Advances in
Glycobiotechnology

@ Springer



175
Advances in Biochemical
Engineering/Biotechnology

Series Editor

Thomas Scheper, Hannover, Germany

Editorial Board

Shimshon Belkin, Jerusalem, Israel
Thomas Bley, Dresden, Germany

Jorg Bohlmann, Vancouver, Canada

Man Bock Gu, Seoul, Korea (Republic of)
Wei-Shou Hu, Minneapolis, MN, USA
Bo Mattiasson, Lund, Sweden

Lisbeth Olsson, Goteborg, Sweden

Harald Seitz, Potsdam, Germany

Ana Catarina Silva, Porto, Portugal
Roland Ulber, Kaiserslautern, Germany
An-Ping Zeng, Hamburg, Germany
Jian-Jiang Zhong, Shanghai, Minhang, China
Weichang Zhou, Shanghai, China



Aims and Scope

This book series reviews current trends in modern biotechnology and biochemical
engineering. Its aim is to cover all aspects of these interdisciplinary disciplines,
where knowledge, methods and expertise are required from chemistry, biochemistry,
microbiology, molecular biology, chemical engineering and computer science.

Volumes are organized topically and provide a comprehensive discussion of
developments in the field over the past 3—5 years. The series also discusses new
discoveries and applications. Special volumes are dedicated to selected topics
which focus on new biotechnological products and new processes for their synthesis
and purification.

In general, volumes are edited by well-known guest editors. The series editor and
publisher will, however, always be pleased to receive suggestions and supplemen-
tary information. Manuscripts are accepted in English.

In references, Advances in Biochemical Engineering/Biotechnology is abbreviated

as Adv. Biochem. Engin./Biotechnol. and cited as a journal.

More information about this series at http://www.springer.com/series/10


http://www.springer.com/series/10

Erdmann Rapp ¢ Udo Reichl
Editors

Advances 1n
Glycobiotechnology

With contributions by

K. Alagesan - M. J. Betenbaugh - M. Butler - J. F. Buyel -
S. Cajic - N. Callewaert - O. Can - M. M. J. Cox -

M. P. DeLisa - C. De Wachter - L. Elling - R. Fischer -
S. L. Flitsch - H. Frohnmeyer - J. Gottschalk -

G. Goyette-Desjardins - K. M. Heffner - D. B. Hizal -
M. Hoffmann - T. Holland - R. Jefferis - D. Kolarich -
D. Laaf - B. Lepenies - A. Malik - J. E. R. Martinez -
D. C. Mills - T. D. Moeller - L. A. Palomares - A. Pralow -
O. T. Ramirez - E. Rapp - U. Reichl - T. Rexer - M. Sack -
S. Schillberg - K. Schon - P. H. Seeberger -
I. K. Srivastava - E. Stoger - B. Thomas - R. M. Twyman -
L. Van Landuyt - D. Var6n Silva - Q. Wang -
K. B. Weyant - L. E. Yates

@ Springer



Editors

Erdmann Rapp Udo Reichl

Bioprocess Engineering Bioprocess Engineering

Max Planck Institute for Dynamics Max Planck Institute for Dynamics

of Complex Technical Systems of Complex Technical Systems
Magdeburg, Germany Magdeburg, Germany

glyXera GmbH Otto-von-Guericke University Magdeburg
Magdeburg, Germany Magdeburg, Germany

ISSN 0724-6145 ISSN 1616-8542  (electronic)

Advances in Biochemical Engineering/Biotechnology

ISBN 978-3-030-69589-7 ISBN 978-3-030-69590-3  (eBook)

https://doi.org/10.1007/978-3-030-69590-3

© Springer Nature Switzerland AG 2021

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-69590-3

Preface

From the different languages on the molecular level of life, only the genome has
become a subject of wider public interest, while the proteome and even more the
glycome remain reserved for specialists.

Biopharmaceuticals — also known as biologicals or biologics — include purified
and recombinantly expressed therapeutic proteins like monoclonal antibodies, eryth-
ropoietin, insulin, growth and coagulation factors, hormones, interferons, and others.
In addition, vaccines mainly developed and applied as inactivated or attenuated
intact pathogens or as purified or recombinantly expressed major antigens play a
major role. Recombinant human insulin was among the first substances to be
approved for therapeutic purpose, and currently, there are nearly 300 biopharma-
ceutical products which have been approved and are available in the market. The
global biopharmaceutical market size was about $240 billion in 2019 and is expected
to grow at a compound annual growth rate (CAGR) of 14.20% during the forecasting
period (2020-2027). Most biopharmaceuticals are glycoproteins, which are com-
prised of proteins and glycans — complex carbohydrates consisting of glycosidically
linked monosaccharides. Out of the top 10 drugs by global sales in 2019, seven were
recombinant glycoproteins. In terms of value, monoclonal antibodies represent the
largest market share with vaccines being second.

Glycosylation is not only important for the correct folding of glycoproteins, it has
a large impact on the mechanisms of action of biopharmaceuticals, their pharmaco-
kinetics and their pharmacodynamics. Moreover, it plays a crucial role in various
biological processes such as cell proliferation, cell-cell recognition, pathogen—host
interaction, and immune responses. For recombinant therapeutic glycoproteins,
glycosylation is therefore classified by the authorities as a critical quality attribute
(CQA). However, in contrast to proteins that are defined by the nucleotide sequence
of genes, glycans are synthesized from a complex matrix of enzymes without a
predefined template. This results in large heterogeneity in biomanufacturing glyco-
proteins with consequent high variability in their properties. Therefore, in
glycobiotechnology, the engineering and analysis of glycosylation is of critical
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interest, and significant efforts have been made to improve glycoengineering and
glycoanalytical toolboxes.

In order to present the complex field of glycobiotechnology and its latest devel-
opments in full breadth, our book “Advances in Glycobiotechnology” will address
the following topics:

— The impact of the expression system on glycosylation

— The influence of culture conditions on glycosylation

— Synthetic and biosynthetic glycoengineering

— Glycoengineering via cell line design

— Technologies and methods for glycoanalysis

— Challenges in the industrial production of therapeutics and vaccines

Written by selected experts in the field, and divided into 14 chapters, this book
will provide a wide coverage on the state of the art in analytics, pharmaceutical
process technologies, and medical applications in glycobiotechnology.

Magdeburg, Germany Erdmann Rapp
Udo Reichl
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2 M. Butler and U. Reichl

Abstract The glycan profile of therapeutic recombinant proteins such as mono-
clonal antibodies is a critical quality attribute, which affects the efficacy of the final
product. The cellular glycosylation process during protein expression is dependent
upon a number of factors such as the availability of substrates in the media, the
intracellular content of nucleotide sugars, and the enzyme repertoire of the host
cells. In order to control the variability of glycosylation it is important to understand
the critical process parameters and their acceptable range of values to enable
reproducible production of proteins with a predetermined glycan profile providing
the desired biological function or therapeutic effect. The depletion of critical
nutrients such as glucose or galactose, which may occur toward the end of a culture
process, can lead to truncated glycans. Terminal galactosylation and sialyation are
particularly variable but may be controlled by the presence of some key media
components. Ammonia accumulation, pH, and dissolved oxygen levels are also
known to be key bioprocess parameters that affect the glycosylation of recombinant
proteins. Specific enzyme inhibitors can be added to the media to drive the
formation of selected and predetermined glycan profiles. Various attempts have
been made to predict the glycan profiles of cellular expressed proteins and have led
to metabolic models based upon knowledge of metabolic flux and the kinetics of
individual glycosylation reactions.

In contrast to single recombinant proteins, the glycan profiles of viral vaccines
are far more complex and difficult to predict. The example of influenza A virus
shows that hemagglutinin, the major antigenic determinant, has three to nine
N-glycans, which may influence the antigenicity and efficacy of the vaccine.
Glycosylation of the influenza A virus has been largely unmonitored in the past
as production has been from eggs, where glycan profiles of antigens are difficult if
not impossible to control. Over the past decade, however, there have been various
commercial influenza vaccines made available from cell technology using animal
host cells. Analysis of glycosylation control shows that the type of host cell has the
greatest influence on the final analyzed glycan profile. Other factors such as the
virus strain, the cultivation system, or various process parameters have been shown
to have only a minor effect on the glycosylation pattern. We predict that the analysis
of glycan profiles in viral vaccines will become increasingly important in the
development and consistent manufacturing of safe and potent vaccines.
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Graphical Abstract

Keywords ADCC, Ammonia, Castanospermine, Galactosylation, Glycosylation,
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Abbreviations
GDP Guanosine diphosphate
Glc Glucose

GIcNAc  N-Acetylglucosamine
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HexNAc  N-Acetyl hexosamine

IeG Immunglobulin G
Man Mannose

ManNAc N-Acetylmannosamine
UDP Uridine diphosphate

1 Introduction

The global biopharma market is growing rapidly, with a recent report showing an
annual growth rate of 8.6% and an expectation that the global market will reach US
$ 291 billion by 2021 [1]. Current products include more than 200 protein-based
therapeutics that have been approved for the treatment of unmet medical needs such
as cancer, multiple sclerosis, rheumatoid arthritis, and many other serious human
conditions [2]. In terms of value, monoclonal antibodies represent the largest
market share, with vaccines being second. In contrast, the worldwide production
volume of vaccines far exceeds all other biopharmaceuticals.

The availability of biopharmaceuticals has come about through the ability to grow
animal cells in large-scale bioreactors and to design these cells for the production of
specific glycoprotein targets. Most biopharmaceuticals are glycoproteins, which are
composed of proteins and complex carbohydrates. Although the protein structure is
determined by the sequence of nucleotides in the gene, the carbohydrates or glycans are
far more complex because of their branched structures and the fact that they are
synthesized from a complex matrix of enzymes without a predefined template. This
results in considerable heterogeneity in biomanufacturing, with consequent variability
in the clinical efficacy of the final products. We first address the production of mono-
clonal antibodies and then the manufacturing of viral antigens. The focus is on Chinese
hamster ovary (CHO) cells and various other cell lines used for virus replication.

2 Production of Glycosylated Proteins for Therapeutic Use

Glycosylation of proteins is now identified as crucial quality attribute (CQA) that is
essential for the effective clinical function of the final drug product. The glycosyl-
ation profile is unique to each glycoprotein in terms of attachment of a glycan at a
specific peptide site (macroheterogeneity) and structural variation at each site
(microheterogeneity). Variability in the profile can affect physicochemical proper-
ties, including solubility, thermal stability [3], protease resistance [4], and aggre-
gation [5, 6], and result in clinical variation in serum half-life [7], immunogenicity
[8, 9], and therapeutic efficacy [10]. Unlike proteins and nucleic acids, the poly-
saccharide structure of a glycan is not governed by a template. This means that the
variability is affected by the portfolio of enzyme activities in the producer cell line,
the availability of precursors, and the environmental conditions of the bioprocess.
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2.1 Process Variables

There are several aspects of process control associated with the glycosylation of a
protein destined as a therapeutic product. First, it is essential to maintain batch-to-
batch consistency so that the structure and function of the final product does not
vary. For this, it is important to identify the process parameters that cause variabil-
ity and determine the range of values that are permissible in limiting product
variability. This is the intrinsic method of quality by design (QbD), a procedure
recommended by the Food and Drug Administration (FDA) to understand how the
variables of a manufacturing process influence product quality.

Second, it is important to determine the range of process variables that produce a
glycoprotein with a predetermined glycan profile that will provide the desired
biological function or therapeutic effect. This second level is not so easy because
it requires both an understanding of the structure-to-function relationship of a single
glycoform and the ability to produce a restricted glycoform product consistently
during biomanufacture. An example is the discovery that a nonfucosylated antibody
can elicit significantly higher clinical efficacy than its fucosylated counterpart
through enhancement of the antibody-dependent cellular cytotoxicity (ADCC).
Rituxan (rituximab) was developed by Biogen and Genentech as a humanized
anti-CD20 monoclonal antibody (Mab) and since 1997 has been used as a highly
effective treatment for chronic lymphocytic leukemia. However, more recently, a
nonfucosylated form of rituximab was obtained by gene manipulation of the
producer cell to manufacture Ganzya (obinutuzumab). This nonfucosylated form
of the antibody has a 35-fold enhanced ADCC compared with rituximab [11].

2.2 Culture Media: The Contribution of Nutrients
to Glycosylation

The composition of the complex medium required to grow animal cells is a key
factor in ensuring consistent recombinant protein production from a producer cell.
Media formulations can contain 60—100 components, which change in concentra-
tion during a batch culture [12]. The gradual depletion of nutrients during the course
of culture certainly results in time-dependent effects on glycosylation. Glucose and
glutamine are key nutrients utilized for energy metabolism during cell growth.
However, there are also precursors for glycosylation and several studies suggest
that when the concentration of either of these compounds reaches a critically low
level in the medium then the glycosylation process is compromised in preference to
primary energy metabolism.

The control of microheterogeneity by nutrient feeding is crucial in producing
consistent biopharmaceuticals and in avoiding significant batch-to-batch product
variation and diminished therapeutic efficacy. However, each cell line and clone
may have specific metabolic characteristics that can affect protein glycosylation
[13]. Accordingly, to ensure consistent product quality, metabolic analysis of
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culture parameters and high-throughput glycan analytics are necessary in order to
monitor factors that affect glycosylation.

It was recognized some time ago that underglycosylation and abnormal trun-
cated glycans could result from glucose depletion in the medium [14]. Glucose
starvation is attributed to a shortage of glucose-derived precursors and results in an
intracellular depleted state, giving rise to a higher proportion of high mannose
glycans [15]. Curling et al. showed a reduction in glycan site occupancy of gamma-
interferon toward the end of a batch culture of CHO cells [16]. In a follow-up
experiment using a different mode of culture but with the same cells, Hayter et al.
detected a high proportion of nonglycosylated gamma-interferon from a glucose-
limited chemostat; however, normal levels of glycosylation were restored by pulsed
additions of glucose [17]. Furthermore, it was shown that there is a critical
concentration of glucose (<0.5 mM) below which reduced site-occupancy of
N-glycans is observed in IgG produced from mouse myeloma cells [18].

Liu et al. showed that depletion of glucose resulted in synthesis of a reduced size
glycan in the lipid-linked oligosaccharide precursor, from the 14-oligomer
dolichol-GlcNAc,-Mang-Glc; structure to the shorter dolichol-GlcNAc,-Mans,
correlating with a reduction in glycan occupancy on a Mab [19]. This effect also
correlated with a reduced concentration of intracellular nucleotide sugars,
GDP-sugars. and UDP-hexosamines [20]. It was also shown that the time of cell
exposure to glucose-depleted medium was tightly correlated with reduced
galactosylation of the fraction of Mabs that were glycosylated [19]. This finding
is pertinent to the operation of fed-batch cultures, which operate with cycles of
nutrient feeding. These periodic cycles may include times of depleted nutrients,
which might not affect cell growth but could increase glycan heterogeneity.

Intracellular nucleotide sugars are the immediate precursors of protein glyco-
sylation in the endoplasmic reticulum (ER) and Golgi apparatus. So, it is not
unexpected that low or depleted levels of glucose or glutamine in the medium
can result in decreased intracellular concentrations of these precursors, which in
turn affects glycosylation with enhanced macroheterogeneity (glycan occupancy)
and microheterogeneity (variable glycan structures) [20-23]

In several studies, elevated intracellular levels of UDP-HexNAc resulted in
higher antennarity of the glycan structures of several proteins [24-27]. This has
been attributed to higher ammonia levels, although this does not have to be the case,
as shown with cells adapted to glutamine-free medium but still showing a correla-
tion between elevated UDP-HexNAc and glycan antennarity [28].

Media supplementation with nucleotide precursors such as glucosamine and
uridine for UDP-GIcNAc synthesis [29, 30], uridine and galactose for UDP-Gal
synthesis [31, 32], galactose, glucosamine, or N-acetylmannosamine (ManNAc)
[33] have been successful in increasing the nucleotide sugar availability and promot-
ing specific glycosylation targets. However, it is well recognized that the ratios of
sugar nucleotides are also important. For example, it has been shown that elevated
levels of UDP-HexNAc impair cytidine monophosphate (CMP)-acetylneuraminic
acid transport into the Golgi apparatus, thus reducing sialylation [34]. Furthermore,
enhanced sialylation has been shown in gamma-interferon production by supplemen-
tation with ManNAc [35].
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However, other factors such as enzymes for nucleotide sugar biosynthesis or
transporters may be limiting in some cell lines [36]. Thus, enhanced sialylation was
improved by overexpression of a CMP-sialic acid transporter [23] and supplemen-
tation of the culture with galactose, glucosamine, and ManNAc [33]. In human
embryonic kidney (HEK293) cells, the hexosamine biosynthetic pathway and the
N-acetylglucosamine (GIcNAc) transferases, which control glycan branching, may
influence the uptake of glutamine and essential amino acids under low nutrient
conditions and allow increased cell growth [37].

2.3 Galactosylation

Terminal galactosylation of glycans of recombinant antibodies exhibits significant
variability, depending on the state of the medium. Because of the sequential nature
of the transferase enzymes, the addition of galactose to a glycan chain is a
prerequisite for terminal sialylation. Feeding cultures with galactose can ensure
high levels of terminal galactosylation, as shown in the production of a number of
antibodies [38]. Galactose feeding was shown to increase uridine diphosphate
(UDP)-galactose pool in the cell up to 20-fold compared with control levels and
corresponded to a concentration of 7 fmol/10° viable cells. However, in a separate
study, Clark et al. showed that the sialic acid content of a glycoprotein is not
increased by galactose feeding [39]. They attributed this to enhanced intracellular
sialidase activity in the galactose-fed cultures that increased the potential for
desialylation. Kildegaard et al. determined the effect of eight independent supple-
ments on the glycoprofile of an immunoglobulin produced from CHO cells in
fed-batch cultures. This work showed that supplementing the medium with galac-
tose consistently enhanced galactosylation, whereas addition of GIcNAc or man-
nose caused a small but significant decrease [40]. Addition of up to 40 mM
galactose to culture media resulted in enhanced galactosylation and sialylation of
a recombinant fragment crystallizable region (Fc)-fusion protein, with minimal
effect on culture performance apart from a reduction in glucose uptake [41].

Specific glycosyltransferase reactions could be enhanced by the availability of
substrates and specific cofactors. A cocktail of supplements comprising uridine,
manganese, and galactose (UMG) was found to stimulate the galactosylation
process [32], which is often measured by the galactosylation index (GI = 0-1)
[42]. Figure 1 shows how the availability of glucose to the cells directly correlates
with the extent of galacatosylation and sialylation of the synthesized antibody
[19]. Although commercially available Mabs are associated with a relatively low
GI level (<0.35) [43], use of UMG supplement enhanced the galactosylation of a
chimeric human-llama Mab to an even higher level than shown in Fig. 1, giving GI
values up to 0.83 [19]. Galactosyltransferase requires manganese for activity and
manganese addition alone can increase galactosylation in late day cultures [44]. It
has been shown that the individual components of the UMG cocktail can be altered
through a statistical design-of-experiment (DOE) to control the galactosylation of a
protein to the desired level [31].
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Fig. 1 Change in galactosylation and sialylation indices with exposure of cells to glucose-
depleted media for various times [19]

2.4 Sialylation

The addition of neuraminic acid to the terminal end of a glycan is known as
sialylation or “capping.” The two predominant forms of neuraminic acid are N-
acetylneuraminic acid (NANA) and N-glycolylneuraminic acid (NGNA).
Sialylated human glycoproteins contain almost exclusively NANA. Although
NGNA can be synthesized by other mammals, including mice, it may be immuno-
genic to humans. The sialylation of CHO-secreted products gives predominantly
NANA, whereas glycoproteins from murine producer cells may have both forms of
neuraminic acid, giving rise to the possibility of immunogenicity [45, 46]. Glyco-
sylation from CHO cells is often described as “human-like,” but the linkage of
NANA to the adjacent galactose is predominantly «2-6 in humans and exclusively
a2-3 in hamster [47]. The extent of protein sialylation can vary considerably in
bioprocesses, but its control is important in order to maintain consistent clinical
efficacy of the final product. The residence time of a therapeutic glycoprotein in the
blood stream is highly dependent on the extent of sialylation. The bioprocess
parameters that influence sialylation were investigated by Lewis et al., who found
that lower sialylation levels during large-scale production could be attributed to low
levels of dissolved oxygen (DO) [48]. They attributed this relationship to a lower
flux through the hexosamine pathway, resulting in a reduced intracellular level of
NANA, as the key precursor of sialylation. It is interesting to note that this effect
appears to be independent of the effect of reduced DO levels on galactosylation,
observed earlier in a murine hybridoma [49].

Enhanced sialylation of a glycoprotein can be attained by cell engineering
through transfection and expression of a sialyltransferase. Most of these studies
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involved use of the o2-6 sialyltransferase to enable the human-like linkage [47, 50,
51]. The protein structure can also influence the extent of sialylation, with only
modest levels (<10%) reported for Mabs because of the restricted space within the
protein pocket for glycosylation. In this case, greater accessibility of the enzyme
can be enabled by removal of an aromatic group, which occurs in the F243A
(replacement of phenylalanine 243 by alanine) mutation in an antibody, allowing
increased sialylation to >30% [52].

2.5 Ammonia

Glutamine is an effective substrate for cell growth because of its rapid transfer
through the cell membrane and incorporation into tricarboxylic acid cycle interme-
diates. However, this process is associated with the accumulation of ammonia,
which eventually becomes inhibitory to cell growth [53], an effect shown to be
greater at high pH values [54].

Accumulated ammonia also exerts an effect on glycosylation by decreasing
terminal sialylation [27, 55, 56]. There are two possible mechanisms to explain this
effect. First, an increase in intracellular UDP-GIcNAc levels occurs through incor-
poration of ammonia into glucosamine. This enhanced UDP-GIcNAc competes with
the transport of the sialic acid precursor CMP-NANA into the Golgi apparatus, which
is an essential step prior to sialylation [24]. The second possible mechanism for
reduced sialylation in the presence of ammonia is that the pH value of the Golgi
apparatus increases, shifting away from the optimal pH for the sialyltransferase
enzyme [57]. Glycosylation-related gene expression in non-immunoglobulin-
secreting murine myeloma (NSO) cells was shown to be insensitive to moderate
increases in ammonia, which suggests that the mechanistic effects of ammonia on
glycosylation are probably metabolic and not at the transcriptional level [58].

It was shown some time ago that the substitution of glutamine in the medium by
less ammoniagenic substrates could be effective in reducing the accumulation of
ammonia, as shown in several cell lines, but to the detriment of cell growth
[59]. More recently, enhanced sialylation was shown for an Fc-fusion protein
expressed in CHO cells by replacing glutamine in the medium with
a-ketoglutarate [60]. This effect was attributed to the lowering of metabolically
produced ammonia by 75%, but at the expense of a longer lag phase and reduced
cell growth.

2.6 pH Value

Cells are normally cultured at neutral pH, with various reports showing that optimal
growth and/or cell productivity occurs at a pH range of 7.0-7.8 [61-63]. Glycan site
occupancy decreases at lower (<6.9) and or higher (>8.2) pH values, a phenomenon
that can be explained by the effect of adverse external pH conditions on the internal pH
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of the Golgi apparatus, resulting in reduced activity of glycosylation enzymes
[62]. Some reports have also indicated specific changes in glycan microheterogeneity
caused by changes in pH. The galactosylation of an antibody produced from human
cells decreased with increasing pH value in the range of 6.8—7.6 [63]. This effect was
confirmed by Aghamohseni et al. for Mab production from CHO cells [61]. In this
report, a shifted pH strategy is described, in which cells are grown at a normal pH of
7.8 to maximum cell density, followed by a shift to pH 6.8 during a stationary phase.
This strategy had the benefit of increasing galactosylation and sialylation while
enabling maximum cell growth and antibody productivity.

Zalai et al. reported a link between high specific productivity (Qp) and the
formation of high mannose glycan structures [64]. They also showed in their system
that the high mannose structures were more likely to occur at a lower pH value (6.9)
than the control (pH 7.2). A relationship between premature glycan structures,
including high mannose glycans, has also been shown for higher Qp produced
under hypothermic conditions [65].

2.7 Oxygen

The DO level is a key parameter for the intracellular metabolism of producer cells
in bioprocesses [66, 67]. A high rate of oxygen consumption occurs during aerobic
metabolism and may decrease during depletion of nutrients in the medium [64]. A
change in the glycoform profile of a recombinant protein may well result from such
metabolic changes [68]. Control of the DO set-point in a bioreactor is important for
minimizing the possibility of an altered metabolism affecting a change in the glycan
profile. The terminal galactosylation of an antibody has been directly related to the
DO level, with a gradual decrease in the digalactosylated (G2) form from 30% at
the higher oxygen level to 12% at low DO [49]. The mechanism for the effect of DO
is unclear, but it is probably caused by a change in cellular metabolism rather than a
direct effect through the activity of the galactosyltransferase enzyme [69].

2.8 Use of Inhibitors to Control Glycosylation

A number of highly specific alkaloid-based inhibitors of glycosylation can be added
to the growth medium to cause predetermined changes in the glycan profile.
Kifunensine blocks the removal of mannose by inhibiting mannosidase I, resulting
in a high mannose structure [70, 71]. Because the mannosidase reaction occurs prior
to fucosylation in the glycosylation process, this can lead to a nonfucosylated
oligomannose glycan structure when an antibody is expressed. This structure
demonstrates the ADCC normally associated with nonfucosylated antibodies [72].

Other inhibitors include Castanospermine (Cas), which is a glucosidase inhibitor
preventing the removal of terminal glucose sugars from the high mannose glycan
attached to protein in the ER [73]. A third example is Swainsonine (Swa), which is a
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mannosidase II inhibitor. Mannosidase II is the second mannosidase in the glyco-
sylation pathway and removes mannose from one arm of the glycan structure; its
inhibition results in the formation of hybrid glycan structures [74]. A typical glycan
profile resulting from the addition of these inhibitors to antibody-secreting CHO
cells is shown in Fig. 2.

2.9 Predictive Metabolic Models of Glycosylation

The unpredictability of glycosylation is a major problem in the bioindustry. This applies
to the unpredictability of the relationship between clinical efficacy and the glycoprofile
structure, as well as the unpredictability of process control of glycosylation [76].

Metabolic modeling analysis could improve the understanding of how shifts in
nutrients affect key cellular metabolites in glycan synthesis and glycosylation
outcomes, as well as cell growth and productivity during process development
[77, 78]. However, this is a difficult task because glycosylation is such a complex
system, affected by many aspects of cellular metabolism, some of which may yet be
unknown. Furthermore, because glycosylation is highly variable between cell types
and clones [13], new parameters must be established for each one.

The glycosylation process occurs inside the Golgi apparatus of the cell and is a
sequential attachment/detachment of nucleotide sugars to the backbone of the protein
to form a complex glycan. The series of successive reactions are catalyzed in the Golgi
apparatus by a small number of enzymes, which can be classified into two main
groups: (a) exoglycosidases that act on one substrate and detach a mannose from the
oligosaccharide chain and (b) glycotransferases (GTs) that act on two substrates and
attach a particular monosaccharaide to the chain. There are reported to be over
250 mammalian GT enzymes, which can be classified into groups based on the type
of monosaccharide they act on [79]. Due to the sequential nature of the glycosylation
process, GTs are distributed along the Golgi apparatus [79, 80]. Thus, glycan structure
can be affected significantly by the localization of the enzymes.

A relatively simple model based on the probability of reactions that transition
glycans from one structure to the next was developed based on random walking
(a Markov chain model) and analysis of pre-existing glycan profiles [81]. This
model does not require kinetic data, but relies on an in silico flux balance analysis
and glycosylation as a stochastic process. The model predicts the effect of a specific
enzyme deletion, but does not take into account changes in enzyme activity that
lead to variations in kinetics or variable access to substrates.

Metabolic flux analysis in continuous culture can be useful in understanding the
effects of altering key nutrients (glucose and glutamine) on the glycan profile.
Hossler et al. [80] assumed 341 glycans and addressed this complex network of
reactions with a relationship matrix [80] and the development of vizualization
software, GlycoVis [82]. Two metabolic models, a dynamic model based on flux
analysis and the GlycoVis software model, were used to study and visualize the
relationships between glutamine, glucose, pH value, ammonia, and glycosylation in
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Fig. 3 Glycan distribution network for Mab-producing CHO cells grown under different condi-
tions: (a) 4 mM glucose at day 5, (b) 4 mM glutamine (Gln) at day 7, (¢) 0 mM Gln at day 5, (d)
0 mM Gln at day 7, (e) reduced pH at day 5, and (f) reduced pH at day 7. The representation is
based on the GlycoVis program [61]

batch cultures [61]. Reducing glutamine levels can lower glucose consumption
along with cell yield, but increase galactosylation and sialylation. Expression of this
data using the GlycoVis software is shown in Fig. 3. Extracellular ammonia
concentration was correlated with UDP-GIcNAc synthesis, and pH value with
inhibition of sialylation. In another similar study, low glutamine conditions reduced
sialylation and antennarity of human chorionic gonadotropin and correlated with
reduced UDP-GIcNAc [83].

Data on the reaction kinetics of specific glycosylation enzymes based upon
values reported in the literature were used to produce one of the first detailed
kinetic models [84]. This was extended by Krambeck et al. to embrace the kinetics
of 19 glycosylation enzymes into a reaction network to predict glycan profiles
analyzed by mass spectrometry [85, 86]. An application of this type of kinetic
analysis was prediction of galactosyl transferase (GalT) IV as a major control point
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for glycosylation branching. Computer simulation and, subsequently, experimental
data showed that the downregulation of GalT increased the tri- and tetra-antennary
glycan structures of human chorionic gonadotropin expressed in CHO cells [87].

Nucleotide sugars are the direct precursors of glycosylation in the ER and Golgi
apparatus and their abundance or depletion determines the extent of glycosylation.
They form a matrix of interrelated reactions in the cytoplasm, which is supplied by
extracellular nutrients. Two models have been proposed to describe the effect of
extracellular conditions on the glycoprofiles for CHO cell cultures [88] and for a murine
hybridoma [89]. Both of these models propose to connect the extracellular environment
described by a metabolic flux model to the glycosylation processes occurring in the
Golgi apparatus through nucleotide sugars. In general, both reported dynamic models
are of very large dimensions. For example, the model of Ohadi et al. involves 10 mass
balances for extracellular species, 8 differential equation for nucleotides and nucleotide
sugars, 104 differential equations describing the component balances of individual
glycans, and 4 nucleotide sugars serving as substrates for the glycosylation reactions.

The in silico metabolic model established by Jedrzejewski et al. also has a
framework of reactions of nucleotides and nucleotide sugars in the cytoplasm,
including kinetic measurements into the pool from extracellular culture compo-
nents and out of the pool through nine transport rate equations of the nucleotide
sugars feeding into the ER and Golgi apparatus (thus feeding the glycosylation
reactions). This matrix of nucleotide sugar reactions was developed in an attempt to
predict the pathway of glycosylation for different levels of extracellular metabolites
[89]. The model gives good predictive results compared with experimental data
generated from a murine hybridoma.

The analysis of nucleotide sugar metabolism was extended by del Val et al., who
took into account the stoichiometric requirements of host cell proteins, glycolipids,
and secreted recombinant proteins [90]. Following an analysis of the requirements
for glycosylation, it was concluded that the consumption rates of nucleotide sugars
toward cellular and recombinant proteins were of the same order of magnitude.
However, the partition of requirements between these demands depends on the
relative values of cell-specific productivity and growth rate, both of which can
change during the time course of a culture. Undoubtedly, this type of mathematical
framework can lead to an understanding of the specific requirements of nucleotide
sugars and allow the development of rational feeding strategies.

There is considerable value in the development of robust mathematical models
that can be predictive in terms of the effect of changes of media components on the
glycosylation profile of the final product. Such models are aided by multivariate
data analysis to indicate critical bioprocess parameters associated with alterations
in glycan profiles [91]. Many of the existing models are product-specific and/or cell
line-specific. A robust model that could be extended to multiple culture systems
would be valuable for bioprocess control so that culture conditions could be altered
predictably to enable the formation of a predetermined glycan profile. This would
also offer the possibility of reverse analysis, which would be applicable to the
diagnosis of clinical conditions such as congenital disorders of glycosylation. Here,
the objective would be to pinpoint the precise metabolic defect associated with the
abnormal glycan profile obtained from a patient sample.
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3 Production of Cell Culture-Derived Viral Antigens

Immunization is one of the most powerful and cost-effective ways to prevent
disease and save millions of lives. Vaccination can significantly reduce virus
spreading and, therefore, the emergence of endemics and pandemics. This includes
new challenges such as SARS-coronavirus or HIV/AIDS, viruses that evolve very
quickly (e.g., influenza A virus) or spread to a new population (e.g., Ebola virus,
West Nile virus), and reemerging diseases (e.g., drug-resistant tuberculosis). The
complete list of bacterial and viral vaccines licensed for human use in the USA
currently comprises more than 160 entries [92]. Vaccines can contain live attenu-
ated viruses that do not cause disease, inactivated organisms or viruses, inactivated
toxins, or segments of pathogens (subunit and conjugate vaccines). In addition,
nucleic acid vaccines, often called “third generation” vaccines, are currently being
developed. These are relatively inexpensive, easy to produce, and offer the chance
to reduce lead times in vaccine manufacturing in the case of pandemics [93]. This
section focuses on cultivation processes for production of viruses and viral antigens
using cells of higher animals and mammals (i.e., from avian, canine, ape, and
human origin).

Historically, viruses were propagated only on whole organisms such as mice,
rats, rabbits, foxes, or monkeys. With the establishment of viral tissue culture
methods in the 1950s, the first generation of inactivated polio vaccines (Salk) and
live attenuated oral polio vaccines (Sabin) became available; polio is now close to
being eradicated worldwide. During the same period, egg-based systems for virus
production were established that are still in use for viruses such as influenza,
measles-mumps-rubella (MMR), rabies, and yellow fever vaccines. The advent of
modern cell culture techniques enabled the manufacture of today’s large range of
biological pharmaceutical products at the industrial scale, including viral vaccines
for human and veterinary use [94]. Early attempts to use primary cell lines for
research and vaccine production date back to the 1920s and 1930s. Today, primary
cell lines, diploid cells, and spontaneously transformed continuous cell lines are
routinely used for production of viral vaccines [95-99]. In addition, designed
continuous cell lines such as PER.C6 [100, 101], AGE1.CR [102], and EB66
[103—105] are considered as substrates for virus propagation. For example, licensed
vaccines against measles and mumps are still produced in chicken embryo fibro-
blasts [106], diploid cell lines are used for rabies vaccine production [107], and
Vero cell cultures have been established for inactivated polio vaccine production
[108]. In addition, following a WHO recommendation in 1995 [109] the first
generation of cell culture-derived seasonal human influenza vaccines was approved
in 2007 for a manufacturing process using a MDCK suspension cell line [110].

Like the recombinant therapeutic proteins produced in hybridoma cells and CHO
cells, vaccines are highly complex products. In contrast to chemically synthesized low
molecular weight drugs, biologics cannot be fully characterized by existing analytical
methods. For establishment of cell culture-derived viral vaccine production processes
according to current good manufacturing practice (cGMP), the main focus is on
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potency and safety of the final products. Quality control includes characterization of
source materials (virus strains, cells, media), monitoring of cultivation conditions (cell
concentrations, virus yields, process parameters), and analysis of in-process samples
and testing of the samples before release of the final product. For example, for control
of a cell culture-derived monovalent influenza virus pool (whole virus, inactivated),
the following tests need to be performed: (1) effective inactivation, (2) antigen
concentration (hemagglutinin (HA) content), (3) presence of neuraminidase (viral
surface protein that enables virus release after replication), (4) identity (antigenic
specificity), (5) extraneous agents, (6) purity (contaminating protein, DNA), and
(7) contamination with chemicals used in production (e.g., detergents, organic sol-
vents, inactivant) [111]. Interestingly, and in stark contrast to regulations for produc-
tion of therapeutic proteins discussed at the beginning of this chapter (e.g. [112]),
except for the potency of the final product, physicochemical and specific immunolog-
ical and biological properties of the antigen are not considered for viral vaccines. This
concerns, in particular, the N-linked glycosylation of whole virus particles and viral
antigens (split and subunit vaccines) using attenuated (live vaccines) or nonattenuated
(inactivated vaccines) virus strains. However, and in line with the guidelines for
production of therapeutic proteins, the glycosylation patterns, purity, amino acid
sequence, and molecular size of recombinant proteins are considered for quality
control in the manufacture of vaccines involving the expression of virus surface
proteins in recombinant bacteria, yeast, animal cells, or plants [113].

For monoclonals and other recombinant proteins, it is well known that glycosyl-
ation has a significant impact on the pharmacokinetics of theses product and modu-
lates several of their immunogenic properties. Accordingly, tests and acceptance
criteria need to be defined for relevant glycosylation structures of therapeutic proteins
and protein drug products to comply with cGMP guidelines and to realize process
analytical technology (PAT) and QbD objectives. For cell culture-derived viral
antigens, however, questions regarding the impact of glycosylation on the immuno-
genicity of a vaccine are so far only addressed in research [114—117], and no specific
requirements exist regarding glycoprofiling of viral antigens for the quality control of
conventional viral vaccines. Nevertheless, it is widely accepted that the presence or
absence of host cell-derived carbohydrates can modulate the antigenicity of antigens
by either preventing the binding of neutralizing antibodies or masking epitopes that
are recognized by CD4" T cells that help other lymphocytes to lyse virus-infected cells
[118]. In the case of HIV, for example, the high density of HIV-1 envelope glycosyl-
ation is considered an evolving “glycan shield” mechanism, whereby specific changes
in glycan packing prevent neutralizing antibody binding but not receptor binding
[119]. Similar findings were reported for other viral antigens, for instance the HA of
influenza A virus, or the envelope glycoproteins E1 and E2 of hepatitis C [120—
124]. However, the impact of glycosylation should be carefully evaluated because
other findings suggest that changes in the glycosylation pattern of antigen domains do
not necessarily influence the immunogenicity of vaccines. For a DNA vaccine
encoding the HA of avian H5N1 influenza viruses, for example, modifications of the
influenza virus HA1 domain had little impact on the antibody response in a mouse
model [125]. Obviously, differences in the glycosylation of viral antigens as a result of
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host cell selection or modification of glycan structure and composition caused by
changes in process condition have to be carefully evaluated to assess their impact on
potency. The N-linked glycosylation of viral antigens is involved in various other
crucial functions such as entry into host cells, proteolytic processing, protein traffick-
ing, and virus release that can have a significant impact on the establishment and
optimization of cell culture-derived vaccine production.

There are several reasons for the lack of monitoring of large-scale vaccine
production regarding the glycosylation of virus particles (whole virus vaccines) and
viral proteins (split and subunit vaccines). First, during the early years of vaccine
development, the focus in vaccine development was on potency and safety aspects. In
addition, knowledge of carbohydrate structures, their composition, and the impact of
glycosylation of viral antigens on immunogenicity was very limited. Second, licensed
viral vaccines (whole virus presentations, split and subunit vaccines) significantly
exceed other biologicals (i.e., recombinant proteins) in complexity regarding the
number of antigens involved in the immune response and the high number of glycan
structures involved (i.e., whole virus preparations). Third, it is not clear which specific
glycosylation patterns/glycan structures of viral antigens are required for the genera-
tion of high potency vaccines. Fourth, besides macro- and microheterogeneity of
glycosylated antigens caused by host cell processes, the high mutation rate of many
viruses and the complex and dynamic distribution of variants (viral quasispecies)
increase the overall heterogeneity of vaccine preparations. Fifth, until very recently
there were only limited options for detailed characterization of how antigens shape the
human antibody repertoire, which is crucial to our understanding of B-cell immunity
and the targeted design of effective immunogens [114, 126, 127].

Over the last few years, protein glycosylation analysis has seen significant
methodological progress with improvements in mass spectrometry (MS)-based
platforms [121, 128, 129] and the establishment of methods using capillary gel
electrophoresis for high-throughput analysis of glycosylation patterns of viral
antigens and native virions with high resolution [130, 131]. In addition, there
have been significant advances in clinical glycoproteomics and in high-throughput
antibody repertoire sequencing using large-scale computational structural modeling
and analysis [127, 132, 133]. Based on these analytical tools, it will be possible to
make significant progress in the characterization of adaptive responses following
vaccination. Such progress will broaden our understanding of the role of antigen
glycosylation on infectivity and the modulation of immunogenicity at an unprece-
dented scale, which opens exciting perspectives for the development of viral
vaccines with improved potency and safety profiles.

Recent advances in high-throughput glycan profiling [128, 130, 131] using
multiplexed capillary gel electrophoresis with laser-induced fluorescence detection
(XCGE-LIF) have enabled the characterization of virus seeds, monitoring of virus
replication in animal cell culture regarding the number of infectious and
noninfectious virus particles produced, and detailed study of the impact of cultiva-
tion conditions on the status and changes in antigen glycosylation patterns over the
course of virus replication. These affect not only the selection of virus strains and
the host cells used for vaccine manufacture, but also the choice of media, adherent
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or suspension growth, process parameters (temperature, pH, DO), and inactivation
conditions.

3.1 Impact of Cultivation Conditions on Glycosylation
of Hemagglutinin of Influenza A Virus

In contrast to the processes established for production of recombinant proteins, there
is very limited information available on the impact of host cells, virus strains, and
process parameters on the glycosylation of virus particles and viral antigens in animal
cell culture-derived vaccine production. The rest of this section gives some examples
of upstream processing of influenza A virus using various animal cell lines.

3.2 Influenza A Virus Hemagglutinin

Influenza A virus expresses two membrane-bound surface glycoproteins, hemag-
glutinin (HA) and neuraminidase (NA). Both proteins carry N-linked glycosyla-
tions, which can contain a mixture of high-mannose, complex, or hybrid-type
oligosaccharides. As a result of the action of viral NA during the budding process,
the complex-type oligosaccharides of the released virus particles lack sialic acid but
the glycans can be sulfated as a further structural modification [124].

HA is a homotrimeric integral membrane glycoprotein of rod-like shape that
protrudes approximately 13.5 nm from the viral surface. During virus replication,
HA monomers are transcribed and translated, and then undergo complex post-
translational modifications (glycosylation, phosphorylation, sulfation, acylation,
etc.) in the ER and Golgi apparatus. After export to the cell surface, the HA monomer
is cleaved from HAQ into a globular head (HA1) and a long helical chain anchored in
the membrane (HA2); they are linked by a disulfide bond. Typically, three to nine
N-linked glycans are attached to the intact HA protein backbone (Fig. 4).

HA is the major antigenic determinant of commercial influenza vaccines, and
modifications of the glycosylation sites of the globular head of the HA1 influence
not only receptor binding and fusion activity but also antigenicity, virulence, and
the immune evasion of influenza viruses [94, 124, 134]. Recently, broadly protec-
tive vaccine candidates targeting the conserved HA2 stalk domain have been
identified and efforts are being made by several research groups toward the
development of universal influenza vaccines and therapeutic monoclonal antibodies
[92, 135-137].
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Fig. 4 HA with N-glycans attached. Homotrimeric HA (PDB ID: 1ru7) and attached N-glycans
(LinucsID 1893, retrieved from http://www.glycosciences.de) generated using Chimera (version
1.10.2). The six hypothetical N-glycosylation sites of the HA monomer (UniProtKB: P03452) are
highlighted in magenta. Five N-glycosylation sites (N27/N28, N40, N285, and N303) are located
within the HA1 domain (green). The HA2 domain (cyan) harbors site number six (N497).
Complex tri-antennary N-glycan structures attached to N27/N28, N285, and N303 represent a
possible glycome of the HA monomer. N-Glycosylation of the remaining HA monomers (greyed
out) has been omitted to facilitate visualization (Source: Alexander Pralow, Max Planck Institute
for Dynamics of Complex Technical Systems, Magdeburg, Germany)
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3.3 Impact of Host Cells on the Hemagglutinin Glycosylation
Pattern

Egg-based human influenza vaccines have been available for more than 70 years
and the majority of vaccine doses are still produced in embryonated chicken eggs
[138]. Since the 1990s, however, cell culture-derived veterinary (equine influenza)
and human influenza vaccines have been developed to overcome problems associ-
ated with egg-based production. This has led to a reduction in lead times and easier
logistics compared to egg supply, propagation of influenza strains that are difficult
to isolate in eggs (i.e., avian strains), no need for egg-adapted high growth
reassortants, and an aseptic closed environment in upstream and downstream
processing [95, 139, 140].

In 2001, the first cell culture-derived seasonal human influenza vaccine was
licensed (Influvac® TC, Solvay Pharmaceuticals Inc.) but discontinued after acqui-
sition by Abbott Laboratories [141]. A few years later, in 2007, the cell culture-
derived (trivalent, inactivated) human influenza vaccine (Optaﬁu®, Novartis) was
approved by the European Medicines Agency (EMA), followed in 2012 by US
FDA licensing of Flucelvax® produced by the same manufacturer [110, 142]. In
addition, cell culture-derived pandemic whole virion influenza vaccines are prop-
agated in African green monkey kidney (Vero) cells (HSN1, Baxter AG) [108] and
duck embryonic stem cells (EB66®, Valneva SE, GSK) [105], and various other
production systems are under development (Per.C6, etc.) [103]. A recombinant
protein influenza vaccine, Flublok® (SF* insect cells, Protein Sciences Corpora-
tion), was licensed in 2013 [143].

It was shown in early studies and in recent work that the host cell line is one of
the major determinants for the glycosylation of influenza virus HA [121, 144—
146]. In particular, newer studies performed for a wide range of cell lines, including
egg-derived virus, demonstrated clear differences in the complexity and composi-
tion of HA N-glycosylation. As an example, N-glycan fingerprints obtained by
xCGE-LIF (one peak corresponds to at least one distinct N-glycan structure) of
influenza A virus (HIN1, Puerto Rico/8/34) propagated in MDCK, Vero, AGE1.CR™
(immortalized and modified designer cell line originating from the Muscovy
duck, ProBioGen AG), CAP® (immortalized designer cell line originating from
primary human amniocytes, Cevec Pharmaceuticals GmbH), and embryonated eggs
(IDT Biologika GmbH) are shown in Fig. 5 [146].

As expected, the N-glycan fingerprints show strict host cell specificity. HA N-
glycan fingerprints clearly differ, as reported previously by Schwarzer et al. [146],
who also showed by exoglycosidase digestions that all N-glycan structures attached
to MDCK cell-derived HA are of the complex type with either terminal o- or
B-galactose, whereas most N-glycan structures of Vero cell-derived HA are of the
complex type with terminal p-galactose (with a few other structures of the high
mannose type). These results correspond to studies by An et al. [121], who
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Fig. 5 Impact of host cell line on the HA N-glycosylation pattern. Overlay of N-glycan finger-
prints. Relative fluorescence units (RFU) are plotted over the migration time (#yg) in normalized
migration time units (MTU’). Influenza A virus (HIN1, Puerto Rico/8/34) was produced in
adherent Vero cells (i), adherent MDCK cells (ii), human-derived CAP® suspension cells (iii),
duck-derived AGE1.CR.pIX suspension cells (iv), and embryonated chicken eggs (v)

characterized H5N1 HA expressed in three insect cell lines, a human cell
(HEK?283), and embryonated chicken eggs using MS-based analytics. In particular,
the authors reported quantitative and qualitative differences in the overall N-
glycosylation patterns and structures produced by different cell types, and
addressed the identification of a1,3-fucosylated structures in the core region of N-
glycans on HA produced by High Five™ cells, which may be allergenic in humans.
In a more general experimental setup, species-specific differences in N-glycosyla-
tion were also shown by Raju et al. [147] for peptide-N-glycosidase-F (PNGase F)-
treated IgG from 13 different animal species using MALDI-TOF-MS. Furthermore,
intracellular glycosylation processing is affected by the enzyme repertoire of the
host cell, transit time in the Golgi apparatus, and the availability of intracellular
sugar nucleotide donors [148, 149].

A major determinant of HA glycosylation is the selection of the host cell line
used in vaccine manufacturing. However, various changes in cultivation conditions
to optimize virus production can also have a significant impact on HA glycosylation
patterns. In particular, the adaptation of adherent cell lines to growth in suspension
using a serum-free medium drastically altered not only the proteome of MDCK
cells [150] but also their HA N-glycan fingerprints (Fig. 6). The total number of
different N-glycan structures was reduced, and the N-glycans expressed show a
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Fig. 6 Impact of host cell adaptation to serum-free suspension growth on the HA N-glycosylation
pattern of influenza A virus (HIN1, Puerto Rico/8/34). (a) HA N-glycan fingerprints. Relative
fluorescence units (RFU) are plotted over the migration time (#yg) in normalized migration time
units (MTU’). All peaks exceeding the 10x baseline noise threshold of at least one fingerprint are
annotated. Serum-requiring adherent MDCK cell line (i), MDCK cell line adapted to serum-free
suspension growth (ii; MDCK.SUS1), and further adapted MDCK.SUS1 cell line to better growth
characteristics (iii; MDCK.SUS2) [151]. Biological duplicate of the first adaptation step (iv:
MDCK.SUS3). The number of high abundant peaks (RPH >5%) with migration times below or
above 320 MTU' is indicated. (b) Overlay of all four N-glycosylation fingerprints. (¢) Relative N-
glycan structure abundance (RPH) as percentage of the total peak height (TPH, sum of all
annotated peaks). Peaks <5% RPH (dashed lines) are defined as low abundance



Animal Cell Expression Systems 23

tendency toward smaller structures [152]. Interestingly, without adaptation to
growth in suspension, the switch from serum-containing to serum-free growth of
adherent MDCK cells caused no significant changes in the total number of
HA-associated N-glycan peaks but only their relative abundance (not shown).
This suggests that adaptation of host cells to a new medium or changes in medium
composition to optimize cell growth or process yields have only a slight impact on
the host cell’s glycosylation machinery.

3.4 Impact of Virus Strains on the Hemagglutinin
Glycosylation Pattern

Besides the impact of host cells, the HA glycosylation patterns are influenced by the
specific virus type and subtype used for the generation of seed virus. Typically,
candidate vaccine viruses matching those recommended for inclusion in seasonal
and pandemic vaccines are produced in fertilized eggs and distributed by WHO
Collaborating Centers for Reference and Research. In addition, genetic
reassortment of influenza A viruses is performed to improve yields and robustness
of vaccine production processes [153—155]. Identity testing and sequence analysis
is performed to confirm their similarity to the reference strains, but comparison of
the glycosylation patterns of the field strains with the virus strains used for vaccine
production and evaluation of the impact of differences on immunogenicity of
vaccines are not required. In addition, it is well known that egg propagation can
affect antigenicity [156, 157] and egg-derived high growth reassortants do not
necessarily result in high yield cell culture processes. Therefore, the use of cell-
only passaged virus instead of one that has been egg-derived might be favorable and
should be considered for cell culture-derived vaccine production [158, 159].

In contrast to the host cell, the selection of virus strain has only a modest
influence on the N-glycan fingerprint. A comparison of various MDCK cell-derived
influenza A subtypes [HIN1, Puerto Rico/8/34, reassortant California/07/2009
(pandemic) and H3N2, reassortant Uruguay/716/2007 (H3N2) x PR8/34 (HIN1),
reassortant Victoria/210/2009 (H3N2) x PR8/34 (HIN1)] showed that most peaks
were present for all tested viruses (except for some low abundance peaks; Fig. 7a,
b). Overall, the relative peak abundance varied with a maximum difference of
25.2% (peak 22, Fig. 7c) whereas strain-specific differences were less than 12.4%
(HINT strains) and 9.8% (H3N2 strains).

The results suggest a closer relation between the HIN1 and H3N2 strains.
Differences in N-glycan structure abundance (i.e., missing peaks) are probably a
result of minor variations in the three-dimensional conformation of HA monomers
of the four analyzed IVA strains, as already highlighted in 1997 by MirShekari et al.
[160]. The authors demonstrated for Madin Darby bovine kidney cells that N-
glycosylation is site-specific, and that glycans at the same site of the HA1 subunit
are occupied by more or less conserved N-glycan structures depending on the
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Fig. 7 Impact of virus strain on MDCK cell-derived HA N-glycosylation patterns. (a) Overlay of
HA N-glycan fingerprints. Relative fluorescence units (RFU) are plotted over the migration time
(tmig) in normalized migration time units (MTU"). Influenza A virus IVA)-PRS8 (i; HIN1, Puerto
Rico/8/34), IVA-California (ii; HIN1, reassortant California/07/2009, pandemic), IVA-Uruguay
[iii; reassortant Uruguay/716/2007 (H3N2) x PR8/34 (HIN1)], and IVA-Victoria [iv; reassortant
Victoria/210/2009 (H3N2) x PR8/34 (HIN1)] were produced in MDCK cell culture. All peaks
exceeding the 10x baseline noise threshold of at least one fingerprint are annotated. (b) Direct
overlay of HA N-glycan fingerprints. (¢) Relative N-glycan structure abundance (RPH) as per-
centage of the total peak height (TPH, sum of all annotated peaks). Peaks are defined as high
abundance if RPH >5% (dashed lines)
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specific site characteristic. In loop regions, bi-, tri- and tetra-antennary complex
N-glycans are present. In contrast, the glycosylation site buried in the a-helix is
mostly occupied by high mannose structures, indicating that these glycans are not
easily accessible for glycosylation modulating enzymes. Specific glycosylation
characteristics also influence glycan processing; for example, Harpaz and Schachter
[161] demonstrated that the presence of bisecting GIcNAc inhibits GIcNAc trans-
ferases and, therefore, further glycan branching.

In addition, Roedig et al. [158] showed that extended passaging of influenza A
virus (HIN1, Puerto Rico/8/34) in adherent MDCK cells had little influence on HA
N-glycosylation [159]. Over a total number of 10 passages in roller bottles, the HA
fingerprints of all passages featured the same 15 main peaks, with the maximum
difference in the relative peak heights not exceeding 3.5% (not shown). For the
same subtype, neither the harvest time point (24-96 h after infection) nor
B-propiolactone inactivation (37°C, 24 h, final B-propiolactone concentration
3 mM) had a significant impact on HA N-glycosylation [152].

3.5 [Impact of Cultivation Vessels and Process Parameters
on the Hemagglutinin Glycosylation Pattern

In contrast to the production of recombinant proteins, relatively little is known
about the impact of cultivation conditions on viral antigen glycosylation. For the
HA of influenza A virus (HIN1, Puerto Rico/8/34) produced in adherent MDCK
cells in serum-containing medium, changes in cultivation vessel (T75 flask, roller
bottle, spinner vessel, stirred tank reactor), cultivation scale (50 mL—4.5 L working
volume), cell concentration (standard batch versus high cell density), and temper-
ature during virus replication (33-39°C) had no significant impact on the HA
N-glycosylation pattern. At best, minor changes in the relative N-glycan structure
abundances were identified [162]. As an example, HA glycosylation patterns for a
wide range of cultivation vessel are shown in Fig. 8.

4 Conclusions

As more is understood about the glycan structures attached to glycoproteins, it has
become increasingly obvious that they have a crucial role in the therapeutic effects
of recombinant biopharmaceuticals. Notable examples are the role of sialylation on
the residence time of erythropoietin in the blood stream, and the inflammatory
properties of antibodies. Even small structural changes such as fucosylation can
have a dramatic effect on receptor binding, which is crucial to targeted cancer
treatment using therapeutic antibodies.
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Precise control of glycosylation leading to a homogenous glycoform profile can
be performed at the cellular level through metabolic engineering by the functional
addition or removal of specific genes associated with glycosylation. However, the
success of this approach is dependent upon the availability of precursors present in
the culture media. A limited supply of substrates or cofactors in the medium limits
full glycosylation, irrespective of the activity of enzymes.

Some of the bioprocess parameters explained in this chapter can influence
glycosylation. To maintain a consistency of glycosylation it is important to identify
the critical parameters and their optimal set points. Consistent glycosylation during
a large-scale bioprocess requires sufficient information about the “design space”
around these set points. This concept is consistent with the regulatory important
QbD approach, which defines the limited boundaries of each identified bioprocess
parameter. This leads to confidence in product consistency if there is a deviation
from a set point but within the boundaries of the design space.

Compared with recombinant glycoproteins produced in animal cell culture,
relatively little is known regarding the impact of host cells, virus strain/recombinant
protein, and cultivation conditions on N-glycosylation of viral antigens. Based on
the limited studies performed so far, it seems that selection of the expression system
(host cell, adherent/suspension growth) has the largest impact on the glycan finger-
print. In addition, the virus strains and their passage history (egg-based versus
animal cell-derived virus seeds) should be considered carefully. Interestingly,
cultivation vessel, process parameters, choice of medium, harvest time point, and
inactivation only seem to modulate peak abundance but not peak presence. Appli-
cation of the powerful new analytical approaches developed over the last few years
(i.e., MS-based platforms and xCGE-LIF), should be encouraged for monitoring the
glycosylation status of viral antigens in vaccine production processes. In addition,
the impact of changes in the N-glycosylation of viral antigens on cellular and
humoral immunity of virus preparations should be carefully evaluated to enable
the design of potent and safe vaccines using the optimal production platform.

<
«

Fig. 8 (continued) roller bottle (iii) or 1 L stirred tank reactor (STR, iv) using MDCK cell culture.
(¢, d) The reassortant Uruguay/716/2007 (H3N2) x PR8/34 (HIN1) was produced in T75 flask (i)
and 5 L STR (ii) using MDCK cell culture. (a, ¢) Overlay of HA N-glycan fingerprints, relative
fluorescence units (RFU) are plotted over the migration time (#y;,) in normalized migration time
units (MTU’). All peaks exceeding the 10 x baseline noise threshold of at least one fingerprint are
annotated. (b, d) Relative peak height (RPH) in % of the total peak height (TPH, sum of all
annotated peaks). Peaks are defined as high abundant it RPH >5% (dashed lines)
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Abstract Mammalian expression systems such as Chinese hamster ovary (CHO),
mouse myeloma (NSO), and human embryonic kidney (HEK) cells serve a critical role
in the biotechnology industry as the production host of choice for recombinant protein
therapeutics. Most of the recombinant biologics are glycoproteins that contain complex
oligosaccharide or glycan attachments representing a principal component of product
quality. Both N-glycans and O-glycans are present in these mammalian cells, but the
engineering of N-linked glycosylation is of critical interest in industry and many efforts
have been directed to improve this pathway. This is because altering the N-glycan
composition can change the product quality of recombinant biotherapeutics in mamma-
lian hosts. In addition, sialylation and fucosylation represent components of the glyco-
sylation pathway that affect circulatory half-life and antibody-dependent cellular
cytotoxicity, respectively. In this chapter, we first offer an overview of the glycosylation,
sialylation, and fucosylation networks in mammalian cells, specifically CHO cells,
which are extensively used in antibody production. Next, genetic engineering technol-
ogies used in CHO cells to modulate glycosylation pathways are described. We provide
examples of their use in CHO cell engineering approaches to highlight these technolo-
gies further. Specifically, we describe efforts to overexpress glycosyltransferases and
sialyltransfereases, and efforts to decrease sialidase cleavage and fucosylation. Finally,
this chapter covers new strategies and future directions of CHO cell glycoengineering,
such as the application of glycoproteomics, glycomics, and the integration of ‘omics’
approaches to identify, quantify, and characterize the glycosylated proteins in CHO cells.
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Ser Serine

shRNA Short hairpin RNA

siRNA Small interfering RNA

SPEG Solid phase extraction of glycosylated peptides
TALEN Transcription activator-like effector nuclease
Thr Threonine

tPA Tissue plasminogen activator

ZFN Zinc finger nuclease

1 Introduction

Both N-glycosylation and O-glycosylation pathways serve as key targets for mam-
malian cell engineering efforts. The efficiency and control of glycosylation in
recombinant protein production is critical, because changes in protein glycosylation
can affect circulatory half-life, bioactivity, and product quality. Improving the
degree of glycosylation and sialylation can reduce clearance of the therapeutic
product from the patient. Additionally, control of glycan antennarity helps to
maintain lot-to-lot consistency during the drug production. Controlling fucosylation
has important effects on therapeutic efficacy by regulating antibody-dependent
cellular cytotoxicity (ADCC). Decreasing core fucosylation can improve antibody
effector function and clinical efficacy. In summary, glycosylation control is crucial
during the process of biotherapeutics development. This section introduces the
Chinese hamster ovary (CHO) glycosylation pathway, as well as the importance of
sialylation and fucosylation.

1.1 Glycosylation

Therapeutic glycoproteins include several classes, such as monoclonal antibodies
(mAbs), immunoglobulin G fragment crystallizable domain (Fc)-fusion proteins
(Fc-fusion proteins), enzymes, hormones, cytokines, growth factors, and hormones
[1-3]. Overall, the biotechnology industry generates billions of dollars of sales from
these glycoproteins [4]. The increasing demand for biotherapeutics for the treatment
of cancer, autoimmune disorders, infectious diseases, genetic disorders, and meta-
bolic disorders requires the development and precise control of glycotherapeutics
production.

An overview of both N-glycosylation and O-glycosylation is shown in Fig. 1.
During N-glycosylation, various carbohydrate chains are added to asparagine (Asn)
[5] residues of proteins [5]. In contrast, O-glycosylation involves the addition of
carbohydrate chains to serine (Ser) or threonine (Thr) [6]. While N-glycans are the
most common modification in biotherapeutics such as mAbs, there are examples of
therapeutic glycoproteins, such as erythropoietin (EPO) and etanercept, that also
contain O-glycosylation [7]. Glycosylation is a critical post-translational modifi-
cation found in most biotherapeutics; interestingly, the cellular process generates
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Fig.1 Examples of N- and O-linked glycosylation. N-linked glycosylation involves the asparagine
(Asn) [5] residue, whereas O-linked glycans extend from serine (Ser) or threonine (Thr) residues.
GlcNAc: N-acetylglucosamine, GalNAc: N-acetylgalactosamine

structural diversity that includes a number of different structures even for a single
protein from one organism. The variety of glycoforms expands dramatically when
the protein is produced in another host cell or species even under different reactor
conditions. Most importantly, the pattern of glycosylation can play a major role in
modulating a number of product quality characteristics [8].

A prerequisite for N-glycosylation is the requirement that N-glycans be linked to
the Asn of the Asn-X-Ser/Thr consensus sequence, where X represents any amino
acid except for proline [9]. A similar consensus sequence for O-linked glycosylation
has not been identified [8]. As proteins are processed through the endoplasmic
reticulum (ER) and Golgi apparatus prior to secretion, a number of enzymes can
act to shorten or extend the N-glycan chain, as shown in Fig. 2. Since the enzymes do
not act on every protein that traverses a particular compartment, the stochastic nature
of the interactions creates heterogeneity, owing to the variability in glycosylation site
occupancy and the diversity of glycoforms that are formed during passage through
the secretory apparatus. In addition, there is continuous interplay between enzymes
and oligosaccharide substrates. Since more than one enzyme can act on a glycan
substrate, a wide arsenal of glycoproteins can be generated [10, 11].

The complex N-linked glycosylation reaction network shown in Fig. 2 involves
glycosidases and glycosyltransferases that catalyze enzymatic modifications in dif-
ferent cellular compartments. First, the biosynthesis of mammalian N-glycans begins
with the transfer of N-acetylglucosamine-1-phosphate (GIcNAc-P) from uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc) to the dolichol phosphate
(Dol-P) lipid carrier to generate dolichol pyrophosphate N-acetylglucosamine
(Dol-P-P-GIcNAc) at the cytoplasmic face of the ER membrane [12]. Next, sugars
are sequentially added to Dol-P-P-GIcNAc to form an oligosaccharide precursor
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Fig. 2 Overview of N-linked glycosylation generating biantennary sialylated glycans. During
N-linked glycosylation, various enzymes extend and trim the glycoprotein as it passes from the
endoplasmic reticulum to the Golgi apparatus. Abbreviations: Glc I/II glucosidase I/II, ER Man 1
endoplasmic reticulum mannosidase I, Man I mannosidase I, GnT I N-acetylglucosaminyl-
transferase I, FucT C6 a(1,6)-fucosyltransferase, Man II mannosidase II, GnT II N-acetylgluco-
saminyltransferase II, f4GalT B-1,4-galactosyltransferase, SiaT sialyltransferase

known as Dol-P-P-GIcNAc,Mans [12]. The structure is then flipped to the ER side
and further extended to generate GlcsMangGIcNAc,-P-P-Dol.
Oligosaccharyltransferase (OST) identifies the consensus sequence (Asn-X-Ser/
Thr) in the nascent polypeptide and transfers Glc;MangGIlcNAc, from the
dolichol-linked donor to the side chain amide of Asn, while releasing the Dol-P-P
during the process [13]. The glucose residues on the precursor are then sequentially
trimmed by ER alpha-glucosidase I and ER alpha-glucosidase II to form a
monoglucosylated glycan. This intermediate plays a role in the ER lectin chaperones
calnexin/calreticulin-associated glycoprotein folding control cycle [14]. When the
precursor is folded, it is next trimmed to yield MangGlcNAc,-protein before exiting
the ER; this step is catalyzed by ER alpha-mannosidase I. The MangGlcNAc,
glycoform is translocated into the cis-Golgi apparatus, where it is trimmed again,
to MansGlcNAc,, a key intermediate along the pathway to form hybrid and complex
N-glycans, and sometimes found as a final glycan product; this step is catalyzed by
Golgi alpha-mannosidases 1.
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In order to generate hybrid and complex N-glycans, N-acetylglucosaminyl-
transferase I (GnT-1 or Mgatl) is required to add GIcNAc to MansGIcNAc, in the
medial Golgi apparatus [12]. N-Glycans are trimmed by Golgi alpha-mannosidase II,
which removes two mannoses from GlcNAcMansGIcNAc, to generate GlcNAc-
ManzGIcNAc,. Hybrid N-glycans result from the incomplete removal of mannose
residues, which occurs when a structure such as GIcNAcMansGlcNAc, undergoes
no further extension or trimming and the structure ends up with one or two terminal
Man residues. In an alternative process, GIcNAc can be added to the innermost Man
group by the enzyme beta-1,4-N-acetylglucosaminyltransferase III (GnT-III or
Mgat3) in the medial Golgi apparatus, a process which generates bisecting GIcNAc
structures that alter the capacity for other downstream enzymes to act on the glycan
structure.

The precursor for all multi-antennary  complex  N-glycans is
GlcNAc,Man;GlcNAc,, which is generated by the action of beta-1,2-N-
acetylglucosaminyltransferase II (GnT-II or Mgat2) that adds GIcNAc to the
GIlcNAcMan;GIcNAc, structure. Tri-antennary and tetra-antennary branches are
created through the addition of GIcNAc at the alpha-(1,3)-mannose site by
N-acetylglucosaminyltransferase IV (GnT-IV or Mgat 4) and at the alpha-(1,6)-
mannose site by N-acetylglucosaminyltransferase V (GnT-V or Mgat 5).

There can be further modifications, such as fucosylation, branch extension, and
sialylation, which generate even more complex glycans. Fucosylation occurs in the
trans Golgi apparatus with the addition of core alpha-(1,6)-fucose to the GlcNAc
adjacent to Asn of the N-glycan by alpha-(1,6)-fucosyltransferase. Branch extension
involves the addition of a beta-linked galactose residue to GlcNAc, which yields
Gal-beta-1-4GIcNAc, also known as acetyl lactosamine (LacNAc). For sialylation,
terminal Gal residues can be acted upon by alpha-(2,3)- or alpha-(2,6)-
sialyltransferases that add sialic acid residues to the glycan [12].

One reason for the widespread use of CHO cell lines in biotechnology is their
capacity to produce complex glycans that are compatible with the human immune
system [1, 15]. Alternative mammalian cell lines can also produce
biopharmaceuticals, but their use is not as widespread in industry because of their
potential for immunogenicity and difficulty in manufacturing scale-up; examples
include baby hamster kidney (BHK), murine myeloma and hybridoma cell lines
(NSO and Sp2/0), and human host cell lines, such as human embryonic kidney
(HEK-293) and human retinal cells (PER.C6) [1, 2, 16].

When glycans are generated outside of human hosts, it is critical to avoid the
production of non-human glycans, such as terminal Gal-alpha-1,3-Gal linkages
(alpha-Gal) and N-glycolylneuraminic acid (Neu5Gc) residues, which may result
in adverse immunogenic reactions if given to humans with a sensitivity to these
residues [1, 17]. Mouse cells such as NSO have an alpha-1,3-galactosyltransferase
enzyme that produces glycans containing the alpha-Gal linkage [18]. The second
potential immunogenic reaction from Neu5Gc is common in all non-primate mam-
malian cells, owing to the presence of the enzyme N-acetylneuraminic acid hydro-
xylase, which converts cytidine monophosphate (CMP)-N-acetylneuraminic acid
(NeuSAc) to CMP-Neu5Ge in all mammals other than old-world primates
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[1, 19]. Humans exhibit a circulating polyclonal anti-Neu5Gc antibody response, so
it is desirable to avoid Neu5Gc in biotherapeutics production [1, 17]. In contrast to
the alpha-Gal epitope, Neu5SGc can be metabolically incorporated into glycoforms
during cell culture from metabolites in cell culture media. Mouse myeloma cells
(NSO and Sp2/0) thus exhibit the highest potential for immunogenicity because they
express higher levels of alpha-Gal and Neu5Gc than CHO cells, which can be an
issue if biotherapeutics with these modifications are provided to patients at large
doses or for long periods [19-21]. These subtle differences in glycosylation
processing are one of the principal reasons why CHO cells are preferred for
bioproduction.

Aside from immunogenic epitopes, glycosylation patterns in CHO cells and
humans often differ in other ways too [22]. One reason is that CHO cells lack
bisecting GIcNAc residues because they typically do not express GnT-III; the
resulting difference may affect the efficacy of the glycotherapeutics [23]. Human
cells contain GnT III and can produce glycans with bisecting GlcNAc; in compar-
ison, NSO and SP2/0 cells are able to generate only a portion of glycans with
bisecting GIcNAc residues [24].

Overall, the glycoform profiles on glycoproteins can vary widely depending on
the cell lines, growth, and bioreactor conditions such as pH, temperature, media, and
feeding strategies. The interplay of various glycosylation enzymes is responsible for
the great diversity of glycoproteins. Some examples relevant to glycotherapeutics are
shown in Fig. 3. Specifically, the degree of antennarity varies across glycoproteins.
Glycosylation in biotherapeutics directly affects product quality because it plays a
role in solubility, stability, protease resistance [25], aggregation [1, 2], serum half-
life [26], immunogenicity [8], efficacy [27, 28], and ligand binding [29].

These impacts of glycosylation highlight the need for glycoengineering in order
to yield glycotherapeutics with consistent and desirable glycoform profiles. In the
next section of the chapter, we examine targets and review genetic engineering
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Fig. 3 Examples of N-glycans with different antennarities. The differences between bi-antennary,
tri-antennary, and tetra-antennary glycoforms are shown. These correspond to 2, 3, and 4 branches,
respectively. Poly-N-acetyllactosamine (Poly-Lac)
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approaches to control glycosylation, such as increasing the expression of glycosyl-
ation and sialylation enzymes, or reducing the expression of sialidase cleavage and
fucosylation enzymes. Recently, multiple genes have been modified simultaneously,
and new strategies such as zinc finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENS), and clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein-9 (Cas9) offer new technologies for
glycoengineering applications.

1.2 Sialylation

Sialic acid addition is the final step of the N-glycosylation pathway. While both
Neu5Ac and Neu5Ge are present in CHO cells, humans lack Neu5Ge. Sialic acid is a
negatively charged acidic 9-carbon sugar moiety that is typically attached by an
alpha-glycosidic linkage on the C3- or C6-hydroxyl group of terminal galactose by
alpha-2,3-sialyltransferases (ST3) or alpha-1,6-sialyltransferases (ST6) individually
[30-33]. The sialic acid moiety may also on occasion be attached to the C8 position
of sialic acid to form sialic acid multimers, but this is not typically observed for
glycoprotein therapeutics [34]. As the terminal end cap, sialic acid is especially
relevant for the half-life and bioactivity of recombinant glycoproteins. The removal
of sialic acid by sialidase exposes the terminal galactose, and its cleavage often
decreases circulatory half-life. Without sialic acid capping the glycoprotein, the
galactose molecule is recognized by the hepatocyte asialoglycoprotein receptor
and is cleared from the body [32, 35, 36]. For improving the circulatory half-life
of recombinant therapeutics, preventing recognition by this receptor is desirable.
Additionally, fully sialylated glycoproteins can increase the size and overall charge
of the molecule. Therefore, it is often desirable to enhance or maximize sialylation in
CHO cells to improve the production of recombinant therapeutics [14]. Of course,
for the case of biosimilars, it may also be relevant to match the sialylation profile of
the innovator molecule. If the host cell line of the innovator and biosimilar are
different from each other, matching the sialylation profile can be even more difficult.
Therefore, both sialyltransferases and sialidases are targets for genetic engineering,
because they affect opposing processes.

1.3 Fucosylation

Fucosylation, or the addition of fucose to glycoforms, occurs through both de-novo
and salvage pathways. In the first pathway, p-glucose uptake into the cytoplasm
generates guanosine diphosphate (GDP)-mannose. The enzymes GDP-mannose
4,6-dehydratase and GDP-keto-6-deoxymannose 3,5-epimerase, 4-reductase convert
GDP-mannose into GDP-fucose [37]. In contrast, the salvage pathway utilizes
L-fucose from extracellular and lysosomal sources. Fucokinase phosphorylates
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L-fucose into L-fucose-1-phosphate, and GDP-fucose pyrophosphorylase (GFPP) con-
verts L-fucose- 1-phosphate to GDP-fucose. GDP-fucose is subsequently transported to
the Golgi apparatus by the GDP-fucose transporter and fucose is added onto the
glycan chains of maturing glycoproteins by fucosyltransferases. Thus, enzymes are
important in fucosylation and they are also important targets for cell engineering.
This step of glycosylation is critically important for antibody fragment crystal-
lizable (Fc) receptor-mediated activity, which can strongly affect ADCC activity.
During ADCC, an antibody first binds to a cell-surface antigen and then recruits the
immune effector cells to destroy the target cells, such as cancer cells carrying
antigens recognized by antibodies. The Fc gamma receptor IIla (FcyRIIla) on natural
killer (NK) cells binds to the Fc region of the antibody, which region has a major
antibody effector function in the immune system. This binding results in lysis and
apoptosis of the targeted cell by NK-cell-mediated killing. A decrease of fucosyl-
ation at Asn297 in the antibody Fc domain significantly increased antibodies’
binding affinity to FcyRIlla and, further, improved ADCC potency [38, 39, 40].

2 Technologies for Glycoengineering Through Gene
Knocking Down, In, and Out

Strategies for CHO glycoengineering include the knockdown or knockout of
enzymes such as sialidase or fucosyltransferase, along with the overexpression or
knocking-in of glycosylation enzymes, such as glycosyltransferases and sialyl-
transferases. Genetic engineering approaches, including small interfering RNA
(siRNA), short hairpin RNA (shRNA), ZFN, TALEN, and CRISPR/Cas9, aim to
modify gene expression [37, 41-51], while other methods can amplify the expres-
sion of a target gene, such as by overexpression and knockin. Both siRNA and
shRNA have extensive use in decreasing gene expression, thus playing a role in both
reduced fucosylation and sialidase cleavage. Table 1 compares the current

Table 1 Comparison of genetic engineering technologies

On- Target
Technology Established | Design | Specificity | target site Reference
Zinc finger nucleases | 2003 Hard Low Low- 18-36 bp | [46, 47,
(ZFN) medium 51]
Transcription 2011 Easy Medium- | Medium- |24-38 bp | [48, 51]
activator-like effector high high
nucleases (TALEN)
Clustered regularly 2013 Easy High High >22 bp [49-51]
interspersed short pal-
indromic repeats
(CRISPR)/CRISPR-
associated protein-9
(Cas9)
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technologies for ZFN, TALEN, and CRISPR/Cas9, all of which can be used to
modify expression in glycosylation pathways.

As an example, fucosylation is often controlled by gene knockdown and knock-
out strategies. The removal of core fucose can be highly advantageous for improving
the therapeutic efficacy of mAbs. The core fucosylation is defined by the transferring
of fucose from GDP-fucose to GIcNAc in an a-1,6 linkage catalyzed by an a-1,6-
fucosyltransferase (encoded by a-1,6-fucosyltransferase [FUTS8]). In one study,
overexpression of GnT-III was able to compete with native fucosyltransferase and
produce a afucosylated antibody [52]. The results in that study indicated that GnT-III
inhibited the core FUTS, increasing the production of a bisected afucosylated
antibody with enhanced ADCC activity [52]. Coexpression of GnT-III with Golgi
alpha-mannosidase I (ManlI) resulted in more complex oligosaccharides compared
with the expression of GnT-III alone [52]. The overall results indicate the importance
of decreased fucosyltransferase activity for improving ADCC. A number of strate-
gies can be implemented to lower or silence fucosyltransferase activity, including
siRNA, shRNA, ZFN, TALEN, and CRISPR/Cas9 [37, 41-51].

2.1 siRNA

siRNA can be used as a transient or a stable method to suppress specific gene
expression using RNA interference. Two siRNA sequences were found that reduced
the expression of FUT8 in CHO DG44 cells to 20% of the level in parental controls
[45]. The decrease in mRNA expression corresponded to a 40% fucosylated anti-
body with 100 times the ADCC of that for control cells [45]. Additionally, clone
stability was demonstrated, as the ability to produce antibody with decreased
fucosylation continued over repeated passages and fed-batch culture [45]. Interest-
ingly, FUT8 knockdown was more effective in the exponential phase than in the
stationary phase of culture [45]. In summary, this siRNA approach did not
completely knockout FUT8 expression, but the decreased expression resulted in
decreased fucosylation and enhanced ADCC.

In another study, a CHO cell line, also with FUT8 knocked down using siRNA,
was created and compared with two lectin-mutated defucosylation cell lines—an
endogenous GDP-fucose 4,6-dehydratase (GMD)-deficient cell line (Lec13) and an
endogenous GnT-1-deficient cell line (Lecl) [41, 53]. These lectin-mutated cell lines
produced afucosylated antibody, but over culture time, the percentage of fucosylated
antibody increased [41]. In contrast, in this study, the FUT8 siRNA cell line
produced completely afucosylated antibody throughout cell culture [41]. Subsequent
scaling of the experiment to bioreactors with pH and dissolved oxygen control
yielded similar results, including afucosylated antibody and enhanced ADCC,
from the FUT8 siRNA cells [41]. Thus, siRNA is an important tool for controlling
fucosylation at different scales in bioprocess development.
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Moreover, three key enzymes in the fucosylation pathways in CHO cells have
been identified, and knockdown of these key enzymes—FUT8, GDP-fucose trans-
porter (GFT), and GDP-fucose 4,6-dehydratase (GMD)—using separate siRNA
vectors, has also been achieved to study the effect on fucosylation of recombinant
glycoproteins. Both the FUT8 and GMD siRNA cell lines were separately found to
produce afucosylated antibodies [37]. In contrast, knockdown of 98% GFT expres-
sion at the mRNA level yielded only 40% reduction of the Fc fucosylated oligosac-
charide [37]. After it was demonstrated that GMD inhibition with siRNA removed
intracellular GDP-fucose and yielded afucosylated antibodies, it was shown that
GMD-KO CHO DG44 cells produced fucosylated antibodies upon medium supple-
mentation of L-fucose during culture [37]. Cell culture samples were obtained and
the level of UDP-glucose and the oligosaccharide profiles were determined with
high-performance liquid chromatography (HPLC) and matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS), respectively
[37]. These findings highlight that the degree of fucosylation can be controlled
through both cell engineering and media manipulation.

In related experiments, knockdown of FUTS, GFT, or GMD resulted in low
levels of fucosylated antibody [43]. Furthermore, the combined knockdown of FUTS8
and GMD, using siRNA, synergistically improved the fraction of afucosylated
antibody [43]. From these results, a tandem expression vector was designed to
simultaneously knockdown FUT8 and GMD expression in CHO cells [43]. This
strategy produced completely afucosylated antibody at constant levels during pas-
saging and adaptation to serum-free medium for 2 months [43]. This result highlights
that combined knockdown of fucosylation enzymes can result in antibodies that are
completely devoid of fucosylation.

2.2 shRNA

One disadvantage of siRNA is the quick degradation of the RNA in the cell. shRNA
is more stable because, following transfection, the shRNA becomes an active double
strand. Using an alternative strategy,CHO DG44 cells transfected with FUTS
shRNA showed less than 5% FUT8 mRNA expression, which resulted in the
production of 12% fucosylated antibody and enhanced ADCC compared with that
in the parental cells [42]. Glycoform profiles were determined by electrospray
ionization mass spectrometry (ESI-MS) [42]. One benefit of shRNA over siRNA
technology is the extended efficacy of the former. Stability studies demonstrated that
FUTS knockdown was maintained for over 4 weeks [42]. After prolonged culture,
the mRNA expression of FUT8 and the percentage of fucosylated antibody remained
consistently low [42]. Thus, it is possible to achieve significant reduction in antibody
fucosylation using either siRNA or shRNA.
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2.3 Random Mutagenesis and Homologous Recombination
Knockout Selection

Originally, the knockout of genes such as FUT8 required the screening of numerous
clones to find one in which the gene had been randomly mutated. Sequential
homologous recombination was used to knockout both alleles of FUTS [44]. Gene
targeting by homologous recombination is a useful strategy to genetically modify
any chosen allele in a predetermined way without affecting any other locus in the
genome [54]. This strategy produced completely afucosylated antibodies, with
the growth and viability of the cell culture being similar to that in the parental
controls [44]. Assays to determine binding activity, ADCC, and complement-
dependent cytotoxicity (CDC) revealed no effect on the binding activity or CDC
of the FUT8—/— knockout, whereas the ADCC was increased 100-fold over that of a
commercial antibody, Rituxan (rituximab; Genentech), without the FUT8 knockout
[44]. The FUT8—/— knockout showed significantly stronger binding to FcyRIIla
than the parental FUT8+/+ antibodies [44]. Additionally, knockout of one or both
alleles of FUT8 was compared and it was found that a hemizygous FUT8+/—
knockout did not reduce fucosylation completely [44]. Thus, knockout of both
FUTS alleles can be used as a strategy to produce completely afucosylated antibody
therapeutics from CHO cells.

Mutants can also be used to understand glycosylation and identify new targets for
intervention. Treating CHO cells with the cytotoxic lectin Ricinus communis agglu-
tinin I (RCA-I), which is specific for terminal beta-1,4-linked galactose [55], was
designed to select mutants with defects in the N-glycosylation pathway upstream of
galactose addition. Surprisingly, RCA-I-resistant CHO mutants contained mutations
in the N-acetylglucosaminyltransferase I (GnT-I) gene similar to those in the Lecl
mutant [56]. Possibly, RCA-I may not be specific for terminal beta-1,4-linked
galactose, and may bind other glycan structures, except for MansGIcNAc,
[57]. Without functional GnT-I, cells fail to transfer GIcNAc to Mans;GIcNAc,. By
restoring functional GnT-I in these mutants, the sialic acid content of recombinant
proteins in transient expression and stably transfected clones increased [56]. While
the molecular mechanism for this phenomenon remains unknown [58], recombinant
EPO generated in the RCA-I-restored mutant cell line with GnT-1 exhibited an
increase in sialylation of 30% over the control [59]. In addition, the percentage of tri-
and tetra-antennary glycans on EPO produced by the GnT I-restored CHO-GnT
I-deficient cells increased, as measured by MS [59].

2.4 ZFNs

An alternative to random mutagenesis is to apply ZFN technology. Zinc fingers are
transcription factors that recognize three to four bases of a sequence and can be used
to target a specific sequence. ZFNs contain the zinc finger domain and FokI
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endonuclease domain, which must dimerize for activity that ensures specificity
[60]. In one of the initial applications, ZFNs were designed to eliminate FUT8
function [46]. The benefit of this technique is the applicability of the created ZFNs
to any CHO cell line [46]. The technology allows for targeting point mutations with
in-frame, short deletions [46]. Zinc finger-transfected cells had growth, antibody
productivity, and glycosylation patterns similar to those in the parental controls;
however, the antibodies produced were completely afucosylated [46].

In another experiment, ZFNs were used to generate CHO cell lines deficient in
mannosyl  (alpha-1,3-)-glycoprotein  beta-1,2-N-acetylglucosaminyltransferase
(GnT-I) [47]. This resulted in the production of glycoproteins with high Man5
species [47]. Using ZFNs reduced off-target effects and maintained the same growth
and productivity as that in the parental cell line, thus demonstrating process robust-
ness and potential for scale-up [47]. An application of this knockdown is to generate
mannose receptor targeted biologics. ZFNs offer an alternative to generating knock-
outs and may have important applications in future cell engineering strategies to
control glycosylation.

2.5 TALENs

Another novel technology for genetic engineering is TALENSs. This technology is
more flexible than ZFN technology, because TALENs are dimeric transcription
factor nucleases—composed of 33—-35 amino acid modules—that can each target a
single nucleotide [60]. Many companies offer custom design of TALENSs, thus
reducing the cost of TALENs compared with that of ZFNs. In recent research,
knockout of CHO FUTS via the simultaneous TALEN-mediated integration of an
antibody cassette was demonstrated, and this process produced afucosylated anti-
bodies [61]. Another novel technology applied TALEN and precise integration into
target chromosome (PITCh) vector-mediated integration of long gene cassettes in
CHO cells [48]. Results showed over 9 kb whole plasmid integration and over 7 kb
backbone-free integration at the defined genomic locus, and the production of a
recombinant single-chain Fv (variable region)-Fc(constant region) protein [48]. The
method demonstrated the applicability of TALENs for high-throughput knockin of
large DNA into CHO cells. Thus, TALENs can serve as a beneficial tool for
biotechnology applications, such as improving the generation of high-producing
cell lines with desirable glycosylation.

2.6 CRISPR/Cas9

Finally, CRISPR/Cas9 represents one of the newest and most rapidly expanding
methods for genome engineering in CHO cells. First, Cas9 generates a double-strand
DNA break at a site determined by the guide RNA; the system is different from those
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of ZFNs or TALENSs because it relies on bacterial adaptive immunity [60]. Multiple
guide RNAs can be used to facilitate simultaneous mutations, and the system can be
applied to activator or repressor domains to control gene expression [60]. One
potential disadvantage, however, is the shorter length of the guide RNA compared
with ZFNs and TALENs, which could result in off-target effects [60]. The first
published results of CRISPR/Cas9 genome editing in CHO cells demonstrated the
successful disruption of C1GALT1 specific chaperone 1 (COSMC) and FUTS
[49]. The single guide RNAs generated an indel frequency of 47.3% in COSMC
and 99.7% in FUTS (with lectin selection) [49]. In addition, the bioinformatics tool
CRISPy was established to identify the single guide RNA sequences in the CHO
genome [49]. In related research, CRISPR/Cas9 was used to simultaneously disrupt
FUTS, BCL2 antagonist/killer, and BCL2 associated X in CHO cells [50]. Single
cell sorting revealed that, among 97 clones, there were 34 triple-, 23 double-, and
four single-disrupted cell lines [50]. The triple-disrupted clones were confirmed to
have removal of BAK and BAX, as well as decreased fucosylation [50]. Addition-
ally, the disrupted cell lines were more resistant to apoptosis than the parental cells
[50]. Further, instead of targeting the FUTS8 gene, the knockout of key enzymes in
fucosylation pathways provided alternatives to suppress fucosylation, such as
knockout GDP-p-mannose-4,6-dehydratase (GMD) and GDP-4-keto-6-p-
deoxymannose epimerase/GDP-4-keto-6-L-galactose reductase (FX), which are
involved in the de-novo synthesis of GDP-fucose [62]. Disruption of both alleles
of the FX gene via CRISPR/Cas9 led to the expression of an antibody with fully
afucosylated glycan profiles [62]. CRISPR/Cas9 can thus serve as a useful tool for
glycoengineering, because of its potential to affect multiple genes involved in
glycosylation, sialylation, and fucosylation. These successes highlight the applica-
bility of CRISPR/Cas9 for genome editing.

Recently, the combination of ZFNs, TALENs, and CRISPR/Cas9 was used for
CHO glycoengineering to inactivate the GDP-fucose transporter and improve
ADCC [51]. Mass spectrometry was used to identify that the EPO-Fc and anti-
Her2 antibody produced in the modified cell lines lacked core fucosylation
[51]. Removal of the core fucose did not affect cell growth or productivity as
compared with these properties of the parental cell lines [51]. This experiment
shows that genome editing techniques are applicable to CHO glycoengineering
and can provide results that aid bioprocess development.

3 CHO Glycoengineering

CHO glycoengineering efforts aim to alter glycosylation steps by either increasing or
decreasing specific glycan attachment, including terminal sialylation, or, alter-
natively, by reducing the cleavage of sialic acid by sialidase. The previous section
highlighted the efforts made to reduce core fucosylation by gene knockdown and
knockout. Glycoengineering strategies are described in this section, including the
overexpression of glycosyltransferases, overexpression of galactosyltransferases,
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overexpression of sialyltransferases, and reduction in sialidase cleavage. These
modifications also include efforts to alter terminal sialylation by overexpression
or, alternatively, by reducing the cleavage of sialic acid by sialidase.

3.1 Overexpression of GnT Genes

During N-glycosylation, various monosaccharides are added to the oligosaccharide
chains of glycoproteins. One strategy to improve glycosylation was through the
overexpression of rat GnT-III in CHO DG44 cells producing recombinant antibody
[63]. Glycan analysis by HPLC revealed that most glycoproteins displayed bisecting
GlcNAc residues [63]. This resulted in a 10- to 20-fold improvement in ADCC, as
determined by the increased affinity of the antibody to Fcy receptor III (FcyRIII),
without affecting cell growth or antibody productivity [63]. Similarly, increased
expression of GnT-III increased the bisecting GIcNAc residues [64—66]. Improving
the proportion of glycans that have GlcNAc residues has positive effects on thera-
peutic efficacy. Additionally, it has been shown that GnT-III competes with beta-
1,4-galactosyltrasferase; as bisecting GIcNAc residues increase, there is a concom-
itant decrease in the complexity of the glycans [64-66]. Even more importantly,
GnT-III will compete with the core FUT8 enzyme, which leads to decreased
fucosylation, while increasing bisecting GlcNAc residues. Ultimately, the reduction
in fucosylation may be the primary reason for the increased ADCC observed in the
CHO cells that overexpress GnT-III. Recently, GnT-IIl was coexpressed with
fucosyltransferase 7 in order to optimize glycoengineering by localizing the
glycosyltransferase in the Golgi machinery [67]. The approach was able to control
the N-glycans with defined structural motifs; the addition of bisecting GIcNAc, as
measured by HPLC and MS, resulted in an increased ADCC for the therapeutic
agent cetuximab [67].

GnT-IV and GnT-V are involved in multiantennary glycan formation [64—
66]. Overexpression of branching genes can increase complexity, as well as increas-
ing sialylation acceptor sites. Shown in Fig. 3 are examples of bi-, tri-, and tetra-
antennary structures. The structures include complex-type N-glycans with GIcNAc
that can be extended to contain the disaccharide Gal-beta-1,4-GIcNAc, sometimes
capped by a terminal sialic acid. The formation of tri- and tetra-antennary N-glycans
is controlled by the enzymatic actions of GnT-IV and GnT-V. Cell proliferation,
cell-surface signaling [23], cancer metastasis, regulation of T-cell activation [68],
and the rate of therapeutics clearance by the kidneys are all affected by the actions of
GnT-IV and GnT-V [69]. In one study, only a small fraction of glycoproteins
produced in a CHO cell line contained GIcNAc beta-1-6 branching controlled by
GnT-V [66]. This suggested genetic engineering approaches targeting GnTs might
serve to improve the production of recombinant therapeutics. Overexpression of
GnT-IV or GnT-V individually was found to increase the antennarity of the
glycoform profile, as determined by an increase in reactivity with Datura stramo-
nium agglutinin [70] lectin blot [64—66].
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In order to control the multi-antennary glycoforms of recombinant proteins, the
overexpression of GnT-IV and GnT-V was used in CHO cells producing human
interferon (IFN)-gamma and EPO [66, 71]. In both cases, tri- and tetra-antennary
sugar chains comprised more than 50% of the total sugar chains [71]. At the same
time, this resulted in higher levels of poly LacNAc [66, 71]. In another study, mouse
ST3 and/or rat ST6 were incorporated into CHO cell lines stably transfected with
GnT-V that were producing IFN-gamma [65]. Results showed that over 60% of the
glycoforms were sialylated with alpha-2,3- and alpha-2,6-linkages [65].

Recently, a combined approach was used to increase both branching and
sialylation in CHO-K1 cells producing EPO [71]. Both GnT-IV and GnT-V, as
well as human alpha-2,6-sialyltransferase (ST6Gall) were incorporated in the
CHO-KI1 cells, resulting in a pool of 92% N-glycans with tri- and tetra-antennarity
[71]. This also improved sialylation, as measured by an increase of 45% in tetra-
sialylation [71]. The approach showed that combining the genetic integration of
complementary genes could significantly enhance glycosylation branching complex-
ity, as well as enhancing overall improvements in sialylation.

O-linked glycosylation can also be modified through cell engineering approaches.
Although studies of O-glycosylation are limited, there are important biological
applications of O-glycans. During O-glycosylation, various carbohydrate chains
are added to the serine or threonine residues of proteins. Cell engineering strategies
have attempted to control O-glycosylation by altering GnT activity. In one experi-
ment, the core 2 betal-6GIcNAc transferase (C2GnT) was overexpressed in CHO
DG44 cells [72]. The increase in enzyme activity was hypothesized to play a role in
T-cell activation and immunodeficiency [72]. In another study, the combined
overexpression of C2GnT and the knockdown of CMP-sialic acid: Gal-beta-1,3-
GalNAc-alpha-2,3-sialyltransferase (ST3Gall) was evaluated in CHO-K1 cells
[73]. ST3Gall inhibition was predicted to redirect O-glycosylation toward the
production of tetrasaccharide structures important for cell-cell interaction
[73]. This experiment suggests that cell engineering can be used to simultaneously
upregulate and downregulate competing enzymes involved in glycosylation.

Recently, extended C1 beta-3 GnT-III, C2 beta-3 GnT-I, and C3 beta-3 beta-1,4-
N-acetylglucosaminyltransferase VI were transiently transfected into CHO cells and
the resulting O-glycome was mapped by MS [39]. This transfection experiment
resulted in extended core 1 and core 3 O-glycans, as well as the increased expression
of core 2 O-glycans [39]. Overall, these results suggest that cell engineering can be
applied to O-glycosylation in order to control the branching of glycans. This will aid
bioprocess developments to generate mucin-type recombinant proteins.
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3.2 Opverexpression of Sialyltransferase
and Galactosyltransferase Genes

Glycoengineering by increasing the expression of sialyltransferase enzymes has
been an effective strategy to control sialylation; these enzymes add the sialic acid
(Neu5Ac) residue to the terminal galactose. There are six beta-galactoside alpha
2,3-sialyltransferases (ST3GAL1-6) and two beta-galactoside alpha-2,6-
sialyltransferases (ST6GAL1-2) that generate terminal sialic acids in mammalian
cells. Whereas human glycoproteins contain both alpha-2,3- and alpha-2,6-linked
sialic acid, CHO cells natively contain almost exclusively alpha-2,3-linked sialic
acid on their glycoproteins. This means that efforts to generate more human-like
glycoforms can be implemented in CHO cells. As stated above, normally, CHO cells
produce almost exclusively alpha-2,3-linked sialic acid, whereas in humans, glyco-
proteins represent a pool of alpha-2,3- and alpha-2,6-linked sialic acid. Rat alpha-
2,6-sialyltransferase was transfected into CHO cells producing tissue plasminogen
activator (tPA) and it was observed that competing glycosyltransferases yielded
glycoproteins with different sialic acid linkages [74]. Thus, recombinant proteins
with a mixture of alpha-2,3- and alpha-2,6- sialic acid can be generated; this mixture
is similar to the pool of sialylated proteins in humans.

A combination of ST3GAL3, ST3GAL4, and ST3GAL6 knockdown using
siRNA has revealed that all three enzymes are involved in alpha-2,3-sialylation in
CHO cells [33]. Of these enzymes, ST3GAL4 was the most critical for glycoprotein
alpha-2,3-sialylation [33]. In contrast, in humans, STOGALI1 prefers the Gal beta-1-
4GIcNAc disaccharide sequence linked to a protein, whereas STOGAL?2 prefers free
disaccharide Gal beta-1-4GlcNAc substrate [75].

Lee et al. found that competition between endogenous alpha-2,3-sialyltransferase
and heterologous alpha-2,6-sialyltransferase yielded glycoproteins with alpha-2,3-
and alpha-2,6- linkages in CHO cells [76]. As the expression of alpha-2,6-
sialyltransferase increased, enzymatic assays revealed only a slight increase in
total sialyltransferase activity in transfected cells; of this activity, 50% was corre-
lated to alpha-2,6-sialyltrasferase [76]. Furthermore, the transfected cells attached
alpha-2,6-sialic acid to 20% of terminal galactose [76]. Another group found that the
expression of human alpha-2,6-sialyltransferase in CHO cells [77] resulted in an
increased percentage of tri- (by 8%) and tetra- (by 16%) sialylated recombinant
thyroid-stimulating hormone [77]. The increase in more fully sialylated protein did
not affect hydrophobicity or bioactivity [77]. This research indicates the potential for
more human-like sialylation of recombinant therapeutics.

Another means to increase sialylation is to make more sites available for adding
sialic acid. This can be achieved by overexpressing human j 1,4-galactosyltransferase
in CHO cells in order to reduce the oligosaccharides terminating with GIcNAc [68]. In
one study, the overexpression of human f 1,4-galactosyltransferase in CHO cells
significantly reduced oligosaccharides terminating with GIcNAc compared with
results in controls [78].
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The engineering of galactosyltransferases is frequently used in combination with
sialyltransferase engineering. In order to increase the level of sialylation, the enzyme
alpha-2,3-sialyltransferase =~ was  overexpressed  along  with  beta-1,4-
galactosyltransferase in CHO cells [78]. Similarly, the coexpression of alpha-2,6-
sialyltransferase with beta-1,4-galactosyltransferase effectively increased sialic acid
content [79]. Results indicated that the overexpression of galactosyltransferase
improved the homogeneity of glycoforms, while the overexpression of
sialyltransferase improved the sialylation of recombinant protein to 90% compared
with the level in parental cells [78]. The effect of increased sialylation was verified in
rat models, where it was shown that recombinant proteins with increased sialic acid
had increased circulation time [78]. Matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) MS was used to detect charged and neutral oligosaccharides
in negative and positive ion modes, respectively [78]. Despite overexpression,
glycoproteins that were not fully sialylated were detected, a finding which may be
attributed to sialidase cleavage or steric hindrance [78]. In another study, Jeong et al.
studied the effect of the overexpression of beta-1,4-galactosyltransferase and alpha-
2,3-sialyltransferase in CHO cells producing recombinant EPO [80]. The
coexpression of galactosyltransferase and sialyltransferase resulted in an increase
in sialic acid content, from 6.7 to 8.2 mol of sialic acid per mole of EPO, and an
increase in trisialylated glycans from 17.3% to 35.5% compared with levels in
parental cells [80]. At the same time, cell growth, metabolism, and protein produc-
tivity were not affected [80]. There was virtually no change in tetrasialylated
glycans, suggesting possible steric hindrance in attaching a fourth CMP-sialic acid
to the trisialylated glycans or sialyltransferases having branch specificity [80]. This
result highlights the importance of both galactosyltransferase and sialyltransferase in
producing homogenous, sialylated glycoproteins. Both enzymes are important for
maintaining the lot-to-lot consistency of glycoprotein therapeutics, which is required
for consistent manufacturing and drug efficacy.

The studies cited above [78, 79, 80] showed the effect of sialyltransferase and
galactosetransferase expression on the sialylation of glycoproteins. However,
transporting CMP-sialic acid to the Golgi apparatus is a potential bottleneck,
owing to the levels or activity of the CMP-sialic acid transporter (CMP-SAT) that
transports CMP-Neu5SAc into the Golgi apparatus. Overexpression of CMP-SAT
alone resulted in a 4-16% increase in the site sialylation of IFN-gamma [81]. Fol-
lowing these findings, combinatorial efforts have sought to engineer multiple genes
in the pathway in order to improve sialic acid content in the intracellular pool and
improve the transport of sialic acid substrates in the Golgi apparatus.

Another approach is to implement methods that increase the levels of the
sialylation substrate, CMP-Neu5Ac (or CMP-sialic acid). In order to enhance both
activities, human alpha-2,3-sialyltransferase and CMP-sialic acid synthase were
simultaneously overexpressed in CHO cells producing recombinant EPO
[82]. This resulted in increased sialylation; however, the increase was attributed to
alpha-2,3-sialyltransferase alone [82]. Coexpression was found to increase the pool
of intracellular CMP-sialic acid, suggesting that a bottleneck to sialylation is the
transport of sialic acid into the Golgi apparatus [82]. Following this finding, alpha-
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2,3-sialyltransferase, CMP-sialic acid synthase, and CMP-sialic acid transporter
were simultaneously overexpressed and there was an additional increase in tri- and
tetra- sialylated glycans concomitant with a decrease in monosialylated glycans
[82]. This result highlights how genetic engineering strategies can be used to
overcome pathway bottlenecks in both the generation of glycosylation substrates
and the transfer of the substrate to the oligosaccharide target, by using a transferase
enzyme in order to maximize the sialylation of recombinant proteins.

In another experiment, the enzymes uridine diphosphate-N-acetyl glucosamine
2-epimerase/N-acetyl mannosamine kinase (GNE/MNK), CMP-sialic acid trans-
porter, and alpha-2,3-sialyltransferase were simultaneously introduced in CHO
cells producing recombinant EPO [83]. GNE/MNK initiates sialic acid biosynthesis;
a mutant variant of the enzyme was used in order to eliminate feedback control by
the end product of the pathway. Subsequently, CMP-sialic acid transporter seques-
ters CMP-sialic acid into the Golgi apparatus, where sialyltransferase then adds
sialic acid to the maturing glycoprotein. Results indicated that the sialic acid content
of recombinant EPO increased by 43% compared with that in parental cells; addi-
tionally, there was a 32% increase in tetrasialylated EPO and declines of 50% in both
monosialylated and asialylated EPO [83]. This study provides further evidence that
the combined simultaneous transfection of multiple enzymes in the sialic acid
biosynthetic and transfer pathways can have a significant impact on overall product
sialylation.

3.3 Inhibition of Sialidase Activity

Sialidases are exoglycosidases that catalyze the hydrolytic removal of sialic acid
from sialoglycoconjugates (glycoproteins, polysaccharides, gangliosides) [84]. Four
sialidases (Neu 1-4) have been identified in human, mouse, rat, and CHO cells, and
their activity is localized to different subcellular compartments: Neul is located in
the lysosome, Neu2 is located in the cytoplasm, Neu3 is located in the plasma
membrane, and Neu4 is also located in the lysosome [84-86]. Thus, sialidase
function varies as a result of the different substrate specificities and subcellular
locations [32]. Sialidase cleavage occurs in cell culture as viability decreases, and
this cleavage leads to the desialylation of recombinant glycoproteins [32, 85].

In order to decrease sialidase activity, a CHO cell line was developed that
expressed sialidase antisense RNA [87]. Sialidase activity in this cell line was
reduced by 40%, compared with the control culture; this reduction corresponded
to an increase in sialic acid content ranging from 20 to 37% [87]. Over the culture
duration, sialidase concentration increased in both the control and antisense cultures
[87]. However, the sialidase level in the antisense culture remained 40% lower than
that in the control cells [87]. Another important finding was the consistent viability
between the control and antisense cultures, which suggests that sialidase antisense
RNA is a useful strategy for reducing sialidase cleavage [87]. The finding that
sialidase antisense RNA expression was not completely knocked out indicated the
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likelihood that no severe effects on growth or metabolism had occurred. This result
highlights the capacity to manipulate sialidase levels as a means to maintain
sialylated glycoforms for recombinant protein production.

In another experiment, Neu2 knockdown was used to decrease cytosolic sialidase
activity in CHO cells producing IFN-gamma [85]. After siRNA sequences were
compared, the most active sequence was transfected into CHO cells, resulting in a
reduction in sialidase activity of 60% relative to control cells [85]. Cell culture
glycan samples were analyzed by MS and it was found that reducing sialidase
cleavage did not affect the glycan site distribution [85]. This finding is important
for the development of the cell culture process so that consistent batches of recom-
binant protein are produced. For one clone with decreased sialidase cleavage, there
was no change in the percentages of asialoglycans, monosialylated glycans, or
disialylated glycans [85]. However, over the duration of the control cell culture,
there was a decrease in disialylated glycans, with a concomitant increase in
asialoglycans and monosialylated glycans [85]. RNAi knockdown of Neu2 did
increase sialic acid content, but only when cells were in the death phase [85, 87,
88]. Although sialic acid content does not always increase during the growth phases
with sialidase RNA\, it is possible to maintain consistent glycoforms and prevent the
desialylation of glycoforms in later culture stages with this strategy.

In another study, siRNA and shRNA were used to knockdown Neul and Neu3
sialidase genes [89]. Reduced expression of Neu3 resulted in a 98% reduction in
Neu3 sialidase activity in CHO cells, corresponding to increases in sialic acid
content of 33% and 26% for samples from the cell stationary phase and death
phase, respectively [89]. Interestingly, application of the siRNA technique to knock-
down Neu3 (located in the plasma membrane) individually resulted in negligible
sialidase activity, whereas knockdown of Neu2 (located in the cytoplasm) individ-
ually only reduced sialidase activity to 40% of the control level [32]. Unlike Neu2
knockdown effects that acted exclusively in the death phase, protein sialylation was
increased throughout cell culture by Neu3 knockdown, suggesting different mech-
anisms of sialylation control by Neu2 and Neu3, respectively [32].

In summary, many strategies, involving both the upregulation and
downregulation of enzymes involved in the glycosylation pathways, can be manipu-
lated to control cellular glycosylation. Some of the approaches described in this
chapter are highlighted in Fig. 4, which shows the effect of specific gene over-
expression or the knockdown of enzymes involved in various glycan processing
steps, including sialylation and fucosylation. In the next section, we introduce the
importance of a systems biology approach to understand glycosylation and to
elucidate glycan compositions that can be used to drive genetic engineering strate-
gies in the future.
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4 CHO Glycoproteomics and Combined ‘Omics’

Since glycan patterns are exposed on cell surfaces, they are ready targets for high-
throughput technologies such as glycoproteomics [90, 91]. Indeed, the development
of sophisticated analytical techniques [92-95] and data analysis tools [96—100]
provides increasing opportunities to utilize high-throughput screening for glycans
as disease markers and for the structural classification of therapeutic proteins.
Glycogene microarrays, lectin chips, and RNA sequencing tools are widely used
to analyze the whole glycogenome and the changes in glycosylation enzymes, as
shown in Fig. 5. In addition to these tools, recent advances in MS)enable qualitative
and quantitative analyses of glycans, glycosites, glycopeptides, and intact
glycoproteins [101].

4.1 Glycoproteomics

Glycoproteomics, a field that evaluates glycosylated proteins and their glycosylation
sites [102], involves glycoprotein enrichment of the samples followed by sophisti-
cated proteomics methods, advanced MS techniques, and powerful bioinformatics
tools. Label-free quantification [103], stable isotope labeling (SILAC) [104], iso-
baric tag for relative and absolute quantitation iTRAQ) [105], and tandem mass tags
(TMT) [106] are some of the methods that can be used to interpret the differential
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Fig. 5 Methods for glycan analysis. New advances in sample preparation and analysis enable the
identification and quantification of glycoproteins with high accuracy and reproducibility. Examples
include lectin microarrays, ultra-performance liquid chromatography (UPLC), and liquid chroma-
tography tandem mass spectrometry (LC/MS/MS). Abbreviations: Asn asparagine, Ser serine, Thr
threonine, HCD higher-energy collisional dissociation
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expression of glycoproteins between samples, such as different clones or changing
process conditions.

Solid phase extraction of glycosylated peptides (SPEG) enables the identification
of N-linked glycoproteins using hydrazide chemistry. In this method, a protein
mixture is equilibrated with a hydrazide resin, which binds to the carbohydrate
moieties on the glycoproteins. Then, polypeptides are oxidized and enzymatically
removed by peptide-N-glycosidase F for liquid chromatography tandem mass spec-
trometry (LC-MS) analysis [107]. A previous CHO proteome analysis used a label-
free approach to identify 6,164 total proteins and glycoproteins [108]. Of these, the
SPEG method revealed that at least 1,292 proteins were N-glycosylated [108]. In
recent years, more developments have been made to improve the identification and
quantification of glycoproteins. Glycan quantification using isobaric tags, such as
aminoxyTMT and iART, is difficult owing to their tertiary amine structure [109]. A
novel MS-based technology, called quaternary amine-containing isobaric tag for
glycan (QUANTITY), was recently developed to improve the complete labeling of
glycans and increase reporter ion intensity upon second stage of mass (MS2)
fragmentation [109]. The QUANTITY labeling approach has been coupled with
solid-phase immobilization techniques for the glycomic comparison of CHO cells
engineered with glycosyltransferases [109]. Samples are first denatured and
immobilized on AminoLink resin (Thermo Fisher Scientific). To stabilize sialic
acid groups, p-toluidine can be used with a carbodiimide coupling reagent, and
then PNGaseF releases N-glycans from the solid support. Next, the aldehyde group
of the GlcNAc at the reducing end of the glycans from each sample can be labeled
with QUANTITY, followed by an analysis with liquid chromatography tandem
mass spectrometry (LC/MS/MS). A global proteomics analysis can also be
conducted by performing on-bead digestion [109].

Site-specific glycan occupancy and alterations in glycoproteins are also signifi-
cantly important for bioprocess development. Previously, glycosites, glycopeptides,
and glycans were studied separately owing to difficulties with simultaneous analysis.
Solid-phase extraction of N-linked glycans and glycosite-containing peptides
(NGAG) can simultaneously analyze glycans, glycosites, and glycopeptides from
complex samples [110]. First, peptides are immobilized using an aldehyde-
functionalized solid support. Then, PNGaseF and endoproteinase Asp-N digestions
release the N-glycans and N-glycopeptides, respectively, through enzymatic cleav-
age. After MS analysis, a sample-specific intact glycopeptide database is created to
document the glycosites and glycans [110]. At the same time, intact glycopeptides
are isolated and run by MS. The spectra are subsequently mapped to a glycosylation-
specific database using GPQuest software [110, 111].

Finally, methods have recently been developed to improve our understanding of O-
glycosylation. A microwave-assisted beta-elimination method has been optimized to
analyze O-glycans from cells, tissues, serum, and formalin-fixed paraffin-embedded
tissues [112]. In summary, the use of ‘omics’ has expanded our ability to elucidate
glycan structures, glycosites, and glycopeptide composition in order to understand the
glycoproteome and glycoform profiles from CHO cell cultures. These efforts seek to
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identify deficiencies in glycosylation profiles that may be overcome through genetic
engineering intervention.

4.2 Combined ‘Omics’

More recent efforts have combined glycoproteomics with other ‘omics’ technologies
for the validation and improved understanding of glycosylation. In one approach,
genome-wide association studies were combined with high-throughput HPLC anal-
ysis of plasma proteins from 2,705 individuals, to reveal polymorphisms in FUT6
and FUTS, as well as those in hepatocyte nuclear factor 1-alpha (HNF1-alpha)
[113]. The analysis was extended to 3,533 individuals to identify polymorphisms
in MGATS and B3GATI1 and the protein pump SLC9A9 [114]. Another study
combined epigenomics with proteomics to show that global changes in the DNA
methylation of ovarian cancer epithelial cells could affect glycans by reducing core
fucosylation, increasing branching, and increasing sialylation [115]. Altered expres-
sion of fucose biosynthetic genes and increased expression of MGATS were found
to modify the branching and sialylation of secreted glycans [116]. These studies
demonstrate how epigenomics and glycan structural analysis can be combined to
study the effects of genes and pathways in human glycosylation that may also be
important for CHO glycosylation processing.

In another approach, pathway mapping was used to correlate transcriptional
regulation and glycan expression [117]. Increased polysialylation and alpha-Gal
termination were observed in differentiated cell types, whereas alpha-Gal capped
glycans were more abundant in extra-embryonic endodermal cells [117]. Another
integration study mapped microRNA (miRNA) regulators onto glycan biosynthetic
pathways by the introduction of glycomics data. Lectin microarrays were used to
mimic miRNAs, enabling miRNA regulators of high mannose, fucose, and beta-
GalNAc networks to be determined [6].

Finally, N-glycan and glycogene expression during the epithelial-to-mesen-
chymal transition was studied using a systems glycobiology approach
[118]. Fucosylation and bisecting GlcNAc glycans were significantly decreased
during the transition, whereas levels of high mannose type N-glycans were increased
[118]. In this way, the integration of ‘omics’ tools has led to the improved under-
standing of how glycogene expression is controlled at genomic, transcriptomic,
proteomic, and epigenomic levels.

5 Conclusions and Outlook

This review has highlighted the role of glycosylation as a critical quality attribute in
the production of biotherapeutics, and more importantly it has highlighted how
these glycans can be manipulated in CHO expression systems through cell engi-
neering, as summarized in Table 2. Mammalian cell lines such as CHO can produce



62

K. M. Heffner et al.

Table 2 Summary of glycoengineering efforts in Chinese hamster ovary (CHO) cells

Target Result Reference

B4GALT1 Expression increases galactose sites and sialic acid [68, 78-80]
content without affecting growth, metabolism, or pro-
tein productivity

CMP-N- Knockdown decreases the Neu5Gc content [120]

acetylneuraminic acid

hydroxylase

CMP-sialic acid Overexpression increases CMP-sialic acid pool [82]

synthase

CMP-sialic acid Expression increases sialic acid content and [81-83]

transporter tetrasialylated glycoforms and decreases
monosialylated and asialylated glycoforms

Core 1 3 GnT-1II Expression of extended core 1 and core 3 O-glycans is | [59]
increased, and there is increased expression of core
2 O-glycans

Core 2 f1-6GlcNAc Overexpression increases GlcNAc transfer [72, 73]

transferase

Core 2 3 GnT-1 Expression of extended core 1 and core 3 O-glycans, as | [59]
well as increased expression of core 2 O-glycans

Core 3 3 GnT-VI Expression of extended core 1 and core 3 O-glycans, as | [59]
well as increased expression of core 2 O-glycans

FUTS8 Knockdown increases the percentage of [37, 41-46,
afucosylated antibodies and ADCC activity 49, 50, 61]

GDP-fucose Knockdown increases the percentage of [37, 43, 62]

4,6-dehydrogenase afucosylated antibodies

GDP-fucose transporter | Knockdown increases the percentage of [37, 43, 62]
afucosylated antibodies

GNE/MNK Expression increases sialic acid content and [83]
tetrasialylated glycoforms and decreases asialylated
glycoforms

GnT-III Knockout eliminates bisecting GIcNAc and [52, 63-67]
overexpression inhibits core a-1,6-fucosylation

GnT-1V Overexpression increases tri- and tetra-antennary sugar | [66, 71]
chains

GnT-V Overexpression increases tri- and tetra-antennary sugar | [66, 71]
chains

Sialidase Knockdown reduces sialidase cleavage and increases [85, 87, 89]
sialylation without affecting viability

a-2,3-Sialyltransferase Expression increases sialic acid content and [33, 73, 78,
trisialylated glycoforms without affecting growth, 80, 82, 83]
metabolism, or protein productivity

a-2,6-Sialyltransferase Expression increases 2,6 sialic acid linkages [74-77, 79,

121]
a-Mannosidase 11 Expression increases complex glycans with increased | [52]

ADCC activity

CMP cytidine monophosphate,

Neu5Gc  N-glycolylneuraminic acid, GnT-I Beta-1,4-N-

acetylglucosaminyltransferase I, GnT-V1 Beta-1,4-N-acetylglucosaminyltransferase VI, GDP gua-
nosine diphosphate, ADCC antibody-dependent cellular cytotoxicity, GNE/MNK uridine diphos-
phate-N-acetyl glucosamine 2-epimerase/N-acetyl 75 mannosamine kinase
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valuable recombinant proteins that can be accepted by humans as therapeutics.
However, subtle differences exist between glycosylation in humans and other
mammals, and understanding these differences requires knowledge of the physio-
logical characteristics of each cell type. Efforts to exert control over protein glyco-
sylation in CHO cells have been made by maximizing terminal sialylation through
the overexpression of N-acetylglucosaminyltransferases, the overexpression of
galactosyltransferases, the overexpression of sialyltransferases, the inhibition of
sialidases, and the manipulation of CMP-sialic acid pathways. Equally important
have been approaches to limit fucosylation through the overexpression of inhibiting
N-acetylglucosaminyltransferases such as GnTIII, suppressing fucosyltransferase
activity, and blocking the generation of the GDP-fucose substrate. The increasing
use of advanced technologies such as ZFN, TALEN, and more recently CRISPR/
Cas9, will greatly facilitate efforts to insert precise modifications of the glycosylation
pathways into the CHO genome in future. Indeed, recent efforts have achieved
comprehensive knockdown of multiple glycosyltransferases in order to control
N-linked glycosylation in CHO cells [119]. This approach allows users to tailor the
design of glycosylation for specific glycan profiles on recombinant glycoproteins.
Furthermore, combinatorial glycoengineering approaches, including knockdowns,
knockouts, knockins, and knockups, will be increasingly implemented to overcome
multiple interacting pathway bottlenecks. These tools will enable highly refined and
targeted modifications to be made to the processing capability of CHO cells in order
to meet the need for flexible production capabilities, as well as meeting the need for
the highly specified glycan targets required in biosimilar generation. Finally, the
generation of ‘omics’ data sets is propelling a systems biology revolution to increase
our understanding of CHO physiology and our capacity to modify glycans in
different ways. Our ability to elucidate, characterize, quantify, and finally modify
glycoproteins emerging from CHO, as well as the enzyme activities present in CHO,
will facilitate the development of a superior CHO production platform that will yield
consistent and desirable glycoforms in the future. In the coming decades, the
emerging systems glycobiology integration of glycogenomics, glycoproteomics,
glycomics, epiglycogenomics, and glycoinformatics, together with our ever-
expanding toolkit for genome engineering, promises to accelerate our understanding
of glycosylation in CHO and other mammalian cell lines, as well as increasing our
capacity to control glycan processing more effectively.
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Abstract The insect cell-baculovirus expression system technology (BEST) has a
prominent role in producing recombinant proteins to be used as research and
diagnostic reagents and vaccines. The glycosylation profile of proteins produced
by the BEST is composed predominantly of terminal mannose glycans, and, in
Trichoplusia ni cell lines, core a3 fucosylation, a profile different to that in mam-
mals. Insects contain all the enzymatic activities needed for complex N- and O-
glycosylation and sialylation, although few reports of complex glycosylation and
sialylation by the BEST exist. The insect cell line and culture conditions determine
the glycosylation profile of proteins produced by the BEST. The promoter used,
dissolved oxygen tension, presence of sugar precursors, bovine serum or
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hemolymph, temperature, and the time of harvest all influence glycosylation,
although more research is needed. The lack of activity of glycosylation enzymes
possibly results from the transcription regulation and stress imposed by baculovirus
infection. To solve this limitation, the glycosylation pathway of insect cells has been
engineered to produce complex sialylated glycans and to eliminate o3 fucosylation,
either by generating transgenic cell lines or by using baculovirus vectors. These
strategies have been successful. Complex glycosylation, sialylation, and inhibition
of a3 fucosylation have been achieved, although the majority of glycans still have
terminal mannose residues. The implication of insect glycosylation in the proteins
produced by the BEST is discussed.
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1 Insect Glycobiology

The insect cell-baculovirus expression system technology (BEST) consists of the
expression of a recombinant gene delivered to an insect cell culture by a recombinant
baculovirus (reviewed by [1, 2]). The BEST is ideal for several applications, and
especially for the production of complex proteins. The possibility of simultaneous
expression of various proteins, the rapid and easy generation of new recombinant
baculovirus, and the high productivity are useful benefits. With research, it is
possible to evaluate different versions of a mutant protein in a eukaryotic context
in a fast an efficient way (for example, [3, 4]). The BEST is a workhorse for
production of recombinant proteins as research and diagnostics reagents, and is
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especially useful for the manufacture of virus-like particles and viral proteins in the
market as vaccines [1, 5]. There is a very long list of virus-like particles (VLP) from
a number of virus targets that have been produced in the BEST, as recombinant
proteins that self-assemble efficiently as VLP [6]. The first recombinant human
influenza seasonal vaccine, Flublok®, the human papillomavirus vaccine Cervarix
® and the therapeutic cancer vaccine Provenge® were all produced using the BEST.
In the case of influenza, the fast construction of new baculovirus vectors allows the
fast and efficient strain change needed for opportune response to new influenza
types, using a “plug and play” concept [5]. Several commercially available veteri-
nary vaccines on the market are also produced using the BEST [5]. All its advantages
give the BEST technology a huge potential.

An attribute of the BEST is the particular N-glycosylation profile of the produced
proteins, which is different from that in proteins produced by mammalian cells.
Mammalian cells produce glycoproteins with complex sialylated glycans, whereas
the glycosylation of insect proteins mostly involves terminal mannose glycans. A
comparison of the glycosylation profile of a model protein, secreted human alkaline
phosphatase (SeAP) produced by CHO mammalian cells and by the commonly used
insect cell line TnSB1-4 (commercially known as High Five®), is shown in Fig. 1
(data from [7, 8]). Over 90% of glycans in SeAP produced by CHO cells were
complex (without a terminal mannose residue), and more than 20% of glycans were
sialylated [8]. In contrast, most of the glycans in SeAP produced by insect cells had
terminal mannose residues and no sialylation was detected [7]. High mannose
glycans, which are not processed in the medial Golgi, are more abundant in insect
than in mammalian cells. Paucimannose glycans contain three or less mannose
residues attached to the chitobiose core, and are the most abundant type of N-glycans
in proteins produced by insects. The high abundance of terminal mannose glycans in
insect proteins is different from the typical profiles of mammalian proteins. The
consequences of these differences are discussed in Sect. 4. Table 1 lists some

Fig. 1 Comparison of the 100
N-glycosylation profile of
secreted human placental
alkaline phosphatase (SeAP) 80 +
produced by CHO |
mammalian (blue) and
Tn5B1-4 insect (orange) 60 1
cells. Complex glycans 1
include galactosylated and 40 -
sialylated glycans. Data
from [78]
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o M - : :
Q(\O& (\{\o(,e %@\b @Q\@u *\é&b \*\@b
o & s 6@" o



Glycobiotechnology of the Insect Cell-Baculovirus Expression System

Table 1 N-Glycosylation profiles of recombinant proteins expressed by the IC-BES
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Recombinant | High Paucimannose | Hybrid® | Complex | al,3Fuc
Cell line protein mannose (%) | (%) (%) (%) (%)
DpN1° SeAP 24 44 6 26° NR
e)cpresSF+d‘e Influenza tHA |34 56 10 0 ND
High Five® | Influenza tHA | 8 88 2 Traces |20
High Five®"¢ | Human 25 54 7 0 56
transferrin
High Five®™" | IgG2a 0 35 30 35.6 18
MBO503! Human 35 2 ND 63 NR
plasminogen
Sfodk SeAP 16 84 ND ND NR
SSWT-74*! | Influenza HA |48 10 23 18 ND
Tn4h™ SeAP 15 51 1 200 NR

rHA Recombinant hemagglutinin, ND Not detected, NR Not reported, SeAP Secreted human
placental alkaline phosphatase, /gG Mouse immunoglobulin

“Hybrid glycans have a terminal mannose residue in one branch and a terminal glycan different to
mannose in the other

®Dannaus plexipus cells, Palomares et al. [7]

“Includes 13% of sialylated glycans

dSpodoptera frugiperda cells

An et al. [9]

Trichoplusia ni cells

2Ailor et al. [9]

f‘Hsu et al. [10]

"Derived from Mamestra brassicae. Davidson and Castellino [11]

Jncludes 33% of sialylated glycans

*Joshi et al. [12]

'Glycoengineered expresSF+ cells expressing mammalian N-acetylglucosaminyl-transferase II, p4-
galactosylatransferase I, carbohydrate sulfotransferase 2 and galactose-3-O-sulfotransferase
"Derived from Tn5B1-4 cells. Joosten et al. [13]

"Includes 19.3% of sialylated glycans

glycosylation profiles reported for recombinant proteins produced by the BEST.
Even when terminal mannose glycans are most common in proteins produced by
insect cells, they can produce complex glycans at levels usually below 10%
[7]. p-(1—4)-Galactosyltransferase (GalT) activity has been found and measured
in Sf9 (barely detectable), High Five®, MBO503 (from Mamestra brassicae), and
DpN1 (from Dannaus plexipus) cells [7, 14, 15], but the presence of galactosylated
glycans produced by wild-type cells is seldom found. Wild-type Sf9 cells usually do
not produce complex glycans and do not produce glycans with al,3 fucose (Fuc).
This is especially important, as discussed below. In contrast, 1,3 Fuc is found in
glycoproteins produced by High Five®™ cells, which can also produce complex
glycans under certain circumstances. Other non-conventional lepidopteran cell
lines have an enhanced ability to produce complex glycans, even when they usually
produce lower amounts of recombinant protein than Sf9 and High Five® cells. An
important attribute that should not be overlooked is site occupancy. An et al. [16]
found differences in site occupancy in recombinant influenza hemagglutinin (rHA)
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expressed in HEK293 or in insect cells, and Wang et al. [4] found that rat purple acid
phosphatase (PAP) had two potential N-glycosylation sites occupied in the wild-type
and Sf9 produced forms, although it was less extensively glycosylated when pro-
duced in CHO cells. Other reports have found that insect cells glycosylate in the
same sites as in wild-type mammalian proteins.

The glycosylation profile in insect proteins is a result both of enzymatic activities
present and of the availability of activated sugars for glycan formation. Table 2
summarizes the regulation of N-glycan diversity in insects by several enzymes, as
reported by Walski et al. [17]. Fucose (Fuc), galactose (Gal), glucose (Glc), N-
acetylglucosamine (NAcGlc), N-acetylgalactosamine (GalNAc), glucuronic acid,
mannose (Man), xylose, and sialic acids have been found in insects [17], but it is
their availability in activated form and the activity of glycosylation enzymes that
determine the glycosylation profile of proteins. As in other organisms, insect devel-
opment is severely affected by the disruption of glycosylation (Table 2). Figure 2
depicts the N-glycosylation pathway typical of insect cells used in the BEST.
Processing in the Golgi is shown. High mannose glycans with five mannose residues
are obtained in the cis-Golgi and are further processed by N-acetylglucosaminyl
transferases and mannosidases. The branch point structure in insect N-glycosylation
is indicated in the figure [18, 19]. The 2(GlcNAc)3(Man) a3 GlcNAc glycan can be
processed by the GIcNACTII and GalT to result in complex glycosylation. However,
more often it is a substrate of GlcNAcases, which remove terminal GIcNAc residues
and result in paucimannose forms, a reaction uncommon in mammalian cells. The
extent of N-glycosylation in the BEST is a balance between GlcNAcase, GIcNAc
transferase (GIcNACT) I and II, and GalT activities in the Golgi, and the content of
UDP-GIcNAc and UDP-Gal, activated sugar nucleotides. Paucimannosidic glycans
are not only common in recombinant proteins produced by the BEST but are also
major components in invertebrates [20]. The origin of such truncated glycans has
been a subject of investigation of several groups. High hexosaminidase activity has
been reported in insect cell cultures [7, 15, 21, 22]. The enzyme responsible for
removal of the a3 branch GIcNAc was first discovered in Drosophila [23]. This N-
acetylglucosaminidase (GlcNAcase) is encoded by the fused lobes gene, and an
ortholog has been found in Sf9 insect cells, the most commonly used insect cell line,
and in other invertebrate species [18, 19, 24, 25]. The fused lobes protein (FDL) is
highly specific, although Dragosits et al. [26] found that, under extreme conditions,
FDL can also trim other GlcNAc and Gal residues. Tomiya et al. [27] have reported a
GlcNAcase that hydrolyzes in vitro terminal GlcNAc from the glycan core. It is
possible that this enzyme also has a role in insect glycosylation, as removal of the a6
GIcNAc would require another enzyme. Nevertheless, it should be noted that the
presence of a6 GIcNACT in Sf9 cells is unlikely, as its activity has not been detected
[28]. However, other GlcNAcase may have a role in other insect cell lines that can
produce complex glycosylation (Table 1). Other exoglycosidase activities have also
been detected in insect cells, such as those of sialidase and p-galactosidase [21].

Sialylation in insects and in recombinant proteins produced by the BEST has been
studied by several groups. Synthesis and transfer of sialic acid had been considered
as limited to the deuterstome lineage, but since 2002 it has been demonstrated that
the protostome lineage is also capable of sialylation. A functional N-
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High mannose Hybrid Complex
N\
/

More
a-FucT extensive
GIeNACT | a-mannosidase Il GIcNACT Il GalT glycosylation
UDP-GIcNAc UDP-GIcNAc UDP-Gal
GDP-Fuc
Asn Asn Asn Asn
GlcNAcase
—

Paucimannose

Fig. 2 N-Glycosylation pathway in insect cells. High mannose glycans contain four or more
mannose residues. They are only processed in the endoplasmic reticulum and cis Golgi. Hybrid
glycans contain one terminal mannose residue. They accumulate because of low GIcNACT I or II
activities. The branch point structure for insect N-glycosylation is shown in a square [18]. FDL and
a GlcNAcase activities result in the formation of paucimannose glycans, which only contain three or
less mannose residues attached to the chitobiose glycan core. Square, GlcNAc. Circle, Man.
Hexagon, Gal. Triangle, fucose

acetylneuraminic acid phosphate synthase, a CMP-sialic acid synthase, and a
sialyltransferase have been found in Drosophila [29-31]. Sialylation has been
observed in proteins of Drosophila melanogaster and Philaenus spumarius
[32]. An active a-2,6-sialyltransferase (SialT) was found in the Lepidopteran
Bombyx mori [33]. Sialylated glycans have been reported in proteins produced by
Sf21 (from Spodoptera frugiperda), Tndh (from Trichoplusia ni), DpN1 and
MBOS503 insect cells [7, 11, 12, 21, 34]. Watanabe et al. [22] observed sialylation
in bovine interferon expressed by High Five® cells when p-N-acetylglucosaminidase
(GIcNAcase) activity was inhibited. It is known that sialylation in insects, specifi-
cally in Drosophila, is a highly regulated process that occurs in specialized cells and
at development stages. Such tight regulation can explain the few cases when
sialylation of proteins produced by insects is reported. Supplementation of bovine
serum has frequently been reported as a requirement for sialylation by insect cells.
Hollister et al. [35] have demonstrated that insect cells can uptake from the culture
medium and use sialylated N-glycans, N-acetylneuraminic acid (NeuSAc), and
GIcNACc to sialylate proteins when GalT and a-2,6-SialT genes are overexpressed,
explaining the serum requirement. The presence of serum has introduced uncer-
tainties regarding the possible presence of sialylated contaminants that copurify with
the protein of interest [36, 37]. Hillar and Jarvis [37] believe that that is the case in
reports of sialylation by Tn4h, Tn4s, and DpN1 cells ([7, 12, 13], among other
reports), as they could not reproduce the results reported by other investigators.
Because complete controls were included in the reports of sialylation of both cell
lines, it is possible that the differences in the experiments performed by Hillar and



Glycobiotechnology of the Insect Cell-Baculovirus Expression System 79

Jarvis, who used low sensitivity assays, can explain the different results obtained in
their experiments.

Another peculiarity of insects is the presence of core a-1,3 linked fucose N-
glycans and other modifications absent in mammalian proteins and that may cause
hypersensitivity in patients with allergies [38]. a-1,3 Fucosyltransferase (FucT3)
activity has been detected in B. mori, Apis mellifera, and Drosophila [39—41]. In
insect cells commonly used for protein expression, core a-1,3 fucose has been found
in proteins produced by High Five®™ Trichoplusia ni cells, but not in Spodoptera
frugiperda Sf9 or expresSF+ cells [16, 38, 40]. Stanton et al. [42] recently reported
the glycome of uninfected larvae from Lymatria dispar, Trichoplusia ni, and the
High Five® cell line, and found that N-glycans in proteins from all three sources are
decorated with sulfate, glucuronic acid, and phosphorylcholine, showing that insects
and insect cells are capable of extensive glycan modification. They also found
Lewis-like antenna fucosylated structures and N-acetylgalactosamine (GalNAc).
An insect p4-N-acetylgalactosaminyltransferase has been detected and characterized
[15, 43].

Insect cells are capable of O-glycosylation in the same sites as mammalian cells
[44]. In the pseudorabies virus gp50, Sf9 cells produced protein with O-linked
GalNAc and lower amounts of Galpl-3GalNAc without sialic acid. The same
protein produced by mammalian cells had higher amounts of Galp1-3GalNAc and
sialylation.  Although the activity of UDP-GalNAc:polypeptide N-
acetylgalactosaminyltransferase was comparable in Sf9, Vero and CHO cells, the
Sf9 cells had a lower activity of UDP-Gal: N-GalNAc 1,3 galactosyltransferase.
Similar results were found by Lopez et al. [45] in Sf9, High Five®, and SOCMb-92-
C6 (from Mamestra brassicae) insect cells. Gaunitz et al. [46] expressed a mucin-
type protein in High Five®™ and Sf9 cells, which is different to those previously
studied for O-glycosylation. They found O-glycans with glucuronic and galacturonic
acids, sulfate, and phosphocholine. High Five® cells produced more extensively
modified O-glycans than Sf9 cells.

2 Effect of Bioprocessing Conditions on the Glycosylation
Profile of Proteins Produced by Insect Cells

Glycosylation demands high amounts of precursors and requires energy. It is
therefore affected by nutrient availability and culture conditions [47]. In the case
of the BEST, the recombinant gene is expressed most frequently under the
polyhedrin (polh) promoter, which results in strong and very late expression. Cell
growth and synthesis of cellular proteins is reduced after baculovirus infection
[48, 49]. Van Die et al. [15] found that baculovirus infection decreases the activity
of a glycosyltransferase to undetectable levels. Accordingly, different glycosylation
profiles have been found in insect proteins in comparison with overexpressed
recombinant proteins. Moreover, the increased metabolic activity of infected cells
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Table 3 Conditions that affect the N-glycosylation profile of proteins produced by insect cells

Condition tested Effect on recombinant protein N-glycosylation Reference

Ammonia addition® Addition of 40 mM ammonium sulfate (62 mM at | [51]
the time of harvest) had no effect

Culture under simulated Sialylation of SeAP [52]

microgravity (HARV

bioreactor)®

Dissolved oxygen (DOT)* High DOT (from 100 to 350% of air saturation) did | [51]
not change the glycosylation profile of SeAP

Dissolved oxygena’b SeAP produced at 10% or 190% of air saturation | [53]
had a higher abundance of high mannose glycans
than cultures at 50% DOT

Fetal bovine serum (FBS) Recombinant GST-SfManl was sialylated when [35]

addition SfB4GalT/ST6C cell cultures were supplemented
with 10% FBS

FBS addition Increased abundance of complex glycans in SeAP | [12]

Hemolymph addition® c.a. 13% of sialylated glycans, reduction in SeAP | [13]
yield

Inhibition of extracellular No effect [54]

exoglycosidases®

Mannosamine addition®9 Mannosamine addition (up to 20 mM) increased [55, 56]
the abundance of GIcNAc terminal glycans

Temperature® Low temperature (20°C) increased the amount of | [51]
terminal «(1,3)-mannose residues

Time of harvest® A late time of harvest (120 hpi) increased the [51]
amount of mannosidase resistant glycans in SeAP

Use of a promoter earlier than | Increased protein concentration and increased [57]

polh sialylation

Use of p10 promoter instead | Expression under the slightly earlier and weaker [58]

of polh® promoter p/0 resulted in rLRE secretion, complex
glycosylation and sialylation

hpi Hours postinfection, SeAP Human secreted alkaline phosphatase, rLRE Recombinant lutropin

receptor ectodomain

ATrichoplusia ni cells

°S19 cells

ZSf9 cells engineered to express mammalian -1,4-galactosyltransferase and a o2,6-sialyltransferase
Sf21 cells

[50] and the energy needed for protein production and glycosylation can also affect
the extent of modification. However, only a few papers have reported the effect of
culture conditions in protein glycosylation, most of them from the 1990s and early
2000s. Results are summarized in Table 3. Few variables that can potentially affect
insect glycosylation have been investigated, mostly because of the expected limited
relevance of culture conditions on the formation of terminal mannose glycans,
including the most abundant paucimannosidic forms. Ammonia concentrations
well above those toxic to mammalian cells had no effect on glycosylation in the
BEST [51]. Zhang et al. [53] observed a higher content of high mannose forms at
low (10%) or high (190%) dissolved oxygen tension (DOT) in comparison with 50%
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(with respect to air saturation), showing that in extreme conditions glycosylation was
limited to processing in the endoplasmic reticulum (ER) and cis Golgi. Donaldson
et al. [51] did not observe an impact on N-glycosylation at or above 100% DOT.
Reduced productivity was observed under extreme conditions. It should be noted
that Donaldson et al. [51] only used the semiquantitative fluorescence-assisted
carbohydrate electrophoresis (FACE) method, whereas Zhang et al. [53] used
capillary electrophoresis, a quantitative method that allows structure identification.
Zhang et al. [53] controlled DOT in instrumented bioreactors, whereas Donaldson
et al. [51] used spinners and manipulated DOT using an oxygen enriched environ-
ment, without control. Donaldson et al. [51] observed a more extensive glycan
processing at low culture temperature (20°C). This contrasts with reports in mam-
malian cells, where a decrease in N-glycosylation was observed when cells were
maintained at temperatures below 32°C [59]. An increase in mannosidase-resistant
glycoforms was obtained at later culture times [51], and the addition of
exoglycosidase inhibitors did not affect protein glycosylation [54]. Interestingly,
Joshi et al. [52] observed sialylation of SeAP when Tné4h cells (7. ni) were cultured
under simulated low gravity conditions. It can be hypothesized that a lower shear
stress was present at low gravity, suggesting that shear stress can affect N-glycosyl-
ation. Aloi and Cherry [60] have observed sublethal effects of shear in insect cells,
whereas Godoy-Silva et al. [61] observed changes on glycosylation at energy
dissipation rates two orders of magnitude lower than lethal rates in CHO cell
cultures. Fetal bovine serum addition increased the amount of complex glycans in
Tn-4h cells (T. ni) [12], possibly because of its protective effect to shear stress [62],
in addition to providing substrates.

Culture medium composition determines the glycosylation profile of proteins
produced by the BEST. It has been shown that the pool of sugar nucleotides needed
for complex glycosylation (UDP-GIcNAc, UDP-Gal) is similar in High Five®, Sf9,
and mammalian cells [63], indicating that sugar nucleotides are not limiting complex
glycosylation. Nevertheless, feeding of precursors of sugar nucleotides has been
attempted to increase the extent of insect glycosylation [55, 56]. Interestingly, only
the addition of mannosamine (ManN), a precursor of CMP-NeuSAc (N-
acetylneuraminic acid), increased the abundance of N-glycans with terminal
GIcNAc. Estrada-Mondaca et al. [56] showed that ManN inhibits the activity of
GlcNacase in vitro, explaining the observed results. It has been shown that supple-
mentation of fetal bovine serum is needed to obtain sialylation in proteins produced
by insect cells engineered to express mammalian f-1,4-galactosyltransferase and a
a2,6-sialyltransferase, as insect cells can salvage sialic acid from the culture medium
[35]. Hemolymph addition increased the abundance of sialylated glycans but
lowered SeAP yield [13]. Even when it has not been evaluated, it can be expected
that nutrient feeding in fed batch cultures alters the glycosylation profile, including
site occupancy, of proteins produced by the BEST.

The strength and timing of baculovirus promoters driving recombinant gene
expression affect the glycosylation profile of proteins. Baculoviruses are lytic
viruses, and a more intact glycosylation machinery can be expected to exist at earlier
infection times. Jarvis et al. [64] report that recombinant tissue plasminogen acti-
vator (TPA) was processed faster and more efficiently when expressed under the
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control of the immediate early iel promoter than when expressed under the very late
polh promoter. Although Pajot-Augy et al. [58] attribute the more extensive
processing and glycosylation of a recombinant lutropin receptor ectodomain to the
use of the weaker p10 promoter instead of polh, Sridhar et al. [57] report that it is the
time of expression that results in an increased protein quality. In contrast with these
reports, Toth et al. [65] did not find a difference in the quality of recombinant
Western equine encephalitis virus glycoprotein produced under promoters with
different timings and strengths, and suggests that effects are protein-dependent.
The effects of other factors on glycosylation, such as nutrient feeding, other
byproduct accumulation, etc., remain to be investigated. None of these papers
have reported the effect of culture conditions on site occupancy. As strategies to
increase complex glycosylation by insect cells are more widely used, it is likely that
more research on the effects of culture conditions in protein glycosylation is
performed.

3 Glycoengineering of Insect Cells

The glycosylation profile of proteins produced by the BEST impedes its use for
production of glycoproteins that require mammalian glycosylation for their function.
To overcome this problem, insect cells or the baculovirus vector have been
engineered to produce mammalian enzymes. Table 4 summarizes progress toward
obtaining mammalian glycosylation by the BEST. The first strategy used was to
include glycosyltransferases into the baculovirus vector. Jarvis and Finn [66] first
expressed a mammalian glycosyltransferase, GalT, in Sf9 cells, showing that the
enzyme was active and that a baculovirus protein was galactosylated. This result
confirmed the availability of UDP-Gal in Sf9 cells. In 2002, the Jarvis group reported
the generation of a transgenic Sf9 cell line capable of sialylation when cultured in
fetal bovine serum (FBS), called SfSWT-1, commercially available as the Mimic cell
line through Thermo Scientific [28]. SfSWT-1 contains five mammalian
glycosyltransferase genes (Table 4). The activities of GIcNAcT, GalT, and SialT
in baculovirus-infected cells were confirmed. It was later reported that the a2,3 SialT
had no activity in this cell line [67]. A decrease in paucimannose forms and the
appearance of biantennary galactosylated forms were observed. Sialylation occurred
only in one antenna. In 2003, Hollister et al. showed that sialylation could also be
obtained with supplementation of other precursors in addition to FBS, Neu5Ac, or
N-acetylmannosamine (ManNAc). It was found that Sf9 cells have a salvage path-
way that allows the use of these precursors to sialylate proteins or as precursors for
sialic acid synthesis. This shows that Sf9 cells produce negligible amounts of sialic
acids and rely on taking up sialic acid or its precursors from the culture medium
[35]. The presence of sialylated proteins upon addition of precursors for sialic acid
synthesis shows that Sf9 cells have the required enzymatic machinery for sialic acid
synthesis. Other groups that have used the Mimic cell line for recombinant protein
expression have not found sialylation in the expressed proteins [77, 78].
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Table 4 Overview of the strategies used for glycosylation engineering in the IC-BES
Gene and expression strategy Results References

Expression of bovine GalT under the iel | Sf9 cells had GalT activity. Baculovirus | [66]
promoter encoded in a baculovirus gp64 was galactosylated
SfSWT-1 Mimic® cells (Thermo Scien- Biantennary, sialylated glycans in a [28, 67]
tific). Transgenic Sf9 cells expressing recombinant protein produced with 10%
human GIcNACT I, GIcNACT II, bovine | bovine serum. Lower abundance of
GalT, rat o2,6 SialT and mouse 2,3 paucimannosidic forms than wild type
SialT under the iel promoter cells. No «2,3 SialT activity. Slower cell
growth
Expression of human sialic acid Sialic acid generation by Sf9 cells [68]
9-phosphate synthase (SAS) and
UDP-GIcNAc 2-epimerase/ ManNAc
kinase genes encoded in a baculovirus
SETSWT-3 cells. SESWT-1 cells More extensive sialylation than SfSWT- | [69]
expressing mouse SAS and sialic acid 1 in both antennae in serum free medium
synthetase (CSAS) under the iel supplemented with ManNAc
promoter
Expression of human GIcNAcT II, Recombinant human antitrypsin pro- [70]
GalT, and 2,6 SialT encoded in a duced by Ea4 cells sialylated, as deter-
baculovirus under the polh and p10 mined by lectin blotting
promoters in Sf9 and Ea4 cells
Transgenic Sf21 cells expressing rat Cellular proteins and a recombinant [71]
GIcNACT 1III under the iel promoter human glycoprotein with bisecting
GIcNAc
SfSWT-5. Transgenic Sf9 cells with No difference in cell growth or stability | [72]
inducible expression of GIcNACcT II, with or without induction. Cells stable
GalT, 2,6 SialT, a2,3 SialT, SAS and | for over 300 passages. No difference in
CSAS using piggyBack vectors induc- | recombinant glycoprotein yield.
ible with doxycycline Sialylation detected by lectin blotting
SweetBac® (Geneva Biotech). Complex galactosylated glycoforms not | [73]
Baculovirus encoding the C. elegans observed upon infection with wilt type
GIcNACT 1II and bovine GalT baculovirus
StSWT-21 cells. Transgenic Sf + cells | Protein sialylation without ManNAc [18]
expressing E. coli GIcNAc-6-P 2/ supplementation and without
epimerase, mouse SAS, mouse CSAS, UDP-GIcNAc consumption without
human Golgi CMP-sialic acid trans- reduction of cell growth or yield
porter, human GIcNACcT II, bovine
GalT, rat 2,6 SialT under the iel
promoter
Short-hairpin RNA interference to sta- | Reduced GlcNAcase activity [74]

bly silence expression of GIcNAcase

SfSWT-7 cells. expresSF+* cells
cotransfected with dual piggyBac vec-
tors encoding GIcNACT 11, GalT, car-
bohydrate sulfotransferase 2 (CHST2)
and Gal-3-O-sulfotransferase

2 (Gal3ST2)

Engineered to produce biantennary, ter-
minal Gal sulfated glycans. No evidence
of sulfation observed. Eighteen percent
of complex glycans. Reduced abun-

dance of high mannose forms (Table 1)

[16]

(continued)
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Table 4 (continued)
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Gene and expression strategy Results References
Expression of Pseudomonas aeruginosa | Consumption of the GDP-L-fucose pre- | [75]
guanosine-5'-diphospho (GDP)4- cursor. Blocked al,3 and o 1,6
dehydro-6-deoxy-p-mannose reductase | fucosylation. Transgenic cells were

(RMD) encoded in a baculovirus under | unstable

the iel promoter. Transgenic cell line

expressing RMD

Expression of RMD encoded in a Reduction of fucosylation in influenza | [38]
baculovirus under the gp64 promoter hemagglutinin

Expression of human GIcNACcT II and Recombinant human IgG with terminal | [76]
GalT in B. mori pupae through bacmids | GlcNAc and Gal

with the actin A3 B. mori and polh

promoters

“Protein Sciences Corporation. USA

Kati et al. [76] obtained complex galactosylated glycans in a recombinant mono-
clonal antibody after using bacmids to express the GIcNACT II and GalT in B. mori
larvae. This strategy is useful for antibody production, as their mammalian N-
glycosylation only contains terminal Gal complex glycans. Viswanathan et al. [68]
infected Sf9 cells with baculovirus encoding for the human sialic acid 9-phosphate
synthase (SAS) and UDP-GIcNAc 2-epimerase/ManNAc kinase genes. Infected Sf9
cells accumulated NeuSAc without the need for precursor supplementation. The
Jarvis group added the mouse SAS and sialic acid synthetase (CSAS) genes to the
SESWT-1 cells [69]. The resulting transgenic cell line, SESSWT-3, performed more
extensive sialylation than SfSWT-1, resulting in bisialylated glycans. ManNAc
addition was still needed in a serum-free medium. Interestingly, SESSWT-3 cells
had growth kinetics similar to wild-type Sf9 cells, suggesting that the introduction
of the two genes involved in sialic acid synthesis resulted in the elimination of the
growth lag phase observed in sfSWT-1 cells [67]. In parallel, Chang et al. [70]
inserted in a baculovirus the human GIcNACT II, GalT, and «2,6 SialT genes under
control of the very late polh and p10 promoters and infected Sf9 and Ea4 (Estigmena
acrea) cells. Only the recombinant glycoprotein expressed by Ea4 cells contained
sialylated glycans. As these cells were cultured in serum-free medium, it is possible
that Ea4 cells possess the ability to synthesize sialic acid. The presence of complex
glycans in the absence of a mammalian GIcNAcT I demonstrates that overexpression
of this enzyme is not needed for complex glycosylation, suggesting that it is active in
wild-type insect cells. Okada et al. [71] introduced the GIcNAcT III gene into Sf21
cells and obtained both cellular proteins and a recombinant glycoprotein modified
with bisected glycans. The use of transgenic cells has the advantages of having a
unique host and that any baculovirus can be used for production of a glycoprotein of
interest with complex glycosylation, although this approach provides limited flexi-
bility and engineered cells may be unstable or have reduced growth or a high
sensitivity to culture conditions. Interestingly, Aumiller et al. [72] used piggyBac
vectors to construct a transgenic cell line with inducible expression of six mamma-
lian glycosylation genes (SfSWT-5, Table 4). Sialylated proteins were obtained.
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Stability of induced and non-induced cells was confirmed until more than 30 gener-
ations. No change in cell growth was observed. piggyBac vectors were used to
modify the licensed expresSF+ insect cell line from Protein Sciences Corporation to
introduce the GIcNACT II, GalT, carbohydrate sulfotransferase 2 (CHST2), and
Gal-3- O-sulfotransferase 2 (Gal3ST2) genes to obtain complex galactosylated
sulfated glycans (SESWT-7, [16]). Cells were infected with baculovirus coding for
rHA. No evidence of sulfation was observed, even when expression of the related
genes was detected. The relative abundance of each glycan type produced by
SESWT-7 cells is listed in Table 1. In this case, 18% of glycans were complex, but
no detectable levels of complex glycans were observed in the Sf9 cell line.

As a solution to the problem of supplementation of sialic acid precursors to
cultures, Geisler and Jarvis [18, 19] expressed the Escherichia coli GIcNAc-6-P
2'epimerase with other glycosylation proteins (SfSWT-21 cells, Table 4), and used
its reverse reaction to obtain ManNAc-6P from Glc-6P, and then sialic acid,
CMP-sialic acid, and sialylated proteins without the external addition of expensive
ManNAc. All the effort on engineering insect cells has resulted in the production of
biantennary structures that are still very simple compared to the glycosylation profile
of many mammalian proteins. The advantage of having insect cells producing
triantennary or tetranatennary glycans, in comparison to mammalian cells, remains
to be evaluated.

Insect cells have been engineered to obtain complex sialylated glycans, but
paucimannose glycans are still present in the produced proteins, albeit at a lower
abundance than with wild-type insect cells. To prevent GlcNAcase cleavage,
Kim et al. [74] used short-hairpin RNA interference to reduce the expression of a
GlcNAcase. They observed a reduction in GlcNAcase activity but did not evaluate
the glycosylation profile of proteins. Another undesirable activity in 7. ni insect cells
is the presence of al,3Fuc. To prevent it, Palmberger et al. [38] and Mabashi-
Asazuma et al. [75] expressed the Pseudomonas aeruginosa guanosine-5-
'-diphospho (GDP)4-dehydro-6-deoxy-p-mannose reductase (RMD), which con-
sumes GDP-4keto-6-deoxy-p-mannose, precursor of GDP-Fuc to form GDP-p-
rhamnose, using baculovirus vectors. Mabashi-Asazuma et al. [75] constructed a
transgenic insect cell line, but it was unstable. The reason for the instability of cells
with depleted fucose is unknown. Walski et al. [17] report that fucosylation is
needed for insect immune response and wing and nervous system development.
The role of fucose in individual cells remains to be investigated. Although Mabashi-
Asazuma did not observe fucosylation in a recombinant glycoprotein,
Palmberger et al. [38] observed the absence of al,3Fuc and a reduction in «l,6
fucosylation in rHA. The reason for this difference may lie in the two different
promoters that were used for RMD expression. Palmberger et al. [38] used the gp64
promoter, whereas Mabashi-Asazuma et al. [75] used the immediate early iel
promoter. These promoters have different temporality, so it is possible that expres-
sion under the later gp64 promoter was not efficient enough to impede fucosylation
as expression under the ie/ promoter [79].

Expression of glycosyltransferases can be achieved under a wide variety of
conditions. The Jarvis group has mostly used the iel promoter, active in the
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immediate early phase of baculovirus infection and not requiring baculoviral factors
for expression [64]. Thus, it is active in uninfected cells. The iel promoter is weaker
than very late promoters, imposing a relatively low metabolic burden upon expres-
sion of several recombinant proteins. The metabolic burden imposed by
overexpression of glycosylation enzymes has been perceived as a disadvantage of
the transgenic cell line approach. Moreover, expression in uninfected cells when
immediate early promoters are used can affect the physiology of the cells. The effect
of expression of glycosylation enzymes in insect cells is not totally understood, and
the performance of transgenic cells under industrial culture conditions has not been
evaluated. Glycoengineering of insect cells is a very promising approach, but
evaluation of transgenic cells under industrial manufacturing conditions is still
needed.

4 TImpact of Glycosylation on Proteins and Products
Produced by Insect Cells

Even when one of the reasons for selecting the BEST for expressing a recombinant
protein is its ability to perform glycosylation, few reports have systematically
determined the role of insect glycosylation in the function of a recombinant protein.
Some of these reports are listed in Table 5. In general, the lack or reduction of
biological activity of proteins produced by the BEST is directly correlated with the
absence of sialic acid. Sialic acid is negatively charged at physiological pH, and
determines the distribution and half-life of proteins in the bloodstream [77]. Insect
glycoproteins may therefore be active in vitro but lose all biological activity when
tested in vivo [77]. Therefore, the main impact of insect glycosylation in proteins is
the absence of in vivo activity caused by the lack of sialic acid.

Bantleon et al. [81] found that a recombinant IgE with high mannose and
paucimannose glycosylation produced by Sf9 cells has the same immunoreactivity
and binding to FceRI as IgE with mammalian glycosylation. In some cases it is the
absence of a glycan rather than an insect glycosylation profile that changes the
activity of proteins [4]. It is believed that the particular glycosylation profile of
proteins produced by insect cells would act as adjuvant in the case of vaccines, but
there are no reports sustaining this. Lin et al. [78] found that non-sialylated glyco-
sylation performed by Sf9 and stSWT-1 cells induced higher anti rHA IgG titers than
tetrasialylated rHA produced by CHO cells. However, lower rHA neutralizing I1gG
titers were obtained. Nevertheless, Dunkle et al. [§2] have reported that Flublok®, a
recombinant influenza vaccine (rtHA) produced in the BEST, is more effective than
an influenza vaccine produced in chicken eggs. The authors hypothesized that the
higher efficacy of Flublok™ results from its higher HA concentration or the presence
of egg-derived mutations in the traditional comparator vaccine, not glycosylation.
In any case, the insect N-glycosylation in rHA was not a disadvantage for the
recombinant vaccine.
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Table 5 Effects of insect glycosylation on protein function
Protein and characteristics Observed effects Reference

f subunit of human chorionic gonado- BhCG produced under the MP promoter | [57]
tropin (fhCG) expressed in Sf9 cells had higher bioactivity and sialic acid
under the baculovirus basic protein content than that produced under polh
(MP) and polh promoters
Rat purple acid phosphatase (PAP) pro- | Lower site occupancy reduces substrate | [4]
duced in CHO and Sf9 cells. PAP from | affinity and catalytic activity
rat and Sf9 cells was recognized by GNA
lectin (terminal mannose)
Equine eLH/CG expressed in sf9 and No biological activity because of the [77]
SfSWT-1 cells. Higher molecular weight | absence of sialylation in eLH/CG from
of protein from SfSWT-1 cells. No both cell lines
sialylation detected in eLH/CG from
both cell lines
GP50 from Taenia solium expressed in | False positive reactivity with patient sera | [80]
Sf9 and High Five® cells of GP50 produced by High Five® cells
because of the presence of al,3 linked
fucose
rHA produced by Sf9, SESSWT-1, and Sf9 and SfSWT-1 rHA elicited higher [78]
CHO cells. SESSWT-1 cells did not pro- | anti HA IgG titers but lower neutralizing
duce sialylated glycans. tHA from CHO | antibody titers than CHO rHA
cells had up to tetrasialylated structures
Reduced fucosylation of recombinant Reduced binding of IgE from the sera of | [38]

influenza hemagglutinin produced by
High Five® cells

patients with allergy because of the
absence of al,3 fucose

Recombinant human IgE produced by
S19 cells with paucimannosidic and high
mannose N-glycosylation, whereas
mammalian protein has complex
N-glycosylation

No difference in immunoreactivity and
FceRI binding between insect and
mammalian recombinant proteins

[81]

Interestingly, it was found that «1,3 fucosylation produced by High Five®™ cells
can result in cross reactivity of sera from patients, as the al,3 fucose epitope is
abundant in parasites [80]. This finding is especially important, as one of the most
significant niches of the BEST is the production of proteins for diagnostics. Sf9 cells,
which do not produce «l,3 fucose [16, 38, 40], would be a better cell line for
production of proteins for diagnostics. In the same line, Palmberger et al. [38]
observed that when al,3 fucosylation was eliminated by RMD addition, binding
from sera from allergic patients to rHA produced by High Five® cells was reduced.
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5 Conclusions and Outlook

The BEST is a very popular system for recombinant protein expression, especially
for complex proteins. To date, the particular glycosylation in proteins produced by
insect cells has not limited its application and success because of its many advan-
tages. The BEST is the system most used for production of the recombinant vaccines
on the market for human or veterinary applications. The BEST is not ideal for
expression of proteins that require sialylation or complex N-glycosylation for their
biological function, as even when efforts on engineering insect cells for the produc-
tion of complex sialylated glycans have been successful, mannose-terminal struc-
tures are still the most abundant. It is expected that the BEST will continue to be used
extensively for research and diagnostics applications, that more manufacturers will
benefit from the advantages of this technology, and that more products of the BEST
will reach the market in future years.
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Abstract Yeasts are valuable hosts for recombinant protein production, as these
unicellular eukaryotes are easy to handle, grow rapidly to a high cell density on cost-
effective defined media, often offer a high space—time yield, and are able to perform
posttranslational modifications. However, a key difference between yeasts and

Author contributed equally with all other contributors.Charlot De Wachter and Linde Van Landuyt

C. De Wachter, L. Van Landuyt, and N. Callewaert (0<)
VIB-UGent Center for Medical Biotechnology, Ghent, Belgium

Department of Biochemistry and Microbiology, Ghent University, Ghent, Belgium
e-mail: Nico.Callewaert@vib-ugent.be


http://crossmark.crossref.org/dialog/?doi=10.1007/10_2018_69&domain=pdf
mailto:Nico.Callewaert@vib-ugent.be

94 C. De Wachter et al.

mammalian cells involves the type of glycosylation structures, which hampers the
use of yeasts for the production of many biopharmaceuticals. Glycosylation is not
only important for the folding process of most recombinant proteins; it has a large
impact on pharmacokinetics and pharmacodynamics of the therapeutic proteins as
well. Yeasts’ hypermannosylated glycosyl structures in some cases can evoke
immune responses and lead to rapid clearance of the therapeutic protein from the
blood. This chapter highlights the efforts made so far regarding the glyco-
engineering of N- and O-type glycosylation, removing or reducing yeast-specific
glycans. In some cases, this is combined with the introduction of humanized
glycosylation pathways. After many years of patient development to overcome
remaining challenges, these efforts have now culminated in effective solutions that
should allow yeasts to reclaim the primary position in biopharmaceutical
manufacturing that they enjoyed in the early days of biotechnology.
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1 Introduction

1.1 Rationale for Using Yeast in Protein Expression

To meet the individual requirements of each biopharmaceutical, different host
systems have been optimized for efficient recombinant protein production. Prokary-
otic organisms, especially Escherichia coli, are mainly used for the production of
proteins that do not depend on eukaryotic posttranslational modifications for their
folding, function, or stability. These organisms are well studied, and a lot of well-
characterized manipulation techniques have been established. The first biopharma-
ceutical on the market, human insulin (Humulin®, Eli Lilly & Co., Indianapolis, IN),
was produced in E. coli.

Another type of host system that shares the ease of handling and high production
yield/cell density with prokaryotic organisms are yeasts. Moreover, unicellular
eukaryotes are able to perform posttranslational modifications, including proteolytic
processing of signal peptides, disulfide bond formation, subunit assembly, phos-
phorylation, acetylation, acylation, and glycosylation, that prokaryotes can perform
only to a certain extent. Besides this, yeast and fungi differ in their ability to secrete
recombinant proteins, whereas prokaryotes express recombinant proteins mainly
intracellularly. Moreover, secretion facilitates the postproduction processing as
most yeasts, compared to mammalian cells or filamentous fungi, secrete only very
few endogenous proteins, which eases purification [1]. Yeasts are grown in cheap,
defined chemical media without the need for animal-derived products.

The most important reason for the small number of biopharmaceuticals on the
market produced by yeasts is their nonoptimal glycosylation pattern. Yeasts modify
glycoproteins with high-mannose N-glycans (Pichia pastoris) to hypermannosyl
N-glycan structures (Saccharomyces cerevisiae). Moreover, P. pastoris can incor-
porate f-1,2-mannose residues, and S. cerevisiae incorporates terminal
a-1,3-mannoses, both of which could be immunogenic [2, 3]. Yeast-derived high-
mannose N-glycans interact with specific receptors (i.e., C-type lectins) on the liver
and lymph node endothelial cells, dendritic cells, and macrophages, which leads to
fast serum clearance of the recombinant proteins [4]. To date, most therapeutic
glycoproteins have been produced in mammalian cells, like Chinese hamster ovary
(CHO) cells. These produce glycoproteins modified with humanlike hybrid- and
complex-type N-glycans. Production in mammalian cells is complicated and
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expensive and requires animal-derived products with a risk of viral or prion con-
tamination. The space—time yield of mammalian cell-based production processes is
often lower than in yeasts and costs of production are higher. For immunoglobulin G
manufacture, enormous efforts have been invested by the industry over the past two
decades, which has resulted in very substantial improvements in production eco-
nomics for these highly stable molecules. However, these processes are now
approaching theoretical limits and are, moreover, not easily transferrable to the
production of other, more labile, molecules. With increasing demand for
biopharmaceuticals, new applications that require different molecular formats or
massively increased scale, and increasing cost pressures as biopharmaceuticals are
developed for increasingly common diseases, yeast as a manufacturing host is
attracting renewed attention. To enable a next-step change in biopharmaceutical
manufacturing, considerable effort has already been devoted and continues to be
devoted to engineering yeast strains in such a way that they are devoid of yeast-type
immunogenic glycans, sometimes combined with the introduction of humanlike
glycosylation or application-customized glycosylation.

1.2 Saccharomyces cerevisiae Versus Pichia pastoris

S. cerevisiae, or baker’s yeast, has a long history in the food industry, with its
applications in bread baking and brewery. With the introduction of genetic engi-
neering, another era started for this yeast as it started being used for recombinant
protein production. A huge knowledge base was built up regarding the microbiol-
ogy, genetics, molecular and cellular biology, stress response, and metabolism of
this organism. The complete genome was sequenced in 1996 by an international
cooperative venture involving scientists in Europe, North America, and Japan [5]. It
was the first completely sequenced genome of a eukaryote. S. cerevisiae mainly uses
glucose as a carbon source. As a facultative anaerobe, this yeast is able to switch to
anaerobic consumption of glucose, however implying the concomitant production of
toxic ethanol. S. cerevisiae expresses glycoproteins modified with hypermannosyl
N-glycan structures consisting of a-1,2/3/6-mannoses and phosphomannoses
(Fig. 3a), often comprising more than 100 mannose residues. Other biotechnologi-
cally important yeasts are Kluyveromyces lactis, which is able to use lactose as a sole
carbon source and is used widely in the dairy industry, and Yarrowia lipolytica, a
model organism for hydrophobic C-source catabolism due to its ability to grow on
hydrophobic substrates like alkanes and fatty acids [6].

As a methylotrophic yeast, P. pastoris (formal nomenclature: Komagataella
phaffii) is able to use methanol as a sole carbon and energy source, obviating the
need to secrete enzymes like carbon source—procuring enzymes such as cellulases, as
is the case for filamentous fungi. The presence of methanol induces expression of
proteins involved in methanol metabolism, such as alcohol oxidase 1 and 2 (AOX1
and AOX?2). Recombinant protein production controlled by their promoters results in
an inducible expression system either with high expression levels (AOXI promoter)
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or lower expression levels (AOX2 promoter) of the protein of interest. The genome of
P. pastoris was reported in 2009 [7], and since then, promoter engineering efforts
have also resulted in fermentable carbon source limitation-derepressed promoters,
which make it possible to avoid methanol feeds where desired [8, 9]. Also,
P. pastoris is a Crabtree-negative yeast species that, unlike, for example,
S. cerevisiae, has a strong preference for respiratory growth in glucose- and
oxygen-rich environments, avoiding the production of ethanol, as is the case for
fermentative yeasts [10]. By avoiding the build-up of toxic ethanol, Crabtree-
negative species can grow to very high cell densities [11]. In comparison with
S. cerevisiae, P. pastoris modifies its glycoproteins with shorter glycans
(oligomannoses) with a lower degree of polymerization, including a-1,2/3/6-,
B-1,2-mannose residues or phosphomannoses [12, 13]. This makes P. pastoris a
somewhat more suitable host for the production of glycoproteins compared to
S. cerevisiae. Hansenula polymorpha is another methylotrophic yeast that is able
not only to use methanol but also to express a pathway for nitrate assimilation. This
yeast type is attractive for some applications in industry due to its thermotolerance
up to 50°C [14, 15].

2 N-Glycosylation in Yeast

More than 70% of the biopharmaceuticals produced are glycoproteins, emphasizing
the importance of glycosylation as a co- and posttranslational modification. Mostly
two types of glycosylation modify glycoproteins: N-glycosylation and
O-glycosylation (Sect. 4). Not only is N-glycosylation important in the folding
process of most recombinant proteins, it also has a large impact on the pharmaco-
kinetics and pharmacodynamics of the therapeutic proteins. Biopharmaceuticals
modified with oligomannose-type N-glycans are prone to rapid clearance through
Kuppfer cells (liver-resident macrophages) by binding to the mannose receptor
present on the cell surface [4, 16]. Biopharmaceuticals carrying glycans fully
modified with terminal sialic acid, however, show longer half-lives by reduced
clearance [17]. Next to hepatic clearance, proteins with a molecular mass
<30-50 kDa are rapidly cleared by the kidneys [18]. To avoid this, glycosylation
of the protein can increase its hydrodynamic volume, reducing the renal clearance, as
used in engineered EPO variants [19]. Next to the impact on clearance, glycosylation
of the protein may offer protection against proteolytic degradation, for example, as
shown for granulocyte colony stimulating factor [20-22]. Fc glycosylated IgG-type
antibodies show increased resistance to proteolytic degradation by papain compared
to nonglycosylated variants, with the highest degree of resistance obtained when
carrying GIlcNAc-terminal residues [23]. Whether these differences are relevant in
terms of therapeutic use is unstudied.

N-glycosylation occurs on asparagine residues in an asparagine-X-serine/threo-
nine (Asn-X-Ser/Thr) context, where X is any amino acid except for proline (Pro).
The initial steps of N-glycosylation synthesis are common to almost all eukaryotes.
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Briefly, a GlcsMangGlcNAc, lipid-linked oligosaccharide (LLO) is assembled in the
endoplasmic reticulum (ER) by several glycosyltransferases encoded by asparagine-
linked glycosylation (ALG) genes (Fig. 4a). This precursor is cotranslationally
transferred to a nascent polypeptide chain by the oligosaccharyltransferase complex
(OST). Deglucosylation of the N-glycan by glucosidase I and II leads to the
formation of a monoglucosylated structure that can bind calnexin/calreticulin,
assisting in protein folding (Fig. 1) [24]. Subsequently, one «-1,2-mannose is
removed by an ER-residing o-1,2-mannosidase. Further, a-1,2-mannosidase
processing by Htmlp in the ER can expose a terminal o-1,6-mannose residue,
which is a signal for the degradation of proteins that have not reached their proper
fold [25]. Correctly folded proteins are transported to the Golgi apparatus, where
their N-glycans are further modified, but in a species-specific manner. Mammalian
cells trim the MangGlcNAc, N-glycan further by a-mannosidases to obtain a sub-
strate for the generation of hybrid- and complex-type N-glycans by
glycosyltransferases in the Golgi apparatus. Instead of reducing the MangGIcNAc,
N-glycans, yeasts elongate this N-glycan further, starting with the introduction of an
a-1,6-mannose residue. Further elongation with «-1,2/3/6-mannoses and
phosphomannoses occurs to obtain hypermannosylated N-glycans, which can be
capped in a species-specific manner (e.g., with «-1,3-mannose residues in
S. cerevisiae). N-glycosylation is very heterogeneous because it is a non-template-
driven process, with multiple differentially expressed glycosyltransferases some-
times competing for the same substrates and resulting from the action of all of these
enzymes over a very short time frame during passage of the substrate glycoprotein
through the Golgi apparatus. Moreover, interactions of the glycan with the particular
protein environment to which it is attached can also influence the accessibility of its
different branches to the glycosyltransferases and, hence, rates of conversion [26].

Because of the negative impact of yeast-type N-glycosylation on
biopharmaceuticals in terms of immunogenicity and clearance, glyco-engineering
of yeast strains was introduced to remove yeast-type glycosylation and to generate
hybrid- and complex-type (human) N-glycans (Fig. 2).

2.1 Engineering N-Glycosylation in Yeast

Glyco-engineering of yeast cells includes the removal of yeast-specific glycosyla-
tion, sometimes followed by the construction of hybrid- or complex-type (human)
glycans (Fig. 2). Next to the modification of the type of N-glycan structures on the
protein, considerable effort has been devoted to reducing the macro- and
microheterogeneity present on glycoproteins. To minimize macroheterogeneity,
meaning the structural diversity due to differential occupation of N-glycosylation
sites, different strategies have been explored to optimize the efficiency of
cotranslational N-glycan transfer to glycoproteins. One strategy involves regulating
the molecular flux in the dolichol pathway. For example, overexpression of a
S. cerevisiae cis-prenyltransferase, a key enzyme in dolichol synthesis, in
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Fig. 2 Overview of human N- and O-glycosylation in the Golgi apparatus. On the left side, the
synthesis of a human glycoprotein containing a complex-type biantennary N-glycan is shown. In the
cis Golgi, mannosidase-I (Man-I) leads to a MansGIcNAc, that can be modified in the medial Golgi
by  N-acetylglucosaminyltransferase I (GnT-I), mannosidase-II (Man-1I), N-
acetylglucosaminyltransferase II (GnT-II), and a fucosyltransferase (FUT). Afterward,
galactosyltransferase (GalT) and sialyltransferase (SiaT) may perform their function on
N-glycosylated proteins. Moreover, N-glycans of lysosomal proteins can be decorated with man-
nose-6-phosphate due to the action of N-acetyl-1-phosphotransferase (GNTP) in the cis Golgi and
N-acetylglucosamine- 1-phosphodiester-a-N-acetylglucosaminidase (NAGPA) in the trans Golgi.
The right side of the figure shows the mucin-type O-glycosylation. Polypeptide-GalNAc-transferase
(ppGalNACT) initiates O-glycosylation in the Golgi, which is followed by the action of core
1 galactosyltransferase (C1GalT), core 2 N-acetylglucosaminidase I (C2GnTI), core 3 N-
acetylglucosaminidase (C3GnT), core 2 N-acetylglucosaminidase I (C2GnTII), or sialyltransferase
(ST6GalNACT) to generate core 1-4 or the sialyl-Tn-antigen (STn antigen), respectively. Next to
this, so far unknown enzymes synthesize core 5-8 O-glycans

Trichoderma reesei resulted in increased glycosylation levels of secreted proteins
[27]. Other strategies involve overexpression of proteins involved in the OST
complex (Sect. 2.1.2) [28, 29] or engineering of the acceptor tripeptide sequon for
optimal transfer conditions, as Asn-X-Thr is two to three times more efficiently
glycosylated than Asn-X-Ser [30]. The microheterogeneity of the carbohydrate
moiety refers to different structures that can be present on a given glycosylation
site of endogenous glycoproteins.

A first step in the humanization of N-glycosylation in yeast is the removal of the
high-mannose and hypermannosyl structures. Two main strategies are followed, one
based on the elimination of yeast glycosyltransferases (Sect. 2.1.1) and the other one
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on interference in the assembly of the LLO (Sect. 2.1.2). A subsequent step is the
introduction of different glycosyltransferases and glycosidases to obtain hybrid- and
complex-type N-glycans. A recent, third approach, which efficiently converts yeast
N-glycosylation into a type that is often function-neutral, is the expression of an
endo-f-N-acetylglucosaminidase, capable of removing high-mannose N-glycans and
resulting in a largely deglycosylated product (Sect. 2.1.3).

2.1.1 Approach 1: Elimination of Yeast Glycosyltransferases

In the early 1990s the main enzyme responsible for the elongation of the high-
mannose N-glycan in S. cerevisiae was revealed as an a-1,6-mannosyltransferase
(Ochlp), which initiates the a-1,6-polymannose outer chain [31]. Mannan polymer-
ase complexes (M-Pol) I and II extend this further with a-1,6-mannoses. The chain is
further elaborated by the addition of a-1,2-mannoses by a-1,2-mannosyltransferases
and phosphomannoses in a process that requires both the MNN6 and MNN4 (which
encodes for Mnn4p, a positive regulator of mannosylphosphate transferase Mnn6p)
genes and terminal o-1,3-mannoses by the Mnnlp a-1,3-mannosyltransferase
(Fig. 3a). S. cerevisiae Aochl Amnnl Amnn4 strains mainly modify their glycopro-
teins with MangGIcNAc, N-glycans, removing the immunogenic mannan
N-glycans, but still retaining the rapidly cleared, high-mannose N-glycan [32]. Intro-
duction of an a-1,2-mannosidase gene of Aspergillus saitoi in this triple mutant
Aochl Amnnl Amnn4 strain resulted in the first yeast strain capable of producing
some level of the human-compatible sugar chain MansGIcNAc, [33]. Although the
enzyme was successfully retained in the ER using an HDEL tag, only 27% of the
N-glycans of an endogenous protein (carboxypeptidase Y) were trimmed from
MangGIcNAc, to MansGIcNAc,. Because MansGIcNAc, is the substrate used to
build human complex-type N-glycans, a homogeneous conversion to MansGlcNAc,
is critical.

Furthermore, these manipulations have a big impact on S. cerevisiae yeast cells,
resulting in severe growth defects and decreased protein productivity. Mutagenesis-
based genetic diversity was introduced to perform screenings to obtain Aochl
Amnnl Amnn4 yeast strains capable of more efficient production of glycoproteins
[34]. In some mutants with restored functionality, the reduction of cell wall strength
as a consequence of the deletion of the outer chain of the N-glycans was likely
compensated by an increase in the glucan layer of the cell wall, as indicated by an
elevated level of glucose in the cell wall [34]. Recent research has shown that
disruption of the mannan glycan structures (Aochl Amnn9 strain) causes cell wall
integrity defects, which causes cell stress and severe growth impairments [35]. At the
same time, this strain shows upregulation of genes in the secretory pathway involved
in protein folding (KAR2 and SSA1), vesicular trafficking (BOS1, ERV25, SNC2, and
SS01I), and the ERAD pathway (DERI and HRD3), increasing specific protein
secretion levels. An increase in recombinant-specific protein secretion was also
shown in Amnnl0 deletion strains [36, 37]. In contrast to S. cerevisiae, no effect
on the growth rate could be detected in the Aochl strain of Y. lipolytica [38].
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Fig. 3 Golgi N-glycosylation: wild-type versus glyco-engineered yeast. (a) Overview of wild-type
N-glycosylation in model ascomycetous yeast S. cerevisiae. The MangGlcNAc, N-glycan obtained
in the ER is further elongated with yeast-specific glycosyltransferases, starting with an
a-1,6-mannose by Ochlp. Mannan polymerase complexes (M-Pol) I and II extend this further
with a-1,6-mannoses. Further elongation with «-1,2/3-mannoses and phosphomannoses by
(phospho)mannosyltransferases (Mnn) results in hypermannosylated N-glycans. (b) Elimination
of yeast-specific glycosyltransferases like Ochlp results in shorter high-mannose N-glycans.
Insertion of mannosidase (Man) I, N-acetylglucosaminyltransferase (GnT) I, Man-1I, GnT-II,
GnT-1V, GnT-V, galactosyltransferase (GalT), or sialyltransferase (SiaT) results in glycoproteins
modified with humanlike complex-type N-glycans. This has most completely been implemented in
P. pastoris

MansGIcNAc, N-glycans have been obtained by overexpression of ER-retained
T. reesei a-1,2-mannosidase. Additional Amnn9 knockout did not improve the
glycosylation profile compared to single Aochl deletion [38].

In P. pastoris, hypermannosylation occurs less frequently and to a lesser extent
compared to S. cerevisiae. The yeast also lacks a-1,3-mannosyltransferase activity,
avoiding the presence of terminal, immunogenic «-1,3-mannoses on the N-glycans.
Disruption of the OCHI gene in P. pastoris with a knock-in strategy results in
glycoproteins modified with Mang_1,GIcNAc, N-glycans [39, 40]. No severe growth
defects have been observed, but it has been revealed that the knock-in event results
in the inadvertent expression of an N-terminally truncated Ochlp, which appears to
be sufficient to avoid the growth defects later observed with full OCHI knockout in
this organism. Whether this is due to rest—activity of the truncated Ochlp or to, for
example, a stabilizing effect of the truncated Ochlp in presumed Golgi protein
complexes is unclear at this time. In any case, this serendipitous finding has formed
the basis for the production of a strain in which this knock-in event has been
genetically stabilized, resulting in the so-called SuperMan5 P. pastoris strain,
which is commercially available from Research Corporation Technologies, Tucson,
AZ, USA [41, 42]. The full knockout of OCHI in P. pastoris results in a growth
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defect, but it has not been well documented whether this is further worsened or rather
improved by further N-glycan engineering. In any case, researchers at Merck-
GlycoFi, Kenilworth, NJ, USA (where full OCHI knockout was used as the strain
basis) have filed a patent application that describes a compensatory mutation in the
ATTI gene, which improves the OCHI knockout phenotype [43, 44]. Similar results
were obtained recently by mutating the CWP/ gene in an OCH1 knockout [45]. Sub-
sequent overexpression of an HDEL-tagged o-1,2-Man-I from 7. reesei was suc-
cessful in converting the N-glycans to the smaller MansGIcNAc, structure
[40, 46]. Another successful approach involves introducing a C. elegans Man-I
fused to ScMns1p ER-targeting signal [39]. The obtained MansGlcNAc, N-glycan
structure is a starting point for the further introduction of glycosyltransferases and
glycosidases yielding mammalian complex-type N-glycans (Fig. 3b).

The first step in obtaining complex-type N-glycans is the addition of a GlcNAc
residue by N-acetylglucosaminyltransferase I (GnT-I). Overexpression of human
GnT-l, targeted to the early to medial Golgi compartment using a ScKre2p signal
sequence, generates almost complete conversion of a MansGlcNAc, N-glycan to
GlcNAcMansGIcNAc, structure [40]. Using an alternative approach, Choi et al.
succeeded in generating this hybrid-type N-glycan by introducing human GnT-I
retained in the cis Golgi using a ScMnn9p targeting signal. However, coexpression
of an additional UDP-GIcNAc transporter (K. lactis) was necessary to optimize this
conversion [39]. In both studies, different yeast strains and different localization
signals for both Man-I and GnT-I were used, which could have had an impact on
GlcNAc transfer efficiency.

Further humanization of the N-glycosylation pathway implies the introduction of
biantennary N-glycans by substituting the a-1,3-mannose and a-1,6-mannose residue of
the hybrid-type for a second GlcNAc residue. To obtain this, Hamilton et al. used a
combinatorial ~ library of several mannosidase II (Man-lI) and N-
acetylglucosaminyltransferase II (GnT-II) catalytic domains fused to more than 60 fun-
gal type I membrane localization signals [47]. Introduction of Drosophila melanogaster
Man-II and Rattus norvegicus GnT-1I, both coupled to a ScMnn2p medial Golgi
targeting signal, resulted in a strain capable of producing GlcNAc,Man;GIcNAc,-
modified glycoproteins with the highest homogeneity and a production yield compara-
ble to the wild-type GS115 strain. Obtaining GIcNAcMan;GIcNAc, N-glycans seems
to be a tricky and inefficient point in the engineering process, but it is largely resolved by
modifying the generated terminal a-1,6-mannose with a GIcNAc residue. The reason for
this remains unclear, but it was observed that this terminal a-1,6-mannose is a substrate
for endogenous glycosyltransferases, resulting in novel structures that might interfere in
cell wall biogenesis [48].

Overexpression of -1,4-galactosyltransferase (GalT) in the Golgi compartment is
necessary for the subsequent modification of GIcNAc terminal residues with a
[-galactose residue. The presence of UDP-Gal, necessary as a donor substrate for Gal
transfer, in the Golgi of S. cerevisiae was shown [49]. Based on this evidence, one can
assume that this is also the case for P. pastoris. However, Vervecken et al. obtained
only a conversion of 10% of GlcNAcMansGIcNAc, to GalGlcNAcMansGIcNAc,
[40]. The expression of a fusion protein composed of the human GalT-I catalytic
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domain and a UDP-galactose 4-epimerase (GalE) of Schizosaccharomyces pombe,
retained in the Golgi using the ScMnn2p signal sequence, resulted in efficient gener-
ation of biantennary Gal,GlcNAc,Man3;GIcNAc, N-glycans without the need for a
UDP-Gal transporter [50]. This structure is the one found on the conserved
N-glycosylation site (Asn297) of human IgG, except for the presence of a core
a-1,6-fucose residue on native IgGs. The absence of this fucose residue is advantageous
for antibody-dependent cell-mediated cytotoxicity (ADCC)-dependent antibody func-
tionality (e.g., in cancer and viral infection treatments) (Sect. 5).

The final step of human glycosylation, on most therapeutic glycoproteins, is
terminal sialylation of the N-glycans. This is important because desialylated glyco-
proteins are recognized, internalized, and degraded by the ASGP-R on hepatocytes.
Because serum glycoproteins are desialylated over time and as such reflect a pro-
tein’s age, it follows that the ASGP-R plays a crucial role in maintaining serum
glycoprotein homeostasis. Moreover, the ASGP-R rather prefers multivalent and
multimeric ligands over single galactose residues. Biantennary N-glycans have 100-
to 1,000-fold lower affinity in comparison to triantennary N-glycans [51]. Since
yeasts lack the capability to biosynthesize the cytidine monophosphate N-
acetylneuraminic acid (CMP-Neu5Ac) precursor, the CMP-Neu5SAc Golgi trans-
porter, and the sialyltransferase to transfer Neu5Ac to terminal galactose residues,
the introduction of five enzymes in a Gal,GlcNAc,Man;GIcNAc, engineered strain
is necessary to obtain sialylation. Hamilton et al. succeeded in constructing one
vector containing these five genes (H. sapiens UDP-N-acetylglucosamine-2-epim-
erase/N-acetylmannosamine kinase, H. sapiens N-acetylneuraminate-9-phosphate
synthase, H. sapiens CMP-NeuSAc synthase, M. musculus CMP-NeuSAc trans-
porter, and M. musculus o-2,6-sialyltransferase), resulting in biantennary sialylation
of recombinant human erythropoietin (thEPO) [52]. Moreover, this engineered
rhEPO triggered receptor signaling in vitro equally well as a form of the protein
containing tri- and tetra-antennary sialylated N-glycans (Darbepoetin/Aranesp®™)
produced in CHO cells [53]. In vivo activity was optimized by PEGylation of the
engineered thEPO, avoiding fast clearance due to smaller N-glycans. Merck for a
while appeared to be gearing up to test this molecule in a clinical setting, but the
program has now apparently been abandoned for unspecified reasons (Sect. 6.4).

Part of such glyco-engineering technology has recently become commercially
available as Pichia GlycoSwitch® (Research Corporation Technologies, Tucson, AZ,
USA), allowing for the production of  glycoproteins  carrying
Gal,GlcNAc,Man;GIcNAc, N-glycans [54]. The starting point is the SuperMan5
strain (Biogrammatics, Carlsbad, CA, USA), improved for genetic stability
[41, 42]. Expansion of this technology to generate triantennary N-glycans is possible
by introducing human GnT-IV in the Golgi, which transfers a -1,4-GIcNAc to the
o-1,3-mannose of the MansGIcNAc, core [55]. There are two caveats with the use of
this “humanization” technology. First, the genetic stability of strains with large num-
bers of transgenes can be difficult to obtain. Recently, since the availability of the
Pichia genome sequence [7], more flexibility has been available with respect to the sites
of genomic integration, and strategies such as random rather than homologous recom-
bination can be used to achieve higher levels of stability. Second, inactivating only
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OCH] is insufficient to avoid synthesis of all fungal type N-glycans. Indeed, low levels
of a-1,6-branch formation can still be detected in OCH I knock-in/knockout strains, and
N-glycans can still be modified with phosphomannosyl residues. Moreover, sometimes
the human-type intermediates are inadvertently recognized by yeast
glycosyltransferases, resulting in the formation of novel structures. This is obviously
undesirable. GlycoFi/Merck’s researchers have attempted to overcome this to some
extent through stacking of more and more glycosyltransferase gene knockouts in strains
while still not completely solving the problem. This makes the entire concept of
humanization rather unwieldy, and more efficient solutions are likely needed.

2.1.2 Approach 2: Interference in Lipid-Linked Oligosaccharide
Assembly

Whereas the first approach to disrupting the hypermannosyl N-glycan chain occurs
in the Golgi by elimination of glycosyltransferases such as Ochlp, the second
approach is based on interference in the assembly of the LLO precursor in the
ER. This step is highly conserved between almost all eukaryotes and comprises
the assembly of the Glc;MangGIcNAc, LLO as a precursor for cotranslational
transfer to the nascent protein chain. Unravelling of this LLO assembly pathway
revealed the role of several glycosyltransferases encoded by asparagine-linked
glycosylation (ALG) genes (Fig. 4a) [56].

In S. cerevisiae, the enzyme responsible for converting MansGlcNAc,-PP-Dol to
MangGIcNAc,-PP-Dol at the Iuminal side of the ER (Dol-P-Man:MansGIcNAc,-
PP-Dol a-1,3-mannosyltransferase) is encoded by the ALG3 gene (Fig. 4b)
[57]. Aalg3 mutants in both S. cerevisiae and P. pastoris, however, do not lead to
the accumulation of MansGIcNAc, only but also show N-glycans larger in size
containing mannoses and structures recalcitrant to mannosidase digests
[58, 59]. This MansGIcNAc, N-glycan may be a substrate for Ochlp, resulting in
the addition of a-1,6-mannoses and requiring the combination of this strategy with
OCHI] deletion.

After the deletion of PpALG3 in the Aochl P. pastoris strain, a Man-I catalytic
domain, fused to the Secl2p yeast localization signal, was inserted into the
P. pastoris genome. This led to the trimming of the N-glycan structure to
Man;GIcNAc,, which serves as a substrate for GnT-I, which was targeted to the
Golgi after fusion with the localization signal of Mnn9p [50]. This approach obviates
the use of Man-II, necessary in the human pathway to obtain the substrate for
GnT-II. Introduction of rat GnT-II and fused human GalT-I and S. pombe
UDP-galactose 4-epimerase to a single localization signal resulted in the successful
generation of complex-type Gal,GlcNAc,Man;GlcNAc, biantennary N-glycans.
The engineered cells had a small reduction in growth rate, but protein production
yield was comparable to that of the parental wild-type yeast [50]. To further improve
on the homogeneity of the N-glycan structure, knockouts in genes involved in
phosphomannosylation (Apnol and Amnn4B) and p-mannosylation (Abmit2)
(Sect. 3) were helpful [52, 60]. Moreover, introducing the glycosyltransferases
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Fig. 4 Interference in LLO assembly in ER. (a) Assembly of the LLO involves the cooperation of
several glycosyltransferases, encoded by the ALG genes, a flippase (Rftlp) to catalyze flipping of
the LLO to the ER lumen, and an OST, which coordinates cotranslational transfer of the oligosac-
charide to the nascent protein chain. (b) One approach to remove high-mannose yeast-specific
N-glycans involves the disruption of specific ALG genes like ALG3 and ALG1 1, leading to a shorter
MansGIcNAc, or Man;GIcNAc, LLO, respectively. These shorter LLOs are transferred to
nascent polypeptide chains and are substrates for further elaboration to hybrid- and complex-type
N-glycans. (c) Overexpression of a C-terminally truncated flippase Flc2*p and of a protozoan
single-subunit oligosaccharyltransferase (POT) are necessary to improve N-glycan transfer of these
shorter LLOs to tackle the severe hypoglycosylation from which these strains suffer. Another
approach, demonstrated in Y. lipolytica, involves overexpression of Algbp, which enhances the
transfer of Glc residues to MansGIcNAc, N-glycans in a Aalg3 strain. The presence of Glc residues
facilitates the transfer of the LLO to the protein by the OST. Overexpression of GLS-II
heterodimeric protein is required to remove these glucosyl residues efficiently after transfer;
together with the overexpression of an a-1,2-mannosidase, glycoproteins modified with the
Man;GlcNAc, core N-glycan were obtained
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needed to synthesize the GIcNAc,Man;GlcNAc, N-glycan-producing strain
reduced the presence of structures recalcitrant to mannosidases, suggesting depletion
of substrate for these yet unknown transferases when the terminal mannoses are both
capped with GIcNAc [50]. This observation is similar to that made with respect to
the Man-II-dependent Golgi engineering route.

Another intervention in the LLO assembly in S. cerevisiae was carried out by an
additional deletion in the ALGII gene, eliminating a functional GDP-Man:
Man;GlcNAc,-PP-dolichol a-1,2-mannosyltransferase. This enzyme is localized to
the cytosolic side of the ER and catalyzes the transfer of a-1,2-mannose to
Man;GlcNAc,-PP-Dol and ManyGlcNAc,-PP-Dol. Consequently, Aalgll Aalg3
mutants of S. cerevisiae are capable of producing glycoforms modified with
Man;GIcNAc, N-glycans but suffer from severe hypoglycosylation and growth
retardation (Fig. 4b) [61, 62]. This truncated LLO is a poor substrate for the
endogenous flippase Rftlp, which catalyzes flipping of the LLO across the ER
membrane into the lumen. Overexpression of a C-terminally truncated version of
the endogenous ER-localized Flc2p (Flc2*p) can functionally replace Rftlp. More-
over Flc2*p shows a more relaxed substrate specificity, resulting in improved
flipping of the truncated Man3GIlcNAc,-PP-Dol [28, 61]. Besides improving the
availability of the truncated LLO in the ER lumen, optimization of the subsequent
transfer to the nascent protein chain is necessary to tackle the hypoglycosylation. In
contrast to the multisubunit OST of higher eukaryotes, protozoa express single-
subunit OSTs (POTs) that can catalyze the transfer of the oligosaccharide chain
independently of an OST complex. Overexpression of Leishmania major STT3D
(LmSTT3D) improved N-glycosylation in yeast strains, producing a truncated LLO,
suggesting a more relaxed substrate specificity compared to the original catalytic
subunit Stt3 (Fig. 4c) [28]. Overexpression of LmSTT3D also evoked a significant
improvement of N-glycan site occupancy of recombinant proteins produced in
P. pastoris [29]. Another approach to tackling hypoglycosylation, demonstrated in
Y. lipolytica, involves the overexpression of dolichol-P-Glc:MangGIlcNAc,-PP-Dol
glucosyltransferase (Algbp), which enhances the transfer of Glc residues to the
MansGlcNAc, LLO in a Aalg3 mutant strain (Fig. 4c) [63]. The presence of Glc
residues facilitates transfer of the LLO to the protein by the endogenous
oligosaccharyltransferase. To then remove these glucosyl residues efficiently after
transfer to the protein, overexpression of the glucosidase II heterodimeric protein is
required [63] and was successfully accomplished, together with a-1,2-mannosidase
expression, to yield glycoproteins modified uniformly with the universal
Man3GIcNAc, core N-glycan.

Recently, more homogeneity of the Man;GIcNAc, N-glycans in a Aalg3 Aalgll
S. cerevisiae strain was obtained by deletion of Mnnlp [64]. Besides the improve-
ment of homogeneity, this also eliminated the presence of the potentially immuno-
genic terminal a-1,3-mannoses. Complex-type N-glycans have been obtained in this
strain by expression of Kre2p-GnT-I and Mnn2p-GnT-II fusion proteins, and their
relative abundance increased by the overexpression of the UDP-GIcNAc transporter
of K. lactis [64]. Next to this complex-type sugar, a MansGlcNAc, N-glycan
remains present and could not be removed by deletion of Mnnlp nor Mnn2p.
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Production of glycoproteins modified with complex-type N-glycans was also
shown in the industrially important, thermotolerant H. polymorpha. Biantennary
Gal,GlcNAc,Man3GleNAc, structures have been obtained in a Aalg3 Aalgl1 Aochl
strain overexpressing GnT-1, GnT-II, and GalT-I [62, 65, 66]. To provide sufficient
donor substrates, the UDP-GIcNAc transporter of K. lactis and the S. pombe GalE
are overexpressed, together with the overexpression of HpRft1p, to improve flipping
of the truncated LLO to the ER lumen [62]. So far, in vivo sialylation could not be
obtained, but successful in vitro sialylation is described using recombinant
sialyltransferases and CMP-Neu5Ac as a donor substrate [67]. Recent research
showed significant improvement of glycosylation efficiency and homogeneity in
H. polymorpha by the overexpression of Haclp [68]. This protein is a transcription
factor mediating the unfolded protein response induced by misfolded proteins or ER
stress. Previously described increases in heterologous protein expression levels
(protein-dependent) by overexpression of Haclp [69, 70] might be explained par-
tially by enhanced protein processing involving glycosylation activity.

As a final note in this section describing ways of humanizing N-linked glycosyl-
ation, it is important to realize that only the Golgi-based pathway in P. pastoris has
been put to the test of a high-cell-density fermentation so far. It remains to be seen
whether this or any other of the described concepts will yield strains that are
sufficiently stable and robust to deliver reliable production processes for glycopro-
teins modified with human-type glycans devoid of undesired yeast-produced struc-
tures. Substantial work remains ahead to achieve this longstanding goal of
biopharmaceutical production science.

2.1.3 Approach 3: Overexpression of Endo-f-N-A cetylglucosaminidases

A third and recent approach is based on the removal of high-mannose yeast
N-glycans by endo-B-N-acetylglucosaminidases (ENGases). These cleave the
B-1,4-glycosidic bond between the two GIcNAc residues in the core of high-
mannose and hybrid-type N-glycans, leaving behind a single GIcNAc residue. A
P. pastoris strain expressing ENGase H (EndoH) from Streptomyces plicatus has
been used to deglycosylate recombinant proteins produced in a second strain
[71]. This was implemented either in a cofermentation process or using
postfermentation methods, avoiding the potential problem that coexpression might
cause competition for cellular resources, leading to a decrease in the yield of the
protein of interest. Similar results were obtained in our lab using another ENGase,
EndoT from T. reesei [72]. This fungus natively de-N-glycosylates its secreted
glycoproteins. We recently implemented cosecretion of EndoT with target glyco-
proteins in P. pastoris (Laukens et al., manuscript in preparation) and were only
successful after significant engineering to make this compatible with robust growth
characteristics and lack of lysis of the engineered cells. Such deglycosylation-based
engineering is suitable for proteins that need N-glycans for folding but in which the
glycans are not needed for the intended functionality of the protein. Furthermore,
this approach, at least in P. pastoris, efficiently removes potentially immunogenic
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(and partially as yet unknown) endogenous glycan modifications that the yeast adds
to its N-glycan branches.

3 p-Mannose Depletion

B-mannoses were first identified in C. albicans [73] but were also seen in P. pastoris
in 2000, following structural characterization of P. pastoris mannans [13]. It was
shown that some N-glycans were resistant to a-1,2-mannosidase treatment. This
subset accounted for 2% of the total glycan pool and was identified with nuclear
magnetic resonance [74]. However, S. cerevisiae does not contain f-mannosylated
glycoproteins, at least not to the extent that this was analyzed. The -mannosylated
structures in C. albicans were shown to raise antibodies in infected patients and
when administered in vaccine formulations [75—78]. It should be noted that this does
not necessarily mean that a low level of similar modifications on P. pastoris—
produced proteins would be problematically immunogenic: parenterally adminis-
tered proteins are highly purified and do not contain adjuvantic molecules, in
contrast to the case in the context of the entire yeast cell or in vaccines. In fact,
tolerance can be induced through nonadjuvanted protein administration. Neverthe-
less, this potential immunogenicity has inspired research and nine and four
B-mannosyltransferase genes were identified in C. albicans and P. pastoris, respec-
tively [79]. Furthermore, independent deletion mutants of the individual
B-mannosyltransferases (Bmtp) were made in C. albicans and P. pastoris. This
revealed that PpBmtlp adds B-mannoses on the outer chain of N-glycans, while
PpBmt2p primarily generates f-mannoses on the core glycans (i.e., MansGlcNAc,)
but had no activity on the outer chain. Bmt3p had no detectable activity on either
core or outer-chain glycans, and PpBmt4p was proposed as acting as a capping
activity to B-mannose structures on both the core and the outer-chain glycans.
Therefore, PpBmt2p was the only enzyme that was determined to be responsible
for the initiation of B-mannosylation of the core glycan.

PpBMT2 knockout resulted in a reduction of a-1,2-mannosidase-resistant
glycoforms and yielded MansGlcNAc, N-glycans in P. pastoris. Although this
resulted in a reduction of f-mannose residues, additional knockouts were still needed
to abolish the latter modification completely. When going through double
(Ppbmt2AbmtlA, Ppbmt2Abmit3A and Ppbmt2Abmit4A), triple
(Ppbmt2Abmt4Abmt3A and Ppbmt2Abmt4Abmt1A), and quadruple
(Ppbmt2Abmt4Abmt1Abmt3A) mutants, a progressively higher degree in removal
of B-mannoses could be observed. Moreover, thEPO produced in other triple mutant
strains (Ppbmt2Abmt1Abmt3A and Ppbmt2Abmt3AbmtIA) and in the quadruple
mutants showed no cross-reactivity with an anti-host-cell antigen antibody. This
suggests that the reactive epitope from the P. pastoris glycans had been
removed [80].

In recent work, we observed a different class of f-mannosyl-modified N-glycans
also in a P. pastoris strain designed to produce MansGIlcNAc,. Here, we found that
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subsequent introduction of human GnT-I could outcompete the formation of these
undesired structures, and we will report in the near future on these studies (Laukens
et al., submitted for publication).

4 O-Glycosylation in Yeast

Similar to N-glycosylation, O-glycans are important for the pharmacokinetics and
pharmacodynamics of proteins and may protect proteins against proteolytic degra-
dation as well. Unlike N-glycosylation, where a specific consensus sequence is
recognized for N-glycan attachment, prediction of the site for O-glycosylation is
less well understood. Besides the need for a Ser or Thr residue for the attachment of
an O-glycan, cis-peptide sequences might also be needed for efficient coupling of an
O-glycan. Since most proteins contain numerous Ser/Thr residues, it remains unclear
whether and which O-glycan a biopharmaceutical may contain. Moreover, the
initiating glycosyltransferases for yeast-O-mannosyl glycans are of an entirely
different enzyme family than the initiating protein-O-GalNAc transferases for
human mucin-type N-glycans (Fig. 2). It should not be expected that sites of yeast
O-glycosylation are necessarily the same as those for human-type O-glycans. Fur-
thermore, yeast-type O-glycans are structurally different from human-type O-gly-
cans, introducing concerns about the immunogenicity of O-glycosylated
biopharmaceuticals produced by yeast. To address these problems, probably the
most efficient manner is to change the sequence of the protein to avoid yeast-type
O-glycans altogether. However, as the consensus sequence is rather unpredictable,
this strategy depends on the ability to experimentally determine the sites of
O-glycosylation, a less than trivial task. New developments in glycopeptide mass
spectrometry have improved our capabilities in this area. This mutagenesis
approach, of course, may again result in immunogenicity and altered protein prop-
erties, especially if multiple sites need to be adapted, but can often be manageable
(it should be recalled that, as a rule of thumb, all protein therapeutics indeed generate
an immune response to some extent). Humanization of O-glycan structures might
serve as a partial solution (Sect. 4.2); however, this does not remove the uncertainty
regarding the amount and position of O-glycan attachment. Another approach to
address the O-glycan immunogenicity involves the reduction of the native glycosyl-
ation chains (Sect. 3), and one of the most often used biopharmaceuticals, insulin, is
indeed produced today using such a yeast O-glycosylation suppression strategy.

In general, yeasts and fungi will exclusively perform O-mannosylation. In
S. cerevisiae, transfer of a single mannose from dolichol-P-mannose to Ser or Thr
residues in the ER is catalyzed by protein-O-mannosyltransferases (PMT) [81—
85]. S. cerevisiae contains a highly redundant PMT gene family, consisting of three
subgroups, PMTI (containing PMT1, PMTS5, and PMT7), PMT2 (containing PMT2,
PMT3, and PMT6), and PMT4 (as the sole member of this group), encoding proteins
with different protein substrate specificities. After the addition of a single mannose
residue, the O-glycan will be extended with additional «a-mannose residues in the Golgi
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by a-1,2-mannosyltransferases, which need Mn>* and use GDP-Man as donor residue.
ScKitrlp, ScKtr3p, and ScKre2p/Mnt1p are three known a-1,2-mannosyltransferases in
this process [86]. The two former ones add the second - 1,2-mannose while the last one
mainly attaches the third mannose residue to form mannobiose and mannotriose.
Transfer of subsequent a-1,3-mannose residues is done by ScMnnlp, ScMnt2p, and
ScMnt3p a-1,3-mannosyltransferases [87, 88]. In P. pastoris, a-1,2-mannoses of the
O-glycan can be modified with terminal f-mannose residues or may be branched with
mannose-6-phosphate residues [89, 90] (Fig. 5). Further modifications (e.g.,
B-mannosylation or galactosylation) often resemble those seen on N-glycans of the
particular species and are indeed species-specific [91, 92].

4.1 Reducing or Removing O-Glycans in Yeast
4.1.1 Making Pmt Knockouts

A first approach to intervene in O-glycosylation in yeast is to prevent its initiation by
eliminating the PMT activities. These key enzymes initiate O-mannosylation on
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Fig. 5 Wild-type O-glycosylation in S. cerevisiae and P. pastoris. In the ER, serine (S) and
threonine (T) residues can be recognized by Pmt1/2p that add a-mannose residues. In the Golgi,
Ktrlp/Ktr3p catalyzes the transfer of a second a-1,2-mannose, after which Mnt1p/Kre2p may add a
third a-1,2-mannose. Additionally, Mnn4p/Mnn6p or Pnolp adds phosphomannose residues while
competing with Mnnlp, Mnt2p, Mnt3p, or Bmt1—4 for the addition of a-1,3-mannose residues in
S. cerevisiae or f-mannoses in P. pastoris. The differences in O-glycosylation structure may depend
on the yeast strain (as shown in this figure) but also on its growth condition. Note that all enzymes
are actually transmembrane proteins, not shown here as such for practical reasons
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nascent secretory or membrane proteins in the ER lumen during or after protein
translocation [93, 94]. The first PMT was isolated from S. cerevisiae, leading to
cloning of the PMTI gene [95, 96] and the identification of six other homologous
PMTs [97-99]. The seven different isoforms were eventually grouped into three
subfamilies, referred to as PMT1 (ScPmtl/5/7p), PMT2 (ScPmt2/3/6p), and PMT4
(ScPmt4p) [95, 98]. The PMTI and PMT?2 family members are highly redundant and
show significant differences in three conserved sequence motifs (i.e., A, B, and C)
when compared to the PMT4 subfamily [100]. Moreover, PMTI and two members
form heterodimers with one another and recognize different acceptor proteins
compared to PMT4, which homodimerizes to be maximally active [98, 101,
102]. After these discoveries, individual knockouts of the PMTI—4 genes were
readily obtained in S. cerevisiae, but combination mutants such as pmtIpmt2pmt4
and pmt2pmt3pmit4, were lethal [98].

More recently, the PMT genes in P. pastoris were identified and characterized by
two independent studies [103, 104]. P. pastoris possesses homologs to
S. cerevisiae’s PMTI, 2,4, 5, and 6 but none to PMT3 or PMT7. These are grouped
into subfamilies comparable to those in S. cerevisiae, forming similar dimers. A
PMT1 knockout resulted in 60% reduction of O-mannosylation on insulin produced
in P. pastoris [103]. Moreover, an additional disruption in the PMT2 gene resulted in
serious impediment of the cell viability. Knocking out PMT?2 furthermore resulted in
a reduction of O-mannosylation chain length in addition to the lower occupancy of
the O-glycans. Finally, it has been shown that a combination of PMT knockouts with
PMT inhibitors (Sect. 4.1.2) works synergistically and results in a stronger reduction
in the degree of O-mannosylation (Fig. 6) [104].

ER 5. cerevisiae

OH
? Apmtl/2/3/4 | Golgi 5. cerevisiae &
P B Pmt inhibitors —S/T=— P. pastoris - R
C >/K)
\ __L- 1
/ i ‘)\?/ )
| B s
=-S/T = |
OH
OlH
Apmti/2
i i Pmt inhibitors =S/T=
@ran ® Phosphate B polichal

Fig. 6 Removing or reducing O-glycans in yeast. In S. cerevisiae, knocking out the
phosphomannosyltransferases 1-4 (Pmtl—4p) or supplying a PMT inhibitor (e.g., Rhodanine-3-
acetic acid) in the culture medium may prevent the initial addition of a-mannose to serine (S) or
threonine (T). Moreover, this avoids further modification of the glycoproteins in the Golgi and may
give rise to a reduced O-glycan level. The same is true for the Pmt1/2 knockout P. pastoris strain. It
should be noted that using these knockout strains or Pmt inhibitors will not completely abolish
O-glycans from (heterologous) produced proteins and that yeast-specific O-glycans may still be
present
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In H. polymorpha, five paralogous PMTs are involved in O-glycosylation
(HpPmt1/2/4/5/6p). Knockout of HppmtI resulted in a decrease in O-glycosylation
of the chitinase protein and an increased temperature sensitivity [105, 106]. No
remarkable effects were detected in single Hppmt5A and Hppmt6A mutants, while
double mutations Hppmtipmt5A and Hppmtlpmt6A affected cell wall integrity
owing to reduced O-glycosylation of the surface glycoproteins HpWsclp and
HpMid2p, combined with sensitivity to cell wall stress inducers [106]. However,
the most crucial enzymes for O-glycosylation of surface proteins seem to be Pmt2p
and Pmt4p. No successful knockout for Pmt2p could be obtained so far, while
disruption of Pmtdp in a APmtl background of H. polymorpha is synthetically
lethal [106, 107].

4.1.2 PMT Inhibitors

Another approach to reducing O-glycan occupancy and length involves the use of
benzylidene thiazolidinediones such as rhodanine-3-acetic acid [108, 109]. These
agents block Pmtlp activity in C. albicans [110] and broadly inhibit the general
PMT activities in S. cerevisiae [111] and certain members of the PMT families in
P. pastoris [104]. As these compounds broadly inhibit the formation of O-linked
mannoproteins, this results in loss of cell wall integrity. Because PMT inhibitors lead
to cell swelling and eventually death, concentrations of these compounds should be
empirically determined and closely monitored during fermentations. Furthermore,
PMT inhibitors should be used only during induction of protein expression,
preventing lethality during growth to high cell densities (Fig. 6).

4.1.3 Expression of Mannosidases to Limit O-Mannose Chain Length

Using the knockout strains or inhibitor concentrations that are more or less compat-
ible with yeast cell growth and feasible protein production conditions, the previously
mentioned strategies only reduce the occupancy of O-glycans on glycoproteins and
generally do not completely eliminate them. In some cases (such as when only one
O-glycan with low site occupancy is present), such partial suppression can be
sufficient to push the modification below 1% of the protein molecules. Therefore,
it becomes a trace contaminant like many other protein variants (e.g., due to
oxidation, deamidation, mistranslation) that are almost always produced to some
extent in any recombinant protein production technology.

Nevertheless, another, possibly complementary, approach to O-glycan reduction
is enzymatic trimming of O-mannosyl groups attached to proteins during down-
stream processing. However, it should be noted that such enzymatic downstream
processing of biopharmaceuticals is often costly (Fig. 7) [112].
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Fig. 7 Strategies of O-glycosylation chain length reduction in P. pastoris. Pichia strains may have
(B-mannosyltransferase 2) Bmt2p or (phosphomannosyltransferase) Pnolp disruptions and result in
O-glycosylated proteins, sensitive to mannosidases such as o-1,2-mannosidase, that can be
overexpressed in the Golgi. This results in single O-mannosylated glycoproteins. However, Jack
Bean or lysosomal mannosidase may hydrolyze all remaining a-mannose residues in the Golgi.
Moreover, these latter enzymes may be used for mannose in vitro hydrolysis as well. It should be
noted that using this strategy for O-glycosylation reduction may still result in the production of
proteins with yeast-specific O-glycans (i.e., Man-Pi-Man and -Man containing structures)

o-1,2-Mannosidase

Various glyco-engineering strategies have been developed to eliminate certain yeast-
specific glycans of recombinant glycoproteins or to reengineer them to human-type
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N-glycans (Sect. 2) [39, 40, 47, 52, 54, 113]. Additionally, also phospho- and
B-mannose-depleted P. pastoris strains (Sect. 3) that have been shown to result in
(single) a-1,2-mannose-remaining O-glycans could be obtained [46, 54, 114]. To
reduce the amount of remaining a-1,2-mannose residues, overexpression of a
recombinant a-1,2-mannosidase from 7. reesei was introduced and eventually
cosecreted along with the recombinant protein of interest (Fig. 7) [114].

Lysosomal Mannosidases

In contrast to o-1,2-mannosidase from 7. reesei and o-1,2/3-mannosidase from
X. manihotis, o-1,2/3/6-mannosidase from Jack Bean was able to hydrolyze the
Man-O-Ser/Thr linkage on top of the removal of the other mannose residues [115—
118]. This can be done on wild-type S. cerevisiae and glyco-engineered P. pastoris-
produced glycoproteins.

The efficacy of Jack Bean mannosidase can be limited due to steric inaccessibility
of the single O-linked mannose, owing to the conformation of the protein or presence
of nondigestible modifications (in particular f-mannose). Furthermore, Jack Bean
mannosidase is currently only available as a crude plant extract, posing several
issues including sourcing, reagent quality, and contaminating protease activity.
Recently, the amino acid sequence of Jack Bean mannosidase was elucidated for
98% by peptide de novo sequencing [119], so recombinant versions of Jack Bean
mannosidase are now being produced and are in the process of being tested (Fig. 7).

Other Lysosomal Mannosidases

A screening was set up by Hopkins et al. for broad specific lysosomal hydrolases
(i.e., a-1,2/3/6-mannosidase). These enzymes normally reside in the lysosome of
eukaryotic cells where they degrade mannose-containing glycans. The lack of a-p-
mannosidase in humans results in the lysosomal storage disease a-mannosidosis
[120]. It has been shown that human lysosomal a-pD-mannosidase has an activity
toward free N-linked glycans similar to that of Jack Bean a-1,2/3/6-mannosidase
[121]. The human lysosomal mannosidase could degrade remaining O-linked
o-mannose structures after genetic elimination of - and phosphomannoses. How-
ever, as was expected for similar sterical reasons as with Jack Bean mannosidase,
human lysosomal mannosidase could not provide universal degradation of
remaining mannoses (Fig. 7).

Altogether, these approaches can bring the problem of yeast O-glycosylation to
within a manageable/acceptable range in simple cases where only one or a few
O-glycosylation sites are present, such as is the case with insulin. This yeast-
produced biopharmaceutical is produced in a Apmtl/2 knockout strain of
S. cerevisiae [122], and in P. pastoris, work is ongoing to determine the optimal
PMT knockouts for insulin production [103]. These interventions do not eliminate
the O-glycan completely but bring it from approximately 5% to below 1% of the
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molecules, at which point this becomes a trace variant that is acceptable and clearly
causes no demonstrated issues with safety of this chronically administered drug.
This illustrates that the problem is manageable and should not be a cause for
abandoning yeast as an expression host for moderately O-glycosylated proteins,
especially if other arguments to use yeast are strong.

4.2 Humanization of O-Glycans in Yeast
4.2.1 Mucin Type

Amano et al. described the engineering of S. cerevisiae to obtain mucin-type
glycoproteins modified with core 1 glycans (Galpl,3GalNAcl-O-Ser/Thr)
[123]. The inherent O-mannosylation pathway was inhibited by a rhodanine-3-acetic
acid derivative (Sect. 4.1.2). Subsequent introduction of Bacillus subtilis
UDP-galactose 4-epimerase enabled the synthesis of UDP-Gal and UDP-GalNAc,
both of which are transported across the Golgi membrane by overexpression of a
human UDP-Gal transporter. Next, human polypeptide:N-
acetylgalactosaminyltransferase (ppGalNAcT) and D. melanogaster core 1
B-1,3-galactosyltransferase (DmGalT) were introduced, both fused to the Golgi-
targeting N-terminal sequence of ScMnn9p for localization in the cis-Golgi
(Fig. 8). Subsequent sialylation of this terminal Gal residue could be obtained
in vitro; so far, no data on in vivo sialylation have been reported for S. cerevisiae.
Hamilton et al., however, already described in vivo sialylation of O-glycans in

ER S. cerevisiae Golgi S. cerevisiae ~
( ] [ B13 ,
] UDP UDP
L -
Ak OH ScMnn9p OH  ScMnn9p OH \J
~. | ppGalNACT | DmGalT | ( [
. F‘?p{(n'”r??ufﬂ “ -=5/Tem N =5/Tem —* -=5/Tem v 5
’ mt inhibitors 4 / ] UDP UDP
T OH uop— | uop  uop—{ ) uDP —n
D @ =5/Tem
@ran B rnosphate Mociichol Qcic Mocichac Dcal [TluDP-Gal transporter GalNAc

Fig. 8 Mucin-type O-glycosylation engineering in S. cerevisiae. Strains producing reduced levels
of O-glycans can be further engineered to produce glycoproteins with humanized mucin-type
O-glycans. This was performed by the overexpression of Bacillus subtilis UDP-galactose 4-epim-
erase and a human UDP-Gal transporter. UDP-Gal was then used for the generation of
Galp1,3GalNAc1-O-Ser/Thr glycoproteins by overexpressing the human polypeptide:N-
acetylgalactosaminyltransferase ~ (ppGalNAcT) and D. melanogaster —core 1 -
B-1,3-galactosyltransferase (DmGalT). It should be noted that using this strategy for
O-glycosylation humanization might still result in the production of proteins with yeast-specific
O-glycans. Note that all enzymes are actually transmembrane proteins, not shown as such for
practical reasons
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P. pastoris using the strain engineered for in vivo sialylation of N-glycans (Fig. 9)
(Sect. 4.2.2) [52, 114]. This suggests that in vivo sialylation might be feasible in
S. cerevisiae as well (Fig. 8). Thus far, the reported experience with these strains
remains very limited, and it is unclear whether they will be useful in
biomanufacturing and for which biopharmaceutical products. On a critical note,
one could justifiably argue that replacing one problematic pathway (i.e., yeast
O-mannosylation) by two competing and low site-occupancy pathways (i.e., incom-
plete suppression of O-mannosylation pathways and incomplete mucin-type O-gly-
cosylation) may worsen rather than solve the problem. In addition, the analytical
challenge for such products would be more complex, as would be the possibility of
purifying away the O-mannosylated fraction. Overall, we feel that there would have
to be a very compelling pharmacological reason for producing a pharmaceutical in
such strains rather than in mammalian cells. For example, production of differen-
tially O-glycosylated cancer vaccine antigens could be such a reason, although
mammalian cell-based alterations are available [124].

4.2.2 «a-Dystroglycan-Type O-Glycans

While mucin-type O-glycans start with the addition of GalNAc to a Ser or Thr
residue, a-dystroglycan-type O-glycans contain mannose as the first residue
attached, catalyzed by protein O-mannosyltransferases related to the yeast’s endog-
enous ones. As described earlier, yeast-endogenous extensions of yeast O-glycans
can be removed by coexpression of Golgi-targeted a-1,2-mannosidase in a phospho-
and p-mannose deficient P. pastoris strain (Sect. 3). This results in partial formation
of O-glycans containing only a single mannose residue. Subsequent expression of
murine  protein-O-linked-mannose  p-1,2-N-acetylglucosaminyltransferase 1
(PomGnT-I) results in the transfer of a GlcNAc residue to this single O-mannose.
This disaccharide can be further extended by the sequential actions of f-1,4-GalT
and a-2,6-SiaT to obtain sialylated O-linked glycans (Fig. 9) [17, 114]. So far, this
approach has been tested on TNFR2:Fc as the reporter glycoprotein and resulted in
61% of a-dystroglycan-type O-glycans, among a range of intermediates and
remaining yeast-specific O-glycans [114].

This approach has the advantage that it does not introduce further O-glycans on
the target protein. It only converts the sites that yeast PMTs modify with a glycan
that may be more compatible with parental use in humans (although that will need to
be demonstrated, as the sites of yeast-initiated O-glycans are very unlikely to be
modified with the rather rare a-dystroglycan-type O-glycan). In addition, the
required genetic modification is exceedingly complex, and the approach’s efficiency
and robustness in scalability and across products remain unexplored.
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in the production of proteins with yeast-specific O-glycans. Note that all enzymes are transmem-

brane proteins, not shown here as such for practical reasons
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4.2.3 O-Fucosylation

In a further specialized application, the O-fucosylation pathway has been success-
fully engineered in S. cerevisiae. Therefore, again in a context of drug-induced yeast
PMT inhibition, Arabidopsis thaliana GDP-mannose-4,6-dehydratase (AtMURI1),
A. thaliana GDP-4-keto-6-deoxy-mannose-3,5-epimerase (AtFXGER1), and human
O-fucosyltransferase-1 (hO-FucT-1) were heterologously expressed. This eventually
led to the O-fucosylation of the factor-VII EGF-domain, a protein that is naturally
modified with this rare modification in human cells [125, 126]. Further engineering
with a human f-1,3-N-acetylglucosaminyltransferase (Fringe) resulted in the elon-
gation of the O-fucose with p-1,3-GlcNAc (Fig. 10) [127].

5 Filamentous Fungi

Filamentous fungi are, like yeasts, microorganisms that can grow to high cell density
in fermenters. Yeasts and fungi have short development times to generate recombi-
nant protein—expressing clones (about twice as long for filamentous fungi than for
yeasts) and are inexpensive to grow when compared to mammalian cells. The
filamentous fungi of protein production interest have a resorptive metabolism, that
is, they digest macromolecular growth substrates extracellularly. In contrast to
S. cerevisiae and P. pastoris, fungi therefore often secrete an enormous amount of
proteins into their production medium, which complicates downstream processing.
Commonly investigated fungi entail Aspergillus species (e.g., A. awamori, A. niger,
and A. oryzae), Trichoderma species (e.g., T. reesei), and Myceliophthora
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Fig. 10 O-fucosylation engineering in S. cerevisiae. Strains expressing proteins with reduced
levels of O-glycans can be engineered to produce GlcNAcp-1,3Fuc-containing proteins. Therefore,
Arabidopsis thaliana GDP-mannose-4,6-dehydratase (AtMUR1) and A. thaliana GDP-4-keto-6-
deoxy-mannose-3,5-epimerase (AtFXGER1) are overexpressed combined with Golgi-localized
human O-fucosyltransferase-1 (hO-FucT-1) and f-1,3-N-acetylglucosaminyltransferase (Fringe).
It should be noted that using this strategy for O-glycosylation humanization may still result in the
production of proteins with yeast-specific O-glycans. Note that all enzymes are actually transmem-
brane proteins, not shown as such for practical reasons
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thermophila. These organisms are regarded as nontoxic and nonpathogenic and have
received the Generally Regarded as Safe status by the US Food and Drug Admin-
istration. These filamentous fungi have long been attractive for their apparent, very
effective secreted protein production machinery. However, this machinery has until
recently mainly been used for the secretion of the fungus’ own enzymes, which have
evolved to be resistant to the fungus’ secreted proteases, or to secrete proteins that
naturally or after engineering were sufficiently protease-resistant. Yet, with the
discovery of novel efficient genome engineering tools and the availability of genome
sequences, multiple protease knockouts are now feasible, which may open up
prospects of biopharmaceutical production in these organisms. Time will tell
whether processes more efficient than with yeasts can be developed with the
filamentous fungi. These strategies will make it possible to optimize strains further
in terms of glycosylation in the future and to produce proteins containing specific
types or humanized glycans, much informed by how this has been accomplished in
the past for yeasts.

The N-glycosylation profile of fungi is similar to that of yeast, in the sense that
they produce high-mannose N-glycans. However, contrary to yeast, these N-glycans
are generally smaller. Aspergilli and Trichoderma species have high-mannose-type
N-glycans that can be phosphorylated (e.g., T. reesei). Up to 11 mannose residues
per N-glycan have been identified in 7. reesei, while A. niger proteins may contain
up to 24 mannose residues on one N-glycan. Unlike proteins from these species,
M. thermophila does not appear to produce highly mannosylated glycoproteins. The
most common N-glycan in M. thermophila is reportedly Man;GlcNAc,, which, to a
lesser extent, may contain additional HexNAc and Hex residues (i.e., Hexq.
4HexNAcy.¢Man3GlcNAc,) [128]. However, further analysis is definitely warranted
before fully concluding on this, as the methods used were quite suboptimal.

Filamentous fungi often contain two kinds of a-1,2-mannosidases, one of which
is similar to the mammalian Golgi a-1,2-mannosidase that trims MangGlcNAc, to
MansGIcNAc, [129]. However, it appears that this enzyme is secreted in the growth
medium rather than retained in the Golgi and, thus, that the majority of
MangGlcNAc, to MansGlcNAc, processing occurs post secretion. In addition,
these mannosidases often generate only a small proportion of MansGIlcNAc; in the
secreted protein N-glycan profile. Another mannosidase, residing in the ER, cata-
lyzes the hydrolysis of the MangGlcNAc, to the MangGlcNAc, glycan, as in
virtually all eukaryotes [130]. Moreover, fungal N-glycans can also contain glucose,
galactofuranose, and phosphomonoesters and -diesters. Less than 1% of
cellobiohydrolase I, produced in 7. reesei and modified in vitro with human
GnT-I, human B-1,4-GalT, and rat a-2,6-SiaT, contained hybrid-type sugars
[131]. In A. nidulans and A. niger, overexpression of an a-1,2-mannosidase from
C. elegans, fused to the Secl2p P. pastoris leader sequence, produced a large
amount of MansGlcNAc, N-glycans. However, considerable amounts of Man;.
gGIcNACc, glycans were still present as well. In the strain that additionally expresses
GnT-I, fused to the mnnJ leader sequence, fungal N-glycans were almost completely
lost and GIcNAcMansGIcNAc, N-glycosylated proteins were obtained. In an alter-
native approach, knockout of the ALGC and ALG3 genes led to the production of
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Man; ¢GIcNAc, glycosylated proteins after which in vitro digestion with
a-1,2-mannosidase could result in homogeneous Man;GIcNAc, [132, 133]. From
these studies it is apparent that the strategies developed in yeasts are indeed likely to
be translatable to filamentous fungi.

6 Examples of Recombinant Proteins Expressed in Glyco-
Engineered Yeast Strains: Glycosylation Considerations

6.1 Production of Monoclonal Antibodies

Monoclonal antibodies (mAbs) constitute a large portion of biopharmaceuticals on
the market. Their production relies heavily on posttranslational modifications, for
example, disulfide bonds are necessary for correct folding and glycosylation influ-
ences the effector function and mAb stability. Complete deglycosylation of an IgG1
mAb results in reduced thermal stability for the CH2 domain and more susceptibility
for proteolytic cleavage and aggregation [134]. The type of N-glycan present on
Asn297 in the Fc region of the heavy chain has an impact on complement-dependent
cytotoxicity (CDC) and ADCC [135, 136]. Currently, licensed therapeutic recom-
binant mAbs are mainly produced in CHO, NSO, and Sp2/0 cells and are predom-
inantly modified with core fucosylated biantennary N-glycans with variable levels of
galactosylation [137]. Monoclonal Abs bearing nonfucosylated N-glycans, however,
show enhanced ADCC by increased activity of natural killer cell-mediated killing.
Moreover, sialylated mAbs may suppress inflammation and reduce ADCC, resulting
in a more anti-inflammatory effector function [138]. Modification of mAbs with
high-mannose N-glycans results in fast serum clearance in humans [4, 16].
Enormous efforts have been devoted to producing cell lines that lack fucosylation
activity in mammalian cells. The GlycArt™ technology (Roche, Basel, Switzerland),
for example, involves overexpression of GnT-III to add a bisecting GIcNAc to
N-glycans, which is known to inhibit further fucosylation of the N-glycan
[139]. Another approach focuses on the knockout of the a-1,6-fucosyltransferase
to avoid the addition of a fucose residue (POTELLIGENT® technology) [140]. In
yet another approach, inhibition of GDP-fucose synthesis is carried out by knocking
out GDP-mannose 4,6-dehydratase [141]. Another promising approach to control-
ling the N-glycosylation type of mAbs involves production in glyco-engineered
yeast strains. Since yeasts do not modify their glycoproteins with fucosylated and
sialylated structures, an increased ADCC activity can be obtained. By use of the
glyco-engineering strategies described earlier, humanized biantennary mAbs can be
obtained showing optimal effector functions [60]. Zhang et al. describe the expres-
sion of an antihuman epidermal growth factor receptor 2 (HER2) mAb in a glyco-
engineered P. pastoris strain, an analog to trastuzumab (Herceptin®, Roche, Basel,
Switzerland) produced by CHO cells [142]. This P. pastoris-produced anti-HER?2 is
reportedly mainly modified with complex-type N-glycans carrying terminal GIcNAc
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or Gal residues. It is completely devoid of fucose residues and shows a remainder of
MansGlcNAc, and hybrid-type glycoforms. A comparative study shows in vitro and
in vivo properties similar to those of as the CHO-produced trastuzumab. Moreover,
P. pastoris-produced anti-HER2 shows increased ADCC activity, probably due to
the lack of core fucose residues [142].

Next to an enhanced ADCC, P. pastoris-produced mAbs show a more homoge-
neous glycosylation profile compared to the large heterogeneity of complex-type
N-glycans in CHO cells [143]. So far, only a very small number of studies are
available, and it is therefore too early to conclude whether the thus far reported yeast
glycan engineering technologies will allow for robust scaling for multiple antibody
products while retaining the favorable glycosylation characteristics. With its ease of
handling and low production cost, P. pastoris may become very important for the
production of “bio-better” therapeutic antibodies compared to conventional produc-
tion in mammalian cells.

Finally, also a human IgG antibody against tumor necrosis factor o was expressed
by the filamentous fungus Myceliophthora thermophila at the g/L level (Sect. 5)
[144]. Glycosylation engineering of this organism has not yet been reported but
could likely follow paths similar to those previously reported for other yeasts and
fungi.

6.2 [Enzyme Replacement Therapies

Lysosomal storage diseases are orphan diseases that, in some cases, can be treated
with enzyme replacement therapy (ERT). These enzymes are recombinantly pro-
duced, mainly in CHO cells, but also human fibroblast carcinoma cells and plant
cells such as carrot cells [145]. For the treatment of Pompe disease, the ERT, acid
glucosidase o (GAA), is mainly targeted to the muscle cells via the cation-
independent mannose-6-phosphate receptor (CI-MPR). To increase the mannose-
6-phosphate to substantial levels, the Mnn4p ortholog of S. cerevisiae (i.e., PNO1)
was overexpressed in P. pastoris, which resulted in glycoproteins carrying
N-glycans, of which 80% contained at least one mannose-6-phosphate. These
findings were confirmed for the ortholog in O. minuta (i.e., MNN4) [146] and
Y. lipolytica (i.e., MPO1) [147]. Moreover, owing to the discovery of a novel
Cellulosimicrobium cellulans phosphomannosylhydrolase enzyme, it became pos-
sible to uncap mannose residues that shielded the phosphates of the N-glycan and
prevented efficient binding to CI-MPR [113]. An additional mannosidase from this
bacterium enables removal of further terminal a-mannose residues. Besides GAA,
also a-galactosidase A and N-acetylgalactosamine-6-sulfate sulfatase have been
produced in P. pastoris [148, 149].
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6.3 Vaccines

Because vaccines are administered intramuscularly and intended to be immuno-
genic, the presence of potentially immunogenic yeast-glycan elements is less of a
concern than with intravenously injected pharmaceutical products, as long, of
course, as these glycans do not dominate the immune response and do not cause
safety issues. For yeast-produced vaccines, this generally is not the case, and some of
the most important vaccines are produced in yeasts, being vaccines against the
human hepatitis B virus (HBV) and the human papillomavirus (HPV). So far, the
FDA has approved two HBV vaccines produced in S. cerevisiae: Engerix-B®
(GlaxoSmithKline Biologicals, Rixensart, Belgium) and Recombivax HB® (Merck
and Co., Inc., Kenilworth, NJ, USA). Several vaccines for HBV are available in
other markets, such as AgB® (Laboratoria Pablo Cassard, Buenos Aires, Argentina),
Hepavax-Gene® (Green Cross Vaccine Corp., Seoul, Korea), Biovac-B®
(Worckhardt, Bombay, India) and Gene Vac-B® (Serum Institute of India, Poona,
India), which are produced in H. polymorpha, and Shanvac®-B (Shantha
Biotechnics Ltd., Hyderabad, India), which is produced in P. pastoris. For HPV,
the FDA has approved two S. cerevisiae-produced vaccines: Gardasil® and Gardasil
9® (Merck and Co Inc., Kenilworth, NJ, USA).

6.4 Other Therapeutic Proteins

Leukine® (sargramostim, Partner Therapeutics Inc., Boston, MA, USA) is a recom-
binant human granulocyte-macrophage colony-stimulating factor (GM-CSF) pro-
duced in S. cerevisiae, carrying its wild-type glycosylation. It was approved by the
FDA in 1991 for therapeutic use in the prevention of neutropenia after chemotherapy
in acute myelogenous leukemia, in myeloid reconstitution after bone marrow trans-
plantation, and in bone marrow transplantation failure or engraftment delay. These
are acute, often subcutaneously and intravenously given, single-dose treatments,
where the presence of yeast-type glycans can be tolerated. Regranex® (becaplermin,
OMJ Pharmaceuticals Inc., San German, Puerto Rico) is a human platelet-derived
growth factor recombinantly produced in S. cerevisiae. This gel is approved for the
topical treatment of skin ulcers (from diabetes), as it promotes recruitment of
macrophages, endothelial cells, and fibroblasts to increase healing. Kalbitor®
(DX-88 ecallantide, Dyax, Cambridge, MA, USA) is a recombinant kallikrein
inhibitor protein produced in P. pastoris. The protein was approved by the FDA in
2009 for the treatment of acute attacks of hereditary angioedema and is used in the
prevention of blood loss during surgery. Recombinant hEPO was recently produced
by glyco-engineered P. pastoris [53]. The strain is able to decorate proteins with
humanized biantennary N-glycans with terminal sialic acid residues (Sect. 2.1.2).
This recombinant hEPO was shown to have increased in vitro efficacy but requires
PEGylation to achieve a half-life similar to that of an existing hEPO, Aranesp®™
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(darbepoetin, Amgen, Thousand Oaks, CA, USA), from CHO cells (which carries
multiple branched sialylated N-glycans). In addition to all of this, insulin, a single
O-glycosylated protein, can also be produced in yeast. It can be produced in a glyco-
engineered yeast S. cerevisiae strain (i.e., Apmtl/2) (Novolin, Novo Nordisk,
Bagsvaerd, Denmark) [122] to reduce the O-glycosylation level. Furthermore,
insulin is also produced in P. pastoris (Insugen, Biocon, Bangalore, India)
[150, 151], as well as in H. polymorpha [152, 153]. Additionally, ThromboGenics
NV (Leuven, Belgium) developed Jetrea® (Ocriplasmin) in P. pastoris. This prote-
ase is used for the treatment of symptomatic vitreomacular adhesion, as it degrades
protein components of the vitreous body and the vitreoretinal interface (e.g., laminin,
collagen, and fibronectin). Another therapeutic produced in P. pastoris entails
recombinant albumin (Medway, Mitsubishi Tanabe Pharma Corporation, Osaka,
Japan) [154, 155]. Several other products are in late stage of clinical trials like
Nanobody® ALX-0061 (vobarilizumab, Ablynx, Ghent, Belgium), which is a
recombinant anti-IL6 receptor single-domain antibody fragment, and Nanobody®
ALX-0171 (Ablynx, Ghent, Belgium), which is a recombinant anti-RSV single-
domain antibody fragment, both produced in P. pastoris.

7 Future Prospects

7.1 Genome Engineering in Yeast

Classical genome engineering methods to knockout a gene rely on the replacement
of the gene by a selection marker cassette based on homologous recombination
(HR). In contrast to S. cerevisiaze, HR in many fungal organisms including
P. pastoris is a very inefficient process [156]. This makes the introduction of targeted
genome modifications very challenging and laborious. Introducing targeted single-
or double-strand DNA breaks induces the cellular DNA repair machinery, increasing
the efficiency of HR. Storici et al. describe the introduction of DNA double-strand
breaks in S. cerevisiae by an inducible I-Scel nuclease targeted to a previously
integrated I-Scel homing endonuclease site, obtaining recombination frequencies of
up to 20% [157, 158]. Niétsaari et al. describe a ku70 mutant strain in which the
normal function of Ku70p, essential for nonhomologous end joining (NHEJ), is
eliminated. A defect in NHEJ mainly yields transformants in which DNA strand
breaks are repaired through HR [156].

A booming technology that is highly promising for targeted genome engineering
is the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR-associated protein 9) system. The Cas9 protein (from Streptococcus
pyogenes) is an endonuclease that needs to be targeted to the nucleus of the cell
and is guided by a short guide RNA (gRNA) toward a complementary, specific site
in the DNA to introduce a DNA double-strand break. This DNA double-strand break
is repaired by the NHEJ repair mechanism of the cell, which often generates short
insertions or deletions in the open reading frame (ORF) of the gene. By
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cotransforming a linear DNA molecule with homology to the flanking sequences of
the cut site, integrations into the genome can be obtained by homology-directed
repair, making it possible to completely replace an ORF by another sequence or to
insert sequences into the genome. The latter strategy might be optimized by using a
Cas9 nickase variant that introduces DNA single-strand breaks, reducing NHEJ
repair. Successful genome engineering in yeast using CRISPR technology was
first obtained in S. cerevisiae and S. pombe [159, 160]. Weninger et al. describe
targeting of the OCHI gene in P. pastoris using CRISPR/Cas9 to be less efficient
than targeting of other genes involved in the methanol pathway (AOXI, TMRI1, and
MMPI) [161]. The efficiency, however, is still approximately 50 times higher than
previously obtained with conventional knockout cassettes, showing the high value of
the method.

This technology may become very important for facilitating knockouts in yeast
strains, deleting unwanted glycosyltransferases and inserting glycosyltransferases or
glycosidases of interest to modify the N- and O-glycosylation pathways.

8 Conclusion

Over the past decade, much promising progress has been made in the glyco-
engineering of various yeast strains, resulting in either a reduction or elimination
of undesirable yeast-specific glycan structures. In addition, the introduction of
humanlike N- and O-glycosylation pathways in these yeasts was successfully
obtained, leading to the expression of glycoproteins modified with complex-type
N-glycans or humanlike O-glycans. So far, it remains impossible to engineer a strain
completely devoid of yeast-specific N- and O-glycans, and further work is required.
One should, however, not forget the significant impact that these glycosylation
alterations cause on strain viability. Finding a balance between different genetic
modifications will be of key importance to maintain the high space—time yields that
make fungal hosts attractive in the first place. Furthermore, much work is ahead of us
in investigating the scaling of production processes with glyco-engineered strains.
Such work has started in several labs. With the increasing demands on cost effec-
tiveness of recombinant therapeutic protein production, we feel that the time and
technology are now probably more right than ever to have a major impact in
biomanufacturing in the decade ahead.
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Abstract Most secreted proteins in eukaryotes are glycosylated, and after a number
of common biosynthesis steps the glycan structures mature in a species-dependent
manner. Therefore, human therapeutic proteins produced in plants often carry plant-
like rather than human-like glycans, which can affect protein stability, biological
function, and immunogenicity. The glyco-engineering of plant-based expression
systems began as a strategy to eliminate plant-like glycans and produce human
proteins with authentic or at least compatible glycan structures. The precise replica-
tion of human glycans is challenging, owing to the absence of a pathway in plants for
the synthesis of sialylated proteins and the necessary precursors, but this can now be
achieved by the coordinated expression of multiple human enzymes. Although the
research community has focused on the removal of plant glycans and their replace-
ment with human counterparts, the presence of plant glycans on proteins can also
provide benefits, such as boosting the immunogenicity of some vaccines, facilitating
the interaction between therapeutic proteins and their receptors, and increasing the
efficacy of antibody effector functions.

‘ Na: Neu5Ac (sialic acid)
O acal

- Gn: GIcNAc

O M: Man

—> F: Fuc (a3 linkage)
‘— F: Fuc (a6 linkage)

Mammals Plants Y\}’ X: Xyl
Graphical Abstract Typical structures of native mammalian and plant glycans with symbols

indicating sugar residues identified by their short form and single-letter codes. Both glycans contain
fucose, albeit with different linkages
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Keywords Glycan, Glycoprotein, Glycotransferase, N-linked, O-linked,
Pharmaceutical protein, Recombinant protein, Transgenic plant, Transient
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1 Introduction

Most secreted proteins in eukaryotes are modified by glycosylation, a term that refers
to the co-translational or post-translational covalent addition of oligosaccharide
chains (glycans) to the polypeptide backbone [1]. The two main categories of
glycosylation involve N-linked glycans added to the amide side chain of an aspar-
agine residue in the consensus sequence NxS/T (where X is any amino acid except
for proline) and O-linked glycans added to the hydroxyl groups of serine, threonine,
hydroxylysine, and/or hydroxyproline residues [2, 3]. Common features of both
glycosylation pathways include the sequential nature of glycan synthesis and matu-
ration in the endoplasmic reticulum (ER)/Golgi apparatus, and the fact that all
eukaryotes share common core glycans that are matured in a species-dependent
and sometimes also a tissue-dependent manner, so that the resulting mature glycan
structures differ when the same polypeptide is expressed in different hosts.

The host-specific differences in glycan structures are particularly important when
human therapeutic proteins are expressed in heterologous cells, because the pres-
ence/absence and precise composition of the glycans can affect both the structure
and function of the protein [4]. In structural terms, glycans increase the size of the
protein, may alter its charge, and may have more specific effects such as influencing
the way in which the polypeptide backbone folds. These factors can, in turn, affect
the stability of the protein (e.g., by protecting it from proteases) and its ability to
interact with other molecules, both of which contribute to its biological activity and
its pharmacokinetic/pharmacodynamic properties. Finally, non-human glycans on
human therapeutic proteins can trigger an immune response [4]. Like other hetero-
logous expression platforms, plants do not naturally produce human-like glycans, so
it is important to determine the extent to which plant glycans influence the structure
and activity of human therapeutic proteins, and to develop strategies to alter or
remove them if necessary. However, the presence of non-human glycans can be an
advantage [5]. Indeed, some human therapeutic proteins with atypical glycans are
found to be more efficacious than their counterparts produced in mammalian cells
[6, 71.

2 Endogenous Glycosylation Pathways in Plants
2.1 N-Linked Glycosylation in Plants

All N-glycans in most eukaryotes are derived from the initial structure
Glc;MangGIcNAc,, which is modified as the glycoprotein moves through the secre-
tory pathway by the removal and addition of sugars, giving rise to a diverse array of
oligosaccharides. Even so, almost all N-glycans share the common core structure
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Man;GIcNAc,, formally defined as an N,N'-diacetyl chitobiose unit with a f-mannose
residue attached to the chitobiose and two a-mannose residues linked to hydroxyl
groups at positions 3 and 6 on the f-mannose residue [2]. When the protein moves
through the different compartments of the Golgi body, the sugar residues added to the
glycans are species-dependent. Core B(1,2)xylose and core a(1,3)fucose residues are
added in plants, whereas core a(1,6)fucose and terminal sialic acid residues are added
in animals. Some plant glycoproteins are also augmented with the so-called Lewis®
epitope, which contains P(1,3) galactose and a(1,4)fucose, whereas mammalian
glycoproteins often contain (1,4)galactose combined with N-acetylneuraminic acid
(GIcNAc) or N-glycolylneuraminic acid. The specific biological relevance of these
different glycan structures in plants is largely unknown, although they may regulate
protein turnover and interactions as they do in mammals [8].

The processing of N-glycans in plants leads to the formation of five major types of
structure (Tables 1 and 2). These are the high-mannose type (also known as the
oligo-mannose type), the short- and long-chain complex types, the hybrid type, and

Table 1 The glycan structures attached to a model protein (phytase) in different plant species and
tissues

PHYTASE Localization Glycosylation References
Embryo Apoplast/ PSV o o
Seeds Frefou 1'3“1_\._
GnGnxF MMXF
Tobacco Endosperm PsV [ apoplast Arcalis et al. [3]
F :-(1‘-/':"(:
Leaves Apoplast B
" GRGRXF
8 _om
2 Fomc”
N Seeds Apoplast T Toa
GnGnXF
Medicago I‘Jﬂi’\r Abranches et al. [10]
ou%  MMXF
Leaves Apoplast/ lytic vacuole | F¢ E";C,-f'r‘v 2
Lewiss I'?“"‘\_.
MM
¥ o= e
Seeds PsV / prolamin bodies | F¥%Foa F1°%
. GRGRXKF MM
Rice Drakakaki et al. [11]
& ,/..H: o '.'-ﬁ'
£ Leaves Apoplast 1o %on I'E“S;‘}'v
E GnGRXF Lewisa
o -, |
Z | Wheat Seeds Psv o Arcalls etal. [12]
GRGRXF
i Ja S’ :
Maize Seeds PSV / zein bodies ¥ o Arcalis etal. [13]
GlcNAC MMXE

Reproduced from Arcalis et al. [9] with permission from Springer-Nature

PSV = protein storage vacuole, O = GlcNAc (Gn), O = mannose (M), v = fucose (F), x = xylose
(X), ® = galactose
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Table 2 The glycan structures attached to a model protein (monoclonal antibody 2G12) in
different plant species and tissues

SECRETED RETAINED
2G12
L
fmbeyo | Apoplast/psv | FEeEn Lo rl{:\r
Seeds GnGAKF . goiC® j - f_' Floss et al [17]
Tobacco Endersperm PS5V apoplast GAMXF Arcatis et al. 3] Psv ot Arcalis et al, [5]
Fou™™
Leaves Apoplast + ko ER foe 2,
§ GG OMT
a
Embeyo Apoplast !-oo-l\’ = Loos etal, [14] sy e .
Seeds ¥ iva o Foody Loos et al. [14]
Endasperm Apoplast — n.d. Lol
Fou Ao =
Leaves n.d. ¥ s Schiihs et al. [15] n.d. nd nd
GrGRF
E “ -
: PSVf zein bodies | sichac Ramessar et al. [16] GlMAz oy (s
2 Maize Seeds {unpbilished data) ool Zein bodies fos ({ Rademacher et al. [15]
-] MMAF bt

Reproduced from Arcalis et al. [9] with permission from Springer-Nature

PSV = protein storage vacuole. 0 = GIcNAc, O = mannose, ¥ = fucose, » = xylose, ® = galactose,
ER endoplasmic reticulum, n.d. not done, OMT = oligo-mannose type

the paucimannosidic type [19]. N-glycan biosynthesis in plants begins in the ER
when the precursor oligosaccharide Glc;MangGlcNAc, is transferred from a
dolichol lipid carrier to the target asparagine residue as the nascent protein is
translocated into the ER lumen. The three terminal glucose residues are trimmed
from this precursor oligosaccharide in the ER by glycoside hydrolases (glucosidases
I and II) and a single mannose residue is removed by ER mannosidase to generate the
core structure MangGIcNAc,. These steps are common to all eukaryotes and in
subsequent processing steps result in the generation of high-mannose glycans, with
five to nine mannose residues attached to the N,N'-diacetyl chitobiose unit
[20, 21]. Beyond the cis-Golgi, the nascent glycoprotein encounters
N-acetylglucosaminyltransferase I (GIcNAc transferase I), which is also highly
conserved in plants and animals. But following the addition of GIcNAc to the
a(1,3) arm, species-dependent modifications begin to occur (Fig. 1). Short-chain
complex type N-glycans are formed when high-mannose type N-glycans are mod-
ified in the Golgi body, and are characterized by the presence of an «(1,3)-fucose
residue attached to the proximal GIcNAc and/or a (1,2)-xylose residue linked to the
B-mannose residue of the core. These a(1,3)-fucose and P(1,2)-xylose residues are
predominantly found on plant glycoproteins, but the former are also found in insects
and the latter in some molluscs [23]. Between one and four a(1,2)mannose residues
are removed by a-mannosidase I, converting Mang_ ¢GlcNAc, to MansGlcNAc, and
then GlcNAc is added to the a(1,3)mannose branch of MansGlcNAc, by GlcNAc
transferase I [24, 25]. Two further mannose residues are then trimmed by
o-mannosidase II, and GlcNAc transferase II transfers the second GIcNAc to the
a(1,6)mannose branch. These steps were characterized by the analysis of glycosyl-
ation mutants in Arabidopsis thaliana [26-28]. Long-chain complex type plant
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Fig. 1 The synthesis of N-linked glycans. (A) Schematic overview of complex N-linked glycan
processing in plants. Golgi-a-mannosidase I (MNS1/2), N-acetylglucosaminyltransferase I (GnTI),
Golgi-a-mannosidase II  (GMII), N-acetylglucosaminyltransferase I (GnTII), p(1,2)
xylosyltransferase (XylT), core a(1,3)fucosyltransferase (FUT11/12), p(1,3)galactosyltransferase
(GALT1), a(1,4)fucosyltransferase (FUT13). (B) Simplified schematic overview of N-linked gly-
can processing in mammalian cells. Golgi a-mannosidase I (GMI), core a(1,6)fucosyltransferase
(FUTS), N-acetylglucosaminyltransferase IV (GnTIV) and V (GnTV), B(1,4)galactosyltransferase
(B4GalT1), a(2,6)sialyltransferase (ST). (C) Optimized N-linked glycan engineering approach: the
generation of xylt, futl 1, futl2, and galtl knockouts results in the formation of the GnGn structure,
which serves as an acceptor for GnTIV, GnTV, B4GalT1, and ST, resulting in fully processed
complex N-linked glycans. Sialylation in plants requires the co-expression of the Golgi cytidine-
5’-monophospho (CMP)-sialic acid transporter (CST) and proteins for CMP-sialic acid biosynthe-
sis. Reproduced from Schoberer and Strasser [22] with permission from Elsevier
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N-glycans, which contain bi-antennary groups and additional side chains of a(1,4)-
fucose and P(1,3)-galactose linked to the GIcNAc units, possess terminal antennae
containing the Galp(1-3(Fuca(1-4))GlcNAc Lewis® structure. Long-chain complex
N-glycans bearing the Lewis® antigen are generated by the addition of galactose and
fucose to terminal GIcNAc residues by f(1,3)galactosyltransferase and o(1,4)
fucosyltransferase, respectively. Hybrid type N-glycans are formed when only the
a(1,3)-mannose branch of the intermediate MansGIlcNAc, is processed, resulting in
an oligosaccharide with «(1,3)fucose and/or p(1,2)xylose linked to the
GlcNAcMansGIcNAc, core [29]. However, in plants expressing a recombinant
galactosyltransferase, the same modification can occur if the enzyme gains access
to the GlcNAcMansGIcNAc, structure too early and the terminal galactose prevents
further processing by mannosidase II and GIcNAc transferase II [30]. The core
structure may then be augmented by a(1,3)fucosylation and p(1,2)xylosylation as
long as at least one terminal GIcNAc is present [31]. The a(1,3)fucosylation and
B(1,2)xylosylation reactions occur independently, as shown by the analysis of
N-glycans in plants where one or the other enzyme is mutated [32]. Paucimannosidic
type N-glycans are modified oligosaccharides containing only a(1,3)fucose linked to
the proximal GlcNAc and/or a f(1,2)xylose attached to the f-mannose residue of the
intact Man;GlcNAc, core or the truncated core structure Man,GIcNAc,. These are
the typical N-linked glycan structures formed when glycoproteins are targeted to the
plant vacuole [33] and then processed by the vacuolar -N-acetylhexosaminidase
HEXOI1, or when they are secreted and trimmed by the plasma membrane
B-N-acetylhexosaminidases HEXO2 and HEXO3 [34, 35].

N-glycan structures in A. thaliana have been investigated in detail through the
analysis of individual endogenous proteins produced in wild-type plants and various
glycosylation mutants, as well as the proteomic analysis of whole plants and specific
tissues. In one of the most comprehensive studies thus far, total protein extracts from
whole plants were digested with trypsin and the glycopeptides were enriched by
converting the carbohydrates into aldehydes, which were then covalently coupled to
hydrazide-derivatized beads. The peptides were subsequently released by treatment
with peptide N-glycosidase (PNGase), analyzed by two-dimensional nano-liquid
chromatography-mass spectrometry (nanoLC-MS), and the glycan acceptor sites
were identified by the deamidation footprint left by PNGase [36]. This study helped
to characterize the A. thaliana N-glycoproteome and provided information about
glycosylation site occupancy on numerous secreted proteins carrying typical plant
glycans, comprising a mixture of the five principal glycan structures described above.

2.2 O-Linked Glycosylation in Plants

O-linked glycosylation involves the addition of oligosaccharides to the hydroxyl
oxygen on serine, threonine, hydroxylysine, and/or hydroxyproline side chains
[4, 37]. The presence of O-linked glycans influences a range of structural and
functional properties important for therapeutic proteins, including folding, solubility,
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Fig. 2 The synthesis of O-linked glycans. (A) Schematic overview of plant-type O-linked glyco-
sylation. Proline residues next to O-linked glycosylation sites are converted to hydroxyproline
(Hyp) by prolyl-4-hydroxylases (P4H). Hyp residues are further elongated (e.g., by
arabinosyltransferases — AraTs). (B) Mucin-type O-linked glycan biosynthesis pathway in mam-
mals. Polypeptide GalNAc-transferases (GalNAc-Ts), B(1,3)galactosyltransferases 1 (C1GalT1),
Cosmc (chaperone), sialyltransferases (ST6GalNAcIII/IV, ST3Gall). (C) Mucin-type O-linked
glycan engineering in plants. Strategies involve the knockout of P4H to prevent Hyp formation,
and the expression of mammalian GalNAc-T, Drosophila melanogaster C1GalT1, and ST. ER
Endoplasmic reticulum. Reproduced from Schoberer and Strasser [22] with permission from
Elsevier

stability, biological function, and immunogenicity. There are significant differences
in O-glycosylation between plants and animals, including the preferred acceptor site
and the structure and composition of the mature glycans (Fig. 2). In animals, most
O-linked glycoproteins are mucin-type glycoproteins in which GalNAc is added to
serine and threonine residues in the Golgi body and then elaborated predominantly
with GlcNAc, fucose, and galactose to create a heterogeneous population of com-
plex O-glycans [38—40]. Mucin-type glycoproteins do not appear to be widely
synthesized by plants, although they have been detected in rice seeds [41, 42].
O-linked glycosylation is common in plants and is used to regulate growth, wound
healing, and plant-microbe interactions [43, 44]. However, the most abundant
O-linked glycans are found on the hydroxyproline residues of hydroxyproline-rich
glycoproteins, and this modification is unique to plants [45]. Although O-glycan
synthesis in plants sometimes begins in the ER, it usually begins in the Golgi body
with the addition of galactose or arabinose, followed by further elaboration
[46, 47]. Contiguous sequences of hydroxyproline result in the addition of short
unbranched arabino-oligosaccharides, as seen in the case of extensins [48]. Clustered
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non-contiguous hydroxyproline sequences may also be glycosylated, generally by
the addition of branched arabinogalactan polysaccharides [48, 49].

3 N-Linked Glycosylation of Recombinant Proteins
in Plants Without Glyco-Engineering

3.1 Species-Dependent and Tissue-Dependent Effects

Many glycoproteins in animals are naturally produced as a mixture of glycoforms.
The distribution of glycoforms in terms of site occupancy and glycan structure often
varies between cell types, tissues, and individuals, and changes over time [50]. In the
context of heterologous expression systems there are also differences in glycan
structure in different taxonomic groups; for example, insect cells form shorter and
less complex N-glycan structures than mammalian cells, typically oligomannose or
paucimannose forms with core fucose structures but no terminal sialic acid residues,
and the core structures include both human-like a(1,6)-linked fucose and af(1,3)-
linked fucose [51]. Even cell lines from different mammals show minor variations in
glycan structures, e.g., Chinese hamster ovary cells lack bisecting GIcNAc residues
and add «(2,3)-linked sialic acid rather than the human-like ®(2,6) linkage, and
murine SP2/0 cells introduce a Gala(1,3)Gal structure that is not found in human
cells [52, 53]. Therefore, it is not surprising that different taxonomic groups of plants
also produce diverse glycans [45, 54]. Even so, although some green algae have thus
far been shown to produce only high-mannose type glycans, other groups of plants,
including liverworts, hornworts, mosses, ferns, gymnosperms, and angiosperms,
appear to be able to form the five groups of N-glycans discussed earlier, including
the Lewis® epitope, although the abundance of this trisaccharide varies in different
tissues and at different developmental stages [4]. The Lewis® epitope is abundant in
the seeds of dicotyledonous plants but is not found in the seeds of monocotyledon-
ous plants, although it is produced in the vegetative organs of both [55, 56].
Although the overall glycosylation capacity of plants appears highly conserved at
the species level, there are considerable differences at the level of individual tissues.
The comprehensive analysis of tissue-specific effects on recombinant proteins is
rarely undertaken, but antibodies are exceptional because many different antibodies
have been expressed in diverse plant systems [57, 58] and some specific antibodies,
such as the HIV-neutralizing monoclonal IgG 2G12, have been systematically tested
in different host species and tissues [9]. Furthermore, several groups have also
deliberately used model glycoproteins such as the enzyme phytase to investigate
how different plants, and different tissues in the same plant, influence the glycan
structures [9]. Overall the glycan structures on recombinant phytase (Table 1) and
2G12 (Table 2) are the same mix of high-mannose and complex type N-glycans,
albeit with some variation in the quantities of different glycoforms. Although the
single GlcNAc structure probably reflects the high endoglycanase activity in certain
specialized tissues [18], tissue-specific differences in glycan profiles mostly
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represent differences in the underlying pattern of subcellular protein trafficking, in
turn reflecting the spatial separation of the enzymes responsible for different glyco-
sylation steps. Protein targeting is therefore one way in which the glycan structures
of recombinant proteins produced in plants can be controlled, as discussed below.

4 The Impact of Protein Targeting on N-Linked
Glycosylation

4.1 Secreted Proteins and the Role of the ER and Golgi
Apparatus

Whereas mammalian glycoproteins are usually synthesized as a mixture of diverse
glycoforms, some plant systems tend to generate more homogeneous glycan profiles
in which there is one dominant form and a mixture of less abundant minor species. The
precise glycan profile appears to depend on the route through the secretory pathway
(including the final destination) and the intrinsic properties of the protein. The latter is
important because it may explain the apparently irreconcilable differences in glycan
structures between different proteins that are targeted in the same manner.

Secreted proteins in plants are co-translationally imported into the ER, and unless
directed otherwise they are eventually secreted by default to the apoplast, which is
the space between the plasma membrane and the cell wall (other potential destina-
tions include retention in the ER, deposition in storage organelles, or transport to the
vacuole, as discussed in more detail below). Some proteins secreted to the apoplast
are trapped under the cell wall owing to their size or physicochemical properties,
whereas others can diffuse through the cell wall and can reach the environment. In
the context of recombinant proteins, fully secreted proteins can be collected from the
medium surrounding the plant (the culture medium for plant cell suspension cultures
and aquatic plants, or the hydroponic medium or plant exudates such as nectar,
mucilage, and leaf guttation fluid for terrestrial plants), whereas proteins trapped in
the apoplast require assistance, such as enzymatic digestion of the cell wall or
mechanical grinding of the plant tissues. The latter is also required for intracellular
proteins. Notably, the apoplast surrounding each cell is not isolated but forms a
supracellular compartment which allows the limited diffusion of proteins.

The different intrinsic properties of recombinant proteins can help to explain
differences in their ultimate destination and their glycan profiles. For example, many
proteins secreted to the apoplast (including most antibodies) move through the
ER and Golgi body and are exposed to the full panel of glycosylation enzymes,
resulting in a glycan profile dominated by complex type N-glycans [59, 60]. Recom-
binant proteins produced in plant cell suspension cultures and secreted to the
culture medium have an even more homogeneous glycan profile, with
GlcNAc,Man; XylFucGleNAc, as the major form (~86% of all glycans) and only
a small proportion of GlcNAcMan;XylFucGlcNAc,, because the secreted and
intracellular proteins become separated [61]. In contrast, the secretion of recombi-
nant follicle-stimulating hormone produced a glycan profile dominated by
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paucimannosidic structures (suggesting the activity of vacuolar or plasma membrane
hexosaminidases) carrying core al,3-fucose and/or 1,2-xylose residues that indi-
cate transfer through the Golgi body [62]. The Golgi body is an important determi-
nant of the species-dependent variations in glycan structures because it is the site for
both complex N-linked glycan synthesis and mucin-type O-linked glycan synthesis,
and the expression of human glycosyltransferases in plants has shown that the
resulting glycan structures are highly dependent on the sub-Golgi targeting of such
enzymes, as discussed in more detail below.

4.2 Proteins Retained in the ER

Secreted proteins can be retrieved from the Golgi to the ER by appending a short
C-terminal peptide tag such as HDEL or KDEL, which prevents such proteins from
traversing Golgi compartments containing the enzymes responsible for the synthesis
of complex glycans [6, 63]. The resulting glycan profiles are therefore dominated by
high-mannose glycans (Man;_o) devoid of any plant-like complex glycan structures,
but devoid of any human-like complex glycan structures too. The use of ER-retrieval
tags for therapeutic proteins is a double-edged sword. The advantages are that the
glycan profile is more homogeneous, and although few human proteins occur
naturally with high-mannose glycans, the structures themselves are at least human-
compatible (in that the same structures are naturally synthesized in human cells).
Several comparative studies have also revealed that certain proteins, including most
antibodies, accumulate to higher levels when they are retained in the ER rather than
secreted to the apoplast, a finding that may reflect the combination of a favorable
environment for folding/assembly and the absence of proteases [18, 64, 65]. On the
other hand, both the C-terminal tag and the glycans themselves have the potential to
form foreign epitopes in the context of heterologous proteins, and glycoproteins
containing high-mannose glycans are removed from the bloodstream more rapidly
than those with sialylated mammalian-type complex glycans because macrophages
carry mannose receptors [66, 67].

In cereal seeds, ER-targeting has also been achieved using mRNA targeting
signals (mainly those located within the 5 and 3’ untranslated regions of the
y-zein mRNA) rather than a protein retrieval tag, to avoid changing the therapeutic
protein structure [68]. The resulting mannosidic N-linked glycan profile provided a
favorable starting point for further enzymatic processing to create the terminal
residues required for efficient receptor-mediated uptake into human lysosomes [68].

4.3 Formation of ER-Derived Compartments

Proteins carrying C-terminal ER-retention tags will accumulate in the ER without
affecting the ultrastructure of the plant cell if they are expressed at low to moderate
levels. However, once the amount of protein reaches a certain threshold, the plant
cell may respond by generating novel ER-derived compartments that appear to
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function as protective mechanisms by preventing the distortion of ER traffic [69—
71]. ER-derived compartments are formed naturally in the seeds of monocotyledon-
ous plants for the deposition of native storage proteins, which appear to induce the
formation of such compartments owing to their abundance and propensity for
aggregation [72, 73]. For some storage proteins, the sequences responsible for the
induction of controlled polymerization are well defined, and one of the most widely
known assembly sequences is located near the N-terminus of the 27-kDa maize
storage protein y-zein. This includes seven cysteine residues that promote inter-chain
interactions and a highly repetitive amphipathic proline-rich sequence [74—76]. Pro-
teins carrying this sequence form aggregates in the ER, which causes organelles
known as protein bodies to bud off. If y-zein is expressed in vegetative tissues it can
induce the formation of ectopic protein bodies, indicating that protein body forma-
tion is an intrinsic capability of the secretory pathway, which is induced by the nature
of the protein and is not dependent on the tissue [77, 78]. The aggregation-promoting
sequence has been commercialized as a Zera® tag (Zip Solutions, Barcelona, Spain)
and has been shown to induce the formation of storage compartments in the
vegetative tissues of plants and also in fungi, insects, and mammalian cells
[79]. The ability of certain KDEL-tagged proteins to induce ER-derived compart-
ments suggests that the trigger is the accumulation of protein aggregates, which is
facilitated by the y-zein/Zera tag and may happen spontaneously for certain proteins
carrying the KDEL tag, owing to the unique properties of the protein. The situation
in seeds is complicated by the availability of multiple storage organelles whose
prevalence varies in a species-dependent manner and for which several partially
overlapping trafficking pathways may be available [70]. For example, the incorpo-
ration of ER-derived storage organelles into protein storage vacuoles is frequently
observed in cereal seeds and has implications for the deposition of recombinant
proteins [69]. The incomplete retention of KDEL-tagged recombinant proteins is
also frequently observed in seeds, where it leads to unpredictable accumulation sites
and glycan structures [12, 14, 80, 81]. Proteins expressed in cereal seed storage
organelles often carry single GlcNAc residues, whereas proteins with single GIcNAc
residues tend to be minor glycoforms in other tissues [13, 16, 18, 82].

4.4 Proteins Targeted to the Vacuole

Most plant cells contain lytic vacuoles whose function is to digest and recycle
damaged or overabundant cellular macromolecules. Storage tissues may also contain
storage vacuoles, which exist for the same purpose as the protein bodies described
above, i.e., to stockpile proteins and other macromolecules and isolate them from the
rest of the cell [83]. The protein bodies and protein storage vacuoles in seeds do not
contain the same proteins, but it is not entirely clear how proteins are sorted into each
compartment. Recombinant proteins containing KDEL tags are expected to accu-
mulate in the ER, which promotes their incorporation into protein bodies, but when
expressed in seeds devoid of separate ER-derived protein bodies such proteins have
sometimes accumulated in the protein storage vacuoles instead [12, 13]. Other



Glyco-Engineering of Plant-Based Expression Systems 149

proteins expressed in seeds have also accumulated in the vacuole when their
anticipated destination was the apoplast, indicating a prevailing tendency towards
accumulation in protein storage vacuoles in some seed tissues [8§4—86]. Alternatively,
specific vacuolar targeting sequences have been identified which can overrule any
intrinsic properties [87—89]. Recombinant proteins targeted to vacuolar compart-
ments are anticipated to carry paucimannosidic N-glycans like those found on native
vacuolar proteins, but some nevertheless have been shown to carry high-mannose
glycans, suggesting the route to the vacuole in some cases circumvents the Golgi
body [70]. The first plant-derived therapeutic protein approved for parenteral use in
humans (taliglucerase alfa, marketed as Elelyso (Prolalix BioTherapeutics, Karmiel,
Israel), a recombinant form of human glucocerebrosidase indicated for Gaucher’s
disease) is produced in carrot cell suspension cultures and targeted to the vacuole.
This ensures that the protein presents terminal mannose residues that are recognized
by circulating macrophages, this recognition being necessary for the enzyme’s
therapeutic activity [90]. In contrast, the same enzyme produced in mammalian
cells (imiglucerase, marketed as Cerezyme (Sanofi Genzyme, Cambridge, Massa-
chusetts. USA)) carries terminal sialic acid residues. The sialic acid, galactose, and
GlcNAc residues must therefore be cleaved off in vitro, adding to production costs.
Elelyso is therefore one example in which the production of human therapeutic
proteins with non-native glycans is an improvement rather than an impediment [7].

4.5 Proteins Targeted to Other Compartments

Other plant cell compartments are largely devoid of N-glycans because the necessary
glycosyltransferases are not present in the destination compartment or in any of the
compartments en route. Proteins targeted to plastids or mitochondria are not
N-glycosylated, and indeed the absence of glycans is one of the drawbacks of plastid
transformation as a strategy for the production of recombinant pharmaceutical pro-
teins, unless of course an aglycosylated protein is required [91]. Nuclear and cyto-
plasmic proteins do not contain N-glycans, but may be modified by nucleocytoplasmic
O-GlcNAcylation, e.g., as shown for tobacco histones [92].

5 O-Linked Glycosylation of Recombinant Proteins
in Plants Without Glyco-Engineering

O-linked glycosylation is necessary for the activity of many human proteins, includ-
ing glycophorin A [93] and interleukin-5 [94]. Although O-linked glycosylation is
carried out by plants, the modification typically involves hydroxyproline residues,
whereas mammals produce predominantly mucin-type glycans added to serine and
threonine residues. The very different structure and site occupancy/selectivity of
plant O-linked glycosylation is therefore a major issue, one which has received
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comparatively little attention compared with that paid to N-linked glycans, although
one of the advantages of the lack of mucin-type O-linked glycans in plants is that the
relatively heterogeneous nature of O-linked glycosylation in mammals can be
replaced with homogeneous O-linked glycans if plants are modified with specific
enzymes from the pathway [22]. Few studies have specifically addressed the
O-linked glycosylation of recombinant proteins produced in plants, but the addition
of O-linked glycans to hydroxyproline residues has been reported on the proline-rich
hinge region of a human IgA antibody expressed in maize seeds [95]. Interestingly,
the same region is also O-glycosylated when the native protein is produced in
humans, although the glycans in the native host are added to serine residues [96].

6 Glyco-Engineering in Plants

6.1 Glyco-Engineering Strategies

The targeting of recombinant proteins to particular subcellular compartments can
influence the glycan structures that are formed, but only within the repertoire of the
natural capabilities of the plant cell at the resolution afforded by its compartmental-
ization. Therefore, it is not possible to precisely control the structure of complex
glycans to the resolution of single enzyme functionalities, because several enzymes
may be present in the same compartment. Similarly, it is not possible to change the
glycan structures beyond those produced in the host cell. Two major engineering
strategies have therefore been developed to create tailored glycans in plants, the first
involving the specific removal or inhibition of particular enzymes and the second
involving the introduction of additional enzymes to allow the synthesis of non-native
glycans in planta. The implementation mechanism varies according to the most
practicable and efficient process in each host species. Until recently, targeted muta-
genesis in many plant species was laborious, and the removal of glycosyltransferase
genes by gene targeting (gene knockout) was only possible in species amenable to
homologous recombination (e.g., moss) or in those with readily available libraries of
mutants, e.g., A. thaliana or Lotus japonica [97]. More recently, the advent of
genome editing, using tools such as zinc finger nucleases, transcription activator-
like effector nucleases (TALENS), and the clustered regularly interspaced short
palindromic repeats (CRISPR/Cas9) system has made it much more straightforward
to generate targeted mutations in plants. Until such methods became available, the
easiest way to achieve the functional knockdown of glycosyltransferase genes was to
use RNA interference (RNAi) or similar methods of post-transcriptional gene sup-
pression. For the second strategy, the two main approaches are the generation of
transgenic lines endowed with the ability to express non-native glycosyltransferases,
or the use of transient expression to confer, temporarily, upon the host plant the ability
to synthesize these enzymes along with the recombinant protein that is modified. In
both cases, the appropriate intracellular localization of the enzyme is necessary to
achieve the desired glycan profile [98].
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6.2 Elimination of Plant N-Linked Glycans

The presence of core P(1,2)xylose, core a(l,3)fucose, and Lewis® residues on
recombinant proteins produced in plants is considered undesirable because they
are potentially immunogenic. Antibodies against these residues have been detected
in sera from humans and other mammals [99] and can elicit IgG production when
injected into humans [55]. Furthermore both p(1,2)xylose and a(1,3)fucose are
IgE-binding determinants of plant allergens [100]. As discussed in the Introduction,
the presence of non-human glycan epitopes is a well-known phenomenon even in the
gold standard production platforms for human therapeutic proteins (rodent cell
lines). Immune responses to such glycans are widely recognized [101] and have
been reported even with approved drugs such as cetuximab [102]. Immune
responses and allergic responses have not been reported for the parenteral adminis-
tration of Elelyso, which retains its p(1,2)xylose and a(1,3)fucose residues [5, 103—
106]. The topical application of plant-derived antibodies in human patients with IgE
against plant N-linked glycans has not led to adverse effects [107-110].

Despite the absence of adverse effects, the elimination of plant glycans is still
considered beneficial to pre-empt regulatory concerns. The most straightforward
way to achieve the synthesis of plant glycoproteins without core f(1,2)xylose and
a(1,3)fucose residues is to mutate the genes encoding the corresponding enzymes;
namely, P(1,2)xylosyltransferase and o(1,3)fucosyltransferase. This was first
achieved in A. thaliana without any noticeable effect on the phenotype [14, 15,
32, 81], and subsequently in the aquatic production hosts Lemna minor, a duckweed
[111], and Physcomitrella patens, a moss [112]. In other plants that do not benefit
from genome-wide mutant libraries or efficient homologous recombination path-
ways, including alfalfa [113], rice [114], and Nicotiana benthamiana [60], function-
ally equivalent production hosts were produced by RNAi. As anticipated, the
glycoproteins produced in these hosts either completely lacked or contained only
residual amounts of plant glycans, and in many cases featured biantennary structures
with terminal GlcNAc residues, but without a(1,3)fucose and f(1,2)xylose as the
dominant glycoforms. In N. benthamiana, two P(1,2)xylosyltransferases and two
a(1,3)fucosyltransferases were knocked out using TALENs, without affecting
growth or fertility. Endogenous proteins expressed in these AXF plants carried
N-linked glycans that lacked f(1,2)xylose and had a significant reduction in core
a(1,3)fucose levels (40% compared with wild-type plants). Similar N-linked glycans
were carried by a recombinant rituximab antibody transiently expressed in the
mutant plants. The remaining a(1,3)fucosyltransferase activity in the mutant line
probably reflected the presence of redundant copies of the gene in the
N. benthamiana genome [115]. As an alternative strategy, the endogenous
N. benthamiana GIcNAc transferase I was downregulated by RNAi. Human
glucocerebrosidase produced in this background contained 70-80% high-mannose
N-glycans lacking B(1,2)xylose and a(1,3)fucose epitopes [116].

Antibodies produced in AXF hosts retain their antigen-binding activity and
complement-dependent cytotoxicity, but show much more potent antibody-
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dependent cellular cytotoxicity than the same antibody produced using unmodified
plants, again showing that plants can produce ‘glyco-optimized’ products, some-
times referred to as ‘biobetters’ to contrast with ‘biosimilars’ [82, 111, 117,
118]. The ability of plants to produce the Lewis” epitope has also been eliminated
by mutating the genes encoding a(l,4)fucosyltransferase and f(1,3)galactosyl-
transferase, allowing the production of a recombinant human erythropoietin lacking
this structure [119]. Furthermore, the proportion of complex N-linked glycans with
terminal GlcNAc residues on a plant-derived human a1-antitrypsin was increased by
using RNAi to suppress HEXO3 expression [120]. Overall, the full integration of the
different steps needed to generate a plant with no plant-type fucose/xylose and no
degradation of terminal GIcNAc has yet to be achieved [121]. An alternative and
apparently effective strategy when large glycans are not required for the function of a
protein is to knock out N-acetylglucosaminyltransferase I (GnTI) and overexpress an
endoglycosidase [122].

6.3 Introduction of Human N-Linked Glycans
6.3.1 Core a(1,6)Fucose

The core a(1,6)fucose residue found in human glycoproteins influences the interac-
tion between IgG and Fc receptors [123]. Antibodies devoid of a(1,6)fucose show
increased antibody-dependent cellular cytotoxicity [124] and plants that lack the
ability to produce core p(1,2)xylose and a(1,3)fucose residues are therefore particu-
larly suitable as production hosts for cancer-targeting antibodies. Such plants are also
suitable for the expression of heterologous enzymes that generate N-glycans carrying
core a(1,6)fucose. For example, the expression of human a(1,6)fucosyltransferase in
N. benthamiana AXF plants allowed the production of Ebola virus-specific anti-
bodies with human-like core fucosylation [59]. The HIV-neutralizing antibody 2G12
was produced in a panel of glyco-engineered plants and displayed a spectrum of
glycoforms. The ability to test different glycoforms individually revealed that the core
fucose residue had no impact on antigen binding but influenced effector functions
(particularly Fc binding), which, in turn, appeared to affect the antibody’s neutrali-
zation potency [117], as was also recently shown for the same antibody produced in
unmodified rice endosperm [82].

6.3.2 Multi-Antennary Complex Glycans and Bisecting GlcNAc
Residues

Human glycoproteins often contain multi-antennary N-linked glycans and bisecting
GIcNAc residues, and their abundance often correlates with increasing in vivo
activity [125, 126]. However, the enzymes responsible for these modifications are
not found in plants, which therefore can add only bi-antennary N-linked glycans to
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human recombinant proteins, unless they are engineered for optimized glycoprotein
production [127]. Bisected N-linked glycans have been produced in plants by
expressing mammalian p(1,4)GIcNAc transferase III, but it was necessary to target
the enzyme to the frans-Golgi compartment to ensure that fully processed structures
were synthesized [59, 128-130]. Tri-antennary glycans have been produced by
expressing either f(1,4)GIcNAc transferase IV or p(1,6)GlcNAc transferase V, and
by expressing both enzymes simultaneously it has been possible to produce tetra-
antennary complexes [131]. The production of fully processed complex multi-
antennary glycans required the enzymes to be targeted to the medial-Golgi compart-
ment [59, 132].

6.3.3 Glycans Containing p(1,4)Galactose

The P(1,4)galactosylation of human proteins is a common modification that may
play a role in the modulation of IgG activity [123] and is necessary as a precursor
step for the addition of terminal sialic acid residues (see below). Plants are not
equipped with the B(1,4)galactosyltransferase responsible for this modification and
therefore cannot synthesize either p(1,4)galactosylated proteins or sialylated pro-
teins. The production of f(1,4)galactosylated proteins in plants expressing human
B(1,4)galactosyltransferase was initially only partly successful because the enzyme
acted on the GIcNAcMansGIcNAc, glycans in the medial-Golgi compartment and
the resulting P(1,4)galactosylated intermediates were not substrates for ((1,2)
GIcNAc transferase II [30, 133-136]. However, as discussed above for multi-
antennary glycans, targeting the enzyme to the frans-Golgi compartment allowed
the formation of completely processed glycans, including an antibody with a dom-
inant complex bigalactosylated glycoform [137].

6.3.4 Terminal Sialylation and the Lewis™ Epitope

As stated above, the p(1,4)galactosylation of human proteins is a necessary step
before terminal sialylation, which is an important functional requirement for many
human therapeutic proteins, mostly owing to the presence of asialoglycoprotein
receptors on liver cells. It is widely believed that plants do not synthesize sialylated
oligosaccharides and lack the necessary donor and acceptor substrates
[138, 139]. Nevertheless, cytidine-5'-monophospho (CMP)-sialic acid transporters
and sialyltransferases have been detected in some plants [140, 141]. Protein
sialylation in plants is challenging even when f(1,4)galactosylated structures are
available, because plants lack the metabolic capacity to produce and transport the
precursor CMP-N-acetylneuraminic acid as well as the sialyltransferase needed to
transfer sialic acid from the precursor onto a terminal galactose residue. As discussed
above, protein targeting was found to be essential to achieve coordinated enzyme
activity [142-144]. The full sialylation of recombinant proteins required the expres-
sion and specific targeting of six mammalian proteins to carry out sialic acid
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synthesis, activation, translocation, and terminal transfer: murine uridine diphosphate
(UDP)-N-acetylglucosamine-2-epimerase/N-acetylmannosamine  kinase, human
N-acetylneuraminic acid phosphate synthase, human CMP-N-acetylneuraminic acid
synthase, murine CMP-sialic acid transporter, human p(1,4)galactosyltransferase, and
the rat a(2,6)sialyltransferase [145]. When these six components were co-expressed
with an antibody, more than 80% of the assembled antibody molecules were
sialylated [145]. More recently, a combination of stably transformed plants and
transient expression modules has been used to control the linkages between sialic
acids and proteins, as well as the degree of polymerization, resulting in the directed
formation of (2,6) and a(2,3) linkages, and the synthesis of polysialic acid structures
containing more than 40 units [146].

The B(1,4)galactosylation of human proteins is also a necessary step for the
synthesis of another terminal structure known as the Lewis™ epitope, which induces
strong immune responses when added to a foreign antigen used as a vaccine and
could therefore be useful for the generation of recombinant subunit vaccines
[147]. These structures have been generated in tobacco by co-expressing the recom-
binant proteins with p(1,4)galactosyltransferase and «(1,3)fucosyltransferase
IXa [148].

6.4 Engineering of O-Linked Glycans

Whereas N-glycans in animals and plants have similar core structures but different
additional residues, the predominant O-glycans in animals and plants are completely
distinct structures and it is much more challenging to generate modified plants that
can synthesize human O-linked glycans. Instead, research has also focused on the
exploitation of plant O-linked glycans to improve the performance of recombinant
human proteins. For example, O-linked glycosylation may protect proteins from
degradation in vivo in much the same way as polyethylene glycol (PEG)ylation, thus
increasing the half-life of proteins without the need for in vitro chemical modifica-
tion after purification [48, 149]. This has been investigated by expressing proteins
with a glycotag comprising tandem repeats of a serine-hydroxyproline dipeptide
[150]; the yields of several proteins, including green fluorescent protein, human
interferon a2b, and human growth hormone, increased by more than 1000-fold when
endowed with the tag [49, 151]. Hydroxylation was restricted to the tag, and each
hydroxyproline residue in the tag was glycosylated with a variable number of
arabinogalactans, but PEGylation also generates a heterogeneous population of
molecules so this is not seen as a disadvantage. The longer glycotags increased the
in vivo half-life of interferon o2b from 0.75 to 9.8 h and that of growth hormone
from 0.41 to 2.5 h without significant loss of biological activity [48, 151]. However,
studies including repeat administrations in realistic therapeutic settings remain to be
carried out to confirm the utility of such approaches. The impact of internal plant-
type O-linked glycans on protein stability has not been reported [95].
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Other researchers have attempted to produce mammalian mucin-type O-glycans
in plants by expressing the human enzyme N-acetylgalactosaminyltransferase II
(GalNAc transferase II), which catalyzes the first step in the pathway [152]. How-
ever, transgenic N. benthamiana plants expressing this enzyme and infected with a
MagnICON vector expressing a model substrate (the Escherichia coli heat-labile
toxin B subunit fused to the human mucin 1 glycoprotein) produced only a minute
amount of the correctly modified protein, indicating that the lack of glycosylation
was due to the limited precursor supply. Accordingly, the proportion of mucin-type
glycans was improved by increasing the availability of UDP-GalNAc and ensuring
its efficient transfer to the Golgi body, which was achieved by co-expressing
UDP-GIcNAc 4-epimerase and a UDP-GIcNAc/UDP-GalNAc transporter along
with GalNAc transferase II [152].

Other efforts have been directed toward the elimination of potentially immuno-
genic carbohydrate epitopes containing arabinosides or arabinogalactans and toward
the understanding of interactions between engineered N-linked and O-linked glyco-
sylation pathways to avoid competition for common metabolites [153]. Tailored
mucin-like structures have been produced [154], but owing to the absence of a sialic
acid biosynthesis pathway in plants, it has been much more difficult to reproduce this
frequent terminal modification of human mucin-type O-linked glycans. A fusion
protein comprising erythropoietin joined to an antibody fragment (EPO-Fc) was
successfully decorated with sialylated O-linked glycans in N. benthamiana by
simultaneously expressing eight genes: the EPO-Fc protein, several components of
the sialic acid biosynthesis pathway described above [145], two mammalian
sialyltransferases, human GalNAc transferase II, and Drosophila melanogaster
CIGALTI [132].

A number of pharmaceutical proteins, including IgA-class antibodies, contain
both N-linked and O-linked glycans and have been produced by the co-expression of
enzymes required for the initiation and elongation of human O-linked glycans in a
AXF background, resulting in proteins carrying disialylated mucin-type core 1
O-glycans [155]. This was further expanded to obtain galactose-deficient and
a(2,6)sialylated O-glycans, mimicking the main glycans present on IgA1 molecules
from patients with IgA nephropathy [156].

6.5 Exploiting Plant Glycosylation for Selective Product
Purification

The purification of recombinant proteins from bulk plant extracts can be a challeng-
ing task [157] especially if no product-specific ligands are available for affinity
chromatography, such as Protein A in the case of monoclonal antibodies
[158]. Accordingly, clarification and purification can account for up to 80% of the
total process costs in plant molecular farming [61, 159, 160]. However, it is possible
to exploit the glycosylation of recombinant proteins to facilitate purification. In the



156 R. Fischer et al.

past, immobilized glycans have been used to isolate lectins from the green juice of
plants [161, 162]. The common feature of different classes of lectins is that they
selectively bind to certain glycan structures [163]. For example, mistletoe viscumin
preferentially binds Neu5Aca(2-6)Galpp(1-4)GIcNAc and this carbohydrate can
therefore be used for lectin purification [164]. More importantly, the setup can be
reversed; that is, immobilized lectins can be used to selectively enrich and purify
glycoproteins carrying specific carbohydrate structures. This strategy has been
successfully used for more than 20 years to purify glycoprotein-derived carbo-
hydrates and glycoproteins [165—167]. In future, this approach could also be adapted
for large-scale preparative chromatography, but the lectins used for such procedures
should be simple, non-toxic, and structurally rigid to improve process performance
(e.g., the number of production cycles possible using the same batch of resin) and
ensure the process complies with the safety requirements of good manufacturing
practice [168]. For example, viscumin consists of a toxic A-chain and a
glycoprotein-binding B-chain [169]. The latter contains a rigid fold that is rich in
disulfide bonds and p-sheets [170]. A non-toxic viscumin mutant may therefore be
useful for the purification of glycoproteins terminating with Neu5SAca(2—6)Galp
(1-4)GIcNAc from bulk plant extracts. Genetic engineering may make it possible
to alter the carbohydrate selectivity of this protein, as shown for Protein L in the case
of antibodies [171]. Alternatively, proteins with modified glycan profiles could be
purified by boronate affinity chromatography [172]. The selectivity of this resin
reflects the differential binding of boronate covalently attached to a base resin to cis-
diol groups found, e.g., in monosaccharides and oligosaccharides. The benefits of
this method over lectin-based purification include a more stable ligand (which does
not require recombinant protein expression) and a lower risk of immunogenic
process-related impurities. However, boronate affinity chromatography is less selec-
tive than lectin-based resins and additional purification steps may be required to
remove interfering small compounds with cis-diol groups, particularly free sugars.
Also, this method will not help to separate the target therapeutic from endogenous
plant glycoproteins, which typically are much more abundant.

7 Conclusions

Many recombinant proteins with a glycan structure similar to that of native human
protein, or at least compatible with humans, can now be produced in plant cells.
However, the intensive research that has made glyco-engineering possible in plants
has also yielded some unexpected benefits of plant glycans. The immunogenicity of
some of these structures can increase the visibility of plant-derived vaccines to the
mammalian immune system. Plant glycans can also target antigen-presenting cells,
particularly via lectins or mannose-fucose receptors on the surfaces of dendritic cells.
Therapeutic proteins with plant-derived glycans are likely to be undesirable where
cost-effective alternative expression platforms are available, but in certain cases such
glycans achieve a functionality that can provide the basis for ‘biobetter’ therapeutic
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products, which not only benefit from the greater economy, scalability, and safety of
plant-based production platforms, but also have intrinsic therapeutic benefits con-
ferred specifically by the plant glycan structures. Where plant glycans are undesir-
able, several strategies are available, based on protein targeting or genetic
engineering, to remove such glycans or to replace them with human-compatible
structures.
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Abstract Bacteria have garnered increased interest in recent years as a platform for
the biosynthesis of a variety of glycomolecules such as soluble oligosaccharides,
surface-exposed carbohydrates, and glycoproteins. The ability to engineer com-
monly used laboratory species such as Escherichia coli to efficiently synthesize
non-native sugar structures by recombinant expression of enzymes from various
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carbohydrate biosynthesis pathways has allowed for the facile generation of impor-
tant products such as conjugate vaccines, glycosylated outer membrane vesicles, and
a variety of other research reagents for studying and understanding the role of
glycans in living systems. This chapter highlights some of the key discoveries and
technologies for equipping bacteria with the requisite biosynthetic machinery to
generate such products. As the bacterial glyco-toolbox continues to grow, these
technologies are expected to expand the range of glycomolecules produced
recombinantly in bacterial systems, thereby opening up this platform to an even
larger number of applications.
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1 Bacteria as a Platform for Polysaccharide
and Glycoconjugate Production

In recent years there has been growing interest in developing bacterial species as
hosts for glycoengineering applications involving the biosynthesis of structurally
diverse polysaccharides, which can be produced as free glycans or as conjugates to
lipids or proteins. The most obvious advantage of this approach is the much simpler
and cheaper culturing conditions required for maintenance of bacterial cells when
compared to a eukaryotic cell culture. However, bacteria are highly proficient pro-
ducers of carbohydrates, with more than 140 unique monosaccharide base types
identified in bacterial species, in contrast to the 14 base types produced by mamma-
lian species [1]. Many of these bacterial monosaccharides are then assembled into an
even more diverse array of polysaccharides, often as part of surface structures such
as capsular polysaccharide (CPS) and the O-antigen component of lipopolysaccha-
ride (LPS), which are often important virulence factors in pathogenic species. In
Escherichia coli alone, 187 unique O-antigen structures and 80 CPS structures have
been identified to date [2—4]. Other bacterial polysaccharides have important struc-
tural functions (e.g., peptidoglycan), or play a role in adaptation to environmental
conditions by mechanisms such as osmoregulation (e.g., enterobacterial common
antigen, ECA) [5].

The pathways responsible for production of mono- and polysaccharides are
frequently well defined in bacteria, especially in commonly used host species such
as E. coli [6]. Furthermore, with the exception of the ubiquitous structural polysac-
charide peptidoglycan, bacterial polysaccharides are typically not essential for
viability, meaning biosynthesis pathways are amenable to genetic manipulation
and deletion. For example, metabolic engineering studies have identified routes to
enhance the availability of relevant nucleotide-activated sugars, leading to improved
polysaccharide yields [7]. As a result of these and other related efforts, bacteria have
been shown to represent a tractable, well-defined platform for engineering the
biosynthesis of polysaccharides.

Although the ability of bacteria to produce polysaccharides and glycolipids is
established, it was long believed that bacteria were incapable of modifying proteins
with carbohydrate moieties, a process known as glycosylation. However, this para-
digm was overturned in the 1970s with the identification of glycosylated surface
layer  (S-layer) proteins in  Halobacterium  salinarum,  Clostridium
thermosaccharolyticum, and Clostridium thermohydrosulfuricum [8, 9]. Although
examples of bacterial protein glycosylation remain relatively uncommon, in the past
15 years a diverse array of systems has been discovered and characterized, including
examples of sequential and en bloc transfer of both N-linked and O-linked glycans
[10-13].

From an engineering perspective, perhaps the most significant advance came in
2002 with the functional transfer of a complete protein N-glycosylation system from
the gastrointestinal pathogen Campylobacter jejuni into a laboratory strain of E. coli,
which is naturally incapable of protein glycosylation [14]. The versatility of this
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system was further enhanced by a series of experiments demonstrating the modu-
larity of the bacterial glycosylation machinery, which was found to tolerate a number
of different glycan structures and protein substrates [15—17]. Importantly, the new-
found ability to generate glycoproteins in a genetically tractable host organism such
as E. coli provided a unique opportunity both to understand and to exploit the
glycosylation process in ways that were not previously possible with eukaryotic
systems. This is because, even though the pathways involved in the production of
protein-linked polysaccharides in eukaryotic cells are well understood, the essential
nature of many of these mechanisms limits the potential for manipulation.

2 Polysaccharide Production in Bacteria

Enzymatic synthesis of polysaccharides uses nucleotide-activated sugars as glycosyl
donors to supply the necessary energy for the reaction. In bacteria, these nucleotide
sugars are typically only present in the cytoplasm where they are synthesized.
Consequently, all initial polysaccharide biosynthesis in bacteria also takes place
within the cytoplasm. The majority of polysaccharides are synthesized by one of
three pathways: the Wzy-dependent pathway, the ATP-binding cassette (ABC)
transporter-dependent pathway, and the synthase-dependent pathway (Fig. 1),
although shorter oligosaccharides may be formed by the direct action of
glycosyltransferases on a substrate such as lipid A in the case of the LPS core or
lipooligosaccharides (LOSs) [18].

The Wzy-dependent pathway involves the sequential action of
glycosyltransferases on a lipid anchor, undecaprenyl diphosphate (Und-PP), on the
inner leaflet of the cytoplasmic membrane, followed by translocation of a completed
subunit across the membrane by the flippase Wzx. The subunits then undergo
polymerization by the polymerase Wzy. The number of repeat units is modulated
somewhat by Wzz, the chain-length regulator, although the resulting polymers are
not strictly uniform in length. Completed polysaccharides are then removed from
Und-PP and transferred to a target location, which differs depending on the species
in question and the type of polysaccharide produced [19]. Common examples of
polysaccharides produced by this mechanism include the majority of O-antigen
polysaccharides and a significant proportion of capsules, as well as specific exam-
ples such as ECA, a surface polysaccharide common to most Enterobacteriacae, but
limited to this family [5].

In contrast, the ABC transporter-dependent pathway involves the assembly of the
entire polysaccharide on a lipid anchor at the inner face of the cytoplasmic mem-
brane, before the chain is capped to indicate completion, and the entire structure is
transported across the membrane by the ABC-transporter complex [20]. As with
Wzy-dependent systems, however, the polysaccharide is then removed from the
lipid anchor and transferred to a permanent point of attachment. Polysaccharides
assembled by this method typically form O-antigen polysaccharides or capsules.
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Fig. 1 Biosynthesis of bacterial polysaccharides. The majority of bacterial polysaccharides are
assembled by one of three mechanisms, the Wzy-dependent, the ABC transporter-dependent, or the
synthase-dependent pathway. The key protein components for each mechanism are indicated, and
are located in the inner membrane of Gram-negative organisms or the membrane of Gram-positive
organisms. Polysaccharides are synthesized from nucleotide diphosphate (NDP) sugars. For the
Wzy-dependent pathway, multiple glycosyltransferases (GTases) in the cytoplasm synthesize
oligosaccharides on Und-PP. Oligosaccharides typically contain diverse monosaccharides and
may be branched; consequently this assembly mechanism is responsible for the production of
most high-complexity sugars. The completed oligosaccharide repeat unit is transported across the
relevant membrane by the translocase or flippase enzyme Wzx. Multiple repeat units are then linked
together by the polymerase enzyme Wzy to form a repeating heteropolymer. The final length of the
polymer may be controlled by the chain length regulator Wzz. In the ABC transporter-dependent
pathway, a homopolymer or simple heteropolymer is assembled on Und-PP on the cytoplasmic face
of the membrane, often by just a single GTase. The completed polysaccharide is capped with a
moiety such as a phosphate group, and transported through the membrane by the ATP-binding
cassette (ABC) transporter. For synthase-dependent biosynthesis, the polysaccharide is simulta-
neously polymerized and transported across the membrane. In the absence of a membrane anchor, a
receptor protein for a signaling molecule such as bis-(3'-5')-cyclic dimeric guanosine
monophosphate (c-di-GMP) may play a role in initiation of polysaccharide assembly. In Gram-
negative organisms, polysaccharides are frequently transported across the outer membrane by an
additional export system to enable surface display

Synthase-dependent polysaccharide assembly is unique in that it can occur in the
presence or absence of a lipid anchor. A transmembrane glycosyltransferase simul-
taneously catalyzes formation of the polymer and translocation across the membrane
[21]. Polysaccharides produced by this mechanism may be attached to the exterior of
the cell, but more frequently they are released into the extracellular environment to
form non-covalently associated exopolysaccharides such as hyaluronic acid (HA),
alginate, or cellulose.
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3 Bioengineering of Secreted Oligosaccharides in Bacteria

Small, soluble oligosaccharides play many important roles in biological systems,
and as such have a multitude of potential uses in research, medicine, and industry.
However, because of the extremely high heterogeneity of such structures, together
with low yield and complex purification when isolating from natural sources,
engineered production has been the focus of much research. Chemical synthesis is
complex and costly, and the resulting oligosaccharides are subject to the same issues
regarding heterogeneity, limiting their usefulness without significant downstream
purification. Chemo- and in vitro-enzymatic methods have also been widely
explored, and have shown great improvements with respect to yield and structural
homogeneity, but isolation of the required enzymes is a demanding process, and the
necessary nucleotide-activated sugars are extremely expensive to supply for such
large-scale synthesis. Consequently, production beyond the milligram scale, espe-
cially for larger tri- and tetrasaccharides, remains unfeasible by this method.

The development of a metabolically-engineered E. coli strain that could produce
human milk oligosaccharides in a fermentation process represented a significant
advance within the field [22]. The engineered strain utilizes glycerol as an affordable
carbon source, relying on native metabolic pathways within the bacterium to pro-
duce a continuous supply of the required nucleotide sugars. The approach also relies
on the presence of a soluble acceptor sugar in the cytoplasm as an assembly platform.
In this case, lactose, which can be imported from the growth medium, was used.
However, methods for the in situ synthesis of acceptor sugars have also been
developed [23]. Such engineered strains have been shown to produce quantities of
up to 34 g/L of secreted oligosaccharide, and the scalable nature of production means
the manufacture of kilogram quantities of sugar are entirely feasible [24]. This
approach has since been used for the production of more than 25 different oligosac-
charides ranging from disaccharides to pentasaccharides, including structures known
to have immunomodulatory effects or to be associated with cancer in humans [7]. It
should be pointed out that transporters for milk oligosaccharides larger than about
four or five residues are unknown. As a result, these molecules accumulate in the
bacterial cytoplasm, resulting in feedback inhibition and, more importantly, requir-
ing purification from bacterial lysates. Overcoming this bottleneck is necessary for
the development of a food- or pharmaceutical-grade production process. It is also
worth mentioning that in 2015 the U.S. FDA granted approval for 2-fucosyllactose,
one of the most abundant human milk oligosaccharides, produced by bacterial
fermentation, to be used as an ingredient in infant and toddler formula (see https://
www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=571). This  was
followed by European approval in 2017.


https://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=571
https://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=571
https://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=571
https://www.accessdata.fda.gov/scripts/fdcc/?set=GRASNotices&id=571
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4 Bioengineering of Exopolysaccharides in Bacteria

Many exopolysaccharides produced by bacteria have significant commercial value
[25], the most widely studied of which are listed in Table 1. Some of these polymers
occur naturally in bacteria, and others have been engineered via heterologous gene
expression, particularly in cases where the original source or isolation method was
undesirable. One example is HA, an extremely hydrophilic polymer of alternating
-p-glucuronic acid and p-b-N-acetyl-glucosamine residues that is a desirable mate-
rial in medicine and cosmetics because of its high water retention capacity and lack
of toxicity. Initially, this polysaccharide was purified from rooster combs, although
the majority of production is now achieved via microbial fermentation [26]. Native
bacterial production of HA was first achieved from Streptococcus zooepidemicus
[27] but, because of co-production of the streptolysin exotoxin, recombinant pro-
duction remained a priority. Indeed, recombinant HA was eventually achieved using
the host organism Bacillus subtilis [28] and subsequently E. coli [29]. Such
approaches achieve yields of ~10 g/L, which is thought to be near the production
limit because of the effect of the exopolysaccharide on the viscosity of the growth
medium [29]. Key advances have come instead in the area of polymer length
regulation, allowing for better control of physiochemical properties, and achieved
largely through metabolic engineering and tighter control of the availability of the
precursor nucleotide sugars [30].

In other cases, such as the commercially valuable xanthan, metabolic engineering
has enabled yields of up to 50 g/L, also thought likely to be the highest level feasible
for bioreactor processing [31]. Further increases require additional engineering
strategies to alter the molecular structure of the polysaccharide and reduce the
resulting viscosity via modifications such as limiting polymer length or altering
the degree of acylation or pyruvylation of a compound [25]. Bacterial production
also offers unprecedented levels of purity when compared to extraction methods
from other sources — for example, cellulose free from the common plant contami-
nants lignin and hemicellulose [32]. Furthermore, with the growing understanding of
the pathways behind bacterial synthesis of such exopolysaccharides and recent
advances in bioinformatics and systems biology, it may soon be possible to engineer
bacteria to produce entirely novel polysaccharides with useful chemical properties.
Indeed, a metabolic engineering approach was recently used to synthesize a variant
form of cellulose containing a proportion of N-acetylglucosamine (GlcNAc) mono-
mers in addition to the usual glucose. This modification resulted in the production of
a biopolymer that is far more readily biodegradable than the standard form [33].
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Table 1 Extensively studied bacterial exopolysaccharides: composition, sources and uses

EPS Components | Organism Main applications®
Cellulose Glucose Gluconacetobacter xylinus Foods (indigestible fiber)
Wound healing
Engineered blood vessels
Audio speaker
diaphragms
Xanthan Glucose Xanthomonas campestris Foods
Mannose Petroleum industry
Glucuronic Pharmaceuticals
acid Cosmetics and personal
Acetate care products
Pyruvate Agriculture
Alginate Guluronic Pseudomonas aeruginosa, Azoto- | Surgical dressings
acid bacter vinelandii Wound management
Mannuronic Controlled drug release
acid
Acetate
Gellan Glucose Sphingomonas paucimobilis Foods
Rhamnose Pet food
Glucuronic Pharmaceuticals
acid Agar substitute
Acetate
Glycerate
Dextran Glucose Leuconostoc mesenteroides Foods
Blood volume expander
Chromatographic media
Curdlan Glucose Agrobacterium tumefaciens, Foods
Alcaligenes faecalis Pharmaceuticals
Heavy metal removal
Concrete additive
Hyaluronic Glucuronic S. zooepidemicus, B. subtilis Medicine
acid acid Solid culture media
GlcNAc
Succinoglycan | Glucose Sinorhizobium meliloti Food
Galactose Oil recovery
Acetate
Pyruvate
Succinate
Levan Fructose B. subtilis, Zymomonas mobilis Food (prebiotic)

Medicines
Cosmetics

4Summarized from [25]

5 Bioengineering of Intracellular and Cell-Associated
Polysaccharides in Bacteria

The most widely manipulated cellular polysaccharide biosynthesis system is prob-
ably the LPS pathway (Fig. 2), in part because of the significance of this polysac-
charide in pathogenesis, but also because of the conserved mechanistic nature of the
pathway combined with the highly variable glycan structures produced.
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Outer core
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GTases NMP/NDP
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Fig. 2 LPS biosynthesis. Multiple glycosyltransferases (GTases) transfer NDP-sugars to the
nascent oligosaccharide to form an O-antigen repeat unit on Und-PP in the cytoplasm of the cell.
The completed oligosaccharide is transported across the inner membrane by the flippase, Wzx, and
multiple repeat units are joined together by the polymerase enzyme Wzy to form the completed
O-antigen portion of the LPS. The structure shown is representative and does not indicate a specific
serotype. Simultaneously, the LPS core, comprising lipid A, and the inner and outer core sugars are
assembled in the cytoplasm. The inner core consists of two or three Kdo monosaccharides (diamond
shapes) which are added during synthesis of the lipid A molecule, and three heptose sugars
(heptagon shapes) which are added by the sequential action of three GTases. The outer core
shown is an R1 structure, consisting of three glucose and two galactose residues (hexagons), and
is assembled by the sequential action of a further five GTases. The completed LPS core is
transported across the inner membrane by the ABC transporter MsbA. The O-antigen repeat unit
is removed from the Und-PP membrane anchor and attached to the first galactose on the R1 outer
core by the ligase enzyme Waal.. The entire LPS structure is then extracted from the inner
membrane and transported across the periplasm and through the outer membrane to the extracellular
face by the Lpt protein complex, where lipid A becomes a component of the outer face of the outer
membrane with the polysaccharide displayed on the surface of the cell

The tendency for genes responsible for production of a bacterial polysaccharide
to be organized as a single, continuous operon, especially in the case of O-antigens
and CPS, has greatly facilitated the transfer of polysaccharide coding loci from their
native species into a heterologous host, typically E. coli. Early methods generally
centered on the generation of a cosmid library from fragmented genomic DNA,
followed by screening of individual cosmids at the genomic or phenotypic level to
locate clones conferring production of the polysaccharide of interest. This approach
has been used to produce a variety of O-antigens from Gram-negative organisms
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including Pseudomonas aeruginosa, Salmonella typhimurium, and Yersinia
enterocolitica in an E. coli strain background [34]. A similar approach has also
been used for the production of CPS from the Gram-positive organism Streptococ-
cus pneumoniae in the Gram-positive host Lactococcus lactis [35]. Cloning of
sequenced, annotated polysaccharide biosynthetic loci has enabled production in
E. coli of polysaccharides from diverse Gram-negative species such as Bukholderia
pseudomallei [36] and Francisella tularensis [37]. A further advance was the recent
demonstration that various CPS structures from the Gram-positive bacterium
S. pneumoniae could be produced in a Gram-negative host, namely E. coli, using
the en bloc transfer of the entire CPS coding locus [38, 39]. The recombinant CPS
structures are produced essentially as an O-antigen in E. coli, and some features of
processing appear to be borrowed from the host, including the action of the
O-antigen ligase Waal in attaching the polymerized polysaccharide to the outer
core on lipid A, and subsequent transport to the outer surface of the cell. These
findings demonstrated an unexpected cross-compatibility between systems from two
disparate sources, and highlighted the mechanistic similarity of CPS biosynthesis in
Gram-positive bacteria and O-antigen biosynthesis in Gram-negative bacteria.

The wide availability of whole-genome sequences and a thorough understanding
of the mechanisms behind bacterial polysaccharide biosynthesis have recently led to
a more informed approach to the production of heterologous polysaccharides. A
recent study produced two different Staphylococcus aureus CPS structures by
expressing combinations of P. aeruginosa and S. aureus glycosyltransferases in
E. coli, with sugar precursors provided by a combination of P. aeruginosa enzymes
along with native enzymes in the E. coli host. The resulting glycans were confirmed
by MALDI-TOF/TOF tandem mass spectrometry analysis as having the same
structure as the native CPS, and were recognized by capsular serotype-specific
typing antiserum [40]. Hence, bacterial glycosyltransferase enzymes may be
regarded as modular entities defined only by function, opening up a new approach
to polysaccharide bioengineering in host species such as E. coli. This insight also
facilitates the engineering of bacterial glycans in cases where information regarding
the biosynthesis of a target polysaccharide (and/or its intermediates) is incomplete or
incompatible with further processing as a result of assembly on a lipid other than
Und-PP. For example, the Vi polysaccharide of Salmonella enterica serovar Typhi is
currently licensed as a purified polysaccharide vaccine for typhoid fever, but repre-
sents an interesting candidate for further development as a glycoconjugate. Unfor-
tunately, recombinant production of this polysaccharide is challenging because the
lipid on which it is assembled in the native host is not currently known. To
circumvent this issue, Wetter et al. modified the E. coli O121 O-antigen, a structure
well-known to build on Und-PP, to resemble the Vi polysaccharide. Following
transfer of the resulting Vi-like polysaccharide to a carrier protein, a glycoconjugate
was produced that elicited antibodies immunoreactive with E. coli O121 LPS [41].
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6 Bioengineering of Eukaryotic Polysaccharides on the LPS
Core in Bacteria

The ability to expand the bacterial polysaccharide production system to engineer
structures beyond prokaryotic polysaccharides is crucial if this approach is to
become broadly applicable and useful. Several human-like glycans have been
assembled on a truncated LPS outer core structure. Typical mutations involve the
disruption of the second glycosyltransferase enzyme of the outer core, resulting in an
intact lipid A molecule, coupled to a complete inner core structure, but with only a
single glucose residue from the outer core added to the second heptose residue of the
inner core (see Fig. 2). This exposed glucose then becomes the attachment site for
recombinant glycans, and the Lpt export system translocates the resulting LOS
structure to the surface of the cell, ensuring the recombinant glycan is exposed [42].

The human glycosphingolipid globotriaosylceramide (Gbs) is the receptor for
Shiga-toxin (Stx), a potent ABs toxin produced by pathogenic species such as
Shigella dysenteriae and E. coli O157. This receptor is composed of a trisaccharide,
Gal(a1-4)Gal(p1-4)Glc, and is present on many eukaryotic cell types, but is found
at highest concentrations in renal tissue and in microvascular endothelial cells
[43]. An analogous structure to the Gbs receptor is produced by Neisseria spp. as
a component of LOS and is representative of a common strategy used by mucosal
pathogens whereby surface display of host glycan epitopes aids immune evasion
[44]. Expression of the glycosyltransferases LtxC from Neisseria meningitidis, and
LtxE from Neisseria gonorrhoeae in E. coli resulted in the production of a novel
LPS-associated Gbs polysaccharide structure. When administered to mice, the
engineered E. coli were found to protect against challenge with a Shiga-toxin
producing E. coli (STEC) strain, suggesting an effective molecular mimic of the
toxin binding site had been recreated that sequestered the secreted toxin [43]. An
analogous approach has been used to engineer E. coli cells that express molecular
mimics for other receptors implicated in bacterial toxin binding -
globotetraosylceramide (Gb,) and the gangliosides GM; and GM, [45, 46]. These
engineered bacterial strains have also proven efficacious in animal models for the
treatment of toxin-associated bacterial infections such as cholera and STEC.

A similar approach was used to produce the ganglioside GM; epitope, NeuNAca
(2,3)Galf(1,4), as an attachment to the exposed glucose residue of truncated lipid A
[47]. This feat was accomplished by expressing the Neisseria enzymes SiaB, a
CMP-sialic acid synthetase, together with the galactosyltransferase LgtE and the
sialic acid transferase Lst, which together generated a GMj3-like structure that was
displayed on the surface of the cell. This strain may be useful for investigating the
effects of sialic acid-containing bacterial LOS structures and their role in develop-
ment of post-infection autoimmune diseases such as Guillain-Barre syndrome. Other
human-like glycans with a role in bacterial attachment have also been expressed in
E. coli, including fucosylated oligosaccharides: the blood group H, Lewis X (Le™)
and Lewis Y (Le") antigens [48], and poly-N-acetyllactosamine [49]. Fucose is a
common component of human glycans, and is thought to play a role in the binding of
various pathogenic bacteria including P. aeruginosa and C. jejuni, and it is
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envisioned that these strains may prove useful for studying specific bacterial inter-
actions with human receptors, as well as revealing the design of competitive
inhibitors for novel probiotic-based therapies.

A further example of a eukaryotic glycan that may also be produced as a bacterial
mimic is polysialic acid (PolySia), a linear homopolymer of «-2,8-linked sialic acid
residues. In humans this glycan is most notably found as an elaboration of the
N-linked glycan on neural cell adhesion molecule (NCAM), but is also expressed
by E. coli K1 and N. meningitidis group B as the K1 capsule and CPS A, respectively
[50]. Because of its occurrence on these pathogens as well as its enhanced expression
on some malignant tumors [51, 52], PolySia represents an intriguing target for
vaccine or therapeutic antibody development. By expressing a combination of
glycosyltransferases from N. gonorrhoeae, C. jejuni, and E. coli, Valentine and
co-workers were able to produce PolySia directly on the LPS core of an E. coli strain
not normally capable of synthesizing this structure. Interestingly, where the afore-
mentioned GM; production study supplied NeuAc via the growth medium and relied
on a single synthetase enzyme to convert the sugar into the nucleotide activated form
CMP-NeuAc [47], the authors reconstituted the entire biosynthesis pathway capable
of converting the readily available housekeeping sugar UDP-GIcNAc into
CMP-NeuAc [53], highlighting the flexibility and versatility of bacteria as hosts
for glycoengineering.

7 Bioengineering of Eukaryotic Polysaccharides
on the Lipid Anchor Und-PP in Bacteria

Because direct conjugation to the LPS core is not always possible or desirable,
alternative sites for polysaccharide assembly have also been explored, such as the
common lipid anchor Und-PP. In E. coli K-12, the ECA and O-antigen biosynthesis
pathways involve installation of a GlcNAc residue on Und-PP by an initiating
glycosyltransferase called WecA. By introducing glycosyltransferases from the
Haemophilus influenzae LOS biosynthesis pathway that were capable of modifying
this Und-PP-linked GlcNAc in the recombinant system, a tetrasaccharide resembling
the Le* antigen (minus the fucose residue) was assembled on Und-PP [54]. The use
of this lipid as a carrier enabled subsequent conjugation of the glycan to a protein
using an oligosaccharyltransferase-mediated mechanism that is described in greater
detail below. To complete the Le™ structure, the purified glycoconjugate was
subjected to in vitro enzymatic elaboration to add the fucose residue [54]. The use
of engineered bacteria to produce Le™ containing glycoproteins is significant
because these proteins are known to function as immunomodulatory molecules
[55-57], and have been shown to ameliorate symptoms associated with autoimmune
disorders in animal models [58].

Another human-like glycan produced in a similar manner is the Thomsen—
Friedenreich antigen (T antigen), a Galp1-3GalNAc disaccharide. Valentine et al.
[53] used UndPP-linked GIcNAc as a primer for producing the T antigen disaccha-
ride. This was accomplished by addition of two heterologous glycosyltransferases
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and a nucleotide sugar epimerase to ensure availability of the required substrate
UDP-GalNAc. Because T antigen is overexpressed on a number of malignancies,
including breast, colon, prostate, and stomach cancers [59], recombinant biosynthe-
sis could yield highly immunogenic glycoconjugates that elicit antibodies against
this important glycan epitope.

A final example of engineering human-like glycans in a bacterial host involved
the bottom-up creation of a eukaryotic N-glycan biosynthesis pathway. Specifically,
the conserved core of all human N-glycans, the oligosaccharide Man3GIcNAc,, was
successfully produced on Und-PP by co-expression of four eukaryotic
glycosyltransferases, including the yeast uridine diphosphate-GIcNAc transferases
Alg13 and Alg14 and the mannosyltransferases Algl and Alg2 [60]. By including a
bacterial oligosaccharyltransferase PgIB from C. jejuni, glycans were successfully
transferred to eukaryotic target proteins as discussed below. The Man3;GlcNAc,
structure has been shown to be the minimal structure required for efficacy of a
glycoprotein therapeutic [61], and is the predominant glycoform conjugated to
proteins expressed in a baculovirus host system. Furthermore, as the conserved
core of human N-glycans, this structure has enormous potential as a precursor for
further modification, either in vivo or in vitro.

8 Glycoprotein Expression in Bacterial Hosts: Current
Applications and Future Opportunities

The above findings demonstrate the remarkable versatility of bacterial systems for
the biosynthesis of a vast array of carbohydrate structures. However, to exploit the
full potential of carbohydrates, it is often necessary to conjugate these structures to
additional biomolecules such as proteins. Two different mechanisms are responsible
for making the majority of proteins that become covalently modified with sugar
molecules (i.e., glycoproteins). These mechanisms are defined based on the amino
acid residue onto which the glycan is installed. In N-linked glycosylation, the glycan
is attached to the nitrogen atom of an asparagine residue, whereas in O-linked
glycosylation the sugar moiety is attached to the oxygen atom of either a serine or
a threonine side chain. Although both types of glycosylation were long believed to
occur exclusively in eukaryotes, multiple bacterial machineries for the generation of
both types of modifications have been discovered over the last 15 years. These
bacterial glycosylation systems, or hybrids thereof, have opened the door to using
bacteria for the production of two important classes of glycoproteins —
(1) glycoconjugate vaccines, whereby immunogenic carbohydrates from pathogens
including bacteria and viruses are linked to proteins and (2) therapeutic proteins that
are glycosylated in their natural form and require modification for full function, for
example, monoclonal antibodies.

Glycoconjugates are amongst the most successful vaccines generated to date,
eliciting a robust T-cell-dependent immune response and conferring protection
across all age groups [62]. For three important bacterial pathogens in particular,
H. influenza type B (Hib), S. pneumoniae, and N. meningitidis, glycoconjugates have
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proven to be highly effective in countries where they have been introduced
[63, 64]. The standard production method for these conjugates involves the separate
generation and purification of the protein and the carbohydrate moiety, chemical
activation thereof, and conjugation as well as subsequent purification of the resulting
glycoprotein [65]. Even though it is an established and accepted method, there are
several drawbacks to this approach. First, it requires culturing large volumes of a
pathogenic species of interest for the generation of the native carbohydrate, followed
by harvesting and purification of the carbohydrate. Depending on the biosafety level
of the species of interest, as well as the ease of culturing, this step can present a major
hurdle regarding the expansion of the technique to novel pathogenic species. Sec-
ond, the activation and chemical conjugation steps required to couple the glycan to
the carrier protein can be technically challenging and inefficient, resulting in low
yields, as well as a heterogeneous population of glycoproteins with different num-
bers of target glycans attached at different locations throughout the protein. There-
fore, alternative methods for generating glycoconjugates that overcome some of
these limitations are desired.

In addition to glycoconjugate vaccines, many proteins of therapeutic interest are
also glycoproteins. In fact, 70% of therapeutic proteins approved by regulatory
agencies or currently in clinical and preclinical trials are decorated with glycans in
their native form [66]. Historically, this has limited the use of E. coli to proteins and
peptides not natively glycosylated, such as insulin and homologues thereof, or to
those that are natively glycosylated but are functional without the addition of the
glycan moiety, such as human growth hormone (hGH) and interferon a [67]. It
should be pointed out that these proteins often require additional post-translational
modifications such as the addition of polyethylene glycol (PEG) to increase serum
half-life [68]. Although some notable breakthroughs have been made [60], the
routine use of E. coli as a production platform for therapeutic glycoproteins and
glycopeptides requires further engineering of glycosylation pathways in this host.

9 N-Linked Glycoprotein Expression in Bacteria

The discovery of an N-glycosylation machinery in the human intestinal bacterial
pathogen C. jejuni [12] and the subsequent functional transfer of the complete
machinery into the more tractable species E. coli [14] demonstrated for the first
time that bacteria could be an alternative source of recombinant N-glycoproteins.
Subsequent studies showed that a single enzyme, an oligosaccharyltransferase
named CjPgIB (PgIB from C. jejuni), was responsible for transferring the glycan
to the acceptor protein. Interestingly, this enzyme was shown to share sequence
homology with the STT3 catalytic subunit of the eukaryotic
oligosaccharyltransferase enzyme complex [14]. A functional study of the genes
within the glycosylation locus demonstrated that the substrate glycan was assembled
on the lipid carrier Und-PP [69], in a fashion similar to the O-antigen biosynthesis
pathway present in many Gram-negative species of bacteria [70]. It was further
demonstrated that the CjPgIB enzyme possesses remarkably relaxed glycan substrate
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Fig. 3 Recombinant protein glycosylation in E. coli using the bacterial oligosaccharyltransferase.
Co-expression of three components is required for recombinant glycosylation in E. coli: (1) the
glycan biosynthetic locus for the production of the carbohydrate of interest on the lipid carrier
undecaprenol pyrophosphate; (2) the oligosaccharyltransferase (e.g., CjPgIB); and (3) the acceptor
protein of interest that has been engineered with a signal peptide for export into the periplasm and an
acceptor sequon (e.g., D/E-X-N-X,-S/T, where X can be any amino acid except proline) for
glycosylation by the oligosaccharyltransferase. Sequons can be engineered into an exposed, flexible
loop or at either the N- or the C-terminus of the protein. The glycoprotein can then be purified from
the bacterial cells using standard methods

specificity. That is, in addition to its native substrate oligosaccharide — a
heptasaccharide glycan with the structure diNAcBacGalNAcsGlc [71] — the enzyme
was also able to recognize much larger polysaccharides such as structurally different
bacterial O-antigens and transfer these to proteins [15]. Around the same time, a five
amino acid glycosylation sequon for CjPgIB was discovered [16], which could be
engineered either into flexible secondary structures within a protein [16] or at either
the N- or the C-terminus [72]. Altogether, these studies provided the requisite
ingredients for making customized recombinant bacterial glycoproteins, where
potentially any protein of interest could be modified with any glycan moiety at a
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desired position by co-expression of CjPgIB, the glycan of interest assembled on
Und-PP, and the desired acceptor protein modified to contain one or more glycosyl-
ation sequon(s) (Fig. 3).

10 Customized N-Glycoproteins Produced Recombinantly
in E. coli

To date, the predominant class of glycoproteins produced using the above compo-
nents consists of conjugates in which bacterial surface glycan structures are site-
specifically linked to immunogenic carrier proteins. In the majority of published
cases, the glycans are O-antigen polysaccharides built on Und-PP (see above for
in-depth discussion of the different methods used for the recombinant production of
these structures) and installed on the carrier protein by CjPgIB. Table 2 summarizes
the glycoconjugate vaccine candidates generated and tested to date. Although
multiple studies have demonstrated the generation of specific, and potentially pro-
tective antibody responses against E. coli-derived glycoconjugate vaccine candi-
dates, it is particularly noteworthy that two have been successfully tested in Phase I
trials. The first is a conjugate vaccine candidate against S. dysenteriae type 1 com-
posed of the O-antigen glycan coupled to the exotoxin A of P. aeruginosa (EPA).
Testing of this vaccine candidate in healthy adults at two different doses with or
without co-adminstration of adjuvant revealed it to be well-tolerated and capable of
eliciting statistically significant antigen-specific humoral immune responses [74]. A
second conjugate vaccine candidate comprised of the Shigella flexneri 2a O-antigen
conjugated to EPA was also tested in healthy adults, with similar results regarding
tolerance and immunogenicity [77]. Hence, recombinant production of
glycogonjugates in E. coli appears to be a promising alternative to the traditional
methods used for biomanufacturing conjugate vaccines.

Glycoconjugate proteins produced recombinantly in E. coli have found uses in
other applications as well. For instance, bacterial glycoconjugates have been suc-
cessfully used as diagnostic tools for human and bovine brucellosis [81, 82] as well
as for the Shiga-toxin-producing E. coli serotypes O157, O145, and O121
[83]. Additionally, Shang and co-workers generated a glycoconjugate comprised
of the maltose binding protein (MBP) and the E. coli O86:B7 O-antigen, which bears
structural similarity to the blood group B antigen epitope. This glycoconjugate
functioned as a ‘molecular sponge’ to lower the levels of blood group B antibodies
in plasma without negatively affecting the clotting function of the plasma [84].

Although there is a great deal of promise for glycoconjugates where the sugar
moiety is derived from an immunogenic bacterial glycan, these types of glycans are
not useful in applications where the goal is to install native, eukaryotic glycans onto
therapeutic proteins. Several attempts have been made to leverage the bacterial
protein glycosylation machinery for the generation of glycoproteins carrying mam-
malian glycans. Perhaps the most notable example is Valderrama-Rincon et al. [60]
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who demonstrated the complete recombinant assembly and transfer to protein of the
eukaryotic N-linked core glycan GIcNAc,Manj (see above for description of the
approach used for biosynthesis of the glycan). Transfer of the GIcNAc,Man; glycan
to asparagine residues in several different target proteins including the Fc domain of
human immunoglobulin G (IgG) was achieved with CjPglB which, as mentioned
above, has fairly relaxed specificity toward the glycan substrate. One can imagine an
extension of this glycan, either in vivo or potentially in vitro, to generate additional
structures found in mammalian N-glycans. It should be pointed out that, despite
successful eukaryotic protein glycosylation, the yield of glycosylated proteins in this
seminal report was reported to be ~50 pg/L, which amounted to only a small fraction
(<1%) of each expressed protein under the conditions tested [60]. It was proposed
that increasing these levels would likely require, among other things, strategies for
relieving enzymatic and metabolic bottlenecks and/or optimizing the glycosylation
enzymes. Indeed, a flow cytometric approach was recently used to optimize pathway
enzyme expression in a manner that resulted in enhanced production of lipid-linked
ManzGIcNAc, [85]. In turn, the yield of glycosylated acceptor proteins produced by
these optimized strains appeared to be very efficient, with nearly 100% of the
acceptor protein undergoing conversion to the glycosylated form. Moreover, yields
of ~14 mg/L were achieved in the best cases, representing an improvement of two
orders of magnitude compared to our earlier report, and rivaling the yield (25 mg/L)
reported for E. coli-based production of carrier proteins glycosylated with bacterial
polysaccharides [73].

In an alternative approach, post-processing of a purified pre-form of the
glycoconjugate outside of the bacterial cell can be performed to generate the final
product. For instance, the same GIcNAc,Manj glycan structure was installed on a
protein by a combination of recombinant in vivo glycosylation of the protein with
the Campylobacter lari heptasaccharide glycan, GalNAcsGlcNAc, followed by
in vitro enzymatic trimming of the glycan down to a single GIcNAc residue, and
finally transglycosylation of the trimmed glycan with a preassembled Man;GIcNAc
sugar to obtain the final structure [86]. However, for large-scale production, the cost
burden of cGMP-compliant precursors for the transglycosylation reaction likely
limits the applicability of this approach.

A similar combined method of in vitro and in vivo glycosylation and modification
was used to install the blood group antigen Le* on a protein [54]. The recombinantly
expressed tetrasaccharide GalNAc,Gal, was produced on Und-PP in E. coli and this
glycan was subsequently transferred in vivo to an acceptor protein using CjPgIB.
Following purification, in vitro fucosylation was performed to yield the final Le*
glycan on the protein. Although these combined in vivo and in vitro methods of
glycoprotein biosynthesis are potentially less applicable to large scale production of
glycoproteins, they nevertheless expand the range of glycan modifications on pro-
teins, which may be beneficial for the generation of glycoproteins carrying sugars
that are potentially too challenging for the expression and transfer in vivo alone.
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11 Expanding Glycosylation Through Identification
of Alternative Oligosaccharyltransferases

Although CjPglB remains one of the best-characterized bacterial
oligosaccharyltransferases, there are two main limitations that restrict its use for
the coupling of designer glycans to acceptor proteins. First, compared to the canon-
ical eukaryotic glycosylation sequon, N-X-S/T (where X can be any amino acid
except proline), used by eukaryotic oligosaccharyltransferases, CjPglIB requires an
extended sequon (D/E-X;-N-X,-S/T) for the attachment of glycans to proteins
[16]. One consequence of this requirement is that, at a minimum, these five amino
acids need to be engineered into the protein of interest either by addition of the
residues as a terminal or internal tag or by changing of a native stretch of amino acids
to render it a substrate for glycosylation. If these modifications are added to either of
the termini, it can be speculated that this does not have a major impact on the overall
structure and function of the protein. However, it may be desirable to engineer the
site of glycan attachment into the protein, in which case these modifications may
interfere with protein folding and/or function. Another consequence is that native
N-glycoproteins of mammalian origin need to have their shorter sequons extended to
include a D or E in the —2 position to be glycosylated by CjPgIB. It should be noted
that the need to extend sequons in this manner may change the properties and
immunogenicity of the modified protein.

To address this limitation, several groups have used bioinformatics to identify
orthologues of CjPgIB, which were then functionally characterized in glyco-
competent E. coli cells [87-91]. From these studies, oligosaccharyltransferases
were identified from two species of Desulfovibrio that did not require the negatively
charged amino acid at position —2 and were therefore able to glycosylate the shorter
eukaryotic N-X-S/T sequon [87, 90]. Of these, only the PglB orthologue of
Desulfovibrio gigas was able to modify the native QYNST sequon in the Fc domain
of human IgG [90], suggesting that additional factors govern acceptor-site specificity
and must be satisfied to allow for the installation of glycans onto shorter eukaryotic
sequons. Additionally, the orthologue from Desulfovibrio desulfuricans showed
markedly lower efficiency in transferring the E. coli O7 O-antigen polysaccharide
[87], suggesting that this enzyme may not be as flexible as CjPgIB regarding the
glycan structure. As no other polysaccharides were tested as substrates for the
D. desulfuricans PgIB, it is unclear whether the low efficiency of transfer of the
O7 O-antigen is specific to this substrate or an inherent property of the enzyme. The
ability of the orthologues from Desulfovibrio vulgaris and D. gigas to transfer mono-
and polysaccharides was not tested, so it remains unclear whether these enzymes
may be useful in the generation of custom glycoconjugates.

In parallel with the functional characterization of CjPgIB orthologues, a directed
evolution approach has been applied to CjPgIB with the goal of relaxing the
acceptor-sequon specificity. Using the crystal structure of the closely related PglB
enzyme of C. lari [92] as a guide, combined with a high-throughput genetic screen
using a secreted acceptor protein, a library of CjPgIB mutants was screened for the
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ability of the enzyme to glycosylate non-canonical acceptor protein sites [93]. This
screen identified three CjPgIB variants that no longer required the negatively
charged residue at the —2 position. The three mutants glycosylated a eukaryotic
protein at its native N-X-S/T sequon, suggesting that these enzymes may be useful
for authentically glycosylating eukaryotic proteins and peptides. Although the
glycan specificity was not specifically tested, the fact that the mutants were derived
from CjPgIB suggests that the relaxed glycan specificity of the parent enzyme
remains.

A second limitation of CjPgIB is the requirement of the native enzyme for an
acetamido group at the monosaccharide that constitutes the reducing end of the
oligo- or polysaccharide [17]. Many glycans of interest do not terminate in a glycan
that conforms to this requirement, such as most capsular glycans of S. pneumoniae
serotypes that terminate in either galactose or glucose residues [94]. Although a
natural variant among the orthologues of CjPgIB enzymes from other species may
lack this requirement, evidence for this has yet to be reported. In fact, two studies
analyzing the protein N-glycan diversity within the Campylobacter genus and in one
species of Helicobacter identified exclusively sugars containing an acetamido group
at the reducing end [95, 96], suggesting that this is a shared feature among many of
the bacterial species that possess protein N-glycosylation machineries. The same
appears to be true for the sugar attached to an identified glycoprotein in D. gigas,
which was N-glycosylated with a disaccharide of GIcNAc and N-acetylallosamine
[97]. To address this issue, one study used structure-guided mutagenesis to engineer
a CjPglB variant that was able to transfer two O-antigens from S. typhimurium that
both contain non-acetylated sugars (galactose residues) at the reducing end
[98]. This work demonstrates that the glycan specificity of CjPgIB can be engineered
to a certain extent, and suggests that in the future it should be possible to transfer
virtually any glycan to any protein using modified versions of CjPgIB.

12 Alternative Routes for Bacterial Protein N-Linked
Glycosylation

A novel family of bacterial enzymes has recently emerged that may be of potential
use in bacterial glycoengineering. In contrast to the enzymes described in the
previous section, these enzymes: (1) are active in the bacterial cytoplasm, not the
periplasm; (2) use nucleotide-activated glycans instead of lipid-linked glycans as a
substrate; and (3) recognize the shorter, bacterial N-X-S/T glycosylation sequon
[99]. The first member of the family was discovered in H. influenzae and was shown
to be involved in the glycosylation of the high molecular weight adhesin protein
HMWI1 [11]. The glycans attached to the adhesin protein were identified predomi-
nantly as hexose sugars, and glycosylation of the adhesin protein was demonstrated
to be important for correct secretion of the adhesin as well as adhesion of the bacteria
to airway epithelial cells [100]. Further members of the family have been identified
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in several other species of bacteria [99], and in vitro experiments confirmed activity
of the orthologues from Y. enterocolitica and Actinobacillus pleuropneumoniae
[101]. The preferred substrate for the A. pleuropneumoniae enzyme (termed
ApNGT) was demonstrated to be UDP-Glc [101], and a downstream gene was
shown to encode a glycosyltranferase enzyme that was able to extend the Glc moiety
installed by ApNGT with further Glc residues. Additionally, when expressed in
E. coli, ApNGT was shown to glycosylate recombinantly co-expressed auto-trans-
porter proteins from the same species (the enzyme’s native substrate), as well as
co-expressed human erythropoietin (EPO) and several native E. coli proteins
[102]. A polypeptide modified with a glucose moiety by ApNGT was also success-
fully elaborated through in vitro transglycosylation mediated by endoglycosidase
enzymes [103]. This suggests that ApNGT and other enzymes from this family may
be useful tools for installation of a priming glucose residue on proteins of interest,
followed by either in vitro or in vivo elaboration of the glycan. It can also be
imagined that directed evolution of the enzyme from this family may allow for the
modulation of the carbohydrate specificity in a similar way to CjPgIB.

13 Customized O-Glycoproteins Produced Recombinantly
in E. coli

In addition to the bacterial N-glycosylation mechanisms discussed above, pathways
that lead to the modification of serine or threonine residues (O-linked glycosylation)
have also been identified in several bacterial species. These mechanisms are more
commonly found in bacteria than their N-glycosylation counterparts [104], and are
currently being pursued for recombinant protein glycosylation. The following sec-
tion highlights similarities and differences between the N- and O-linked pathways.
Over the last decade, O-glycosylation machineries that share mechanistic simi-
larities with the N-glycosylation pathways described above have been identified and
characterized in several bacterial species [104]. It was initially observed that the type
IV pilus subunit protein PilA in P. aeruginosa strain 1244 was modified with a
glycan in a manner dependent on the product of the gene adjacent to pilA named
PilO/TfpO [10]. A similar machinery was identified in N. meningitidis, whereby
deletion of a gene termed pgIL led to the loss of a carbohydrate moiety from the pilus
subunit protein PilE [105]. Interestingly, both the P. aeruginosa PilO/TfpO and the
N. meningitidis PgIL proteins showed homology to O-antigen ligase proteins that are
involved in transfer of the O-antigen subunit from the lipid carrier Und-PP onto the
lipid A moiety during LPS biogenesis [106]. This suggested that these enzymes may
use Und-PP-linked glycans as substrate. Analysis of the glycan structure present on
P. aeruginosa PilA showed the presence of a single O-antigen repeat unit, further
strengthening the hypothesis that Und-PP-linked glycans may be the substrate for
this enzyme family [107]. When PilO/TfpO and PilA from P. aeruginosa (or PgIL
and PilE from N. meningitidis) were recombinantly co-expressed in E. coli along
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with a Und-PP-linked oligo- or polysaccharide, transfer of the glycan to the pilin
protein was observed [108]. These results not only demonstrated recombinant
activity of this new family of bacterial O-oligosaccharyltransferase enzymes, but
also confirmed the substrate identity as Und-PP-linked glycans. Further analysis of
the glycan specificity of PglL. demonstrated a remarkable promiscuity with regards
to the glycan. Diverse glycan structures were shown to be transferred to PilE by PgIL
in vivo including structures containing a Gal residue at the reducing end such as the
S. typhimurium LT2 O-antigen and the disaccharide-pentapeptide peptidoglycan
building block, none of which are substrates for the C. jejuni
oligosaccharyltransferase CjPgIB [109]. Additionally, in vitro glycosylation exper-
iments revealed that the enzyme displayed flexibility toward the lipid carrier
[109, 110]. Altogether, these characteristics suggest that this enzyme is a very
promising tool for the generation of designer glycoproteins with O-linked sugars.

To date, however, the biotechnological use of this enzyme family has been
hampered by one major bottleneck. Unlike in the case of CjPglIB, there is a lack of
a consensus sequon for glycosylation that would allow for the ‘tagging’ of any
protein as a substrate for O-glycosylation. Analysis of the O-glycome of several
organisms that possess PgllL-like O-glycosylation systems identified multiple
glycosylated proteins, and although these helped to determine that the amino acid
residues around the glycan attachment site were rich in serine, proline, and alanine,
they did not reveal the presence of any consensus sequence [111-114]. Toward a
more universal glycosylation strategy, Qutyan and coworkers showed that a
C-terminal fusion of E. coli alkaline phosphatase with the final 15 amino acids
from the C-terminus of PilA was glycosylated by PilO/TfpO when expressed in
P. aeruginosa; however, the observed glycosylation was not very efficient
[115]. Additionally, although it has been shown that PilO/TfpO has relatively
relaxed specificity and was able to transfer multiple different serotype O-glycans
of P. aeruginosa [116], the enzyme was only able to transfer a single O-antigen
subunit both in the native organism and recombinantly in E. coli [108, 116]. Hence,
alternative PilO/TfpO O-oligosaccharyltransferases need to be identified or
engineered for transferring longer polysaccharides, which are often desirable for
glycoengineering purposes. This issue appears to have been solved recently by Pan
and co-workers [117] who reported the development and optimization of an O-
linked ‘glycosylation tag’ consisting of an eight amino acid motif flanked by two
approximately ten amino acid sequences containing mainly hydrophilic residues.
This tag was successfully fused to both the N- and C-termini of three potential
vaccine carrier proteins — the cholera toxin B subunit, exotoxin A from
P. aeruginosa, and the detoxified variant of diphtheria toxin CRM197 — and
glycosylated with two different sugars including the S. typhimurium LT2
O-antigen, which, as discussed above, is not a substrate for CjPglB. Recombinant
O-glycoproteins produced with this method were tested in a series of animal
experiments and elicited a glycan-specific antibody response [117]. The ability to
tag proteins for PglL-dependent O-glycosylation opens up this enzyme family for
biotechnological applications, in particular in cases where the glycan of interest may
not be an optimal substrate for N-glycosylation by CjPgIB.
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14 Alternative Routes for Bacterial Protein O-Linked
Glycosylation

Many bacterial species possess O-glycosylated flagellar proteins, with the glycosyl-
ation patterns ranging from a single glycan at a single site to multiple glycans
attached to different sites on the protein [118]. These glycans are installed in a
processive manner, with individual glycosyltransferases adding the glycans sequen-
tially to the protein. This mechanism is similar to the installation of O-linked glycans
in eukaryotic mucin-like glycosylation [119]. It could therefore be hypothesized that
enzymes from these machineries could potentially be used/engineered to install
mucin-like glycans on human proteins. The successful recombinant installation of
the first monosaccharide of the core of human mucin-like glycan, a GalNAc residue,
has been demonstrated in the cytoplasm of E. coli using a recombinantly expressed
human GalNAc transferase enzyme [120]. However, no further elaboration of this
priming glycan with other sugars has been demonstrated.

15 Alternative Therapeutic Bacterial Conjugates

Although some unconjugated polysaccharides are currently licensed as vaccines,
they often elicit a T-cell independent immune response stimulated by the extensive
cross-linking of receptors on the surface of B cells. As such, they are poorly
immunogenic in children less than 2 years of age and elderly patients, greatly
limiting their usefulness [121]. Although protein conjugation is the most widely
studied approach to counter this problem, the field of bacterial glycobiology is
opening up alternative approaches to boost the immunogenicity of carbohydrate
epitopes.

One such approach is based on bacterial outer membrane vesicles (OMVs), which
are small (20-200 nm) liposomes released from the outer membrane of nearly all
Gram-negative bacterial species. These vesicles are non-replicating versions of their
bacterial ‘parent’, and contain many of the same components as the bacterial outer
membrane, including membrane proteins, CPS, and LOS and LPS, as well as some
of the luminal components of the bacterial periplasm [122]. OMVs have garnered
interest as vaccine candidates because vesicles from several bacterial pathogens have
been shown to possess potent immunogenic capacities [123—125]. Intriguingly,
OMVs also appear to possess intrinsic adjuvant properties, potentially removing
the need to include adjuvants in the formulation [126, 127]. OMVs derived directly
from pathogenic N. meningitidis have been successfully incorporated into a com-
mercial vaccine formulation, the recently licensed Bexsero [128, 129]. Native
OMVs have been further engineered to carry additional immunogenic proteins,
which are recombinantly displayed on the surface of the OMV through genetic
fusion to outer membrane proteins or in the OMV lu