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Abstract

Protein glycosylation is a very important quality attribute of any biopharmaceutical product as it affects the efficacy, serum half-life, and
antigenicity of a molecule. The present expression hosts commercially utilized for a recombinant glycoprotein production generally
cannot produce a desired and uniform glycan composition and generally exhibit non-human glycans that can lead to unwanted side
effects. The authors provide a comprehensive review of various approaches which can be implemented to minimize the glycan
heterogeneity for the production of the desired protein with improved glycoforms. The authors also describe that the industry standard
expression systems such as mammalian, insect, and yeast are glycoengineered to produce human-like glycan composition of a
recombinant product. This review summarizes the recent technologies used for the improvement of the glycan composition of the
biotherapeutics, focusing largely on the selection of an appropriate expression host, glycoengineering, and upstream process optimi-
zation to control protein glycosylation and thus enhanced biological activity with fewer side effects. Here, we also suggest various
approaches such as host and clone selection to achieve expected glycosylation in a recombinant protein. The cell culture, biochemical,
and physical process parameters play a key role in the manufacturing of the desired glycoform of a therapeutic protein. Hence, these
components are to be considered very carefully while developing such glycoproteins. Also, glycoengineering of production host to
modulate the protein glycosylation is also recommended in the present review.
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Introduction

Recombinant therapeutic proteins are becoming more popular
and valuable as treatment options due to their high target
specificity and reduced adverse effects as compared to small
molecule drugs (Carter 2011). Recombinant insulin was the
first FDA-approved biotherapeutic drug generated in
Escherichia coli by Eli Lilly in 1982 with the trade name of
Humulin® (Carter 2011). Humulin is a non-glycosylated pro-
tein and, hence, was developed in E. coli. Erythropoietin was
the first glycosylated recombinant glycoprotein approved by
FDA in 1985, generated in Chinese hamster ovary cells by
Amgen with the trade name of Epogen.
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Various therapeutic proteins available for the clinical use
are glycosylated, and the composition of attached glycans
potentially influences the efficacy and immunogenicity of
the drug. Glycosylation is one of the important quality attri-
butes of a recombinant protein as its composition is also in-
fluences folding, stability, solubility, and intracellular traffick-
ing of a protein. The degree of glycosylation of a protein is
solely dependent on amino acid composition, post-
translational modification capability of a host, rate of synthe-
sis, and is influenced by numerous factors such as culture
conditions, media-feed compositions, and cell metabolic path-
ways (Dicker and Strasser 2015; Gupta and Shukla 2017a, b;
Gupta et al. 2017a).

The biological activity of a glycoprotein is mainly impact-
ed by its composition formed during manufacturing; hence,
much focus is to be given in controlling the manufacturing
processes (Upstream and downstream) to achieve the desired
product quality. Furthermore, glycoengineering is one of the
approaches currently implemented for the production of ho-
mogenous glycan composition of a therapeutic protein.
However, more study is required to understand and control it
completely (Gupta et al. 2017a).
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Recombinant therapeutic proteins offer several advantages
over traditional small molecules. However, the production of
recombinant proteins is more complicated than a chemical
synthesis of the smaller molecules. To date, various ap-
proaches have been employed for the production of recombi-
nant proteins using various expression platforms; however,
Escherichia coli, Saccharomyces cerevisiae, and mammalian
hosts (Chinese hamster ovary-CHO, baby hamster kidney
cells-BHK21, human cell line-HEK293, and murine
myeloma-Sp2/0/NSO cells) are the preferred choice in the in-
dustry (Gupta and Shukla 2017b; Gupta et al. 2017a, b).

The advanced expression system, Saccharomyces
cerevisiae, can express functional therapeutic proteins with
close to human post-translational modifications (Dalton and
Barton 2014). S. cerevisiae is the more appropriate host than
the E. coli for the development of certain proteins as it can
produce glycosylated and properly folded active proteins, un-
like the E. coli system. However, mammalian systems, mostly
Chinese hamster ovary (CHO) cells, are gaining more impor-
tance than any other host and are used for the production of
approximately 70% of all commercially available therapeutic
proteins so far (Jayapal et al., 2007). These cells produce ther-
apeutic drugs similar to the human glycan composition
(Dalton and Barton 2014). The first recombinant therapeutic
protein Activase® produced in CHO cells was approved by
FDA in 1987 (Jayapal et al. 2007). Since 2011, the FDA has
approved 197 novel drugs, out of which, 48 are recombinant
therapeutic proteins, including recombinant monoclonal anti-
bodies produced by either CHO or murine cells (Morrison and
Lahteenméki 2016). Many efforts have been put into improv-
ing production using various approaches including using nov-
el vector elements, cell engineering, media-feed design, and
upstream process optimization. In this review, we summarize
recent technologies used for improved therapeutic protein pro-
duction by E. coli, S. cerevisiae, and CHO cells with more
emphasis on their importance in producing glycosylated ther-
apeutic proteins.

Factors affect glycosylation

A variety of components contribute during a product life cy-
cle, which may influence its quality characteristics including
glycosylation. The protein quality can be affected at any step
of the product development, such as (1) expression platform
selection and clone development, (2) upstream and down-
stream process development, (3) formulation development,
and (4) process scale-up at larger scales.

The above key parameters highlighted may affect the gly-
cosylation pattern of a therapeutic protein (Table 1). The
product quality attributes (PQA) must be identified and
assessed at the initial stage of the project and need to be con-
firmed at each stage of a product development cycle. The
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above strategy allows developing high quality and potent drug
without compromising with the estimated time and budget.

Protein production host and glycosylation

Achieving a desired glycosylation pattern is a must for a re-
combinant therapeutic glycoprotein since the glycan compo-
sition can potentially affect the final yield, immunogenicity,
stability, and biological activity, which in turn affects the de-
velopment cost and clinical success. Numerous mammalian
hosts presently used have the ability to produce desired gly-
coproteins (similar to human-like glycans). However, they can
be differentiated from human glycans at their terminal glycan
composition. The glycan composition of a recombinant pro-
tein varies to a great extent depending on the expression host
used for the protein production. The bacterial system cannot
produce glycoprotein unless glycol-engineered, whereas
yeast, plants, and insect systems generate immunogenic gly-
cans, but, the mammalian systems can generate human-like
complex glycans. Among all possible expression systems
used so far, the mammalian cells are the most commonly used
expression system for the manufacturing of biotherapeutic
glycoproteins with human-like glycosylation composition
(Ghaderi et al. 2012; Li et al. 2006).

Cell line changes and glycosylation

Using an alternate production system is considered as the
major threat among the process changes. Hence, to stay away
from host-associated challenges, an appropriate cell line is
preferably used by the biopharmaceutical industries.
Typically, cell lines that are altered during product develop-
ment are (1) selection of different expression hosts for the
clone development, (2) opting diverse clone from the same
host, and (3) second round of single-cell cloning. The above
strategies of selecting the clone may influence potentially the
glycosylation composition of the final product.

Upstream process and glycosylation

The tweaking of the upstream process parameters is essential
to attain high expression with acceptable protein quality. The
upstream bioreactor process is a complex process, and each
step of its development may affect the protein glycosylation
pattern. Variety of process parameters are controlled during
the upstream process for the manufacturing of a recombinant
product. These parameters encompass physical, chemical, and
biological nature which may influence the glycosylation pat-
tern of a therapeutic protein (Fig. 1) (Feng et al. 2005; Rathore
and Winkle 2009).
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Table 1 Cell culture parameters

and its effect on protein Sr. No.

Cell culture parameters

Effect on cells and product

production (mAb) (Gupta 2014;
Ghaderi et al. 2012; Li et al. 2006;
Rathore and Winkle 2009; Costa
et al. 2014; Hossler 2012)

High dissolved oxygen

Amino acids and salts

Low temperature (<37 °C)

Osmolality >320-400 mOsm/kg

High ammonia and lactic acid accumulation

1
2
3
4
5 High pH (7.0 to 7.5)
6
7
8

High glucose and low glutamine

Dissolved CO, > 120-150 mmHg

Reduced glycosylation and cytotoxic to the cells
Reduced glycosylation and overall cells performance
Glycosylation

Increased glycosylation

Increased glycosylation

Reduced glycosylation

Reduced glycosylation and cell viability

Increased glycosylation

An additional area for controlling the process parameters
and product quality is the implementation of process analyti-
cal technology (PAT) which is highly recommended by the
Food and Drug Administration’s (FDA) (Li et al. 2006;
Rathore and Winkle 2009). The process parameters can be
measured either online or off-line via operator involvement.
A classic example of off-line measurements includes pH (to
verify online pH), cell density, and cell viability assessment
using various tools/automated cell counters, osmolality, and
concentration of certain metabolites.

Dissolved oxygen (DO) of a bioreactor is normally restrict-
ed at a precise set point, generally 20-50% of air saturation,
which may result into lactate accumulation as well as cytotox-
icity depending on the cell line’s/Clone’s behavior, process
parameters, and media-feed composition. Another important
parameter is dissolved CO, present in a bioreactor during the
cell culture process, the accumulation of which beyond a cer-
tain range (120-150 mmHg) may affect the product quality,
significantly (Table 1) (Ghaderi et al. 2012; Rathore and
Winkle 2009).

In addition, the effect of media, feed supplements, and
operating conditions has been studied extensively to under-
stand their effect on the glycosylation of a recombinant protein
and found that the components such as serum, glucose,

Bioreactor Process
Parameters

Biochemical

‘ Physical
Parameters

Parameters

Low

Temperature, High DO and pH,

Appropriate kLa Low pC(?Z Lactate,
and less Shear ammonium, and
Improved Osmolality
Force X
Glycosylation

CRISPR/Cas9,
TALENSs and ZFNs

Glycan gene editing
(knock-in and knock-out)

Glyco-engineering

Fig. 1 Bioreactor process parameters for improved mAb glycosylation

ammonia, DO, dCO,, and osmolarity lead to change in the
glycosylation pattern in diverse cell line (Table 1) (Ghaderi
et al. 2012; Li et al. 2006; Rathore and Winkle 2009).

Controlling protein glycosylation

The N-glycosylation of a protein occurs in the endoplasmic
reticulum of the eukaryotic cells in the presence of pre-
assembled oligosaccharide (a lipo-oligosaccharide) precursor
(Glec3Man9GlecNAc2). This precursor further establishes the
linkage with an amide of the side chain of amino acid aspar-
agine (N-glycosylation) to the consensus sequence Asn-X-
Ser/Thr (X is any amino acid except proline) on a newly
synthesized polypeptide chain. This reaction is catalyzed by
a set of enzymes called heteromeric oligosaccharyltransferase
(OST) (Aebi 2013).

Controlling macro-heterogeneity
of a glycoprotein

The macro-heterogeneity of a recombinant protein arises due
to variation in the glycan attached at a given site and these
variations occur due to an intrinsic property of a production
cell, the amino acid composition of a protein as well as the
manufacturing processes. The Asn-X-Ser/Thr sequence, pres-
ent, however, is adequate in mammalian cells for N-glycosyl-
ation of a protein to occur. Though all eukaryotic systems have
a similar structural requirement for a proficient N-glycosyla-
tion, minor differences are observed regarding the glycosyla-
tion site utilization among the species (Zielinska et al. 2012;
Shrimal and Gilmore 2013). These minor differences may
result in inappropriate glycosylation of a recombinant protein
and lead to macro-heterogeneity. Mammalian cells possess
two oligosaccharyltransferase (OST) complexes having dif-
ferent catalytic subunits (STT3A or STT3B) assembled with
a shared set of non-catalytic subunits (ribophorin I (Rbl),
ribophorin IT (Rb2), OST48, DADI1, and OST4), and engi-
neering these complexes can minimize the differences arise
due to N-glycosylation site occupancy; however, this
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mechanism is still not fully understood (Cherepanova and
Gilmore 2016; Roboti and High 2012; Shrimal and Gilmore
2013).

Furthermore, it was also observed that overexpression of
the single subunit of OST in Pichia pastoris increases the
glycosylation composition of a mAb from 75 to 85% to over
99% (Choi et al. 2012). Another strategy to avoid the macro-
heterogeneity of a recombinant protein is the attempting mu-
tation of N-glycosylation consensus sequence, for example,
mutation of Asn-X-Ser to Asn-X-Thr shows better glycosyla-
tion in diverse eukaryotes (Zielinska et al. 2012). In addition
to modification of consensus sequences, the glycosylation ef-
ficiency can also be improved by altering adjacent amino
acids, but, this process may lead to changes in the protein
characteristics. However, N-glycosylation engineering has
been successful in a few cases, for example, a hyperglycosyl-
ated variant of recombinant versions of erythropoietin (EPO),
i.e., darbepoetin-alfa, which is engineered to carry two addi-
tional N-glycosylation sites (5 instead of 3). The additional
two N-linked glycosylation sites have led to increased total
sialic acid composition, thus enhancing serum half-life and
in vivo activity (Elliott et al. 2003; Egrie and Browne 2001).
In another recent study, a new N-glycosylation site has been
introduced in the light chain of a mAb developed for HIV-1
that has potentially enhanced the virus neutralization activity
(Song et al. 2013).

Controlling micro-heterogeneity
of a glycoprotein

The majority of the expression systems used for the recombi-
nant glycoprotein production often produces a blend of di-
verse glycans on the same recombinant protein; this phenom-
enon results in the production of a protein with the highest
structural diversity (Nairn et al. 2008; North et al. 2010). The
micro-heterogeneity of a glycoprotein arises due to differ-
ences in the N-glycan processing, which may be due to the
cellular machinery including expression host/clone, an abun-
dance of processing enzymes, the presence of the nucleotide
sugar donors, the residence time in the cellular compartments,
and the environmental conditions (process parameters, etc.).
Moreover, it was also observed that the competition among
various modifying enzymes for the same substrate and their
processing might also contribute to the product micro-
heterogeneity (Moremen et al. 2012).

The GlycoMab technology developed by the Glycart
Biotechnology (now Roche) is used for the production of a
glycoengineered antibody with a reduced content of the core
fucose (1,6-linked) (Umaifia et al. 1999). The US-FDA has
approved a glycoengineered anti-CD20 monoclonal antibody
obinutuzumab which is produced using the GlycoMab plat-
form (Table 2) (Goede et al. 2014).
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It is thought that the protein sequence and its structure are
the major drivers for the site-specific modification that comes
from intrinsic features of a glycoprotein (Thaysen-Andersen
and Packer 2012). However, the protein conformation may
entirely prevent the enzyme access to the glycans by steric
hindrance (Wormald and Dwek 1999). For example, mono-
clonal antibody cetuximab contains an extra N-glycan site in
the variable region of the heavy chain. The N-glycan of the
variable region is more modified compared to the Fc N-glycan
of this mAb as it is more exposed for the enzyme processing
(Stadlmann et al. 2008; Steentoft et al. 2014). The possibility
of engineering proteins without effect on their activity was
attempted, but, this proved to be a very challenging process.
Furthermore, this strategy is useful for site-specific glycan
engineering to reduce the micro-heterogeneity of a glycopro-
tein (Ghaderi et al. 2010). An alternate approach is to design
the glycan-modifying enzymes for a novel substrate to make
possible for more efficient processing of partially or less ac-
cessible sites.

Controlling non-human immunogenic sugar
residues

The most frequent expression system presently used for the
production of therapeutic glycoproteins has been CHO cells,
which possess non-human N-glycan composition and can be
immunogenic and hypersensitive to the human. The therapeu-
tic glycoproteins expressed from CHO cells are mainly com-
posed of sialic acid N-glycolylneuraminic acid (Neu5Gc),
mannose, galactose, and fucose (Kannicht et al. 2013;
Shahrokh et al. 2010; Ghaderi et al. 2012). Also, due to lack
of «-2,6-sialyltransferase enzyme in CHO cells, the glycosyl-
ated proteins contain N-acetylneuraminic acid (NeuSAc), «
2,3-linkage instead of « 2,6-linkage. Therefore, various strat-
egies have been attempted to eliminate the incorporation of V-
glycolylneuraminic acid (Neu5Gc) from the glycoprotein
(Bosques et al. 2010). An easy glycoengineering approach,
knockout of the gene encoding CMP-NeuS5Ac hydroxylase
which converts CMP-Neu5Ac to CMP-Neu5Gce has been
employed successfully.

Also, another expression platforms such as myeloma NSO and
Sp2/0 or baby hamster kidney (BHK) cells which produces an-
tigenic epitope with galactose-o-1, 3-galactose are also utilized
for the production of a handful of recombinant drugs. The en-
zyme responsible for the generation of the o« Gal epitope is -1,
3-galactosyltransferase, absent in humans, but active in the ma-
jority of the mammalian systems (Chung et al. 2008).
Recombinant human factor VIII (thFVIII) produced from BHK
cells carries 3% of the x-Gal epitope, whereas the same is absent
in the native thFVIII (Chung et al. 2008). Another example is the
glycan composition of anti-cancer mAb cetuximab produced in
Sp2/0 murine cells, which carries a significant amount of the oc-
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Table 2  Glycoengineered therapeutic monoclonal antibodies and current status (Dicker and Strasser 2015)
Sr. Product name and target Innovator and platform Glycoengineered modification Current
No. status
1 Mogamulizumab Kyowa Hakko Kirin Potteligent platform FUTS knockout in CHO-core fucose deficient Approved
(anti-CCR4)
2 Obinutuzumab Glycart-Roche, GlycoMab platform Reduced core fucose in CHO, GnTIII overexpression Approved
(anti-CD20)
3 ZMAPP (anti-Ebola MAPP Biopharmaceutical Plant cell Nicotiana benthamiana deficient of core  Clinical
virus) fucose and B 1,2 xylose. RNAi of trials
Xylosyl/fucosyltransferase
4 BIW-8962 (anti-GM2)  Kyowa Hakko Kirin Potteligent platform FUTS8 knockout in CHO-core fucose deficient Clinical
trials
5 KHK2804 (anti-tumor ~ Kyowa Hakko Kirin Potteligent platform FUTS knockout in CHO-core fucose deficient Clinical
antigen) trials
6 Lumretuzumab Glycart-Roche, GlycoMab platform Reduced core fucose in CHO, GnTIII overexpression Clinical
(anti-HER3) trials
7 PankoMab Glycotope, Glycoexpress platform Low or no fucose in human cell line Clinical
(anti-TA-MUC1) trials
8 TrasGex (anti-HER?2) Glycotope, Glycoexpress platform Low or no fucose in human cell line Clinical
trials
9 CetuGex (anti-EGFR)  Glycotope, Glycoexpress platform Low or no fucose in human cell line Clinical
trials
10 Ublituximab TG Therapeutics, LFB Biotechnologies. Production in YB2/0 rat hybridoma cells with low  Clinical
(anti-CD20) EMABIing platform amount of FUT8 trials

CCR4, CC chemokine receptor 4; FUTS, core al,6-fucosyltransferase; GnTIII, N-acetylglucosaminyltransferase I1I; HER, human epidermal growth

factor; MUC1, mucin 1

Gal epitope (Ghaderi et al. 2012; Bosques et al. 2010); however,
the US-FDA approved it for human use. Numerous patients
treated with cetuximab in the USA showed hypersensitive re-
sponse mainly due to the presence of the x-Gal epitope
(Chung et al. 2008). The glycoengineering approach can be im-
plemented to eliminate the x-Gal epitope for development of
biobetter therapeutic protein to the cetuximab. Furthermore, it
is also reported that the glycoprotein produced by human cell
HEK293 is highly heterogeneous with variable terminal sugars
and is deficient N-glycan processing steps (e.g., GnTI-deficient)
(Reeves et al. 2002).

Recently, Glycotope, a German company, has developed a
glycoengineered human cell line, which offers a potent ex-
pression of homogeneous human-like recombinant glycopro-
teins (Table 2). The protein produced using HEK293 carries
the least amount of terminal sialic acid as compared to other
expression systems, including CHO cells; hence, HEK293 is a
better option when less sialic acid content in the glycoprotein
is desired (Croset et al. 2012). However, the sialylation of
monoclonal antibodies shows anti-inflammatory properties
(Kaneko et al. 2006).

In vitro control of glycosylation

The in vitro re-modeling approach has made possible these
days to produce a homogenous glycoprotein with the distinct

glycan composition (Wang and Amin 2014). The glycoprotein
such as sialylated EPO can also be produced by the chemical
synthesis approach or using mammalian expression system
followed by chemical or enzymatic treatment for the modula-
tion of protein to obtain homogenous desired glycoprotein.

To enhance the disialylated glycans and create homoge-
nous intravenous immunoglobulin (IVIg), the drug is treated
with (3-1, 4-galactosyltransferase, and «-2, 6-sialyltransferase
enzymes in vitro in the presence of corresponding nucleotide
sugars (UDP-Gal, CMP-Neu5Ac) (Washburn et al. 2015).
Similarly, the recombinant glucocerebrosidase (imiglucerase)
has been generated with exposed mannose residues by a syn-
thetic approach in vitro using various such enzymes (Zimran
et al. 1995).

In another approach, a specific endoglycosidase is used to
separate glycoproteins with a single N-linked GlcNA for the
enzymatic removal of heterogenous glycoprotein content. The
structurally homogeneous pre-synthesized oligosaccharide
can be added enzymatically to the N-linked GIcNAc site of a
glycoprotein resulting synthesis of the desired glycans.
Recently, the Callewaert group has developed an in vivo re-
modeling system in human cells for the distinct glycosylation
(Meuris et al. 2014). The GlycoDelete platform has been de-
veloped, wherein GnTI-deficient HEK293 is engineered to
produce N-GlcNAc-modified glycoproteins resulting in the
synthesis of three truncated N-glycans. Therapeutic antibodies
produced using GlycoDelete platform show interesting
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characteristics that need to be further assessed to demonstrate
the potential of this novel approach.

Advances in hosts’ glycoengineering
E. coli glycoengineering

The bacterial host E. coli is used less regularly than the yeast
and mammalian systems for the manufacturing of complex
and larger proteins, mostly due to lack of post-translational
modification and protein folding machinery (Dalton and
Barton 2014; Huang et al. 2012; Gupta and Shukla 2015,
2016). E. coli does not possess endogenous isomerases re-
sponsible for the disulfide bond formation. Therefore,
misfolded proteins have accumulated in the cells as inclusion
bodies (IBs) (Klint et al. 2013), which is then further isolated
from the cells and re-folded in vitro into an active protein.
However, the above process is cumbersome and time-
consuming and often yields a reduced amount of properly
folded protein (Singh and Panda 2005). Besides the above
limitations, wild-type E. coli also lacks the presence of a series
of glycosyltransferases which are required to produce a gly-
cosylated and functional protein (Demain and Vaishnav
2009).

Furthermore, Szymanski and co-workers (Szymanski et al.
1999) identified bacterium Campylobacter jejuni, which pro-
duces an N-linked glycosylated protein (Gupta and Shukla
2015; Szymanski et al. 1999). In a recent study, DeLisa and
colleagues also demonstrated that an E. coli, C. jejuni contains
pgl gene cluster enabling N-glycosylation of various recombi-
nant proteins (Gupta and Shukla 2015; Wacker et al. 2002;
Fisher et al. 2011). However, much study is still needed to
prove this strain as industrially competent for the production
of commercially viable therapeutic proteins.

Generally, the bacterial platform is the preferred choice for the
production of non-glycosylated recombinant protein, and consid-
ered as an easy to handle and advantageous in rapid growth,
simplicity, and availability of various expression elements and
strains (Huang et al. 2012; Baker et al. 2013). Due to the above
characteristics, E. coli is being engineered to improve protein
folding, glycosylation, localization, and purity.

Yeast post-translational modification
and glycoengineering

Yeast is a second host of choice after E. coli for the commer-
cial production of recombinant protein because of their fast
multiplication, the capability to secrete proteins and carry out
post-translational modifications, including glycosylation
(Graumann and Premstaller 2006; Tang et al. 2015).
However, overexpression of recombinant proteins sometimes
leads to accumulation in the intracellular compartment mainly
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due to a limitation in post-translational modification and se-
cretory pathways (Tyo et al. 2014).

The post-translational modifications, including glycosylation,
become critical in S. cerevisiae for the production of the recom-
binant therapeutic proteins (Tang et al. 2015; Young and
Robinson 2014). Many of the researchers have demonstrated
the significance of the glycosylation state for the proficient pro-
duction, and recent discoveries raise our understanding (Tang
et al. 2016). The major issue with the yeast system is the expres-
sion of undesired hyper-mannosylated proteins which are fre-
quently observed and differs from human glycosylation struc-
tures (Wildt and Gerngross 2005). To overcome this challenge,
the gene coding mannosyltransferase was deleted from the yeast
genome, which resulted in reduced hypermannosylation and sub-
sequent production of glycoproteins similar to human. Also, to
prevent hypermannosylation of the recombinant proteins, Frey
and co-workers developed ALG3/ALGI11 double knockout
strain of S. cerevisiae (Nasab et al. 2013).

Furthermore, the yeast strain is modified by knocking out key
Golgi mannosyltransferase genes (i.e., MNN9, MNNI1, and
OCH1) which leads to improved protein expression without nor-
mally observed hypermannosylation (Tang et al. 2016).

The whole glycosylation pathways of the endoplasmic re-
ticulum and Golgi can be humanized to produce human-like
glycosylation (Fig. 2) and potentially reduced mannosylation
in yeast including most demanding P. pastoris (Nasab et al.
2013; Laurent et al. 2016). There are many technologies avail-
able commercially nowadays which makes possible an effi-
cient modification of P. pastoris glycosylation machinery
(Laurent et al. 2016; Jacobs et al. 2008). Recently developed,
the GlycoSwitch® platform is used for the production of gly-
cosylated proteins, wherein the endogenous
hypermannosylation gene (OCH1) is removed to control the
mannose content of the protein and introduced glycosyltrans-
ferase and glycosidase genes to produce the desired glycosyl-
ated protein (Jacobs et al. 2008). However, the major draw-
back of the above platforms is the low yield of the glycosyl-
ated protein, which is a limitation regarding commercial via-
bility and its application. Recently, Merck (USA) and Glycode
SAS (France) announced changing business strategy with no
further focus on their yeast engineering platforms (Laukens
et al. 2015). However, the above issues can be addressed by
implementing an alternate strategy to modify the strain
completely by glycoengineering to produce desired glycans
that may be more homogenous, therapeutically useful, and
able to yield a high expression level (Laukens et al. 2015).

Mammalian glycoengineering to improve
post-translational modification

In mammalian CHO cells, the improvement of antibody-
dependent cell-mediated cytotoxicity (ADCC) effector function
has been demonstrated successfully by knockout of
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Fig. 2 Advantages of
glycoengineering of mammalian
and yeast cells

Therapeutic Anticancer mAbs

Yeast
engineering

CHO engineering
FUT8 gene knock-out

fucosyltransferase 8 (FUT8) gene, which produces afucosylated
recombinant monoclonal antibodies (Table 2 and Fig. 2)
(Yamane-Ohnuki et al. 2004). With the discovery of gene editing
tool, CRISPR/Cas9, the genetic modification of CHO cells has
become easier, and the same has been used to knock out the
FUTS8 gene (Grav et al. 2015). Also, other gene editing tools
such as zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENS) can also be used for
an efficient gene editing of mammalian cells and other hosts such
as yeast and E. coli cells. However, CRISPR/Cas9 has become
more popular compared to ZFNs and TALENSs due to its cost-
effectiveness, simplicity, and less time-consuming process (Gaj
et al. (2013); Gupta and Shukla 2016).

On the other hand, the siRNA or microRNA-based knock-
down platform is also used for the gene disruption involved in
target protein expression, cell cycle, metabolic pathways, and
apoptosis (Fischer et al. 2015). However, this approach is
successful for the knockdown of an individual target/protein
and does not provide a universal and permanent solution for
all proteins.

Moreover, certain genes are required to be overexpressed
(e.g., glycosyltransferases) in the mammalian cells for overall
improvement of the protein glycosylation. Betenbaugh and
colleagues developed an engineered CHO cell by overex-
pressing «-2,6-sialyltransferase to increase the terminal sialic
acid content of recombinant EPO for improved biological ac-
tivity (Yin et al. 2015).

Media and feed supplementation for improving
glycosylation

Apart from cell engineering approaches, the addition of cer-
tain media and feeds during the cell culture process can

Obinutuzumab-Gazyva

Afucosylated Human like
mAb /Afucosylated mAb

Enhanced ADCC

Enhanced ADCC

Rituximab (Anti-CD20)
(Anti-CD20)

*Enhanced Efficacy
*Reduced Doses
*Affordable drug

*Access to large population

improve both protein expression as well as its quality includ-
ing glycosylation. Zhou and co-workers (Zhou et al. 2008)
demonstrated production of recombinant antibodies primarily
containing mannose glycans by using the kifunensine an «-
mannosidase inhibitor; however, the addition of an inhibitor
led to reduced viable cell count. In spite of reduced cell via-
bility, the addition of an inhibitor allowed enhanced overall
specific productivity by more than two folds compared to
untreated cells (Yin et al. 2015). It was also demonstrated that
the addition of a chemical inhibitor of cyclin-dependent kinase
(CDK) 4/6 led to the enhanced specific productivity of the
recombinant clone by arresting the cells at GO/G1 growth
phase (Zhou et al. 2008). Arresting the cells at the GO/G1
phase of the cell cycle possibly will switch the cellular energy
in increasing the protein expression/specific productivity rath-
er than cell growth.

Medium and feed components used for a cell culture pro-
cess optimization are the major source of heterogeneity as
compared to bioreactor physical parameters in any protein
production process (Torkashvand and Vaziri, 2017). Several
media and feeds are available commercially containing vary-
ing concentrations of sugar, amino acids, salts, growth pro-
moting hormones, and so on. The defined concentration of
these components is added during the cell culture process,
which may impact both product titer and its quality. Hence,
it becomes very important to optimize an appropriate concen-
tration and feeding frequency to obtain the desired titer and
product quality (Torkashvand and Vaziri, 2017). Every cell
line/clone behaves differently in a different medium and feed
composition, therefore, the optimization dependent upon their
demand and overall behavior (Zhou et al. 2008). The cell
culture medium constituent also affects the degree of glycan
distribution of recombinant therapeutic monoclonal
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antibodies. The salt MnCl, noticeably reduces the frequency
of fucosylated glycoforms, in other words, increases the
afucosylated glycan species which may improve the ADCC
effector function of a mAb protein (Du et al. 2015; Raju 2008)
positively. Also, the effect of glutamate addition in cell culture
demonstrated improved antibody titer compared to glutamine
supplementation without altering the glycan composition
(Raju 2008).

The production of recombinant therapeutic drugs, includ-
ing mAbs, is a huge and fast-growing area of the biopharma-
ceutical industry. Primarily, these proteins are expressed in
mammalian Chinese hamster ovary (CHO) cells. There is im-
mense industrial attention in the production of these proteins
in CHO cells, but the production demands a good platform
technology for the desired quality of the produced proteins.
The glycan composition of a mAb is a critical quality param-
eter which decides the fate of the effector function (Table 3) of
the molecules, such as complement-dependent cytotoxicity
(CDC) and antibody-dependent cellular cytotoxicity
(ADCC) (Raju 2008). Also, the glycan type and distribution
in a molecule affects its stability and serum clearance (Jones
et al. 2007; Stockert 1995). In a mAb, the D-galactose com-
position causes main variation in the N-glycans (Huhn et al.
2009). The glycosylation composition of a therapeutic protein
can be greatly influenced by the expression host, medium and
feed composition and upstream cell culture process parame-
ters (Table 1) (Costa et al. 2014; Hossler 2012). As glycosyl-
ation is one of the key parameters for the biological activity of
a mADb protein, various approaches have been implemented to
modify the glycosylation compositions to achieve the desired
glycoforms. The cell engineering and media optimization
have been employed in most of the cases to achieve the de-
sired product quality (Andersen et al. 2011).

Kildegaard and co-workers (Kildegaard et al. 2016) have
demonstrated that the production bioreactor conditions and
medium composition, including various N-glycan precursors
(e.g., D-(p)-mannose, D-galactose, L-fucose, GlcNAc,
ManNAc, N-acetylneuraminic acid (NeuNAc), uridine, and
cytidine), influence the glycan composition of a mAb pro-
duced in CHO system (Andersen et al. 2011).

Table 3 Glycan composition of a recombinant mAb and its impact on
the biologics activity (Dicker and Strasser 2015; Gupta 2014)

Sr. No.  Glycosylation composition Impact on biological activity
1 High mannose Fast blood serum clearance
2 High galactose Enhanced CDC
3 High fucose content Reduced ADCC
4 High afucosylation Enhanced ADCC
5 High sialic acid Immunogenic and affects ADCC
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Glycosylation of mAb and efficacy

The effector function of a mAb is influenced by the glycan
composition present in the Fc portion of a mAb (Crispin et al.
20009; Jefferis 2009; Mimura et al. 2009; Iida et al. 2006). It is
now well understood that the non-fucosylated mAb shows
many folds improved binding affinity to FCARIII receptor,
leading to drastically enhanced (up to 100 folds) antibody-
dependent cellular cytotoxicity (ADCC) (lida et al. 2006;
Kanda et al. 2007; Yamane-Ohnuki and Satoh 2009). On the
other hand, the high galactose composition present in a mAb
exhibit enhanced complement-dependent cytotoxicity (CDC)
may be due to increased antibody binding to Clq (comple-
ment protein) in the hyper-galactosylated mAb (Table 3)
(Hodoniczky et al. 2005).

Effect of the host on mAb glycosylation

Chinese hamster ovary (CHO) cell line is one of the most
demanding hosts mainly used in the biopharmaceutical pro-
duction for numerous reasons, and one of the reasons is gly-
cosylation composition close to the human protein. The next
well-liked host is mouse myeloma cells (NSO and Sp2/0)
which are being used for the manufacturing of numerous re-
combinant proteins, including mAbs as they can produce a
high amount of recombinant proteins (Schilling et al. 2004;
Huang et al. 2005). However, the glycan composition of the
protein produced by these cells is different when compared to
the CHO cell line. The protein produced using murine cells
exhibits more complex glycan profiles (heterogeneity) than
derived from the CHO cells.

Moreover, these proteins can also be produced using an
alternate cell line which may lead to superior yield and allow
developing an affordable biotherapeutic protein. A recent ex-
ample of Infliximab biosimilar commercialized by Ranbaxy-
Epirus is manufactured in CHO cells whereas an innovator
has developed this mAb in murine cells (Gupta 2014).

Effect of upstream process on protein glycosylation

A recombinant cell line selected using various criteria subse-
quently utilized for the upstream cell culture process develop-
ment in a particular bioreactor. The parameters which may
influence a therapeutic protein are (1) physical parameters
(various temperature, gassing, sparger type, impellers, and
agitation speed), (2) chemical parameters (dissolved oxygen,
CO2, pH, osmolality, etc.), and (3) metabolites (amino acid,
vitamins, by-products, etc.) are optimized while developing a
cell culture process in a bioreactor (Fig. 1 and Table 1)
(Schilling et al. 2004; Xu et al. 2013). The above parameters
play a key role in optimizing the culture conditions for achiev-
ing acceptable quality of a biotherapeutic drug; hence, a con-
trolled and optimized upstream process with considerable
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product quality may allow developing an efficacious
biotherapeutic drug.

Also, the design of experiment (DOE) strategy is imple-
mented to speed up the upstream development of a steady
process which can give the desired product quality. The high
throughput screening tools, such as AMBR (advanced micro
bioreactor) a Mini-bioreactor (Sartorius/TAP Biosystem)
nowadays aggressively used for an initial clone, medium, feed
screening, and small-scale upstream process development be-
fore process scale-up for clinical manufacturing and commer-
cialization. This approach allows speedy screening of the best
combination of small scale which can give a desired and im-
proved glycosylation composition. The upstream cell culture
parameters that may affect the product quality attributes are
summarized in Table 1 (Liu et al. 2008). It is well studied that
the upstream process can influence the glycosylation compo-
sition, biological activity, and impurity profiles of any thera-
peutic product (Ivarsson et al. 2014; Aghamohseni et al.
2014). Recently developed software, the GLY COVIS can also
be used for the study and prediction of a range of exterior
factors which may affect the glycan profile of a recombinant
product.

Conclusion

The recombinant therapeutic proteins are produced using se-
lected prokaryotic and eukaryotic expression systems.
Selection of an expression host depends on the nature of pro-
teins to be expressed by these hosts. The post-translational
modifications such as glycosylation occur in higher eukary-
otes. Hence, an appropriate host is selected for the production
of a glycosylated protein. The heterogeneity associated with
the protein glycosylation is a universal variation that occurs in
mAbs and other therapeutic proteins when produced in mam-
malian hosts. It is well known that these variations can result
from a host, clone, and variability in the upstream process,
downstream process, and formulation and storage conditions.
The high screening throughput devices (AMBR etc.) and
DOE approaches at a different stage of development can suc-
cessfully be utilized to optimize the extent of heterogeneity,
minimize the risk associated with product quality, potency,
and immunogenicity of a therapeutic protein. Notable, up-
stream cell culture parameters such as physical and chemical
parameters influence the glycosylation pattern of a variety of
proteins. The host glycoengineering such as FUT8 gene
knockout of CHO cells allows increased biological activity
(ADCC) at a very low dose compared to the product
expressed from non-engineered cells.

The use of modern genome editing tools and better control
and understanding of cell culture processes will make possible
in developing next-generation production hosts for the im-
proved protein production. The above-described

glycoengineering approaches may allow ease of manufactur-
ing of recombinant therapeutic proteins, including biosimilar
and biobetter drugs with improved biological activity and
safety. Ultimately, these approaches may lead to the develop-
ment of a low cost and affordable therapeutic protein with
superior potency, with lower doses and frequency. To date,
various strategies have been implemented to overcome prod-
uct quality challenges, especially glycosylation; however, still
many things are unclear when it comes to the protein glyco-
sylation. The best approach to controlling the glycosylation is
to keep track of product quality attributes right from the clone
screening, its selection, and subsequent process optimization
steps.

In summary, a CQA-based approach can be implemented
to have better control of product quality at each step of the
product development cycle until the process scale-up and
product commercialization. The upstream process optimiza-
tion and cell engineering strategies offer great potential in
modulating the cell line which allows expressing desired gly-
coproteins. However, it may affect other characteristics of an
expression system. In addition to the process optimization,
glycoengineering allows developing a product with correct
glycan composition.
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