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Abstract

Human coagulation factor VIII (FVIII) is a key co-factor in the clotting cascade, the deficiency
of which leads to Hemophilia A. Human plasma-derived (pdFVIIl) and recombinant FVIII
(rFVIII) had been used as effective products to prevent and treat bleeding episodes. Both
FVIII products share identical amino acid sequences and appear to be equivalent as of clini-
cal efficiency. However, systemic reviews found an increased risk of neutralizing antibody
(or inhibitor) development with recombinant products. FVIIl is a highly glycosylated protein,
and its glycosylation pattern is specific to host cells and environments. The roles of glycosyl-
ation in immune responses toward pdFVIIl and rFVIII are yet to be defined. Herein, we sys-
temically profiled N- and O-glycomes of pdFVIIl and rFVIII using a mass spectrometry-
based glycoproteomic strategy. A total of 110 site-specific N-glycopeptides consisting of 61
N-glycoforms were identified quantitatively from rFVIII and pdFVIII. Additionally, 31 O-glyco-
forms were identified on 23 peptides from rFVIIl and pdFVIIl. A comprehensive comparison
of their site-specific glycan profiles revealed distinct differences between the glycosylation
of pdFVIIl and rFVIII.

Introduction

Human coagulation factor VIII (FVIII) is a heavily glycosylated plasma protein consisting of
six domains (A1, A2, B, A3, Cl, and C2) along with a 19 amino acid signal peptide. [1] The
deficiency of active FVIII leads to hemophilia A, one of the most common bleeding disorders.
[2, 3] Under physiological conditions, FVIII forms a stable complex with von Willebrand fac-
tor (VWE) in the circulation, with a half-life of 12-18 hours. Upon activation by thrombin to
remove the large B domain in the event of blood vessel damage, FVIII is converted into FVIIIa,
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which is then complexed with FIXa to activate FXa and initiate the clot formation. [4, 5]
Patients with severe hemophilia require repeated infusions of plasma-derived FVIII (pdFVIII)
or recombinant FVIII (rFVIII) to prevent and treat bleeding. Despite progresses made in
developing various FVIII products, a frequent complication is the development of neutralizing
alloantibodies (inhibitors) against FVIIL. [6, 7] Once inhibitors develop in those patients, the
regular dose of FVIII is no longer effective, administration of high doses (100-200 units/kg/
day) for a prolonged period of time is often necessary to induce tolerance, named immune tol-
erance induction (ITI). An ongoing controversy in the field is whether treatments with
plasma-derived products, particularly those containing VWE, are associated with less inhibitor
development than those treated with recombinant ones. [8-11] Recently, a randomized trial of
FVIII and neutralizing antibody in previously untreated hemophilia A patients concluded an
overall inhibitor formation rate of 26.8% among patients treated with pdFVIII (contains
VWE), but a much higher rate of 44.5% among those treated with rFVIIL [12] A possible
explanation for this phenomenon is that VWF in complex with pdFVIII masks critical FVIII
epitopes thus reduces its immunogenicity. [9, 13] Alternatively, it might result from different
post-translational modifications (especially glycosylation) between pdFVIII and rFVIII that
derived from various cell lines, as numerous reports had suggested that glycosylation varia-
tions affect the stability, immunogenicity, pharmacokinetics, and pharmacodynamics of glyco-
protein biopharmaceuticals. [14-17] This is evidenced by a recent report that baby hamster
kidney (BHK) cell-derived rFVIII (Kongenate FS) elicited a stronger immune response and
exhibited accelerated clearance from circulation compared to Chinese hamster ovary (CHO)
cell-derived rFVIII (Xyntha that is B-domain deleted and Advate) in hemophilia A mouse
models. [18] The authors performed N-glycosylation profiling, revealed significant N-glycome
differences between BHK and CHO cell-derived products. [18] Another most recent observa-
tion is that a rFVIII (Kovaltry) with higher levels of N-glycan branching and sialylation has an
improved pharmacokinetic profile than other rFVIII products (Kogenate FS and Advate). [19]
The field continues to reveal the functional roles of FVIII glycosylation and to understand the
underlying mechanisms of inhibitor development.

We sought to identify possible inhibitor epitopes on FVIII related to glycans or glycopep-
tides and study the functional roles of site-specific glycosylation in inhibitor development.
Such research activities rely on a comprehensive understanding of glycosylation patterns of
both pdFVIII and rFVIIL. The first report associated with FVIII glycosylation was in 1992,
where Hironaka and coworkers chemically released N-glycans of pdFVIII purified from blood
group A donors and rFVIII produced in BHK cells. [20] Glycosidase treatment and methyla-
tion analysis revealed that both proteins contain mainly high-mannose and bi-, tri-, and tetra-
antennary complex N-glycans. Site-specific N-glycan heterogeneity and occupancy of a recom-
binant FVIII expressed in CHO cells were later reported in 1997, using liquid chromatogra-
phy-electrospray ionization mass spectrometric (LC-ESI-MS) analysis combined with selected
ion monitoring (SIM). [21] Subsequently, Thim and coworkers reported the production of a B
domain partially truncated FVIII produced in CHO cells, N8. A total of 4 N-glycosites were
identified from A1, A3, and C1 domains by matrix-assisted laser desorption/ionization-MS
(MALDI-MS) analysis, and glycoforms on these sites are mainly sialylated bi-antennary struc-
tures. [22] Recent advances in mass spectrometry (MS) instrumentation and methodology
have made in-depth analyses of protein glycosylation more accessible and practical, revealing
many more details, e.g., specific glycoforms and linkage information. Accordingly, the N-gly-
cosylation of pdFVIII and several rFVIII products were profiled by various MS approaches in
detail. [18, 19, 23, 24] For example, Kannicht and coworkers site-specifically profiled the N-
glycome of A and C domains of a rFVIII derived from a human cell line using LC-MS/MS,
revealed that N-glycans on N41 and N1810 mainly contain bi-antennary complex structures,

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 2/16


https://doi.org/10.1371/journal.pone.0233576

PLOS ONE

The N- and O-glycosylation of FVIII

whereas N2118 was solely occupied by high-mannose N-glycans. [24] Structures on N239
were most diverse, with high-mannose, bi-antennary complex and hybrid types N-glycans.
These results were confirmed by a most recent report, where an in-depth comparison of N-gly-
cosylation was performed using a combination of MALDI-MS/MS, GC-MS, and
UPLC-UV-MS analysis. [23] Besides the 4 N-glycosites on A and C domains, the authors were
able to identify 14 N-glycosites on the B domain of pdFVIII and two rFVIII derived from BHK
and CHO cell lines.

Nevertheless, the N-glycan profile of FVIII seems to be cell line-dependent, and relevant
quantitative information is rarely reported. Additionally, comprehensive profiling of FVIII O-
glycome is still missing, regardless of the finding that the B-domain of pdFVIII was highly O-
glycosylated. [21, 25, 26] In this study, we performed the comprehensive site-specific N- and
O-glycan profiling of full-length plasma-derived FVIII from humans (pdFVIII-f) and a recom-
binant FVIII (Kogenate FS, rFVIII-K), as well as quantitative glycoform analysis of each N-gly-
cosite. A total of 61 N-glycoforms were identified from 13 N-glycosites, and 31 O-glycoforms
were identified on 23 peptides A2, B, C1, and C2 domains. Comparative glycan analysis
revealed disparate N- and O-glycan patterns between the two FVIII products.

Materials and methods
Material and chemicals

Recombinant factor VIII (Kogenate FS) was from Bayer AG. The FVIII enriched cryoprecipi-
tate was obtained from Shanghai Lai Shi Blood Products Co., Ltd (Shanghai, China). PNGase
F was acquired from New England Biolabs (Ipswich, MA). Sequencing-grade porcine trypsin
was purchased from Promega (Madison, WI); ZIC-HILIC resin was acquired from Merck
(Darmstadt, Germany). Deionized water was produced by a Milli-Q A10 system from Milli-
pore (Bedford, MA). HPLC grade acetonitrile (ACN) was purchased from J. T. Baker Inc.
Iodoacetamide (IAA), and DTT were purchased from ACROS ORGANIC (Geel, Belgium).
3M Empore C8 disk was obtained from 3M Bioanalytical Technologies (St. Paul, MN). Filter
YM-30 (30 kD) and zip-tip C18 were purchased from Millipore. LCMS-grade formic acid
(FA) and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Purification of plasma-derived factor VIII

The FVIII enriched cryoprecipitate was dissolved at a final FVIII activity of about 10 U/ml.
Prothrombin complex related proteins were absorbed with AI(OH); solution. After centrifuga-
tion, the resulted supernatant was treated with 1% TNBP and 1% Triton X-100 at 30°C for 4
hours for virus inactivation. The solution was then subjected to buffer exchange by ultra-filtra-
tion (0.5 M NaCl, 0.25 M CaCl,, and 20 mM Tris-HCl pH 6.5). The obtained solution was
then loaded on a human FVIII affinity column (VIII select, GE). The resulting FVIII enriched
eluent was subjected to Q-FF ionic exchange (GE) column subsequently. Then the product
was polished by SP (GE) and gel chromatography. The subsequent product was buffer-
exchanged by ultrafiltration with 0.15 M NaCl, 100 pug/ml Tween-80, 20 mM histidine, 5 mM
CaCl, and 5% trehalose. After the final sterile filtration and filling step, the purified pdFVIII
product (S2 Fig) was lyophilized and stored at 2-8°C.

Trypsin digestion

Approximately 200 pg FVIII was subjected to the filter-aided sample preparation (FASP) pro-
cedure as reported [27]. In brief, 200 ug FVIII were mixed with 50 uL of lysis buffer (20 mM
Tris-HCI, 4% (v/v) SDS, 100 mM DTT, pH 7.6), and incubated for 5 mins at 95°C. After
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mixing with 200 pL of UA solution (8 M urea in 0.1 M Tris/HCI, pH 8.5), the sample was
loaded into a 30 kDa Microcon filtration device and centrifuged at 13,000 g until the volume
was reduced to less than 10 pL. The concentrate was washed twice in the device with 200 uL of
UA solution. After centrifugation, the concentrate was mixed with 100 uL of 50 mM IAA in
the UA solution and incubated in the dark at room temperature (RT) for 30 mins, followed by
brief centrifugation for 20 mins. Then, the protein concentrate was washed two more times
against the UA solution. The so yielded sample was diluted twice with 100 uL of 40 mM
NH,HCO; for digestion. Sequencing grade trypsin was mixed with the sample at an enzyme to
protein ratio of 1:50 for overnight digestion at 37°C. Finally, digested peptides were transferred
into a filtration device and subjected to centrifugation, and washed with 50 puL of 0.5 M NaCl
for 20 mins for 6 times. The concentration of peptides was determined by a Thermo Nanodrop
UV-spectrometer, applying an extinction coefficient of 1.1 for 0.1% (g/L) solution at 214 nm.

N-glycan removal and '®0 labeling

Fifty micrograms of tryptic digested peptides were dried under vacuum, dissolved in 50 pL of
50 mM ammonium bicarbonate prepared from '*0 water (97 atom % 'O, Sigma-Aldrich).
Deglycosylation was performed by 250U of PNGase F (New England Biolabs) in 37°C water
bath for 8 hours. The reaction mixture was then dried under vacuum, desalted with Zip-tip
according to the protocol, and subjected to LC-MS/MS analysis. CID data from the PNGase F-
in-H,"®0 treatment is processed with Proteome Discoverer 1.4 (Thermo Fisher Scientific).
Peptide fragments are matched against the FVIII protein sequence (UniProtKB entry P00451),
where the carboxymethyl on Cys is used as static modification, oxidation of Met and '*O label-
ing of Asn (Am = 2.9848) as dynamic modification.

Glycopeptides enrichment

Approximately 100 pg of digested peptides were added into 20 mg ZIC-HILIC resin and
enriched as we previously described [28]. Briefly, a piece of C8 disk was put into a 200 uL
pipette tip, and 3 mg ZIC-HILIC resin that suspended in 100 pL acetonitrile was loaded into
the tip, followed by equilibration with binding buffer (80% ACN, 5% FA). In-solution digested
peptides were re-dissolved in the binding buffer, and loaded into the tip. The ZIC-HILIC tip
was washed with 100 uL binding buffer for six times and bounded peptides were eluted with
80 uL elution buffer (99.5% H,0, 0.5% FA) for three times. The concentration of ZIC-HILIC
enriched peptides was determined by UV-spectrometry. Desalted peptides were stored at
-80°C until analysis by LC-MS/MS.

LC-MS analysis

Experiments were performed on an LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher)
equipped with EASY-spray source and nano-LC UltiMate 3000 high-performance liquid chro-
matography system (Thermo Fisher). EASY-Spray PepMap C18 Columns (15 cm; particle
size, 3 pm; pore size, 100 A; Thermo Fisher) were used for separation. Separation was achieved
with linear gradient elution from 3% to 40% solvent B for 30 min at a flow rate of 300 nL/min
(mobile phase A, 2% ACN, 98% H,O, 0.1% FA; mobile phase B, 80% ACN, 20% H,0, 0.1%
FA). The LTQ-Orbitrap Elite mass spectrometer was operated in data-dependent mode. A
full-scan survey MS data (m/z range from 375 to 1,500; automatic gain control target, 10° ions;
resolution at m/z 400, 60,000; maximum ion accumulation time, 50 ms) was acquired by the
Orbitrap analyzer, and 10 most intense ions were fragmented by HCD in the octopole collision
cell. HCD fragment ion spectra were acquired in the Orbitrap analyzer with a resolution of
15,000 at m/z 400. Each experiment was performed in duplicates.
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Data interpretation

N-acetylhexosamine (HexNAc) is a common sugar residue in almost all glycopeptides. The
bond of glycosidic linkages within oligosaccharides is easier to break than the amide bond
between the innermost GlcNAc and Asn via HCD fragmentation. Therefore, it is the last bond
to break when an N-glycopeptide enters the collision cell during MS/MS analysis before the
peptide backbone starts to fall apart. Also, N-glycan has a conserved core structure. Combining
this knowledge with bioinformatics tools (e.g., PeptideMass in ExPASY), glycan masses are
calculated by parent ion and peptide mass. Structures are predicted by database search and
fragment pattern analysis. HCD spectra of glycopeptides were selected manually by the pres-
ence of HexNAc fragment ions of 126.0549, 138.0549, 144.0655, 168.0760 and 204.0866. Theo-
retical masses of all possible peptides were calculated by PeptideMass [29]. Due to the nature
of covalent linkage in N- and O- glycosylation, [peptide+GlcNAc]"" and [peptide]™* masses
can be used to cross-reference selected spectra for rough identification of peptide sequences,
respectively, thanks to the high mass accuracy of Orbitrap detector. Given the relative simplic-
ity compared to N-glycopeptide fragmentations, peptide ID of O-glycopeptides are easier to be
turther confirmed by matching b and y ions. The glycan mass of individual glycopeptide can
then be calculated by subtracting peptide mass from parent ion mass and adding one water
molecule (18.0106). The resulting masses were then searched against CarbBank with free
reducing end and no derivatization using profiler function from GlycoWorkbench [30, 31].
Possible structure hits can be narrowed down by the sequential addition of monosaccharide
residues to the peptide. For example, the presence of [peptide+GlcNAc+Fuc]™ ion is direct
evidence of core-fucosylated N-glycopeptide.

Results

Sample preparation and data collection

For site-specific glycoanalysis of a large glycoprotein like FVIII, results from open software
had been notoriously inaccurate. [32] In this study, we combined manual and software analysis
with the highly accurate HCD fragmentation MS strategy. The normalized collision energy
(NCE) is set at 27 to generate good glycopeptide fragment ions based on our previous reports.
[33] Under this condition, the HexNAc moiety from N-, O-glycopeptides were fragmented
into a series of diagnostic ions of 126.0549, 138.0549, 144.0655, 168.0760 and 204.0866. Some
oligosaccharide fragments were also observable, such as Hex-HexNAc (366.1395), Hex-Hex-
HexNAc (528.1923), and Neu5Ac-Hex-HexNAc (675.2455). Meanwhile, in most cases, pep-
tide backbones would not dissociate, leaving a strong peptide (N)-HexNAc (Y1 ions) signal in
N-glycopeptides or a peptide peak in O-glycopeptides as a clue for the peptide identity. Peptide
fragmentation peaks were observed in O-glycopeptides with short sugar sequences in low sig-
nal intensities, further facilitating peptide identification. The analytical workflow is shown in
S1 Fig. Briefly, pdFVIII-f and rFVIII-K were denatured, digested by trypsin, and dried under
vacuum. For N-glycosylation site analysis, PNGase F digestion was performed in H,'®0.
Deglycosylated peptides were subjected to LC-MS/MS analysis using a C18 nano-column and
collision-induced dissociation (CID). Home-made hydrophilic interaction liquid chromatog-
raphy-solid phase extraction (HILIC-SPE) cartridge was applied for intact N- and O-glycopep-
tide enrichment. Higher energy collisional dissociation (HCD) was selected to analyze
glycopeptide. The HCD technique surmounted the problems of low mass cutoff of ion trap
fragmentation, and dramatically improved the quality of MS/MS spectra because of the high
accuracy at both the precursor mass and fragment levels. [34]
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N-Glycosite occupancy and relative abundance of N-glycans in pdFVIII-f
and rFVIII-K

From a typical one-hour LC-HCD-MS/MS analysis of enriched glycopeptides, roughly 400
glycan-fragment-containing MS/MS spectra were collected, from which 110 site-specific N-
glycopeptides with 61 glycoforms were quantitatively identified from pdFVIII-f and rFVIII-K
(Table 1 and S1 Table). Among these, 50 glycoforms were identified from 9 N-glycosites on
rFVIII-K, and 36 N-glycoforms were identified from 10 sites on pdFVIII-f (S1 Table). Exam-
ples of tandem MS annotation of N-glycopeptides are illustrated in Fig 1A & 1B. Site occu-
pancy estimated by the ratio of regular and '*O labeled Asn-containing peptides were
summarized in S1 Table. While most identified sites are occupied over 50%, one site from
rFVIII-K (SHSIPQAN; 334R) and two sites from pdFVIII-f (IQN,5,VSSSDLLMLLR and EDF-
DIYDEDEN 635QSPR) have less than 20% occupancy. Most significantly, N1066 was 100%
occupied in rFVIII-K, while no glycan was observed on that of pdFVIII-f. In contrast,
pdEVIII-f has an N-glycan occupancy of 50% on N757, while the site rFVIII-K is not glycosy-
lated. How the cells control the non-template driven glycosylation pathway to achieve such
selectivity is beyond our understanding.

To estimate relative abundance, the peak area percentage of each glycopeptide (extracted by
XIC regarding the accurate mass at the corresponding retention time) was calculated from the
sum of all glycopeptides at each site. The total relative abundance of each glycoform is esti-
mated from the site occupancies and relative abundance at each site. Fig 2 illustrates the overall
occupancy of glycans on each N-glycosite of both rFVIII-K and pdFVIII-f. The majority of
most abundant N-glycoforms are composed of the bi-antennary H5N4 backbone (Gal,Glc-
NAc,Man;GlcNAc,, 17-N), with one or two sialic acid residues (S) and the presence or
absence of core-fucosylation (F). The most abundant N-glycoform on pdFVIII-f is HSN4S1F1
(38-N, 23%). This core-fucosylated N-glycan is identified on 6 out of 11 N-glycosites. The sec-
ond most abundant glycoform is its non-core-fucosylated form (H5N4S1, 22-N, 20%), which
is distributed among N239, N1055 and N1412. On the other hand, the top 2 abundant glyco-
forms found on rFVIII-K are mono-acetylated H5N4S2F1 (48-N, 21%) and H5N4S1F2 (37-N,
17%).

Site-specific N-glycome comparison of pdFVIII-f and rFVIII-K

Site-specific N-glycome comparison with occupancy and abundance is shown in Fig 3. For
both pdFVIII-f and rFVIII-K, 2, 0, and 1 N-glycosites were identified from the A1, A2, and A3
domains respectively, consistent with previous reports. [18, 21, 23, 24] Like recently reported,
[23, 24] core-fucosylated N-glycans were predominant on N41 and N1810 of both FVIIIs (Fig
3), specifically, N1810 were mainly occupied by core-fucosylated bi-antennary complex N-gly-
cans. Worth noting that a core-fucosylated hybrid N-glycan H6N4S1F2 (58-N) accounts for
78% glycoforms on N41 of pdFVIII-f, different from a recent report where core-fucosylated
bi-antennary complex structures were dominant on this site of pdFVIII. [23] An explanation
would be pdFVIII products were obtained from different commercial resources. Such results
again demonstrated that glycosylation of FVIII is cell line- and environment-dependent. Addi-
tionally, N41 of rFVIII-K was predominantly occupied by an agalacosylated N-glycans
(H3N4F1, 27-N), unlike previous reports that galactosylated N-glycans are among top glyco-
forms on this site of other rFVIII products. [18, 24] A major difference between the glycosyla-
tion of the two FVIIIs is glycoforms on N239, with complex and hybrid structures dominant
on pdFVIII-f, while high-mannose structures dominant on rFVIII-K (Fig 3). Specifically, the
top 5 high-mannose glycans (3-N, 4-N, 5-N, 6-N, and 7-N) account for around 80% relative
abundance out of the total 31-identified glycoforms on this site of rFVIII-K (S1 Table). The
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Table 1. N- (x-N) and O-linked (x-O) glycoforms identified on FVIII by LC-ESI-MS/MS.
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https://doi.org/10.1371/journal.pone.0233576.t001

most abundant glycoform on N239 of pdFVIII-f is non-core-fucosylated bi-antennary N-gly-
can H5N4S1 (22-N), same as the recent report on another commercial pdFVIIL. [23] Differ-
ently, high-mannose N-glycans were also found on the pdFVIII,[23] but not on pdFVIII-f (Fig
3). Lastly, we identified a new N-glycosite on the A3 domain of pdFVIII-f, N1685, even with
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Fig 1. Examples of N-glycan identification analysis (A, B) and glycan identification and peptide recognition of O-glycopeptides (C, D).
https://doi.org/10.1371/journal.pone.0233576.9001
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Fig 2. N-glycan comparison between pdFVIII-f and rFVIII-K. Total relative abundance of 61 N-glycan compositions are represented
by columns, site-specific relative abundance is presented in heat map.

https://doi.org/10.1371/journal.pone.0233576.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 8/16


https://doi.org/10.1371/journal.pone.0233576.g001
https://doi.org/10.1371/journal.pone.0233576.g002
https://doi.org/10.1371/journal.pone.0233576

PLOS ONE

The N- and O-glycosylation of FVIII

20% Occupancy

B S

10% Occupancy 12% Occupancy

pdFVIII-f

rFVIII-K

Lol

rEVIII-K
N1185 N1282 N1384 N1412 N1810
é 3 g ve 04 4 22 fg
n ' ) e
Y (O i AF E
pAFVIIE  *i= ¥ *:: Y . 5 -
i . ; 2
%o
L 90
- T®e :; .
i BT 5
an LY
rFVIII-K - VT Y Y
LT La) Lol
. M 22 *lom Y
"‘.g::”" ? >lome® e
£

Fig 3. Comparison of N-glycosite localization and glycoform abundance between rFVIII-K and pdFVIII-f. The sites identified in
rFVIII-K were labeled orange while those in pdFVIII-f in green. Site-specific N-glycosylation analysis with occupancy and relative abundance
were shown in pie charts. White pie, not glycosylated; colored pie, the abundance of each glycoform; patterned pie, the total abundance of
remaining glycoforms on this site.

https://doi.org/10.1371/journal.pone.0233576.9g003

low occupancy at 12%. Only one glycoform H5N4S2 (23-N) was observed on this site. No gly-
cans was found on the same site of rFVIII-K.

The C1 domain of pdFVIII-f contains another N-glycosite N2118, which occupied solely by
a high-mannose N-glycan (5-N). Other reports also confirmed that this site of pdFVIII and
various rFVIIIs were predominantly occupied by high-mannose glycans,[23, 24] which is
essential for the secretion of FVIII proteins. [35] No N-glycosylation sequon exists in the C2
domain.

Multiple N-glycosylation sites were identified from the B domain of both pdFVIII and
rFVIIL,[21, 23], but detailed quantitative information on each site has not been reported. In

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 9/16


https://doi.org/10.1371/journal.pone.0233576.g003
https://doi.org/10.1371/journal.pone.0233576

PLOS ONE

The N- and O-glycosylation of FVIII

this study, N-glycans were observed on 6 N-X-T/S sequons in the B domain of pdFVIII-f
(N757,N784, N1055, N1185, N1282, N1412), and 6 sequons in rEVIII-K (N1055, N1066,
N1185, N1282, N1384, N1412) (Fig 3). These sites mainly contain core-fucosylated bi-antenn-
ary N-glycans, consistent with a recent report. [23] The most significant difference between
pdFVIII-f and rFVIII-K is the glycosylation on sites N757 and N1066. N757 of pdFVIII-f was
50% occupied by hybrid glycan H4N3 (9-N) and H5N4S1F1 (38-N), whereas no glycan was
detected on that of rEVIII-K. On the other hand, N1066 of rFVIII-K was 100% occupied by 4
sialylated bi-antennary glycans, but the site of pdFVIII-f is not glycosylated (Fig 3). Different
N-glycan patterns were also observed on the 4 shared glycosites (N1055, N1185, N1282,
N1412) in the B domain of both pdFVIII-f and rFVIII-K (Fig 3). For example, N1412 of
pdEVIII-f contained only non-core-fucosylated complex glycans, while all glycans on that of
rFVIII-K were all core-fucosylated. These glycosylation disparities between pdFVIII-f and
rFVIII-K could result in changes in immunogenicity. [18]

O-Glycome comparison of pdFVIII-f and rFVIII-K

A total of 31 O-glycoforms were identified from 23 peptides in pdFVIII-f and rFVIII-K
(Table 1, Table 2). The linkages between O-GalNAc and Serine or Threonine are chemically
similar to glycosidic bonds if not identical. Therefore, strong bare peptide ions were observed

Table 2. O-glycan localization and glycoforms identified on pdFVIII-f and rFVIII-K by LC-ESI-MS/MS.

Peptide sequence

S400QYLNNGPQRIGR

S;u:FSQNSR
T,DPWFAHRTPMPK
Qu96SPTPHGLSLSDLQEAK
LgsGTTAATELKK
Los,LESGLMNSQESSWGKNVSSTESGR
Kyo41 VIPLIHDR

K051 EGPIPPDAQNPDMSFFK
G15sEFTKDVGLK
N117sLFLTNLDNLHENNTHNQEK
Ky26sHTAHFSKK

Qu28s] VEKYACTTR
1120,SPNTSQQNFVTQR
Qu31,FRLPLEETELEK

H,346L TPSTLTQIDYNEK
E,45sVGSLGTSATNSVTYK
Ky47sVENTVLPKPDLPK
V1546ATESSAKTPSK

L;56 LDPLAWDNHYGTQIPKEEWK
L163sCSQNPPVLKR
Q1629GRTERLCSQNPPVLKR
T20ssQGARQK
V1280KVEQGNQDSFTPVVNSLDPPLLTR

O-Glycoforms
pdFVIII-f rFVIII-K
20
3,5

5,8,9,14, 16, 19, 21, 23, 24, 25, 26, 29

8,9, 11, 15, 24, 27, 28, 30, 31 8

9,11,13,15,17, 18,22 3,4,5,7,8,9,10, 11, 12
3

1,2,5
3
5
2
5
5 3,56
5
5
3,5
3,59,11
5
5
9 5
3,59
8
7

3

Note that for identified glycopeptides containing multiple Ser or Thr (underlined), current method could not specify the exact glycosite.

https://doi.org/10.1371/journal.pone.0233576.t1002
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Fig 4. O-glycoforms identified from pdFVIII-f and rFVIII-K.
https://doi.org/10.1371/journal.pone.0233576.9004

during MS/MS analysis. Using a similar approach as that for N-glycosylation profiling, 34
unique O-glycopeptides were identified from rFVIII-K with 12 O-glycoforms on 18 peptides,
while 37 O-glycopeptides were identified from pdFVIII-f with 24 O-glycoforms on only 9 pep-
tides (Table 2). The two FVIIIs share 5 O-glycoforms (Fig 4). Most glycoforms are Core 2
structures that contain a core trisaccharide GIcNAc-B1,6-(Gal-B1,3-)GalNAc. Examples of tan-
dem MS annotation of O-glycopeptides are illustrated in Fig 1C & 1D. The majority of identi-
fied O-glycopeptides were located in the B domain, consistent with previous observations. [21,
25, 26] Additionally, one O-glycopeptide was identified from the A2 domain of pdFVIII-f, and
two was identified from C domains of rFVIII-K (Table 2). In terms of glycoform diversity on
different glycosites, peptide T, DPWFAHRTPMPK and Q,osSPTPHGLSLSDLQEAK of
pdFVIII-f contained 12 and 9 O-glycoforms of 24 identified ones, respectively, representing
the most diversified O-glycosites. Another peptide in the B domain, Lgs3GTTAATELK, con-
tained 7 glycoforms. Glycosylation on the same peptide was found to be most diversified in
rFVIII-K, with 9 out of 12 identified O-glycoforms (Table 2).

The most widely distributed O-glycan in rFVIII-K is the Core 1 tetrasaccharide disialyl-T
antigen (5-0O), observed on 12 peptides. The structure was also among top distributed O-gly-
cans in pdFVIII-f, found on 5 of the 9 identified O-glycosylated peptides. A complex Core 2
hexasaccharide, 9-O, is the most widely distributed glycoform in pdFVIII-f, observed on 6
peptides (Table 2). An apparent difference between the O-glycosylation of the two FVIIIs is
that detected glycan structures on pdFVIII-f are far more complicated than that on rFVIII-K
(Fig 4). While 15 of 24 glycoforms on pdFVIII-f are hexasaccharide or longer, with the most
complexed structure 18-O as a decasaccharide, rFVIII-K only contained 4 complex O-glyco-
forms with 2 hexasaccharide (9-0O, 10-O) and 2 heptasacharide (11-O, 12-O). Additionally,
complexed glycans are more abundant in pdFVIII-f. For example, 6 of the 9 peptides from
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pdFVIII-f was occupied by hexasaccharide or larger glycoforms. On the other hand, among
the 18 identified peptides from rFVIII-K, only 4 (Q;9sSPTPHGLSLSDLQEAK, Lgs;GTTAA-
TELKK, E ;455 VGSLGTSATNSVTYK, and T,03sQGARQK) contain O-glycans with pentasac-
charide or larger. Another notable difference between the two FVIIIs is that fucosylation and
sulfation were observed only on pdFVIII-f, whereas acetylated Neu5Ac was identified only on
rFVIII-K. Given the complicity of O-glycans and multiple Ser/Thr residues on many of the
identified O-glycopeptides, further effort is required to fully characterize the O-glycosylation
of FVIIL

Discussion

Glycosylation is important for the stability, pharmacokinetics, and immunogenicity of recom-
binant glycoprotein biopharmaceuticals. As a result of non-template driven biosynthesis, gly-
cans are inherently complex and diverse. Various glycoforms were frequently observed on
even a single glycosites. Additionally, different organisms usually possess different glycosyla-
tion pathways as they may express a varied repertoire of glyco-enzymes and transporters,
yielding disparate glycan patterns on expressed glycoproteins. It is thus understandable that
host cell lines used to produce glycoprotein therapeutics have strong influences on their glyco-
sylation profiles. [36] To date, three cell lines have been used to express rFVIII, including
CHO cells, BHK cells, and human embryonic kidney (HEK) cells. All these cell lines are mam-
malian expression platforms, glycan pattern differences on proteins expressed in these plat-
forms were well summarized by Justin Bryan Goh and Say Kong Ng. [36] Taking recombinant
factor VII (rFVII) as an example, the primary N-glycoform on CHO- and BHK-derived FVII
was reported to be core-fucosylated-di-sialylated bi-antennary complex structures with, while
HEK?293-derived FVII was found to be most heterogeneous with core-fucosylated-agalactosy-
lated bi-antennary complex structures. Plus, it was found that pdFVII contains the highest lev-
els of sialylation, while HEK293-derived FVII contains the lowest levels of sialylation.
Recently, Canis and coworkers reported an in-depth comparison of the N-glycosylation of
pdFVIII and rFVIII derived from the three cell lines. [23] It was concluded that CHO cells pro-
duce complex N-glycans with an average number of antennae closest to pdFVIII, while BHK
cells produce a higher number and HEK a lower number. In addition, rFVIII expressed in
HEK cells exhibited lowest levels of sialylation (14 to 24%) and highest levels of fucosylation
(13 to 38%), whereas pdFVIII had a much higher sialylation (67%) and lower fucosylation
(10%). Sialyation ratios of BHK- and CHO-derived FVIII are similar to that of pdFVIII, but
their fucosylation ratios are extremely low (3% for BHK cells, and less than 1% for CHO cells).
Our results confirmed N-glycosylation differences between pdFVIII-f and rFVIII-K (derived
from BHK cells), which are not only reflected from glycosites, but also glycoforms on them.
For example, N757 and N784 were glycosylated in pdFVIII-f but not rFVIII-K, whereas N1066
and N1384 were glycosylated in rFVIII-K but not pdFVIII-f. Glycoforms on N41, N239 and
N1412 of pdFVIII-f are also disparate from those on the sites of rEVIII-K (Fig 3). Note that
overall N-glycan patterns of pdFVIII-f and rFVIII-K are similar to previously reported
pdEVIII and BHK-derived rFVIIL,[23] site-specific microheterogeneity were observed. For
example, 58-N and 38-N are top 2 abundant glycoforms on N41 of pdFVIII-f identified in this
study, whereas 38-N and 49-N are the most abundant ones on that of another commercial
pdFVIIL [23] These results indicated that glycosylation can also be influenced by environmen-
tal factors, thus glycosylation had been used as one of the quality control factors in glycopro-
tein production. [37]

The most significant difference between pdFVIII-f and rFVIII-K is their O-glycosylation.
While more O-glycosites were identified form rFVIII-K, the glycoforms on pdFVIII-f are far
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more complicated and diversified (Fig 4). Fucosylation and sulfation were only observed on
glycans of pdFVIII-f, whereas acetylation was only observed on that of rFVIII-K. Additionally,
rFVIII-K contain mainly under-glycosylated O-glycoforms, e.g., Tn (1-O) and STn (2-O) anti-
gen. Such O-glycome difference and under-glycosylation might contribute to the immunoge-
nicity of FVIIL. Recombinant glycoprotein therapeutics produced in non-human mammalian
cell lines are often modified with the well-known immunogenic form of sialic acid N-glycolyl-
neuraminic acid (Neu5Gc), and Neu5Gc-specific antibodies can often be detected in human.
[11] However, in this work, Neu5Gc was not observed in either rFVIII or pdFVIII, which is
consistent with a previous report,[24] but inconsistent with the most recent report. [23] On
the other hand, the immunogenic a-Gal epitope (Gal-a1,3-Gal) is observed (e.g., 41-N on
MLMDKN;ssATALR), even though in limited amounts with less than 2% total glycopeptide
estimated by peak area (S1 Table), which is consistent with the recent report. [23] All these epi-
topes could increase the immunogenicity and contribute to inhibitor development.

A recent study compared the processing of FVIII by dendritic cells from HA patients and
healthy donors, and found that MHC-II proteins resent fewer peptide fragments when admin-
istered pdFVIII than full-length rFVIIL [38] It was proposed that biosynthesis of pdFVIII in
human cells under physiological conditions could result in reduced heterogeneity and immu-
nogenicity, and/or subtle conformational differences, in turn, may result in reduced FVIII pro-
teolytic processing than rFVIII. Specifically, different glycosylation patterns could be the
primary factor. [39] For example, it was concluded that a mannose receptor is involved in
immune recognition of FVIII by antigen-presenting cells (APC), e.g., dendritic cells. [40] Our
work and previous studies showed that N2118 at the C1 domain is primarily attached with
high-mannose N-glycans in both pdFVIII and rFVIIL,[23, 24] suggesting a mechanism for
FVIII internalizations by APC via the mannose receptor. A major difference between the two
FVIII analyzed in this study is disparate glycoform presented on N239. pdFVIII-f contains
mainly complex structures with two hybrid ones (11-N, 12-N) on this site, whereas the site of
rFVIII-K contains solely high-mannose type N-glycans. Such high levels of high-mannose gly-
coforms on N239 of rFVIII-K could be a major cause of higher immunogenicity of rFVIII-K
than pdFVIIL. [18] The Future efforts are required in such directions.

In summary, we systemically analyzed and compared the glycomes of rFVIII-K and
pdVIII-f by using nano LC-MS/MS system functionalized with HCD fragmentation. A total of
61 N-glycan structures or isomers and 31 O-glycan compositions were identified. The results
revealed a significant divergence between rFVIII and pdFVIII regarding both glycosites and
glycoforms. Although the likely immunogenic epitope, Neu5Gc, was absent in both rFVIII
and pdFVIII, other immunogenic glycopeptides that harbor the o-Gal or Tn/STn epitopes
were identified in rFVIIL The glycome disparity and presence of immunogenic glycan epi-
topes may contribute to FVIII inhibitor development.

Supporting information
S1 Fig. Analytical workflow for glycosylation mapping of pdFVIII and rFVIIL.
(PDF)

S2 Fig. SDS-PAGE of FVIII enriched cryoprecipitate and purified plasma-derived FVIII.
(PDF)

S$1 Table. Site-specific N-glycosylation of pdFVIII-f and rFVIII-K identified by LC-E-
SI-MS/MS, occupancy of each site and percentage of each glycoform.
(PDF)
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S1 File. Representative spectra of identified glycoforms.
(PDF)

Author Contributions

Conceptualization: Lei Li, Weidong Xiao.

Data curation: Jingyao Qu, Cheng Ma.

Formal analysis: Jingyao Qu.

Funding acquisition: Lei Li, Weidong Xiao.

Methodology: Jingyao Qu, Cheng Ma, Xiao-Qian Xu, Junping Zhang.
Resources: Xiao-Qian Xu, Junping Zhang, Dong Li.

Supervision: Lei Li, Weidong Xiao.

Writing - original draft: Jingyao Qu, Cheng Ma.

Writing - review & editing: Min Xiao, Ding Liu, Barbara A. Konkle, Carol H. Miao, Lei Li,
Weidong Xiao.

References

1. Thompson AR. Structure and function of the factor VIII gene and protein. Semin Thromb Hemost. 2003;
29:11-22. https://doi.org/10.1055/s-2003-37935 PMID: 12640560

2. Mannucci PM, Tuddenham EG. The hemophilias—from royal genes to gene therapy. N Engl J Med.
2001; 344:1773-1779. hitps://doi.org/10.1056/NEJM200106073442307 PMID: 11396445

3. Rosendaal FR, Briet E. The increasing prevalence of haemophilia. Thromb Haemost. 1990; 63:145.
PMID: 2339353

4. Hamer RJ, Houdijk WP, Sixma JJ. The physiology and pathophysiology of the factor VIII complex. Crit
Rev Oncol Hematol. 1986; 6:19-54. https://doi.org/10.1016/s1040-8428(86)80046-4 PMID: 3096583

5. Chavin Sl. Factor VIII: structure and function in blood clotting. Am J Hematol. 1984; 16:297-306.
https://doi.org/10.1002/ajh.2830160312 PMID: 6424437

6. Lacroix-Desmazes S, Misra N, Bayry J, Artaud C, Drayton B, Kaveri SV, et al. Pathophysiology of inhibi-
tors to factor VIl in patients with haemophilia A. Haemophilia. 2002; 8:273-279. https://doi.org/10.
1046/.1365-2516.2002.00624.x PMID: 12010423

7. Green D. Factor VIl inhibitors: a 50-year perspective. Haemophilia. 2011; 17:831-838. https://doi.org/
10.1111/j.1365-2516.2011.02568.x PMID: 21592257

8. Bretthauer RK, Castellino FJ. Glycosylation of Pichia pastoris-derived proteins. Biotechnol Appl Bio-
chem. 1999; 30:193-200. PMID: 10574687

9. Dasgupta S, Repesse Y, Bayry J, Navarrete AM, Wootla B, Delignat S, et al. VWF protects FVIII from
endocytosis by dendritic cells and subsequent presentation to immune effectors. Blood. 2007;
109:610-612. https://doi.org/10.1182/blood-2006-05-022756 PMID: 16985172

10. Fischer J, Eberlein B, Hilger C. Alpha-gal is a possible target of IgE-mediated reactivity to antivenom.
Allergy. 2017; 72:764—771. https://doi.org/10.1111/all.13073 PMID: 27775867

11. Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A. Implications of the presence of N-glycolyl-
neuraminic acid in recombinant therapeutic glycoproteins. Nat Biotechnol. 2010; 28:863—-867. https://
doi.org/10.1038/nbt.1651 PMID: 20657583

12. Peyvandi F, Mannucci PM, Garagiola |, EI-Beshlawy A, Elalfy M, Ramanan V, et al. A Randomized Trial
of Factor VIIl and Neutralizing Antibodies in Hemophilia A. N Engl J Med. 2016; 374:2054—2064 https://
doi.org/10.1056/NEJMoa1516437 PMID: 27223147

13. Qadura M, Waters B, Burnett E, Chegeni R, Bradshaw S, Hough C, et al. Recombinant and plasma-
derived factor VIII products induce distinct splenic cytokine microenvironments in hemophilia A mice.
Blood. 2009; 114:871-880. https://doi.org/10.1182/blood-2008-09-174649 PMID: 19411636

14. Sola RJ, Griebenow K. Effects of glycosylation on the stability of protein pharmaceuticals. J Pharm Sci.
2009; 98:1223-1245. https://doi.org/10.1002/jps.21504 PMID: 18661536

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233576.s004
https://doi.org/10.1055/s-2003-37935
http://www.ncbi.nlm.nih.gov/pubmed/12640560
https://doi.org/10.1056/NEJM200106073442307
http://www.ncbi.nlm.nih.gov/pubmed/11396445
http://www.ncbi.nlm.nih.gov/pubmed/2339353
https://doi.org/10.1016/s1040-8428(86)80046-4
http://www.ncbi.nlm.nih.gov/pubmed/3096583
https://doi.org/10.1002/ajh.2830160312
http://www.ncbi.nlm.nih.gov/pubmed/6424437
https://doi.org/10.1046/j.1365-2516.2002.00624.x
https://doi.org/10.1046/j.1365-2516.2002.00624.x
http://www.ncbi.nlm.nih.gov/pubmed/12010423
https://doi.org/10.1111/j.1365-2516.2011.02568.x
https://doi.org/10.1111/j.1365-2516.2011.02568.x
http://www.ncbi.nlm.nih.gov/pubmed/21592257
http://www.ncbi.nlm.nih.gov/pubmed/10574687
https://doi.org/10.1182/blood-2006-05-022756
http://www.ncbi.nlm.nih.gov/pubmed/16985172
https://doi.org/10.1111/all.13073
http://www.ncbi.nlm.nih.gov/pubmed/27775867
https://doi.org/10.1038/nbt.1651
https://doi.org/10.1038/nbt.1651
http://www.ncbi.nlm.nih.gov/pubmed/20657583
https://doi.org/10.1056/NEJMoa1516437
https://doi.org/10.1056/NEJMoa1516437
http://www.ncbi.nlm.nih.gov/pubmed/27223147
https://doi.org/10.1182/blood-2008-09-174649
http://www.ncbi.nlm.nih.gov/pubmed/19411636
https://doi.org/10.1002/jps.21504
http://www.ncbi.nlm.nih.gov/pubmed/18661536
https://doi.org/10.1371/journal.pone.0233576

PLOS ONE

The N- and O-glycosylation of FVIII

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Natsume A, Niwa R, Satoh M. Improving effector functions of antibodies for cancer treatment: Enhanc-
ing ADCC and CDC. Drug Des Devel Ther. 2009; 3:7-16. PMID: 19920917

Goetze AM, Liu YD, Zhang Z, Shah B, Lee E, Bondarenko PV, et al. High-mannose glycans on the Fc
region of therapeutic IgG antibodies increase serum clearance in humans. Glycobiology. 2011; 21:949—
959. https://doi.org/10.1093/glycob/cwr027 PMID: 21421994

Higel F, Seidl A, Sorgel F, Friess W. N-glycosylation heterogeneity and the influence on structure, func-
tion and pharmacokinetics of monoclonal antibodies and Fc fusion proteins. Eur J Pharm Biopharm.
2016; 100:94—-100. https://doi.org/10.1016/j.ejpb.2016.01.005 PMID: 26775146

Lai JD, Swystun LL, Cartier D, Nesbitt K, Zhang C, Hough C, et al. N-linked glycosylation modulates the
immunogenicity of recombinant human factor VIl in hemophilia A mice. Haematologica. 2018;
103:1925-1936. https://doi.org/10.3324/haematol.2018.188219 PMID: 30002126

Teare JM, Kates DS, Shah A, Garger S. Increased branching and sialylation of N-linked glycans corre-
late with an improved pharmacokinetic profile for BAY 81-8973 compared with other full-length rFVIII
products. Drug Des Devel Ther. 2019; 13:941-948. https://doi.org/10.2147/DDDT.S188171 PMID:
30962676

Hironaka T, Furukawa K, Esmon PC, Fournel MA, Sawada S, Kato M, et al. Comparative study of the
sugar chains of factor VIII purified from human plasma and from the culture media of recombinant baby
hamster kidney cells. J Biol Chem. 1992; 267:8012-8020. PMID: 1569060

Medzihradszky KF, Besman MJ, Burlingame AL. Structural characterization of site-specific N-glycosyl-
ation of recombinant human factor VIII by reversed-phase high-performance liquid chromatography-
electrospray ionization mass spectrometry. Anal Chem. 1997; 69:3986—-3994. https://doi.org/10.1021/
ac970372z PMID: 9322435

Thim L, Vandahl B, Karlsson J, Klausen NK, Pedersen J, Krogh TN, et al. Purification and characteriza-
tion of a new recombinant factor VIII (N8). Haemophilia. 2010; 16:349-359. hitps://doi.org/10.1111/j.
1365-2516.2009.02135.x PMID: 19906157

Canis K, Anzengruber J, Garenaux E, Feichtinger M, Benamara K, Scheiflinger F, et al. In-depth com-
parison of N-glycosylation of human plasma-derived factor VIIl and different recombinant products:
from structure to clinical implications. J Thromb Haemost. 2018; 16: 1592—-1603.

Kannicht C, Ramstrom M, Kohla G, Tiemeyer M, Casademunt E, Walter O, et al. Characterisation of
the post-translational modifications of a novel, human cell line-derived recombinant human factor VIII.
Thromb Res. 2013; 131:78-88. https://doi.org/10.1016/j.thromres.2012.09.011 PMID: 23058466

King SL, Joshi HJ, Schjoldager KT, Halim A, Madsen TD, Dziegiel MH, et al. Characterizing the O-gly-
cosylation landscape of human plasma, platelets, and endothelial cells. Blood Adv. 2017; 1:429-442.
https://doi.org/10.1182/bloodadvances.2016002121 PMID: 29296958

Kitchen S, Beckmann H, Katterle Y, Bruns S, Tseneklidou-Stoeter D, Maas Enriquez M. BAY 81-8973,
a full-length recombinant factor VIII: results from an International comparative laboratory field study.
Haemophilia. 2016; 22:e192-199. https://doi.org/10.1111/hae.12925 PMID: 27030173

Wisniewski JR, Zougman A, Mann M. Combination of FASP and StageTip-based fractionation allows
in-depth analysis of the hippocampal membrane proteome. J Proteome Res. 2009; 8:5674-5678.
https://doi.org/10.1021/pr900748n PMID: 19848406

Ma C, Zhao X, Han H, Tong W, Zhang Q, Qin P, et al. N-linked glycoproteome profiling of human serum
using tandem enrichment and multiple fraction concatenation. Electrophoresis. 2013; 34:2440-2450.
https://doi.org/10.1002/elps.201200662 PMID: 23712678

Wilkins MR, Lindskog |, Gasteiger E, Bairoch A, Sanchez JC, Hochstrasser DF, et al. Detailed peptide
characterization using PEPTIDEMASS—a World-Wide-Web-accessible tool. Electrophoresis. 1997;
18:403—408. https://doi.org/10.1002/elps.1150180314 PMID: 9150918

Doubet S, Bock K, Smith D, Darvill A, Albersheim P. The Complex Carbohydrate Structure Database.
Trends Biochem Sci. 1989; 14:475-477. https://doi.org/10.1016/0968-0004(89)90175-8 PMID:
2623761

Ceroni A, Maass K, Geyer H, Geyer R, Dell A, Haslam SM. GlycoWorkbench: a tool for the computer-
assisted annotation of mass spectra of glycans. J Proteome Res. 2008; 7:1650—1659. https://doi.org/
10.1021/pr7008252 PMID: 18311910

Agirre J, Davies GJ, Wilson KS, Cowtan KD. Carbohydrate structure: the rocky road to automation.
Curr Opin Struc Biol. 2016; 44:39-47.

Ma C, Zhang Q, Qu J, Zhao X, Li X, Liu Y, et al. A precise approach in large scale core-fucosylated gly-
coprotein identification with low- and high-normalized collision energy. J Proteom. 2015; 114:61-70.

Frese CK, Altelaar AF, Hennrich ML, Nolting D, Zeller M, Griep-Raming J, et al. Improved peptide identi-
fication by targeted fragmentation using CID, HCD and ETD on an LTQ-Orbitrap Velos. J Proteome
Res. 2011; 10:2377-2388. https://doi.org/10.1021/pr1011729 PMID: 21413819

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 15/16


http://www.ncbi.nlm.nih.gov/pubmed/19920917
https://doi.org/10.1093/glycob/cwr027
http://www.ncbi.nlm.nih.gov/pubmed/21421994
https://doi.org/10.1016/j.ejpb.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26775146
https://doi.org/10.3324/haematol.2018.188219
http://www.ncbi.nlm.nih.gov/pubmed/30002126
https://doi.org/10.2147/DDDT.S188171
http://www.ncbi.nlm.nih.gov/pubmed/30962676
http://www.ncbi.nlm.nih.gov/pubmed/1569060
https://doi.org/10.1021/ac970372z
https://doi.org/10.1021/ac970372z
http://www.ncbi.nlm.nih.gov/pubmed/9322435
https://doi.org/10.1111/j.1365-2516.2009.02135.x
https://doi.org/10.1111/j.1365-2516.2009.02135.x
http://www.ncbi.nlm.nih.gov/pubmed/19906157
https://doi.org/10.1016/j.thromres.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23058466
https://doi.org/10.1182/bloodadvances.2016002121
http://www.ncbi.nlm.nih.gov/pubmed/29296958
https://doi.org/10.1111/hae.12925
http://www.ncbi.nlm.nih.gov/pubmed/27030173
https://doi.org/10.1021/pr900748n
http://www.ncbi.nlm.nih.gov/pubmed/19848406
https://doi.org/10.1002/elps.201200662
http://www.ncbi.nlm.nih.gov/pubmed/23712678
https://doi.org/10.1002/elps.1150180314
http://www.ncbi.nlm.nih.gov/pubmed/9150918
https://doi.org/10.1016/0968-0004(89)90175-8
http://www.ncbi.nlm.nih.gov/pubmed/2623761
https://doi.org/10.1021/pr7008252
https://doi.org/10.1021/pr7008252
http://www.ncbi.nlm.nih.gov/pubmed/18311910
https://doi.org/10.1021/pr1011729
http://www.ncbi.nlm.nih.gov/pubmed/21413819
https://doi.org/10.1371/journal.pone.0233576

PLOS ONE

The N- and O-glycosylation of FVIII

35.

36.

37.

38.

39.

40.

Wei W, Zhu X, Yang R, Zhang B. Characterization of Missense Mutations in Factor VIl That Lead to
Abnormal N-Linked Glycosylation. Blood. 2016; 128: 3764.

Goh JB, Ng SK. Impact of host cell line choice on glycan profile. Crit Rev Biotechnol. 2018; 38:851-867.
https://doi.org/10.1080/07388551.2017.1416577 PMID: 29262720

Zhang P, Woen S, Wang T, Liau B, Zhao S, Chen C, et al. Challenges of glycosylation analysis and con-
trol: an integrated approach to producing optimal and consistent therapeutic drugs. Drug Discov Today.
2016; 21:740-765. https://doi.org/10.1016/j.drudis.2016.01.006 PMID: 26821133

Jankowski W, Park Y, McGill J, Maraskovsky E, Hofmann M, Diego VP, et al. Peptides identified on
monocyte-derived dendritic cells: a marker for clinical immunogenicity to FVIII products. Blood Adv.
2019; 3:1429-1440. https://doi.org/10.1182/bloodadvances.2018030452 PMID: 31053570

Cormier M, Batty P, Tarrant J, Lillicrap D. Advances in knowledge of inhibitor formation in severe hae-
mophilia A. BrJ Haematol. 2020; 89:39-53.

Dasgupta S, Navarrete AM, Bayry J, Delignat S, Wootla B, Andre S, et al. A role for exposed mannosy-
lations in presentation of human therapeutic self-proteins to CD4+ T lymphocytes. Proc Natl Acad Sci U
S A. 2007; 104:8965—-8970. https://doi.org/10.1073/pnas.0702120104 PMID: 17502612

PLOS ONE | https://doi.org/10.1371/journal.pone.0233576 May 22, 2020 16/16


https://doi.org/10.1080/07388551.2017.1416577
http://www.ncbi.nlm.nih.gov/pubmed/29262720
https://doi.org/10.1016/j.drudis.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26821133
https://doi.org/10.1182/bloodadvances.2018030452
http://www.ncbi.nlm.nih.gov/pubmed/31053570
https://doi.org/10.1073/pnas.0702120104
http://www.ncbi.nlm.nih.gov/pubmed/17502612
https://doi.org/10.1371/journal.pone.0233576

