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Deciphering O-glycomics for the development
and production of biopharmaceuticals

The functional impact of glycosylation on drug efficacy and safety profiles has
been demonstrated in a wide range of biopharmaceuticals. Understanding of the
N-glycosylation pathway and the advent of analytical technologies has enabled both
detailed and rapid characterization of N-glycans, thus providing critical insights for
regulatory compliance. In comparison, O-glycosylation encompasses several types of
protein modifications by a more heterogeneous pool of sugars, and the understanding
of its biology is less mature. Concomitantly, there exist several limitations in O-glycan
analytical strategies, impacting both O-glycoprotein-based drug development and
regulatory compliance. Here, we aim to provide a critical review of the biology and
functional importance of O-glycosylation in the context of existing and potential
O-glycoprotein drugs, as well as the corresponding analytical methods. The ultimate
goal is to identify the gaps in current analytical methods and propose potential future
directions for O-glycosylation analysis, to support the development and production of

O-glycosylated biopharmaceuticals.

Protein glycosylation is the most common
type of post-translational modification. It
refers to the covalent attachment of a carbo-
hydrate moiety to the polypeptide back-
bone. Two major types of glycosylation can
be classified based on the site of attachment:
in N-linked glycosylation, the glycan is at-
tached to the side chain of an Asn residue
located in the consensus sequence of Asn-
X-Ser/Thr (note position 2 [X] can be any
amino acid except Pro; occasionally, position
3 can be a Cys residue); in O-linked glyco-
sylation, the glycan is attached to the side
chain of a Ser or Thr residue. No consensus
sequence has been identified for the major
type of O-glycosylation, that is, mucin-type
O-glycosylation [1].

A substantial portion of the protein-based
pharmaceuticals on the market are glyco-
proteins. Various glycan structures can criti-
cally modulate the physicochemical proper-
ties of proteins, affect their 7z vivo stability,
and have a functional impact on their thera-

peutic potentials, and in some cases can affect
the safety profiles of such drugs [2-4].

The functional impact of N-glycans on
monoclonal antibodies (mAb) is widely rec-
ognized. Human IgGl1 isotype mAbs bear
one N-linked oligosaccharide at Asn®” on
each of the Fc (Fragment crystalizable) re-
gions of heavy chains. These N-glycans can
affect the interaction of the Fc portion with
Fc receptors (FcyRs), which are responsible
for antibody-dependent cell-mediated cyto-
toxicity (ADCC). It is now well established
that the ADCC activity of such therapeutic
mAbs can be greatly increased by reducing the
level of fucosylation on the N-glycan of the
antibody [s]. Additionally, the effect of gly-
cosylation on 77 vive bioactivity of drugs has
been shown in the context of erythropoietin
(EPO) 13]. It was found that the presence of
N-acetylneuraminic acid (Neu5Ac), which is
the human type of sialic acid (Sia) on EPO, a
glycoprotein drug primarily used for the treat-
ment of anemia resulting from kidney disease
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Key Terms

O-glycosylation: Covalent
attachment of a carbohydrate
moiety to a serine or threonine
residue via the oxygen atom of
the hydroxyl side chain.

Glycosylation-associated critical
quality attributes: Examples

of well-defined glycosylation-
associated critical quality
attributes include the level of core
fucosylation for IgG Fc N-glycans
and the level of erythropoietin
sialylation.

and cancer therapy, can prevent pre-
mature clearance of the protein by
the liver asialoglycoprotein receptor.
Hence, proper sialylation of EPO
can lead to prolonged 7z vivo drug
circulation and higher in vivo bioac-
tivity (3.6]. Glycosylation can also af-
fect the bioactivity of drugs through
specific recognition by target cells.
One example of this is glucocerebro-
sidase (GCase) for enzyme replace-

ment therapy of Gaucher’s disease.
The efficacy of this therapy largely
depends on the effective targeting and internalization
of the GCase into macrophages, which is mediated by
the terminal mannose (Man) residues on the N-glycans
of GCase [7].

Where drug safety is concerned, the major mam-
malian nonhuman Sia N-glycolylneuraminic acid
(Neu5Gc) is considered an undesired, aberrant form of
sialylation for therapeutic glycoproteins as it can induce
an immunogenic response [8]. Gala1,3-Gal (or aGal in
short) is another well-known immunogenic sugar epit-
ope. Anti-oGal IgE antibodies have been found in high
levels in some individuals who developed hyperallergic
reactions after being treated with recombinant mAbs
(e.g., cetuximab) bearing 0.Gal epitopes [9].

Therefore, the glycosylation pattern constitutes
several critical quality attributes of recombinant thera-
peutic proteins. Ideally, a producing clone for recom-
binant production of glycoproteins should be selected
based on the optimal glycosylation profile. This opti-
mal profile should be maintained during the manu-
facturing and purification processes, so that drug
substances produced in different batches will have
consistent efficacy and similar risk if any. In general,
mammalian cells, especially Chinese Hamster Ovary
(CHO) cells, are more frequently used for producing
glycoproteins. This is because glycosylation profiles
of the drugs from such systems are more similar to
humans than non-mammalian cells, including insect,
plant and yeast systems [4]. However, abrupt changes
in glycosylation pattern of biopharmaceuticals have
been reported, possibly as a consequence of a manu-
facturing process change [10]. This is due to the fact
that glycan structures on recombinant proteins are
not directly encoded by the host genome, but instead
can be affected by host genetic background and cul-
ture environment [11]. Thanks to understanding of the
N-glycosylation biosynthetic pathway, various means
aiming at optimizing and maintaining the consistent
N-glycosylation profile of recombinant glycoproteins
have been proposed with varied effects [4,12.13). In
comparison to N-glycosylation, our understanding of
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the effect of O-glycosylation on protein therapeutics
is still rather limited despite several lines of evidence
suggesting a context-dependent impact [14,15].

Due to the critical impact of glycosylation on drug
safety and efficacy and its heterogeneity and dynam-
ics, regulatory agencies around the world require drug
manufacturers to both characterize and maintain the
glycan profile of their products. For instance, the Inter-
national Conference on Harmonization provides guid-
ance on test procedures and acceptance criteria for bio-
technological/biological products (International Con-
ference on Harmonization Q6B) [16]. For glycoproteins,
it states that carbohydrate content is to be determined
while the glycan structure and site information should
be analyzed to the greatest extent possible [16]. While
the importance of glycan analysis needs to be empha-
sized, the guidance does not provide a universal set of
acceptance criteria for the glycan profile of the drug
since such criteria depend on the specific protein thera-
peutics in consideration and the respective acceptance
limit is the intellectual property of the manufacturer [4].

In practice, biochemical testing for biopharma-
ceuticals usually takes place in two levels — lot release and
characterization. In the context of glycan profile testing,
while lot release is performed on each batch to check
whether the glycosylation is similar to previous batches
so as to ensure consistency in production [17], on the
other hand characterization work is more thorough, but
performed only on selected representative batches before
licensure or major process changes to fully measure the
carbohydrate structures on the glycoprotein [18].

Controlling the glycosylation of biopharmaceuticals
is a complex process that requires measures beyond
merely testing the product at the end of manufactur-
ing. Recently, many regulatory agencies, including the
US FDA and the European Medicines Agency, have
proposed some methodological approaches to help
biopharmaceutical manufacturers incorporate quality
considerations into the design process via the quality-
by-design (QbD) framework. The purpose of imple-
menting QbD is to apply knowledge about the product
into every step of the manufacturing process so that
one can be assured of the product quality by carefully
controlling the process [19].

For successful QbD implementation on the produc-
tion of protein therapeutics with desired glycosylation
patterns, one must first understand and identify the im-
portant features of the biopharmaceutical that support
its clinical use for the particular indication, which is
termed as the mechanism of action. In the case of mAb
manufacturing, ADCC can be such an mechanism of
action as this is how an antibody activates the immune
response, which is a critical component in achieving its
intended clinical use. The next level is to pinpoint the
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impact glycan structures can have on such mechanisms
of action and define these properties as glycosylation-
associated critical quality attributes (gCQAs). As described
previously, fucosylation of Fc N-glycan, sialytion of
EPO N-glycans, and terminal Man of GCase can all be
considered as gCQAs [20]. In contrast, O-glycan-related
CQAs remain less clearly defined.

Apart from identification of the gCQAs based on
existing knowledge in glycobiology, implementation of
QbD also relies on the ability to control process pa-
rameters relevant to the gCQAs identified. The manu-
facturing process must, therefore, be assessed to locate
those factors that can impact gCQAs while process ana-
lytical technology needs to be put in place to accurately
measure the defined gCQAs at every stage of process
design and operation, so as to ensure that the glycan
profiles on the produced biopharmaceuticals meet the
required safety and efficacy standards.

A range of analytical methods and platforms have
been established that are catered to the gCQAs. Signifi-
cant technological advancements have been achieved
that allow for rapid, quantitative and higher through-
put analysis of protein glycosylation. For a quantitative
Sia assay, a high-throughput method has recently been
established [21], showing much higher sensitivity and
a shorter analysis time than the traditional thiobarbi-
turic acid assay. Glycan profiling (mostly N-glycans)
can be conducted by separation-based methods and
mass spectrometry (MS). Separation-based analysis in-
cludes chromatography methods and electrophoresis
techniques. To facilitate the detection of glycan spe-
cies, the glycans are typically conjugated with fluores-
cent molecules such as 2-aminobenzamide [22]. The
aromatic rings on these tags impart a certain degree of
hydrophobicity on the glycan and, hence, make reverse-
phase (RP) liquid chromatography separation feasible.
Alternatively, when normal phase (NP) or hydrophilic-
interaction liquid chromatography (HILIC) is applied,
the hydroxyl groups of the glycans can be harnessed
to achieve proper separation [6]. Porous graphitic car-

bon (PGC)-based chromatography is also adopted for
glycan separation as this technology is noted for its
good selectivities in isomeric structures and improved
retention for those charged glycans [23]. Alternatively,
label-free native N-glycans can be analyzed by high
performance anion exchange chromatography coupled
to pulsed amperometric detection (HPAEC-PAD) [24].
In addition, N-glycans labeled with 8-aminopyrene-
1,3,6-trisulfonate can be separated by capillary electro-
phoresis and detected and quantified by a laser-induced
fluorescence unit [25].

MS systems with soft ionizers, especially matrix-as-
sisted laser desorption ionization (MALDI) and elec-
trospray ionization (ESI), are typically used for glycan
profiling. For MALDI-MS analysis of mammalian
N-glycans, permethylation of the glycan sample is often
applied to neutralize the acidic residues on the glycan to
ensure uniform ionization efficiency between charged
(Sia-containing) and neutral oligosaccharides so that
relative quantification is possible [26,27].

While more rapid and sensitive methods are being
developed, some effort is also being put in to streamline
and automate the workflow of N-glycan analysis to in-
crease the throughput and extend its application from
process monitoring to medium/process development
and clone selection [28].

O-glycosylation can be found on a wide range of bio-
pharmaceuticals (see Table 1 and [29] for a list of approved
biopharmaceuticals). Functionally, O-glycosylation was
found to impose critical impacts on drug immuno-
genicity [14], protein secretion [15] and protective im-
munity against cancer [30], and maintenance of nor-
mal development [30] and physiology [31]. Structurally,
O-glycosylation leads to a more heterogeneous pool
of oligosaccharides with different initiation sugars and
linkages [32]. The existing regulatory framework and in-
creasing evidence showing the critical involvement of
O-glycosylation in drug performance and diseases will
necessitate extensive O-glycosylation analysis. Howev-
er, O-glycosylation analysis is more challenging and less

Table 1. Sub-types of O-glycosylation, protein sequence features for O-glycan attachment and

examples of modified proteins.

Types of O-glycosylation

attachment
O-GalNacylation Unknown

O-Fucosylation
domain

O-Glucosylation
domain

O-Mannosylation Unknown

findicates a protein with approved therapeutic application.

Consensus sequence for glycan

C2X, (S/T)C® within EGF-like

C'X, 4(S/T)C? within TSR1 domain Thrombospondin1 and 2, ADAMTS1-20
C'XSXPC? within EGF-like

Examples of modified proteins
MUC1, EPO!, Enbrelf, G-CSF*

Notch1, Factor VIIf, Factor IXt, Factor XlI,
tissue plasminogen activatort

Factor VIIf, Factor IXt, Notch1

a-DG
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O-fucosylation: Two pathways
exist for O-fucosylation of EGF-
like domain and TSR1 domain,
initiated by POFUT1 and POFUT2,
respectively.

a-dystroglycan: Membrane protein
that is translated as a single
polypeptide and later cleaved into
two subunits, a distal a-subunit
and a membrane-spanning
B-subunit. The a-subunit contains
four N-glycans and a mucin-like
domain with multiple O-GalNAc
and O-Man glycans.

Enbrel®: Homodimeric TNF
receptor Il (TNFRII)-Fc fusion
protein produced in CHO cells
for the treatment of rheumatoid
arthritis. Each chain carries two
N-glycans and multiple mucin-
type O-glycans in the TNFRII
region.

developed compared with N-glyco-
sylation. The focus of the discussion
in the following section will then be
placed on the current understanding
of O-glycosylation, the available ana-
lytical methods and applications, as
well as future perspectives.

O-glycosylation analysis &
current gaps

» An overview on the biology of
O-glycosylation

O-glycosylation encompasses a va-
riety of modifications determined
by the innermost (termed reducing
end) monosaccharide. In the con-
text of mucin-type O-glycosylation,
this reducing end sugar is an N-
acetylgalactosamine (GalNAc) resi-
due that can be further modified by
other sugar types including galactose

(Gal), N-acetylglucosamine (GlcNAc), GalNAc, fucose
(Fuc), and Sia (Neu5Ac and/or Neu5Gc). In addition
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Figure 1. O-glycan structures. (A) Eight core structures of mucin-
type O-glycosylation. All glycans were arranged such that the reducing
ends face right. (B) Typical structures for O-Fuc glycan, O-Glc glycan
and a-DG O-Man glycan. X in the O-Man glycan cartoon indicates an
unknown sugar unit. Bracket indicates the repeats of Xyl-GIcA. Major

references are [33,36].
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to GalNAc, other types of monosaccharides can also be
O-linked to the protein backbones, such as Fuc, glucose
(Glc) and Man (Figure 1) [1,33].

Mucin-type O-glycosylation is initiated in the early
Golgi compartment, catalyzed by GalNAc transferases
that link a GalNAc¢ from UDP-GalNAc to a Ser or Thr
via the hydroxyl side chain. Existence of the consensus
sequence for this modification is still unclear. In general
terms, O-GalNAc glycosylation is thought to prefer re-
gions rich in Ser/Thr, Pro and Ala [30] and several mod-
els have been proposed to predict such glycosylation
sites [34,35]. The O-linked GalNAc can be further modi-
fied by Gal and GlcNAc in different linkages, gener-
ating eight core structures, each potentially subject to
further elongation and substitution (Figure 1) [36].

Modification of Ser/Thr residues by a fucosyl glycan
can be found in two distinct protein domains, namely
the EGF-like repeat and thrombospondin type 1 repeat
(TSR1) [37,38]. O-fucosylation is initiated in the endoplas-
mic reticulum (ER) by protein O-fucosyltransferases
(POFUT). Two pathways were discovered that utilize
POFUT1 and POFUT?2 for the transfer of GDP-Fuc
to a Ser or Thr hydroxyl side chain in EGF-like domain
and TSRI1 domain, respectively (39]. Specifically, the
consensus sequence for O-fucosylation in the EGF-like
domain is C*X, (S/T)C’, where C* and C’ refer to the
second and third conserved Cys residues; which are sep-
arated by 4-5 amino acid residues ahead of a Ser/Thr
residue. The consensus sequence for TSR1 type of O-
fucosylation was found to be C'X, (S/T)C?, where C!
and C? refer to the first and second conserved Cys in the
TSR1 domain. Subsequent modifications of the O-Fuc
further diversify the two pathways, leading to the forma-
tion of typically Siaa2,3/6-GalB1,4-GlcNAcB1,3-Fuc-
O-(Ser/Thr) tetrasaccharide in the context of EGF-like
domain and Glcf1,3-Fuc-O-(Ser/Thr) disaccharide in
TSR1 domain (Figure 1) [39].

O-glucosylation is a rare type of modification, typi-
cally found in proximity to the EGF-like type of O-Fuc
glycans on a small number of proteins with the consen-
sus sequence of C'XSXPC? This modification starts in
the ER with the attachment of a Glc by a protein O-
glucosyltransferase. The O-Glc can be extended by two
xylose (Xyl) residues, forming a XylB1,3-XylB1,3-Gle-
O-(Ser) trisaccharide (Figure 1). With the cloning of the
xylosyltransferase that adds the second Xyl to the O-Glc
glycan, all the glycosyltransferases have been identified
for this type of O-glycosylation [40].

O-mannosylation is another rare type of post-
translational modification. However, it is abundantly
present in the brain, giving rise to about 30% of the
O-glycan pool [31). This modification begins in the ER
with the attachment of a Man to a Ser/Thr by protein
O-mannosyltransferase 1 and 2. The O-Man is further
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extended in the Golgi by a range of glycosyltransfer-
ases, including N-acetylglucosaminyltransferases, ga-
lactosyltransferases, and sialyltransferases. Additionally,
several other Golgi-localized proteins were shown to
be involved in the proper O-mannosylation of pro-
teins, including Fukutin, Fukutin-related protein and
LARGE, although their specificities need to be clearly
elucidated [31]. Recently, O-mannosylation is gaining
more and more attention due to its critical involvement
in muscular dystrophy in the context of a-dystroglycan
(0-DG). Mutations of the O-mannosylation-related
glycosyltransferases result in improper glycosylation of
o-DG, which abolishes its binding to laminin, leading
to a class of inherited diseases called congenital mus-
cular dystrophy [41]. O-Man glycans display a wide
range of heterogeneous structures. The major structure
found on o-DG is a Siaa2,3-GalB1,4-GlcNAcB1,2-
Man-O-(Ser/Thr) tetrasaccharide (Figure 1) [31]. Recent
structural analysis revealed a-DG O-Man glycans can
be substituted at position 6 of the reducing end Man
by a phosphoester [42], which is linked to an unknown
sugar unit, which is in turn extended by repeating units
of xylose and glucoronic acid (GlcA) in the form of
-Xylal,3-GlcAB1,3- (Figure 1) [43]. Such extension was
found to be dependent on the activity of LARGE and
critically impacted the binding of a-DG to laminin
(43]. Clearly, in-depth understanding of a-DG glyco-
sylation, including O-mannosylation, is necessary for
development of therapeutic agents against congenital
muscular dystrophy [44].

The aforementioned types of O-glycosylation also
exist in recombinant glycoproteins that find therapeu-
tic applications in humans. In fact, two blockbuster
biopharmaceutical drugs, recombinant human EPO
and Enbrel® (a TNF receptor II-Fc fusion protein), are
decorated with O-GalNAc glycans. Several coagula-
tion blood factors are modified by O-Fuc and O-Glc
glycans in their EGF-like domain, including recombi-
nant Factor VII produced in BHK cells (brand name
NovoSeven®) and recombinant Factor IX produced in
CHO cells (brand name Benefix®) (Table 1) [29].

Similar to N-glycosylation, O-glycosylation is postu-
lated to have general protective functions for the under-
lying proteins, including increasing the solubility and
resistance to proteases. Importantly, a change of mucin-
type O-glycosylation is observed in many types of solid
tumors [30]. In fact, O-linked GalNAc (Tn antigen),
Gala1,3-GalNAc (T antigen) and Siac2,6-GalNAc
(STn antigen) are found to be abundantly expressed in
adenocarcinomas, and thus are termed tumor-associated
antigens. These truncated O-glycans were found to be
immunogenic in humans, especially when conjugated
to MUCI1 peptide backbones [45], thus raising the pos-
sibility of using the ‘cancer-like’ MUCI glycopeptides

as cancer vaccines [30]. In addition, O-glycosylation can
also exhibit context-dependent functions. For example,
O-fucosylation of Notch 1 was shown to be required
for Notch signaling [46,47), whereas O-fucosylation of
Factor VII seems dispensable from the binding of its
EGF-like domain to tissue factor [48], but important for
protein secretion [15].

The majority of the biopharmaceutical drugs are
monoclonal antibodies of IgG isotype [29]. Except
for isolated cases [49] these IgG molecules are not O-
glycosylated, with only one N-glycan located in each
Fc domain. However, it is already apparent that O-
glycosylation is prevalent in many other classes of ther-
apeutic proteins (Table 1). In-depth understanding of
the O-glycosylation status of these drug substances will
shed light on the structure—function relationship of the
O-linked sugars, which may lead to the identification of
functionally favorable O-glycan structures to improve
drug efficacy and safety profile. Even without a detailed
understanding of the O-glycan function, the risk-based
approach for regulatory approval still warrants the elu-
cidation of the O-glycosylation pattern in a routine
and quantitative manner. This is especially important
for maintaining a consistent product quality profile for
both innovator drugs and their follow-on products (or,
biosimilars) to minimize the potential drifting in effi-
cacy and safety profile. Additionally, research in alterna-
tive expression systems for glycoprotein production has
been an ongoing effort. Tremendous progress has been
made over the past few years, leading to the humaniza-
tion, albeit to various extents, of N- and O- glycosyl-
ation in non-animal cell lines (j50;51] and reviewed in
(). This field is further catalyzed by the recent FDA
approval of taliglucerase, the first plant-derived recom-
binant glycoprotein drug [s2]. Again, feasibility of these
alternative platforms will, in part, depend on the O-
glycan structures if they are intended for the production
of proteins bearing ‘human-like’ O-glycans.

However, the knowledge of O-glycosylation biol-
ogy is less mature compared with N-glycosylation.
First, the consensus sequence of the O-glycan attach-
ment site is still unknown, making O-glycosylation
less predictive. Second, biosynthesis of O-glycans
requires a more heterogeneous collection of glycosyl-
transferases. For example, unlike N-glycans that share
a single Man3GIcNAc2 core structure, there exist
eight core structures for mucin-type O-glycans, each
formed by the catalytic activities of different glycos-
yltransferases. Furthermore, for the proximal GalNAc
alone, there exist at least 20 GalNAc transferases in
humans that are variably expressed in different tis-
sues [53]. Thus, the O-glycome is largely shaped by the
tissue- and cell line-dependent expression pattern of
the related glycosyltransferases. Gill ez al. showed the
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striking GalNAc transferase relocation from Golgi to
ER in response to EGF stimulation, and this reloca-
tion resulted in remodeling of cell surface and mucin
O-glycosylation [54]. This provided strong evidence
that O-glycosylation can be influenced by environ-
mental cues such as growth factors existing in the cell
culture medium. Third, analytical strategies for O-
glycosylation are less well developed compared with
N-glycosylation, thus forming a negative feedback
loop with the inadequate understanding of its biol-
ogy. These factors limit our understanding about the
structure—function relation of O-glycosylation and
impede the discovery of new drugs and drug targets,
and therefore represent major hurdles for the devel-
opment of novel and follow-on biopharmaceutical
protein-bearing O-glycans. Below we provide a brief
review of current technologies for O-glycosylation
analysis that can be used for in-depth characteriza-
tion and routine monitoring of recombinant protein
O-glycosylation.

» Structural analysis of O-glycosylation

There are two complementary O-glycosylation analysis
workflows. In the first approach, O-glycans are released
from glycoproteins and subjected to labeling and/or de-
rivatization before being analyzed by separation-based
or MS methods. In the second approach, peptides car-
rying O-glycans (O-glycopeptides) are released from
intact proteins and analyzed as a single entity in the first
stage, usually by an LC-MS system, before being sub-
jected to fragmentation to sequence both the peptides

and the attached O-glycans by MS/MS.

Release of O-glycans

Release of N-glycans is typically achieved by PNGase F
(or PNGase A in the case of plant-derived N-glycans),
resulting in an intact reducing end for tagging. In ad-
dition, the mild enzymatic treatment preserves the
structural integrity of N-glycans. In contrast, the speci-
ficities of the reported O-glycanase are predominantly
restricted to T antigen (Galf1,3-GalNAca-Ser/Thr)
55.56]. Despite isolated reports describing O-glycanases
of broader specificities [57), a universal O-glycanase
that is capable of liberating O-glycans with more so-
phisticated branching and elongation is still unknown.
Consequently, the application of the most established
Streptococcus pneumoniae O-glycanase is rather limited.
A prerequisite is pre-treatment using sialidase and other
necessary exo-glycosidases to reveal the T antigen core
in order for the O-glycanase to function. Identification
of a universal O-glycanase has been an ongoing effort in
recent decades. Although there is still no indication of
success at present and even in the near future, it is pos-
sible that the genome sequencing of an ever growing list
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of species and the advent of large-scale, screening-based
protein engineering methods may lead to the genera-
tion of a universal O-glycanase by manipulating the
existing O-glycanases.

Chemical release of O-glycans is typically conduct-
ed at alkaline conditions. At elevated pH, the released
O-glycans are susceptible to degradation by losing the
reducing end sugars, an effect termed ‘peeling’, thus
affecting the overall structural integrity. To control
this problem to a minimal extent, a commonly used
approach is to concomitantly reduce the released O-
glycans by converting the reducing end GalNAc to
GalNAcitol using reducing agents such as NaBH,.
Such a reductive elimination method has been shown
to be most reliable in preserving the O-glycan struc-
tures. However, one serious drawback is that the re-
duced sugar prevents further glycan labeling through
the reducing end hydroxyl group and abolishes the
possibility of utilizing this end for fluorescence-based
detection and quantitation. Although a label-free detec-
tion method, such as HPAEC-PAD, can provide sensi-
tive quantitation without the need of a fluorophore [ss],
its application in native, label-free O-glycan analysis is
still less well developed compared with the analysis of
N-glycans, due to the lack of a comprehensive O-glycan
standard library for peak identification.

In order to minimize the peeling effect in the alkaline
elimination conditions, weak bases have been tested.
The use of ammonium [59], dimethylamine [60] and am-
monium carbamate [61], have been shown to suppress,
but not totally avoid, the peeling effect. Additionally,
the P-elimination can be accelerated by a microwave
device, which is often employed in nonspecific proteo-
lytic digestion of glycopeptides. In a parallel approach
to shorten the reaction time, Yamada ez al. developed
an O-glycan release device, in which O-glycans were re-
leased by LiOH at 60°C for only 0.7 min at a continu-
ous flow setting [62]. The reaction mixture containing
released O-glycans is immediately neutralized by a cat-
ion exchange resin, minimizing peeling to a negligible
level. This flow-based release method was further hy-
phenated to an MS system, allowing for automated O-
glycan release and analysis (63]. The major determinant
of this promising method lies in the availability of the
instrumentation. It is reasonable to postulate that the
instrument and method can be applied to the release of
other types of O-glycans, but this remains to be tested.

Hydrazinolysis is another nonreductive method for
O-glycan release without excessive peeling. Recently,
Kozak et al. showed that the peeling effect could be sup-
pressed by the addition of a tiny amount of trifluoro-
acetic acid (0.1% v/v) or EDTA (mM range) prior to
hydrazinolysis, possibly by chelating cations [64]. How-
ever, the involvement of highly hazardous hydrazine
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still represents a major limitation of this method. Addi-
tionally, all chemical release methods lack the required
specificity for the selective release of O-glycans instead
of N-glycans.

Therefore, the current gap in O-glycan release
mainly lies in the lack of a robust and efficient meth-
od that liberates the O-linked oligosaccharides with
an intact reducing end and structural integrity. It is
noteworthy that endoglycosidases for releasing intact
O-fucosylated, O-glucosylated and O-mannosylated
glycans are completely unknown. The availability of a
universal O-glycanase or a mild, yet robust method has
twofold additional advantages:

» It preserves the underlying protein/peptide, thus
paving the way for O-glycosylation site identification
as well as functional analysis;

» It will enable the specific release of a particular type
of O-glycan (e.g., O-Man glycans instead of all O-
glycan species), thus allowing for targeted structural
analysis.

Structural analysis of the released O-glycans

Similar to N-glycans, the released O-glycans can be
analyzed by chromatography methods based on elution
profile, or by MS methods, or both in the form of LC~
MS. A major consideration for choosing a suitable ana-
lytical method depends on the treatment done to the
O-glycans. This is because the physicochemical proper-
ties of the O-glycans after treatment affect their inter-
action with chromatographic stationary phases, as well
as the preferred ion mode under specific MS settings.

O-glycan analysis by LC

Native O-glycans can be separated by either NP [65) or
RP (66] columns in a complementary manner. More re-
cently, HILIC [¢7] and PGC columns [68] have been ap-
plied to glycan separation. HILIC-based glycan analysis
was shown to be a straight forward method with the
ability to resolve some isomeric glycan structures. The
elution time of a glycan species can be reported in terms
of glucose units, which can provide valuable structural
information on the glycan by referencing to a dextran
ladder and online databases, most notably the Gly-
coBase [201], of glycan structures with known glucose
units values [66]. The advent of ultra-performance lig-
uid chromatography (UPLC) based on sub-2 pm beads
dramatically shortens the analysis time and improves
the peak resolution, as demonstrated by HILIC-UPLC
analysis of IgG N-glycans [69]. A PGC column can be
operated over a wider pH range and was shown to have
higher resolving power towards more structural isomers
(68]. A technical note is that both N- and O-glycans are
preferably reduced prior to PGC separation to elimi-

nate the a/P-isomerization of the reducing end hydrox-
yl group to simplify the analysis [68]. PGC as a rela-
tively new technology is less applied in glycan analysis
of biopharmaceutical glycoproteins (primarily IgGs). A
recent report compared HILIC, RP and PGC station-
ary phases and suggested the lack of reproducibility and
robustness of PGC in glycan analysis [70]. Obviously,
these issues have to be resolved in order for PGC-based
glycan analysis to be readily acceptable for the regula-
tory submission of biopharmaceutical drugs. In recent
years, technology developments in microfluidics have
given rise to chip-based separation devices with HILIC
(711, RP [72] or PGC stationary phases [73,74]. These chip-
based HPLC separation devices are often coupled to a
downstream MS, allowing for structural confirmation
of the glycan species, and additionally, upstream chips
for glycoprotein digestion, glycan release and purifica-
tion [74]. However, such a rapid (within 10 min), fully
automated chip-based glycan analysis workflow was
only demonstrated in the context of IgG N-glycans
(74]. The application of such a platform for O-glycan
analysis remains to be tested.

Detection and quantitation of separated O-glycan
species in a chromatography setting is typically
achieved optically or electrochemically. Although na-
tive glycans can be detected by absorbance at around
210 nm wavelength [75], glycans are preferably labeled
with a fluorescent tag to increase the sensitivity of de-
tection [76]. The most commonly used tag is 2-amino-
benzamide [22]. Knezevic ez al. reported a multiplexed
labeling strategy using 2-aminobenzamide, aniline and
2-aminoacridone [77]. The three fluorescent dyes were
shown to have minimal spectral overlap, thus allow-
ing for three-channel data output from a single UPLC
separation of plasma N-glycan samples. As for most
UPLC-based glycan analytical methods without MS
coupling, the identity of the glycan species usually re-
quires exoglycosidase-based sequencing. Therefore, the
multiplexed, UPLC-based method can be applied to
O-glycan analysis, provided a comprehensive panel of
O-glycan specific exoglycosidases is readily available.

Reduced O-glycan alditols in their native form can
be analyzed by HPAEC-PAD, allowing for label-free
detection. This is illustrated by the quantitative analysis
of yeast O-Man glycans [s8]. Alternatively, NP or RP
chromatography can be employed with UV detection
at around 210 nm wavelength, or coupled to an MS for
detection. Permethylated O-glycans can be separated by
reserved-phase chromatography and analyzed by MS.

O-glycan analysis by MS

MS can be a standalone system for glycan analysis with-
out coupling to an upstream separation phase. In this
case, the released O-glycans, derivatized or in their na-
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tive forms, will be analyzed as a heterogeneous pool of
structures. MALDI-MS and ESI-MS are the two most
popular MS configurations for O-glycan analysis. In
fact, an international multicenter report showed the
two most reliable O-glycan analytical methods, name-
ly, direct MS analysis of permethylated reduced O-
glycan pools in positive ion mode of MALDI-MS and
LC-MS analysis of native reduced O-glycans in nega-
tive mode [78]. Owing to the relatively higher salt toler-
ance and speed, MALDI-MS is a particularly efficient
method for initial profiling of O-glycans. However,
under a MALDI setting, neutral glycans are efficient-
ly ionized in the positive ion mode while negatively
charged glycans (sialylated or sulfated) are efficiently
ionized in the negative ion mode. Therefore, the O-
glycans are preferably permethylated allowing analysis
of all structures under positive mode. Under such con-
ditions, glycan species form singly charged sodium ion
adducts, thus facilitating spectral interpretation. How-
ever, MALDI-MS relies on a matrix for efficient en-
ergy transfer for the ionization of glycan species. The
most commonly used matrix, 2,5-dihydroxybenzoic
acid, produces background peaks ranging up to ap-
proximately 500—700 m/z. This range covers the m/z
values of several small O-glycan species. For example,
a singly charged sodiated ion of the permethylated Tn
antigen is 330.2 (m/z), whereas that of the T antigen
is about 534.3 and the STn is about 691.4. These small
ions can be masked by the high level of ions generated
from the matrix. In contrast, ESI-MS typically pro-
duces background ions below 200 72/z, thus enabling
sensitive detection of small O-glycan species. It is for
this reason the authors favor the ESI-MS over MAL-
DI-MS for analyzing samples containing such tumor-
associated O-glycans. Permethylated O-glycan alditols
can be directly infused into ESI-MS [79]. Because of
structural heterogeneity, O-glycans directly sprayed
into ESI-MS often have to be subjected to MS/MS for
unambiguous structural assignment. The advantage
of performing permethylation to the O-glycans is that
it gives rise to a predictable fragmentation pattern of
the O-glycan species, thus aiding the assignment of
precursor structures. However, the permethylation re-
action can potentially destroy several types of sugar
modifications such as sulfation. The recent CHO-
K1 genome sequencing study showed that CHO-K1
cells do not express sulfotransferases [30]. Therefore,
CHO-K1-derived O-glycans are expected to be free of
a sulfate group and permethylation is safe in this re-
gard. However, it should be noted that previous stud-
ies reported the sulfation of CHO-derived O-glycans
81], possibly due to the activation of the sulfotransfer-
ase genes in the particular cell line. This highlights the
importance of performing glycomic analysis during
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the clonal selection step of recombinant production
(see below).

O-glycan analysis by LC-MS

Compared to direct infusion of permethylated O-glycan
alditols, coupling of an ESI-MS to an upstream LC (es-
pecially nanoL.C) has several advantages [32.76,82]. First,
the LC dimension can separate certain structural iso-
mers, enabling downstream unambiguous structural
assignment by MS. Second, the nanoLC can serve as
a trapping and concentration step, which increases the
concentration of O-glycan species, hence significantly
improving the sensitivity of detection. Third, an inher-
ent problem of MS is the suppression of low-abundance
ions. By segregating the O-glycan species, the chance
of a low-abundance ion being suppressed by a high-
abundance ion is reduced and this will lead to enhanced
detection of minor O-glycan species. Additionally, the
authors experience is that permethylation of O-glycans
reduces their stickiness and produces a more stable
spray. Apart from LC-MS analysis of permethylated
O-glycan alditols using a RP stationary phase, native
O-glycan alditols can be analyzed by HILIC-LC-MS
or PGC-LC-MS [32].

High-throughput O-glycan analysis

LC-ESI-MS" of native O-glycans or permethylated
O-glycan alditols is able to provide in-depth structural
information, representing the current state-of-the-art
O-glycan analytical method. A potential direction is
the full automation of the whole analytical workflow
ranging from O-glycan release, preparation and data
acquisition to chromatogram/spectrum interpretation,
which has been impressively developed for N-glycan
analysis (74,83). This will allow detailed, high-throughput
O-glycan analysis for the selection of O-glycosylation-
optimized host clones and routine monitoring of prod-
uct quality. As previously described, the major hurdle
impeding the HPLC/UPLC-based O-glycan analysis
lies in the lack of a reliable and efficient release method
for fluorescent tagging, a limited exoglycosidase library
for O-glycan sequencing, and a still growing O-glycan
structure database with critical information for glycan
annotation based on elution profile [66], whereas the key
for an LC-MS-based workflow is the ability to separate
as many structure isomers by the LC dimension, and
the sensitive detection of intact O-glycan ions and their
corresponding fragment ions by MS/MS. The ability to
generate cross-ring fragments will be particularly use-
ful as it can yield information on the composition, as
well as glycosidic linkage. Various studies have dem-
onstrated such capability using different dissociation
methods and negative or positive ion modes [84-86]. lon
mobility spectrometry (IMS) is a complementary ap-
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proach to LC. IMS separates modules based on their
shapes and, thus, represents an appealing technique for
separating glycan structural isomers. Indeed, IMS-MS
has been successfully applied to distinguish different
Man7 structural isomers [87]. It has been also applied
to medium-scale (~100 samples) studies on the serum
glycan change in esophageal adenocarcinoma (ss], as
well as liver diseases [89]. The ability of IMS to segregate
glycan ions of different charge states may be particularly
beneficial for dissociation methods requiring a specific
charge state, such as electron capture dissociation [90].
As a consequence of such properties, IMS has been
demonstrated to be an attractive enhancer/sensitizer de-
vice that allows the detection of N-glycan species from
post-PNGaseF treatment mixtures [91]. It is tempting to
test the power of IMS hyphenated to MS/MS in high-
throughput O-glycan analysis by virtue of its ability to
separate isomeric structures, filter background noise
and group glycan ions of different charge states.

Structural analysis of O-glycopeptides
Glycoproteomic analysis offers rich information about
protein glycosylation in a site-specific manner. By an-
alyzing a glycosylated peptide as a single analyte, the
glycoproteomic approach yields information on both
the peptide and the attached glycan. However, it rep-
resents the most challenging aspect in glyco-analytics
with combinatorial complexity caused by the variable
peptide sequence and structural heterogeneity of the at-
tached glycans. A prominent example for such technical
difficulty is the inability of current analytical methods
to perform site-specific O-glycosylation analysis on
mucin domains, particularly tandem repeats of such
domains. Analysis of intact glycopeptides is primarily
performed using LC-MS/MS (MS") in which the pep-
tides and glycans are sequenced at different MS stages.
Such analysis using different LC-MS instrumentations
on different types of glycopeptide samples has been ex-
tensively reviewed by experts in the field [26,92-94]. Here
we will only highlight a few key points in the analyti-
cal workflow and some recent examples of site-specific
O-glycosylation analysis.

The LC-MS-based analysis can be affected by the
source of glycopeptides. Complex mixtures of glyco-
proteins such as whole cell lysates and tissue homoge-
nates contain a myriad of proteins that can be modified
by a heterogeneous set of glycans at each site. At present,
the majority of samples are either chemically synthe-
sized glycopeptides, or glycopeptides enzymatically de-
rived from purified proteins or lectin affinity-enriched
proteins [94]. Lectin-affinity enrichment is a particularly
useful technique in sample preparation for biomarker
discovery [92] or the identification of glycosylation sites
bearing pre-targeted glycan structures.

One common specific protease for cleaving the intact
glycoproteins is trypsin, which cuts at the carboxyl side
of Arg/Lys unless they are followed by Pro. However,
tryptic digestion of proteins often results in peptides
of various lengths, potentially generating glycopep-
tides of unfavorable lengths containing multiple gly-
cans, which may complicate the analysis. Mucin-type
O-glycosylation sites are typically found in tandem
repeating units rich in Ser/Thr, Ala and Pro [30], and
thus are considered resistant to tryptic digestion. Alter-
natively, nonspecific proteases such as pronase E and
proteinase K have been applied. Pronase generates small
peptides of 2—8 amino acid residues resulting in fac-
ile site-specific glycosylation analysis of high coverage
(95.96]. Proteinase K has been used in combination with
trypsin to release O-glycopeptides from human fibrino-
gen [97]. Immobilization of the proteases on beads is
an appealing approach to achieve high reproducibility,
high catalytic efficiency and reusability [93].

An LC dimension of separation after digestion of
the glycoprotein is beneficial: it enriches the often low-
abundance glycopeptides, thereby increasing the sensi-
tivity of detection; fractionation of glycopeptides into
different pools also reduces the overall heterogeneity in
each subpopulation, and therefore reduces ion suppres-
sion and meanwhile simplifies the mass spectral inter-
pretation. Separation can be achieved using HILIC [99],
RP (100}, NP [96] or PGC chromatography [73].

Perhaps the most critical factor in MS/MS sequenc-
ing of the glycopeptides lies in the mode of dissocia-
tion. Two commonly used dissociation methods are
collision-induced dissociation (CID) and electron-
transfer dissociation (ETD). These two modes can give
rise to dramatically different fragmentation patterns
under different ionization methods [101,102]. Low energy
CID of electrosprayed glycopeptides predominantly re-
sulted in fragmentation of the glycan moiety. However,
studies have shown that this technique does allow the
identification of O-GalNAc and O-Fuc glycosylation
sites (reviewed in [102]). On the other hand, ETD pro-
motes the fragmentation of the peptide backbone and
preserves the structural integrity of the attached glycan
(101]. Therefore, CID and ETD represent two comple-
mentary techniques for yielding structural information
on both the glycan and the peptide [102,103]. There are
other emerging dissociation techniques that have been
applied to the analysis of glycan and glycopeptides,
such as electron-capture dissociation and electron-
detachment dissociation [90]. However, these are less
developed and the mechanisms are still controversial
compared with CID and ETD.

A glycoproteomic approach can be of particu-
lar value in O-glycosylation analysis. Several types
of O-glycosylation, such as O-fucosylation and
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O-glucosylation are relatively simple, with only a few
possible glycan structures. Therefore, glycopeptide
signatures of proteins bearing such modifications are
relatively less heterogeneous, making spectral inter-
pretation and detailed analysis more straightforward.
Additionally, analyzing the O-glycopeptide as a whole
can circumvent the problems encountered in O-glycan
release, including the peeling effect and potential loss
of glycan modification during permethylation. Such an
approach is exemplified by the analysis of O-fucosylated
TSR1 glycopeptide using nanoESI Q-TOF [104] and
O-fucosylated glycopeptides derived from EGF-like
repeat of Notch 1 [105].

Recently, Harrison ez al. performed the analysis of O-
glycopeptides derived from recombinant mouse a-DG-
Fc fusion protein expressed in HEK293T cells [106].
Using a combination of offline nanoLC-MALDI-MS
and online nanoLC—ESI-MS, the authors identified 38
glycopeptides that were modified by either O-Man or
O-GalNAc glycans. In addition, MS/MS in the forms
of MALDI-TOF/TOF or ESI-MS/MS using CID gen-
erated comprehensive fragment patterns, revealing the
underlying peptide sequences, sites of glycan attach-
ment, as well as structures of the glycans. Therefore, this
study represents a valuable guide for designing experi-
ments for site-specific analysis of a-DG glycosylation.
Information derived from such analysis will shed light
on understanding the pathogenesis of muscular dystro-
phy and may provide functional evidence for efficacy of
drugs targeting this class of diseases.

Potential areas for further development

The impact of glycosylation on efficacy and safety pro-
files of biopharmaceutical proteins has been increasing-
ly recognized. In light of the critical functional impact,
glycosylation has to be maintained at a consistent and
preferably optimal level [4]. However, this type of post-
translational modification is not directly encoded in
the genome of the host expression platforms. Control
of glycosylation pattern thus requires a detailed under-
standing of the biology and a reliable analytical system
for structural characterization and routine monitoring.
This will allow the identification of gCQAs and con-
stant surveillance of these gCQAs for effective QbD
implementation. There are existing analytical methods,
such as CE, HPLC and MS, that have provided compre-
hensive information on N-glycosylation of biopharma-
ceutical drugs. Many such technologies have formed
the glyco-analytics platforms for regulatory approval of
biopharmaceutical glycoproteins, comprehensive analy-
sis and batch monitoring [18]. However, there is still a
pressing need for a more rigorous regulation of glycosyl-
ation patterns throughout drug discovery and manufac-
turing processes, especially in light of the findings that
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a change in the process could lead to an abrupt change
in critical quality attributes of the proteins, including
glycosylation [10]. Furthermore, there is already a siz-
able list of therapeutic proteins bearing various types
of O-glycans (Table 1 and [29]) and the list is expected
to grow substantially given multiple trials of MUCI
O-glycopeptide-based cancer vaccines [30,107). However,
the structure—function relationship of O-glycosylation
remains less well defined. Additionally, the existing ana-
lytical platforms are mainly catered for the characteriza-
tion of N-glycans. Clearly, one possible future direction
of the O-glycomics field is rapid, quantitative analysis
of O-glycan structures and their attachment sites.

O-glycan release remains a bottleneck in the struc-
tural characterization of O-glycans. Despite the far
cry from a universal O-glycanase, the availability of a
robust release method that allows fluorescent tagging
that meanwhile preserves the structural integrity will
streamline the subsequent O-glycosylation analytical
methods to follow those for N-glycosylation analysis.

Site-specific analysis is arguably more challenging for
O-glycosylation than N-glycosylation. This is in part
due to the lack of a clearly defined consensus sequence
for O-GalNAc glycan attachment. Additionally, expres-
sion of the GalNAc transferases for initiation of each
O-GalNAc glycan has been shown to be dependent on
the cell type and dynamically regulated by extracellular
signals [53]. Therefore, site-specific O-glycosylation will
be necessary, especially if alternative expression systems
will be applied. The advent of LC-MS, and notably the
PGC-LC-MS, has the potential to revolutionize the
glyco-analytics field due to its superior resolving power
and ability to automate the workflow. Indeed, IgG N-
glycan characterization has been fully automated on
such a chip-LC-MS system [74]. However, more appli-
cations need to be demonstrated for automated prepa-
ration and analysis of O-glycopeptides, ranging from
purification, protein cleavage, and glycopeptide enrich-
ment and separation, to MS/MS sequencing of both
the peptide and the O-glycan.

Apart from the detailed characterization of a pu-
rified biopharmaceutical substance from cell culture,
another important aspect of glycosylation analysis are
the host cells. Because glycosylation of the recombi-
nant product is largely controlled by the metabolism
of the host cells, the glycosylation pattern of the host
in many aspects can be predictive for that of the re-
combinant product. Previously we reported the gen-
eration of a collection of CHO glycosylation mutants,
the CHO-gmt cells, and their applications in recom-
binant production of glycoproteins with homoge-
neous glycan structures [108]. The selection of such a
glycosylation-optimized host increases the resilience
of cell lines to process variations, allowing more ro-
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bust control of the glycosylation profile. The devel-
opment of targeted genetic manipulation approaches,
such as zinc-finger nuclease technology, has enabled
the generation of cell lines with tailored glycosylation
attributes [109-111]. In addition, Davies et /. demon-
strated that heritable traits, including the glycosyl-
ation pattern, can be selected from a wild-type CHO
cell population [112], forming the basis for subcloning
of glycosylation-optimized stable producing cell lines
for second-generation biopharmaceuticals. Although
orthogonal methods in theory can allow the selection
of cell lines with pre-targeted glycosylation profiles,
MS-based structural analysis can offer unparalleled
depth of information. However, high-throughput gly-
comic/glycoproteomic analysis based on MS systems
has not been demonstrated at the whole cell level.
A major technical challenge is the heterogeneity of
glycan/glycopeptide samples derived from whole cell
lysates, which are intrinsically highly diverse and may
contain high background caused by irrelevant cellular
constituents. In this regard, the IMS may represent
a particularly interesting technology for separating
the meaningful signal from background noise [88,89].
Indeed, Harvey et al. demonstrated that coupling an
IMS upstream of an MS dramatically improves the sig-
nal-to-noise ratio, allowing the detection of N-glycans
in the post-PNGaseF treatment mixture [91]. It will be

interesting to apply the IMS-MS system to the anal-
ysis of O-glycosylation in complex matrices such as
whole cell lysates for the rapid identification of cells
with favorable O-glycosylation profiles.

Finally, the recently published genome and transcrip-
tome data of an ancestral CHO-K1 represents a rich
resource for understanding the expression of each com-
ponent in the O-glycosylation machinery [8o]. By rul-
ing out impossible biosynthetic pathways characterized
by non-expression of the corresponding genes, this will
prove useful for the structural assignment of O-glycans.
Conversely, glycomic data can shed light on functions
of putative glycosylation-related genes. Taken together,
breakthrough in the O-glycomics fieldwill form a posi-
tive feedback loop with the functional O-glycobiology.
Together, this will enable the discovery of drugs and
drug targets bearing O-glycosylation and, subsequently,
empower us to effectively control the O-glycosylation
profile for the production of biopharmaceutical proteins
with consistent quality.

Future perspective

With the advancements in O-glycosylation analysis and
the increasing understanding of its role in health and
disease, the list of O-glycosylated protein drugs and
drug candidates is expected to grow tremendously. The
success of such therapeutic agents will largely depend on
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the demonstration of consistency in quality including
O-glycosylation pattern, and the ability to effectively
maintain the consistency during bioproduction stages.
The future development of structural O-glycomics will
probably go in two complementary directions: detailed
O-glycan/O-glycopeptide analysis for fine structural in-
formation (including glycan composition, linkage, at-
tached peptide sequences), as well as high-throughput
O-glycan/O-glycoproteomic characterization for prod-
uct and host cell line screening. The former direction
will yield critical dataset for the latter, with information
on elution profile, glycan footprint, fragmentation pat-
tern and so forth. In this regard, what remains to be fur-
ther developed also includes O-glycan standards for es-
tablishing structural databases that can be easily accessed
and/or embedded into analytical instruments, and
software for automated chromatogram/spectrum inter-
pretation. Finally, the integration of O-glycomics with
other -omics data (such as genomics, transcriptomics
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and metabolomics) will become an interesting area for
the understanding of regulation of O-glycosylation at
a systems level and may lead to effective targeting of
O-glycosylation-related diseases and the production of
O-glycosylation-optimized glycoprotein drugs.
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