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Summary

Production of recombinant pharmaceutical glycoproteins has been carried out in multiple
expression systems. However, N-glycosylation, which increases heterogeneity and raises safety
concerns due to the presence of non-human residues, is usually not controlled. The presence and
composition of N-glycans are also susceptible to affect protein stability, function and
immunogenicity. To tackle these issues, we are developing glycoengineered Nicotiana tabacum
Bright Yellow-2 (BY-2) cell lines through knock out and ectopic expression of genes involved in
the N-glycosylation pathway. Here, we report on the generation of BY-2 cell lines producing
deglycosylated proteins. To this end, endoglycosidase T was co-expressed with an
immunoglobulin G or glycoprotein B of human cytomegalovirus in BY-2 cell lines producing only
high mannose N-glycans. Endoglycosidase T cleaves high mannose N-glycans to generate single,
asparagine-linked, N-acetylglucosamine residues. The N-glycosylation profile of the secreted
antibody was determined by mass spectrometry analysis. More than 90% of the N-glycans at the
conserved Asn297 site were deglycosylated. Likewise, extensive deglycosylation of glycoprotein
B, which possesses 18 N-glycosylation sites, was observed. N-glycan composition of gB
glycovariants was assessed by in vitro enzymatic mobility shift assay and proven to be consistent
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with the expected glycoforms. Comparison of IgG glycovariants by differential scanning
fluorimetry revealed a significant impact of the N-glycosylation pattern on the thermal stability.
Production of deglycosylated pharmaceutical proteins in BY-2 cells expands the set of

cells. glycoengineered BY-2 cell lines.

Introduction

N-glycosylation is one of the most important, complex and
ubiquitous post-translational modifications in eukaryotic cells. The
presence and composition of N-glycans strongly affect protein
folding, stability, function and immunogenicity (Nagashima
et al, 2018). Post-translational modifications such as N-
glycosylation are poorly controlled in most recombinant protein
expression systems. As a result, the produced glycoproteins are
usually characterized by a massive heterogeneity, impairing the
control of batch-to-batch reproducibility (Planinc et al., 2017).
Moreover, since the different protein glycoforms do not share
exactly the same properties, this heterogeneity prevents harnes-
sing the full potential of the product. This is especially the case for
therapeutic or vaccine glycoproteins, which differ in terms of
activity or immunogenicity depending on the type of N-glycan
structures present on key N-glycosylation sites. The presence of
host-specific non-human residues also raises a concern for
unwanted immune response. N-glycoengineering strategies have
been implemented in protein expression systems to redirect the
endogenous N-glycosylation pathway towards the production of
customized N-glycan structures. In plants, successful modification
of N-glycosylation has been obtained in various species
(Strasser, 2022).

The first licensed biotherapeutic obtained by molecular farming
is a human glucocerebrosidase for Gaucher disease treatment
expressed in carrot cells and approved by US FDA under the name
of Elelyso™ (Fox, 2012). Recently, a virus-like particle-based
vaccine against SARS-CoV-2 produced by agroinfiltration of
Nicotiana benthamiana plants has been authorized by Health
Canada (Medicago Inc., Quebec City, Canada). Transient
expression in N. benthamiana leaves is the leading production
platform in plants but cell cultures such as Nicotiana tabacum
Bright Yellow-2 (BY-2) offer several advantages that should be
considered when selecting an expression system for a particular
recombinant protein. First, plant cell lines can be cultivated in
bioreactors. Additionally, the glycoproteins of interest might be
secreted directly in the culture medium, simplifying the down-
stream purification process in comparison with crude plant tissues
extracts. They are also more amenable to N-glycoengineering
because modification of the N-glycosylation pathway can affect
plant development (Fanata et al, 2013; Kaulfirst-Soboll
et al, 2021). The BY-2 cell N-glycosylation pathway was
successfully engineered to suppress the non-human B1,2-xylose
and o1,3-fucose residues (Hanania et al., 2017, Mercx
et al., 2017; Yin et al., 2011). Addition of the human B1,4-
galactose residues (Fujiyama et al., 2007; Misaki et al., 2003;
Navarre et al., 2017; Palacpac et al., 1999) and bisecting N-
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acetylglucosamine (GIcNAc) (Karg et al., 2010) on recombinant
glycoproteins were also demonstrated. Proof of concept that
sialylated glycoproteins can be produced in BY-2 cells was
provided (Kajiura et al, 2011; Misaki et al., 2006; Paccalet
et al., 2007). Recently, a BY-2 cell line lacking complex and hybrid
N-glycans  was  generated by inactivation of N-
acetylglucosaminyltransferases | (GnTl) (Herman et al., 2021).
However, a very low a1,3-fucose signal was still detected by
Western blotting (but not mass spectrometry) in GnTI-KO lines.
The combined inactivation of GnTl and a1,3-fucosyltransferases
(FucT) generated GnTI/FucT-KO cell lines, totally devoid of «1,3-
fucose. These strategies are complementary and rely on the
knock in or knock down/out of specific glycosyltransferases to
redirect the plant N-glycosylation machinery towards particular N-
glycan structures.

While glycosylation is a critical feature for some recombinant
glycoproteins, the presence of N-glycans might be dispensable
for others. Proteins whose properties are not significantly
affected by the presence of N-glycans could benefit from a
glycosylation shortening strategy. Indeed, the removal of N-
glycans suppresses non-human residues, increases homogeneity
and simplifies downstream  processing (Van  Landuyt
et al.,, 2019). In addition, the absence of N-glycan structures
can confer useful properties to the glycoprotein, even if the
native form is glycosylated. For example, immunoglobulins G
(IgGs) carry an N-glycan attached to the conserved Asn297
residue in the constant domain 2 (CH2) of both heavy chains
from the crystallizable fragment (Fc), which is essential for Fc
effector functions (Kiyoshi et al.,, 2017). Besides the gain in
homogeneity, deglycosylated IgGs can be desirable for applica-
tions that do not require Fc effector functions because these can
cause undesired inflammation and cytotoxicity (Ju and
Jung, 2014). Moreover, deglycosylated IgGs are a promising
class of therapeutics for autoimmune diseases because they
display a dominant suppressive effect on immune complex-
mediated inflammation (Nandakumar et al., 2013). Non-
glycosylated IgGs can also be useful in diagnostic procedures
such as in vitro immunoassays since Fc glycosylation might
interfere with the detection of aberrant glycoforms of a disease
biomarker (Lee et al., 2020). Additionally, vaccine antigens can
benefit from the suppression of large N-glycans. Indeed, viral
surface proteins are often highly glycosylated, facilitating
immune evasion by shielding specific epitopes (Huang
et al., 2022). Mice immunization studies evaluating the potential
of viral antigens with shortened (or no) N-glycosylation showed
promising results. In vitro deglycosylated influenza hemaggluti-
nin elicits higher cross-strain immune responses, stronger
neutralization, and higher protective effect than the fully
glycosylated form produced in HEK 293 (Chen et al., 2014a;
Wang et al.,, 2009). Partially deglycosylated SARS-CoV spike
protein receptor binding domain elicits stronger specific
antibody responses and a higher level of neutralizing antibodies
(Chen et al., 2014b). Deglycosylation of SARS-CoV-2 spike
protein also results in stronger immune responses as well as
better and broader protection against variants of concern
(Huang et al., 2022; Wu et al., 2022).

In vitro enzymatic deglycosylation is a relevant strategy to
produce deglycosylated proteins for small-scale studies but this is
not suitable for industrial production. Recombinant glycoproteins
can rather be deglycosylated in vivo. Transient co-expression in N.
benthamiana leaves of Flaviobacterium meningosepticum
peptide:N-glycosidase F (PNGase F) with antibodies or antigenic

proteins resulted in the production of deglycosylated recombinant
proteins (Mamedov et al., 2012). However, due to the PNGase F
substrate specificity (N-glycans without core o1,3-fucose resi-
dues), PNGase F and the recombinant proteins had to be fused
with the KDEL endoplasmic reticulum (ER) retention sequence to
avoid formation of complex N-glycans that would be PNGase F-
resistant. Besides the impact on protein accumulation and
storage, the drawback of this strategy is that PNGase F
deaminates the Asn residue to Asp, hence modifying the peptide
sequences. Later, protein antigens were transiently co-expressed
with endo-B-N-acetylglucosaminidase H (EndoH) from Strepto-
myces plicatus in N. benthamiana leaves (Mamedov et al., 2017,
2021). EndoH hydrolyzes the N-acetylglucosamine (GIcNAC)-
GIcNAc bound of high mannose N-glycans, leaving a single
GIcNAc on the Asn residue, which might be important to
maintain the overall protein fold. However, EndoH substrate
specificity required the retention of all recombinant proteins in
the ER.

To circumvent the limitation of fusing the C-terminus of
proteins with an ER-retention signal, it was proposed to express
an endo-B-N-acetylglucosaminidase in complex glycan-deficient
hosts. This strategy was first achieved by expressing endo-B-N-
acetylglucosaminidase T (EndoT) from the fungus Hypocrea
Jecorina, which displays similar substrate specificity as EndoH, in
the GnTl-inactivated human embryonic kidney (HEK 293SGnTI
(=) cell line producing only high mannose N-glycans (Meuris
et al., 2014). This system is called GlycoDelete®. N-glycans of the
GlycoDelete cell line were shortened down to a single GIcNAc,
which can be further galactosylated and sialylated, resulting in
the production of recombinant glycoproteins with nearly
uniform, small N-glycans. This elegant and effective
GlycoDelete strategy was then successfully implemented in an
Arabidopsis thaliana complex glycan less 1 (cglT) mutant lacking
GnTl activity (Piron et al., 2015). The GlycoDelete A. thaliana
plant was obtained by expressing EndoT specifically in the seeds,
thus allowing convenient accumulation and storage of recombi-
nant proteins without impacting plant growth. EndoT was
targeted to the medial Golgi membrane by fusing its catalytic
region with the cytoplasmic, transmembrane, and stem domains
of AtB1,2-xylosyltransferase (XylT). Expression of activation
associated secretory protein 1 (ASP1) from helminth in the seeds
of the GlycoDelete plant showed that the two ASP1 N-sites were
completely trimmed to a single GIcNAc (Piron et al., 2015). The
GlycoDelete technology was also validated in the yeast Pichia
pastoris (Wang et al., 2020), the filamentous fungus Aspergillus
oryzae (Li et al., 2020) and CHO cells (Kang et al., 2022).

Here, we used the GlycoDelete strategy to produce deglyco-
sylated human IgG and viral envelope glycoprotein B (gB)
ectodomain from the human cytomegalovirus (HCMV) in
transgenic BY-2 cells. The latter contains 18 N-glycosylation
sites and is a potential candidate for a recombinant vaccine
against HCMV (Schleiss et al., 2017). To do so, the GnTI-KO and
GnTI/FucT-KO lines, producing glycoproteins bearing only
oligomannose-type N-glycans, were transformed with T-DNAs
containing both EndoT and the recombinant glycoprotein
expression cassettes. The Xy/T/FucT-KO BY-2 cell line (Mercx
et al., 2017) was also used to produce humanized recombinant
glycoproteins. The glycosylation status of the glycoproteins was
confirmed by in vitro enzymatic assays and mass spectrometry
identification of the N-glycans. We also investigated the
influence of the glycan alteration on the thermal stability of
IgGs by differential scanning fluorimetry.
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Results

AtXyIT-EndoT is localized in the Golgi apparatus and
propeptide-processed in BY-2 cells

The N-terminal signal sequence of EndoT was swapped for the
medial-Golgi targeting signal of AtXyIT as proposed by Piron
et al. (2015). The sequence encoding the N- and C-terminal
propeptides of EndoT were included in the construct (Figure 1a).
This chimeric EndoT gene was driven by the enhanced CaMV
35S promoter and cloned into a pPZP-hpt binary vector to
obtain transgenic BY-2 cells. In addition, to confirm the
localization of EndoT in the Golgi apparatus, the chimeric
EndoT was fused to the Venus fluorescent protein at C-
terminus.

EndoT-Venus cell lines were imaged by confocal microscopy
and the Venus signal was detected in typical Golgi-like mobile
vesicles localized near the plasma membrane and nucleus
as well as in transvacuolar cytoplasmic strands (Figure 1b,
Movie S1), suggesting that EndoT-Venus is efficiently
targeted to the Golgi stacks thanks to the transmembrane of
AtXyIT.

The distribution of EndoT in Endo7- and EndoT-Venus-
expressing cell lines was then investigated by Western blotting
using anti-EndoT antibodies (Figure 1¢). In the microsomal
fractions, bands corresponding to EndoT-Venus and EndoT were
detected at around 70 and 43 kDa, respectively, corresponding
to the molecular mass of the full-length, unprocessed proteins. A
band around 32 kDa was also detected in the total soluble
cellular proteins (TSCP) and culture medium (CM) of both lines.
Since EndoT and EndoT-Venus contained N- and C-terminal
endogenous propeptides, processing of the precursor in BY-2

(a) Targeting signal - propeptides Nos terminator

of AtXyIT FLAG tag
| ; ; |
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cells can be expected. This would release soluble EndoT in the
Golgi lumen and, eventually, in the CM.

N-glycan composition of GnTI-KO and GnTI/FucT-KO BY-
2 cell lines is suitable for EndoT processing

EndoT has a specific activity towards high mannose N-glycans.
As a result, to generate mono-GIcNAc proteins, this enzyme had
to be expressed in a BY-2 cell line devoid of complex N-glycans.
Such BY-2 cell lines were previously obtained by knocking out
GnTl as well as GnTl and FucT glycosyltransferase genes and
mass spectrometry analysis of secreted glycoproteins from one
line of each cell type showed a similar N-glycan composition
(Herman et al., 2021). To investigate the reproducibility of the
N-glycan content in several independent transgenic cell lines,
four GnTI-KO and three GnTl/FucT-KO cell lines were grown in
D11b production medium, which was optimized for the
accumulation of antibodies in BY-2 cells (Vasilev et al., 2013).
The secreted glycoproteins were analysed by MALDI FT-ICR mass
spectrometry (Figure S1). A highly reproducible and similar N-
glycome was obtained for both GnTI-KO and GnTl/FucT-KO cell
lines, with mainly Man5 (87% and 89%, respectively) and Man4
(9% and 7%, respectively) structures. The remaining structures
were all oligomannosidic structures (Man3-9). The N-glycan
distribution obtained from the GnTI-KO cell lines grown in
Murashige and Skoog medium (MS) (Figure S1) was very similar
to that observed for D11b cultures, with mainly Man5 (80%)
and Man4 (14%) glycans. No al,3-fucosylated N-glycan
structure was detected in GnTI-KO cell lines. Hence, we
concluded that N-glycans found on secreted glycoproteins of
GnTI-KO and GnTI/FucT-KO cell lines grown in either MS or
D11b media are suitable for EndoT processing.
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Figure 1 Localization of AtXyIT-EndoT and in vivo processing in BY-2 cells. (a) Schematic representation of AtXyIT-EndoT (1) and AtXylT-EndoT-Venus (2)
expression cassettes. (b) Localization of EndoT-Venus fused to the signal-anchor of A. thaliana B1,2-xylosyltransferase. hexc: 514 NM; Aem: 537 nm. Scale
bar: 20 um. The same parameters were used for Movie S1 (c) 35 plL of 7-day-old culture medium (CM), 35 pg of total soluble cellular proteins (TSCP) and
microsomal fractions from wild type (WT), EndoT and EndoT-Venus BY-2 cell cultures were analysed by Western blotting using an anti-EndoT serum and a
horseradish peroxidase-linked secondary antibody. Hollow (O) and full (@) dots indicate bands, the size of which correspond to unprocessed EndoT-Venus
and EndoT, respectively, whereas a star (*) indicates processed EndoT and EndoT-Venus. Diamond () mark signals from endogenous proteins of BY-2 cells.
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Figure 2 Deglycosylation of endogenous glycoproteins by EndoT. 25 pg
of TSCP from WT cell lines (lane 1: WT-gB 23, lane 2: WT), GnTI/FucT-KO
cell lines (GnTI/FucT-KO-gB #1, 5 and 16) and GnTI/FucT-KO-EndoT cell
lines (GnTI/FucT-KO-EndoT-gB #19, 29, 30) were analysed by Western
blotting using concanavalin A coupled to horseradish peroxidase. A
colloidal blue gel is displayed as a loading control.

Expression of EndoT strongly reduces N-glycosylation

The N-glycans decorating cellular glycoproteins from WT, GnTl/
FucT-KO and GnTI/FucT-KO-EndoT cell lines were compared by
Western blot analysis using the lectin concanavalin A, which binds
high mannose N-glycans (Figure 2). The low signal observed in
WT samples correlates with the presence of only 20% of high
mannose N-glycans in the cellular proteins (Hanania et al., 2017).
The signals obtained for the GnTI/FucT-KO cell lines agree with
the high proportion of high mannose N-glycans. On the contrary,
the reduction of the signal observed in GnTi/FucT-KO-EndoT cell
lines suggests that a large part of the high mannose N-glycans
was processed by EndoT. The reduction was estimated at ~75%
by semi-quantitative analysis of Western blot signals.

N-glycosylation engineering negatively affect the
growth kinetics of BY-2 cell lines

The impact of GnTl inactivation and EndoT expression on cell
growth kinetics was explored in MS medium (Figure S2).
Depletion of complex N-glycans led to a slower growth
(detectable already from day 4), resulting in a 11% drop in
maximal fresh weight (FW) at day 7. Expression of EndoT in high
mannose cell lines seems to further reduce the growth rate with a
stronger drop (29.5% as compared to WT cell lines) of maximal
FW. Furthermore, while cell density is stable after day 7 for WT

cell lines, it drops for high mannose cell lines (—12%) and EndoT-
expressing lines (—34%).

Human IgG is successfully expressed by and purified
from glyco-engineered cell lines

The following lines were obtained: WT, Xy/T/FucT-KO, GnTI-KO
and GnTI/FucT-KO cell lines expressing the human immunoglob-
ulin 2 (IgG2) anti-IgM Lo-BM2; GnTI-KO and GnTI/FucT-KO cell
lines co-expressing IgG2 and EndoT. To select elite cell lines, IgG2
accumulation in the CM and EndoT signal in the total cellular
proteins (TCP) were assessed by Western blotting (Figure S3).
EndoT could be detected in most GnTI-KO-EndoT-IgG2 and GnTl/
FucT-KO-EndoT-IgG2 cell lines, with sizes corresponding to full-
length (~43 kDa) and propeptide-processed (~32 kDa) proteins.
From now on, IgG2 glycovariants will be named according to their
main N-glycan structure: 1gG2¢g for fully glycosylated (WT-IgG2);
IgG2axar for xylose/a1,3-fucose-deleted (XyIT/FucT-KO-IgG2);
IgG2uym for high mannose (GnTI-KO-lgG2 and GnTl/FucT-
KO-lgG2) and 1gG2pg for mono-GlcNAc (GnTI-KO-EndoT-IgG2
and GnTI/FucT-KO-EndoT-IgG2). Cell lines, major expected N-
glycan structure and glycovariants are summarized in Table S1.

To monitor 1gG2 accumulation in the CM, the cell line GnTl/
FucT-KO-IgG2 #17 was grown in MS or D11b medium and the
CM was analysed by Western blotting (Figure S4a). Intact IgG2ypm
was already detected after 5 days of culture and the signal
culminated at day 7 or 10 in D11b medium. IgG24y and 19G2g
concentrations in D11b 10-day-old CM were quantified by ELISA
in six independent transgenic lines for each glycovariant (IgG2
or 1gG2\c) between 10 and 45 mg/L (Table S2a). These values
were similar to the concentrations described for IgG2 expressed in
BY-2 wild type (10-40 mg/L) by Magy et al. (2014). Since ELISA
plates were coated with human IgMs, this confirmed that IgG2\
and 1gG2\c were able to bind the antigen. To compare the N-
glycosylation status of the heavy chain, CM containing IgG2 or
IgG2\me were run on the same gel in reducing conditions, with
and without prior EndoH and PNGase F in vitro deglycosylation
treatment (Figure S5a). PNGase F cleaves N-glycans that are not
a1,3-fucosylated. EndoH cleaves high mannose N-glycans to
produce mono-GIcNAc N-glycosylated asparagines. Accordingly,
the size shift resulting from in vitro deglycosylation by EndoH or
PNGase F was clearly detectable for IgG2yy but not for IgG2yg,
confirming the high mannose N-glycan type of IgG2y\ and the in
vivo deglycosylation of 1gG2g.

The 1gG2 glycovariants were then purified through protein A
affinity chromatography and analysed by SDS-PAGE (Figure S6a).
One sample was analysed in reducing conditions to confirm the
correct assembly of heavy and light chains (Figure S6b). The purity
of 1gG2 was also tested by size exclusion chromatography
(Figure S6c) followed by SDS-PAGE and Western blotting
(Figure S6d). Both IgG2ynm and 1gG2y6 eluted in a single peak
(fractions 11 and 12). 1gG2\ is eluted slightly earlier than
IgG2hm, Which was expected since the molecular hydrodynamic
radius is reported to increase after Fc deglycosylation (Zheng
et al., 2011). The quantity of purified IgG2, starting from 150 mL
CM and measured by RC-DC assay, reached up to 3 mg.

Glyco-engineering strategies confer the expected N-
glycosylation profile to IgG glycovariants

The glycosylation profile of purified IgG2 was then analysed by
liguid chromatography followed by tandem quadrupole orbitrap
mass spectrometry (LC-MS/MS). N-glycans detected on the
conserved N-site EEQFN*STFR of the heavy chain CH2 domain
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Figure 3 Relative amount of N-glycans on the N-site EEQFN*STFR of
secreted IgG2. N-glycosylation was determined by LC-MS/MS of 1gG2
samples purified from 10 days-old D11b culture medium. Error bars
represent standard deviation of n = 5 (IgG2HM: GnTI-KO-IgG2 #12, 25,
30, GnTI/FucTKO-IgG2 #17, 20) and n = 4 (IgG2MG: GnTI-KO-EndoT-
1gG2 #9, 12; GnTI/FucT-KO-EndoT-IgG2 #6, 16) independent cell lines.
Structures accounting for <1% of N-glycans were not represented.

are summarized in Figure 3 and Table S3. No al,3-fucose-
containing N-glycans were detected in GnT/-KO cell lines. The
EEQFN*STFR site had a N-glycosylation occupancy of 98.7% for
IgG2xm and 99.7% for IgG2yc. As anticipated, N-glycan diversity
was low for IgG2yy and 1gG2ue, with only five and two different
N-glycan structures detected at more than 1%, respectively.
Man5 was the main structure detected for IgG2y,, accounting
for 66% of CH2 N-glycans. The majority of N-glycans detected
for 19G2uc (93%) were trimmed down to mono-GlcNAc
structures, indicating a highly efficient in vivo processing by
EndoT. The remaining structures identified were mainly Man5
(6%), along with traces of other oligomannosidic structures.

Besides the conserved EEQFN*STFR N-site in the CH2 domain,
the variable region of the Lo-BM2 heavy chain contained the
predicted N-glycosylation site CVRPN*YSGF. It displayed a much
lower occupancy rate with only 9% and 11% for 1gG2yu and
I9G2\c, respectively (Figure S7a, Table S3). N-glycans observed at
this site were mostly Man5 for both 1gG2,y and 19G2yc (89%
and 70% of the glycosylated forms, respectively). A small
proportion of mono-GIcNAc structures could be detected on
19G2me (23% of the glycosylated forms) but not on IgG2.

Intriguingly, a third N-glycosylation site was also identified on
the non-canonical N-site (TVSWN*SGAL) with a significant
occupation rate of 13% (Figure S7b, Table S3). Similar to the
two other N-sites of IgG2y\, the main structure identified was
Man5.

N-glycosylation was similar in GnTI-KO and GnTI/FucT-KO
backgrounds (Figure S8).

Glycovariants display different thermal stability

Having an antibody with various N-glycosylation profiles allowed
us to question the effect of this glycosylation on the stability of
the protein. A differential scanning fluorimetry (DSF) assay, also

Deglycosylation of proteins in tobacco BY-2 cells

called thermal shift assay, was carried out to compare the thermal
stability of the different IgG2 glycovariants. Besides the I9G2¢g,
19G2 axsar, 19G2hm and 1gG2yg produced in this study, 19G2kg
and 1gG2axar previously purified from independent transgenic
cell lines (Magy et al., 2014; Mercx et al., 2017) were also
analysed. The melting temperature (Tm) was calculated based on
the first derivative of the melting curves (Figure S9a,b). DSF assay
with new and old 1gG2rs and 19G2xxar Samples gave similar
results, thereby confirming the robustness of the BY-2 production
platform (Figure S10). The lowest Tm, 60.5 °C, was obtained for
IgG2¢ while the highest Tm, 66.9 °C, was observed for IgG2ax,
Af (Figure 4a). 1gG2y\ and 1gG2 g resulted in intermediate Tm of
63.4 °C and 61.9 °C, respectively. A drastic increase in thermal
stability (+6.4 °C) was thus observed when comparing 19G2¢g
and 19G2x/ar, demonstrating that core-a1,3-fucosylation and/or
B1,2-xylosylation impact thermal stability of the IgG2. The effect
of N-glycans on the thermal stability of IgG1 was also assessed,
using hlgG1 Lo-BM2 produced in WT and Xy/T/FucT-KO BY-2
cells. The respective DSF Tm, 62.1 °C (IgG1¢g) and 70.1 °C
(I9G1ax/ap), Were consistent with those obtained for IgG2
(Figures 4b, S9b,c). 1gG1 accumulation in CM is reported in
Table S2b.
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Figure 4 Thermal stability of IgG glycovariants. a. Tm of 1gG2
glycovariants secreted in BY-2 CM measured by differential scanning
fluorimetry analysis. b. Tm of IgG1 glycovariants secreted in BY-2 CM
measured by DSF analysis. IgG were purified from two (IgG2¢g), two
(I9G2 axvap), Six (1I9G21w), three (I9G2c), two (IgG1kg) and four (I9G1ax,
Ap) independent cell lines and n = 6 for technical replicates. Tm was
obtained as the mean of the Tm calculated for each independent sample.
Error bars represent standard deviation of the mean Tm obtained for the
independent cell lines. As an indication, the main N-glycan structure of
each glycovariant at the CH2 N-site is represented above the corre-
sponding bar. IgG1 N-glycans are the expected structures based on 1gG2,
it was not analysed by MS.
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Glycovariants of glycoprotein B from HCMV display
different electrophoretic sizes

The gB ectodomain was already successfully produced as a
secreted glycoprotein containing both complex and high man-
nose structures (gBgg) in WT BY-2 cells (Smargiasso et al., 2019).
Due to the 18 N-glycosylation sites in the gB ectodomain, it was
produced as a population of glycoforms characterized by a huge
meta-, macro and micro-heterogeneity (variations of glycan
structures across multiple sites of a protein, occupancy and
variation of glycans at a given site, respectively (Caval
etal., 2021)).

Here, a version of gB devoid of B1,2-xylose and a1,3-fucose
(gBaxap) Was obtained in the XylT/FucT-KO cell line. We also
produced gB in GnTI-KO and GnTl/FucT-KO cell lines (gBwm).
Expression of gB in TSCP of those cell lines was analysed by
Western blotting (Figure 5a). gByw was detected both as an intact
protein at ~100-105 kDa and degradation fragments, mainly at
25-30 kDa. Intact gByn was slightly smaller than gBrg and gBaxs
Af- This variation in size likely resulted from differences in N-
glycan composition.

Next, the gB ectodomain was co-produced with EndoT in the
GnTI/FucT-KO cell line (gBwmg). TCP and TSCP from GnTl/FucT-
KO-EndoT-gB cell lines were analysed by Western blotting using
antibodies against gB or EndoT (Figure 5b,c, respectively). gB was
detected in most transgenic lines (#17, 18, 19, 23, 25, 29, 30, 33,

9Brin

34) (Figure 5b). EndoT-specific signal was observed, but only for
some transgenic cell lines (#19, 29, 30, 34) (Figure 5¢). The bands
corresponding to intact gB showed distinct patterns according to
the cell lines. In cell lines without EndoT production, the migration
behaviour was similar to gBuyw (#17, 18, 23, 25, 33), while in
EndoT-expressing cell lines (#19, 29, 30, 34), the bands
corresponding to intact gByg displayed a remarkably shifted
mobility in regard to gBywm. This mobility shift was attributed to
the in vivo processing of high mannose N-glycans decorating gB
by EndoT. It was observed as a smear lower than gBywy,
compatible with processed glycosylated gB subjected to various
levels of N-glycan truncation.

To monitor gByy accumulation in the CM, two GnTI-KO-gB
(#2, 4) and two GnTI/FucT-KO-gB (#5, 16) cell lines were grown in
D11b medium (Figure 5d). Intact gByw was already detected after
4 days of culture and the signal culminated at day 7 or 10.
Accumulation of secreted gB in GnTl/FucT-KO-EndoT-gB CM was
also investigated by Western blotting, both in MS and D11b
media, after 5, 7, 10 and 13 days of culture (Figure S4b).
However, no intact gByg could be detected although gBwg
degradation fragments were observed in higher amount than in
the control GnTl/FucT-KO-gB #5 line, suggesting that gByg was
either less stable than gByy or more subject to protease-mediated
proteolysis. Finally, gBym and gByg concentrations in 10-day-old
D11b CM were measured by ELISA and reached up to 44 mg/L
and 45 mg/L, respectively (Table S2¢). Although degradation
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Figure 5 Expression of gB HCMV in glyco-engineered BY-2 cell lines. Twenty pug of TSCP from GnTI-KO-gB and GnTI/FucT-KO-gB cell lines (a) and GnTl/

FucT-KO-EndoT-gB (b) cell lines and indicated controls were analysed by Western blotting using antibodies raised against gB and AP-coupled secondary

antibodies. Signal was detected using a precipitating substrate. gB¢g from WT-gB cell line is displayed as a positive control. (c) Twenty pg of TCPs from GnTl/

FucT-KO-EndoT-gB cell lines and indicated controls were analysed by Western blotting using antibodies raised against EndoT and AP-coupled secondary
antibodies. Signal was detected using a chemiluminescent substrate. (d) Accumulation of gByy in the culture medium of indicated cell lines. Thirty-five pL
of CM from 4, 7 or 10-day-old D11b cultures were analysed by Western blotting using anti-gB antibody and AP-linked secondary antibody. (e)
Deglycosylation gel shift assay for gB glycovariants. Immunodetection of gB glycovariants without deglycosylation (—) and after deglycosylation by EndoH
(E) or PNGase F (P). Twenty pg of TSCP from WT-gB #23 (gBgg), XyIT/FucT-KO-gB #4 (gBaxsar), GNTI/FucT-KO-gB #5 (gByw), GnTl/FucT-KO-EndoT-gB #29
(gBwmc) cell lines were loaded. Primary and secondary antibodies were anti-gB antibodies and AP-linked antibodies, respectively.
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fragments account for a large proportion of the gB produced, the
relatively high yield obtained showed that the glyco-engineered
BY-2 cell lines were suitable to produce complex recombinant
glycoproteins.

Glycoprotein B glycovariants are differentially processed
in vitro by glycosidases

To further study and compare the N-glycosylation profile of gBgg,
9Baxar, 9Bum and gBug, an in vitro deglycosylation assay was
carried out using either PNGase F or EndoH.

TSCPs from WT-gB, XyIT/FucT-KO-gB, GnTI/FucT-KO-gB and
GnTI/FucT-KO-EndoT-gB cell lines were denatured, incubated
with PNGase F or EndoH and then resolved by gel electrophoresis
and Western blotting (Figure 5e). A slight mobility shift was
observed for gBgg after the action of EndoH or PNGase F. This
result was expected since complex structures of gBrg contain
a1,3-fucose and therefore cannot be processed by EndoH or
PNGase F (Smargiasso et al., 2019). The small (but still detectable)
mobility shift was therefore related to the processing of the few
N-glycans that were oligomannosidic (Smargiasso et al., 2019)
and were equally cleaved by both glycosidases. EndoH-mediated
deglycosylation of gBaxar resulted in an incomplete shift while
PNGase F-mediated deglycosylation was compatible with a
completely deglycosylated gB (predicted size: 73 kDa), highlight-
ing the presence of non-fucosylated complex N-glycans (such as
GnGn), which are substrates for PNGase F but not EndoH.
Deglycosylation of gByy with either EndoH or PNGase F both
resulted in a large mobility shift compatible with complete
deglycosylation. This clearly demonstrates the dramatic increase
in high mannose N-glycan structures decorating gBuyw when
produced in GnTI/FucT-KO cell lines. Finally, complete deglycosy-
lation of gByg was also obtained with both EndoH and PNGase F,
generating highly similar bands as with gByn. Deglycosylation
assay was also carried out with the CM collected by filtration from
GnTI/FucT-KO-gB cell cultures. Similar results as the assays using
TSCPs were obtained (Figure S5b).

Finally, to investigate the stability and EndoT-mediated proces-
sing of gByy in the CM, gByy-containing CM was spiked in CM
from  GnTl/FucT-KO and  GnTl/FucT-KO-EndoT  cell lines
(Figure S11). After 22 h incubation at 25 °C, no change in size
nor intensity of gB signal was observed by Western blotting,
suggesting that EndoT is poorly active or too diluted in the CM
and that most of the degradation occurs either in the secretory
pathway or in the apoplast of BY-2 cells.

Discussion

In this study, we generated BY-2 cell lines producing deglycosy-
lated proteins via the expression of EndoT in a high mannose N-
glycosylation background. The high mannose and deglycosylated
cell lines were validated by producing a human IgG2 as well as
the ectodomain of the glycoprotein B from HCMV envelope, both
reaching up to more than 40 mg/L. Lectin blot analysis, in vitro
deglycosylation assays and site-specific glycoproteomics con-
firmed the truncation of N-glycans decorating endogenous and
recombinant glycoproteins by EndoT. Noticeably, more than 93%
of N-glycans found at the conserved Asn residue in the CH2
domain of IgG2 were effectively shortened to a single GIcNAc.
IgG and gB glycovariants were also successfully obtained using a
wild type cell line, a cell line devoid of xylose and a1,3-fucose
non-human residues (Xy/T/FucT-KO) and high mannose cell lines
(GnTI-KO and GnTI/FucT-KO). Mass spectrometry experiments
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confirmed the expected N-glycosylation profiles and revealed a
high reproducibility. Besides the interest of controlling the type of
N-glycan present on recombinant proteins to tune their proper-
ties, reproducibility and homogenization of N-glycan content are
major assets to ease quality control for pharmaceutical proteins.

The comprehensive N-glycosylation profile of 1gG2 glycovar-
iants was determined by LC/MS-MS. Two N-glycosylation sites
were predicted based on the consensus N-X-S/T sequence. The
glycopeptide EEQFN*STFR in the conserved CH2 domain showed
a very high occupancy rate (99%-100%, Figure 3, Table S3). The
second putative glycopeptide CVRPN*YSGF located in the
variable region of heavy chain, displayed a much lower occupancy
rate (9-11%) (Figure S7a, Table S3). This could be related to the
presence of a Ser in the +2 position, which was associated with a
lower fraction of occupancy than Thr (Kasturi et al., 1995). It
could also be linked to an unfavourable amino acid context or
steric hindrance. An additional N-glycosylation site was detected
at the non-canonical sequence TVSWN*SGAL in the conserved
CH1 domain of the heavy chain. This atypical N-site had already
been reported as a backwards consensus N-glycosylation motif (S/
T)XN on antibodies from human serum and on human IgG1 and
IgG2 produced in CHO and HEK 293 cells (Valliere-Douglass
et al., 2009, 2010). The N-glycan occupancy level was only 0.5 to
2% as compared to the 13% measured in our study for BY-2-
produced IgG2. Detection of this non-canonical N-glycosylation
site was made possible because of Multi-Enzymatic Limited
Digestion (MELD) instead of the classic trypsin-only treatment
(that would result in a 58-residue peptide including
TVSWN*SGAL). This MELD technique allows generating a more
diverse (glyco)peptide library and the exhaustive determination of
post-translational modifications.

Analysis of the N-glycosylation library found at the CH2 N-
glycosylation site showed that the glyco-engineered cell lines
produced the anticipated glycoforms. The main N-glycan found
on 1gG2ym (Man5) and 1gG2p (mono-GIcNAC) accounted for
66% and 93% of the N-glycans, respectively (Figure 3, Table S3).
The main N-glycan of 19G2¢g (GnGNnXF) accounted for 74.5% of
all N-glycans and those of 1gG2axar (GNGN) for 69%, as
determined by Navarre et al. (2017) and Mercx et al. (2017),
respectively. Thus, production of an antibody in glycoengineered
BY-2 cell lines generates glycovariants with one defined,
predominant N-glycan structure.

Thermal stability of IgG2 and IgG1 glycovariants was measured
by DSF. IgG2 showed a single transition in the DSF graphs while
IgG1 displayed two transition peaks. A single transition peak
indicates an overlap of the different domain denaturation signals.
The presence of two peaks, in contrast, suggests that at least two
domains denature at different temperatures. The IgG CH3
domain is reported to unfold at a higher temperature than the
CH2 domain (Akazawa-Ogawa et al., 2018; Meuris et al., 2014).
Hence, we speculated that the first IgG1 peak could correspond
to the CH2 domain while the second one would be for the CH3
domain. This was further confirmed with IgG1x/ar by the change
in Tm observed for the first peak of IgG1rg and IgG1 ax/ar, While
the second Tm was stable around 75 °C (Figure S9). Indeed, the
CH2 domain, with the conserved N297, is the most susceptible to
be (de)stabilized by glyco-engineering.

Relative CH2 Tm measured for 1I9G2ax/ar, 19G2hm and 19G2y
were consistent with those previously reported in the literature by
DSF, differential scanning calorimetry and intrinsic fluorescence
spectroscopy for IgG1 (Meuris et al., 2014; Wada et al., 2019;
Zheng et al., 2011). Indeed, these studies showed that complex
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N-glycosylation results in a higher Tm than Man5, which in turn is
more stable than the mono-GIcNAc stump. However, to the best
of our knowledge, this is the first thermal stability study of an
antibody with typical plant N-glycans (GnGnXF). IgG2¢¢ displayed
the lowest Tm among all glycovariants. To consolidate this
observation, DSF was also carried out with 1gG1rg and I9G1axar
and provided similar results, IgG1xar being significantly more
stable than IgG1gs (ATm = +8 °C). This result suggests that the
presence of B1,2-xylose and/or a1,3-fucose residues triggers a
destabilizing effect on IgG2 and IgG1. The presence of typical
mammalian core o1,6-fucose residues slightly increased the
stability of most IgG1 glycoforms, as opposed to our findings
on IgGrg (Wada et al., 2019). However, the absence of xylose and
the difference in fucose linkages should mitigate the comparison
with the results obtained for IgGrg and IgGax/ar. Generation of
IgGax and 1gG,r would shed light on the impact of the plant core-
fucose linkage (and core-xylose presence) on IgG thermal stability.

The production of a more complex, heavily glycosylated,
recombinant glycoprotein in these new cell lines was also
evaluated. The ectodomain of gB was chosen because it is a
vaccine candidate against HCMV and was already produced in
WT BY-2 cells (Smargiasso et al., 2019). The ability to produce gB
glycovariants constitutes a powerful tool to study the impact of N-
glycosylation on immunogenicity and hence develop better
vaccines. Interestingly, gB glycovariants showed different elec-
trophoretic mobility on Western blotting: gBrg and gBax/ar (that
lacks B1,2-xylose and a1,3-fucose residues) electrophoretic sizes
were slightly higher than that of gBy (probably decorated mainly
with Man5), while an important size shift was detected for gBmg
(Figure 5a,b,e).

In vitro deglycosylation assay of gB glycovariants was carried
out to obtain a global insight in N-glycan compositions
(Figure 5e). The electrophoretic mobility shifts were consistent
with expected gB glycoforms. Particularly, it confirmed that an
important part of gByg N-glycans, but not all, was deglycosylated
in vivo by EndoT.

While full-length gByw was observed in the CM (Figure 5d), no
gBumc could be detected (Figure S4b). This could be the direct
result of gB deglycosylation by EndoT. Indeed, removal of N-
glycans in the Golgi could unmask protease cleavage sites,
decrease stability through conformational changes or favour
aggregation by exposing hydrophobic residues. However, since
N-glycans of endogenous proteins were also modified, we could
not exclude an indirect, more global, effect such as an increase in
some protease activity. The change in growth kinetics observed
after N-glycan modification (Figure S2) could also impact gB
accumulation indirectly. Although spiking of gBuwm in spent CM
did not result in any detectable degradation, spiking of in vitro
deglycosylated gByy in BY-2 cell CM and monitoring of the
degradation profile at different time points by Western blotting
would help to determine the impact of deglycosylation on gBu
stability. The lack of impact of the spiking would suggest, as for
gBum, that most degradation occurs intracellularly or in the
apoplast.

Prior GlycoDelete-like strategies reported on a 95-100%
efficiency of EndoT in vivo processing in HEK 293S, A. thaliana
seeds, P. pastoris and A. oryzae (Li et al., 2020; Meuris
et al., 2014; Piron et al., 2015; Wang et al., 2020). For all four
studies, these efficiency rates were calculated based on the N-
glycosylation content of one or two recombinant proteins
containing one to three N-glycosylation sites. These EndoT
processing rates were comparable to that obtained here for

human IgG2. Indeed, the CH2 N-glycosylation site of IgG2pg was
occupied at 93% on average with mono-GlcNAc (up to 98% for
cell line GnTIl/FucT-KO-EndoT-lgG2 #16). However, the EndoT
processing rate seemed to be highly dependent on the protein
context, as illustrated by the variation in mono-GlcNAc content
between the two IgG2y g canonical N-sites. Indeed, the CH2 site
had a processing rate of 93% while the Fab site showed an EndoT
processing rate of 23% (2.6% of the 11.2% N-glycans were
mono-GIcNAc, Figure S7a). Hence, herein, we challenged these
results further by assessing the EndoT deglycosylation level of an
18 N-glycosylation sites protein, gB (Figure 5e). We suggest that
accessibility of the N-glycosylation site to EndoT determined the
mono-GIcNAc content, in the same way as the N-glycan libraries
of different N-glycosylation sites varied because they were not
equally processed by glycosyltransferases in the secretory
pathway. Therefore, the efficiency of the GlycoDelete-like
strategy is dependent on the recombinant glycoprotein.

If the deglycosylation rate of recombinant proteins by EndoT
needs to be improved, several strategies can be considered. First,
if it does not affect its folding, expression of EndoT without the
two propeptides might be beneficial. Indeed, it is likely that EndoT
is activated via propeptide cleavage. As a result, removing the
propeptides in the genetic construct would result in EndoT being
active as soon as it is correctly folded, which is susceptible to
increase the deglycosylation rate. Alternatively, expression of
EndoH instead of EndoT could be investigated. Finally, the AtXyIT
transmembrane domain that is used to target EndoT to the
medial-Golgi could be replaced by the targeting domain of other
glycosyltransferases like AtMNSI/Il or AtGMII (cis/medial-Golgi),
AtB1,3-galactosyltransferase or rat sialyltransferase (trans-Golgi)
to target EndoT to more up- or downstream Golgi sub-
compartments (Dicker et al., 2015; Schoberer and Strasser, 2011).
EndoT could also be targeted to the ER using a KDEL retention
signal.

In conclusion, the generation of a set of glyco-engineered BY-2
cell lines allowed for the production of tailor-made recombinant
glycoproteins. With the mono-GIcNAc cell line, we produced
recombinant proteins with minimal N-glycosylation in BY-2
cells. Production of an I1gG2 and the vaccine antigen gB in wild
type, xylose- and a1,3-fucose-devoid, high mannose and mono-
GIcNAc BY-2 cell lines and subsequent analysis of their N-
glycosylation profile validated the interest and suitability of glyco-
engineered BY-2 cells as a tool for molecular farming.

Experimental procedures
Binary plasmid construction

gB-encoding constructs were based on the pPZP-RCS2-nptll--
mCherry-gBHis plasmid used in previous studies (Smargiasso
etal., 2019). A few modifications were introduced to improve gB
production. First, as it is not detected in extracellular protein
samples, the 6xHis-tag encoding sequence was removed from the
gB expression cassette. Second, to reduce the formation of
rosette-like gB aggregates and hence favour monodispersed gB
trimers, hydrophobic residues in both fusion loops were mutated
for more hydrophilic residues. Third, to improve the yield, two gB
expression cassettes were introduced into the I-Scel and I-Ceul
cloning sites of pPZP-RCS2 (Goderis et al., 2002) and a N.
tabacum Rb7 scaffold attachment region (SAR) genetic insulator
was cloned in the PI-Pspl site. Finally, the neomycin phospho-
transterase Il (nptll) resistance gene was replaced by hygromycin
phosphotranstferase (hpt).
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To express the human IgG1 and IgG2 Lo-BM2 (Dehoux
et al., 2000), the plasmids pPZP-nptll-hlgG1-LoBM2 and
pPZP-nptll-hlgG2-LoBM2 described in De Muynck et al. (2009)
and Magy et al. (2014) were used to transform WT and Xy/T/FucT-
KO cell lines via A. tumefaciens. To transform GnTI(/FucT)-KO cell
lines, nptll was replaced by hpt resistance.

EndoT from H. jecorina (UniProtKB-C4RA89), without the 17
first amino acids encoding the endogenous signal sequence, was
codon optimized for A. thaliana, fused at 5 to the sequence
encoding the first 32 amino acids of AtXyIT and at 3’ to the
sequence encoding a FLAG-tag (DYKDDDDK) and synthesized
(Genscript). EndoT-Venus chimeric gene was obtained by fusing
AtXyIT-EndoT to Venus cDNA at 3/, instead of the FLAG-tag.
AtXyIT-EndoT and AtXylT-EndoT-Venus were placed under the
control of the enhanced CaMV 35S promoter (En2p35S) and the
nopaline synthase terminator (Tnos). Then, AtXyIT-EndoT was
cloned in the PI-Pspl site of pPZP-hpt-hlgG2-LoBM2 and
pPZP-hpt-mCherry-gB. AtXylT-EndoT-Venus was cloned in the
PI-Pspl site of pPZP-nptll-mCherry-gB.

Nicotiana tabacum BY-2 cell culture and transformation

BY-2 cells were grown as described in Herman et al. (2021). D11b
cultures (Vasilev et al., 2013) were grown for 10 days in 50 mL of
medium without cyclodextrin, in 250 mL Erlenmeyer flasks.

Agrobacterium tumefaciens LBA4404VirG-mediated stable
transformation of BY-2 cells was carried out as described by
Navarre and Chaumont (2022). nptll resistance marker was used
to transform WT and Xy/T/FucT-KO BY-2 cell lines, hpt resistance
gene was used to transform GnTI-KO and GnTI/FucT-KO (GnTI/
FucT)-KO) cell lines. Selection of transformed cell lines was carried
out on MS-agar plates containing 100 pug/mL kanamycin or
50 pg/mL hygromycin, respectively.

Light microscopy

Cell samples were imaged with a 34-channel Zeiss LSM 710
AxioObserver confocal microscope equipped with a Airyscan
superresolution system and with a Plan Apochromat 25x
numerical aperture 0.8 water immersion objective.

SDS-PAGE and Western blotting analysis of proteins

CM and TSCP samples were obtained as described by
Herman et al. (2021). TCP correspond to samples collected
before the final ultracentrifugation step. Microsomal fractions
were obtained by resuspension of the ultracentrifugation pellet in
50 pL buffer [3 mm KH,PO4, 330 mm sucrose, 3 mm KCl, pH 7.8
(KOH)].

CM (uL) or TCP/TSCP/microsomal fractions (ug) were analysed
by SDS-PAGE (reducing, 4-20% polyacrylamide if not stated
otherwise) after denaturation (5 min at 100 °C for CM and TSCP;
15 min at 56 °C for TCP and microsomal fractions). Gels were
stained with Coomassie Brilliant Blue G-250 (SERVA, 17524) or
transferred onto a PVDF membrane (1 704 156; Bio-Rad,
Hercules, CA, USA) for Western blotting. The PVDF membrane
was incubated with rabbit polyclonal antibody against EndoT (1/
5000, Meuris et al. (2014)) or rabbit monoclonal antibody against
HCMV gB (10 202-R038, 1/2000; Sino Biologicals, Beijing, China)
followed by anti-rabbit polyclonal antibodies HRP-coupled (LO-
RG-1-HRP, 1/10 000; SynAbs, Charleroi, Belgium) or alkaline
phosphatase (AP)-coupled (A3687, 1/10 000; Sigma-Aldrich,
Saint-Louis, MO, USA). Alternatively, the PVDF membrane was
incubated with polyclonal antibodies against human IgG (Fc-
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specific) coupled to HRP (A0170, 1/5000; Sigma-Aldrich) or
Concanavalin A coupled to HRP (L6397, 1/200; Sigma-Aldrich).

Western blots using HRP-conjugated antibodies (or lectin) were
revealed with BM Chemiluminescence Blotting Substrate
(11 500 694 001; Roche, Basel, Switzerland). Western blots
using AP-conjugated antibodies were revealed with Immun-Star
AP chemiluminescent substrate (1 705 018; Bio-Rad) or BM
Purple AP substrate, precipitating (11 442 074 001; Roche).
Chemiluminescence was detected using the Amersham™ Imager
600 (GE Healthcare, Chicago, IL, USA). The relative intensity of
immunoblot signals was quantified with Amersham Imager 600
Analysis Software.

BY-2 cell culture growth kinetics

Three independent transgenic cell lines from each cell type were
inoculated at 0.015 g/mL in 50 mL MS medium in a 250 mL
Erlenmeyer flask. At each time point, 2 mL of culture were
filtered on four layers of Miracloth (475 855; Calbiochem, San
Diego, CA, USA) and the cell pack fresh weight was measured
after centrifugation for 3 min at 2700 g.

Purification of IgG

IgG purification was carried out as described by Mercx
et al. (2017), from 10-day-old D11b cultures.

ELISAs

IgG Lo-BM2 and gB ELISAs were respectively carried out as
described in Magy et al. (2014) and Smargiasso et al. (2019).

Size exclusion chromatography

Purified 1gG2 proteins (300 plL) were loaded on a Superdex 200
10/300 GL size-exclusion chromatography column (GE Health-
care) linked to the AKTA Prime system. The column was pre-
equilibrated with 50 mm NaH,PO,4 (pH 7.5), 150 mm NaCl, and
10% (w/v) glycerol. The elution was carried out at 0.3 mL/min,
and the absorbance at 280 nm was recorded.

Mass spectrometry analysis
Total N-glycans of the secreted proteins

The determination of the N-glycan library was performed using
the procedure described by Herman et al. (2021), with minor
modifications. The PNGase F-released N-glycans and the 2-AB-
labelled N-glycans were loaded on GlycoClean H and S cartridge
(GKI-4025 and GKI-4726; Agilent Technologies, Santa Clara, CA,
USA), respectively. The dual ESI/MALDI source solariX xR 9.4 T FT-
ICR (Bruker Daltonics, Billerica, MA, USA) operating in MALDI
positive ionization mode was mass calibrated using a dried spot of
red phosphorus in acetone and the 2-AB labelled N-glycans
obtained from bovine ribonuclease B, offering sub ppm mass
accuracy. Mass range was set from 150 to 3500 and the resolving
mass power was around 300 000 in the m/z region of the 2-AB
labelled N-glycans.

Site-specific IgG N-glycosylation

The IgG samples were desalted using Amicon 3 kDa (Millipore,
Burlington, MA, USA). The proteins were recovered in ammonium
carbonate buffer 50 mm pH 7.5. Protein content was assessed
using the RC DC protein assay kit (500-0019; Bio-Rad) against
bovine serum albumin fraction V (BSAV-RO; Sigma-Aldrich) as
standard using the recommended manufacturer procedure.
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Multi-enzymatic limited digestion (MELD) on RNase B and N.
tabacum samples was then performed (Morsa et al., 2019).

Simultaneously, to ensure correct identification of glycopep-
tides, a fraction of some samples (GnTI-KO-lgG2 #25, GnTI-
KO-EndoT-lgG2 #9 and RNase B) was deglycosylated according to
the procedure described by Smargiasso et al. (2019) and Herman
et al. (2021). These fractions were then submitted to the MELD
followed by LC-MS. The absence of glycopeptides was checked
as well as the presence of Asp instead of Asn in the identified N-
glycosylation sites, especially to confirm the non-consensus
TVSWN#*SGAL site. Persistence of the PNGase-resistant mono-
GlcNAC after deglycosylation was confirmed.

The MELD proteolysis products were reconstituted at 15 pmol
in 9 uL water +0.1% trifluoroacetic acid. M-Class nanoUPLC
pump (Waters, Milford, MA, USA) was used for the separation of
(glyco)peptides by reverse phase liquid chromatography (LC). The
LC and the MS methods used were those described by Morsa
et al. (2019), with minor modifications. The LC flow rate was set
at 0.5 p/min. The MS system was a Q-Exactive quadrupole-
Orbitrap instrument (ThermoFisher Scientific, Waltham, MA, USA)
using NCE = 27 (normalized collision energy).

The raw LC-MS/MS data were submitted to PEAK X pro for
analysis (Method S1).

Differential scanning fluorimetry

DSF was carried out based on the protocol described by
Moggridge et al. (2017). Briefly, purified 1gG samples were
diluted twice in phosphate buffered saline (100 mm phosphate,
150 mm NaCl, pH 7.0) containing SYPRO Orange Protein Gel
Stain (S6650; Invitrogen, Waltham, MA, USA). Samples were
transferred into a MicroAmp™ Optical 96-Well Reaction Plate
(N8010560; Applied Biosystems, Waltham, MA, USA). Each
sample was run as a technical triplicate and successive dilutions
were performed. DSF measurements were performed using a
temperature increase from 15 °C to 90 °C with a ramp of 1 °C/
min (StepOnePlus™ Real-Time PCR System; Applied Biosystems).
Mean melting temperatures were calculated as the temperature
corresponding to the maximum value of the mean derivative
curves. Mean derivative curves were obtained as the first
derivative of the mean melt curves. For graphing, the raw data
were normalized (maximal value = 100%).

In vitro deglycosylation assay

Twenty micrograms of TSCP or 20 pL of CM were denatured by
heating for 10 min at 100 °C in the manufacturer’s glycoprotein
denaturing buffer, to ensure optimal N-site accessibility. Samples
were then incubated for 1 h at 37 °C with EndoH 50 U (P0703;
New England Biolabs, Ipswich, MA, USA) or PNGase F 25 U
(PO704; New England Biolabs) using the manufacturer’s condi-
tions. Control samples were run in parallel but without the EndoH
and PNGase F enzymes. Samples were then visualized by Western
blotting.
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