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ABSTRACT: Recombinant monoclonal antibodies (MAbs)
are increasingly being used for therapeutic use and correct
glycosylation of these MAbs is essential for their correct
function. Glycosylation profiles are host cell- and antibody
class-dependent and can change over culture time and
environmental conditions. Therefore, rapid monitoring of
glycan addition/status is of great importance for process
validity. We describe two workflows of generally applic-
ability for glycan profiling of purified and gel-purified MAbs
produced in NS0 and CHO cells, in which small-scale
antibody purification and buffer exchange is combined with
PNGase F glycan cleavage and graphite HyperCarb desalting.
MALDI-ToF mass spectrometry is used for sensitive detec-
tion of glycan forms, with the ability to confirm glycan
structures by selective ion fragmentation. Both workflows
are rapid, technically simple and amenable to automation,
and use in multi-well formats.
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biotherapeutics. Immunoglobulin G (IgG) antibodies have
high specificity and long-circulation life (Jefferis, 2007).
The heavy chains of the antibodies are glycosylated in the
constant region with the oligosaccharides attached via an
N-glycosidic bond to the R-group of a conserved asparagine
residue (Fig. 1). Correct glycosylation of biotherapeutic
MAbs is essential because it determines immune effector
functions of MAbs (Walsh and Jefferis, 2006). For example,
fucosylation of the glycan moiety lowers antibody affinity
for the human FcgRIIIa receptor on immune effector cells
thus lowering antibody-dependent cellular cytotoxicity
(Ferrara et al., 2006). Glycosylation of recombinant proteins
has been demonstrated to be host-cell specific (Baker et al.,
2001; Jenkins et al., 1996). Glycan analysis of the same
recombinant IgG1MAb produced in Chinese hamster ovary
(CHO) or mouse non-secreting 0 (NS0) myeloma cell lines
showed host cell-determined differences in the glycosylation
pattern (Sheeley et al., 1997). Altered glycan profiles were
also observed on different IgG sub-classes produced in the
same host cell suggesting that glycosylation may also be
antibody-specific (Sheeley et al., 1997). In addition, glycan
profiles of MAbs have been shown to change in response to
conditions of cell culture (e.g., batch vs. fed-batch cultures;
van Berkel et al., 2009). Therefore, a rapid and easy method
for glycan profiling, that offers the potential for adaption to
a multi-well format, would be highly beneficial. This would
allow increased profiling of antibodies from multiple cell
lines during culture and facilitate better optimization of
production processes to make quality integral to the system,
a facet which is essential for process analytical technology
(PAT). Methods have been published for the analysis of
glycans in multi-well formats using PVDF coated 96-well
� 2010 Wiley Periodicals, Inc.



Figure 1. A: Schematic diagram of IgG antibody structure. The variable (V) and constant (C) regions of the heavy (H) and light (L) chains are indicated, along with the positions

of disulphide bonds and glycosylation. B: N-linked glycan structures commonly found on IgG antibodies. The glycans have been categorized into two categories: fucosylated and

non-fucosylated. [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com]
plates for the non-specific capture and concentration of
protein (Keck et al., 2005; Papac et al., 1998). The workflows
described below enable the specific purification and
concentration of the antibody prior to glycan analysis.

Our workflows for rapid glycan profiling of secreted MAbs
(Figs. 2A and 3A) build on previous established methods
(Gillmeister et al., 2009; Kuster et al., 1997, 1998). We use
small-scale ultra-filtration units for antibody preparation and
HyperCarb graphite tips for glycan desalting. We have
coupled sample generation with profile identification using
MALDI-ToF mass spectrometry in positive ionization mode.
Hence, this is a simple, small-scale method that can easily be
implemented in all laboratories. To test our method for
glycan analysis we have assessed the glycosylation profile of
IgG4 and IgG1 antibodies secreted from industrially relevant
CHO and NS0 cell lines, respectively.

Antibody secreted by the recombinant cells was purified
from the growth medium using small-scale Protein A
columns (Fig. 2A). The purified antibody was concentrated
using an ultrafiltration unit, deglycosylated by PNGase F
digestion and then precipitated by the addition of ethanol.
The precipitated protein was removed by centrifugation and
the supernatant containing the glycans was desalted using a
graphite HyperCarb solid-phase column. This step is
particularly important for the removal of potassium ions,
which have been reported to induce ambiguity into the
analysis due to the formation of potassium aducts (Keck et
al., 2005). The desalted glycan sample was mixed with
recrystallized 2,5 dihydroxybenzoic acid (DHB) matrix and
spotted onto MALDI target plates and analyzed on a Bruker
UltraFLEX II MALDI-ToF mass spectrometer.

Employing the protocol described above we were able to
determine the glycan profile of recombinant IgG1 and IgG4
antibodies produced in NS0 and CHO cells, respectively,
and demonstrate significant differences in the glycan profiles
of these antibodies (Fig. 2B and C). It has previously been
demonstrated that glycosylation patterns on antibodies are
both cell line-specific and immunoglobulin class-specific
(Sheeley et al., 1997), and, therefore, it is likely that the
differences observed here are a combination of these factors.
The glycans identified for IgG4 from CHO cells are as
expected from a previous report that contained an analysis
of the same antibody construct (Mohindra et al., 2007). The
IgG1 antibody produced in NS0 cells is non-fucosylated
and shows extended structures with hexoses, presumably
galactose. The differential glycan galactose content for
products expressed in CHO and NS0 cells can arise from
phenotypic differences in the expression of enzymes of
glycosylation as exemplified by the lack of a-1-3-galactosyl-
transferase in CHO cells (Jefferis, 2002). The glycan
structures (1971.69 and 2133.77m/z) identified in products
generated from NS0 cells may contain galactose-a-1-3-
galactose linkages. Galactose-a-1-3-galactose linkages have
been identified in the commercial antibodies daclizumab
and cetuximab that are produced in mouse myeloma
cell lines NS0 and SP2/0, respectively (Qian et al., 2007;
Stadlmann et al., 2008). The presence of galactose-a-1-3-
galactose in cetuximab has been linked to hypersensitivity in
patients due to specific IgE antibodies against this structure
(Chung et al., 2008). The galactose-a-1-3-galactose linkage
on the expressed IgG1 was not observed in a previous report
where an IgG1 construct was expressed in a GS-NS0 cell line
(Hills et al., 2001).

Sialic acid-containing glycans were not observed in
these glycan profiles. This is partly due to the difficulty of
analysing them by MALDI-ToF-MS, because they readily
form adducts which result in multiple peaks, and partly
because of their low abundance (typically <5% of the total
glycans; Jefferis, 2009). Therefore, the method described
here has the potential for further optimization by esteri-
fication of the sialic acid-containing glycans, an approach
which stabilizes the sialic acid moieties making them more
amenable to MALDI-ToF-MS analysis (Kang et al., 2005;
Powell and Harvey, 1996).
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Figure 2. A: Workflow for purification and glycan profiling of antibody secreted into the growth medium. B,C: Glycan profiles of IgG1 antibody from E7B1 NS0 cells (B) and

IgG4 antibody from LB01 CHO cells (C). The glycans corresponding to each peak are indicated. The detected glycan structures are all single protonated and sodiated. [Color figure

can be seen in the online version of this article, available at wileyonlinelibrary.com]
Our method can also be adapted to the profiling of
glycans from antibody samples analyzed by SDS–PAGE
under reducing conditions. Figure 3A shows the workflow
for this protocol. Medium containing a secreted IgG4
antibody produced in CHO cells was analyzed by SDS–
PAGE. The antibody heavy and light chains of the antibody
were separated on a 12.5% (w/v) SDS–PAGE gel and
visualized by staining the gel with Coomassie Blue (Fig. 3B).
A gel band containing the antibody heavy chain was excised
904 Biotechnology and Bioengineering, Vol. 107, No. 5, December 1, 2010
and the gel plug was destained and lyophilized. The glycans
were removed from the antibody heavy chain by in-gel
deglycosylation using PNGase F. The glycans were recovered
from the gel plug and then desalted using graphite
HyperCarb solid phase TopTip columns and analyzed by
MALDI-ToF-MS as described for the analysis of purified
antibody.

Using this in-gel method we were able positively to detect
4 of the 5 glycans observed on the IgG4 antibody (compare



Figure 3. In-gel glycan profiling of the IgG4 heavy chain. A: Workflow for gel-purification and glycan profiling of antibody secreted into the growth medium. B: SDS–PAGE of

IgG4 antibody from LB01 CHO cells. The protein band corresponding to the antibody heavy chain (indicated) was excised for glycan profiling. C: MALDI-ToF-MS analysis of glycans

recovered from the excised heavy chain gel plug from a loading of 1mg of antibody (7 pmol). The glycans corresponding to each peak are indicated. The position of the fifth glycan

peak observed in the profile from purified IgG4 antibody (see Fig. 2B) is indicated (�). D: MALDI-ToF-MS analysis of glycans from a fivefold greater amount of antibody (5mg; 35 pmol)

than shown in parts B and C. The detected glycan structures are all single protonated and sodiated. [Color figure can be seen in the online version of this article, available at

wileyonlinelibrary.com]
Figs. 3C to 2C). The fifth glycan, GlcNAc(4)Fuc(1)
Man(3)Gal(2) at 1809.63m/z, appeared to be present but
the amounts detected by MS were too low for positive
identification (Fig. 3C; peak indicated by �). Positive
identification of the fifth glycan was achieved by loading
a fivefold greater amount of the antibody onto the gel
(Fig. 3D). Increased sensitivity may also be achieved by
labeling neutral glycans with 2-aminobenzamide (2-AB) to
Hansen et al.: Rapid Characterization of N-linked Glycans 905
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enhance MALDI ionization, although sample losses due to
the labeling procedure may occur (Lattova et al., 2005). In
our experience, the in-gel procedure described here can be
performed with as little as 1mg of antibody (this equates to
7 pmol antibody). This compares favorably with other
methods that operate in a range of 5–20mg of glycoprotein
for in-gel analysis (Morelle and Michalski, 2007). The
amount of glycoprotein required will be target-specific as,
for instance, glycans only account for 2% of the total mass of
immunoglobulins, whereas the glycan to mass ratio is
significantly higher for other glycoproteins (e.g., RNase B;
Reid et al., 2002). Our described method does not provide
information on glycan structure location on the peptide
sequence. Trypsin digestion of antibodies generates glyco-
peptides that can be analyzed by mass spectrometry
(Stadlmann et al., 2008) although the spectral information
can be rather complex, especially when lacking antibody
sequence information. Preparing antibody fragments, such
as F(ab)2, by digestion with pepsin can help with
investigation of alternative glycosylation on different
regions of the antibody, such as those shown in the
variable region of cetuximab produced in mouse myeloma
SP2/0 (Chung et al., 2008).

We have successfully used these methods for glycan
profiling of purified or gel-purified recombinant IgG1
antibody produced in NS0 cells and IgG4 antibody
produced in CHO cells. The total sample preparation time
for glycan profiling of antibody purified frommedium is 5 h.
However, the sample preparation time can be significantly
shortened with the use of microwave technology to speed up
the deglycosylation of the antibody (Sandoval et al., 2007).
For glycan profiling of gel-purified antibody the sample
preparation time is 13 h. These workflows can be readily
adapted for use with non-antibody proteins. For most non-
antibody proteins, only minor alterations would be required
for the workflow using purified proteins (e.g., the protein
purification method), whereas the in-gel workflow could be
used as described. The recent development of fluorescence
detection of 2-AB-labeled glycans with normal phase LC,
which uses 2AB glycan standards for retention time
calibration, fluorescence for glycan quantification, and
mass spectrometry for structural elucidation, offers the
benefit of using fluorescence for quantification compared to
our method that uses mass spectrometry for relative
quantification (Royle et al., 2008). However, a recent report
indicated that glycan quantification by MALDI-ToF mass
spectrometry is comparable to chromatography-based
methods (Wada et al., 2007). Therefore, our described
methods are well suited for measuring relative changes in
glycan profile on recombinant antibodies in time-course
studies or in medium optimization programs, and allow
direct monitoring for occurrence of unwanted glycan
modifications. Thus, in summary, our methods provide
antibody-bioprocessing laboratories (with access to a
MALDI-ToF mass spectrometer) with small-scale methods
that are rapid, technically simple, and that could be adapted
for automation of sample preparation in a 96-well format.
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Materials and Methods

Media and Reagents

CD-CHO and CD Hybridoma media were obtained from
Invitrogen (Carlsbad, CA); the chemical composition is
defined but confidential. All other reagents were obtained
from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Cell Lines

The GS-CHO cell line LB01 was obtained from Lonza
Biologics (Slough, UK) and the GS-NS0 cell line E7B1 was
generated in-house (Dr. L.M. Barnes, The University of
Manchester). The LB01 and E7B1 cell lines were cultured in
CD-CHO supplemented with 25mMmethionine sulfoximine
and CD-Hybridoma supplemented with 1� cholesterol
lipid, from a 250� cholesterol lipid concentrate (Invitrogen),
and 25mM methionine sulfoximine, respectively. Both cell
lines were cultured in 250ml Erlenmeyer flasks in a volume
of 50ml medium at 378C with 100 rpm shaking.
Antibody Purification

Antibody secreted by recombinant cells was purified from
the growth medium using Ab SpinTrap columns (GE
Healthcare; Buckinghamshire, UK). The affinity resin was
equilibrated with 600ml binding buffer (20mM sodium
phosphate, pH 7.0). Medium containing antibody was
loaded onto columns in 600ml aliquots until the affinity
resin was saturated (�1mg antibody). For each loading, the
sample and affinity resin were incubated together for 4min
at room temperature with gentle shaking followed by
centrifugation at 100g for 30 s. The affinity resin was washed
twice with 600ml binding buffer and the bound antibody
eluted with 400ml elution buffer (0.1M glycine–HCl, pH
2.7). The eluent was collected in a fresh tube containing
30ml neutralization buffer (1M Tris–HCl, pH 9.0). The
elution was repeated and the eluted fractions containing the
antibody were concentrated using a MicroCon ultrafiltra-
tion unit with a 50 kDa cut-off (Millipore Corporation,
Billerica, MA).
Deglycosylation of the Purified Antibody

Reaction mixes (50ml) containing 50–100mg antibody,
100mM sodium phosphate (pH 7.2), 25mM EDTA, and
3U PNGase F (Roche Biochemicals, Basel, Switzerland)
were incubated at 378C for 3 h (or overnight). The antibody
was precipitated by the addition of 450ml ethanol followed
by incubation at �208C for 60min. The samples were
centrifuged at 15,000g and the supernatant containing the
glycans removed to a fresh tube and lyophilized.



Desalting of the Glycan Samples

The samples were desalted using graphite HyperCarb solid
phase TopTip columns (Glygen Corporation, Columbia,
MD). The graphite solid phase was washed three times with
100ml 0.05% (v/v) trifluoroacetic acid (TFA), 60% (v/v)
acetronitrile (ACN) followed by equilibration with
3� 100ml 0.05% (v/v) TFA. The glycan samples were
resuspended in 50ml 0.05% (v/v) TFA and then captured
onto the graphite solid phase and the solid phase was washed
three times with 100ml 0.05% (v/v) TFA. The glycans were
eluted with 20ml 0.05% (v/v) TFA, 60% (v/v) ACN.
MALDI-ToF-MS Analysis

The desalted glycan samples were mixed 1:1 with 10mg/ml
recrystallized DHBmatrix (LaserBio Labs; Sophia-Antipolis,
France) dissolved in 0.05% (v/v) TFA, 60% (v/v) ACN,
and the samples were spotted onto MALDI target plates
and analyzed on a Bruker UltraFLEX II MALDI-ToF mass
spectrometer equipped with a smartbeam laser (337 nm
nitrogen laser) and the LIFT technology for MS/MS
(so called ToF-ToF) applications. External calibration was
used and laser intensity was kept below 40% to prevent
in source (and reduce postsource) fragmentation. The
MALDI-ToF-MS spectra were acquired in reflectron mode
for glycan profiling, whereas MS/MS fragmentation spectra
(LIFT mode) were acquired for glycan structural informa-
tion. Low energy CID product ion spectra (MS/MS) of
glycans released by PNGase F digestion was used to confirm
the sequence, branching, and linkages of the carbohydrate
(Supplementary Fig. 1).
Gel Purification and In-Gel Deglycosylation of
Antibodies

The gel purification and in-gel deglycosylation protocol was
adapted from the method of Kuster et al. (1997). Antibody
heavy and light chains were separated on a 12.5% SDS–
PAGE and visualized by staining with Coomassie Blue. A gel
band containing the antibody heavy chain was excised and
the gel plug washed with 1ml 20mM NH4HCO3 (pH 7.0).
The wash was removed and the gel plug was destained with
50% acetonitrile, 20mM NH4HCO3 (pH 7.0) for 20min.
The destain was removed and replaced with 70% ACN to
dehydrate the gel plug before subsequent rehydration with
300ml 20mM NH4HCO3 (pH 7.0). Dithiothreitol (DTT)
was added to a final concentration of 5mM followed by
incubation at 608C for 20min. Iodoacetamide was sub-
sequently added to a final concentration of 10mM and the
reactions were incubated in the dark for 30min at room
temperature. The solution was removed and replaced with
300ml 50% (v/v) ACN, 20mM NH4HCO3 (pH 7.0) and
incubated at room temperature for 60min. The supernatant
was removed and the gel plug dried in a centrifugal
evaporator for 10min. The gel plug was re-hydrated with
30ml 20mM NH4HCO3 (pH 7.0) containing 3U PNGase F
(Roche) and incubated at 378C overnight. The rehydration
buffer was removed to a fresh tube and the glycans were
recovered by two additions of 200ml MilliQ water followed
by 20min sonication and two additions of 200ml 70% (v/v)
ACN with 20min sonication. All extraction fractions were
pooled with the rehydration buffer and lyophilized. The
glycans were then desalted and analyzed byMALDI-ToF-MS
as described above.
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