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ABSTRACT

The biologics sector is experiencing tremen-
dous growth worldwide and is fuelled by the
launch of a vast product range targeting mainly
cancer, autoimmune diseases and hormone/en-
zyme disorders. However, biologics are one of
the most expensive therapeutics to produce, due
to both their inherent structural complexity and
variability which challenges their manufacturing
process and requires a thorough understanding
of the product characteristics. More than one
third of therapeutic proteins are glycoproteins
such as monoclonal antibodies, cytokines, hor-
mones, growth factors, clotting factors, enzymes
as well as fusion proteins. Glycosylation is a ma-
jor post-translational modification (PTM) and a
tightly regulated critical quality parameter in the
production of therapeutic proteins. This review
includes a comprehensive overview on critical
glycosylation and production parameters of dif-
ferent classes of therapeutic glycoproteins. It hi-
ghlights the significance of protein glycosylation
in product efficacy, stability and immunogenicity
as well as in the development and regulation of
follow-on biosimilar products which are set to
vastly transform the biologics market in the co-
ming decade.
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INTRODUCTION

Since the introduction of recombinant DNA
technologies in the 1980’s the biologics market
has experienced rapid growth including the suc-
cessful launch of a vast variety of products such
as cytokines, hormones, enzymes, fusion pro-
teins and monoclonal antibodies (mAbs). By 2018
biologics are forecasted to account for one quar-
ter of all drug expenses worldwide . However,
despite their growing demand, biologics are one
of the most expensive pharmaceutical drugs.
Biopharmaceuticals are structurally complex
molecules and more than one third of approved
biopharmaceuticals are glycoproteins. Glycosyl-
ation is the most abundant and most structurally
diverse post translational modification (PTM).
Other features include amidation, sulfation, hy-
droxylation and carboxylation in proteins 2. Pro-
tein glycosylation in the ER and Golgi results in
a complex set of N- and/or O-glycans conferring
significant micro- and macro-heterogeneity to
the molecule 3. Representative N- and O-glycans
are represented in Figure 1.
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Figure 1. Representative N- and O-glycan structures. Complex-type N-glycans (1) are the most abundantly present
N-glycan type on therapeutic glycoproteins.

Figure 1. Representative N- and O-glycan structures. Complex-type N-glycans (1) are the
most abundantly present N-glycan type on therapeutic glycoproteins. These N-glycans can be
a-galactosylated [GO] (i), mono-galactosylated [G1] (ii), di-galactosylated [G2] (iii), tri-galactosylated
[G3] (not shown) and tetra-galactosylated [G4] (iv), core-fucosylated (iii, iv) and sialylated (ii, iv) and
can carry up to four antennas (iv). N-glycans of high-mannose type (2) and hybrid type (3) are generally
less frequent. O-glycans on therapeutic proteins are mainly of the core 1 type (4). O-glycans can be
additionally extended by Gal-GlcNAc repeats and modified by sialylation, fucosylation, sulphatation,
methylation, or acetylation.Glycans are represented using the Oxford symbol nomenclature 113
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N-glycans are typically composed of a core
pentasaccharide unit (Man3GIcNAc2) which
is linked via a chitobiose (GIcNAc2) to an
asparagine (Asn) residue on the Asn-X-Ser/
Thr-protein (serine/threonine) consensus
sequence. Pharmaceutical glycoproteins
produced in mammalian cell expression
systems predominantly carry multi-antennary
complex-type N-glycans which can be core-
fucosylated and sialylated *. O-glycans on
pharmaceutical glycoproteins are mainly of the
core 1 type [Gal(B1,3) GalNAc] and are attached
to the glycoprotein via a Ser/Thr residue >°. The
glycosylations macro- and micro-heterogeneity
of proteins can significantly influence product
efficacy and immunogenicity and is highly
dependent on cell culture and manufacturing
conditions and thus, the glycosylation of
biopharmaceuticals presents an important
quality and safety parameter. The manufacturing
process of biologics is therefore challenging,
expensive and time-consuming and can take up
to 15 years from the pre-clinical phase until final
market approval. Regulatory frameworks require
the demonstration of proper glycosylation within
acceptable variation limits and require the
integration of strict and detailed quality control
parameters into the manufacturing process /.

The recent approval of the first biosimilar
antibodiesin Europe represents a major landmark
in the young history of biologic therapeutics °.
Additionally, more than 70 mAbs are in pre-
clinical development '© which are expected to
have comprehensive market implications such
as a significant price reduction in the range of
20-30% 12, To date, a total of 18 biosimilars
within the product classes of human growth
hormone, granulocyte colony-stimulating factor
(GCSF), erythropoietin (EPO) and TNF-inhibitor
have already been approved for use in the EU 13,
Biosimilars can be defined as follow-on products
of an innovator biopharmaceutical for which the
patent has expired. The approval of biosimilars
follows an abbreviated regulatory pathway
but comprehensive comparability studies are
required as laid out in guidelines issued by the
FDA and EMA 15, Due to the complex nature of
biologics and the manifold influences during the
production process an absolute similarity cannot

14

be reached. Therefore an extensive dataset
derived from pharmacokinetic bioequivalence
testing and biophysical characterization is
required in order to guarantee safety and
efficacy of the biosimilar.

This review includes a comprehensive
introduction to the different classes of
therapeutic glycoproteins and includes details of
the associated critical glycosylation parameters
and critical production parameters, such as cell
lines and culture conditions. Through our own
research activities in the development of high-
throughput glycotechnology for quantitative,
detailed structural analysis of protein N-
and O-glycosylation we have gained a solid
insight into the complexity of post-translation
glycosylation and the concomitant challenges of
their analytical characterization. We also relay
interesting case-studies on the glycosylation
variability of therapeutic proteins which show
that altered glycosylation does not automatically
implicate changes in product quality and
regulatory rejection. The understanding of the
structure-function relationship is therefore a key
requirement in the production of biologics.

THERAPEUTIC PROTEINS CLASSES

Pharmaceutical glycoproteins can be sub-di-
vided into different product classes, the largest
and best selling of which are the monoclonal
antibodies. Other important biologics product
classes include glyco-engineered Fc IgG fusion
proteins, cytokines, growth factors, hormones
and enzymes.

The glycosylation heterogeneity of proteins
largely determines their therapeutic effector
function and should closely resemble human
protein glycosylation. In order to obtain a hu-
man-like glycosylation pattern most therapeutic
glycoproteins are produced in eukaryotic cell
lines, such as Chinese Hamster Ovary (CHO), my-
eloma (NSO) or hybridoma (SP2/0) 6.

Monoclonal antibodies (mAbs)

Therapeutic mAbs are recombinant immuno-
globulins (IgG) mainly of the IgG1 subtype which

have a monovalent epitope affinity to specific
antigens. Antibodies utilised in the treatment of
cancer and autoimmune diseases form the main
therapeutic areas and constitute about 80% of
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the total antibody sales in the US '. A compre-
hensive overview on mAbs and their therapeutic
use is given in Table 1.

fable 1. Commercial EMA-and APPLICATIONS PROPRIETARY
FDA-approved g.lyco§yla ted TARGET (EXAMPLES) (COMMERCIAL) NAME CELL LINE
monoclonal antibodies for

CHO

therapeutic use 114 Adalimumab
TNFa Rheumatoid (Humira®)
arthritisCrohn’s Goli b
diseaseUlcerative colitis © |mur_r1a SP2/0
(Simpoli®)
Infliximab SP2/0
(Remicade®)
Blys Systemic lupus Belimumab NSO
erythematosus (Benlysta®)
Muromonab Hybridoma
CcD3 Transplant (Orthoclone-OKT3%)
rejection Basiliximab NSO
(Simulect®)
ANTI-INFLAMMATORY IL1B Cryopyrin-associated Canakinumab SP2/0
periodic syndroms (llaris®)
IL6R Rheumatoid Tocilizumab CHO
arthritisJuvenile (Actemra®)
idiopathic arthritis
IL12/1L23 Plaque psoriasis Ustekinumab SP2/0
(Stelara®)
ad-integrin Multiple Natalizumab NS/0
sclerosisRheumatoid (Tysabri®)
arthritis
IgE Asthma Omalizumab CHO
(Xolair®)
Rituximab CHO
CD20 Non-Hodgkin’S (Rituxan®, MabThera®)
lymphomaChronic Obinutuzumab* CHO
lymphocytic G °
Ieuke_miaRheumatoid azyva
arthritis Ofatumumab NSO
(Arzerra®)
CD52 Leukemia Alemtuzumab CHO
(Campath®,
Mabcampath®)
CTLA-4 Melanoma Ipilimumab CHO
(Yervoy®)
ANTI-CANCER Trastuzumab CHO
Her2 Breast cancer (Herceptin®)
Pertuzumab CHO
(Perjeta®)
Cetuximab SP2/0
EGFR Colorectal cancer (Erbitux”)
Panitumumab CHO
(Vectibix®)
VEGF Bevacizumab CHO
(Avastin®)
CD3/EpCAM Malignant ascites Catumaxomab? CHO
(Removab®)
A-epitope of viral ~ Respiratory-Syncytial-Vi Palivizumab CHO
fusion protein rus (Synagis®)
ANTH-VIRAL B. anthracis Anthrax Raxibacumab* NSO
* protective (ABthrax®)
Not app_roved by *EMA/#FDA. antigen
mAbs withdrawn from the e .
; C5 complement Paroxysomal nocturnal culizuma NSO
market are not included ANTI-CANCER hemoglobinuria (Soliris®)
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Most therapeutic antibodies are chimeric (suf-
fix —ximab; 70% human), humanized (suffix —zum-
ab: 85-90% human) or human antibodies (suffix
—umab: 100% human). These are less immuno-
genic compared with the initially used murine
antibodies (suffix —omab: 100% mouse) 8. IgGs
are Y-shaped molecules and have a molecular
weight of approx. 150kDa. They are composed
of two “heavy” (approx. 50 kDa) and two “light”
(approx. 25 kDa) polypeptide chains intercon-
nected by disulfide bonds. The CH2 constant do-
main located on each heavy chain in the Fc region
(= dimeric base of the antibody) has a conserved
N-glycosylation consensus sequence at Asn297
(Figure 2). N-glycosylation is mandatory for
Fc-effector functions of IgG which are mainly of
anti-inflammatory nature such as the modulation
of T- and NK (natural killer cell) activity *°. One of
the key immunogenic mechanisms of antibodies
and a key element of antibodies used in cancer
therapy is their ability for Fc-receptor binding.
This antibody-receptor interaction can mediate
compliment-dependent cytotoxicity (CDC) and
antibody-dependent cellular cytotoxicity (ADCC)
and can finally result in the lysis of the target cell.
Alpha-1,6-core-fucosylation of Fc N-glycans is
a characteristic glycosylation feature of CHO cells
and largely decreases the ability of the antibody
to mediate ADCC ?°. Fucosyltransferase FUT
8 is responsible for the transfer of al,6-linked
fucose to the chitobiose core. The production
of non-core-fucosylated anti-CD20 antibodies
in CHO cells by FUT8 gene knockout resulted in
a 100 fold increased ADCC 21,

The antigen-binding sites of the antibody are
located in its Fab region (i.e. arms of the anti-
body) which is composed of one constant and
one variable domain from each heavy and light
chain, respectively. Antibodies against a variety
of target-antigens have been approved for thera-
peutic use. Most therapeutic antibodies lack Fab
glycosylation. In a recent study six therapeutic
mAbs (cetuximab, infliximab, basiliximab, paliv-
izumab, panitumumab and zalutumumab) were
investigated for glycosylation in the Fab region.
However, glycosylation could only be confirmed
for cetuximab 22, Interestingly, hypersensitivity
against cetuximab has been connected to the
presence of the immunogenic a(1,3)-linked ga-
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Figure 2. Schematic of immunoglobulin G (IgG) indicating the two N-glycosylation
sites at Asn297 in the CH2 of the Fc region of the molecule as well as the
therapeutic functions mediated by the Fab and Fc of the molecule. C: constant
domain; V: variable domain; H: heavy chain; L: light chain; S-S: disulfide bond;
bended line: hinge region

lactose residues in the Fab region of the anti-
body. This was mainly explained by the exposed
nature of the Fab N-glycans as binding of IgE to
a(1,3)-linked galactose in the Fc region of rituxi-
mab was absent ?2. Likewise, the increased com-
plexity of Fab-glycosylation such as sialylation,
galactosylation and the presence of Lewis-termi-
nal structures can be explained by the exposure
of this glycoprotein region during Golgi process-
ing 23, In therapeutic approaches which do not
depend on Fc effector functions, antibody Fab
fragments have been recognized as an attractive
alternative ?*. Due to the lack of glycosylation
these can be more cost-efficiently produced us-
ing bacterial expression systems. However, the
absence of glycosylation results in a short serum
half-life. Conversely, conjugation with polyethyl-
ene glycol (PEG) is a common strategy to prolong
serum half-life 2°. The addition of 40kDa of PEG
to a Fab fragment conferred a serum half-life
similar to IgG 6. Certolizumab pegol (Cimzia®) is
an example of a PEGylated therapeutic mAb-Fab
to tumor necrosis factor alpha (TNF-a) utilized in
the treatment of Crohn’s disease and rheuma-
toid arthritis.

Ausrescence

Fc IgG fusion proteins

Therapeutic fusion proteins are created
through joining genes from different proteins
by recombinant DNA technology. This results in
polypeptides which combine the properties of
the originator proteins and often contain an ad-
ditional linker peptide.

Examples of therapeutic Fc IgG fusion proteins
include Alefacept (Amevive®), Abtacept (Oren-
ci®), Belatacept (Nulojix®), Etanercept (Enbrel®)
and Rilonacept (Arcalyst®) /. The most commer-
cially successful fusion protein is the TNFa inhib-
itor Etanercept with global sales reaching $7.3
billion (USD) in 2010 %’. Etanercept is a dimeric
glycoprotein with a mass of approx. 150kDa and
is used in the treatment of autoimmune diseases
such as rheumatoid arthritis. It is composed of
a human TNFa receptor part linked to an IgG1
Fc portion through an O-glycopeptide. Each part
of the dimeric molecule carries one N-glycosyl-
ation site on its Fc part and two N-glycosylation
sites on its TNFa unit. Figure 3 shows the total
N-glycosylation profile of Etanercept (Enbrel®)
as analyzed in our laboratory °. It includes a
complex mixture of mono- to tetra-antennary
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core- and non-core-fucosylated structures which
can carry up to two sialic acid residues. The gly-
can structures were identified by exo-enzymatic
sequencing and confirmed by mass spectrome-
try as described in a later paragraph on glycan
characterization °. By studying the N-glycosyla-
tion site heterogeneity of Etanercept (Enbrel®)
we observed that the small biantennary neutral
N-glycans were predominantly localized on the
Fc part whereas larger tri- and tetra-antennary
structures are attached to the TNFa unit °. Addi-
tionally, 12 occupied O-glycosylation sites carry-
ing neutral, mono- and di-sialylated core 1 type
structures were localized in the linker region of
the fusion protein °.

Erythropoietin

Erythropoietin (EPO) is a glycopeptide cytokine
which controls and stimulates the production
of red blood cells (termed erythropoiesis). The
therapeutic use of EPO focusses on the restora-
tion of blood haemoglobin concentration upon
renal failure as well as the prevention of ane-
mia in cancer patients undergoing treatement.
Recombinantly produced therapeutic EPO is a
glycopeptide with a mass of approx. 30kDa. It
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Figure 3.UPLC analysis of total N-linked glycans from Etanercept (Enbrel®) by HILIC-FLR as performed in our
laboratory (A). The glycans were released from the fusion protein by PNGase F and fluorescently labelled. For an
instrument-independent comparison, the retention times of peaks are transformed to standardized glucose unit
values (GU) by comparing the profile to a dextran hydrolysate ladder (B). Structures were identified by sequential
enzymatic digestion as exemplified in Figure 4 for the monosialylated N-glycan fraction from Etanercept
(Enbrel®). Adapted from Houel et al 5, with permission from the American Chemical Society.
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contains three N-linked glycosylation sites (Asn
24, 38, 83) which carry sialylated tetra-anten-
nary structures and one O-glycosylation site
(Ser 126) which carries mono- and disalylated
core-1 structures °. The impact of glycosylation
on EPO secretion, stability, half-life and effec-
tor functions has been extensively studied 2%:2°,
Full N-deglycosylation resulted in a total loss of
EPO biological activity and a loss in resistance
to thermal stress 2%, Sialylation plays an impor-
tant role in serum half-life. De-sialylated EPO
has a half-life of only 2 min and is subsequently
rapidly cleared in the liver via galactosyl recep-
tors of the hepatocytes 3°. Pharmaceutical EPO
preparations form a large product family and
are sub-divided into different classes based on
their glycosylation characteristics. Epoetin-a (i.e.
Epogen® and Eprex®) and epoetin-B (i.e. Recor-
mon® and NeoRecormon®) are both produced in
CHO cell systems but differ in their glycosylation
characteristics '. It was shown that Eprex® (epo-
etin-a) has a higher degree of O-acetylation and
a higher relative amount of immunogenic Neu5Gc
per total sialic acid than NeoRecommon® (epoe-
tin-B) 3233, Epoetin-6 (Dynepo®, withdrawn from
the market in 2008) is most similar to human
EPO due to its production in human cell lines
(HT-1080). Dynepo® has neither any Neu5Gc
nor O-acetylation but is the only isoform which

contains sialyl-Lewis x epitopes (SLex; [Fuc(al-3)
[Neu5Ac(a 2-3)Gal(B1-4)]GIcNAc(B-)]) 32

Darbepoetin (Aranesp®) is a hypergalacto-
sylated EPO-analogue for which two additional
glycosylation sites (Asn 30, 88) have been intro-
duced by glyco-engineering **. A comparison of
darbepoetin alpha to convential epoetin-a/-B is
given in Table 2. Darbepoetin can carry up to 22
sialic acid residues compared to just 14 in con-
ventionally produced EPO. This results in an up
to four times increased serum half-life and 2.2-
fold higher in vivo activity >>-*’. However, the in
vivo activity does not correlate with the receptor
binding potential. The receptor binding corre-
lates inversely with glycosylation and therefore
requires the application of a six to 14-fold higher
concentration of darbepoetin to achieve similar
half-maximal receptor binding activity as EPO
but allows longer dosing intervals due to its low-
er clearance rate 337,

Other cytokines, growth factors, hormones,
clotting factors and enzymes

Therapeutic interferons (IFNs) are glycopro-
teins of the cytokine family. Approved glyco-
sylated IFNs include IFN-a (Alferon®/Avonex®)
and IFN-B (Rebif®). IFN-a contains one poten-

Table 2. Comparison of the structural and pharmacokinetic properties of epoetin-a/-8 and hypergalactosylated

darbepoetin-o 31 32, 35,36

| EPOETINO/B DARBEPOETIN-o

Number amino acids

Glycosylation sites

Number sialic acid residues per molecule
Sialic acid O-acetylation

Glycan content per molecule

Molecular weight

Half-life (intravenous administration)
Half-life (subcutaneous administration)

In vivo activity

Dose requirement for half-maximalreceptor binding activity

+++ major abundance + minor abundance
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165 165

3x N-glycans (Asn 24, 38, 83)  5x N-glycans (Asn 24, 30, 38,
1x O-glycan (Ser 83) 83, 88) 1x O-glycan (Ser 83)
upto14 up to 22

+ +++

up to 40% up to 51%

30.4 kDa 371kDa

6-9 h 25h

19-24 h 48 h

2.2 fold higher than

epoetin-a/-B

epoetin-a/-B

6-14x higher than

tial glycosylation site. Upon introduction of an
O-glycosylation site reduced thermal stability
was observed whereas the introduction of four
N-glycosylation sites resulted in improved serum
half-life 323°, Likewise, a higher stability and in
vitro availability were observed for glycosy-
lated IFN-B (one N-glycosylation site) compared
to non-glycosylated IFN-B “0.

Similar to IFNs, the haematopoietic growth
factor granulocyte colony-stimulating fac-
tor (G-CSF) is available in its glycosylated (Le-
nograstim®) and non-glycosylated (Filgrastim®)
form. G-CSF is a peptide hormone used in cancer
therapy to reduce the risk of neutropenia. Glyco-
sylated G-CSF is produced in CHO cells and car-
ries one O-glycosylation site whereas non-glyco-
sylated G-CSF is produced in E coli. Although in
vitro studies depicted an up to 20-fold increase
in activity of the glycosylated analog no differ-
ences were observed in vivo 4142,

Therapeutic hormones, clotting factors and
enzymes form large classes of therapeutic gly-
coproteins. The effects of glycosylation on the
stability, in vivo efficacy and serum half-life of
these glycoprotein classes were carefully re-
viewed by Sola et al. *3. In additional studies,
the introduction of four additional N-glycosyla-
tion sites on follitropin (Follistim® / Gonal F®),
increased both the in vivo bioactivity and the
serum half-life of the follicle-stimulating hor-
mone up to twofold “4“>. The introduction of
N-glycosylation sites resulted in a higher biopo-
tency compared to the introduction of O-glyco-
sylationsites *>. Onthe contrary, the affinity of the
antithrombotic serine protease drotrecogin-a
(Xigris®) to thrombin increased upon selective
removal of one of the four N-glycosylation sites
(Asn 313) “6. Enzyme replacement therapy is ap-
plied in rare lysosomal storage diseases such as
Fabry disease in which agalsidase-a (Replagal®)
and agalsidase-p (Fabrazyme®) are used suc-
cessfully. In this case the exposure of mannose/
mannose-6-phosphate at the terminals of the six
N-glycosylation sites on the glycoproteins are of
great importance for the mannose-6-phosphate
receptor mediated cellular internalisation of the
enzyme ¥/,
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SIGNIFICANCE OF PROTEIN GLYCOSYLATION

Glycosylation can modulate the immuno-
genicity, efficacy, solubility and pharmacokinetic
behavior of biopharmaceuticals and was exten-
sively reviewed by Hossler et al and Walsh et
al 2*. Multiple relations were reported between
N-glycosylation and the therapeutic efficacy and
immunogenicity of therapeutic proteins, while
much less is known about the influence of O-gly-
cans mainly attributed to their in-homogenous
chemical nature.

Total N- and O-glycosylation

Glycan macro- and micro-heterogeneity can
influence the folding, biological activity, kinetics
and stability of therapeutic proteins. As observed
for EPO, the total removal of N-glycans resulted
in a significant decrease in product secretion,
catabolic half-life and in vivo biological activity
whereas the removal of the O-linked glycan did
not have any effect °. Conversely, the glycoen-
gineering of additional N-glycosylation sites on
EPO, IFN-a and follitropin resulted in increased
biological activity as well as increased serum
half-life 38444548 The lack of O-glycosylation on
recombinant human granulocyte macrophage
colony stimulating factor (rhGM-CSF) resulted in
antigenicity and highlighted the role of O-glycans
in masking potentially antigenic sites on the pro-
tein backbone *°.

Sialylation

Terminal N-glycan sialylation is an important
quality parameter which determines the serum
half-life of a protein. A 200-fold or more decrease
in serum half-life of completely de-sialylated EPO
compared to the sialylated reference EPO was
observed when injected intravenously in rats °°.
Sialylation masks structural determinants such
as mannose which are otherwise prone to ligand
interaction and thus clearance of the molecule.
Sialic acids on the Fc portion of intravenous
gamma globulins have been shown to play an
important role in the anti-inflammatory prop-
erties of the molecules as was demonstrated in
a mouse model for serum arthritis °*. The induc-
tion of inhibitory FcyRIIB by macrophages which
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consequently leads to the therapeutically desired
FcyRlll activation in autoimmune diseases such as
rheumatoid arthritis showed to be mediated by
sialic acids on human intravenous y globuline >2.

Sialic acid O-acetylation

O-acetylation of sialic acids has been recog-
nized as an important quality parameter for
erythropoiesis stimulating agents such as Eprex®
and NeoRecormon® 32, Due to the increased hy-
drophobicity and decreased susceptibility to sial-
idases conferred through O-acetylation an exten-
sion in the serum half-life can be assumed 32°3,

Galactosylation

The proportion of a-galactosylated (GO),
mono-galactosylated (G1) and di-galactosylated
(G2) N-glycans is dependent on cell culture condi-
tions. CHO cells generally result in low galactosyl-
ation rates °*. The assessment of terminal galac-
tosylation is required by regulatory authorities.
Terminal N-glycan galactosylation is directly re-
lated to N-glycan sialylation. The possible impact
on CDC activity through involvement in comple-
ment Clq binding was shown for rituximab but,
overall, variations in Fc galactosylation are not
considered to adversely influence product stabil-
ity or safety °#°°,

Mannosylation and terminal GIcNAc

Recognition of high mannose type N-glycans
by mannose receptors and mannose binding lec-
tins as well as the induction of endocytosis of the
reticulo-endothelial system by terminal Man and
GIcNAc promotes an accelerated serum clear-
ance of the respective glycoproteins °°>¢, On the
other hand it has been shown in vitro that anti-
bodies carrying high-mannose structures (Man5,
Man8/9) potentially enhance ADCC, decrease
CDC and increase the binding affinity to FcyRlI-
la °°.

Core-fucosylation and bi-secting GIcNAc
Antibody-dependent cell-mediated cytotoxiticy

(ADCC) is triggered by communication between
IgG-Fc and natural killer (NK) cells and is medi-
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ated through the receptor FcyRllla expressed
on NK. Core a(1,6)-fucosylation of Fc N-glycans
negatively affects this effector function 2°. The
presence of core a(1,6)-fucosylation is inversely
linked to the presence of the glycosyl transferase
GnT-lll, which is responsible for the addition of
bisecting GIcNAc. Cell-engineering approaches
which aim to inactivate core-fucosylation and si-
multaneously introduce GnT-Ill succeeded in in-
creasing ADCC by almost 100 fold and thus is an
essential step in the manufacturing of ADCC-me-
diating therapeutic proteins utilized in cancer
therapy 061,

Non-human glycan epitopes

Non-human sugars on therapeutic proteins
are a result of the production cell-line used and
can lead to an immunological response. N-gly-
colyl-neuraminic acid (Neu5Gc) and terminal
al,3-linked galactose are xenoreactive sugars
from mammalian cell-lines 2. Candidate cell
lines from yeasts, insects and transgenic plants
contain additional immunogenic sugars such
as a(1,3) core-fucose and B(1,6) xylose 2. The
pre-clinical assessment of xenoreactive sugars
is complicated by their non-immunogenicity in
animals. This requires the development of al-
ternative test models such as CMAH (cytidine
monophosphate-N-acetylneuraminic acid hy-
droxylase-like protein) knockout mice 3 which
eliminate the biosynthesis of Neu5Gc from all
cells mimicking the normal human lack of func-
tional CMAH.

Neu5Gc is considered as an oncofetal anti-
gen %% and anti-Neu5Gc antibodies in humans
have been shown to induce complement-medi-
ated cytotoxiticy in the presence of Neu5Gc ©°.
In the case of EPO, low levels of Neu5Gc (i.e.
1%), induced a negligible immunogenic response
whereas levels of 7% of Neu5Gc showed a con-
siderable response °°. Additionally, up to 1% of
total human circulating antibodies are directed
against a(1,3)-linked galactose ©’. Cetuximab-in-
duced anaphylaxis in some areas of the United
States could be related to IgE specific for a(1,3)-
linked galactose in patient sera 8.

GLYCOSYLATION

SIALYLATION

a2,6-SIALYL

NEUSGC

al,3-GAL

BISECT. GLCNAC

a1,6-CORE FUC

a,3-CORE FUC

(31,6-XYLOSE

HIGH-MANNOSE

PAUCI-MANNOSE

ADDITIONAL
CHARACTERISTICS

ADDITIONAL
APPROVEDTHERAPEUTI
CS(EXAMPLES)

+

++

Enbrel®
(Etanercept)

Rituxan®
(Rituximab)

FACTORS INFLUENCING PROTEIN GLYCOSYLATION IN
BIOLOGICS PRODUCTION

The glycosylation characteristics of therapeu-
tic proteins are largely determined by culture
systems and conditions. A detailed understand-
ing of the production process and the moni-
toring of glycosylation during manufacturing is
therefore required in order to assure product
safety and efficiency.

Table 3. Glycosylation characteristics of standard and alternative production cell lines. According to

research performed in our laboratory
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Cell culture systems

Cellular expression systems which are capa-
ble of producing human-like N-glycosylation are
essential for the manufacture of biopharma-
ceutical glycoproteins. Since bacterial expres-
sion systems (such as E.coli) lack the necessary
enzymatic glycosylation machineries, the use of
mammalian cell lines is common practice in gly-
coprotein production. Most frequently used are
Chinese hamster ovary cells (CHO) followed by

16, 70-73 and

m NSO, SP2/0 m ANIMALEGMILK PLANT YEAST INSECT BACTERIAL
+ + + + + + + -

+ 4 ++ ++
+ + +/-
+++ +++ + +/-
+ ++ ++
+ -/+
+ ++ + +
+ ++ + +
+ + + +

outer-armfucosyl
ation (Le*/SLe¥)

Helixate® Arzerra ® Elaprase® ATryn®
(FS Factor VIII) (Ofatumumab)? (idursulfase) (antithrombin)
NovoSeven® Remicade® Xigris® Creon®
(Factor Vlla) (Infliximab)® (Drotrecogina) (pancrelipase)

+/-

+/-

outer-armfucosyl Phosphorylation
ation(Le?)

Neupogen®
(filgrastim)

Humalog®
(insulin)

+++ abundant presence ++ presence + low presence — not present +/- both, presence and absence reported.
*presence of Neu5Gc from exogenous sources possible; aNSO; bSP2/0. Lex: Lewis x epitope [Fuc(al1-3)[Gal(B81-4)]
GIcNAc(B-)]. SLex: sialyl-Lewis x epitope [Fuc(al-3)[Neu5Ac(a 2-3)Gal(B81-4)]GIcNAc(B8-)]. Lea: Lewis a epitope

[Gal(81-3) [Fuc(a1-4)]GIcNAc(8-)]
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baby hamster kidney cells (BHK), murine mye-
loma (NSO) and hybridoma (SP2/0) cells, human
cell lines, transgenic animals and milks (e.g. pig,
goat). As mammalian cell expression systems are
complex, often difficult to scale up and expen-
sive, alternative production platforms based on
plants, yeasts, and insects are currently under
investigation. An overview on the glycosylation
characteristics of cellular expression systems
is given in Table 3 and has been extensively re-
viewed and studied %5973, The main disadvan-
tages of CHO, NSO, SP2/0 and transgenic animals/
milks is the presence of non-human Neu5Gc and
a(1,3) Gal epitope °27* which can evoke immuno-
genic responses in humans. Another critical point
is the presence of core-(al,6) fucosylation which
reduces the ADCC effector function of mAbs.
CHO cells lack GNT-IIl which is responsible for the
addition of bi-secting GIcNAc and results in the
increased presence of core-(al,6) fucosylation
instead. Glyco-engineering approaches aimed at
decreasing the glycoprotein immunogenicity and
the overexpression of GNT-IIl are ongoing 7>7°.
The use of human cell lines (e.g. Per.C6, Hek293,
HT-1080) is of special interest because their gly-
cosylation machinery closest resembles that of
humans. Additionally, a tenfold increased pro-
ductivity was observed in the human cell line Per.
C6 compared to conventional cell lines 77, How-
ever, their application for commercial manufac-
turing is still limited as the risk of pathogenic in-
fection presents an additional hurdle for regula-
tory approval.

No therapeutic proteins produced by plants,
yeasts or insects have been approved thus far de-
spite their high productivity, low costs and ease
of scaling up to industrial production levels ©2,
Reasons for this include the presence of immu-
nogenic sugars such as a(1,3) core-fucosylation
and B(1,6) xylose. Additionally, the overall lack
of sialylation and the presence of highly man-
nosylated structures ranging up to Man100GlI-
cNAc2 for yeasts and paucimannosic structures
(i.e. Man3GIcNAc2) lead to an accelerated clear-
ance of these glycoproteins °2. Significant efforts
have been made in glycoengineering of alterna-
tive production cell lines resulting for example in
the successful production of complex N-glycans
in Drosophila S2 cells or the purification of rM-
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Abs carrying human N-glycosylation from yeast
cells 7879,

Cell culture conditions

During the development and production of
biopharmaceuticals a continuous scaling- up
of the manufacturing process is required. Scal-
ing up the production of biopharmaceuticals is
a complex task as the increase of protein quan-
tity might affect and compromise product quali-
ty 0. Changes in process therefore require thor-
ough comparability studies which need to be
performed according to comparability protocols
defined by the regulatory authorities é'. Due to
concerns in concomitant changes in glycan struc-
tures the FDA recently banned the application
of up-scaling in the production of aglucosidase
a (Myozyme®) from 160 L scale to 2000 L scale
and required a new biologic license for the ap-
plication &2,

The manufacturing mode and processing vari-
ables such as pH, temperature, oxygen level and
media composition have a significant effect on
protein glycosylation which was extensively re-
viewed by Hossler et al and is briefly summa-
rized in the following paragraph “. Production
methods applying low shear force (i.e. perfusion
mode) generally result in slower cell growth but
more complete glycosylation and overall sialyla-
tion 2324, A pH range of 6.8-7.2 was considered
optimal for appropriate galactosylation and
sialylation of EPO production in CHO cells 8526,
Increased ammonia levels result in an increased
culture pH and has been shown to have adverse
effects on protein sialylation ®’. Similarly, a de-
crease in process temperature (i.e. from 37°C to
30°C) has been shown to negatively affect EPO
sialylation although it resulted in an increased
cell viability . However, a synergistic effect be-
tween temperature and pH was observed since
the loss of sialylation efficiency during lowered
temperatures could be prevented by a simulta-
neous decrease in pH °. For a consistent glyco-
sylation level, the degree of dissolved oxygen
should be kept between 10 and 100% 22. Critical
media components include monosaccharides,
nucleotide sugar precursors, small molecules
such as sodium butyrate, ammonia and amino

Therapeutic proteins: facing the
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Figure 4. Exoglycosidase array analysis of fluorescently labelled mono-sialylated WAX fraction from Etanercept
(Enbel®) by HILIC-fluorescence to determine N glycans structures. (i) Whole N-glycan pool released by PNGase F
(ii) ABS (Athrobacter ureafaciens Sialidase) releases a2-3/6/8 sialic acids. (iii) BFK (Fucosidase from bovine kidney)
releases al1-2/6 fucose. (iv) BTG (Bovine testes f3-galactosidase) releases galactose 61-3/4 linkages and (v) GUH
(hexosaminidase) release B-GIcNAc but not GIcNAc linked to 81-4 Man.Dashed arrows indicate the enzymatic
removal of one (1x), two (2x) or three (3x) sugar units. For an instrument-independent comparison, the retention
times of peaks are transformed to standardized glucose unit values (GU) by comparing the profile to a dextran
hydrolysate ladder. Adapted from Houel et al 5, with permission from the American Chemical Society.

acids as well as lipids and metal ions. Cultures
limited in monosaccharide supply show lowered
glycosylation and sialylation whereas product-
and culture-dependent trends were observed
with nucleotide sugar supplementation &°-°%,
Appropriate supplementation of amino acids,
manganese and lipids were shown to have a pos-
itive impact on sialylation and N-glycan site oc-
cupancy for both recombinant human EPO and
IFN'Y 92,93,

Furthermore, media composition can greatly
influence the concentration of immunogenic
sugars. For example, it was demonstrated that
with the addition of sodium butyrate in CHO cell
lines a reduction of Neu5Gc of 50-60% can be
obtained °“.

Glycan characterization

The complexity of protein glycosylation means
their analytical characterization is hugely chal-
lenging and usually requires the use of orthog-
onal techniques. N-glycans are most common-
ly analyzed after the enzymatic release by
peptide N-glycosidase F (PNGaseF) using high-and
ultra-performance liguid  chromatography
(HPLC/UPLC) or capillary electrophoresis (CE)
coupled to a fluorescent detector and/or mass
spectrometer (MS) °°°96, Hydrophilic interac-
tion liquid chromatography (HILIC) and reversed
phase (RP) are stationary phases which can be
used for complimentary chromatographic gly-
can separation whereas weak anion exchange
(WAX) chromatography allows the separation
of glycans according to their charge °’. Fluores-
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cent detection enables structural quantifica-
tion but requires glycan derivatization by fluo-
rescent labels (2-aminobenzamide [2-AB] and
2-aminobenzoic acid [2-AA] for HPLC/UPLC and
1-aminopyrene-3,6,8-trisulfonic acid [APTS] for
CE-LIF) °7. Matrix-assisted laser desorption-ion-
ization (MALDI-TOF MS) and electrospray ioni-
zation (ESI) are routinely used for compositional
glycan analysis °¢. Combined with mass fragmen-
tation (MS/MS) these methods result in glycan
sequence information based on the formation
of diagnostic ions. Another powerful tool for gly-
can sequence and linkage identification which is
routinely used in our laboratory is the enzymatic
panel digestion of 2-AB labelled glycans using an
array of linkage-specific sialidases, fucosidases,
galactosidases, N-acetylhexosaminidases and
mannosidase °’. Figure 4 exemplifies our analyt-
ical workflow for the exo-enzymatic sequencing
of mono-sialylated N-glycans obtained by WAX
fractionation of Etanercept (Enbrel®) (see Figure
3 for the total N-glycan profile) which allowed the
confident assignment of the structures present °.

Proteolytic cleavage of IgG by using the en-
zyme IdeS FabRICATIOR facilitates the identifi-
cation of glycan heterogeneity in the Fab and
Fc region of monoclonal antibodies °. GlycoBase
and UniCarbDB are two powerful structural da-
tabases which have been implemented for the
efficient interpretation of LC and MS data °° 190,
Furthermore, a low-cost robotic sample prepara-
tion platform has recently been established for
the high-throughput 1gG N-glycan analysis which
results in highly reproducible data and consider-
ably reduces manual sample handling errors 191,
The identification of O-glycans is more challeng-
ing due to the lack of a single consensus sequence
for glycan attachment and the lack of a common
core structure. The combination of Collision In-
duced Dissociation (CID), which results in glycan
sequence information and Electron Transfer Dis-
sociation (ETD), which enables the identification
of the amino acid residue at the glycosylation
site presents a powerful MS glycan characteri-
zation approach for simple O-glycans as present
on therapeutic glycoproteins °. Similarly, peptide
mapping is used to confirm glycosylation site oc-
cupancy in N-glycan analysis while reduced CE-
SDS is used as a tool for assessing total glycosyla-
tion of protein sub-units 1°2,

24

Alterations in PTMs, and thus glycosylation,
can affect the higher-order structure of proteins
and was reviewed by Berkowitz et al '3, This
can, for example, result in protein aggregation.
Global information on protein structure can be
obtained by classical analytical techniques such
as circular dichorism (CD), differential scanning
calorimetry, analytical ultracentrifugation (AUC)
and size exclusion chromatography °3. Hydro-
gen-deuterium exchange (HDX) is a new and
powerful MS based method which even enables
the localization of these structural changes in bio-
pharmaceuticals 10,

ASSESSMENT OF PROTEIN GLYCOSYLATION IN
BIOLOGICS AND BIOSIMILAR MANUFACTURING

The characterization of protein glycosylation
plays an important role during the production
process of biologics and biosimilars. In biosimi-
lar production the demonstration of similarity to
the innovator product is a key regular require-
ment. Similarly, the manufacturer of biologics
has to prove a reproducible and consistent pro-
duction process and ensure that the desired gly-
cosylation is present and immunogenic epitopes
are reduced to a minimum. An example of the
importance of controlled production are the
“epidemic” incidences of Eprex®-induced anti-
body-induced red blood cell aplasia (PRCA) which
was, amongst other factors, deduced to produc-
tion-related changes in the carbohydrate pro-
file 195106 Glycosylation changes between dif-
ferent producers, different production charges
and biosimilar versus originator products were
repeatedly observed 02107110 Differences were
observedbetweentheabundanceofnon-core-fu-
cosylated N-glycans of rituximab and proposed
biosimilar Rituximab GP2013 92, However, com-
plementary CDC-, ADCC- and receptor bind-
ing assays of innovator and biosimilar product
showed very comparable results. Differences in
N-glycan galactosylation levels were observed
between trastuzumab and a candidate biosimi-
lar and changes in N-glycosylation site occupan-
cy were observed between tenecteplase tissue
plasminogen activator (TNK-tPA) and a follow-on
product 197119, Despite the probable effect of the
significantly decreasedsite-occupancyonthebio-
activity of the biosimilar the follow-on TNK-tPa
was considered acceptable for marketing 17110,

Interesting observations were made by Kawa-
saki et al when comparing three epoetin a and
one epoetin B products from two different coun-
tries 198, Although for all products tetra-sialylated
tetra-antennary structure were most abundant,
significant intra-class differences were observed
inthe acetylation pattern and presence of smaller
structures for epoetin a.

The pre- and post-production change varia-
bility of glycosylation attributes was recently
studied for darbepoetin-a (Aranesp®), ritux-
imab (Rituxan®/Mabthera®) and etanercept
(Enbrel®) 199, Significant decreases in darbepo-
etin-a sialylation by 10%, a 3-fold increase in
non-core-fucosylated GO for rituximab or a 20%
decrease in the di-galactosylated structure G2F
for etanercept did not result in a market with-
drawal of the products.

The question as to which changes in glycosyla-
tion attributes are acceptable can thus only be
answered on a case-by-case basis and should be
done in combination with complimentary data.

CONCLUSION

The inherent variability of biological systems
challenges the manufacturing process of biolog-
ics and biosimilars. The requirements of manu-
facturing biologics are complex and a thorough
understanding of the product is crucial. It is
therefore of importance that biomanufacturing
follows quality-by-design (QbD) principles. QbD
defines the critical quality attributes (CQAs) of a
product and requires the understanding of the
association between CQAs and clinical proper-
ties 11, Glycosylation is a key quality attribute
as it can influence production rate, efficacy and
safety of pharmaceutical proteins. The approval
of biosimilars and the approval of changes in the
manufacturing process of biologics are strictly
regulated. However, the decision of comparability
is difficult and cannot be generalized. A state-
of-the art analytical toolbox is a key require-
ment for the establishment of a more targeted
development process. However, the availability
and extent of reference-product batches might
be limited to the manufacturer. The assessment
of comparability and the refining of regulatory
guidelines would therefore be greatly facilitated

Therapeutic proteins: facing the
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by the existence of data collections on commer-
cialized biologics. The establishment of defined
reference standards which integrate knowledge
on structural characteristics and structure-func-
tion relationships is still a matter of debate 2 but
will definitely move forward the quality of bio-

logics and biosimilar legislation and production.
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ABBREVIATIONS

ADCC, antibody-dependent cellular cytotox-
icity; Asn, asparagine; BHK, baby hamster kid-
ney; Blys, B-lymphocyte stimulator; CD, cluster
of differentiation; CDC, complement dependent
cytotoxicity; CHO, Chinese hamster ovary; CTLA,
cytotoxic  T-lymphocyte-associated antigen;
EGFR, epidermal growth factor receptor; EMA,
European medicines agency; EpCAM, epithe-
lial cell adhesion molecule; EPO, erythropoietin;
FDA, food and drug administration; Fuc, fucose;
Gal, galactose; G-CSF, growth factor granulocyte
colony-stimulating factor;Glc, glucose; GIcNAc,
N-acetyl-glucosamine; Her, human epidermal
growth factor; HILIC-FLR, hydrophilic interaction
liqguid chromatography with fluorescence de-
tection; IL, interleukin; 1gG/E, immunoglobulin
G/E; mAb, monoclonal antibody; Man, mannose;
Neu5Ac, N-acetyl-neuraminic acid; Neu5Gc,
N-glycolyl-neuraminic acid; PNGaseF, peptide
N-glycosidase F; RANKL, receptor activator of nu-
clear factor-kappa B; Ser, serine; Thr, threonine;
(S)Lea/x, (sialyl) Lewis a/x epitope; TNF, tumor
necrosis factor; UPLC, ultra-performance lig-
uid chromatography; VEGF, vascular endothelial
growth factor; WAX, weak anion exchange chro-
matography. |
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