NRC Publications Archive
Archives des publications du CNRC

Production of α2,6-sialylated IgG1 in CHO cells
Raymond, Céline; Robotham, Anna; Spearman, Maureen; Butler, Michael;
Kelly, John; Durocher, Yves

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version
acceptée du manuscrit ou la version de l’éditeur.
For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de l'éditeur:
https://doi.org/10.1080/19420862.2015.1029215

mAbs, 7, 3, pp. 571-583, 2015-04-15

NRC Publications Record / Notice d'Archives des publications de CNRC:

https://nrc-publications.canada.ca/eng/view/object/?id=e6369b2f-f442-4fe0-96b1-6e446ebe188f
https://publications-cnrc.canada.ca/fra/voir/objet/?id=e6369b2f-f442-4fe0-96b1-6e446ebe188f
Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.
L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.
Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.
Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

This art icle was downloaded by: [ Nat ional Research Council Canada]
On: 08 July 2015, At : 10: 29
Publisher: Taylor & Francis
I nform a Lt d Regist ered in England and Wales Regist ered Num ber: 1072954 Regist ered office: 5 Howick Place,
London, SW1P 1WG

mAbs
Publicat ion det ails, including inst ruct ions f or aut hors and subscript ion inf ormat ion:
ht t p: / / www. t andf online. com/ loi/ kmab20

Production of α2, 6-sialylated IgG1 in CHO cells
ab

c

d

d

c

Céline Raymond , Anna Robot ham , Maureen Spearman , Michael But ler , John Kelly &
Yves Durocher

ab

a

Human Healt h Therapeut ics Port f olio; Nat ional Research Council of Canada; Mont real,
Canada
b

Depart ment of Biochemist ry and Molecular Medicine; Universit é de Mont réal; Mont real,
Canada
c

Human Healt h Therapeut ics Port f olio; Nat ional Research Council of Canada; Ot t awa,
Canada
d

Click for updates

Depart ment of Microbiology; Universit y of Manit oba; Winnipeg, Canada
Accept ed aut hor version post ed online: 15 Apr 2015.

To cite this article: Céline Raymond, Anna Robot ham, Maureen Spearman, Michael But ler, John Kelly & Yves Durocher (2015)
Product ion of α2, 6-sialylat ed IgG1 in CHO cells, mAbs, 7: 3, 571-583, DOI: 10. 1080/ 19420862. 2015. 1029215

To link to this article: ht t p: / / dx. doi. org/ 10. 1080/ 19420862. 2015. 1029215

PLEASE SCROLL DOWN FOR ARTI CLE
Taylor & Francis m akes every effort t o ensure t he accuracy of all t he inform at ion ( t he “ Cont ent ” ) cont ained in
t he publicat ions on our plat form . Taylor & Francis, our agent s, and our licensors m ake no represent at ions or
warrant ies what soever as t o t he accuracy, com plet eness, or suit abilit y for any purpose of t he Cont ent . Versions
of published Taylor & Francis and Rout ledge Open art icles and Taylor & Francis and Rout ledge Open Select
art icles post ed t o inst it ut ional or subj ect reposit ories or any ot her t hird- part y websit e are wit hout warrant y
from Taylor & Francis of any kind, eit her expressed or im plied, including, but not lim it ed t o, warrant ies of
m erchant abilit y, fit ness for a part icular purpose, or non- infringem ent . Any opinions and views expressed in t his
art icle are t he opinions and views of t he aut hors, and are not t he views of or endorsed by Taylor & Francis. The
accuracy of t he Cont ent should not be relied upon and should be independent ly verified wit h prim ary sources
of inform at ion. Taylor & Francis shall not be liable for any losses, act ions, claim s, proceedings, dem ands,
cost s, expenses, dam ages, and ot her liabilit ies what soever or howsoever caused arising direct ly or indirect ly in
connect ion wit h, in relat ion t o or arising out of t he use of t he Cont ent .
This art icle m ay be used for research, t eaching, and privat e st udy purposes. Term s & Condit ions of access and
use can be found at ht t p: / / www.t andfonline.com / page/ t erm s- and- condit ions
I t is e sse n t ia l t h a t you ch e ck t h e lice n se st a t u s of a n y give n Ope n a n d Ope n Se le ct a r t icle t o con fir m
con dit ion s of a cce ss a n d u se .

REPORT
mAbs 7:3, 571--583; May/June 2015; Published with license by Taylor & Francis Group, LLC

Production of a2,6-sialylated IgG1 in CHO cells
C
eline Raymond1,2, Anna Robotham3, Maureen Spearman4, Michael Butler4, John Kelly3, and Yves Durocher1,2,*
1

Human Health Therapeutics Portfolio; National Research Council of Canada; Montreal, Canada; 2Department of Biochemistry and Molecular Medicine;
Universite de Montreal; Montreal, Canada; 3Human Health Therapeutics Portfolio; National Research Council of Canada; Ottawa, Canada;
4
Department of Microbiology; University of Manitoba; Winnipeg, Canada

Keywords: N-glycosylation, sialylation, IgG1, CHO cells, transfection, SIAT1, B4GALT1

Downloaded by [National Research Council Canada] at 10:29 08 July 2015

Abbreviations: mAbs, monoclonal antibodies; TZM, trastuzumab (HerceptinÒ ); GT, b1,4-galactosyltransferase 1; ST6, a2,6-sialyltransferase 1; a2,3SA, a2,3-linked sialic acid; a2,6SA, a2,6-linked sialic acid; LC-ESI-MS, liquid chromatography coupled to electrospray ionization mass spectrometry; cIEF, capillary zone electrophoresis isoelectric focusing; HILIC, hydrophilic interaction liquid
chromatography; ECL, Erythrina Cristagalli lectin; MAL-II, Maackia Amurensis lectin II; SNA, Sambucus Nigra agglutinin; PEI,
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The presence of a2,6-sialic acids on the Fc N-glycan provides anti-inﬂammatory properties to the IgGs through a
mechanism that remains unclear. Fc-sialylated IgGs are rare in humans as well as in industrial host cell lines such as
Chinese hamster ovary (CHO) cells. Facilitated access to well-characterized a2,6-sialylated IgGs would help elucidate the
mechanism of this intriguing IgG’s effector function. This study presents a method for the efﬁcient Fc glycan a2,6sialylation of a wild-type and a F243A IgG1 mutant by transient co-expression with the human a2,6-sialyltransferase 1
(ST6) and b1,4-galactosyltransferase 1 (GT) in CHO cells. Overexpression of ST6 alone only had a moderate effect on the
glycoproﬁles, whereas GT alone greatly enhanced Fc-galactosylation, but not sialylation. Overexpression of both GT and
ST6 was necessary to obtain a glycoproﬁle dominated by a2,6-sialylated glycans in both antibodies. The wild-type was
composed of the G2FS(6)1 glycan (38%) with remaining unsialylated glycans, while the mutant glycoproﬁle was
essentially composed of G2FS(6)1 (25%), G2FS(3,6)2 (16%) and G2FS(6,6)2 (37%). The a2,6-linked sialic acids
represented over 85% of all sialic acids in both antibodies. We discuss how the limited sialylation level in the wild-type
IgG1 expressed alone or with GT results from the glycan interaction with Fc’s amino acid residues or from intrinsic
galactosyl- and sialyl-transferases substrate speciﬁcities.

Introduction
The efficacy of many therapeutic monoclonal antibodies
(mAbs) relies on their Fc-dependent effector functions.1-3 For
example, antibody-dependent cell-mediated cytotoxicity
(ADCC) or complement-dependent cytotoxicity (CDC) are triggered when the Fc domain interacts with the Fcg receptors
(FcgR) present at the surface of immune cells or the complement
molecule C1q, respectively. The Fc domain of immunoglobulin
(Ig) G possesses 2 N-glycans, one on each heavy chain (HC) at
Asparagine 297, which are necessary for its binding to FcgRs4-6
or C1q.7,8
N-glycosylation is a very common co-translational modification initiated in the endoplasmic reticulum (ER) and completed
in the Golgi apparatus. While the antibody progresses in the
secretory pathway, the monosaccharide chains are sequentially
trimmed and elongated by glycosyltransferases distributed along
the ER and Golgi compartments. Glycan modifications

happening in the Golgi typically occur when the protein quaternary structure is established. While N-glycans are normally
exposed at the surface of the proteins, the Fc N-glycans lie within
a pocket formed by the 2 CH2 domains of the antibody where
they interact with internal amino acid residues through hydrogen
and CH-p bonds.9-11 As a consequence of this embedment, the
Fc N-glycans are mostly limited to di-antennary complex type
with partial galactosylation and low sialylation. The most common glycan on circulating human IgGs is a fucosylated complex
structure with one galactose (G1F), followed by fucosylated complex glycans with 0 and 2 galactoses (G0F and G2F) (Fig. 1). In
addition, 10–20% of IgGs are sialylated (mostly G2FS1).12-14
The Fc glycan structure of an IgG impacts its effector functions. For example, core-fucosylation has been shown to decrease
Fc binding to FcgRIIIa,6,15,16 which significantly reduces
ADCC.17,18 In addition, the presence of terminal galactose has
been shown to induce conformational changes in the Fc
domain,10 increasing Fc binding to C1q which promotes
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Figure 1. Complex biantennary N-linked glycan structures found in the
Fc domain of IgGs. All complex glycans are composed of 4 N-acetylglucosamine residues (GlcNAc, blue squares), and 3 mannose residues
(green circles). G0, G1, G2 indicate 0, 1 or 2 galactose residues (yellow
circles). F indicates the presence of a core-fucose residue (red triangle).
S1 and S2 indicate mono- and di-sialylated glycans (sialic acids are represented as purple diamonds). The sialic acid linkage type is indicated
when required in parentheses: G1FS(3)1 and G1FS(6)1 designate G1FS1
carrying either a a2,3- or a a2,6-linked sialic acid, respectively. Similarly,
G2FS1 may be G2FS(3)1 or G2FS(6)1. G2FS(3,3)2, G2FS(3,6)2 and G2FS
(6,6)2 designate G2FS2 carrying 2 a2,3SA, one a2,3SA and one a2,6SA,
or 2 a2,6SA, respectively. a1,3 and a1,6 designate the linkage types of
the core mannose residues, and by extension refer to the branches initiated by these residues: the a1,3-arm and the a1,6-arm, respectively.

CDC.19,20 However, the effect of galactosylation on FcgRIIIa
binding or ADCC is unclear.6,19,20 The impact of the presence
of terminal sialic acid residues is also uncertain.21-30 Indeed, the
discrepancies in the methods used for evaluating biological activity, the variability in the type and level of sialylation, as well as
the lack of a systematic in-depth glycan characterization, all contribute to the ambiguity of its role in IgG functions. In humans,
sialic acids can be attached to the Fc-glycans either on the C3- or
the C6-hydroxyl group of the terminal galactose, through the
action of a2,3-sialyltransferases (ST3) or the a2,6-sialyltransferase-1 (ST6).31 Although Fc-sialylation in circulating human
IgGs is generally believed to be mainly – if not only – of a2,6
type,4,32-36 the impact of Fc sialylation on IgG’s ADCC was only
tested using antibodies bearing exclusively a2,3-linked sialic
acids (a2,3SA).22 Contradictory results were also reported on sialylated Fcs’ ability to bind FcgRIIIa, but using dissimilar IgG
preparations and affinity measurement protocols.21,28 In other
studies assessing the anti-inflammatory properties of a2,6-sialylated IgGs,21,24,26,30 blood-derived or recombinant antibodies
were enriched by affinity chromatography using Sambucus Nigra
agglutinin-resins that were shown to catch mainly IgGs bearing
Fab-sialylated glycans to the detriment of Fc-sialylated species.24,32,37 While the specific involvement of Fc’s a2,6-sialylation in anti-inflammatory activity was shown by Anthony et al.
in their model,35 which receptor the sialylated Fcs are targeting
remains controversial.23,27,30 A method for the rapid production
of IgGs with physiological and well-characterized a2,6-sialylated
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Fc would thus greatly help to better characterize their mechanism
of action.
Approaches developed to enhance sialylation of IgG’s Fc-glycans fall into 3 major categories: (1) in vitro enzymatic glycan
remodeling of purified antibodies, (2) engineering of Fc aminoacid sequence, or (3) cell engineering through the over-expression
of glycosyltransferases. The in vitro enzymatic addition of galactose and sialic acid residues on purified mAbs was shown to be
effective, but requires several 24 hour-cycles of reaction, substantial amounts of costly recombinant enzymes and substrates, and
an additional purification step.35,38,39 Single amino acid mutations in the Fc, such as the replacement of the phenylalanine 243
by an alanine that disrupts the glycan-CH2 domain interaction,33,40 were shown to allow enhanced galactosylation and sialylation, reinforcing the hypothesis that glycan embedment and
interaction with the Fc structure may limit its access to some glycosyltransferases. However, amino acid substitutions lying far
away from the glycan were also shown to affect glycosylation and
receptor binding.41,42 The very high number of potent mutations
and the possibility that the mutations themselves rather than the
resulting altered glycan structure may affect antibody function
render the understanding of Fc glycan structure/function a complex task.28
Most cell engineering efforts directed toward altering glycosylation have focused on the manipulation of Chinese hamster ovary
(CHO) cell lines because they are widely used for the
manufacturing of therapeutic mAbs.43 Their glycosylation
machinery is very similar to that of humans, but they lack a functional ST6, limiting their sialylation capability to the addition of
a2,3SA residues.44 Moreover, IgGs produced in CHO cells
appear to be severely hypogalactosylated.40 The stable expression
of human ST3 and b1,4-galactosyltransferase 1 (GT) together
with a tumor necrosis factor receptor-IgG1 (TNFR-IgG1) fusion
protein, allowed increased sialylation,45 but the highly-branched
and highly-sialylated TNFR N-glycans did not allow clear assessment of Fc sialylation. In another study, the untranslated ST6
gene present in the CHO genome was cloned and reinserted,
providing a functional ST6, which led to a good enhancement of
IgG’s sialylation, but the growth and viability of the CHO cells
expressing ST6 were significantly affected.46 Finally, it was
shown that the co-expression of a rat ST6 with a mutant F243A
IgG3 did not increase the overall Fc sialylation level, but rather
resulted in a a2,6:a2,3 sialic acid ratio of 0.9:1.33 Interestingly,
this work also showed that the a2,3-sialylated F243A mutant
had no affinity for FcgRI, FcgRII, and C1q, while the same
mutant containing 50% of a2,6SA residues showed affinity for
these receptors similar to that of the wild-type IgG3, highlighting
the importance of properly determining the type of sialic acid
linkage.
In this study, we developed a method for the fast production
of a2,6-sialylated IgG1 by transient co-expression of human GT,
ST6 and IgG1 in CHO cells. The mAbs used as models were the
humanized trastuzumab (TZM) IgG1 antibody possessing a
human Fc, and its F243A mutated version. The effect of coexpressing GT, ST6, or both on Fc glycans was analyzed by liquid chromatography coupled to electrospray ionization mass
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spectrometry (LC-ESI-MS). The nature of the sialic acid linkage
was assessed by sequential sialidase digestions followed by capillary zone electrophoresis isoelectric focusing (cIEF), and hydrophilic interaction liquid chromatography (HILIC). We showed
that significant levels of physiologically relevant monosialylated
glycan, as those found on circulating human IgGs, were found
on TZM Fc following the co-expression of GT and ST6. Comparison of the wild-type and F243A mutant glycoprofiles suggests
that glycan interaction with F243 hampers the action of CHO
and human GT as well as ST6. Also, our data indicate that the
overexpression of human GT and ST6 in CHO cells significantly
favors a2,6-sialylation over a2,3-sialylation.

Results
Production of sialylated antibodies
TZM was expressed by co-transfection of 2 plasmids, one
coding for the HC and the other coding for the light chain (LC).
A HC:LC ratio of 2:3 (w:w) was used to ensure optimal expression of the mAb in CHO-3E7 cells as determined in a previous
work.47 The human membrane-associated b-1,4-galactosyltransferase 1 (GT) and b-galactoside a-2,6-sialyltransferase 1 (ST6)
were co-expressed with the mAbs to enhance galactosylation or
a2,6-sialylation of the Fc. The quantity of GT-encoding plasmid
necessary to achieve maximal galactosylation of the Fc was first
assessed. Between 0.5% to 10% (w:w) of GT plasmid was

Figure 2. Lectin-blot analyses of TZM from culture supernatants. Various
amounts of glycosyltransferases and harvest time were tested for optimal galactosylation and sialylation of the Fc. The lectin-blots show the
mAbs’ heavy chain (reducing gels). Ponceau red staining was used to
control the protein load. Panel (A) Co-expression of TZM and GT. The
DNA mix was composed of 0% to 10% in weight of GT encoding plasmid,
the rest being a 6:4 mixture of plasmids coding for TZM light and heavy
chains. ECL was used to detect terminal galactosylation. Panel (B) Coexpression of TZM, GT and ST6. The DNA mix was composed of 2% of GT
plasmid with 0% to 20% of ST6 coding plasmid, the rest being a 6:4 mixture of plasmids coding for TZM light and heavy chains. SNA was used to
detect terminal a2,6-sialylation. Panel (C) HC a2,6-sialylation level from
day 2 to day 9 post-transfection.
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incorporated into the DNA mix, for a final DNA concentration
of 1 mg per mL of culture to be transfected. The extent of Fc glycan galactosylation was determined by lectin-blot using the
Erythrina cristagalli lectin (ECL) that specifically detects terminal
galactoses. The blot showed that 2% of GT encoding plasmid
was sufficient to allow maximal galactosylation of the HC
(Fig. 2A). The assay was repeated with a 98:2 (w:w) TZM:GT
plasmid ratio and various amounts of the ST6 encoding plasmid.
The Sambucus nigra lectin (SNA) was used to evaluate a2,6-sialylation. As previously reported, 20% of ST6 plasmid in the transfection mix was optimal for HC sialylation (Fig. 2B).47 The
DNA mix composition selected was thus 2% of GT plasmid and
20% of ST6 plasmid (Fig. 2A–B). Next, we assessed the optimal
harvest time that produced the highest a2,6-sialylation level of
the Fc. HC a2,6-sialylation was monitored by SNA-blot from 2
d post-transfection (dpt) until day 9 post-transfection where cell
viability dropped to »40%. The cultures were shifted from 37 C
to 32 C at 1 dpt to delay cell death and increase production
yields.48 The harvest time was set at 4 dpt to get an optimal Fc
sialylation while allowing for acceptable TZM yields of »15–
20 mg/L after protein-A purification (Fig. 2C).
Antibody characterization
These optimal conditions were scaled up to 500 mL
cultures to produce milligrams of TZM expressed alone or coexpressed with GT, ST6 or both (designated GT, ST6 or
GTST6, respectively). The TZM containing the F243A substitution (TZMm) was also produced under the same conditions. All
antibodies were obtained at yields of ~15–20 mg/L. Following
protein-A purification, the sialylation levels were first evaluated
by cIEF and lectin-blotting. Figure 3A shows that TZM IEF profile was defined by a main charge variant flanked by very low
amounts of 2 basic variants and 2 acidic variants. A non-glycosylated version of TZM, the N297Q mutant, exhibited the same
profile, showing that the basic and acidic variants were not due
to Fc glycan. In contrast, TZMm exhibited high levels of acidic
variants. Its desialylation by an a2,3SA-specific sialidase (sialidase
S) resulted in the complete loss of these acidic variants, confirming that appearance of these acidic variants on cIEF is the consequence of sialylation. Interestingly, TZMGT and TZMST6
showed the same cIEF profile as TZM, whereas TZMGTST6
and the 4 TZMm samples (C/¡ GT and/or ST6) had patterns
differing in number, pI and intensity of acidic variants (Fig. 3B
panel 1). SNA-blotting confirmed the presence of a2,6SA in
TZMGTST6, TZMmST6 and TZMmGTST6, but no signal
was detected in TZMST6, supporting IEF results (Fig. 3B panel
2). Maackia amurensis lectin II (MALII)-blotting was then used
to detect endogenous CHO a2,3-sialylation, which was only
detectable in the 4 TZMm samples. The strongest signal was
obtained when TZMm was expressed alone (Fig. 3B panel 3),
declined when GT or ST6 were co-expressed, and became almost
undetectable in the presence of both GT and ST6. Finally, the
presence of terminal galactose residues was assessed using the
Erythrina cristagalli lectin (Fig. 3B panel 4). No or only barely
detectable ECL signal was detected when TZM or TZMm were
expressed alone or co-expressed with ST6. However, a strong
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Figure 3. Capillary IEF (cIEF) electropherograms of TZM constructs. Panel
(A) The cIEF proﬁle of TZM is composed of a main charge variant and
traces of acidic and basic variants. These traces are not the result of glycosylation since the non-glycosylated mutant TZM N297Q has an identical proﬁle. In contrast, the acidic variants of TZMm are the result of
sialylation. Panel (B1) cIEF proﬁles of puriﬁed TZM and TZMm expressed
alone or in the presence of GT, ST6, or both. Panel (B2–4) Lectin-blots
showing the a2,6-sialylation, a2,3-sialylation and terminal galactosylation levels of TZM heavy chain as revealed by SNA, MALII and ECL,
respectively.

signal appeared when both mAbs were co-expressed with GT,
indicating efficient galactosylation. The ECL signal was significantly reduced when TZM was co-expressed with GT and ST6
while it completely disappeared in the case of TZMmGTST6,
indicating efficient sialylation by ST6.

Glycan analyses by mass spectrometry
To confirm these observations and describe further the effect
of the F243A mutation and co-expression of glycosyltransferases
on TZM glycoprofiles, the antibodies were submitted to LCESI-MS analysis. They were first digested by the immunoglobulin-degrading enzyme from Streptococcus pyogenes (IdeS), which
cleaves the antibody into a F(ab’)2 fragment and 2 Fc/2 (CH2CH3) glycosylated polypeptides. The molecular weight profiles
obtained for the Fc/2 glycopeptides by LC-ESI-MS are shown in
Figure 4 and their relative intensities are presented in Table 1.
For each mAb, the relative peak intensities were used to calculate
the relative number of branches terminated by a given monosaccharide residue among the complex glycans (Table 2). Non-glycosylated Fc/2 peptides were not detected in any of the 8
conditions, confirming the full occupancy of the N297 glycosylation site in all antibodies.
TZM showed the classical glycoprofile of CHO-produced IgG1,
i.e., a large majority of fucosylated non-galactosylated glycans (G0F,
54.4 § 1.9%), followed by monogalactosylated glycans (G1F,
31.4 § 2.1%) and small amounts of fully galactosylated glycans
(G2F, 5.1 § 0.1%) (Fig. 4A). As suggested by the cIEF and lectinblot results, ST6 expression had negligible effect on TZM glycan
(Fig. 4B); only small amounts of the mono-sialylated species G1FS1
and G2FS1 (5.8 § 0.7% and 2.7 § 0.7%, respectively) were
obtained. To estimate the sialylation efficiency independently of the
composition of the glycan pool, we expressed the sialylation level in
relative number of antennae carrying a sialic acid among the complex
glycan branches, i.e., excluding high-mannose and hybrid glycan
branches (see the Materials and Methods Section for the formula
employed). We found that only 4.8 § 0.1% of the complex antennae
were terminated by a sialic acid in TZMST6 (Table 2). However,
expression of GT dramatically modified TZM glycoprofile as seen
on the m/z profile (Fig. 4C); G2F became the predominant glycan
(44.8 § 2.1%), and the percentage of complex antennae terminated
by a galactose increased from 22.7 § 0.4% in TZM to 66.4 § 1.2%
in TZMGT (Table 2). Although it could not be seen by cIEF and

Table 1. Fc glycan composition of the wild-type TZM and F243A mutant expressed alone or co-expressed with GT, ST6 or both. The values are averages of
relative peak heights in the molecular weight proﬁles obtained by LC-ESI-MS of Fc/2 glycopeptides of 2 independent batches. The category “other tri-antennae” contains glycans having a third complex branch being partially sialylated or galactosylated (e.g. G3FS2). High-mannose glycans comprise M5, M6, M7,
M8 and M9 The category “truncated core” contains the hybrid glycans Galb1–4GlcNAcb1–2Mana1–3/6(Mana1–6/3)Manb1–4GlcNAcb1–4(Fuca1–6)GlcNAc
(abbreviated here as G1F¡GlcNAc), GlcNAcb1–2Mana1–3/6(Mana1–6/3)Manb1–4GlcNAcb1–4(Fuca1–6)GlcNAc (G0F¡GlcNAc), and GlcNAcb1–2Mana1–3/
6Manb1–4GlcNAcb1–4(Fuca1–6)GlcNAc, as well as the Fuca1–6GlcNAc fragment (GlcNAcF), which was found in one of the 2 batches only, but represented
2 to 6% in the wild-type mab, and up to 10–15% in the mutant

G0F
G1F
G2F
G3F
G1FS1
G2FS1
G2FS2
G3FS3
Other tri-antennae
High-mannose
Truncated core
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TZM (%)

TZMGT (%)

TZMST6 (%)

TZMGTST6 (%)

TZMm (%)

54.4 § 1.9
31.4 § 2.1
5.1 § 0.1
0.0
0.9 § 1.3
0.0
0.0
0.0
0.0
5.3 § 1.7
2.9 § 1.0

15.0 § 1.4
23.5 § 4.2
44.8 § 2.1
0.0
0.6 § 0.8
3.5 § 1.2
0.5 § 0.7
0.0
0.0
6.8 § 4.2
5.3 § 4.7

49.6 § 4.6
26.3 § 1.5
3.5 § 0.1
0.0
5.8 § 0.7
2.7 § 0.7
0.0
0.0
0.0
4.8 § 1.3
6.9 § 3.6

12.3 § 1.4
19.5 § 1.4
20.9 § 2.9
0.0
2.4 § 0.3
32.0 § 1.0
6.6 § 0.8
0.0
0.0
4.7 § 2.7
1.6 § 2.2

8.3 § 2.3
19.4 § 0.4
11.4 § 1.1
0.0
14.3 § 4.3
16.7 § 0.6
19.6 § 0.2
4.3 § 0.8
0.0
0.6 § 0.8
5.4 § 7.6

mAbs

TZMmGT (%)

TZMmST6 (%)

TZMmGTST6 (%)

0.0
§ 0.3
§ 0.5
§ 0.0
§ 0.4
§ 5.6
§ 6.3
§ 1.8
0.0
4.4 § 2.7
8.6 § 12.2

9.9 § 0.2
14.9 § 2.9
2.3 § 0.1
0.0
19.8 § 3.3
13.4 § 1.3
28.6 § 1.2
5.0 § 0.7
1.1 § 0.1
0.0
5.0 § 7.1

0.6 § 0.8
1.4 § 0.3
2.9 § 0.4
0.0
2.8 § 0.6
29.1 § 4.0
50.4 § 4.4
2.6 § 1.4
2.6 § 1.0
2.0 § 2.9
5.7 § 8.0

3.5
41.0
2.2
2.2
19.9
17.0
1.3
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Table 2 Incidence of terminal GlcNAc, galactose and sialic acid residues in the composition of the antennae of the complex glycans (i.e., the glycans presented in Table 1, except for the high-mannose and truncated-core categories) (rows 1, 2 and 3, respectively). A complex antenna is deﬁned here by the
sequence GlcNAcb1–2Mana1–3/6Manb1–4GlcNAcb1–4GlcNAc. The incidence of Gal residues (either terminal of SA-capped), as well as the proportion of
Gal residues capped with a SA were also calculated (rows 4 and 5, respectively). These results are based on the LC-ESI-MS analyses
TZM
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Arms terminated by a GlcNAc (%)
Arms terminated by a Gal (%)
Arms terminated by a SA (%)
Arms carrying a Gal (%)
Gal capped by a SA (%)

76.8
22.7
0.5
23.2
2.2

§ 0.3
§ 0.4
§ 0.7
§ 0.3
§ 3.2

TZMGT
30.7
66.4
2.9
69.3
4.2

§ 0.4
§ 1.2
§ 0.8
§ 0.4
§ 1.2

TZMST6
74.7
20.5
4.8
25.3
19.1

§ 2.2
§ 2.1
§ 0.1
§ 2.2
§ 1.1

lectin-blot analyses, the presence of terminal sialic acid was detected
at low level (4.6 § 0.6% of glycans), despite the abundance of terminal galactose residues available for the CHO endogenous ST3
enzyme. Upon co-expression of both GT and ST6, the amount of
G2F significantly decreased compared to
TZMGT (20.9 § 2.9% vs 44.8 § 2.1%)
while G2FS1 increased to 32.0 § 1.0%,
becoming the major glycan found in
TZMGTST6 sample (Fig. 4D). However, only a little amount of G2FS2 was
detected (6.6 § 0.8%). In contrast with
the TZM produced in the other 3 conditions, where less than 5% of the complex
glycan branches were sialylated, up to
25.4 § 0.2% of the complex glycan
branches were terminated by a sialic acid
in TZMGTST6 (Table 2). These results
confirmed that both GT and ST6 were
necessary to raise sialylation of the wildtype TZM to high levels as previously suggested by the cIEF analysis.
Impact of the F243A mutation
The F243A mutation resulted in a
sharp increase in the glycan heterogeneity compared to the wild-type
TZM (Fig. 4E). This was a direct
consequence of the appearance of the
sialylated glycans G1FS1, G2FS1
and G2FS2, representing »14%,
17% and 20%, respectively, of the
glycan species. This increased sialylation was enabled by a high level of
galactosylation compared to the wildtype antibody; the proportion of
complex glycan arms carrying a
galactose residue, either terminal or
capped with a SA, increased from
23.2 § 0.3% in TZM up to 73.9 §
2.4% in TZMm (Table 2). Similarly
to TZMST6, the co-expression of
the F243A mutant with ST6 resulted
in a moderate 11.5% increase in the
relative number of complex arms terminated by a SA (Fig. 4F, Table 2),
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TZMGTST6
24.9
49.7
25.4
75.1
33.9

§ 1.9
§ 1.7
§ 0.2
§ 1.9
§ 0.6

TZMm
26.1
30.7
43.2
73.9
58.5

§ 2.4
§ 1.7
§ 0.7
§ 2.4
§ 1.0

TZMmGT

TZMmST6

3.2
63.7
33.1
96.8
34.2

28.0
17.3
54.7
72.0
76.0

§ 0.2
§ 7.5
§ 7.7
§ 0.2
§ 7.9

§ 1.3
§ 0.2
§ 1.5
§ 1.3
§ 0.7

TZMmGTST6
2.7
21.1
76.2
97.3
78.4

§ 1.0
§ 1.0
§ 0.1
§ 1.0
§ 0.8

while its co-expression with human GT resulted in >95%
of the complex glycan branches carrying a galactose
(Table 2). Interestingly, and as observed with TZMGT,
G2F was the dominant species (41.0 § 0.5%) in TZMmGT

Figure 4. Fc/2 molecular weight proﬁles obtained by LC-ESI-MS analysis. The analysis was performed
on 2 independent batches. Secondary peaks were detected at C16 Da for all glycopeptides and were
considered to be caused by oxidation.
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(Fig. 4G). However, this increased galactosylation did not
lead to a higher sialylation; the sialylation level was even
lower in TZMmGT than in TZMm (40% and 55% of sialylated glycans, respectively). Finally, the TZMmGTST6 glycans were mostly sialylated (Fig. 4H and Table 1); G2FS2
and G2FS1 were the predominant glycans (50.4 § 4.4%

and 29.1 § 4.0%, respectively), meaning that over 75% of
the complex glycan branches were terminated by a sialic acid
(Table 2). Moreover, 78% of the galactoses were sialylated
compared to only 34% in TZMGTST6 (Table 2), suggesting that the F243A mutation greatly improves ST6-mediated
sialylation.
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Determination of sialic acid linkage
type
Considering the extremely low level
of a2,3-sialylation in TZMGT, we
hypothesized that the sialic acids in
TZMGTST6 glycans were mostly – if
not only – of the a2,6 type, whereas in
the
mutants
TZMmST6
and
TZMmGTST6, the sialylated glycans
could contain a mixture of a2,3- and
a2,6-linked SA. The SA linkage types in
the glycans were assessed by cIEF and
HILIC analysis after digestion with the
a2,3SA-specific sialidase S from Streptococcus pneumoniae or the non-specific
sialidase A from Arthrobacter ureafaciens.

Figure 5. Effect of a2,3SA-speciﬁc sialidase S treatment on TZM samples. Panel (A) cIEF proﬁles TZM
and TZMm; panels (B–D) HILIC proﬁles of TZMGTST6, TZMmST6 and TZMmGTST6. HILIC was performed on PNGaseF-released glycans from 2 independent batches (u.g. stands for unidentiﬁed glycan). Non-speciﬁc digestion was suspected in TZMmST6 (Panel C). Unexpected high absorbance is
indicated by (*), and unexpected low absorbance by (**). GlcNAcF refers to the Fuca1–6GlcNAc
fragment.
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TZMGTST6
Specific a2,3SA digestion with Sialidase S had no effect on the cIEF profile
of TZMGTST6 (Fig. 5A), in agreement with the absence of signal on the
MALII-blot (see Fig. 3B panel 3). This
was also confirmed by HILIC analysis
of sialidase S treatment of PNGaseF
released Fc-glycans (Fig. 5B). The G0F,
G1F, G2F and G2FS1 glycans were
detected in increasing amounts, in
accordance with LC-ESI-MS analyses.
The correlation between the glycans relative abundances as detected by MS and
HILIC analyses of TZMGTST6 was
very good (Pearson correlation coefficient P D 0.95). G2FS1 mainly
appeared (~95%) as an a2,6-sialylated
isomer G2FS(6)1 (37.6 § 4.0%) eluting
at a retention time (RT) of 41.2 min
(Table 3). It is noteworthy that G2FS
(6)1 eluted on some occasions at a
higher RT corresponding to the G2FS
(3,3)2 glycan, but each time the peak
was not sensitive to sialidase S digestion
(data not shown). The peak at RT D
42.4 min was attributed to the disialylated glycan G2FS(3,6)2 (4.1 § 1.1%),
although a small peak remaining after
sialidase S treatment suggested the presence of a co-eluting compound
(Fig. 5B, C & D). G2FS(6,6)2 was also
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Table 3. Fc glycan composition of the wild-type TZM co-expressed with GT and ST6, and the F243A mutant (TZMm) co-expressed with ST6 alone or GT and
ST6. The values are averages of the peak areas obtained in the HILIC chromatograms of PNGaseF-released glycans from 2 independent batches. Although
signiﬁcant amounts of G3FS3 were detected by LC-ESI-MS, no peak could be attributed with certitude to this glycan in HILIC chromatograms, because of
their numerous potential isoforms. The peaks with a GU value  9.60, affected by sialidases, were thus grouped in the category “presumed triantennae,”
and the incidence of a2,3 and a2,6SA was calculated on the glycans G1FS1, G2FS1 and G2FS2 only
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Retention time
GlcNAcF
G0F
G1
G1F isomer a
G1F isomer b
G2F
G1FS(3)1
G1FS(6)1
G2FS(3)1
G2FS(6)1
G2FS(3,3)2
G2FS(3,6)2
G2FS(6,6)2
Presumed tri-antennae
Unidentiﬁed glycans >2%
total % a2,6SA:a2,3SA

31.3
33.2
34.4
36.0
36.3
38.9
37.4
39.3
40.2
41.3
41.4
42.6
43.6
 44.4
38.4 and 40.4

GU value

TZMGTST6 (%)

5.40
5.84
6.15
6.60
6.70
7.48
7.04
7.60
7.94
8.38
8.42
8.80
9.20
 9.60
7.30 and 8.04

0.4 § 0.1
9.5 § 1.6
1.1 § 0.1
13.3 § 3.8
2.0 § 0.6
20.5 § 1.9
1.0 § 0.2
1.4 § 0.2
1.8 § 0.9
37.6 § 4.0
0.0 § 0.0
4.1 § 1.1
3.0 § 0.3
0.2 § 0.2
3.1 § 2.8
88:12

TZMmST6 (%)
0.6
8.6
1.0
12.0
1.2
11.2
9.4
2.6
5.3
12.9
0.0
18.8
11.7
3.1

§ 0.1
§ 0.9
§ 0.0
§ 1.6
§ 0.0
§ 0.7
§ 2.6
§ 0.2
§ 0.6
§ 0.4
§ 0.0
§ 0.9
§ 3.5
§ 0.1
0.0
63:37

TZMmGTST6 (%)
0.1
1.1
1.0
2.1

§ 0.2
§ 0.2
§ 0.6
§ 0.3
0.0
2.8 § 0.5
1.9 § 0.7
0.8 § 0.1
2.8 § 0.1
24.6 § 3.5
0.0 § 0.0
15.8 § 2.0
37.0 § 5.8
2.9 § 1.0
4.4 § 2.7
85:15

detected at a low level. It was found that 88% of the sialic acids in
TZMGTST6 glycans were of a2,6 type (Table 3 and Fig. 6).

linkage type was less pronounced than in TZMGTST6 (Table 3
or Fig. 6).

TZMmST6
The a2,3SA-specific desialylation of TZMmST6 resulted in a
drastic decrease in the abundance of the most acidic bands of the
cIEF profile (Fig. 5A), demonstrating the presence of a2,3SA, as
supported by MALII-blotting (Fig. 3B, panel 3). However, the
HILIC profile obtained for TZMmST6 did not fully agreed with
the LC-ESI-MS data (Pearson correlation coefficient P D 0.77)
(compare Fig. 5C with Fig. 4F). There were 2 main discrepancies with the LC-ESI-MS profile; first, the glycan G2F (RT D
38.7 min) appeared more abundant in HILIC than in MS
(HILIC: 12%; MS: 2%), and second, the G1FS1 glycans (2 isomers at RT D 37.4 and 39.1 min) were less abundant in HILIC
than in MS (HILIC: 10%; MS: 17%) (Figs. 4F and 5C,
Tables 1 and 3). Nevertheless, the presence of the a2,3-sialylated
glycans G1FS(3)1, G2FS(3)1 and G2FS(3,6)2, eluting at
37.4 min, 39.9 min and 42.3 min, respectively, was confirmed
by sialidase S digestion (Fig. 5C). The a2,6-sialylated isomers
G1FS(6)1 (RT D 39.1 min), G2FS(6)1 (RT D 41.2 min) and
G2FS(6,6)2 (RT D 43.4 min), were also detected, although the
peaks appeared altered by the sialidase S treatment (the increased
peak intensities of G0F and G1F suggests some non-specific
digestion). It was found that G1FS(3)1 was the predominant
G1FS1 isoform while G2FS(6)1 was the predominant G2FS1
isoform (Table 3). The G2FS2 glycans were a mixture of G2FS
(3,6)2 (18.8 § 0.9%) and G2FS(6,6)2 (11.7 § 3.5%) isoforms.
Interestingly the G2FS(3,3)2 isoform was not detected (Table 3),
suggesting that ST6 is faster than ST3 to sialylate G2FS(3)1.
Overall, the predominant SA linkage in TZMmST6 was of the
a2,6 type (63%), although its predominance over the a2,3-

TZMmGTST6
The sialidase S treatment resulted in a decreased intensity of
the most acidic bands on the cIEF profile (Fig. 5A), suggesting
the presence of a2,3SA in TZMmGTST6 as predicted by the
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Figure 6. The relative abundances of the sialylated biantennary complex
glycans (G1FS1, G2FS1 and G2FS2). The HILIC results were used to calculate the proportion of a2,3- and a2,6-linked sialic acids found in
TZMGTST6, TZMmST6 and TZMmGTST6. White:% a2,3SA. Gray:% a2,6SA.
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MALII-blot (Fig. 3B, panel 3). The relative abundances of
TZMmGTST6 glycans as determined by HILIC were in very
good agreement with those of the corresponding Fc/2 glycopeptides detected by LC-ESI-MS (Pearson correlation coefficient P D
0.99). The chromatogram showed that G2FS(6,6)2 was the
major glycan (Fig. 5D), (37 § 5.8%), followed by G2FS(6)1
(24.6 § 3.5%) (Table 3). The G2FS2 isoform G2FS(3,6)2 was
the third glycan in abundance (15.8 § 2.0%) (Fig. 5D, Table 2),
whereas G2FS(3,3)2 was again not found. The predominance of
a2,6SA was similar to that found in TZMGTST6 as they represented 85% of all sialic acids present in the G1FS1, G2FS1 and
G2FS2 glycans (Table 3 or Fig. 6).
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Discussion
The precise impact of Fc-sialylation on CDC and ADCC, and
the mechanism by which it has been proposed to confer antiinflammatory properties to antibodies, have not been fully elucidated. The variety of sialylated glycans (linkage type, branch
occupancy) and the low abundance of Fc-sialylated glycans in circulating antibodies or in CHO-produced recombinant mAbs
have made difficult the generation of consistent data on their
functions. In this study, we present a method for the fast production of highly sialylated mAbs in CHO cells with a well-characterized glycoprofile to enable better assessment of the biological
function of Fc-sialylation. Milligram amounts of highly galactosylated IgG1 or G2FS(6)1 enriched IgG1 could be obtained
within 2 weeks.
Our data indicated that the co-transfection of both GT and
ST6 was required to obtain a wild-type IgG1 with a glycoprofile
dominated by monosialylated G2FS1 glycans, as found in circulating human antibodies. Indeed, the expression of ST6 alone
resulted in very poor sialylation improvement. Although terminal
galactose residues were available in the G1F glycans, they were
not efficiently used as substrates by ST6. This could be explained
by the selectivity of the human ST6 for the a1,3-branch of the
glycan (Fig. 1), while the galactose residue present on the main
G1F isomer was found on the opposite arm.39 More surprising,
while TZM co-expression with GT was expected to improve terminal sialylation by providing galactose residues for the endogenous ST3, G2F was the major glycan, while only traces of
G2FS1 could be detected. Thus, the concomitant expression of
ST6 with GT was necessary not only to introduce a2,6-linked
SA in the CHO cell, but also to allow the sialylation of the additional galactoses provided by GT. By co-expressing GT and ST6,
we obtained >40% of sialylated glycans in the wild-type TZM,
with >75% of them being G2FS(6)1. About 25% of the complex branches were terminated by a sialic acid, and 88% of the
sialic acids were of the a2,6 type. Onitsuka et al. reported the
development of a stable CHO cell line overexpressing the CHO
ST6 (called ST6M).46 They showed high sialylation level of the
Fc portion of a human IgG1-based diabody, with »44% of disialylated diantennary glycans (G2S2, G2FS2), and »26% of
G2FS1. Strikingly, while diabody Fc galactosylation in the
parental cell line was relatively low (15% of digalactosylated G2F
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glycan), this level was highly enhanced in the ST6M cell line
(~76% of digalactosylated glycans overall; 6% as G2F and 70% as
sialylated digalactosylated species). However, the mechanism
leading to this highly enhanced galactosylation level in ST6M
cell line was not discussed by the authors. Yet, similarly to in
vitro mAb sialylation, the ST6M cell line generated a mAb with
mostly disialylated glycans, which may not be physiologically relevant since G2FS1 is the main sialylated Fc glycan found in circulating human IgGs. In a paper published in 1999, Weikert
et al. reported that the co-expression of human GT and ST3
with a TNFR-IgG1 Fc fusion protein resulted in >90% of the
glycan branches terminated by a sialic acid.45 However, the glycans considered in this estimation were the sialylated glycans
only, i.e., the neutral glycans (G0F, G1F and G2F) were not
taken into account. Moreover, no distinction was made between
the glycans attached to the TNFR and the IgG Fc glycans. Thus,
while the sialylation efficiency they obtained cannot be compared
to our results despite the similarity of the methods, it is interesting to note that the co-expression of TNFR-Fc with GT resulted
in an accumulation of G2F without sialylation improvement, as
we observed for TZMGT and TZMmGT. Clark and coworkers
also reported no sialylation improvement upon enhancement of
the galactose content of an Fc-fusion protein following galactose
feeding of a CHO cell culture.49 They observed a concomitant
increase of the intracellular sialidase content, and suggested that
galactose up-regulated the production of sialidases in CHO cells,
thus reducing sialylation. While the presence of intracellular sialidase activity participating in the generation of G2F glycan cannot
be excluded, our data suggest other causes.
The IgG1 bearing the F243A substitution was produced to
enlighten some of the restrictions encountered for the sialylation
of the wild-type mAb. The phenylalanine 243 has been shown to
be in contact with the GlcNAc residue of the a1,6-arm of the
glycan.10 The F243A substitution was shown to enhance galactosylation and sialylation levels of the Fc, presumably by allowing
the glycan to span out of the cavity formed by the 2 Cg2
domains of the IgG, thus increasing the glycan exposure to the
galactosyl- and sialyltransferases.9,33,40 More recently, Barb et al.
proposed that the glycans were dynamic and alternating between
2 states, a state where the glycan is maintained within the cavity
by the interactions of the a1,6-arm with the protein surface, and
the other where both arms of the glycans are exposed outside of
the Fc cavity and become accessible to glycosyltransferases.50,51
Thus, the reduced glycan-protein interaction caused by the
F243A substitution may destabilize the equilibrium between the
2 states in favor of the second.50 As expected, TZMm expressed
alone was highly galactosylated and sialylated, yet the expression
of ST6 somewhat increased the sialylation level. However, the
expression of GT resulted in increased galactosylation, but the
sialylation level was lower than in TZMm and TZMmST6. In
both TZMGT and TZMmGT, G2F was the major glycan
observed. Thus, while our results support the conclusion that the
F243-glycan interaction in the wild-type Fc impairs galactosylation and ST6-mediated sialylation of the glycans, it could not
explain the lack of endogenous ST3-mediated sialylation of the
galactosylated wild-type antibodies. The co-expression of GT
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and ST6 in the F243A mutant resulted in >80% of sialylated
glycans, and 76% of the complex branches terminated by a sialic
acid. 85% of the sialic acids were a2,6-linked in TZMmGTST6,
which is close to the 88% found in TZMGTST6. In contrast,
only 63% of the sialic acids were of the a2,6-linkage type in
TZMmST6, which is higher than the 47% observed by Jassal
et al. using a F243A IgG3 co-expressed with the rat ST6.33
Thus, our data suggest that the co-expression of both GT and
ST6 in CHO cells favors a2,6 over a2,3 sialylation since the
galactose residues provided by the overexpression of human GT
are preferentially used by ST6 rather than ST3.
The close examination of the glycan isomers detected in our
samples gives insights on the characteristics of transferases. First,
the action of the endogenous GT and overexpressed human GT
could not be distinguished. However, the galactose residue in G1F
was present on the a1,6-arm of the glycan in all cases (endogenous
CHO or human GT), suggesting they both have the same selectivity for this arm, a result in agreement with the reported selectivity
found for the human GT.52 Second, only one G2FS(6)1 isomer
was detected. Given the branch selectivity of the human ST639,51,
the sialic acid was considered to be on the galactose residue lying
on the a1,3 arm. As for G1FS(6)1, only one isomer was detected,
but we could not determine if the galactose and SA residues were
on the a1,3- or a1,6-arm of the glycan.
The very low incidence of G1FS(6)1 could be explained by
the opposed branch selectivity of GT and ST6: the a1,6-arm
galactose being more abundant, but less favored by ST6, while
the ST6s preferred a1,3-arm galactose residue being rare due to
GT’s selectivity. Interestingly, we found that G2FS2 is composed
of G2FS(3,6)2 and G2FS(6,6)2 since G2FS(3,3)2 was never
detected when ST6 was expressed. Thus, ST6 appears faster than
ST3 to sialylate G2FS(3)1, which suggests that G2FS(3)1 carries
the a2,3 sialic acid on the a1,6 arm, leaving the free galactose
residue on ST6s favorite a1,3 branch. This in turn indicates that
CHO ST3 has the opposite arm selectivity to ST6, which had
been suggested for the rat liver ST3 and ST6.53 The hypothesis
of ST3 selectivity for the a1,6-arm is supported by the relatively
high amounts of G1FS(3)1 found in TZMm and TZMmST6.
Finally, it is reasonable to think that the a1,6-arm glycan’s
interaction with F243 residue hampers ST3 action as it also hampers CHO GT, human GT and ST6 by limiting glycan accessibility, a fortiori if ST3 is indeed selective for this a1,6-arm. The
increased ST3-mediated sialylation of the mutant F243A Fc
compared to the wild-type could be the simple consequence of
the increase of galactose level due to the mutation, rather than
the consequence of increased accessibility to the galactose. However, overexpression of the human GT did not enhance ST3mediated sialylation as it rather reduced it with a concomitant
accumulation of G2F glycan. Moreover, the G1FS(3)1 observed
in TZMm and TZMmST6 dropped to trace levels when GT was
expressed. This indicates that G2F may not be a very good substrate per se for the CHO endogenous ST3, which could actually
strongly prefer the G1F glycan.
The successive reaction steps of the ST3 enzyme would thus
be G1F!G1FS1!G2FS1 (through GT)!G2FS2, whereas
the human ST6Gal1 would rather take the classic path
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G1F!G2F!G2FS1!G2FS2. Then, the rapid G1F to G2F
conversion upon GT overexpression would consume ST3s preferred substrate. The studies on sialyltransferases’ enzymatic
activity usually consider G2F or Galb1–4GlcNAc as substrates,
and data comparing G1F isomers to G2F as acceptor substrates
are missing.54 Similarly, to our knowledge, G1FS1 has not been
studied as acceptor substrate for the galactosyltransferases.52,55-57
Thus, there is no data in the literature indicating that the presence of a sialic acid on one branch would be an obstacle for galactosylation of the other branch. A second hypothesis is that the
absence of G2F a2,3-sialylation in TZMGT and TZMmGT
could reflect the inability of ST3 to cooperate with the human
GT, whereas human ST6 and human GT may form highly active
complexes, as proposed by Hassinen and coworkers.58
In conclusion, we developed a method for the fast production
of antibodies enriched in the glycan G2FS(6)1, which is the predominant sialylated glycan found in circulating human IgGs.
This approach provides sufficient amounts of homogeneous
material for structure-function and small animal studies. This
work also provides valuable information to help delineate the
contributions of the Fc structure, versus the inherent substrate
particularities of the glycosyltransferases, that limit mAbs’ sialylation in glyco-engineered CHO cells. Further understanding of
these glycosylation processes would allow the design of cell lines
producing mAbs with glycans tailored for therapeutic
applications.

Materials and Methods
Cell line
CHO cells expressing a truncated Epstein-Barr virus Nuclear
Antigen-1 (CHO-3E7) were grown in suspension in serum-free
FreeStyleTM F17 medium (Invitrogen, cat# A13835–01) supplemented with 0.1% Kolliphor P188 (Sigma-Aldrich, cat# K4894)
and 4 mM glutamine (Sigma-Aldrich, cat# G8540). Cultures
were maintained between 0.1 and 2.0 £ 106 cells/mL in 125 mL
Erlenmeyer ventilated flasks shaken at 120 rpm in a humidified
incubator at 37 C with 5% CO2 (standard conditions). Cell density and viability were determined using the Cedex Innovatis
automated cell counter Cedex Analyzer (Roche) based on the trypan blue exclusion method.
Plasmids
TZM is a humanized mouse IgG1 directed against the human
epidermal growth factor receptor-2 (HER2 or Erb2). The wildtype and F243A mutant versions consist of a HC of the G1m17
allotype and a kappa LC of Km3 allotype. The non-glycosylated
TZM mutant (N297Q) consists of the LC, coupled to a TZM
HC variant of G1m17,1 allotype, with a truncated IgG3 hinge59
and the N297Q substitution. The LC used has no N-glycosylation site, and HC and HCF243A contain only the N297 glycosylation site. The human GT and ST6 were expressed as the
complete membrane-bound proteins. HC, HCF243A,
HCN297Q, LC, ST6 and GT were each cloned in pTT5 vectors
essentially as described previously.60,61 The pTT vector encoding
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the green fluorescent protein (GFP) was used as a reporter gene
and has been described elsewhere.62
MAbs production
Linear deacylated polyethylenimine Max (PEImax) was
obtained from Polysciences, (cat# 24765).63 Stock solutions
(3 mg/mL) were prepared in ultrapure water, sterilized by filtration (0.2 mm), aliquoted and stored at 4 C. Cells were diluted
1 day before transfection in fresh medium at 0.7 £ 106 cells/mL.
They were transfected with viability greater that 99% at densities
between 1.5 and 2.0 £ 106 cells/mL. DNA and PEImax mixes
were separately prepared in complete F17 medium. DNA (1.5
mg/mL in the final culture volume) was added first to the suspension, which was incubated 5 min at 37 C before the addition of
PEI (7 mg/mL final). 24 hours post-transfection (hpt), cells were
fed with peptone TN1 (0.5% w/v final), and the culture temperature was shifted to 32 C. Transfection efficiency was assessed 24
hpt by determining the percentage of GFP positive cells by flow
cytometry with a BD LSRII cytometer (BD Biosciences). Only
viable single cells were taken into account.
Purification of mAbs from cell culture supernatants
Cell cultures were centrifuged 20 min at 3000 g 4 d posttransfection (dpt) at a viability > 60%. The supernatant was collected and loaded on a 4 mL MabSelectTM SuReTM column (GE
Healthcare, cat# 17–5438–02) equilibrated in PBS. The column
was washed with PBS and mAbs were eluted with 100 mM citrate buffer pH 3.0. The fractions containing mAbs were pooled
and the citrate buffer was exchanged against water on EconoPac! 10DG columns (Bio-Rad, cat# 732–2010). Purified
mAbs were sterilized by passing through 0.2 mm filters, aliquoted, and stored at ¡80 C.
Quantification of mAbs
MAbs titers in culture supernatants were determined by protein-A HPLC using a 800 mL POROSÒ 20 micron Protein A ID
Cartridge (Applied Biosystems, cat# 2–1001–00) according to
the manufacturer’s recommendations. Purified mAbs were quantified by absorbance at 280 nm using a NanodropTM spectrophotometer (Thermo Fisher Scientific).
Sialidase digestions
a2,3-linked sialic acids were removed from the purified antibody (50–100 mg, 1–2 mg/mL), by the Streptococcus pneumoniae
GlykoÒ Sialidase STM (Prozyme, cat# GK80020) at 0.2 U/mL
after 2 hours of incubation at 37 C in 250 mM phosphate buffer
pH 6.0. All sialic acids (a2,3 and a2,6) were removed by incubation for 18 h at 37 C with the Arthrobacter ureafaciens Neuraminidase (MP Biomedicals, cat# 153846) at 0.05 U/mL in
250 mM phosphate buffer pH 5.0.
Lectin-blot
Biotinylated Erythrina Cristagalli agglutinin (ECL), Sambucus
Nigra agglutinin (SNA) and Maackia Amurensis lectin II
(MALII) (Vector Laboratories, cat# B-1145, B-1305 and B1265, respectively) were used to evaluate terminal b1,4-
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galactosylation, a2,6-sialylation and a2,3-sialylation, respectively. The supernatants containing antibodies, as well as purified
antibodies were treated with DTT (10 min at 70 C) to reduce
disulfide bonds in order to visualize the mAb HCs separately
from the LCs. 180 ng of mAbs were loaded for ECL and
MALII-blots, while 120 ng were loaded for SNA-blots. After
protein transfer, nitrocellulose membrane was incubated 2 hours
with the lectin (3 mg/mL ECL, 1 mg/mL SNA or 10 mg/mL
MALII), then one hour with 1:1000 Streptavidin-HRP (SigmaAldrich, cat# S2438). The membrane was thoroughly washed
with PBS-Tween 0.05% before each incubation step. Ponceau
red staining was used to control the amount of protein loaded.
Signal was revealed with BM Chemiluminescence Blotting Substrate (POD) (Roche Applied Science, cat# 11500708001) and
the images recorded with a Chemidoc MP Imaging System
(Biorad).
cIEF
Charge profiles of the antibodies were obtained with the HT
Protein Charge Variant kit on a LabChipÒ GX (Caliper Life Sciences). Purified mAbs at 1–2 mg/mL in water were prepared
according to the manufacturer’s recommendations. The conditions selected were 90 seconds assay length with the buffer pH
7.2. Desialylated mAbs were desalted on Illustra Microspin columns (GE Healthcare, cat# 27–5330–01) before analysis.
Glycoprofile analysis by LC-MS
Fc/2 (CH2-CH3) glycopeptides were obtained by digestion of
the antibodies (20 mg, 2 mg/mL) with 20 U of “FabRICATOR”
IdeS (Genovis) in 0.15 M NaCl, 0.05 M sodium phosphate, pH
6.6, at 37 C for 30 minutes. The resulting digests were analyzed
by LC-MS using an Agilent HP1100 Capillary LC system (Agilent Technologies) coupled to a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific) equipped with a high flow
electrospray ionization source. One ug of digested antibody was
loaded on a Poros R2 column (2.1 £ 30 mm) (Applied Biosystems) heated to 80 C. Mobile phases were 0.1% formic acid in
water (A) and 75% acetonitrile, 25% tetrahydrofuran (B) preheated to »80 C. A linear gradient of 10%-75% B over 12
minutes (1 mL/min) was used to resolve the Fc/2 and Fab antibody fragments. The HPLC eluent was split to 100 mL/min just
before the electrospray source of the LTQ-Orbitrap XL and MS
spectra was acquired from m/z 400 to 2000 at a resolution of
15,000. LC-MS spectra were viewed in XcaliburÒ (Thermo
Fisher Scientific). Molecular weight profiles were generated with
the MassLynxÓ MaxEnt1 deconvolution software (Waters).
Databridge (Waters) was used to convert the protein LC-MS
spectra into a format that was compatible with MaxEnt1.
The abundances of the glycans were calculated on the basis of
signal heights observed in the molecular weight profiles. The percentage of a given glycan was obtained as the signal height of the
Fc/2 glycopeptide carrying this glycan divided by the total signal
heights of the glycans identified in the profile. The glycans identified and taken into account in the total signal heights are presented in Table 1. In Table 2, the percentage of complex
antennae terminated by a given monosaccharide residue or
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containing a given monosaccharide residue represents the actual
number of residues present on complex antennae divided by the
total available positions for this residue in the complex glycans
(for example, G0F contains 0 galactoses, but 2 available positions
for galactose). Only the strictly complex glycans were taken into
account, i.e., the hybrids G0F¡GlcNAc and G1F¡GlcNAc (see
legend of Table 2 for definitions) containing only one outer armGlcNAc residue, were not considered. For example, the percentage of complex antennae terminated by a galactose was calculated
as follows:
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% Gal-terminated complex antennae D 100 £ (1 £%G1F C
2 £%G2F C 1 £%G2FS1 C 3 £%G3F) / (2 £%G0F C 2
£%G1F C 2 £%G2F C 2 £%G1FS1 C 2 £%G2FS1 C 2
£%G2FS2 C 3 £%G3F C 3 £%G3FS3).

Glycan analysis by HILIC
Glycan were released from the antibody using PNGase F
(Promega, cat# V4831) at 37 C for 24 hours. The enzyme and
the antibody were removed using prewashed 10K molecular
weight cut-off filters, and the glycans were evaporated to dryness
under vacuum. They were then labeled with 2-aminobenzamide
(2-AB) (Sigma-Aldrich, cat# PP0520).64 Glycans were analyzed
by HILIC with fluorescent detection using a Waters X-Bridge
3.5 mm amide column (4.6 £ 250 mm) with the column heated
to 30 C and a flow rate of 0.86 mL/min. Glycans were eluted
using 50 mM ammonium formate, pH 4.4 (mobile phase A)
and acetonitrile (mobile phase B) starting with an initial ratio of
20:80, followed by a gradient to 50:50 over 48 minutes. Peaks
were calibrated with a 2-AB labeled glucose ladder and glycan
standards65 (Prozyme, cat# GKSB-503) and compared to GU
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