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Abbreviations

Glycosylation is considered as a critical quality attribute for the production
of recombinant biopharmaceuticals such as hormones, blood clotting fac-
tors, or monoclonal antibodies. In contrast, glycan patterns of immuno-
genic viral proteins, which differ significantly between the various
expression systems, are hardly analyzed yet. The influenza A virus (IAV)
proteins hemagglutinin (HA) and neuraminidase (NA) have multiple N-gly-
cosylation sites, and alteration of N-glycan micro- and macroheterogeneity
can have strong effects on virulence and immunogenicity. Here, we present
a versatile and powerful glycoanalytical workflow that enables a compre-
hensive N-glycosylation analysis of IAV glycoproteins. We challenged our
workflow with TAV (A/PR/8/34 HINI1) propagated in two closely related
Madin—Darby canine kidney (MDCK) cell lines, namely an adherent
MDCK cell line and its corresponding suspension cell line. As expected, N-
glycan patterns of HA and NA from virus particles produced in both
MDCK cell lines were similar. Detailed analysis of the HA N-glycan
microheterogeneity showed an increasing variability and a higher complex-
ity for N-glycosylation sites located closer to the head region of the mole-
cule. In contrast, NA was found to be exclusively N-glycosylated at site
N73. Almost all N-glycan structures were fucosylated. Furthermore, HA
and NA N-glycan structures were exclusively hybrid- and complex-type
structures, to some extent terminated with alpha-linked galactose(s) but
also with blood group H type 2 and blood group A epitopes. In contrast
to the similarity of the overall glycan pattern, differences in the relative

ABC, ammonium bicarbonate; ACN, acetonitrile; AspN, endoproteinase AspN; BPC, base peak chromatogram; dHex, deoxyhexose; DTT,
DL-dithiothreitol; ECACC, European collection of authenticated cell cultures; EIC, extracted ion chromatogram; FASP, filter-aided sample
preparation; FCS, fetal calf serum; FLD, fluorescence detector; Fuc, fucose; Galili, galactose-alpha-(1,3)-galactose; GalNAc, N-
acetylgalactosamine; Glc, glucose; GIcNAc, N-acetylglucosamine; GMEM, Glasgow minimum essential medium; HA, hemagglutinin; HCD,
higher-energy collisional dissociation; HEK293, human embryonic kidney 293; Hex, hexose; HexNAc, N-acetylhexosamine; HILIC, hydrophilic
interaction chromatography; IAA, iodoacetamide; IAV, influenza A virus; ID, identifier; IM, ion mobility; KOH, potassium hydroxide; LacNAc,
N-acetyllactosamine; LC, liquid chromatography; LC-MS, liquid chromatography coupled to mass spectrometry; M2, matrix-protein 2;
MALDI-TOF-MS, matrix-assisted laser desorption ionization—time-of-flight mass spectrometry; Man, mannose; MDBK, Madin-Darby bovine
kidney; MDCK, Madin-Darby canine kidney; MDCK.ADH, MDCK—adherent cell line; MDCK.SUS2, MDCK—suspension cell line; Mp,
peptide moiety; MS, mass spectrometry; MS/MS, tandem mass spectrometry; NA, neuraminidase; NaBH,4, sodium borohydride; NeuAc, N-
acetylneuraminic acid; PCMF, postcolumn make-up flow; PDB, protein data bank; PGC, porous graphitized carbon; PNGase F, peptide N-
glycosidase F; rHA, recombinant HA; RP, reversed-phase; RT, retention time; sf, spodoptera frugiperda; SP-D, surfactant protein-D; SPE,
solid-phase extraction; TCID50, tissue culture infection dose 50; TFA, trifluoroacetic acid; U, units; Vero, African green monkey.
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abundance of individual structures were identified. This concerned, in par-
ticular, oligomannose-type, alpha-linked galactose, and multiantennary
complex-type N-glycans.

Introduction

Influenza virus infects over a billion people around the
world and accounts for approximately half a million
deaths per year [1]. Due to antigenic changes, influenza
virus is a leading cause for pandemics and seasonal
epidemics [2]. Hemagglutinin (HA) is a homotrimeric
surface glycoprotein and plays a key role in terms of
pathogen—host interactions. It is the major antigen of
influenza A virus (IAV), and each monomer comprises
the two domains, HA1 and HA2. The glycosylation of
HA is known to affect AV virulence by modulating
virus receptor binding [3], to stimulate the host
immune response [4], and to mask antigenic sites [5].
Glycosylation of the homotetrameric surface glycopro-
tein neuraminidase (NA) influences virus entry [6],
release [7], and neurovirulence [8]. The number of
potential N-glycosylation sites among different influ-
enza viruses is rather variable for HA and more or less
conserved for NA [9]. In this study, we used the influ-
enza A/PR/8/34 HINI virus, which displays six poten-
tial N-glycosylation sites at the HA protein (five at the
HAT1 and one at the HA2 domain) and five at the NA
protein.

The majority of influenza virus vaccines is produced
in embryonated chicken eggs. However, more and
more influenza vaccines are produced in highly defined
culture conditions using mammalian cell lines, such as
MDCK [10,11] or Vero cells, enabling a more flexible
and efficient production. Furthermore, insect cell lines
are used to express recombinant hemagglutinin (rHA)
[12].

Commercial production of influenza virus in mam-
malian cell lines has mainly focused on Vero (African
Green Monkey) and MDCK (Madin—Darby canine
kidney) cell lines [13-15]. Although adherent cells
often show higher cell-specific yields, scale-up can be
technically very challenging and suspension cells are
considered the preferred process option. Besides
others, our group has established several adherent and
suspension MDCK cell lines [13,16,17], evaluated virus
replication dynamics, and optimized production pro-
cesses in various bioreactor systems (batch, fed-batch,
plug flow, and hollow fiber) [16,18,19]. Furthermore,
we have conducted comprehensive analytical studies
including proteomics [20-22] and capillary gel elec-
trophoresis-based glycoprofiling [23-25]. So far,

however, there has not been a detailed investigation on
the glycan pattern of the viral envelope proteins HA
and NA propagated in our aforementioned MDCK
cell lines regarding alterations of N-glycan micro- and
macroheterogeneity.

Glycosylation is a nontemplate driven (co-)post-
translational modification whereby monosaccharides
or complex oligosaccharides (most commonly N- and
O-linked glycans) are enzymatically attached to the
proteins at distinct glycosylation sites [26]. N-glycans
are linked to the amino group of asparagine according
to a specific consensus sequence (NXS/T(C/V);
X # P). Moreover, N-glycans are characterized by a
common core-structure GIcNAc,Man; [N-acetylglu-
cosamine (GIcNAc), mannose (Man)], which can be
extended to form complex-, oligomannose-, or hybrid-
type N-glycan structures [27]. The presence of such N-
glycan structures will affect the tertiary structure of
the IAV antigens HA and NA upon their presentation
to the host immune system and therefore might modu-
late vaccine efficacy.

The advent of powerful glycoanalytical techniques
has recently enabled investigators to perform compre-
hensive glycosylation studies including both, character-
ization of all glycan compositions present at one
glycosylation site (microheterogeneity) and determina-
tion of the glycosylation site occupancy (macrohetero-
geneity) of influenza virus glycoproteins [28-32].
Furthermore, in-depth structural analysis of the influ-
enza virus N-glycome can be performed. Multiplexed
capillary gel electrophoresis with laser-induced fluores-
cence detection (XCGE-LIF) technology was applied
to establish an N-glycome ‘fingerprint’ of HA and
other viral proteins derived from influenza A/PR/8/34
virus propagated in adherent and suspension MDCK
cells [,33]. Hussain et al. [34] used ion-mobility mass
spectrometry to identify N-glycans of two H3N2 and
one HINI TAV strains propagated in adherent MDCK
IT cells. Recently, She et al. [35] used nanoporous
graphitized carbon liquid chromatography coupled to
tandem mass spectrometry [nano-PGC-LC-MS(/MS)]
to identify sulfated complex-type N-glycans derived
from TAV propagated in different host cells (including
MDCK cells). Harvey et al. [31] reviewed MS-based
glycan and glycopeptide analysis of different TAV
strains and characterized tHA produced in different
expression systems such as mammalian cells (e.g.,
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MDCK, MDBK, HEK293), insect cells (e.g., High
Five, express SF+, sf21), tobacco plants, and embry-
onated chicken eggs. There are a few studies combin-
ing the compositional analysis of the IAV glycome and
glycoproteome [28,29,36,37] of influenza viruses. How-
ever, to this date, no fine-structural analysis including
information about topology, branching, and monosac-
charide linkages of released N-glycans derived from
IAV in combination with the site-specific analysis of
IAV glycoproteins has been performed. Without such
a detailed structural N-glycan analysis, however, it is
not possible to elucidate immunogenic epitopes. Based
on information about micro- and macroheterogeneity
of glycans, the topology of the fully glycosylated viral
protein can be derived and used to elucidate details
regarding the access of antibodies to the surface of
viral antigens. As all these aspects are strongly deter-
mined by the host cell system [23], fine-structural N-
glycan analysis together with corresponding immuno-
genic studies could help to identify host cell candidates
providing advantages regarding antigenicity and
immunogenicity of viral antigens [38-41]. In strong
contrast, compositional analyses only provide informa-
tion about glycan masses summarizing different
amounts of monosaccharides [e.g., hexoses (Hex), N-
acetylhexosamine (HexNAc), desoxyheoses (dHex)].

In this report, we established a comprehensive MS-
based workflow, that is, a combination of glycopro-
teomic and glycomic data allowing to link compositions
to possible glycan structures. This enabled, in some cases,
a site-specific structural analysis of glycoproteins. For
glycomic analysis, we used nano-PGC-LC-MS(/MS).
This method can ascertain information-rich data as it
makes use of information derived from the chromato-
graphic separation (which even allows separation of iso-
baric N- and O-glycans on the PGC column [42]), and
information derived from MS/MS fragmentation pat-
terns acquired in negative ion mode (unique and charac-
teristic patterns that provide structural glycan
information). The latter contain cross-ring fragments,
which can be used to confirm the topology, branching,
and monosaccharide linkages of a glycan [43-45].

N-glycopeptides were measured on a nanoreversed-
phase LC (nano-RP-LC) coupled to MS/MS. Data
acquisition was followed by manual and semi-auto-
mated analysis of higher-energy collisional dissociation
(HCD)-generated N-glycopeptide fragment-ion spectra
using glyXtool™S [46], an in-house-developed gly-
copeptide analysis software, and the search engine
Byonic [47].

We challenged this workflow by analyzing both, the
‘fine-structure of the whole IAV N-glycome’ (N-gly-
comics) and the ‘site-specific glycan compositions of

Glycoanalysis of MDCK cell-derived IAV proteins

the TAV glycoproteins’ (N-glycoproteomics, mainly
HA and NA) propagated in two closely related cell
lines—MDCK.ADH, an adherent cell line, and
MDCK.SUS2, a suspension cell line derived thereof.
Furthermore, we investigated whether adaptation to
growth in suspension would impact the glycan pattern
of the viral envelope proteins HA and NA regarding
alterations of N-glycan micro- and macroheterogene-

ity.

RESULTS

A comprehensive workflow was established for in-
depth structural site-specific glycoanalysis of viral gly-
coproteins using a combination of nano-PGC-LC-MS
(/MS) and nano-RP-LC-MS(/MS). To challenge this
workflow, we compared the antigen N-glycosylation
pattern of HA and NA of IAV propagated in two clo-
sely related MDCK cell lines regarding differences in
the fine structure of the viral N-glycome (nano-PGC)
and in individual N-glycosylation sites (nano-RP).

In Fig. 1, the established workflow is illustrated.
Virus harvests are purified via g-force step-gradient
centrifugation to obtain whole virus particle fractions
without contaminating cell debris as described previ-
ously [24,25]. In the next step, the virus is inactivated
using SDS and the protein concentration is deter-
mined. For glycomic analysis (bottom, Fig. 1), the N-
glycans are released using PNGase F, followed by
reduction of the reducing end of the N-glycans and
clean-up via ion-exchange-SPE. Furthermore, N-gly-
cans are enriched via PGC-solid-phase extraction
(SPE) and analyzed using nano-PGC-LC-MS(/MS)
equipped with a postcolumn make-up flow (PCMF)
[48] followed by manual data analysis. For glycopro-
teomic analysis (top, Fig. 1), viral proteins are digested
using trypsin and flavastacin [49] followed by gly-
copeptide enrichment using hydrophilic interaction
chromatography (HILIC)-SPE [50]. Subsequently, gly-
copeptides are measured using nano-RP-LC-MS(/MS)
[50] and analyzed manually as well as semi-automati-
cally.

Characterization of IAV N-Glycan Fine Structures

First, a list of IAV protein N-glycan structures of all
samples was established to compare the N-glycome of
IAV proteins propagated in MDCK.ADH and
MDCK.SUS2 cells. In a next step, this list was used
for subsequent N-glycoproteomic analysis. Analysis of
the viral N-glycome was performed using nano-PGC-
LC-MS(/MS) [43,51,52]. Here, we use nano-PGC-LC-
MS(/MS) for the analysis of N-glycans derived from
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Fig. 1. Workflow—Comprehensive fine-structural and site-specific glycoanalysis of influenza A virus (IAV) surface glycoproteins. Virus
harvest of in MDCK cell-derived IAV followed by: N-glycomic analysis using nano-PGC-LC-MS(/MS) after N-glycan release, reduction of the
reducing end, and N-glycan enrichment (lower part). N-glycoproteomic analysis via nano-RP-LC-MS(/MS) after proteolytic digestion and N-

glycopeptide enrichment (upper part)

virus glycoproteins to confirm rich data sets derived
from chromatographic separation (separation of iso-
baric glycans) [42] and MS/MS fragmentation (i.e.,
specific cross-ring fragment ions) [43,44]. Please note,
that despite virus particle purification and concentra-
tion, detection of a small amount of glycans from host
cell glycoproteins is to be expected, due to attachment
and/or incorporation of host cell proteins into the viral
membrane [53]. Therefore, a complete list of identified
proteins after tryptic digestion of IAV samples and g-
force step-gradient centrifugation is provided in the
supplementary information (Tables S3 and S4).

To demonstrate the performance of this method,
exemplarily, isomeric N-glycans that were found for
virus particles expressed in both cell lines are displayed
in Fig. 2. To facilitate understanding and assignments
in figures and tables, N-glycan structures are labeled
using a unique glycan composition ID in Table S1).
The EIC of the N-glycan (Hex)2 (HexNAc)3 (dHex)1
+ (Man)3(GlecNAc)2 (m/z 994.86™) indicated the pres-
ence of four peaks—each an isomeric structure: (i)
core-fucosylated, galactosylated biantennary with a
bisecting GIcNAc (30 min, C21), (ii) galactosylated,
biantennary with an outer arm fucose (3-arm), termi-
nated with an N-acetylgalactosamine (GalNAc) (3-
arm) (31 min, C22), (iii) core-fucosylated, alpha-

galactosylated, triantennary glycan (35 min, C23), and
(iv) core-fucosylated, galactosylated, triantennary gly-
can (35.5 min, C24). In this example, C21, C22, and
C23 were detected in both samples (Fig. 2A and B).
The fourth structure (C24), however, was only detected
for virions produced in MDCK.SUS2 cells (Fig. 2B).
Using only compositional or partly structural informa-
tion obtained from conventional glycomic measure-
ment methods, that is, HILIC with fluorescence
detection optional coupled to MS (HILIC-FLD-MS)
and matrix-assisted laser desorption ionization—time-
of-flight mass spectrometry (MALDI-TOF-MS), this
qualitative difference would have been missed. Only
the combination of a suitable N-glycan separation
method that includes isobaric structures and the online
detection of fine-structural information using nano-
PGC-LC-MS(/MS) allowed such a fine-structural N-
glycome analysis in a single measurement.

For the annotation of the fine structure of the
detected N-glycans, the identity of isomers was con-
firmed by manual annotation of their MS/MS frag-
ment-ion spectra. Specific (cross-ring-) fragment ions
were used to confirm the fine structure of the anno-
tated N-glycan isomers from Fig. 2 as illustrated exem-
plarily in Fig. 3. In this instance, a combination of
different fragment ions found in the MS/MS fragment-
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Fig. 2. Separation of N-glycan isomers using nano-PGC-LC-MS(/MS). Extracted ion chromatogram (EIC) of the N-glycan composition (Hex)2
(HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 (m/z 994.86%) derived from influenza A virus (IAV) propagated in (A) MDCK.ADH and (B)
MDCK.SUS2 cells. Symbolic representations of N-glycan structures were drawn with GlycoWorkbench version 1.1, following the guideline
of the Symbol Nomenclature for Graphical Representations of Glycans [84]. Linkage legend is given in the upper right corner.

ion spectra was used to identify, for example, the pres-
ence of either core or antenna fucosylation, the pres-
ence of  galactose-alpha-(1,3)-galactose  (Galili)-
epitopes, or bisecting structures. For example, the
fragment-ion m/z 350" can be found in the core-fuco-
sylated N-glycan structures depicted in Fig. 3 (A, C,
and D), but is missing in the antenna-fucosylated

structure depicted in Fig. 3 (B), thus serving as a diag-
nostic fragment ion to identify core fucosylation. The
detection of (cross-ring-) fragments also facilitated
identification of the architecture of glyco-epitopes,
such as the combination of the fragment ions m/z
383" and 586' which together indicated the presence
of a Galili epitope (Fig. 3C). Furthermore, structural
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Fig. 3. Negative ion mode HCD fragmentation of different N-glycan isomers. MS/MS fragment-ion spectra of different N-glycan isomers
with the mutual glycan composition (Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 (m/z 994.86%). Diagnostic cross-ring fragment ions for
the identification of specific N-glycan structures are illustrated. Symbolic representations of N-glycan structures were drawn with
GlycoWorkbench version 1.1, following the guideline of the Symbol Nomenclature for Graphical Representations of Glycans [84].

differentiation of the N-glycan C22 was achieved due
to the observation of the specific diagnostic fragment
ion for GalNAc-Gal(Fuc)-GlcNac (galactose (Gal),
fucose (Fuc)) (m/z 773", Fig. 3B). In addition,
antenna fucosylation of the 3-arm galactose was iden-
tified using the fragment ions m/z 325", 570", and
773" (Fig. 3B). In addition, the D-ion can be used to
distinguish the arm specificity of the glyco-epitope.
For example, the 688" ion enabled to distinguish the
presence of a terminal galactose on the 6-arm of the
C22 glycan, as opposed to the 3-arm epitope GalNac-
Gal(Fuc)-GlcNac (Fig. 3B).

All identified N-glycan structures of the TAV N-gly-
come propagated in MDCK.ADH and MDCK.SUS2
cells (all replicates) are listed in Table S1.

In total, 85 unique N-glycan structures from [IAV
glycoprotein samples were identified based on reten-
tion time (RT) and MS/MS fragment-ion spectra anal-
ysis. Nine of these structures do not have sufficient
MS/MS information for structural annotation; there-
fore, only compositions are reported in this case.

There were 62 unique N-glycans detected in samples
from IAV glycoproteins propagated in MDCK.ADH
cells and 70 in MDCK.SUS2 cells. All N-glycans
detected were neutral; that is, no sialylated structures
were found. The majority of N-glycans of both cell
lines were complex-type with and without core- and
antenna fucosylation. Interestingly, antenna fucosyla-
tion was mostly identified to be the glyco-epitope Gal
(Fuc)-GIcNAc (blood group H type 2, identified via
the diagnostic fragment ions 409" and 427"
[43,54,55]). In a lower abundance, also, the glyco-epi-
tope GalNAc-Gal(Fuc)-GlcNAc (blood group A, iden-
tified by the diagnostic fragment-ion m/z 773" [43,54]),
was detected in IAV derived from both cell lines. In
particular, the latter was found with a high relative
abundance (Fig. 4) and frequency (Table S1), espe-
cially in samples derived from MDCK.ADH cells.
Apart from this, many complex-type N-glycans with
terminal alpha-galactosylation could be identified in
IAV derived from both cell lines (fragment ions m/z
341", 383", and 586'" [54]), with a slightly higher
occurrence in MDCK.ADH cells. Glycans eluting at
earlier RTs are annotated as complex-type N-glycans
carrying a bisecting GIcNAc, again with a relative

higher abundance in samples derived from
MDCK.ADH cells. The major structure identified in
all the samples was the core-fucosylated three anten-
nary complex-type N-glycan C31, with a slightly higher
abundance in samples derived from MDCK.SUS2 cells
(Fig. 4, RT 36-37 min). Besides complex-type N-gly-
cans, also hybrid-type N-glycans, were detected, partly
carrying core-/antenna fucosylation (blood group H
type 2) but also with the blood group A glyco-epitope
GalNAc-Gal(Fuc)-GlcNAc (Table S1 and Figs S2—
S4). Oligomannose-type N-glycans were found in all
samples, but with a much higher relative abundance in
samples derived from MDCK.ADH cells (Fig. 4).
Overall, our results show a similar N-glycan pattern
of the two surface proteins HA and NA from [AV
propagated in MDCK.ADH and MDCK.SUS2 cells.
However, N-glycan analysis of both samples via
xCGE-LIF demonstrated that IAV samples derived
from MDCK.ADH cells had a higher relative abun-
dance of signals at higher MTU” (referring to larger
N-glycans). In contrast, IAV samples derived from
MDCK.SUS2 had a higher relative abundance of sig-
nals referring to smaller N-glycan structures (Fig. S1).

Characterization of influenza glycopeptides

Besides a structural elucidation of the IAV N-glycome,
we performed a site-specific glycoproteomic analysis of
HA and NA from IAV propagated in MDCK.ADH
and MDCK.SUS2 cells. For in-depth characterization
of the micro- and macroheterogeneity of both proteins
and for evaluation of the usefulness, the in-house
developed software glyXtool™® was employed.

Figure 5 shows an MS/MS fragment-ion spectrum
of an N-glycopeptide derived from HA with the pre-
cursor mass m/z 1036.4249%" after a sequential diges-
tion using trypsin and flavastacin (as described in
Pralow et al. 2017 [49]), respectively. The putative pep-
tide mass m/z 973.4782'" was identified based on the
annotated conserved fragment-ion pattern [50]. The
peptide sequence was verified by annotation of specific
b- and y-ions. Furthermore, glycan moiety-derived
oxonium ions (B-ions) and neutral-loss fragment ions
(Y-ions) were annotated (nomenclature Domon and
Costello [56]). The mass of the N-glycan moiety was
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Fig. 4. Comparison of the most abundant N-glycan structures. Overlay of the base peak chromatogram (BPC) of the nano-PGC-LC-MS(/MS)
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depicted. Hex6 marks a signal from a polymer. Symbolic representations of N-glycan structures were drawn with GlycoWorkbench version
1.1, following the guideline of the Symbol Nomenclature for Graphical Representations of Glycans [83].

determined (neutral loss of 2133.7965 Da) and allowed
the annotation of the putative N-glycan composition
(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2.

In Table 1, we list all identified peptide moieties for
each N-glycosylation site of HA and NA. While the
diversity of peptide moieties was rather low, we
observed the occurrence of N-terminal car-
bamidomethylation of peptides derived from HA as
well as NA predominantly from IAV propagated in
MDCK.SUS2 cells. Using solely tryptic digestion
resulted in the identification of N-glycopeptides only
from HA2 at the site N497 (not shown). In contrast,
the sequential digestion with trypsin and flavastacin
enabled the identification of nearly all potential N-gly-
cosylation sites of HA (N27/28, N40, N285, N303)

and one site from NA (N73) (Table 1). However, site
N497 was not detected. Please note that all detected
N-glycopeptide fragment-ion spectra are related to HA
or NA. No host cell-related glycopeptides were
detected, except one O-glycopeptide belonging to
bovine fetuin (medium component).

In Table S2, all N-glycopeptides detected for HA
and NA are listed. All detected site-specific N-glycan
compositions were putative complex- or hybrid-type
N-glycan structures (see N-glycan analysis). The glyco-
proteomic analyses of the biological replicates showed
high similarity in their base peak chromatograms
(BPC), with only moderate differences in the relative
abundance of selected peaks. IAV propagated in
MDCK.ADH showed even less variation in relative
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Fig. 5. Site-specific glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment-ion spectrum of a HA N-glycopeptide, derived from a
sequential proteolytic digestion using trypsin and flavastacin. The N-glycopeptide sequence is (K)CQTPLGAIN3q3(S) with the linked N-glycan-

composition HexgHexNAczdHex; + MansGIcNAc, (precursor mass:

1036.4249%"). Amino acids highlighted in red indicate the

carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide sequence, specific b- and y-
, as well as B-(oxonium-) and Y-ions are annotated. The isotopic pattern of the precursor is located at the upper right corner. Symbolic
representations of N-glycan structures were drawn with GlycoWorkbench version 1.1, following the guideline of the Symbol Nomenclature

for Graphical Representations of Glycans [83].

peak abundancy (Fig. S7) compared to IAV propa-
gated in MDCK.SUS2 (Fig. S8). N-glycopeptides were
only considered if they were verified on MS as well as
MS/MS level, missing MS/MS information for low-
abundant N-glycopeptides can explain small discrepan-
cies between the biological replicates.

In Fig. 6, we visualize the structure of HA, its
potential glycosylation sites, as well as the N-glycan
compositions detected. As mentioned before, HA is
the major antigen of IAV and each monomer com-
prises the two domains, HA1 and HA2. Whereby HA1
forms mainly the head region with the receptor-bind-
ing site and HA2 forms the stem region (Fig. 6). The
HAT1 of TAV strain PR/8/34 (HINI1) has five potential

N-glycosylation sites (N27/28, N40, N285, and N303),
all located at the stem region. Starting from the bot-
tom of the stem region, N27/28 in TAV samples
derived from MDCK.SUS2 and MDCK.ADH cells
carried potentially three- and four-antennary complex-
type N-glycans, or N-glycans with LacNAc extensions
(based on the structural N-glycans analysis shown
before). In addition, IAV propagated in MDCK.SUS2
cells displayed some compositions referring to di-an-
tennary N-glycan structures. Furthermore, IAV from
MDCK.SUS2 cells had a remarkable high amount of
the (Hex)3 (HexNAc)3 (dHex)l + (Man)3(GIlcNAc)2
composition at N27/28. All structures were exclusively
fucosylated (core- and/or antenna-fucosylated). To
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Table 1. Identified (glyco)-peptide sequences of the influenza A virus surface glycoproteins hemagglutinin and neuraminidase. For each N-
glycosylation site, all identified (glyco)-peptide moieties are listed. Furthermore, modified amino acids are underlines and the N-glycosylation

site is highlighted in bold

Protein Site Peptide Sequence Modification Spectrum
Hemagglutinin N27/28 (A)DTICIGYHANN(S) (C) Carbamidomethylation Fig. S2
(A)DTICIGYHANN(S) (C) Carbamidomethylation
(D) Carbamidomethylation
N40 (N)STDTVDTVLEKN(V) Fig. S3
N285 (RIGFGSGIITSN(A) Fig. S4
(RIGFGSGIITSN(A) (N-terminal) Carbamidomethylation
(G)SGITSN(A)
N303 (KICQTPLGAIN(S) (C) Carbamidomethylation Fig. 5
(KICQTPLGAIN(S) (C) Carbamidomethylation
(Q) NH3 loss
(Q)TPLGAIN(S)
N497 (RINGTYDYPK(Y) Fig. S5
Neuraminidase N73 (K)DTTSVILTGN(S) Fig. S6
(K)DTTSVILTGN(S) (D) Carbamidomethylation

some extent, possible alpha-galactosylated structures
could be detected (higher variability in TAV from
MDCK.ADH cells). Please note that the vicinity of
the two N-glycosylation sites N27 and N28 does typi-
cally not allow to specifically link an N-glycan moiety
to one or the other site. Therefore, both sites were
referred to as a single locus. Nevertheless, due to the
specific cleavage behavior of the proteolytic enzyme
flavastacin, our results suggest N28 to be exclusively
N-glycosylated but N27 not carrying any N-glycans.
For N40, we could not identify any N-glycosylation in
IAV from MDCK.ADH cells and only one N-glycan
composition (Hex)3 (HexNAc)3 (dHex)l + (Man)3
(GlcNAc)2 in TAV from MDCK.SUS2 cells. Com-
pared to the high microheterogeneity of the other N-
glycosylation sites of HA1 (Fig. 6), this finding might
indicate a poor accessibility of N40 in the three-dimen-
sional space of HA. At the site N303, tri-, as well as
tetra-, antennary structures (or structures with N-
acetyllactosamine (LacNAc) extensions) dominated.
TAV derived from MDCKS.SUSO02 cells also displayed
various compositions referring to di-antennary N-gly-
can structures. All corresponding structures carried an
antenna and/or core fucosylation and to some extent
Galili epitopes (especially in IAV from MDCK.ADH

cells). The closest site to the HA1 head region, N285,
carried similar N-glycan compositions to N303. For
IAV derived from MDCK.ADH cells the variability of
different N-glycan compositions, especially potentially
alpha-galactosylated complex-type (or hybrid-type
structures based on the aforementioned structural N-
glycan analysis) N-glycans could be observed. In TAV
derived from MDCK.SUS2 cells, a higher variability
of potential di-antennary N-glycan structures was
found.

HA2 has only one potential N-glycosylation site at
N497. Our analysis revealed only the composition
(Hex)3 (HexNAc)4 (dHex)l + (Man)3(GlcNAc)2 for
IAV from MDCK.SUS2 cells and the compositions
(Hex)3 (HexNAc)3 (dHex)l + (Man)3(GlcNAc)2 and
(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GIlcNAc)2 for
IAV from MDCK.ADH cells.

Overall, N-glycopeptide analysis of HA propagated
in MDCK.SUS2 and MDCK.ADH cells showed an
increased variability, as well as complexity of N-glyco-
sylation at sites closer to the head region of the anti-
gen. MDCK.ADH cells seemed to produce IAV
particles with HA displaying a higher variability and
complexity of N-glycans as MDCK.SUS2 cells that is
in accordance with Hammerling et al. 2017 [33]. In

Fig. 6. Graphical illustration of the trimeric influenza A virus (IAV) antigen HA. The molecular structure of HA was modeled using the PDB
entry number 1RU7. For model processing and design, the open-source software UCSF Chimera version 1.10.2 was utilized. HA1 (cyan)
and HA2 (green) of an HA monomer are highlighted. N-glycosylation consensus sequences are shown in magenta and labeled with the
corresponding N-glycosylation site. The site-specific N-glycan compositions of HA propagated in MDCK.SUS2 and MDCK.ADH cells are
illustrated on the right site. For each site, the five most abundant N-glycan compositions are relatively quantified in a pie diagram. The
remaining low abundant N-glycans are summed in a 6™ piece. Symbolic representations of A-glycan structures were drawn with
GlycoWorkbench version 1.1, following the guideline of the Symbol Nomenclature for Graphical Representations of Glycans [83]
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Fig. 7. Graphical illustration of the tetrameric influenza A virus (IAV) antigen NA. The molecular structure of NA was modeled using the
Swiss-Model template ID 5hug.1. For model processing and design, the open-source software UCSF Chimera version 1.10.2 was utilized.
An NA monomer is highlighted in cyan. N-glycosylation consensus sequences are shown in magenta and labeled with the corresponding N-
glycosylation site. The site-specific N-glycan compositions of NA propagated in MDCK.SUS2 and MDCK.ADH cells are displayed on the right
site. For each site, the five most abundant N-glycan compositions are quantified in a pie diagram. The sum of the remaining low abundant
N-glycans is shown in #6. Symbolic representations of N-glycan structures were drawn with GlycoWorkbench version 1.1, following the
guideline of the Symbol Nomenclature for Graphical Representations of Glycans [83].

general, all N-glycan structures exhibited antenna and/
or core fucosylation. In IAV from MDCK.ADH cells,
many observed compositions might refer to alpha-
galactosylated structures.

In Fig. 7, the structure of NA is shown. NA is a tetra-
meric antigen carrying five potential N-glycosylation
sites. N44, N58, and N73 in the hypervariable stalk
region and N131 and N220 in the head region (please
note that the hypervariable stalk region is not completely
visualized in Fig. 7 because of model limitations due to
missing protein sequences). Our analysis revealed only
N73 to be N-glycosylated. In contrast to HA, possible di-
antennary complex structures were the most dominant
N-glycans. In TAV derived from MDCK.ADH cells, a
possible hybrid-type N-glycan structure had a high

abundancy. Comparable to HA, most of the N-glycan
compositions at NA were antenna- and/or core-fucosy-
lated and to some extent alpha-galactosylated. As for
HA, MDCK.ADH cells seemed to provide a higher vari-
ability and complexity of N-glycan compositions com-
pared to MDCK.SUS2 cells.

Finally, for the third IAV glycoprotein M2, no N-
glycosylation could be detected. In addition, no O-gly-
copeptides derived from HA or NA could be detected.

Assembling of structural and site-specific N-glyco
analysis results

Datasets from the fine-structural N-glycan and the
site-specific N-glycopeptide analysis can be assembled
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to achieve comprehensive structural and site-specific
N-glycan information. Exemplarily, in Fig. 6 at the
site N285 (closest to the head region) of HA propa-
gated in MDCK.ADH cells, (Hex)5 (HexNAc)3
(dHex)1 + (Man)3(GIcNAc)2 (dark blue) is a N-glycan
composition with a high relative abundancy. When
looking up the N-glycan list (Table S1), we see for the
putative N-glycan composition only one fine-structural
entry providing evidence of a three antennary double
alpha-galactosylated core-fucosylated complex-type N-
glycan (C45). Another example is the high abundant
potential hybrid-type N-glycan (Hex)2 (HexNAc)l
(dHex)1 + (Man)3(GIcNAc)2 located at N73 at NA
propagated in MDCK.ADH cells (Fig. 7). As before,
in the fine-structural N-glycan list (Table S1), only one
entry for this composition exists: A hybrid-type N-gly-
can carrying a blood group H type 2 epitope at the 3-
antenna (HO1). In case of (Hex)2 (HexNAc)2 (dHex)2
+ (Man)3(GIcNAc)2, the highest abundant N-glycan
composition located on N73 on NA propagated in
MDCK.SUS2 cells, two entries exist in the IAV N-gly-
can list (Table S1): The complex-type N-glycan with
two antennary, a core fucosylation and a blood group
H type 2 epitope at the 3-antenna (C17), as well as the
hybrid-type N-glycan with a core fucosylation and a
blood group A epitope at the 3-antenna (HO09). Both
structures were annotated in IAV from MDCK.SUS2
cells. For TAV from MDCK.ADH cells, only the com-
plex-type N-glycan structure was detected.

DISCUSSION

Most reports dealing with N-glycomic/N-glycopro-
teomic analysis of IAV antigens unfortunately lack a
fine-structural analysis of N-glycans and provide only
compositions or partly structural information.

In this work, we report about a comprehensive site-
specific (N-glycoproteomics) and fine-structural (N-gly-
comics) analysis of N-glycans derived from the pro-
teins of IAV PR/§/34 (HINI1) propagated in
MDCK.ADH and MDCK.SUS2 cells. The viral pro-
teins studied comprise the whole IAV proteome, with
HA and NA the most relevant IAV surface glycopro-
teins in influenza vaccine production. For the first
time, a comprehensive fine-structural analysis of the
IAV whole N-glycome using nano-PGC-LC-MS(/MYS),
in combination with site-specific N-glycopeptide analy-
sis, was performed that enabled the establishment of a
fine structural list of the whole virus N-glycome. This
list was subsequently used as a starting point to link
these structures to N-glycan compositions from the
site-specific N-glycoproteomic analysis. Finally, site-
specific N-glycan microheterogeneity was mapped to

Glycoanalysis of MDCK cell-derived IAV proteins

the three-dimensional structure of the HA, as well as
the NA molecule. Unexpectedly, N-glycans decorated
with potentially immunogenic epitopes (Galili epitope,
blood group H type 2, and blood group A) could be
identified.

Novel methods used for influenza N-glycan
analysis

In our previous work, we used only xCGE-LIF for
IAV N-glycomic analysis [23,24,38,57]. However, due
to complexity of the IAV glycosylation, additional
experiments such as sequential exoglycosidase diges-
tion followed by repeated xCGE-LIF measurement are
required for fine-structural analysis.

In this work, released N-glycans from IAV antigens
propagated in MDCK.ADH and MDCK.SUS2 cells
were analyzed by nano-PGC-LC-MS(/MS). Nano-
PGC-LC-MS(/MS) allows fine-structural analysis of
glycans by the separation of isobaric structures fol-
lowed by additional structural analysis via negative
ion mode fragmentation generated marker ions [43,54].
Compared to xCGE-LIF-based glycoanalysis, nano-
PGC-LC-MS(/MS) has limitations in terms of
throughput and reproducibility [42,58] (see, for exam-
ple, the RT difference of structure C43 in IAV derived
from both cell lines, Fig. 4). However, the glycan
nano-PGC-LC-MS(/MS) BPCs of the replicates of
IAV propagated in MDCK.ADH cells (Fig. S9) as
well as MDCK.SUS2 cells (Fig. S10) show similar
peak profiles with only moderate differences in the rel-
ative peak abundances.

Furthermore, interpretation of nano-PGC-LC-MS(/
MS) data is rather challenging. Established glycomic
methods are way more standardized and are provided
with suitable databases. On the other hand, for exam-
ple, xCGE-LIF measurements are more sensitive com-
pared to MS and can detect N-glycans of very low
abundancies.

Nevertheless, glycans have different ionization and
fragmentation efficacies, and when using MS-based
analysis, preferable high abundant signals are chosen
for fragmentation. Therefore, it is still possible to miss
some unknown glycan structures in the analysis.

Monitoring micro- and macroheterogeneity of glyco-
proteins is of increasing interest. The trend in the bio-
pharmaceutical industry toward manufacturing of
more complex recombinant glycoproteins with multiple
glycosylation sites (compared to the less complex mon-
oclonal antibodies with a single glycosylation site)
requires not only a glycoanalysis on a global level
(e.g., HILIC-FLD-MS, also known as HILIC-FLD-
MS, xCGE-LIF, MALDI-TOF-MS, PGC-LC-MS),
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but also on a protein structure-related site-specific
level. In recent years, enormous progress took place in
optimizing the sample preparation and pushing LC-
MS instrument-specific parameters to an optimal out-
come [31]. Apart from the workflow, the ‘design’ of
the proteolytic digestion of the glycoproteins is essen-
tial. Normally, a tryptic digestion is preferred because
of the high specificity. But sometimes N-glycan consen-
sus sequences are located in peptide sequences, which
carry multiple glycosylation sites or contain too many
amino acids to be readily analyzed by MS when using
trypsin. Here, using unspecific enzymes like proteinase
K or pronase allows to uncover such glycosylation
sites, but results in a high redundancy of unique gly-
copeptides with different peptide moieties.

The N-glycoproteomic analysis in this study features
a sequential digestion workflow using the proteases
trypsin and flavastacin as recently described [49,50].
Because of the missing vicinity of a tryptic cleavage
site to most of the potential N-glycosylation sites of
HA and NA, using only trypsin was not efficient
enough to perform a site-specific N-glycopeptide analy-
sis, since the peptide moiety had too many amino acids
and/or multiple consensus sequences for N-glycosyla-
tion. Flavastacin is cleaving the C terminus of N-gly-
cosylated asparagine, generating well-analyzable N-
glycopeptides, enabling the identification of all TAV
HA1 N-glycosylation sites. In contrast to other
unspecific enzymes used for the glycoproteomic analy-
sis of TAV antigens (e.g., chymotrypsin, endopro-
teinase AspN, proteinase K, pepsin, Glu-C) [28,29,31],
the ‘glyco’-specific cleavage behavior of flavastacin
reduces the amount of redundant peptide moieties and
increases confidence for peptide sequence identifica-
tion.

Losing N-glycopeptide signals referring to site N497
of HA after flavastacin treatment can be explained by
the tryptic cleavage site N-terminal to the glycosylated
asparagine that is generated. The peptide sequence
after tryptic digestion is (R)NGTYDYPK(Y) resulting
in (R)N(G) after flavastacin treatment. Because of
their low hydrophobicity, N-glycopeptides with only
asparagine as peptide moiety might have been lost in
our LC setup (hydrophobic loading onto the RP trap-
column with the flow-through directed to waste).

Despite the availability of commercialized software
(e.g., Byonic (ProteinMetrics), ProteinScape (Bruker
Daltonic)) that enable the fully automated N-glycopro-
teomic analysis, it is still necessary to validate auto-
mated identifications manually. Because of the ‘black
box’ nature of such software, possible identifications
can be lost when the search space is not properly
defined. The recently published software glyXtool™S
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performs a semi-automated analysis, providing not
only tools for manual validation, but also enabling the
manual annotation of not or wrongly identified MS/
MS spectra [46]. Therefore, in this work, we used
glyXtool™S for the N-glycoproteomic analysis of the
biological replicates. To challenge this analytical work-
flow, we used IAV particles propagated in two closely
related cell lines.

Some  N-glycan  structures/compositions  were
detected in the N-glycoanalysis, but were not detected
as an N-glycopeptide, neither derived from TAV glyco-
proteins HA, NA, or M2, nor derived from glycopro-
teins of the cell line or the medium (e.g., from bovine
origin). This might be due to the fact that the abun-
dance of various N-glycopeptides with the same N-gly-
can composition was too low for detection and
fragmentation in the glycopeptide analysis. After N-
glycan release, however, they assembled to one single
high abundant N-glycan signal that can be detected in
the N-glycomic analysis. Furthermore, we cannot
exclude that a small amount of low abundant N-gly-
copeptides of TAV (or remaining host cell glycopro-
teins) were not identified at all by our workflow.

Recently published work on IAV glycosylation used
only LC-MS-based site-specific glycopeptide analysis
[30,36,59,60], or in combination with MALDI-TOF-
MS- [28,37,61], respectively, HILIC-MS-based [29]
analysis of released N-glycans. In addition, more com-
plex viral glycoproteins like the envelope glycoprotein
of HIV [62-64] with up to 30 glycosylation sites and
the SARS-CoV-2 spike protein [65] were recently char-
acterized. The HIV glycoprotein was investigated by
site-specific glycopeptide analysis via LC-MS and com-
positional analysis of its released glycans using HILIC-
FLD and ion-mobility (IM)-MS. The SARS-CoV-2
spike protein was analyzed using only LC-MS-based
site-specific glycopeptide analysis. As LC-MS-based
site-specific analysis of glycoproteins lacks structural
information of glycans (except for some partial glycan
structural information that can be gained by using
IM-MS [66] or by analyzing the ratio of specific frag-
ment-ion intensities of glycopeptide MS/MS spectra
[50]), additional glycomic analysis is necessary for the
fine-structural elucidation of the glycans, as performed
in our study. In contrast to standard MS-based gly-
comic approaches like MALDI-TOF-MS and HILIC-
MS, (nano-)PGC-LC-MS(/MS) analysis allows to
obtain more structural information of glycans but is
more laborious. In particular, as data analysis is
mainly manual, (nano-)PGC-LC-MS(/MS) requires
quite some expertise, and has limitations to identify
large glycan structures with very high molecular
masses (e.g., glycan structures beyond the xCGE-LIF
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peaks > 430 MTU” in the IAV N-glycan fingerprints
in Figure S1). Performing additional glycomic analysis
by nano-PGC-LC-MS(/MS) enabled to differentiate
between complex- and hybrid-type N-glycans as well
as between antennary and bisecting GIcNAc. More
important, N-glycan structures with terminal blood
group epitopes (A, B, and H, Table S1)) and nonhu-
man epitopes like the Galili epitope could be struc-
turally elucidated and identified. Without additional
fine-structural N-glycan analysis, such information
would have been missed.

Influenza antigen glycosylation

Comparing glycome-/glycoproteome data among influ-
enza virus-related studies are problematic for several
reasons: (I) Proteins of different IAV strains are hard to
compare with each other because of their variable struc-
ture, as well as number and location of potential N-gly-
cosylation sites. (II) Besides embryonated chicken eggs
(undefined mixture of different cells), a high number of
possible host cell systems are used for AV propagation,
with a significant impact on IAV N-glycan structures.
(ITIT) Recombinant TAV antigens derived from mam-
malian or insect cell lines originate from a totally differ-
ent environment compared to antigens incorporated
into a lipid bilayer membrane of an intact IAV (e.g., no
inclusion into a lipid bilayer, no vicinity of NA). As a
result, the N-glycome of the recombinant antigens can
include N-glycan structures that are biological impossi-
ble to obtain for intact IAV (e.g., sialylated epitopes
[41]). (IV) The choice of cultivation medium and the
number of passages and adaption time of the cell line
can affect the glycosylation machinery of the host cell
system and therefore the N-glycosylation pattern of
IAV antigens. (V) Different analytical approaches in
glycomics and glycoproteomics bear different informa-
tion content regarding TAV glycosylation. (VI) Despite
virus purification, cellular (host cell (glyco-) proteins) as
well as animal-derived (medium components) contami-
nants can be found.

To give a short overview of the results of similar
studies: An et al. [28] analyzed the N-glycome of IAV
HIN1 propagated in MDCK cells using MALDI-
TOF-MS and observed mainly oligomannose-type
(84%) and smaller proportions of complex-type (15%)
and hybrid-type (1%) N-glycans. Beside complex-type
N-glycans, site-specific glycopeptide analysis revealed
high abundant oligomannose-type N-glycans linked to
the stalk region of HA from IAV HINI [28]. Khatri
et al. (2016) analyzed the N-glycome of IAV HINI
propagated in embryonated chicken eggs using
HILIC-MS. They identified a low degree of

Glycoanalysis of MDCK cell-derived IAV proteins

oligomannose-type (<6%) and hybrid-type (=~ 9%) N-
glycans, but a high amount of highly complex-type N-
glycans (=85%). The site-specific glycopeptide analysis
showed predominantly highly complex-type N-glycans
linked to the stalk region, except for site N303, which
was mostly decorated with oligomannose-type N-gly-
cans [29]. Similar findings were already published ear-
lier [23,38]. She et al. [30] performed a site-specific
glycopeptide analysis of two high-yield candidate reas-
sortant vaccines (NIBRG-121xp and NYMC-XI81A)
propagated in eggs. Based on compositional data, the
authors could identify complex- and oligomannose-
type N-glycans. Beside this, also sulfated complex-type
N-glycans were detected at HA and NA (but not in
our study). Very recently, the authors did nano-PGC-
LC-MS(/MS) analysis to confirm the sulfated glycan
structures. Finally, they could identify sulfated com-
plex N-glycans on glycoproteins derived from IAV
propagated in eggs and MDCK cells [35].

In this study, N-glycan analysis of the purified whole
virus lysate revealed oligomannose-, hybrid-, as well as
complex-type N-glycan structures (with and without
antenna and/or core fucosylation). Structures with
antenna fucosylation were identified to consist of the
epitopes blood group H type 2 (in accordance with the
annotation of An et al. [28], who refers the partly
structural annotation to the known N-glycan process-
ing pathways in MDCK cells) and blood group A. To
some extent, structures with bisecting GIcNAc were
identified. Compositions suggesting hybrid-type struc-
tures but also complex-type structures with Galili epi-
topes could be successfully analyzed and confirmed.
MDCK cells (especially MDCK.ADH) are of high
interest for the cell-based vaccine production. Adher-
ent cells are difficult to scale up and to handle in high
cell density cultures; however, cell lines growing in sus-
pension can overcome such limitations. To stress our
glycomic/glycoproteomic workflow and to obtain fur-
ther insights into the impact of cell line adaptation to
growth in suspension on viral antigen composition, we
performed a detailed comparison of the site-specific
and structural glycosylation pattern of viral proteins
propagated in MDCK.ADH and MDCK.SUS2 cells.
As expected, both cell lines showed a similar qualita-
tive N-glycan pattern. However, relative abundances of
individual N-glycan structures differed. Notable, the
amount of oligomannose-type N-glycans was reduced
in TAV from the serum-free MDCK.SUS2 cell cultures
compared to IAV propagated in MDCK.ADH cells.
In part, this could result from animal-derived medium
components (fetal calf serum (FCS), lab M peptone),
used to supplement the GMEM medium for cultiva-
tion of MDCK.ADH cells.
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All potential N-glycosylation sites of HA were iden-
tified to be glycosylated with core-fucosylated complex
and/or hybrid-type N-glycans. Complex-type N-glyco-
sylated HA produced in mammalian cells is described
to induce higher antibody titers than HA produced in
insect cells, which features high mannose-type N-gly-
cans [39]. HA of TAV PR/§/34 (HINI1) has all N-gly-
cosylation sites at the stem region and no N-
glycosylation site at the head region close to the recep-
tor-binding site. However, we observed an increase of
N-glycan variability and complexity at sites closer to
the head region of HA (IN285 and N303). The compo-
sitions of the N-glycans suggest multiantennary and/or
LacNAc extended epitopes (based on the fine-struc-
tural N-glycan analysis) on these sites. To some extent,
their high molecular mass N-glycans might have the
ability to shield or cover the head region of HA and
might be more exposed and recognizable to the
immune system. Therefore, differences in antigenicity
and immunogenicity of HA derived from both cell
lines cannot be excluded.

For NA, we found only N73, one out of five poten-
tial N-glycosylation sites, to be glycosylated. This site
is located at the stem region of NA. The site-specific
N-glycopeptide analysis revealed a similar picture as
the results from HA. N-glycans attached to NA, how-
ever, had lower complexity (mostly two antennary
structures). Again, mainly antenna- and/or core-fuco-
sylated complex-/hybrid-type N-glycans were identi-
fied.

Based on data, N-glycans with immunogenic epi-
topes like Galili epitope, blood group H type 2, and
blood group A are also suggested to be more abun-
dant close to the head region (more dominant in IAV
from MDCK.ADH cells). For vaccines, the Galili epi-
tope bears the potential to trigger immunogenicity and
therefore vaccine efficacy. This was demonstrated on
alpha-galactosyltransferase negative mice. The treat-
ment with TAV carrying in vitro alpha-galactosylated
complex N-glycans (propagated in embryonated
chicken eggs) led to an increased immunogenicity com-
pared to the control group treated without alpha-
galactosylation [67]. Recently, Galili et al. (2020)
addressed the potential to amplify immunogenicity of
prospective SARS-CoV-2 vaccines by glycoengineering
the coronavirus glycan shield to present Galili epitopes
[68]. The different blood group epitopes detected on
IAV antigens (HA and NA) might also have an effect
on the immunogenicity or vaccine efficacy. Unfortu-
nately, so far, no immunogenic study for such specific
blood group epitopes on IAV vaccines is available.

The identification of nonhuman glyco-epitopes like
alpha-galactose might challenge the interpretation of
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animal trials. Exposing N-glycans is part of the main
strategies of TAV to evade the host’s immune system
[5]. Most animal studies for vaccines are performed in
mice and ferrets, which encode, in contrast to humans,
the alpha-galactosyltransferase. Therefore, depending
on the TAV vaccine production system, the outcome of
immunological studies might not reflect the immuno-
genicity of the TAV vaccine in humans.

Increasing interest of cross-reactive IAV vaccines
with mono- or nonglycosylation evolves in the scien-
tific community, pointing into the direction of an TAV
vaccine, capable of providing protection against differ-
ent AV strains [69—71]. As an alternative, several
studies also demonstrated the ability to modulate the
virulence of TAV or the immunogenicity of influenza
vaccines by addition and removal of N-glycosylation
sites, especially in the head region of HA [72], or by
selecting certain host cell systems to produce specific
N-glycan patterns [41]. Addition of sites to the head
region of A/Hong Kong/1/68 (H3N2) HA resulted in
increased sensitivity to surfactant protein (SP)-D
in vitro and attenuated virulence in mice [73] whereas
removal of sites from the globular head region of HA1
from H3N2 (A/Beijing/353/89) and HINI (A/Brazil/
11/78) led to resistance to neutralization by SP-D and
increased virulence in mice [74,75]. Interestingly, addi-
tion of N-glycans to the globular head region of HA
of the mouse-adapted IAV PR/8/34 (HINI) virus,
which lacks N-glycans on the head region of its HA
[76], resulted in sensitivity to SP-D and attenuated vir-
ulence in mice [74].

The trend to produce recombinant HA vaccines
(e.g., Flublock [77,78]) could take advantage of such
glycoengineering ideas. The production of specific
immunogenic epitopes in combination with addition or
removal of N-glycosylation sites of HA plus the lack
of membrane and NA (enabling sialylated epitopes)
might contribute to the efficacy of a vaccine.

Overall, comprehensive glycoprofiling of TAV pro-
teins might be more requested to interpret findings of
animal trials and gain importance in the future to bet-
ter understand antigenicity and immunogenicity of
IAV strains expressed in different host systems.

Conclusion

Not only glycosylated biopharmaceuticals such as
recombinant proteins but also viral antigens with mul-
tiple N-glycosylation sites and different types of glyco-
sylation are gaining increasing importance in the
pharmaceutical market. Although regulatory authori-
ties do not ask for a glycan analysis of viruses used
for vaccine manufacturing yet, this might come one
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day. In particular, as the number of licensed viral vac-
cines and the number of manufacturing technologies
increases.

Well-integrated technologies for global N-glycan
analysis (e.g., XxCGE-LIF, HILIC-FLD, MALDI-TOF-
MS) are optimized for the profiling of monoclonal anti-
bodies, other recombinant proteins (e.g., hormones),
and vaccines. Those methods have a high resolution, a
very low detection limit. Furthermore, they allow the
establishment of high-throughput measurement plat-
forms, and the identification and quantification of N-
glycan isomers. While LC-MS is the method of choice
when it comes to site-specific glycopeptide analysis, it
lacks the option to separate glycan isomers and provide
structural information of glycans.

In this manuscript, we present the use of two orthog-
onal LC-MS-based methods for the comprehensive
structural and site-specific glyco- and glycopeptide anal-
ysis of viral antigens. To challenge our approach, IAV
propagated in two closely related mammalian cell lines,
MDCK.ADH and MDCK.SUS2 cells were used. The
workflow established not only allowed to generate a
fine-structural N-glycan list, but also enable to detect
small differences between both expression systems.
While the N-glycosylation pattern of IAV was similar, it
displayed differences in relative abundances of individ-
ual N-glycan structures. Furthermore, we were able to
quantify differences in the glycosylation microhetero-
geneity of HA and NA and to link this information to
the established fine-structural N-glycan list. For HA, an
increasing complexity and variability of glycosylation at
sites closer to the head region (antigen-binding site)
could be shown. The identification of alpha-galactosy-
lated N-glycan structures in HA as well as NA in both,
IAV propagated in MDCK.ADH and MDCK.SUS2
cells, might harbor the potential of modulating anti-
genicity and immunogenicity of vaccines when using
MDCK cells as cultivation system compared to eggs
[29,67,79]. To elucidate possible effects of nonhuman
glycan epitopes on viral antigens in terms of vaccine
efficacy, further structure—function relation as well as
animal studies of influenza virus produced in different
host cells needs to be performed. Finally, as for manu-
facturing of other biopharmaceuticals, glycosylation
profiling might be requested by regulatory authorities
for quality control of viral antigens in the future.

Materials and methods

Enzymes used for proteolytic digestion were trypsin (tryp-
sin sequencing grade modified, V5111) from Promega
(Madison, WI, USA), endoproteinase AspN [flavastacin
[49]] (AspN, P8104S) from New England Biolabs (Ipswich,

Glycoanalysis of MDCK cell-derived IAV proteins

MA, USA), and peptide N-glycosidase F (PNGase F,
P7367) from Sigma-Aldrich (Steinheim, Germany). Potas-
sium hydroxide (KOH, 484016-1KG), dithiothreitol (DTT,
D5545-5G), iodoacetamide (IAA, 11149-25G), ammonium
bicarbonate (ABC, 09830-500G), sodium borohydride
(NaBHy, 71320-100G), acetic acid (49199-50ML-F), ammo-
nium acetate (A-1542), and acetonitrile (ACN, LC-MS
Grade > 99.5%, 34967) were all purchased from Sigma-
Aldrich. Urea (A1049), Tris/HCl (A3452), and calcium
chloride (A46899) were from AppliChem (Darmstadt,
Germany), and trifluoroacetic acid (TFA, 28904) was pur-
chased from Thermo Fisher Scientific (Schwerte, Germany).
All chemicals were in the highest grade available. All solvents
for LC-MS were MS grade. All buffers and solutions were
prepared with deionized and purified water using a Milli-Q
water purification system (18.2 MQem™' at 25°C, total
organic carbon of 3 ppb) from Merck Millipore (Darmstadt,
Germany). For LC-MS solvents, water was further purified
using the LC-Pak Polisher from Merck Millipore.

Cell lines, cell cultivation, and virus infection

Cell lines, cell cultivation, and virus infection used in this
work were adapted from previous work [20,21]. Briefly,
MDCK.ADH cells (ECACC, No. 84121903) were culti-
vated in Glasgow minimum essential medium (GMEM,
22100-093, Gibco Invitrogen, Carlsbad, CA, USA, No.
22100-093), supplemented with 10% (v/v) FCSq, (10270-
106, Gibco Invitrogen) and 1 % (v/v) peptoneq, (MC33,
Lab M Limited, Heywood, Lancashire, UK). For infections
experiments, MDCK.ADH cells were cultivated in tripli-
cates in GMEM supplemented with 5.5 mmol-L™!' glu-
Coseq) (7509, Roth, Karlsruhe, Germany), 47 mmol-L~!
NaHCOj3(,q) (HNO1, Roth), and 0.2% (v/v) peptonegq).
The MDCK.SUS2 cell line was generated by adaptation of
MDCK.ADH cells (kindly provided by K. Scharfenberg,
University of Applied Sciences Emden/Leer, Germany) and
cultivated in biological duplicates in chemical defined med-
ium SMIF8 PGd 2x (protein- and peptide-free; Gibco
Invitrogen, through contact with K. Scharfenberg) with
addition of 23.8 mmol-L™! NaHCO5(,)(8551, Roth),
85.6 mmol-L~! NaCl,q) (3957, Roth), 0.1% (w/v) Pluronic-
F68 (24040032, Gibco Invitrogen), 0.0019%, (w/v) ethanola-
mine (98%) (398136, Merck, Darmstadt, Germany),
1.6 mmol-L™' L-glutamic acid (G1251, Sigma-Aldrich),
20.3 mmol-L™" D-(+)-glucose (X997, Roth), 4 mmol-L~!
glutamine (G3126, Sigma-Aldrich), and 4 mmol-L~! pyru-
vate (P8574, Sigma-Aldrich) [21]. Cells were infected with
human IAV PR/8/34 (HIN1) (no. 3138, Robert Koch Insti-
tute (RKI), in-house-generated adherent MDCK-derived
viral stock, TCIDs, titer of 5.17 x 10°® infectious virions/
mL, HA titer of 2.63 log;o HA units/100 pL) with a multi-
plicity of infection of 0.025 and 2 x 107° units trypsin
(27250-018, Gibco Invitrogen) per cell. Vented shaker flasks
with a volume of 250-mL (MDCK.SUS2) or 850-cm? roller
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bottles (MDCK.ADH; both VWR, Darmstadt, Germany)
were used for all infection experiments. After 72 h postin-
fection, supernatants containing released virus particles
were harvested and subsequently purified.

Virus harvesting, purification, and inactivation

Virus particles were harvested from the cells via g-force
step-gradient centrifugation as described before [24,25].
This involved pelleting of the cell culture supernatant with
three centrifugation steps: (I. 300 g, 4 °C, 20 min; II. 4000
g, 4 °C, 35 min; III. 10 000 g, 4 °C, 45 min). After each
step, the supernatant was collected for further centrifuga-
tion. After a final ultracentrifugation step (100 000 g, 4 °C,
90 min), the pellet was resuspended in 50 pL. 100 mm Tris/
HCl,q) buffer with 5% SDS (w/v) and incubated for
10 min at 56 °C for inactivation using a thermomixer
(Eppendorf, Hamburg, Germany).

Protein concentration assay

The protein concentration of the purified IAV harvest was
determined using the QuantIT protein assay (Q33210, Life
Technologies, Darmstadt, Germany), following the assay
instructions of the supplier.

N-glycan analysis: sample preparation and
measurement

N-glycan release and clean-up were performed using a
modified version of the workflow introduced by Jensen
et al. [52]. The entire N-glycan analysis workflow was
recently described by Nguyen-Khuong et al. [48]. Using a
modified filter-aided sample preparation (FASP) approach
[80], N-glycans were released from 100 pg IAV protein
per sample using 1 U PNGase F, followed by the reduc-
tion of the reducing end of the N-glycans by NaBH, (con-
verting the o- and B-anomers into alditols). Desalting of
the N-glycans was performed using a methanolic slurry of
AGS50W-X8 cation-exchange resin (142-1431, Bio-Rad,
Miinchen, Germany) packed on top of a 20 puL CI18
StageTip frit (SP201, Thermo Fisher Scientific, Waltham,
MA, USA). Further clean-up was achieved via PGC-SPE
using 5 uL of a 80% ACN, + 0.1% TFA,q slurry of
Carbograph (1769, Grace, Columbia, MD, USA) packed
on top of a 20 uL. CI18 StageTip frit. The SPE was per-
formed threefold using 10 pL of the respective mobile
phase in each of the following steps, followed by centrifu-
gation using a table centrifuge (Eppendorf): (I) Therefore,
the SPE material was washed with 50% ACN,, + 0.1%
TFA,q and (IT) equilibrated with 0.1% TFA,q. Afterward,
(III) N-glycans resuspended in 0.1% TFA,, [10 pL
(=1 pug-uL™")] were loaded on the SPE material by repeti-
tive pipetting the resulting permeate again on top of the
tip, followed by (IV) washing the sample with 0.1%

A. Pralow et al.

TFA,,. Finally, (V) N-glycans were eluted with 50%
ACNyq + 0.1% TFA,q. The eluate was dried in a vacuum
centrifuge (RVC 2-33 CDplus, ALPHA 2-4 LDplus, Mar-
tin Christ GmbH, Osterode, Germany) and resuspended
in 10 pL 0.1% TFA,q. For nano-PGC-LC-MS(/MS) mea-
surement, N-glycans from approximately 500 ng (&
1 pg-uL™") glycoproteins were analyzed on a nano Ulti-
mate 3000 LC system (Thermo Fischer Scientific, Dreieich,
Germany) online coupled to an LTQ Orbitrap Elite
hybrid mass spectrometer (Thermo Fischer Scientific, Bre-
men, Germany). To achieve better spray stability, sepa-
rated N-glycans eluting from the LC system were
supplemented with a 100% pure ACN PCMF as recently
described [48,81]. For details regarding the parameters of
the LC-MS setup, see Nguyen-Khuong et al. [48].

Glycopeptide analysis: sample preparation and
measurement

Proteolytic digestion of 100 ug IAV glycoproteins per sam-
ple was performed using a modified version of the FASP
approach described by Wisniewski et al. [50,80]. The sam-
ples were proteolytically digested with trypsin, or trypsin
followed by flavastacin (sequential digestion) [49]. After-
ward, glycopeptide enrichment was performed using a mod-
ified version of the HILIC-SPE developed by Selman et al.
[50,82]. For nano-RP-LC-MS(/MS) measurement, 500 ng
of enriched glycopeptides (=~ 1 pg-uL~") was analyzed on a
nano Ultimate 3000 LC system online coupled to an LTQ
Orbitrap Elite hybrid mass spectrometer (Thermo Fischer
Scientific). A comprehensive description of the entire glyco-
proteomic analysis workflow can be found in Pralow et al.
and Hoffmann et al. [49,50].

Data analysis
Manual N-glycan data analysis

MS datasets obtained from the N-glycan analysis of each
cell line and their biological replicates (three MDCK.ADH
cell and two MDCK.SUS2 cell cultivations) were inspected
manually. Specifically, deconvoluted precursor masses were
submitted to ExPASy GlycoMod (free online tool: https://
web.expasy.org/glycomod/) and UniCarb-DB to identify
possible N-glycan compositions. The fine structure of N-
glycans was identified based on the manual annotation of
specific fragment-ion spectra with diagnostic cross-ring
fragment ions [45,54]. Identified structures of different N-
glycan isomers were additionally confirmed based on their
retention behavior [42].

Manual/semi-automated glycopeptide data analysis

Manual glycopeptide analysis of a reference data set (first
replicate of each cell line) was performed according to
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Pralow et al. (2017) and Hoffmann et al. (2018) [49,50]. All
acquired MS/MS spectra were manually screened for speci-
fic oxonium ions ([M + H]": HexNAc m/z 204.08, HexNA-
ciHex; m/z 366.14, HexNAc;Hex,dHex; m/z 512.20,
HexNAc Hex, m/z 528.19). Oxonium ions of sialic acid are
not supposed to be detected, because of the presence of
neuraminidase in IAV containing cell culture supernatants.
After the classification of each glycopeptide fragment-ion
spectrum, the mass of the peptide moiety (Mp) of each
fragment-ion spectrum was determined based on a specific
fragment-ion pattern: Peptide mass minus ammonia
[Mp + H"-NHj;]", peptide mass [Mp + H']", peptide mass
plus %*X-ring cleavage of the innermost GleNAc [Mp + H
+ 92X GIcNAc]" and peptide mass plus innermost GlcNAc
[Mp + H + GIcNAc]" (only for N-glycopeptides, for O-gly-
copeptides [Mp + H + %2 X GIcNAc]" is missing) [50]. The
putative peptide masses were searched against an in silico
digestion of HA (Uniprot accession number P03452), NA
(Uniprot accession number P03468), and matrixprotein 2
(M2) (Uniprot accession number P06821) using ExPASy
FindPept (free online tool https://web.expasy.org/findpept/
). Variable modifications were the carbamidomethylation of
cysteine and the oxidation of methionine. N-terminal car-
bamidomethylation was considered by subtracting 57 Da
from unknown predicted peptide masses. The precursor
mass error was set to 10 ppm, and an unspecific digestion
was performed to take into account missed or unspecific
cleavage products. The resulting peptide sequences were
screened for possible N-glycosylation consensus sequences.
To confirm the predicted peptide sequence, an in silico frag-
mentation of its peptide sequence was performed using
MS-Product from ProteinProspector (v 5.16.0) (free online
tool: http://prospector.ucsf.edu/prospector/cgi-bin/msform.c
gi?”form =msproduct). Therefore, specific b- and y-ions were
compared with MS/MS fragment ions derived from the
measured spectra and manually annotated with a maximum
mass error of 10 ppm. By subtracting the determined pep-
tide mass from the monoisotopic singly charged glycopep-
tide precursor mass, the mass of the putative glycan moiety
was calculated. This mass was then screened for possible
N-glycan compositions using ExXPASy GlycoMod and Uni-
Carb-DB. The mass error was set to 10 ppm and variable
modifications were the carbamidomethylation of cysteine
and the oxidation of methionine.

Based on the results of the manually annotated reference
data set (first replicate of each sample type), the other biolog-
ical replicates were analyzed using an in-house-developed
software glyXtool™ for the semi-automated analysis of gly-
copeptide MS data. This software was developed by Pioch
et al. (2018) and is available online on GitHub (https://
github.com/glyXera/glyXtooIMS) [46]. The mass error was
set to 10 ppm and an unspecific digestion was performed to
take into account missed cleavages as well as unexpected
cleaved products. Variable modifications were the car-
bamidomethylation of cysteine and oxidation of methionine.

Glycoanalysis of MDCK cell-derived IAV proteins

The software compares defined possible N-glycan/peptide
combinations with the identified monoisotopic glycopeptide
precursor masses. MS/MS fragment-ion spectra of matching
glycopeptide precursor are further automatically annotated
with b- and y-ions of possible glycopeptide sequences. The
software also allowed a glycopeptide scoring based on the
recognition of glycan-specific oxonium ions in the MS/MS
fragment-ion spectra. After data processing, results of identi-
fied glycopeptides were manually confirmed or discarded
based on the coverage of specific b- and y-ions in the corre-
sponding fragment-ion spectra.

Relative quantification of N-glycopeptides

Site-specific relative quantification of N-glycopeptides was
performed using Byonic and Byologic (ProteinMetrics,
Cupertino, CA, USA). A reference dataset of each sample
was analyzed (first replicate of each sample type). The mass
error was set to 10 ppm and 30 ppm for precursors and
fragment ions, respectively. An unspecific digestion was
performed to take missed cleavages as well as unexpected
cleavage products into account. Variable modification was
oxidation of methionine. Carbamidomethylation of cysteine
was set as fixed modification. The mammalian N-glycome
database provided from Byonic, which includes all N-gly-
can compositions identified from the N-glycomic analysis,
was used for variable modification of N-glycosylation sites.
Based on the N-glycoproteomic analysis, the percentage
number of all individual N-glycan compositions of each
HA and NA N-glycosylation site was determined from the
sum of the extracted ion chromatogram (EIC) peak area of
each multiply charged (>1) precursor signal relative to the
sum of all N-glycopeptide signals of the respective N-glyco-
sylation site.

Graphical illustration

The molecular structure of HA was visualized using the
protein data bank (PDB) entry number 1RU7. To model
the molecular structure of neuraminidase, the Swiss-Model
template identifier (ID) Shug.1 was used. For model pro-
cessing and design, the open-source software UCSF Chi-
mera version 1.10.2 was utilized.
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