetics
To analyze the characteristics of the antibody regarding the binding to FcγRI a kinetic assay
was performed. Therefore first an anti-CD64 was immobilized on the sensor chip surface to
which a CD64 molecule was linked and the antibody on the other hand bound to the CD 64.
For this assay an anti human FcγRI (anti-CD64) was covalently bound and immobilized on
the sensor chip surface via the above described amine coupling method. After activation with
50 % mix of N-hydroxysuccinimide / 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (NHS / EDC) (described in 4.2.10.1), the anti-CD64 was immobilized with a
concentration of 0,5 mg/mL (diluted in 10 mM sodium acetate pH 5,0) in an injection volume
of 60 µl, a flow rate of 5 µl/min and a contact time of 8 min. Subsequently a saturation step
followed tih ethanolamine hydrochloric acid. The regeneration of the sensor chip was
performed as mentioned before, whereas 50 mM HCl was used as regeneration solution.
Subsequently a human CD64 molecule was captured to the anti-CD64 on the sensor chip
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surface. Therefore CD64 was diluted in HBS dilution buffer to a concentration of 2 µg/mL.
For capturing a volume of 5 µl of CD64 was chosen, with a flow rate of 10 µl/min and a
contact time of 0,5 min. The analyzing antibody and the reference sample were serially
diluted 1:2 in HBS in a range from 200 – 12,5 nM (including 0 nM for blank subtraction) in
polypropylene vials closed with rubber caps and positioned into thermo racks. Each 210 µl of
the samples were injected for performance of the assay with a flow rate of 40 µl/min, a
contact time of 315 sec and a dissociation time of 315 sec. After dissociation the capture of
CD64 to α-CD64 had to be repeated after each sample injection, because the CD64 molecule
was not covalently bound to its binding site. Furthermore every 2 – 3 samples a repetition of
the calibration curve was necessary to check the stability of the assay.
In this case not the binding activity was calculated but the equilibrium constant and kinetic
parameters.
For evaluation of the kinetic constants the following equations were used:
d [AB ] / dt = k a [A][B ]− k d [AB ]
with kd as dissociation rate constant [s-1] and ka as association rate constant [M-1s-1].
The thermodynamic constant KD as dissociation equilibrium constant was calculated
according to the equation
K D =1 / K A = k d / k a = [ A]eq [B ]eq / [AB ]eq
with KD as dissociation, equilibrium constant [M] and KA as association constant [M-1].

5.2.11 Oligosaccharide Mapping
On the basis of this method it is possible to label oligosaccharides, cleaved from proteins, in
this case from antibodies and subsequently to characterize the glycopattern of the desired
antibody.
The reduced oligosaccharides were labelled with the fluorescent label 2-aminobenzamide
(2AB) by a reductive amination reaction.
The subsequent separation of the mixture of labelled oligosaccharides, for a qualitative and
semi-quantitative analysis, was performed by normal phase high-performance liquid
chromatography (NP-HPLC). The samples were pumped through a polar separation column
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(stationary phase) using an eluent (mobile phase), mostly an organic dissolvent, under high
pressure (up to 400 bar).
Using the NP-HPLC method, the first separation step of the samples is polarity (determined
by size, namely numbers of OH groups in monosaccharides and glycans) and as second effect
charge. First the substances were adsorbed to the amide ligand of the column and eluted with
increasing concentration of the salt buffer. Yet, the dissolvent had to be degassed before
passing into the HPLC device in order not to affect the capacity of the pump, especially the
gradient, which can cause interference signals in the detection and alter the profile. After the
emission out of the separation column, the substances were identified by a fluorescence
detector.

5.2.11.1 Fluorescence labelling of carbohydrates with 2-aminobenzamide (2AB)
The protein was dissolved in 150 µl PNGase F buffer. 25 µl reducing reagent were added and
an incubation at + 56 °C for 10 min followed. Afterwards 25 µl of a 7,5 % Triton X-100
solution were added and mixed. To cleave the oligosaccharides 2 µl PNGase F were added,
then the solution was mixed and incubated over night at + 37 °C.
To remove the proteins and desalt the sample an automated step in the SPE robot (Solid Phase
Extraction Robot) followed. For each sample one polygraphitized carbon cartridge was used.
For purification and desalting a first conditioning step with 3 mL of a 80 % acetonitrile and
0,05 % trifluoracetic acid (TFA) solution was performed, followed by a second conditioning
step with 3 mL of 0,05 % TFA. Subsequently the sample was loaded on the cartridge, which
was then washed with 1,2 mL H2O. The oligosaccharides were then eluted with 1,5 mL of a
40 % acetonitrile and 0,05 % TFA solution. The elution fraction was collected and dried by
TurboVap.
The oligosaccharides had then to be labelled with 2-aminobenzamide. Therefore the dried
samples were dissolved in 150 µl H2O, transferred into a 0,5 ml reaction tube and again dried
by TurboVap. After this drying step 2 – 3 µl 2AB reaction solution were added and incubated
for 2 h at + 65 °C. The samples had then to be purified via SPE robot. For each sample one
SPEC NH2 cartridge was used. The cartridge had to be conditioned in two steps, first with 0,5
mL 100 % ethanol and then with 0,5 mL 90 % ethanol. The samples were dissolved each in
100 µl 100 % ethanol and loaded on the cartridge, which was washed 6 times with each 1 mL
100 % ethanol. The oligosaccharides were then eluted with 0,5 mL 200 mM
ammoniumacetate (pH 6,0).
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5.2.11.2 Normal phase high-performance liquid chromatography
The isolated and labelled oligosaccharides were analyzed via NP-HPLC, using a TSKgel
Amide 80 column which was first equilibrated 30 min with an equilibration buffer (80 %
acetonitrile, 20 % 0,25 M ammoniumformate pH 4,0) before loading the samples. The testing
samples and a reference standard were diluted to a final concentration of 1 mg/mL. 1 µl of the
samples was diluted in 29 µl purified water, whereas each 15 µl were injected and analyzed.
For this assay a gradient elution with a flow rate of 0,4 mL/min was chosen and the following
parameters were set:
Time

Eluent A

Eluent B

[min] 250 mM ammonium formate pH 4,0 100 % acetonitrile
0

20 %

80 %

2,0

30 %

30 %

67

52 %

52 %

67,1

80 %

20 %

73

80 %

20 %

73,1

20 %

80 %

85

20 %

80 %

The autosampler run with a push loop high injection mode and a high sample viscosity
setting.
The fluorescence was detected by the connected FP-2020 detector with an excitation of 330
nm and an emission of 420 nm. The gain was adjusted to 1000 with an amplification of 670 V
and a rise time of 5 sec.
The evaluation of the generated raw data was performed using the chromatography software
Empower (Waters) and peak integration for quantitative calculation was performed.

5.2.11.3 Treatment of antibodies with exoglycosidases and transferases
For a better understanding and an even more exactly mapping of the oligosaccharides, a
treatment of the cleaved and 2AB labelled glycans with exoglycosidases and transferses can
be performed.
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Therefore each a 1,5 µg aliquot of the antibody were mixed with 500 mU of α-mannosidase,
250 mM U β-galactosidase or 25 mU α-fucosidase, respectively, and 26 µl 5x reaction buffer.
The samples were incubated over night at + 37 °C. For treatment with transferase, 1,5 µg
protein were mixed with 3 mg/mL UDP-galactose, 500 mU galactosyltransferase and 28 µl of
a 100 mM Hepes buffer (pH 7,4). Again, the samples were incubated over night at + 37 °C
before performing an oligosaccharide mapping as described before.

5.2.12 Mass spectroscopy
Mass spectroscopy is a useful technique to analyze proteins and antibodies, regarding their
molecular size. It is further possible to examine modifications of proteins, such as oxidation
and deamination but also glycosylation. In this case, mass spectroscopy analyses were used to
investigate the integrity of the antibodies, the presence of fragments and aggregates and the
pattern of the glycosylation structure at the Fc part of the antibody.
All investigations were run on an electrospray ionization mass spectrometer (ESI-MS). The
principle of ESI-MS is that the analyt pass the capillary of the HPLC, where an electrical field
is present, and are atomized and ionized in the ionization chamber. The so emerging charged
droplets become accelerated and thereby the dissolvent evaporates which leads to an increase
of the charge density. The droplets dissociate then into micro droplets (Coulomb explosion)
which end in a desolvation of the molecules. The hence resulting ions migrate to the analyzer,
the Q-ToF (Quadrupole Time of Flight), where the ions become separated. The ionized
molecules are separated according to their mass and charge ratio (m/z). The time the ions
need to reach the mass detector is proportional to the molecular mass, so that a mass spectrum
is the result, where the ion intensity is plotted against the m/z ratio.

5.2.12.1 Reverse phase high-performance liquid chromatography
To investigate the glycosylation structure of the antibody the samples had to be pretreated
before loading them on the HPLC. In this case the method of reverse phase high-performance
liquid chromatography (HPLC) was chosen. With this method it is possible to separate
molecules according to their molecular size and their polarity.
The samples were diluted in H2O to a final concentration of 0,5 mg/mL. As reducing agent,
DTT was added in a concentration of 10 mM and an incubation time of 15 min at + 57 °C was
applied.
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The samples, the native and the reduced ones, were injected on the Biosuite pPhenyl 1000
(10µm RPC, 2,0 x 75 mm) column in a volume of 10 – 15 µl with a flow rate of 0,1 mL/min.
The separation of the samples was achieved by setting a flow gradient with the following
parameters:
Time

Buffer A

Buffer B

[min]

H2O + 0,1 % formic acid

100 % acetonitrile + 0,1 % formic acid

0

85 %

15 %

15

35 %

65 %

16

85 %

15 %

20

85 %

15 %

After the HPLC run, the samples were analyzed by the ESI mass spectrometer. The raw data
were evaluated by the MassLynx 4.1 mass spectroscopy software.
Furthermore it is possible to analyze the separated Fab and Fc part of the antibody by
digestion of the antibody with the enzyme papain.
The antibody samples were diluted in H2O to a final concentration of 1 mg/mL. Then papain,
a cysteine protease which cleaves the Fab part from the Fc part of the antibody, was activated
by mixing 0,1 mg/mL papain with the activation buffer. 50 µl of this solution were added to
the sample and incubated 1 h at + 37 °C. Subsequently 2 µl of a 10 mg/mL antipain solution
in H2O to stop protease activity and 2 µl of a 1 M DTT solution to reduce the disulphide
bridges were added and incubated 15 min at + 57 °C.
After papain treatment, the antibody was measured and evaluated as described before.

5.2.12.2 High performance size exclusion chromatography
To analyze if the antibody samples contain any fragments or aggregates, first a highperformance size-exclusion chromatography (HP-SEC) was performed.
The samples were measured in the native state or in the reduced state. In both cases, the
antibody solution was diluted in H2O to a final concentration of 0,5 mg/mL. To reduce the
disulfide bridges of the antibody 10 mM DTT were added and incubated for 15 min at + 57
°C. Each 50 µl of the prepared sample, both native and reduced, were injected on the HPLC
column 2 x BioSEP SEC-S 3000, 300 x 7,5 mm. The measurement run isocratic, with a flow
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rate of 0,3 mL/min and a buffer composed of 60 % H2O + 0,1 % trifluoroacetic acid / 40 %
acetonitrile + 0,1 % trifluoroacetic acid for 70 min.
After the HPLC run, the samples were measured by the ESI mass spectrometer as mentioned
above. The evaluation was performed using MassLynx 4.1 mass spectroscopy software.

5.2.13 Cell culture
5.2.13.1 Thawing cells
Cells, stored in liquid nitrogen in aliquots with 1x107 cells were thawed in a + 37 °C water
bath and immediately transferred into a reaction tube containing 50 mL + 37 °C warm
medium. The cells were then centrifuged for 5 min at 200 x g. The supernatant was discarded
and the cell pellet was resuspended in a adequate amount of medium to achieve the desired
cell density and transferred in 125 cm2 culturing flask.

5.2.13.2 Cultivation of different cell lines
All culture media were usually supplemented with 10 % irradiated and heat inactivated FCS
(fetal calf serum) or 10 % heat inactivated human AB serum, respectively, for mammalian
and human cell lines. In cases of variations it is mentioned for each cell line individually.
The cells were kept in the incubator under constant conditions of + 37 °C, 5 % CO2 and
humid atmosphere. The cells were splitted every 2 to 3 days.
For plant cells the cultivation medium was Knop medium with a constant pH of 5,8. The cells
were usually cultivated in bioreactors under constant light conditions (25 – 30 µmol s-1 m-2)
and air influx.

5.2.13.2.1

Ramos cells

The suspension cells Ramos were cultivated in RPMI 1640 Medium (as recommended by
ATCC) supplemented with 10 % heat inactivated FCS.
Cells were kept in 125 cm2 culture flasks adjusting them to a cell concentration of 1 – 2x105
cells/mL and were splitted three times a week.
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5.2.13.2.2

Natural killer cell line (NKL cells)

Natural killer suspension cell line was kindly provided from Prof. Alessandro Moretta,
university of Genova, Italy.
Cells were cultivated in RPMI 1640 medium supplemented with 10 % human AB serum and
600 U/mL Proleukin (hIL-2).
Cells were seeded in 125 cm2 cultivation flasks in a total volume of 70 mL and a cell
concentration of 1,5x105 cells/mL and splitted every 2 days.

5.2.13.2.3

Physcomitrella patens production culture

The moss cells of Physcomitrella patens were cultivated in Knop cultivation medium with a
stable pH of 5,8 (± 0,1) in 5 L bioreactors and 200 mL flasks, respectively. The pH was online
monitored and adjusted, when necessary, to pH 5,8 with 0,25 M sulfuric acid. Light exposure
was kept under constant conditions and was mediated from fluorescent tubes (OSRAM L 8W
/ 840, Lumilux cool white) with an intensity of 25 – 30 µmol s-1 m-2 and a light-dark regime
of 16:8 hours. Also air influx and cultivation temperature (25 ± 1 °C) were kept under
constant conditions. Light intensity and air influx in the photobioreactor and in the climate
chamber were moderately different.
In the photobioreactor the gassing of the moss was regulated with 0,415 L/min compressed air
and 0,08 vvm. The agitation was realized through a propeller mixer with constant 300 rpm
and every day additionally with 10 min at 1000 rpm.
In the climate chamber no continuous gassing was necessary because the 200 mL flasks had
semi-permeable caps, so that the air influx was always assured. Temperature here was hold at
22 ± 3 °C and light intensity at 20 ± 5 µmol s-1 m-2.
The moss cells in photobioreactors were splitted every day under sterile conditions
discharging each 1 L bioreactor culture and substituting it with 1 L Knop medium.
Moss in 200 mL flasks was kept as backup culture and was milled once a week. For each
flask approximately 20 mL culture were removed and then replaced by 20 mL fresh Knop
medium.
Each splitting step sterile controls were prepared by plating one drop of the taken culture on
YPD and LB agar plates respectively and incubating them for 2 weeks to check possible
contaminations.
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5.2.13.2.4

Physcomitrella patens preculture

To expand the moss precultures, the milled cultures were filtrated through a 50 µm filter. The
biomass was than splitted into adequate multiple parts and transferred into new 200 mL glass
flasks containing 120 mL cultivation medium, either Knop or BM medium. The flasks were
caped and kept under sterile conditions and constant light exposure at + 22 °C under shaking
conditions.
Also for the precultures, sterile controls on YPD and LB agar plates were performed as
described above.

5.2.13.3 Milling of moss protonema
The moss protonema differentiates and grows as filamentous tissue. To analyse the moss in
different assays and to allow a better growth it is necessary to separate the filaments by
milling the moss.
Therefore moss cultures in 200 mL flasks were milled under sterile conditions 30 sec with an
Ultra Turrax T25 with constant speed of 24000 rpm, before restoring under the above
mentioned conditions.

5.2.13.4 Determination of cell count
The cell count was determined via the Fuchs-Rosenthal cell chamber. Therefore 20 µl of cell
suspension were mixed with 180 µl trypan blue, to achieve a dilution factor of 10. 20 µl of
this cell mixture were pipetted at the rim of the coverslip. Through capillary force the dyed
cell suspension was dispensed under the coverslip. 4 x 16 squares were counted, averaged
over the cells and cell concentration was determined according to the following equation:
⎡ cells ⎤
cell concentration ⎢
= average x dilution factor x 5 x 10 3
⎥
ml
⎣
⎦

dilution factor =

cell suspension [μl ] + trypan blue [μl ]
cell suspension [μl ]
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6 RESULTS
6.1 Expression of the antibody αB2 in Physcomitrella patens

6.1.1 Cloning of moss specific vectors for transformation of Physcomitrella
patens
For the expression of the desired monoclonal antibody αB2 in Physcomitrella patens cells
(αB2b), the cDNA constructs for αB2 had to be cloned into a moss specific vector (Fig. 17)
for optimal expression rates. The first step for this purpose was to amplify the cDNA via PCR
using the primers MoB1632 (fwd) and MoB1633 (rev) for the light chain and MoB1634 (fwd)
and MoB1635 (rev) for the heavy chain, respectively. The constructs contained open reading
frames for light and heavy chains of the monoclonal antibody with variable region until the
stop codon but without the endogenous signal peptides.
The pfu polymerase amplified open reading frames were subsequently verified via agarose gel
electrophoresis. As the optimal annealing temperature was not exactly known, three different
temperatures were tested, 50, 55 and 60 °C.

Fig. 15: Agarose gel electrophoresis of PCR amplified cDNA
Each 40 µl of DNA were mixed with 6 µl orange G loading buffer and the total volume was applied on each lane
on a 1 % agarose / TAE gel; the gel run 1 h at 120 V
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The expected size for the light chain was 645 bp and for heavy chain 1341 bp, respectively,
which could be identified after gel electrophoresis. As seen in Fig. 15, there were no
differences in the amount of DNA with different annealing temperatures, so that the DNA was
isolated out of the agarose gel and subsequently purified. After purification of DNA an
agarose gel electrophoresis was started to control the correctness and the purity of the
samples.

Fig. 16: Agarose gel electrophoresis for control of purified DNA
2 µl of p127 vector, 0,5 µl and 3 µl of each light and heavy chain were filled up with H2O to a final volume of 20
µl and each 4 µl orange G loading buffer were added and loaded on a 1 % agarose / TAE gel. The gel run 1 h at
120 V.

According to the gel electrophoresis it was shown that after purification the open reading
frames of heavy and light chain were correctly isolated as the expected band sizes of 645 bp
for light chain and 1341 bp for heavy chain were found. Linearized and dephosphorylated
vector p127 was used as positive control.
As the optimal vector p127 for moss transfection was already proofed to be the most efficient,
p127 was linearized with blunt cutter, dephosphorylated and used as plasmid for the ligation
of the amplified DNA.
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Fig. 17: Moss specific cloning vector p127

Fig. 18: Restriction sites of vector p127
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The amplified open reading frames of light and heavy chain had each to be blunt ligated into
the linearized and dephosphorylated vector p127. In both cases (light and heavy chain) the
open reading frames were under the control of the expression promoting region of PpAct5.
For targeting the monoclonal antibody to the secretory pathway of Physcomitrella patens and
to the subsequent secretion into the culture supernatant, the signal peptide ToH1 from Thuja
occidentalis was used.
Therefore two different insert amounts were checked for the optimal ligation rate. Each light
and heavy chain 4,0 µl DNA were mixed with 3 µl vector p127, respectively. As negative
control 7,0 µl insert DNA for light and heavy chain were treated as the ligation preparation.

6.1.2 Transformation of E. coli Top10 and DNA preparation
For the propagation of the prepared light chain and heavy chain DNA for further
transformation steps of moss cells, chemocompetent E. coli Top10 cells were transformed
with the ligated DNA into the vector p127. The cells were subsequently plated onto LB agar
plates with ampicillin as resistance, as the plasmid carries a resistance against this antibiotic.
After 24 h incubation 24 grown colonies of each light and heavy chain were picked for
inoculation of a 3 mL LB over night culture. Subsequently the plasmid DNA was isolated
using the GE Healthcare Illustra plasmidPrep Mini Spin Kit. To verify the correct orientation
and the integrity of the light and the heavy chain a control digestion and a subsequent agarose
gel electophoresis was carried out. The digestion was performed using the restriction enzyme
Pst I as light chain carries two and heavy chain three of this restriction site. For the right
orientation the expected band sizes for light chain were estimated as 688 and 4913 bp and for
heavy chain 262, 1344 and 4691 bp.
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Fig. 19: Agarose gel electrophoresis of light chain plasmid DNA mini preparation
Each 15 µl Pst I digested plasmid DNA were mixed with 4 µl orange G loading buffer and loaded on a 1 %
agarose / TAE gel. The gel run 1,5 h at 140 V.

Fig. 20: Agarose gel electrophoresis of heavy chain plasmid DNA mini preparation
Each 15 µl Pst I digested plasmid DNA were mixed with 4 µl orange G loading buffer and loaded on a 1 %
agarose / TAE gel. The gel run 1,5 h at 140 V.

By means of the control digestion and the following gel electrophoresis, it could be shown
that 6 of the light chain clones had the correct band sizes, 688 and 4913 bp (clone 1, 5, 10, 11,
14 and 19). For heavy chain 9 clones showed the expected band sizes 262, 1344 and 4691 bp
(clone 3, 6, 7, 10, 11, 15, 17, 19 and 24).
For further verification a second digestion was performed using a restriction enzyme with
respective restriction sites localized directly in the gene of interest. In total two restriction
sites for Nde I were present in the plasmid so that two fragments could be generated after
digestion.
95

RESULTS
___________________________________________________________________________

Fig. 21: Agarose gel electrophoresis of control digestion of positive plasmid DNA mini
preparation
Each 15 µl Nde I digested plasmid DNA were mixed with 4 µl orange G loading buffer and loaded on a 1 %
agarose / TAE gel. The gel run 1 h at 120 V

The expected band sizes after Nde I digestion for light chain were estimated as 1490 and 4111
bp and for heavy chain 2186 and 4111 bp. With agarose gel electrophoresis it was verified
that all of the chosen positive clones, for heavy as well as for light chain, the correct inserts
were synthesized. For verification of integrity of the sequences and exact integration of the
open reading frames into the expression vector, each three positive clones for heavy chain
(clones 3, 6 and 7) and light chain (clones 1, 5 and 10) were confirmed to be positive in the
right sequence for light and heavy chain of the antibody αB2, respectively.
Consequently a new transformation step of E. coli Top10 cells was performed to propagate
DNA for transformation experiments. Chemocompetent E. coli Top10 cells were transformed
with each heavy chain clone 3 and light chain clone 1 plasmid DNA. With the grown
colonies, an 8 mL culture was inoculated and incubated for 8 h at + 37 °C with which
subsequently a 2,5 L over night culture inoculation was performed.
Before isolating the plasmid DNA in large scale, first a mini plasmid preparation and a
subsequent Pst I control digestion was investigated to verify the right insertion of the gene of
interest.
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Fig. 22: Agarose gel electrophoresis of digested plasmid DNA
Each 15 µl Pst I digested plasmid DNA were mixed with 5 µl orange G loading buffer and loaded on a 1 %
agarose / TAE gel. The gel run 1 h at 120 V

The expected band sizes for light chain (688 and 4913 bp) and heavy chain (262, 1344 and
4691 bp) could be verified after control digestion, leading to the performance of a large scale
plasmid DNA preparation according to the manual of Qiagen Plasmid Giga Kit. After each
DNA giga preparation, the DNA concentration was determined using a biophotometer. As
negative reference distilled H2O was used. DNA concentrations after giga preparation usually
achieved approximately 3 mg/mL.

6.1.3 BryoSpeed technology for transient transformation of Physcomitrella
patens
For a rapid expression and characterization of the desired monoclonal antibody, the transient
expression of proteins in Physcomitrella patens, allows a suitable possibility for this aim.
Therefore a large amount of plasmid DNA had to be generated because of the high DNA
consuming process of transient transformation.
The Physcomitrella patens double knockout strain Δfuc-t, Δxyl-t lacking β1,2xylolytransferase and α1,3-fucosyltransferase was used for transformation [72].
The resulting antibodies lack of the plant specific α1,3-linked core fucose and the β1,2-linked
xylose as well as the human-like α1,6-linked fucose, presumably resulting in enhanced
biological activity.
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For the production of several mg purified antibody, several transformation preparations had to
be performed. In this case two different approaches were investigated for transient expression
of αB2b.
According to the information and the experience of Greenovation, an addition of Nacetylglucosaminyltransferase II (GnTII) or N-acetylglucosaminyltransferase I (GnTI) to the
transformation process of moss cells, should lead to more homogenous glycosylation
structures of the antibody, so that one further attempt was to transform moss cells not only
with heavy and light chain but additionally with GnTII, to have the possibility to afterwards
compare the glycosylation structures arising from the different transformation methods [134].
Therefore for the approach without GnTII three and for those with the addition of GnTII four
independent multiple transformations were performed on several days.
Moss cells are able to secrete the correctly assembled antibody over a period of several
weeks, with first increasing and then decreasing antibody titer amounts, so that the harvest
after transformation steps was realized for 5 weeks [119].
The antibody amount determination of crude culture supernatant was performed using the
SARAN ELISA Kit. The microtiter plates were already blocked with anti-human IgG, and the
human IgG amount was measured based on an enzymatic colour reaction. The antibody
samples were diluted in an adequate serial (1:10, 1:50 and 1:200) to obtain reliable data. A
standard curve was performed using the provided standard samples. The absorption was
finally measured at 450 nm with a reference wavelength of 620 – 690 nm.

Tab. 1: Weekly determination of secreted antibody titer after transient transformation
Determination of antibody amount was performed according to the manual of SARAN-ELISA Kit
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In table 1 the produced antibody titer is shown over the production period of five weeks. After
each transformation process the antibody titer started with approximately 10 µg/mL with
increasing amounts after incubation of the transformed protoplasts over a period of 2 – 3
weeks but decreasing after incubation over 4 weeks.

Tab. 2: Total determination of harvested antibody after transient transformation

After termination of sample drawing of transient expressed αB2b, the total amount of
antibody was calculated before purification of the antibody. In total about 2,5 mg of αB2b
without GnTII and 1,5 mg with GnTII could be harvested from transient production, each in a
volume of 134 mL and 140 mL, respectively. The amount of αB2b with GnTII was in all
cases lower compared to those of the expression without GnTII.

6.1.3.1 Purification and first characterization of transient expressed αB2b
Before purification of the expressed antibody, preliminary characterization of transient
expressed αB2b was performed. Therefore a separation on a SDS-PAGE followed by silver
staining and western blot analyses were carried out.
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Fig. 23: SDS-PAGE silver staining of transient expressed αB2b in crude culture supernatant
Each 60 ng protein were loaded on a 4 – 12 % SDS polyacrylamide gel

In Fig. 23 two dominant bands arose after reduction of the antibody with DTT, at 50 kDa and
25 kDa, representing the heavy and the light chain. Non reduced samples showed their main
band at 150 kDa, showing the intact antibody. Yet, weak background bands were present
before purification, showing low impurities emerging probably of culture medium or
represent maybe plant cell derived impurities.
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Fig. 24: Detection of heavy and light chain of αB2a and transient expressed αB2b
Each 60 ng non-reduced and 300 ng reduced protein were loaded on a 4 – 12 % SDS polyacrylamide gel; heavy
and light chain was detected with anti-human IgG (γ-chain specific) or anti-human kappa light chains,
repectively; exposure time was 4 min.

Western blot analyses approved the existence of correctly assembled antibody. In this case
αB2b, produced in Physcomitrella patens was compared to the parental αB2a, expressed in
CHO cells. In both cases the dominant bands at ~ 56 and 26 kDa in reduced and at about 170
kDa in non-reduced state represented each the heavy and light chain of the antibody and the
intact αB2. With αB2b further band appeared at approximately 65 kDa, probably representing
a fragment of the heavy chain, because detected with the heavy chain specific antibody. One
further observation was that the samples αB2a and αB2b showed altered running
characteristics, probably due to the different media compositions.
The transient expressed antibody αB2b, with or without GnTII, respectively, was purified by
affinity chromatography using a protein A column. As proteins synthesized in Physcomitrella
patens, using variations of Knop media as secretion media, background impurities are kept
relatively low, a single purification step using a protein A column was enough to purify the
samples from contaminants as host cell proteins or other components of the medium in which
the antibody was secreted.
.
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In this study, protein A purification of the antibody was performed at an Äkta explorer device
using HiTrap Protein A HP column.
Therefore the pooled crude culture supernatants were loaded onto the protein A column and
subsequently eluted with 0,1 M glycin pH 2,9 (elution buffer). As the elution buffer had a low
pH, the eluted fractions were immediately neutralized with 1/20 volume of 1 M Tris, pH 9,0.
The purification and the elution of transient αB2b were performed according to profiles of
other IgG purification runs.

A
Sample

B
Sample

Fig. 25: Elution profile of the purification of transient expressed αB2b
A. αB2b without GnTII; grey: pH, blue: mAu, red: fractions (each 0,5 mL)
B. αB2b with GnTII; grey: pH, blue: mAu, red: fractions (each 0,5 mL)

With the specific extinction coefficient 1,45 for αB2 and an area under the peak with 692
[Au x mL] for αB2b without GnTII and I of 0,2 cm a total amount of 1010 µg protein was
found under the mean peak. Side fractions indicating protein contents were mixed with the
102

RESULTS
___________________________________________________________________________
fractions of the mean peak area. For αB2b with GnTII the protein amount under the mean
peak resulted in 669 µg.
As the fractions of the elution were quantified based to the protein amount, the fractions
showing the highest concentrations were pooled and sterile filtrated through a 0,2 µm filter,
for αB2b without GnTII as well as for αB2b with GnTII.
The pooled samples were subsequently quantified using SARAN-ELISA for final
determination of antibody concentration.

Fig. 26: Quantification of transient produced αB2b
A. Quantification of αB2b without GnTII
B. Quantification of αB2b with GnTII

The determination of antibody concentration via SARAN-ELISA resulted in 650 µg/mL and
360 µg/mL as described in Fig. 26. The calculated total amount was 1300 µg for αB2b
without GnTII and 720 µg for αB2b with GnTII.
After purification of the monoclonal antibodies further characterizations regarding integrity,
molecular weight and potential degradation products were performed, comprising SDS-PAGE
followed by silver and coomassie staining and western blot analyses.
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Fig. 27: SDS-PAGE silver staining of transient expressed αB2b without GnTII
Different amounts of protein in non-reduced state were loaded on a 4 – 12 % SDS polyacrylamide gel; the
following proteins amounts were loaded: SNF: 31 ng, F3: 48 ng, A6: 1,7 ng, pool: 325, A12: 40 ng, B11: 4,4 ng,
F4: 0,4 ng, F5: 1,3 ng

As seen in Fig. 27 low protein amounts in the sample prior Äkta (SNF) and the following
column flowthrough (F3) were found which were discarded. The predominant amount of
antibody at a molecular weight of 150 kDa was found in the pool of fractions, approving the
integrity, the correct assembly and a relatively high purity of the antibody. Comparable results
were found for αB2b with GnTII (data not shown).

Fig. 28: SDS-PAGE coomassie staining of transient expressed αB2b without GnTII
Each lane 3,9 µg protein were loaded on a 4 – 12 % SDS polyacrylamide gel

In Fig. 28 the antibody expressed in Physcomitrella patens was compared to the antibody
produced in CHO with respect to the purification grade and integrity.
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αB2b without GnTII showed comparable purity levels to αB2a, as hardly background bands
appeared, except of the predominantly existing bands at ~ 170 kDa, representing the intact,
non-reduced antibody and at ~ 56 and 26 kDa, showing heavy and light chain, respectively.
Again, as before purification, an additional band was observed at ~ 60 kDa in non-reduced
and at ~ 34 kDa in reduced state, probably representing a fragment of the heavy chain.
Comparable results were also found for αB2b with GnTII (data not shown).
Western blot analyses followed to specifically detect heavy and light chain of the protein.

Fig. 29: Detection of heavy and light chain of purified αB2a and αB2b
Each 50 ng non-reduced and 350 ng reduced protein were loaded on a 4 – 12 % SDS polyacrylamide gel; heavy
and light chain were detected with anti-human IgG (γ-chain specific) or anti-human kappa light chains,
repectively; exposure time was 2 min.

Both, heavy and light chain at ~ 56 and 26 kDa of αB2b were present as compared to the
parental αB2a when reduced. Non-reduced, the intact antibodies were detected with a
molecular weight of about 170 kDa. With the heavy chain specific antibody a further band
was detected in the reduced state at ~ 30 kDa as well as in the non-reduced state at ~ 60 kDa,
revealing that the appearing band could represent a fragment of the heavy chain, as seen in
Fig. 24 and 28.
To confirm that the expressed αB2b was synthesized without the plant specific glycans α1,3fucose and β1,2-xylose a horseradish peroxidase (HRP) western blot was performed. The used
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rabbit anti-peroxidase antibody was specifically able to detect not only HRP but also the
mentioned glycans and as second antibody, a donkey anti-rabbit Ig peroxidase conjugate was
used. As positive control an IgG1 produced in wild-type moss, expressing α1,3-fucose and
β1,2-xylose, was applied.

Fig. 30: Horseradish peroxidase western blot of transient expressed αB2b
Of each αB2a, αB2b without and with GnTII 360 ng and 120, 240 and 360 ng of a moss wild-type IgG1 were
loaded on a 4 – 12 % SDS polyacrylamide gel; plant specific glycan residues were detected with the rabbit antiperoxidase antibody; exposure time was 2 min.

Fig. 30 demonstrates that with the rabbit anti-peroxidase antibody no signals could be
detected with αB2 antibodies. In contrast, the moss wild-type IgG1 shows increasing band
signals at about 56 kDa with increasing protein amounts, revealing the presence of the plant
specific α1,3-fucose and β1,2-xylose.

6.1.4 BryoMaster technology for stable transformation of Physcomitrella
patens
For the generation of a stable transformed and genetically more robust moss strain, the
BryoMaster technology was applied. For the production of the monoclonal antibody αB2b in
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stable transformed moss cells, the double knockout strain Δfuc-t, Δxyl-t lacking β1,2xylolytransferase and α1,3-fucosyltransferase, was used as production cell line.
For better and more stable integration of plasmid DNA into the genome, a linearization of the
plasmid DNA is necessary. The gained DNA of giga preparation was linearized through an
enzymatic digestion. Furthermore linearization had the advantage that no bacterial or viral
sequences were transformed, because thus only the moss derived 3’ UTR with terminator, the
5’ UTR, the signal peptide, the promoter and the gene of interest were integrated into the
genome of moss cells.
For linearization, the restriction enzymes Xho I, Hind III and PVU I were used together with
the adequate restriction buffer R+ for all three enzymes. As relatively high amounts of DNA
were digested the incubation time was increased up to 4 h. To obtain enough DNA for
transformation each heavy and light chain 100 µg DNA were digested. To check the success
of digestion heavy and light chain digestion samples were investigated on an agarose gel. For
heavy chain four fragment with a size of 126, 896, 1616 and 3659 bp were expected and for
light chain of 126, 896, 1616 and 2963 bp.

Fig. 31: Agarose gel electrophoresis of Xho I, Hind III and PVU I digested plasmid DNA
Each 4 x 50 µl digested plasmid DNA of heavy and light chain were mixed with 40 µl orange G loading buffer
and each lane 30 µl DNA mix were loaded on a 1 % agarose / TAE gel. The gel run 3 h at 140 V.

The linearization of plasmid DNA was successful as all expected bands were present. The
signal at 3659 bp represented the heavy chain and at 2963 bp the light chain.
These bands were isolated out of the agarose gel and purified. Subsequently DNA was
precipitated and DNA concentration was determined, having a concentration of 1,347 µg/µL
for heavy chain and 1,253 µg/µL for light chain.
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The linearized plasmid DNA containing the resistance marker pRT99_NPT-II for geneticin
(G418) was used for transformation of Physcomitrella patens protoplasts as described in
5.2.5.2.
After transformation and regeneration of moss protoplasts, they were transferred onto BM
agar plates displayed with a cellophane film to allow growth. After 7 days of growth the
cellophane film with the germinating protoplasts was transferred onto BM agar plates
containing G418 to select successfully transformed moss cells.
For screening investigations and identifying antibody producing moss clones, G418 resistant
clones were isolated into 48-well plates covered with BM agar containing BM additives and
glucose for optimal growth. In total 346 clones were found to be positive for G418 resistance.
After approximately two weeks, the grown clones were transferred into 48-well plates
containing secretion medium allowing an expression of the desired αB2b over a period of one
week.
The screening implied the determination of the amount of expressed IgG out of the
supernatant, measured via SARAN-ELISA. 20 clones were thereby found to produce and
secrete antibody into the surrounding medium and four of them were selected as best producer
with a titer of 250 – 1000 ng/mL after one week incubation.
PCR screens on genomic DNA preparations followed for confirmation of correct integration
of heavy and light chain DNA.
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Fig. 32: Agarose gel electrophoresis of PCR amplified DNA extract of transformed moss
cells
Each 20 µl of DNA were mixed with 6 µl orange G loading buffer and the total volume was applied on each lane
on a 1 % agarose / TAE gel; the gel run 1 h at 120 V; in Fig. 18A HC primer were used for amplification
whereas in Fig. 18B the LC primer were used

The evaluation of the gels in Fig. 32 confirmed that 16 out of 20 SARAN-ELISA positive
fractions were also positive in correctly expressing heavy chain showing a band size at 1341
bp and all 20 clones are positive regarding light chain expression with a band size of 645 bp.
As four clones (clone number 43, 49, 138 and 172) were shown to be the best producer,
further analyses in small scale flask cultures under different media conditions (culturing and
secretion media) were performed to predict the best candidate for large scale production of
αB2b.
Before large scale production of αB2b a further protoplasting step was performed. This
investigation was necessary because many of the haploid moss cells are persistent in the G2
phase of the cell cycle. They are still haploid, but there is the possibility that chromosomes
could contain two chromatides (2n), so that genetic chimera can appear, regarding the ectopic
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inserted DNA. Therefore the eventuality is given that the inserted DNA is integrated only in
one chromatide, leading to two genetic different cells after mitose.
Protoplasting already transformed cells and subsequently analysing them regarding antibody
secretion leads to the identification of clones with completely isogenic cells.
After germination and growth of the protoplasted cells they were transferred into secretion
medium to allow antibody secretion and subsequent analyses regarding the amount of the
produced protein.
In this study, the four best producer clones 43, 49, 138 and 172 were positive in antibody
secretion after re-cloning, so that further investigations could be started with these clones.
Therefore all four clones were cultivated under the different media in small scale flasks. Cells
cultivated in culturing medium, did not secrete antibody into the surrounding medium which
required a dry weight determination and a cell disruption, as described in 5.2.5.5 and 5.2.5.6
for a subsequent quantification of the extracted protein. For cells cultivated in secretion
medium, crude culture supernatant could be harvested for quantification analyses, as the
antibody was secreted into the medium.

Tab. 3: Quantification of antibody expression of stable transformants
The amount of antibody was measured by means of SARAN-ELISA, either after cell disruption or out of crude
culture supernatant

It was detected that clone number 49 was the most effective one, followed by clone 138, so
that two different 5 L bioreactors were inoculated with starter culture (culture in BM medium
in 200 mL glass flasks) in secretion medium. The transformed moss cells were cultivated over
a period of 20 – 35 days before harvesting the medium containing the secreted antibody.
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6.1.4.1 Purification and first characterization of stable expressed αB2b
For harvest of the secreted antibody, the moss cells were removed by filtration of the 5 L
bioreactor cultures using a 50 µm filter to obtain a cell free supernatant.
Purification was performed by affinity chromatography using a protein A column. Crude
culture supernatant was loaded on a HiTrap Protein A HP column and fractioned by the Äkta
explorer as described under 5.2.6.1.

Fig. 33: Elution profile of the purification of transient expressed αB2b
grey: pH, blue: mAu, red: fractions (each 0,5 mL)

Purification of αB2b expressed from the stable clone 49 was purified as demonstrated in Fig.
33. The UV280 peak integration resulted in an area under the peak corresponding to the protein
amount. The calculation of the protein amount was performed as described under 5.2.6.1 as
well as by quantification via SARAN-ELISA.
After purification the resulting fractions under the main peak were pooled and sterile filtrated
through a 0,2 µm filter. Subsequently the protein concentration was measured by SARANELISA, resulting in a concentration of 1,86 mg/mL for αB2b clone 138 and of 0,77 mg/mL
for αB2b clone 49.
In further descriptions the stable produced antibodies were described as αB2b-49 and αB2b138.
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The purified αB2b was subsequently characterized regarding correct assembly, molecular
weight and potential degradation products, using SDS-PAGEs, followed by silver and
coomassie staining and western blot analyses.

Fig. 34: SDS-PAGE silver staining of stable expressed αB2b-138 and αB2b-49
A. each lane 30 ng of αB2a and αB2b-138 were loaded on a 4 – 12 % SDS polyacrylamide gel
B. each lane 300 ng of αB2a αB2b-49 were loaded on a 4 – 12 % SDS polyacrylamide gel

Compared to the parental αB2a, the stable expressed αB2b-138 and αB2b-49 showed an
identical profile of the antibody. At 150 kDa in non-reduced state the fully assembled
antibody could be detected and in reduced state heavy and light chain were identified at 50
and 25 kDa. The purity of the antibodies is comparable to the CHO expressed one, so that it
can be concluded that one purification step is sufficient for moss expressed antibodies.
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Fig. 35: SDS-PAGE coomassie staining of stable expressed αB2b-138 and αB2b-49
A. each lane 10 µg of αB2a and αB2b-138 were loaded on a 4 – 12 % SDS polyacrylamide gel
B. each lane 10 µg of αB2a and αB2b-49 were loaded on a 4 – 12 % SDS polyacrylamide gel

The silver stained SDS-PAGE confirmed the data of the coomassie stained gel. The moss
expressed antibodies αB2b-138 and αB2b-49 are comparable to the related antibody αB2a.
The fully assembled antibody was detected at 150 kDa under non-reduced conditions. Heavy
and light chain, were identified at a molecular weight of 50 and 25 kDa, respectively. The
purity of both, αB2a and αB2b were assessed as comparable, because the same band pattern
were seen.
Furthermore the additional bands at ~ 60 kDa in non-reduced state and at ~ 30 kDa under
reduced conditions as observed with the transient produced αB2b could not be detected
anymore, revealing that in the stable produced fractions of the antibodies, no fragments of the
heavy chain were existent, which was additionally confirmed with western blot analyses.
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Fig. 36: Detection of heavy and light chain of αB2b-138 and αB2b-49
Each 90 ng non-reduced and 400 ng reduced protein were loaded on a 4 – 12 % SDS polyacrylamide gel; heavy
and light chain were detected with anti-human IgG (γ-chain specific) or anti-human kappa light chains,
repectively; exposure time was 1 min.
A. detection of heavy and light chain of αB2a and αB2b-138
B. detection of heavy and light chain of αB2a and αB2b-49

Both, heavy and light chain could be specifically detected with the specific heavy and light
chain antibodies in western blot investigations. Under non-reduced conditions the antibody
was detected with a molecular weight of ~ 170 kDa, whereas in the reduced state heavy and
light chain were found at ~ 56 and ~ 26 kDa, respectively. It could also be confirmed by
western blot analyses that no fragments of the heavy chain are existent with the stable
produced αB2b.
For the assessment of the absence of plant-specific sugar residues, α1,3-fucose and β1,2xylose, in αB2 antibodies (in αB2a as well as in αB2b) a HRP western blot was performed.
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Fig. 37: Horseradish peroxidase western blot of stable expressed αB2b
Of each αB2a, αB2b-138 and αB2b-49 350 ng and 120, 240 and 360 ng of a moss wild-type IgG1 were loaded
on a 4 – 12 % SDS polyacrylamide gel; plant specific glycan residues were detected with the rabbit antiperoxidase antibody; exposure time was 4 min.

The plant-specific glycans, as only present on proteins secreted in wild-type moss, could
indeed be detected only with the IgG produced in wild-type moss and were absent for the αB2
antibodies. The band signals at approximately 56 kDa for the moss wild-type IgG represented
the glycans and augmented with increasing protein loading.
After successful production of the αB2b antibody in Physcomitrella patens, with BryoSpeed
and BryoMaster technology as well, the samples were analysed regarding their glycosylation
profile using mass spectroscopy and oligosaccharide mapping and especially regarding their
biological activity in binding and cytotoxicity assays.

6.1.4.2 Purification and first characterization of αB2b of homogenized moss
tissue
For comparison analyses of the difference between harvesting methods of antibodies a 5 L
photobioreactor was inoculated with a preculture of αB2b-138 under non-secretory conditions
in Knop medium. After 17 days of cultivation the biomass was harvested and the cells were
homogenized by french press (kindly performed from Dr. Wolfgang Jost, Greenovation). The
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disrupted cell debris were then filtrated through a 50 µm filter and the resulting flow-through
was used for purification of the released antibody.
Purification was performed as already described via Äkta explorer device by protein A
column. The purification fractions were collected, pooled and quantified via SARAN-ELISA
for the determination of the antibody amount, measuring 1,39 mg/mL antibody concentration.
The purified antibody was subsequently named αB2b-138hom.
The antibody of homogenized moss tissue was investigated regarding its correct formation
and potentially existent degradation products using SDS-PAGEs (silver and coomassie
staining) and western blot analyses.

Fig. 38: SDS-PAGE silver staining of stable expressed αB2b-138hom
Each lane 1 µg of αB2a and αB2b-138hom were loaded on a 4 – 12 % SDS polyacrylamide gel

Fig. 39: SDS-PAGE coomassie staining of stable expressed αB2b-138hom
Each lane 5 µg of αB2a and αB2b-138hom were loaded on a 4 – 12 % SDS polyacrylamide gel
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By means of Fig. 38 and 39 it could be detected that the antibody of homogenized moss
tissue, αB2b-138hom had the same assembly as the parental antibody. At ~170 kDa in nonreduced state (silver and coomassie staining as well) the folded protein was detected and in
reduced state heavy and light chain at ~56 and ~26 kDa were identified, for αB2a as well as
for αB2b-138hom.
Furthermore no additional bands could be identified, indicating a relatively pure protein
solution.
Western blot analyses were subsequently performed to specifically verify the presence of
heavy and light chain.

Fig. 40: Detection of heavy and light chain of αB2a and αB2b-138hom
Each 500 ng reduced protein were loaded on a 4 – 12 % SDS polyacrylamide gel; heavy and light chain were
detected simultaneously with anti-human IgG (γ-chain specific) and anti-human kappa light chains; exposure
time was 1 min.

Light chain at ~ 26 kDa and heavy chain at ~ 56 kDa were detected for both αB2a and
αB2b138-hom, as seen in Fig. 40. Additionally it could be shown that no further bands
appeared, consequently leading to the conclusion that no heavy or light chain specific
fragments were existent.
The investigation of the presence of plant-specific glycans attached to the Asn297 residue of
the antibody was again performed via a HRP western blot analysis.
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Fig. 41: Horseradish peroxidase western blot of stable expressed αB2b
Each 500 ng of a moss wild-type IgG1 and of αB2b-138hom were loaded on a 4 – 12 % SDS polyacrylamide gel;
plant specific glycan residues were detected with the rabbit anti-peroxidase antibody; exposure time was 4 min.

In Fig. 41 the appearing band at ~ 56 kDa in lane 1 corresponded to horseradish peroxidase as
well as to the plant-specific glycans α1,3-fucose and β1,2-xylose. In lane 2 no signals could
be detected, so that it could be presumed that in αB2b-138hom expressed in the α1,3-fucose
and β1,2-xylose double knockout moss strain, none of those glycans were present.

6.2 Characterization

of

the

antibody

αB2

expressed

in

Physcomitrella patens

6.2.1 Characterization of transient expressed αB2b (BryoSpeed)
6.2.1.1 Structural analyses of transient expressed αB2b
First, one of the most important information was to achieve a complete clarification of the
antibody structure. Therefore mass spectroscopy analyses were performed to identify the
glycans attached to the antibody and potential fragmentations of αB2b.
Therefore reverse phase high-performance liquid chromatography (RP-HPLC) was
performed, which subsequently passed into the electrospray ionization mass spectrometer
(ESI-MS) as described under 5.2.12.1 in reduced and native state.
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Furthermore a separation according to size with high performance size exclusion
chromatography (HP-SEC) was performed for additional determination of the antibody
structure.
With HP-SEC analysis the same structures were found as with RP-HPLC investigations,
therefore the data of HP-SEC are not shown in this study.
The investigations with native antibodies resulted in the demonstration of the same glycan
structures as in the reduced state and therefore these data were renounced.
The nomenclatures of the glycan structures attached to the antibodies were used as followed:

Fig. 42: Nomenclature of glycan structures found in αB2
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Fig. 43: Mass spectra of RP-HPLC with reduced transient expressed αB2b
A. Mass spectrum of αB2a
B. Mass spectrum of αB2b without GnTII
C. Mass spectrum αB2b with GnTII
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As seen in Fig. 43, the mass spectra of the three different antibody samples differ in their
glycan distribution, especially in their content of fucosylation.
The main structure of the αB2a antibody is A2FG0, whereas αB2b, without as well as with
GnTII, showed that A2G0 is the predominant structure, resulting in a completely
defucosylated antibody from the moss Physcomitrella patens.
In each sample a small amount of non-glycosylated heavy chain was found with values of 5 %
for αB2a, 16 % for αB2b without GnTII and 27 % for αB2b with GnTII, demonstrating that
the moss expressed antibodies showed weaker glycosylation capacity compared to the
antibody produced in CHO.

Tab. 4: Glycan structure distribution of transient expressed αB2b
The area under the peak of mass spectrum was used for calculation of the percentage of glycans

In Table 4 the distribution of the glycan structure in each antibody sample is shown,
indicating the relative percentage of each structure.
Furthermore the percentage of non-glycosylated antibodies was evaluated, which directly are
involved in the activity of the therapeutic protein.
It was found that the transient moss expressed antibodies had a higher portion of nonglycosylated structures as αB2a.
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Tab. 5: Distribution of glycosylated and non-glycosylated structures of the heavy chain of
transient expressed αB2b
The area under the peak of mass spectrum was used for calculation of the percentage of glycan distribution

Fig. 44: Graphic illustration of the distribution of glycosylated and non-glycosylated heavy
chains of transient expressed αB2b compared to αB2a

As seen in Table 5 and Fig. 44 it could be concluded that the ratio of non-glycosylated heavy
chain structures in transient moss expressed αB2 is higher as compared to αB2a, leading to
the assumption that this could result in weaker receptor binding and biological activities.
Yet, by means of all mass spectroscopy analyses it could further be demonstrated that in the
transient expressed antibodies, a high amount of heavy chain fragments were existent, which
was also observed in the coomassie stained SDS-PAGEs of αB2b with and without GnTII.
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The HP-SEC spectrum of native αB2b without GnTII shown in Fig. 45 serves as exemplary
demonstration of the existing heavy chain fragments, as the second peak eluted contained
heavy chain fragments.

Fig. 45: Mass spectrum of native HP-SEC of αB2b without GnTII
Mass spectrum of heavy chain fragments of αB2b w/o GnTII

In Fig. 45 it is seen that fragments with a size of approximately 100.000 kDa appeared in high
frequency, indicating that this could indeed be fragments of the heavy chain.
Same results were generated for αB2b with GnTII (Fig. 46), whereas αB2a did not contain
any fragments, indicating a high purity and stability of the CHO produced product.

Fig. 46: Mass spectrum of native HP-SEC of αB2b with GnTII
Mass spectrum of heavy chain fragments of αB2b with GnTII
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After peak integration it was found that αB2b without GnTII contained 30,9 % fragments and
αB2b with GnTII 34,4 %, representing a high portion of disrupted antibody.
To confirm the data obtained from mass spectroscopy analyses a further method was applied
for detection of the different glycan structures of the antibodies. Therefore the
oligosaccharides attached to the protein were cleaved and subsequently labelled with the
fluorescent 2-aminobenzamide (2-AB). The samples were then analysed via normal phase
high-performance liquid chromatography (NP-HPLC) as described under 5.2.11.

Fig. 47: Oligosaccharide mapping of transient expressed 2-AB labelled αB2b
2-AB labelled antibodies were analysed via NP-HPLC; the area under the peak was used for calculation
of glycan distribution

By means of the oligosaccharide mapping the data obtained from the mass spectroscopy
analyses could be verified regarding the composition of the glycan structure of each antibody,
αB2a as reference, αB2b without GnTII and αB2b with GnTII.
Similar results were generated with the fluorescent labelling of the oligosaccharides (Fig. 47).
For the CHO expressed αB2a 71,6 % of the A2FG0 main structure were found, 13,3 % Man5
and 15,1 % A2FG1 structures as well.
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The distribution of the glycans in the transient moss expressed antibodies corresponded as
well with the previous results having A2G0 as key structure, and the difference between αB2b
without and with GnTII was also found with the oligosaccharide mapping. Without GnTII a
part of the antibody was incompletely glycosylated, bearing 24,1 % A2G0 missing one
GlcNAc residue, where this incomplete structure was not found in αB2b with GnTII. The
A2G0 amount accounted 75,9 % for αB2b without GnTII and 90,3 % for that with GnTII, and
additional 9,7 % A2G1 were seen in αB2b with GnTII.

6.2.1.2 Analyses of the biological activity of transient expressed αB2b
6.2.1.2.1 Binding affinities to Fcγ receptors and Fab regions of transient
expressed αB2b
For investigations of the biological activity of the produced antibodies first Biacore binding
assays to FcγRs were performed, as FcγRIII is the most important receptor for the induction
of antibody-dependent cellular cytotoxicity. In this case binding analyses were performed
with the FcγRIIIA with the V/V polymorphism.
Therefore the binding properties of αB2a, used as standard reference, αB2b without and with
GnTII were tested as described under 5.2.10.1.

Tab. 6: FcγRIIIA binding activity of transient expressed αB2b

Compared to the parental antibody, αB2b showed higher binding activities to FcγRIIIA. αB2a
was used as standard reference and was defined as 100 % binding activity. For αB2b without
GnTII 252 % binding activity were found, meaning a 2,5-fold increase of the affinity to
FcγRIIIA. Similar values were detected for αB2b with GnTII with 233 % activity, indicating
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that the moss expressed antibodies had better FcγRIIIA affinities compared to the CHO
expressed one.
The investigation of the FcγRI binding was performed although it was assumed that there
should not be significant differences between each antibody, because as described in
literature, the glycosylation of an antibody does not alter the binding affinity to the FcγRI
receptor.
Binding to FcγRI was also measured via Biacore, in this case in a kinetic assay, as mentioned
in 5.2.10.2.

Tab. 7: FcγRI binding activity of transient expressed αB2b

The measurements of the FcγRI binding properties showed that the association rate (ka) of the
transient expressed αB2b was higher and the dissociation rate (kd) lower compared to the
parental αB2a, indicating that there is a better binding capacity of αB2b. The binding activity
based on the thermodynamic constant KD as dissociation equilibrium had lower values for
αB2b as for αB2a, which resulted in the assumption that the moss expressed antibodies had a
higher binding affinity for FcγRI.
Subsequently further binding investigations were performed, as the binding properties to the
Fab region. Therefore Ramos cells were used, bearing the specific target for the analyzing
antibody. Ramos cells and a serial dilution of the antibodies were mixed and subsequent a
constant concentration of 0,4 mg/mL of a fluorescent marked αB2a was added for a
competitive assay.
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Fig. 48: Fab binding competitive assay of transient expressed αB2b
Cell based binding assay using Ramos as target cells; fluorescence was detected using Guava FACS

For the evaluation of the binding properties it had to be noted that the higher the achieved
fluorescence rate, the weaker was the binding of the Fab part of the respective antibody to the
target cell, because of better suppression by the fluorescence labelled antibody.
In this case it could be detected that the parental αB2a showed a higher binding affinity to the
target cell, because of better suppression of the fluorescent labelled antibody by αB2a,
compared to αB2b without GnTII (Fig. 48). αB2b without GnTII showed 25,4 % Fab binding
affinity compared to 100 % with αB2a, as the EC50 value for αB2a was calculated resulting in
0,045 µg/mL and for αB2b without GnTII with 0,178 µg/mL. Investigations of the Fab
binding with αB2b with GnTII could not be generated because no further samples were
available.

6.2.1.2.2 Biological activity of transient expressed αB2b in antibody-dependent
cellular cytotoxicity
One of the most significant assay for the detection of the biological activity for this antibody,
is the antibody-dependent cellular cytotoxicity (ADCC), also because the αB2 antibody does
not have CDC activity. Therefore fluorescent labelled target cells (Ramos) and effector cells
(NK cells) were incubated with serial diluted antibody for the induction of FcγRIII-mediated
cell lysis by killer cells.
This assay was used for in vivo condition simulation and reveals the potency of the
investigated antibody.
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The two transient moss expressed antibodies αB2b without and with GnTII were analyzed and
compared to the efficacy of the CHO expressed αB2a.

Fig. 49: ADCC with transient expressed αB2b
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1

The detected fluorescence emitted by lysed target cells was measured which correlated with
the amount of dead or damaged cells.
It was found that the moss expressed antibodies showed a slightly higher lytic activity
compared to αB2a.
For the determination of the mean effective concentration (EC50), the antibody concentration
needed for the halfmaximal lysis rate was evaluated.
The EC50 values for αB2a resulted in 0,03 µg/mL, for αB2b without GnTII in 0,018 mg/mL
and for αB2b with GnTII in 0,022 µg/mL. Defining the CHO expressed antibody as standard
(100 %), αB2b without GnTII showed an activity of 167 % and αB2b with GnTII of 135 %,
indicating a higher lytic potential of the moss derived antibodies (Fig. 49). Furthermore a
higher maximal lysis rate was observed for αB2b without and with GnTII, being 82 % for
αB2b without GnTII and 87 % for αB2b with GnTII compared to 57 % for the parental αB2a.
As negative control target cells were incubated with a serial dilution of the parental antibody
αB2a to exclude unspecific lysis of the cells. The spontaneous lysis was considered in the
calculation of the EC50 values.
128

RESULTS
___________________________________________________________________________

6.2.2 Characterization of stable expressed αB2b (BryoMaster)
6.2.2.1 Structural analyses of stable expressed αB2b
For the identification of the glycan structures of the stable expressed antibodies, mass
spectroscopy analyses were performed as before. The stable moss expressed antibodies αB2b138, αB2b-49 and αB2b-138hom were compared to the parental αB2a as reference.
The reverse phase high-performance liquid chromatography (RP-HPLC) was used as method
before detecting the samples by the electrospray ionization mass spectrometer (ESI-MS) in
native and reduced state for comparison of both methods. Furthermore high performance size
exclusion chromatography (HP-SEC) analyses were made to detect probably existent
fragments or aggregations of the antibody samples.
As HP-SEC and RP-HPLC analyses showed the same results, the HP-SEC data were
renounced.
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Fig. 50: Mass spectra of RP-HPLC with reduced stable expressed αB2b
A. Mass spectrum of αB2a
B. Mass spectrum of αB2b-138
C. Mass spectrum of αB2b-49
D. Mass spectrum of αB2b-138hom
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According to the illustration in Fig. 50 it was demonstrated that the antibodies differ regarding
their structural distribution of the glycans. The parental αB2a showed a similar glycan pattern
as in Fig. 43. The three moss derived antibodies share the commonality of defucosylated
structures, as reported before.

Tab. 8: Glycan structure distribution of stable expressed αB2b
The area under the peak of mass spectrum was used for calculation of the percentage of glycan distribution

The mean structure of the parental antibody αB2a is the fucosylated A2FG0 variant with
80 %. High mannose structures (Man5) accounted with 6 % for the entire glycan structures
and 13 % were detected for A2FG1.
The stable moss expressed antibodies showed higher portions of incompletely glycosylated
heavy chains.
The portion of αB2b-138 for the A2G0 structure missing one GlcNAc residue was detected
with 50 %, for αB2b-49 with 69 % and for αB2b-138hom with 30 %, resulting in the
assumption that αB2b-49 could be the antibody with the lowest activity, as this is the most
incompletely glycosylated one.
Yet, the moss derived antibodies were found to be all completely defucosylated with 50 %
A2G0 structure distribution for αB2b-138, 31 % for αB2b-49 and 70 % for αB2b-138hom.
Furthermore it was observed that the antibody samples contained fractions of unglycosylated
heavy chains.
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Fig. 51: Graphic illustration of the distribution of glycosylated and non-glycosylated heavy
chains of stable expressed αB2b

Compared to the transient moss expressed antibodies, the proteins produced in the stable cell
line showed lower rates of unglycosylated fractions with 8 % for αB2b-138 and αB2b-49 and
7 % for αB2b-138hom as illustrated in Fig. 51.
For all samples produced in the stable moss cell line HP-SEC analyses were performed for
identification of putative existent antibody fragments. In all samples of stable expressed αB2b
no fragments were detected (data not shown).
For the affirmation of the data of glycan distribution generated via mass spectroscopy, the
oligosaccharides attached to the antibody were labelled with 2-AB and an oligosaccharide
mapping was performed.
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Fig. 52: Oligosaccharide mapping of stable expressed 2-AB labelled αB2b
2-AB labelled antibodies were analysed via NP-HPLC; the area under the peak was used for calculation
of glycan distribution

The oligosaccharide mapping revealed that the glycan distribution measured by mass
spectroscopy could be recovered similarly. For the CHO expressed αB2a 72,3 % A2FG0
structure was found as well as 12,9 % of the high mannose structure (Man5) and 14,8 %
partial galactosylated basic structure (A2FG1).
For the antibodies expressed in Physcomitrella patens, the transient and the stable ones, two
different structures were found, the incomplete glycosylated A2G0 missing one GlcNAc
residue and A2G0. For αB2b-138 38,2 % of A2G0-GlcNAc were identified, for αB2b-49 60,8
% and finally for αB2b-138hom 29,0 %. The fully glycosylated A2G0 structure accounted
with
61,8 % for αB2b-138, with 39,2 % for αB2b-49 and with 71,0 % for αB2b-138hom, showing
in summary moderate divergent results compared to the mass spectroscopy ones.

133

RESULTS
___________________________________________________________________________

6.2.2.2 Analyses of the biological activity of stable expressed αB2b
6.2.2.2.1 Binding affinities to Fcγ receptors and Fab regions of stable expressed
αB2b
For investigations of the binding characteristics of the antibodies to FcγRIIIA, the receptor
was immobilized on a sensor chip and binding affinities were measured via Biacore
technology. Therefore the CHO expressed αB2a antibody was used as reference and was
equalized as 100 % binding activity. The moss expressed antibodies were then compared with
αB2a.

Tab. 9: FcγRIIIA binding activity of stable expressed αB2b

Compared to the parental antibody, αB2b-138 with 512 %, αB2b-49 with 410 % and αB2b138hom with 422 % binding activity, showed significant higher binding affinities for the
CD16 receptor. The binding capacity is 4 – 5 fold increased for the stable expressed
antibodies in Physcomitrella patens.
For the CD64 binding, similar association and dissociation rates were expected for both CHO
and moss expressed antibodies.
In contrast to FcγRIII binding measurements, the FcγRI binding was investigated in a kinetic
assay with the Biacore technology, where association and dissociation rates were determined.
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Tab. 10: FcγRI binding activity of stable expressed αB2b

As figured out in table 10, each sample had approximately the same binding capacity to
FcγRI. αB2b-138hom was measured in a separate assay preparation and was therefore
compared with a separate αB2a as reference. As αB2a used as standard was set to 100 %,
αB2b-138 showed 97 %, αB2b-49 and αB2b-138hom 105 %. The difference between the
generated data resulted from assay fluctuation and could be neglected.
The property of the antibodies expressed in the stable cell lines of Physcomitrella patens
regarding their ability of Fab binding was investigated in a competitive assay, adding a
fluorescence labelled αB2 antibody.
Ramos cells, bearing the target for the specific antibodies were used for the binding assays.
As the fluorescent labelled antibody competed with the analyzing one, the amount of emitted
fluorescence correlated with the binding capacity.
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Fig. 53: Fab binding competitive assay of stable expressed αB2b
Cell based binding assay using Ramos as target cells; fluorescence was detected using Guava FACS

As seen in Fig. 53, the antibodies αB2a, αB2b-138 and αB2b-49 were comparable, in contrast
to αB2b-138hom, which showed a slightly weaker binding to its target.
The differences between each sample were evaluated using the adequate ELISA evaluation
software. The parental antibody αB2a was set as standard with 100 % binding activity to the
Fab region. Compared with αB2a, αB2b-138 resulted in a binding affinity of 78,5 % with an
EC50 value of 0,047 µg/mL, αB2b-49 had a binding capacity of 73,1 % and an EC50 of 0,049
µg/mL and finally αB2b-138hom with an activity of 66,0 % and an EC50 of 0,104 µg/mL
(compared to its reference αB2a with 0,069 µg/mL).

6.2.2.2.2 Biological activity of stable expressed αB2b in apoptosis induction and
antibody-dependent cellular cytotoxicity
In case of the stable produced antibodies in Physcomitrella patens further characterization
analyses were performed as the determination of the ability of apoptosis induction in Ramos
cells which bears the target for the respective antibodies.
Therefore, a serial dilution of the antibody was incubated with Ramos cells which were
measured via fluorescence activated cell scanning (FACS). Living cells were gated to separate
them from apoptotic ones, leading to the determination of living cells in %.
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Fig. 54: Apoptosis induction analyses of stable expressed αB2b
Cell based apoptosis assay using Ramos as target cells; living cells were gated and detected using Guava FACS

In Fig. 54 αB2b-138hom was analysed in a separate assay with a proper αB2a reference,
explaining the second αB2a reference in the plot above.
Fig. 54 shows that all moss expressed antibodies had a lower apoptosis induction capacity
compared to their respective reference. The effectiveness of each antibody was calculated by
means of the ELISA evaluation software. The different EC50 values were calculated, referring
to different apoptosis induction capacities. For αB2a used as reference for αB2b-138 and
αB2b-49 an EC50 of 0,039 µg/mL was determined representing an activity of 100 %.
Compared to αB2a, αB2b-138 had an effective concentration of 0,058 µg/mL resulting in an
activity of 68,0 %, whereas αB2b-49 showed an EC50 of 0,0072 µg/mL and an apoptosis
induction capacity of 54,9 %. αB2a used as reference for αB2b-138hom demonstrated an EC50
of 0,018 µg/mL with an activity of 100 %. Compared to its proper reference αB2b-138hom
had an effective concentration of 0,031 µg/mL revealing an apoptosis inducing activity of
58,5 %.
For classification of the expressed antibodies regarding their ability to induce antibodydependent cellular cytotoxicity (ADCC) the optimized method for the ADCC assay was used.
Therefore target cells were fluorescence labelled and added to a serial dilution of the
antibodies together with natural killer cells, which leads to the Fc receptor dependent lysis of
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the target cells. The more effective an antibody was, the more fluorescence was emitted after
incubation of the seeded cells.
As it was expected that αB2 is a relatively high potent antibody, a comparatively low antibody
start concentration was used with 0,2 mg/mL.

Fig. 55: ADCC with stable expressed αB2b
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1

According to the ADCC assay it was observed that the moss expressed antibodies αB2b-138,
αB2b-49 and αB2b-138hom showed a clearly increased lytic potential compared to the
parental αB2a expressed in CHO cells.
The evaluated mean effective concentrations (EC50) resulted in significantly different
concentrations for the distinct antibodies. For the αB2a antibody an EC50 of 0,03 µg/mL was
found, for the antibodies expressed in stable transformed moss cells the EC50 values
accounted 0,0058 µg/mL for αB2b-138, 0,0071 µg/mL for αB2b-49 and 0,0082 µg/mL for
αB2b-138hom. As αB2a was used as reference standard and constituted 100 % activity,
αB2b-138 resulted in an activity of 517 % according to the EC50 value. αB2b-49 and αB2b138hom had an activity of 423 % and 366 %, respectively.
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Additionally the maximal lysis rates were considerable different as the parental αB2a had a
maximal lysis of 57 %, αB2b-138 led to 93 % lysed cells, αB2b-49 to 101 % and αB2b138hom to a maximum of 82 %.
The measured spontaneous lysis of the target cells with antibody addition but without adding
of killer cells resulted in a constant baseline around 0 % lysis of target cells.

6.2.3 In vitro glycoengineering of stable expressed αB2b
The antibodies obtained from stable transformed Physcomitrella patens cells were
glycoengineered in vitro for further optimization efforts regarding biological activity, in
particular resulting in a more enhanced antibody-dependent cellular cytotoxicity.
As no data for the effect of a defucosylation and a subsequent galactosylation of the Fc part of
antibodies were available in literature, it was decided to examine the impact of coupling
galactose residues to the expressed αB2 antibodies and analyzing them in respect to FcγR
binding properties and ADCC activities.
The glycoengineering of the samples was performed as described under 5.2.7.1.
For quantification of the galactosylation rate and the oligosaccharide profile of the treated
antibodies, mass spectroscopy analyses of reduced antibody samples were performed.
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Tab. 11: Glycan structure distribution of in vitro galactosylated αB2
The area under the peak of mass spectrum was used for calculation of the percentage of glycan distribution

The mass data showed that the in vitro galactosylation experiments with the antibodies were
successful.
The main structure of the parental αB2a antibody was converted from 80 % A2FG0 and 13 %
A2FG1 to fully 94 % A2FG2. The 78 % A2G0-GlcNAc of αB2b-138 were completely
galactosylated to 80 % A2G1-GlcNac. The remaining 22 % A2G0 changed to 20 % A2G2.
αB2b-49 was not completely galactosylated as the 45 % A2G0 converted into 13 % A2G1
and 34 % A2G2, instead of completely converting in A2G2. The residual 55 % incompletely
glycosylated A2G0-GlcNAc resulted in 54 % A2G1-GlcNAc. All possible galactosylation
events were effected for αB2b-138hom as all 72 % A2G0 were converted into 73 % A2G2.
In summary it could be observed that galactosylation worked after assay optimization and led
to completely fully galactosylated Fc parts of the antibodies.

6.2.3.1 Analyses of the biological activity of in vitro glycoengineered αB2
In this case, the obtained galacosylated antibodies and their respective control samples were
analyzed regarding the ability of binding to FcγRIIIA V/V and of inducing antibodydependent cellular cytotoxicity, as these properties are meant to be one of the most important
regarding the biological activity.
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CD16 binding affinities were measured via Biacore, immobilizing CD16 on a sensor chip and
measuring the binding of injected samples.

Tab. 12: FcγRIIIA binding activity of in vitro galactosylated αB2

After galactosylation the antibodies showed increased FcγRIIIA binding activities compared
to their respective control sample. Yet, it was observed that the parental αB2a had to lowest
increase after galactosyltransferase treatment (increase of 24 %). αB2b-138 demonstrated an
increase of 184 %, from 341 % binding activity of the control sample to 525 % after enzyme
treatment. 100 % difference in the binding were observed for αB2b-49, from 253 % to 353 %
and the highest effect was detected with αB2b-138hom with a binding activity changing from
431 % untreated to 628 % after galactosylation, leading to an increase of 197 %.
As the galactosylation of defucosylated antibodies led to the assumption that an increased
ADCC activity could be the result, the glycoengineered samples were investigated regarding
their ability for the induction of antibody-dependent killer cell mediated lysis of the target
cells.
The galactosylated antibodies were first compared to the respective non-galactosylated
control samples and additionally to the parental control αB2a.
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Fig. 56: ADCC with glycoengineered αB2a
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1

As observed with the FcγRIII binding analyses, where there were no significant differences
between galactosylated and untreated αB2b sample, the same results were also obtained with
the ADCC assay. The EC50 value for the ungalactosylated sample was calculated and
determined to be 0,013 µg/mL in contrast to 0,009 µg/mL for the galactosylated one, resulting
in an increase of the effectiveness of about 44 %. The untreated antibody was always regarded
as 100 % sample, for comparison with the engineered ones.

Fig. 57: ADCC with glycoengineered αB2b-138
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1
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In case of αB2b-138, expressed in stable transformed moss cells, the difference between
galactosylated and ungalactosylated antibody was higher as between the CHO expressed one.
The EC50 values for the control sample constituted 0,0043 µg/mL and for the glycoengineered
αB2b-138 0,0023 µg/mL, resulting in 100 % versus 187 % activity in inducing ADCC.

Fig. 58: ADCC with glycoengineered αB2b-49
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1

The untreated αB2b-49 showed an EC50 value of 0,0055 µg/mL compared with the
galactosylated one with 0,0021 mg/mL, resulting in an increase of the biological activity of
162 %.

Fig. 59: ADCC with glycoengineered αB2b-138hom
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1
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As all moss derived antibodies, αB2b-138hom showed an increased ADCC activity when
galactosylated with an EC50 value of 0,0014 µg/mL compared to 0,0034 µg/mL of αB2b-138
K0, leading to an increase of ADCC activity of 143 %.
When the galactosylated moss expressed antibodies were compared to the untreated parental
αB2a, the difference between the glycosylation pattern was monitored, and in consequence it
was able to predict which sugar residue leads to an enhancement of the biological activity.

Fig. 60: ADCC with glycoengineered αB2 antibodies
Ramos cells were used as target and NKL as effector cells in an effector-target ratio of 30:1

The evaluated EC50 values in this assay accounted 0,013 µg/mL for αB2a, 0,0009 µg/mL for
αB2b-138, 0,00097 µg/mL for αB2b-49 and 0,00078 µg/mL for αB2b-138hom. These values
led to the conclusion of elevated ADCC activities of antibodies, when galactosylated and
defucosylated. The parental αB2a antibody was set as 100 % standard with which the
glycoengineered antibodies were compared, resulting in 1444 % ADCC activity for αB2b138, 1340 % for αB2b-49 and 1667 % for αB2b-138hom.
As an additional effect the different maximal lysis achieved were observed. The maximal
lysis of αB2a used as reference for the galactosylated, moss derived antibodies in this case
accounted 22,9 %, whereas galactosylated αB2b-138 showed a maximal lysis of 65,4 %,
galactosylated αB2b-49 58,0 % and galactosylated αB2b-138hom 59,4 %.
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6.2.3.2 Statistical correlation between glycosylation and biological activity of αB2
The in vitro glycoengineering of the analyzed antibodies was performed to receive further
information regarding the correlation of the glycosylation structure and the capacity of
binding properties to Fcγ receptors (in this case FcγRIIIA V/V) and the capacity of inducing
antibody-dependent cellular cytotoxicity.
The obtained data, as described above, were correlated with the underlying glycan structure to
obtain an indication of the effect of different glycosylation structures on the biological
activity.
Therefore first the data of FcγRIIIA binding activities were plotted against the different
glycan structure distribution.

Fig. 61: Statistical correlation between glycan structure distribution and CD16 binding
activity

The illustrated graph demonstrates the correlation between the glycan structure (x-axis) with
the achieved CD16 binding activity of the antibody bearing the respective glycosylation (yaxis).
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Fig. 62: Statistical correlation between glycan structure distribution and ADCC activity

In Fig. 62 the coherence between the glycan structure (x-axis) and the ADCC activity (y-axis)
is demonstrated.
As seen in Fig. 61 and 62 a correlation between the oligosaccharide distribution within the
antibody, the ability to bind to Fcγ receptor and the capacity to induce ADCC could be
assessed. It was observed that the removal of fucose had one of the most important impact on
biological activity. But furthermore in this study it was also found that an addition of
galactose residues to the terminal N-acetylglucosamine led to a high increase of the
functionality, regarding FcγR binding and ADCC activity, yet mainly when defucosylated.
The greatest enhancements of the analyzed functions were thus achieved when the
defucosylated antibodies were fully galactosylated, thus bearing 100 % A2G2 structures.
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7 DISCUSSION
Due to the fact that glycoengineering could contribute to better biopharmaceutical products in
terms of effector functions, prolonged half-life or protease stability, modifications of
glycosylation are investigated in several studies.
To date little is published about the expression of antibodies in moss cells, as Physcomitrella
patens, thus allowing a characterization of moss derived antibodies in this study. The
characterization especially concentrated on the impact of glycosylation modifications on
binding properties to Fc receptors and cytotoxic effects on malignant cells.
As it has been described in several studies that a lack of fucose leads to an increase of FcγR
binding and to an enhancement of antibody-dependent cellular cytotoxicity, there was a great
interest to express a therapeutic protein in cells that lack specific glycosylation enzymes,
especially the α1,6-fucosyltransferase [49, 90, 113, 124].
Furthermore the expression efficiency of antibodies per se had to be investigated in
Physcomitrella patens, with regard to expression rates, purification complexity, assembly and
integrity of the antibodies.
The use of Physcomitrella patens as expression cell line allowed a protein expression with
minimized risk of contamination and with higher safety compared to the expression of
proteins in CHO cells, due to the absence of human pathogens as well as of animal viruses
and prions, and the ability of secretion of the desired product into the surrounding medium [9,
29, 72, 119].

7.1 Expression of the antibody αB2 in Physcomitrella patens
For transformation of Physcomitrella patens cells for the generation of αB2 antibodies a
collaboration with Greenovation Biotech GmbH was started for this study. Allowing the
integration of the desired DNA sequence into moss cells, the provided cDNA had to be cloned
into a vector suitable for the expression in moss cells. Therefore the vector p127, constructed
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from Greenovation, was used with characteristic, plant specific sequences. The successful
production of DNA for transformation experiments was demonstrated in 6.1.1 and 6.1.2.

7.1.1 BryoSpeed technology for transient transformation of Physcomitrella
patens
The transient expression of αB2 was performed in order to carry out a fast precharacterization of the antibody, as it was described that transient expressed proteins in moss
cells are of similar quality as stable expressed ones [9].
Since an addition of N-acetylglucosaminyltransferase II (GnTII) leads to more homogenous
glycosylated antibodies (see 6.2.1), the addition of GnTII to one transformation experiment
was realized.
In Tab. 1 the expression rates of transient transformed moss cells are described and reveal that
a transient expression of antibodies is only sufficient for small amounts of protein, for first
characterization efforts, but not for a complete characterization of the antibody, which was
already described by Schuster et al. [119].
With a transient expression of proteins in Physcomitrella patens, titers of approximately 20 –
30 µg/mL can be achieved in seeded 6-well plates. Furthermore it can be observed that with
the addition of GnTII, the expression rate is decreased. This observation leads to the
assumption that GnTII could have an impact on the expression machinery.
For comparison of the purity of the secreted antibody before and after purification by protein
A affinity chromatography, SDS-PAGE silver staining and western blot analyses were
performed to detect heavy and light chain and eventual reveal host cell proteins or other
impurities.
In Fig. 23 it can be observed that the crude culture supernatant shows low background signals,
indicating that the antibody fraction has almost no impurities. The predominant bands with 25
and 50 kDa represent light and heavy chain, respectively. The 150 kDa band in non-reduced
state represents the fully antibody, indicating that the transformation of Physcomitrella patens
resulted in a functional antibody expression. In the non-reduced lanes no signals are
detectable at 25 or 50 kDa, indicating that the antibodies have a high stability and integrity
and does not dissociate into heavy and light chain. Also the western blot analyses in Fig. 24
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reveal that the detection of heavy and light chain with specific antibodies is successful and
prove the existence of the antibody with 150 kDa when non-reduced and when reduced the
existence of a heavy and a light chain at 50 and 25 kDa, respectively.
The additional band at approximately 65 kDa represents a fragment of the heavy chain, as
detected with the heavy chain specific antibody. The appearance of the fragments could
emerge because of the stressful environment of the cells, as light stress and mechanical stress,
caused by light exposure of the cells while harvest of the supernatant or by agitating the
plates. Furthermore PEG is used for transformation to enable penetration of DNA through the
cell wall. In this state the cells are highly stressed and sensitive for environmental stimuli as
excess light exposure, temperature variations and mechanical stress [9, 114].
After one purification step, it could be demonstrated that the purity in SDS PAGE of the moss
derived antibody is comparable with the highly purified αB2a, expressed in CHO cells, as
illustrated in Fig. 27. After coomassie staining of the SDS-PAGE heavy and light chain were
successfully detected, as well as the existence of the heavy chain fragment at ~ 34 kDa. The
western blot analyses in Fig. 29 are comparable to those in Fig. 24, demonstrating the
existence of antibody heavy and light chain, as well as again the heavy chain fragments.
Furthermore the HRP western blot in Fig. 30 revealed that the expressed antibodies, both
αB2a and αB2b, are in fact defucosylated or that the fucose residue is at least under the
detection limit of the assay.

7.1.2 BryoMaster technology for stable transformation of Physcomitrella
patens
For a stable integration of the desired gene into the moss genome it was necessary to first
linearize the gained DNA by restriction digestion. The digestion delivered the correct
fragments as illustrated in Fig. 31 with 3659 bp for heavy chain and 2963 bp for light chain
sequence, allowing the transformation of moss cells by BryoMaster technology. The
resistance marker pRT99_NPT-II for geneticin was used, allowing a selection of positively
transformed cells. The successful transformed cells were subsequently screened in regard to
antibody secretion and correct integration of heavy and light chain DNA into their genome.
Therefore Fig. 32 demonstrates that almost all clones contained the respective genetic
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information for heavy and light chain, leading to the decision to choose four independent
clones with the highest antibody secretion rate as production line.
The further protoplasting step of the selected clones was necessary to exclude the possibility
of eventual present genetic chimera, where only one chromatide could contain the desired
DNA after mitose. After this re-cloning step it was proven that all four clones were positive in
secreting antibody and contained also the resistance marker as they survived with the addition
of geneticin to their medium.
For the decision which clone should be expanded for the production of the antibody,
quantification analyses were performed to determine the high producer clone. In Tab. 3 it can
be seen, that clone 49 and clone 138 seemed to be those with the highest capacity of antibody
secretion, leading to the decision to produce the αB2 antibody with two different clones.
Therefore two 5 L bioreactors were inoculated with precultures of clone 49 and 138,
respectively, in secretion medium and a cultivation time of 20 – 35 days was maintained
before the harvest of the antibody.
The produced antibody was subsequently purified by a protein A affinity chromatography
resulting in a recovery of each approximately 7 mg protein of αB2b-49 and αB2b-138. The
produced and purified antibodies where then characterized regarding their purity and their
correct assembly in SDS-PAGEs and western blot analyses.
In Fig. 34 a silver staining of the SDS-PAGE was performed, indicating that after one
purification step the purity of the moss secreted antibody is comparable to that of the CHO
expressed one. The difference between Fig. 34A and Fig. 34B regarding additional bands,
results from the different protein amount loaded onto the gels. In both cases the antibody was
detected at 150 kDa in non-reduced state, and heavy and light chain was detected at 50 and 25
kDa, respectively. In Fig. 35 the coomassie stained SDS-PAGE is illustrated, which confirms
the results obtained from silver stained SDS-PAGE of αB2b-49 and αB2b-138. The fully
assembled antibody was detected at 150 kDa, whereas heavy and light chain were succesfully
separated resulting in a molecular weight of 50 kDa for heavy chain and 25 kDa for light
chain. Furthermore the purity of αB2b antibodies is comparable to that of αB2a.
In addition, the heavy chain fragments found in the transient produced antibody pool were not
detectable anymore with the production of αB2b-49 and αB2b-138, as no bands appeared at
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~ 60 kDa in the non-reduced state and of ~ 30 kDa in reduced state (Fig. 36). The fact that no
fragmentation occurs with the stable expressed antibodies could lead from less sensitive and
frail state of the cell, compared to the transient transformed ones.
After stable transformation of Physcomitrella patens cells, the cells are allowed to germinate
and to regenerate the cell wall, leading to a protection of the cell. In this case it could be
proven that the reduction of stress conditions leads to a completely assembled antibody. These
findings allow a stable and reproducible transformation process of Physcomitrella patens
cells.
For biochemical confirmation of the absence of plant specific sugar residues a HRP western
blot was performed. As seen in Fig. 37, it could be proven that only with the antibody derived
from a wild type moss strain, the typical band at a molecular weight of ~ 56 kDa could be
detected. For αB2 antibodies no signals could be detected, indicating that none of them
expressed α1,3-fucose or β1,2-xylose or could not be detected with HRP western blot
analyses, when under detection limit. Yet, these results were later confirmed by mass
spectroscopy and oligosaccharide mapping analyses.
For comparison of protein gained from secretion into the surrounding medium with protein
harvested after cell disruption, a further 5 L bioreactor was inoculated, yet under nonsecretory conditions in Knop medium.
After purification, silver and coomassie staining of SDS-PAGEs as well as western blot
analyses followed. As seen in Fig. 38 and 39 the αB2b-138hom showed comparable features
as αB2a with a main band at 150 kDa for non-reduced proteins and at 50 and 25 kDa,
representing heavy and light chain. Furthermore, as with αB2b-138 and αB2b-49, no
fragmentation of the heavy chain was observed. According to Fig. 40 it is approved that heavy
and light chain are expressed by clone 138 as they were specifically detected with antibodies
at ~ 56 and ~ 26 kDa, representing the molecular weight for each, heavy and light chain. Also
in this case, no further bands could be detected, approving the exclusion of heavy chain
fragments. This could confirm the assumption that after stable transformation the cells are
able to express correctly synthesized antibodies, as they are not stressed as under transient
transformation conditions.
The investigation regarding the presence of the plant specific sugar residues α1,3-fucose and
β1,2-xylose, resulted in the confirmation that αB2 antibodies produced in the Physcomitrella
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patens double knock out strain lack those glyans. With the IgG1 antibody expressed in wild
type moss a signal at approximately 56 kDa was detected, confirming the presence of the
sugar residues (Fig. 41).

7.2 Characterization

of

the

antibody

αB2

expressed

in

Physcomitrella patens

7.2.1 Characterization of the transient expressed αB2b (BryoSpeed)
7.2.1.1 Structural analyses of transient expressed αB2b
After successful expression, purification and first characterization of the αB2b antibody,
expressed in transient transformed moss cells, the main focus was pointed first at the
glycosylation and subsequently at the biological activity of the antibodies.
For determination of the glycosylation distribution, mass spectroscopy and oligosaccharide
analyses were performed, basically leading to the same results.
In Fig. 43 the mass spectra of the analysed antibodies αB2a, αB2b with and without GnTII are
shown. The percental distribution of the oligosaccharide structures investigated via mass
spectroscopy is listed in Tab. 4.
As expected, the main structure of the CHO derived antibody consists of A2FG0 and a small
side fraction with 13 % is galactosylated, but still fucosylated.
In contrast, the moss derived antibodies, both αB2b with and without the addition of GnTII,
are defucosylated, but also of biantennary type. αB2b with and without GnTII show
differences in the percentage of incompletely glycosylated structures, lacking one Nacetylglucosamine residue. It can be expected that the completely glycosylated antibody
displays the higher biological activity. But not the complete percentages of the heavy chain
were glycosylated, as there are unglycosylated parts, determined via mass spectroscopy.
In Tab. 5 and Fig. 44 the glycosylation rate of αB2a, αB2b with and without GnTII is shown.
The transient, moss expressed antibodies show higher portions of unglycosylated heavy chain.
Interestingly, αB2b with GnTII has more unglycosylated structures, as αB2b without GnTII.
Yet, the assumption that the addition of GnTII to the transformation process leads to more
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homogenous glycosylated antibodies is limited to the glycan branches per se and not to the
capacity of fully glycosylate heavy chains.
As already demonstrated in Fig. 28 with SDS-PAGE analyses and Fig. 29 with western blot,
the existence of heavy chain fragments is confirmed furthermore by HP-SEC mass
spectroscopy. Fig. 45 shows the spectrum of the detected fragments found in the pool of αB2b
without GnTII, but also for αB2b with GnTII fragments were found (Fig. 46). The existence
of those fragments lead to the assumption that the transient produced αB2b antibodies could
display weaker binding and effector characteristics as expected. The appearance of heavy
chain fragments can probably also lead to the assumption that the transient produced antibody
in Physcomitrella patens could be less stable compared to αB2a. The fragmentation of the
heavy chain could result from the fact that the transformed cells were very sensitive towards
environmental stress. Furthermore, the antibody is secreted into only 1,6 mL surrounding
medium in a 6-well plate, which can thus lead to cramped environments for the secreted
antibody.
The obtained data from the oligosaccharide mapping from αB2b with and without GnTII can
be compared with the mass spectroscopy results (Fig. 47). In this case the absolute percentage
of glycosylation structures show slight differences compared to the results obtained by mass
spectroscopy, which may represent assay deviations. Yet, it is affirmed that αB2b with and
without GnTII are both completely defucosylated, bearing the biantennary A2G0 as the main
structure. Furthermore it could also be shown that the addition of GnTII leads to the formation
of a more homogenous glycosylation structure.
By means of mass spectroscopy and oligosaccharide mapping it could be proven that both
transient moss derived antibodies are indeed completely defucosylated, compared to αB2a
whose main structure represents the biantennary, fucosylated A2FG0.

7.2.1.2 Analyses of the biological activity of transient expressed αB2b
The main focus of this study was to investigate the effects of the removal of fucose residues
on the biological activity of the αB2 antibody.
Several studies describe that the lack of fucose leads to an enhanced Fcγ receptor binding
which control the effector functions of IgG antibodies [4, 17, 69, 91, 97, 133].
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The fact that the Fcγ receptors bind asymmetrically in a 1:1 ratio to the hinge proximal region
of the CH2 domain can be an explication for the enhancement of binding activities when
antibodies are defucosylated. As the fucose residue is located at the core of the glycosylation
branch it could lead to a sterical impediment of binding reactions of FcγRs. But, glycosylation
of the antibody is anyway required for binding to FcγRs, with characteristic glycan residues
being beneficial, as galactose and those being impeding, as fucose [4, 61, 81, 97, 100].
Therefore, the binding capacity of αB2b with and without GnTII was compared to that of
αB2a to investigate the effects of the fucose removal. As seen in Tab. 6, it is obvious that the
defucosylated, moss derived antibodies display a 2,5-fold higher binding affinity to the
FcγRIIIA receptor. Yet, it was expected that the binding affinity of αB2b with and without
GnTII is increased more than 2,5-fold. The probable reason for the impaired binding capacity
could results from the existence of the heavy chain fragments. As approximately 30,9 % of
αB2b without GnTII and 34,4 % of αB2b with GnTII represent heavy chain fragments and
about 16 – 27 % of the antibody do not bear any glycosylation of the Fc part, it can be argued
that this could be the reason for the reduction of the binding capacity. But it already indicates
that a completely intact defucosylated antibody can lead to a high increase of the FcγRIIIA
binding.
It is described that a removal of the core fucose from antibodies has no effects on the binding
affinity to human FcγRI, so that no differences were expected for the binding affinity of αB2b
with and without GnTII to FcγRI [90, 94, 124, 125, 126].
However, the results of Tab. 7 indicate that the moss derived antibodies display a moderately
higher binding affinity to FcγRI. One possible reason for the contradiction to literature could
be the high amounts of heavy chain fragments, which can react with the CD64 receptor.
Maybe also the non-glycosylated portion of heavy chain could lead to the increased FcγRI
binding.
Not only the Fc binding affinity is important for effector functions of the antibody, as the Fab
region serves for a highly specific recognition of the antigen target and leads therefore to the
engagement of the antigen on the target cells [57, 78, 128]. The Fab region is also
glycosylated, as well as the Fc region, with approximately 15 – 20 % of polyclonal human
IgG that bear N-linked oligosaccharides within the variable regions [4, 60].
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The binding affinity of the Fab region of αB2b without GnTII was investigated on Ramos
cells, bearing the specific antigen recognition site.
The investigated Fab binding property of the transient, moss derived antibody in Fig. 48 was
compared to αB2a and shows a weaker binding affinity, as a reduction of about 75 % was
detected for αB2b without GnTII. This could result from a different Fab glycosylation in
Physcomitrella patens compared to the glycosylation pattern of CHO cells. But more probable
is the assumption that the antibody fragments lead to the reduction of the Fab binding. As
30,9 % of the αB2b pool without GnTII consists of heavy chain fragments which are thought
to have no binding properties, the lower binding affinity to the Fab region can be explained.
The effect of glycoengineering on the capacity to induce antibody-dependent cellular
cytotoxicity was investigated for both, αB2b with and without GnTII and was compared to
αB2a.
It is described that a removal of the core fucose leads to enhanced ADCC activities because of
the optimized binding activity to FcγRIIIA. When glycoengineered it is also possible to
induce an increased ADCC although a low density of the antigen is present on the target cell
surface [79, 128].
As Ramos cells bear the specific antigen for the αB2 antibody, ADCC assays were performed
with Ramos as target cells and natural killer cells as effector cells.
In Fig. 49 the ADCC activity of the investigated antibodies is illustrated. It is remarkable that
the moss derived antibodies show lower EC50 values compared to αB2a, which is due to the
lack of the core fucose at Asn297. Furthermore, it is obvious that the maximal lysis achieved
by the antibodies differ depending on their activity. αB2b with and without GnTII have a
maximal lysis of 82 % and 87 %, whereas αB2a achieves only a maximum of 57 %. This
phenomenon could result from the improved FcγRIIIA binding of transient expressed αB2b.
In this case the natural killer cells are more efficiently recruited by the antibodies as compared
to αB2a. Because of the better recruitment and therefore a more proximal distance to the
target cells, NK cells can probably better induce target cell lysis via perforin and granzyme
release. As demonstrated in Fig. 49, a relatively high effector:target cell ratio of 30:1 is
necessary for efficient cell lysis. This could arise from the fact that also in vivo there is an
excess of killer cells compared to target cells and leads therefore to a successful eilimination
of the cancerous cells. NK cells comprise only up to 15 % of peripheral blood lymphocytes,
explaining the excess of killer cells [11, 18, 20]. Maybe the amount of released perforin and
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granzyme from one killer cell is not sufficient enough for the lysis of one target cell, which
could further explain the necessity of the high effector:target ratio.
But it could be demonstrated that a removal of fucose leads to an improved ADCC activity,
altough a higher activity was expected. The relatively slight increase of the lytic potential of
αB2b with and without GnTII of about 30 – 70 % can probably result from the existence of
the heavy chain fragments in the antibody pool derived from moss cell production.

7.2.2 Characterization of the stable expressed αB2b (BryoMaster)
7.2.2.1 Structural analyses of stable expressed αB2b
For the estimation of the impact of antibody glycoengineering, the structural analyses are an
important feature for characterization. As well as for the transient expressed αB2b antibody in
Physcomitrella patens, the distribution of the glycans attached to Asn297 at the Fc region was
investigated for the antibodies derived from the stable expressing cell lines.
By means of ESI-MS, the heavy and light chain of the antibodies was investigated, in
particular regarding the glycosylation of the heavy chain. In Fig. 50 the mass spectra of αB2a,
αB2b-138, αB2b-49, and αB2b-138hom are illustrated and show that the moss derived
antibodies are completely defucosylated when compared to the CHO derived one.
But in the case of stable antibody production it can be observed that the portion of
incompletely glycosylated heavy chain is highly elevated, compared to the transient antibody
pool. The three stable expressed antibodies, αB2b-138, αB2b-49 and αB2b-138hom show
30 – 70 % A2G0 structures missing one N-acetylglucosamine (Tab. 8). The incomplete
glycosylation could eventually result from contaminations of the bioreactor with glycosidases,
which could have been secreted from damaged moss cells. An indication for this thesis could
be the yellowish coloration of the medium, yet the existence of the glycosidases was not
proofed.
Also a small fraction of completely unglycosylated fractions of heavy chain were found, yet
comparable to the CHO derived αB2a (Fig. 51).
As heavy chain fragments were found in the transient produced antibody pool, HP-SEC
analyses were also performed for the stable expressed αB2b antibodies, but no fragments were
found (data not shown). This was already observed with SDS-PAGE coomassie staining (see
Fig. 35 and 39) and was therefore confirmed with HP-SEC. The fact that no fragments of the
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heavy chain were found could result from the more resistant and robust moss cells. After
transient transformation the cells do not regenerate the cell wall so that they are more
sensitive towards stress factors. After stable transformation, the cells were incubated and
cultivated not until cell walls were regenerated and leafy structures were formed.
The glycan distribution within αB2a, αB2b-138, αB2b-49 and αB2b-138hom was approved
furthermore by means of the oligosaccharide mapping of the 2-AB labelled oligosaccharides.
As shown in Fig. 52 A2FG0 was found as the main structure of αB2b and A2G0 or A2G0 –
GlcNAc of αB2b-138, αB2b-49 and αB2b-138hom. The slight differences in the percentage
of the glycan distribution between ESI-MS analyses and oligosaccharide mapping are
supposed to be method specific and can therefore be neglected.

7.2.2.2 Analyses of the biological activity of stable expressed αB2b
For the investigation of the biological activity of the αB2b antibody, expressed in stable
transformed Physcomitrella patens cells, different analyses were performed.
First the binding characteristics to the FcγRIIIA V/V were analysed using the Biacore
technology.
αB2b-138, αB2b-49 and αB2b-138hom show a considerable increase of the binding affinity to
the CD16 receptor (Tab. 9). Although the antibodies from stable expression have a higher
portion of incompletely glycosylated heavy chain, the binding activity is 4 – 5 fold increased,
compared to αB2a. The transient produced antibody, which had a more homogenous
glycosylation, showed lower binding affinities, which is yet due to the presence of the heavy
chain fragments. The fragments are probably not able to bind to the immobilized receptor,
resulting in a lower binding capacity.
The production of αB2b-138, αB2b-49 and αB2b-138hom with a more homogenous
glycosylation structure, could lead to an even higher FcγRIIIA binding affinity would have
been expected.
For the FcγRI binding, similar values were expected for the moss and the CHO derived
antibodies, as a removal of the core fucose has no effect on the CD64 binding [90, 94, 124,
125, 126].
As seen in Tab. 10 the association rates (ka) of the investigated antibodies are comparable as
well as the dissociation rates (kd) leading to similar dissociation equilibria (KD). Based on
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each KD value, αB2b-138, αB2b-49 and αB2b-138hom show comparable CD64 binding
affinities to αB2a, which affirms the descriptions in literature.
In Fig. 53 the Fab binding of the αB2b-138, αB2b-49 and αB2b-138hom antibodies was
compared to that of αB2a. It was shown that the investigated antibodies display slight
differences in their binding affinity to the Fab region. Yet, as the Fab binding was investigated
by means of a cell based assay, the acceptance criteria were set between 75 – 125 %. The
binding capacity of αB2b-138 was found with 78,5 %, indicating that the Fab binding is
relatively comparable to that of αB2a. Same observations were made for αB2b-49 and
αB2b-138hom with a binding affinity of 73,1 % and 66,0 %. The differences in the binding
affinity to the Fab region could on the other hand be due to a different Fab glycosylation of
the moss derived antibodies, compared to CHO derived ones. Yet, the Fab glycosylation was
not investigated in this study.
In consequence of the decreased Fab binding affinity of the antibodies expressed in
Physcomitrella patens, a decreased apoptosis induction was expected. Apoptosis is induced
through the binding of the antibody via its Fab region to the specific antigen, so that a lower
Fab binding affinity would lead to a reduced capacity in the apoptosis induction [5, 57, 118].
In Fig. 54 it can be seen that the apoptosis induction with the moss derived antibodies is lower
compared to that of αB2a. The capacity to induce apoptosis was set as 100 % for the parental
antibody αb2a derived from CHO cells. Compared to αB2a, αB2b-138 showed an apoptosis
induction of 68,0 %, αB2b-49 of 54,9 % and αB2b-138hom of 58,5 %. These results indicate
that the found decreased Fab binding affinity of the moss derived antibodies could indeed be
significant, leading to the reduced apoptosis rate. As already mentioned, the reduced Fab
binding and consequently the decreased apoptosis induction could possibly result from a
different Fab glycosylation of αB2b, compared to αB2a.
For the activity of antibody-dependent cellular cytotoxicity it was expected that the stable
produced αB2b antibodies show an increased activity compared to αB2a as well as to the
transient expressed αB2b. First, the antibody pool of αB2b-138, αB2b-49 and αB2b-138hom
do not contain any heavy chain fragments and consequently no inactive components and
second in the FcγRIIIA binding it was already shown that these antibodies have a much
higher binding capacity to the high affinity receptor (FcγRIIIA V/V) compared to αB2a as
well as to the transient produced αB2b. As the FcγRIIIA binding is increased and the
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antibodies lack of fucose, it should be obvious that the ADCC activity is elevated [4, 17, 69,
91, 97, 133].
In Fig. 55 the measured ADCC activity was 4 – 5 fold increased for the stable expressed αB2b
antibodies, as αB2b-138 showed an activity of 517 %, αB2b-49 of 423 % and αB2b-138hom
of 366 % compared to αB2a. These results correlate with the FcγRIIIA binding affinity, where
αB2b-138 showed the highest affinity for the CD16 receptor and consequently the highest
ADCC activity. αB2b-49 and αB2b-138hom have a similar FcγRIIIA binding capacity and do
not differ significantly in their ADCC activity. These findings affirm the thesis that the
FcγRIIIA is crucial for the ability of the ADCC induction [79, 128]. Furthermore the achieved
maximal lysis differs significantly between the moss derived antibodies to the CHO derived
one. It is possible that the defucosylation and the consequent better CD16 receptor binding
leads to a better recruitment of NK cells and allows therefore a higher lysis rate mediated by
perforin and granzyme release compared to antibodies bearing the core fucose attached to
Asn297.

7.2.3 In vitro glycoengineering of stable expressed αB2b
For the investigation of further engineering of the oligosaccharide structure of defucosylated
andibodies derived from Physcomitrella patens, a galactosylation reaction was performed to
attach galactose residues to the terminal N-acetylglucosamine. It is described that the addition
of galactose residues leads to an altered FcγRIII binding and maybe a different ADCC
activity. Yet, the effect of a galactosylation is controversial because Boyd el al. predicated
that a removal of galactose does not alter any effector functions, whereas Kumpel et al. affirm
that there is an increase in the ADCC activity when antibodies are galactosylated [74, 75, 94,
125]. But Kumpel et al. showed only a cytotoxicity assay with erythrocytes as target cells,
what yields to the necessity of the investigation of galactosylated antibodies in a cell based
ADCC assay.
The effect of defucosylated and additionally galactosylated antibodies is not investigated until
now, so that the study of the hence resulting effects is an improvement in the understanding of
the impact of glycans on the antibody efficacy.
After in vitro galactosylation the success of the modification was investigated with mass
spectroscopy. In Tab. 11 the distribution of the glycosylation pattern with the galactosylation
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grade is illustrated. The glycoengineering was successful as almost all structures were
completely galactosylated.
To test if the galactosylation of the defucosylated antibodies leads to an enhanced FcγRIIIA
binding, a Biacore binding assay was performed. In Tab. 12 the results of the FcγRIIIA
binding activities are listed. It is clear that a galactosylation of the fucosylated αB2a antibody
has no significant effect on the CD16 receptor binding as only an increase of 24 % was found
after galactosylation. The best binding activity was found for αB2b-138hom, with an increase
of 197 %, followed by αB2b-138 with an increase of 184 % and at last αB2b-49 with an
increase of 100 %.
αB2b-138hom had the greatest portion of fully galactosylated structures (73 % A2G2), αB2b138 displayed 20 % A2G2 and 80 % A2G1-GlcNAc whereas αB2b-49 showed 34 % A2G2,
54 % A2G1-GlcNAc and 13 % A2G1. Maybe it is possible that the distribution of 54 %
A2G1-GlcNAc and 13 % A2G1 leads to a lower FcγIIIA binding as with a more homogenous
glycosylation structure, which can be a reason for the decresed binding affinity of αB2b-49.
But a further explanation for the decreased FcγRIIIA binding could eventually be that the
αB2b-49 antibody, although bearing more A2G2 structures, is more instable regarding
binding affinities.
The overall increase of the FcγRIIIA binding affinity of the moss derived, galactosylated
antibodies led to the assumption that also the ADCC activity could be increased. Therefore
ADCC assays with the in vitro glycoengineered antibodies were performed.
First the galactosylated antibodies were compared with its own untreated counterparts, as
αB2a GT was compared to αB2a K0, αB2b-138 GT to αB2b-138 K0, αB2b-49 GT to αB2b-49
K0 and αB2b-138hom GT to αB2b-138hom K0. In Fig. 56 – 59 it can be seen that the
galactosylation in general leads to an increased ADCC activity. Yet, it is obvious that a
galactosylation of defucosylated antibodies has a higher impact on the lytic potential as the
engineering of fucosylated antibodies. The greatest effect was observed for αB2b-49 GT
when compared to αB2b-49 K0, with an increase in the ADCC activity of 162 %. Similar to
these results is the activity of αB2b-138hom GT with an elevation of 143 %. αB2b-138 GT
shows a 87 % higher ADCC activity as αB2b-138 GT K0. In general it can be argued that the
impact of the galactosylation of the moss derived antibodies is similar when compared to their
untreated counterpart.
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In Fig. 60 the ADCC activity of the glycoengineered, moss derived antibodies was compared
to the parental untreated αB2a to identify the effect of defucosylation together with
galactosylation.
αB2b-138 GT shows an approximately 14-fold increased activity, compared to αB2a whereas
αB2b-49 GT has a 13-fold and αB2b-138hom GT a 17-fold increased lytic potential. This
supports the finding of the FcγRIIIA binding investigation. In this case it is demonstrated that
the antibody with the highest FcγRIIIA binding affinity displays the greatest impact on ADCC
activity. A result for these observations could be the hypothesis that the FcγRIIIA binding
clearly correlates with the ability to induce ADCC.

7.2.3.1 Statistical correlation between glycosylation and biological activity of αB2
For a better interpretation of the obtained results a statistical correlation of the data was
performed.
Therefore the percentage of the different glycan structures of the antibodies was plotted on the
x-axis against the found FCγRIIIA binding affinities for the antibodies bearing the specific
glycosylation pattern (Fig. 61). This should provide an overview about the critical glycan
structures which affect the biological effects of αB2.
In Fig. 61 the correlation between glycosylation structure and FcγRIIIA binding leads to the
conclusion that the higher the galactosylation rate, the higher is the binding affinity to
FcγRIIIA. The A2G2 and A2G1 structures seem to have the greatest impact on the FcγRIIIA
binding affinity as the highest affinity was demonstrated for A2G2 and A2G1.
For the A2G1 structure the possibility exists that this structure could also be a partial
galactosylated structure, with two galactose residues only on one side of the antibody and the
other side without any galactose attachments. These two structures can not be distinguished
by mass spectroscopy as they share the same mass.
The most slightly effect was found for A2G0 and A2G0-GlcNAc with the lowest FcγRIIIA
binding
In Fig. 62 the correlation of the glycosylation structures with the ADCC activity is
demonstrated. As already mentioned and proven, the ADCC activity correlates with the
FcγRIIIA binding affinity of antibodies. The higher the binding affinity to FcγRIIIA the
higher is the measured ADCC activity.
Fig. 48 shows that the A2G2 and the A2G1 structures lead to the highest ADCC activity and
A2G0 and A2G2-GlcNAc with the lowest one.
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Therefore it can be speculated that the biantennary, defucosylated and fully galactosylated
glycosylation structure is optimal for the ability to induce antibody-dependent cellular
cytotoxicity.
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8 PERSPECTIVES
Since several years there are efforts to optimize the treatment of many cancers, regarding the
minimization of side effects caused by the treatment, the reduction of costs, associated with
the production and the application of the drugs and the enhancement of efficacy of the
therapeutics.
To date a lot is know about the glycosylation of antibodies, but there is still a need for a better
understanding of optimal glycosylation structures, increasing mainly the biological activity,
the tolerance and the stability. As it is known that the glycosylation of antibodies is essential
for optimal binding and effector mechanisms, the role of specific oligosaccharides attached to
the Fc region of the antibody are characterized.
In the present study it was possible to identify a glycan distribution leading to an enhanced
binding property and an increased ability for antibody-dependent cellular cytotoxicity
induction.
So far it was not understood, which oligosaccharide distribution is essential for optimized
antibody functions.
In this study a glycan distribution was found leading to an enhanced biological activity, where
no previous evidence existed before.
The optimized antibodies were therefore expressed in the moss Physcomitrella patens in
collaboration with Greenovation Biotech GmbH.
The gained antibodies were subsequently analysed and characterized regarding their
glycosylation pattern, their ability to bind to Fcγ receptors, their potency for inducing direct
apoptosis and antibody-dependent cellular cytotoxicity. It was thereby found that a
defucosylated but fully galactosylated antibody demonstrates the highest increase in
biological activity compared to the parental antibody αB2a, expressed in CHO cells.
One further advantage, apart from the defucosylated expression of antibodies in
Physcomitrella patens, is that the purification of moss derived antibodies is much less
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extensive. In this study it could be demonstrated, that only one purification step is sufficient
for antibodies secreted from moss cells, compared to the purity of CHO derived one.
Yet, the expression of antibodies in Physcomitrella patens has, apart from the benefit obtained
from the fact that there are synthesized without α1,3-fucose residues, one important
disadvantage. The expression rate is, compared to CHO cells, considerably low. CHO cells
are able to express proteins with a titer to an average of approximately 2 g/L, whereas
Physcomitrella patens reaches only a rate of about 2 – 4 mg/L.
These observations led to the conclusion that moss cells are indeed able to produce more
active antibodies but are not as efficient as CHO cells, which is one of the common used
production cell line to date. Therefore the production of therapeutic proteins in Physcomitrella
patens has to be optimized, especially in regard to the expression rate, where the most efforts
have to be concentrated.
Concluding, it can be argued that it is probably more productive to engineer CHO cells, not
only because more know how is present for the mammalian cell line compared to the moss
cell line Physcomitrella patens as production host. But indeed it is proven, that an expression
of therapeutic proteins in Physcomitrella patens is possible, with the characteristic of
defucosylation and thus enhanced biological activity of the antibody. And further, when
galactosylated, the antibodies display an even more increase in binding activity and antibodydependent cellular cytotoxicity, so that a correlation between glycosylation structure and
biological activity is evident.
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10 ABBREVATIONS
A

ampère

aa

amino acid

Abs

antibodies

ADCC

antibody dependent cellular cytotoxicity

bp

base pairs

BSA

bovine serum albumin

°C

degree Celsius

Ca(NO3)2

calcium nitrate

CaCl2

calcium chloride

Calcein-AM

calcein acetoxymethyl ester

CDC

complement-dependent cytotoxicity

cDNA

complementary desoxyribonucleic acid

CHO

chinese hamster ovary cells

CoCl2

cobalt chloride

CuSO4

copper sulfate

D

Germany

Da

Dalton

DMSO

dimethyl sulfoxide

DNA

desoxyribonucleic acid

dNTP

deoxyribonucleotide triphosphate

DoKo

double knockout

DTT

dithiothreitol

EDTA

ethylene-diaminetetraacetic acid

ESI-MS

electrospray ionization mass spectroscopy

EtOH

ethanol

FCS

fetal calf serum

Fe-EDTA

iron ethylene-diaminetetraacetic acid

FeSO4

ferrous sulphate

Fig

figure

g

gram
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xg

x-fold acceleration of gravity

Gal

galactose

Glc

glucose

GlcNAc

N-acetylglucosamine

GnTII

N-acetylglucosamine transferase II

h

hour

H2BO3

boric acid

HC

heavy chain

HCl

hydrochloric acid

HPLC

high-performance liquid chromatography

HRP

horseradish peroxidase

Hz

hertz

IgG

immunoglobulin

kb

kilo base

KCl

potassium chloride

kDa

kilo Dalton

KH2PO4

potassium dihydrogenphosphate

KI

potassium iodide

KOH

potassium hydroxide

L

liter

LC

light chain

m

meter

M

molar

mAbs

monoclonal antibodies

Man

mannose

MES

2-(N-morpholino)-ethane sulfonic acid

MgCl2

magnesium chloride

MgSO4

magnesium sulphate

min

minute

MnCl2

manganese chloride

MS

mass spectroscopy

Na2MoO4

sodium molybdate

Na2SeO3

sodium selenite

NaCl

sodium chloride
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NaH2PO4

sodium dihydrogenphosphate

NaOH

sodium hydroxide

NiCl2

nickel chloride

NK cells

natural killer cells

Osm

osmolarity

PAGE

polyacrylamide gelelectrophoresis

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PEG

polyethylene glycol

PNGase F

N-glycosidase F

rpm

revolutions per minute

RT

room temperature

SDS

sodium dodecyl sulfate

SDS-PAGE

sodium dodecyl sulphate polyacrylamide gelelectrophoresis

sec

second

Tween 20

polyoxythylenesorbitane monolaurate

U

unit

UV

ultraviolet

V

volt

W

watt

Zn-acetate

zinc acetate

(v/v)

volume per volume

(w/v)

mass per volume

Greek and latin characters:
α

anti- (in coherence with antibodies)

k

kilo (103)

m

milli (10-3)

µ

micro (10-6)

n

nano (10-9)

p

pico (10-12)
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