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Most therapeutic proteins are glycosylated with N-glycans and/
or O-glycans. N-glycans on therapeutic proteins have been
extensively studied for their control strategy and impact on
drug product quality. However, knowledge of O-glycosylation
in therapeutic protein production and its impact on product
quality remains elusive. To address this gap, we generated an
O-glycoengineered Chinese Hamster Ovary (CHO) cell line
platform to modulate O-glycosylation of therapeutic proteins
and investigated the impact of O-glycans on the physicochem-
ical and biological properties of etanercept. Our results
demonstrate that this CHO cell line platform produces
controlled O-glycosylation profiles containing either truncated
O-glycans (sialylTn and/or Tn), or sialylCore 3 alone, or sialyl-
Core 1 with sialylTn or sialylCore 3 O-glycans on endogenous
and recombinant proteins. Moreover, the platform demon-
strated exclusive modulation of O-glycosylation without
affecting N-glycosylation. Importantly, certain O-glycans on
etanercept enhanced tumor necrosis factor-a binding affinity
and consequent potency. This is the first report that describes
the systematic establishment of an O-glycoengineered CHO
cell line platform with direct evidence that supports the appli-
cability of the platform in the production of engineered pro-
teins with desired O-glycans. This platform is valuable for iden-
tifying O-glycosylation as a critical quality attribute of
biotherapeutics using the quality by design principle.

INTRODUCTION
Protein glycosylation is a post-translational enzymatic process that
modifies certain amino acid side chains through covalent linkage of
saccharides. The glycosylation process occurs in cellular compart-
ments of the endoplasmic reticulum and Golgi apparatus during pro-
tein translocation to the plasma membrane or extracellular space.1

There are two major glycosylation types: N-linked glycans (N-gly-
cans) on asparagine (N) residues, and O-linked glycans (O-glycans)
on serine, threonine, and tyrosine residues. N-glycosylation is well
known to impact the safety and efficacy of therapeutic proteins.2

For example, the core fucosylation status of the Asn297-linked gly-
cans within the CH2 domain of IgG1 monoclonal antibodies modu-
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lates antibody effector functions, such as antibody-dependent cellular
cytotoxicity.2 To improve the control of N-glycosylation heterogene-
ity during therapeutic protein production, Chinese Hamster Ovary
(CHO) cell lines have been genetically engineered to produce specific
N-glycans,3,4 which is part of pharmaceutical quality by design
practice.5,6 In contrast with N-glycans, the impact of O-glycans on
therapeutic protein safety and efficacy requires more evaluation
with only a few studies implicating O-glycans to modulation of
immunogenicity.7–10

CHO cells are the most common cell substrate for manufacturing re-
combinant therapeutic proteins.11 Although CHO cells are unique for
their capability to produce therapeutic proteins with “human-like”
glycans, the capability to produce different glycan structures is limited
owing to silenced transcription of numerous genes encoding enzymes
within the glycosylation pathways.12 There are at least eight human
O-glycan core structures (cores 1–8), and the majority of O-glycans
are built from Core 1 (Galb1-3GalNAca-), Core 2 (GlcNAc b1-6
[Galb1-3]GalNAca-), Core 3 (GlcNAcb1-3GalNAca-), and Core 4
(GlcNAc b1-6[GlcNAcb1-3]GalNAca-) structures (Figure S1A).13

Particularly, CHO cells are unable to produce the Core 2, extended
Core 1 (GlcNAcb1-3Galb1-3GalNAca-), or Core 3 complex O-gly-
cans, but exclusively produce mono-sialylated Core 1 (SAa2-
3Galb1-3GalNAca-, SAa2-6 [Galb1-3]GalNAca-) and di-sialylated
Core 1 (SAa2-3Galb1-3[SAa2-6]GalNAca-) structures (Fig-
ure S1A).14 Studies have demonstrated that O-glycans on endogenous
glycoproteins play many critical roles in biological systems, such as
signal transduction, cell adhesion, development, and immunity.15,16

Additionally, altered O-linked glycan structures, such as the Tn anti-
gen (GalNAca-Ser/Thr) and its sialylated version, sialylTn (STn) an-
tigen (SAa2-6GalNAca-Ser/Thr), have been identified in human
022
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Figure 1. Generation of an O-glycoengineered CHO K1 cell line platform

(A) Representative immunoblot of Cosmc, ST6 N-acetylgalactosaminide a2,6-sialyltransferase 1 (ST6GalNAc1), and Core 3 b1,3 -N-acetylglucosaminyltransferase (b3GnT-

6, C3GnT) using proteins harvested fromWTCHO cells with ST6GalNAc1 (WS) or C3GnT (WC),CosmcKOCHO cells, andCosmc-KO cells with ST6GalNAc1 (KS) orC3GnT

(KC). (B) Relative fluorescence unit measurements of T synthase activity in CHO cell lysates from WT, KO, WS, KS, WC, and KC CHO cell lines. Dots represent biological

replicates. (One-way ANOVA, n = 6, brackets indicate significant differences between groups according to a Tukey’s multiple comparison test, *p < 0.05). (C) Representative

T neoantigen (Tn antigen) and STn antigen immunoblots using cell lysates. (D) Representative histograms of Tn and STn antigens, and C3GnT using the different O-gly-

coengineered CHO K1 cells.
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cancers.15 Here we have established clonally derived O-glycoengi-
neered CHO cell lines that have distinct O-glycosylation machinery
to produce glycoproteins with the Tn antigen with or without STn an-
tigen, sialylCore 3 structures alone, or sialylCore 1 structures with
STn antigen or sialylCore 3 structures.

Etanercept, a tumor necrosis factor alpha (TNF-a) inhibitor, is an
U.S. Food and Drug Administration-approved biotherapeutic to treat
autoimmune diseases that are caused by an overactive immune re-
sponses, including rheumatoid arthritis, juvenile idiopathic arthritis,
and psoriatic arthritis, plaque psoriasis, and ankylosing spondylitis by
inhibiting TNF-a. Etanercept is a dimeric fusion protein that contains
the extracellular ligand binding portion of human p75 TNF receptor 2
linked to the Fc portion of human IgG1 with 3 N-linked and 13 O-
linked glycosylation sites.17 Previous structural, physicochemical,
and biological characterizations of etanercept and its biosimilar eta-
nercept-ykto in combination with data from clinical studies suggest
that increasing the sialylated O-glycans content on etanercept may
improve safety.7–10 Therefore, etanercept was chosen as a proof-of-
principle therapeutic protein to evaluate the O-glycoengineered
CHO cell line platform. Here, using an O-glycoengineered CHO
cell line platform, etanercept was produced with different O-glycan
profiles (O-glycovariants) and TNF-a binding, potency, and stability
Molecul
were evaluated for each variant as compared with the reference prod-
uct, etanercept. The data show that changes in O-glycans on etaner-
cept altered its isoelectric point, enhanced TNF-a binding and
increased the potency without affecting the protein stability under
oxidative stress conditions.

RESULTS
Establishment of an O-glycoengineered CHO cell line platform

Cosmc, Core 1 b3-galactosyltransferase-specific molecular chaperone,
assists the correct folding of Core 1 glycoprotein-a-N-acetylgalactos-
amine b1,3-galactosyltransferase (core 1 b3-galactosyltransferase, T
synthase), which transfers galactose from UDP-Gal to the Tn antigen
to form the Core 1 structure (Figure S1A).18 To generate Cosmc
knockout (KO) CHO cells that produce the Tn antigen (Figure S1B),
CRISPR/Cas9 technology was used to mutate Cosmc, also known as
C1GalT1C1. In comparison with the wild-type (WT) cell line,
Cosmc-KO cells had undetectable levels of the Cosmc protein (Fig-
ure 1A) and a loss in T synthase activity (Figure 1B), which suggests
the Cosmc protein was dysfunctional. Consistent with a previous
report,19 KO of Cosmc in CHO cells correlated with increased levels
of glycoproteins with the Tn antigen, but not the STn antigen (Fig-
ure 1C). These data confirm the generation of a stable Cosmc-KO
CHO cell line that produces the Tn antigen on endogenous proteins.
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a-N-acetylgalactosaminyl-O-glycoprotein a2,6-sialyltransferase 1
(ST6GalNAc1) and a-N-acetylgalactosaminyl-O-glycoprotein b1,3-
N-acetylglucosaminyltransferase (core 3 b1,3-N-Acetylglucosami-
nyltransferase, Core 3 GnT, C3GnT, or b1,3-N-Acetylglucosaminyl-
transferase 6, b3GnT6) are two enzymes in the O-glycosylation
pathway that mediate the synthesis of STn antigen and Core 3 O-
glycan structures, respectively (Figure S1A).15 The STn antigen on
endogenous proteins has been reported to have an essential role in
the ability of cancer cells to evade immune cells, and Core 3 glycans
on endogenous proteins play critical tumor suppression role.20 A
thorough understanding of the effects of O-glycosylation on product
quality requires further study. Therefore, we set out to generate CHO
cells that produce O-glycans on experimental therapeutic proteins to
identify the structure/function relationships between O-glycan types
and product quality attributes. To generate CHO cells that produce
the STn antigen and Core 3 O-glycans, WT and Cosmc-KO cells
were engineered to stably express ST6GalNAc1 or C3GnT (Fig-
ure S1B). Using immunoblotting, the overexpression of ST6GalNAc1
or C3GnT inWT and Cosmc-KO cells was confirmed (Figure 1A) and
the loss of T synthase activity was identified to be exclusive in the
Cosmc-KO lines expressing ST6GalNAc1 (KS) or C3GnT (KC) to
confirm the sustained depletion of Cosmc in these cell lines (Fig-
ure 1B). T synthase activity was lower in WT cells expressing
ST6GALNAC1 (WS) or C3GnT (WC), which could be due to two
possible mechanisms: (1) exogenous expression of ST6GalNAC1 or
C3GnT downregulated the expression level endogenous T synthase
protein and activity; or (2) expression of the endogenous Tsynthase
in those ST6GalNAC1 and C3GnT-expressing clones was lower
than the WT CHO cells, which may be a heterogeneous population
of CHO cells with variable T synthase expression and activity.

To demonstrate that ST6GalNAc1 was functional, Tn and STn anti-
gen immunoblotting was performed and revealed that levels of
endogenous proteins containing STn antigen increased in both WT
and Cosmc CHO cells expressing ST6GalNAc1, and only Cosmc-KO
CHO cells expressing ST6GalNAc1 (KS) produced both Tn and
STn antigen on endogenous proteins (Figures 1C and S2A). In
contrast with ST6GalNAc1, monitoring the activity of C3GnT
directly through immunoblotting is technically limited and more
advanced methods were required to confirm the presence of Core 3
structures. However, the loss of the Tn antigen in Cosmc-KO CHO
cells expressing C3GnT (KC) provided indirect evidence that Core
3 O-glycan structures were synthesized by the cells (Figure 1C). To
ensure that all the clonally derived cell lines maintained a single nor-
mally distributed population of cells, fluorescence-activated cell sort-
ing (FACS) analysis was performed using the antibodies for the Tn
antigen, STn antigen, and C3GnT (Figure 1D) and confirmed the
anticipated staining profiles. Interestingly, there was no significant
difference in the mean fluorescence intensity of anti-Tn staining be-
tween KO and KS cells (Figures 1D and S2A), which could be most
likely due to the saturated staining of those cells with an excess
amount of anti-Tn antibody, and/or possible recognition of the
“Tn” moiety within STn by the anti-Tn antibody (mouse IgM). The
modulation of Cosmc, ST6GalNAc 1, and C3GnT did not significantly
126 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
impact cell growth or proliferation (Figure S2B). Collectively, these
data demonstrate the establishment of an O-glycoengineered CHO
cell line platform that was constituted by the following six cell lines:
WT CHO cells, Cosmc-KO CHO cells, CHO cells overexpressing
ST6GalNAc1 (WS) or C3GnT (WC), and Cosmc-KO CHO cells over-
expressing ST6GalNAc1 (KS) or C3GnT (KC).

N- and O-glycan characterization of the CHO endogenous

proteins using mass spectrometry

To characterize the O- and N-glycan profiles of the CHO cell line
platform, MALDI-TOF/TOF- mass spectrometry (MS) was per-
formed using lysates from the CHO cell line platform to structurally
and quantitatively analyze permethylated O- and N-glycans released
from endogenous proteins (Figure 2). Each of these O-glycoengi-
neered CHO cell lines had structurally and quantitatively different
O-glycan profiles when compared with the WT cell line or each other
(Figures 2A, S3, and Table S2). WT cells exclusively produced mono-
and di-sialylated Core 1 structures as the major O-glycans, and
Cosmc-KO cells did not produce any STn antigen, Core 1, or Core
3 structures (Table S2). While the immunoblotting data (Figure 1C)
confirmed that Cosmc-KO cells expressed Tn antigens, they were
not detected in the MS analysis possibly owing to the sample loss dur-
ing the chloroform extraction of permethylated glycans (Figure S3).
Unlike other larger glycans, the permethylated Tn may not have
been hydrophobic enough to be extracted into chloroform. The WT
CHO cells expressing ST6GalNAc1 (WS) produced STn in addition
to di-sialylCore 1 structures. Interestingly, the WS cells did not pro-
duce mono-sialylCore 1 structures as seen in the WT cells, indicating
that sialyltransferases in the WS cells sufficiently sialylated Core 1
structures. The STn structure was observed only in Cosmc-KO cells
expressing ST6GalNAc1 (Figure S3) and, as expected, MS did not
detect the presence of the immunoblot-confirmed Tn antigen (Fig-
ure 1C). Therefore, the relative abundance of STn and Tn antigens
in WS cells could not be accurately determined. WT cells expressing
C3GnT (WC) produced Core 3 glycans in addition to sialylCore 1 O-
glycans at a decreased level as compared to the WT cell line
(Figure 2A). In contrast, Cosmc-KO cells expressing C3GnT (KC)
exclusively produced Core 3-based structures with and without sialy-
lation (Figure 2A). Collectively, these data confirm the establishment
of an O-glycoengineered CHO cell line production platform that can
modulate Tn antigen, STn antigen, sialylCore 1 structures, and sialyl-
Core 3-based structures.

To determine if O-glycoengineering might impact N-glycosylation,
the N-glycans on endogenous proteins of the CHO cell lysates were
also analyzed by MS (Figures 2B, S4, and Table S3). Among the 18
N-glycans identified in this CHO cell line platform, high mannose
type N-glycans were the most abundant (Man6 [41.8%–33.7%],
Man9 [20.7%–17.5%], Man8 [12.4%–9.3%], and Man5 ([15.7%–

9.2%]) and the major complex N-glycans were identified to be
FA2G2S1 (8.4%–4.0%) and FA2G2 (7.6%–1.9%) for all cell lines (Fig-
ures 2B, S4, and Table S3). Overall, the N-glycan profiles among these
cell lines were similar and only two minor complex N-glycans had
cell-specific changes in the relative abundance. As compared with
022



Figure 2. N- and O-linked glycans of CHO cells

(A and B) WT and glycoengineered (KO,WS, KS, WC, and

KC) CHO cells were analyzed for changes in the relative

quantity of (A) O-glycan and (B) N- glycan structures

summarized from the data of MS analysis. Bars represent

the mean percentage ±standard deviation. (Two-way

ANOVAs, n = 3, Tukey multiply comparison to WT cells,

*p < 0.05). # indicates sample with Tn and STn antigens.
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the WT cell line, FA2G2 increased in the Cosmc-KO cells expressing
C3GnT (KC) cell line, and FA2G2S2 increased in the Cosmc-KO
CHO cell line (KO) (Figures 2B, S4, and Table S3). Importantly,
the non-human aGal or Neu5Gc glycans were not detected in the gly-
coproteins from eitherWTCHO cells or the O-glycoengineered CHO
cells using MS analysis. Collectively, these data suggested that O-gly-
coengineering in CHO cells had a minor impact on N-glycosylation
and the changes in N-glycan levels were cell-type specific.

Generation of O-glycoengineered CHO cell line platform

expressing etanercept

To identify potential clones that stably express etanercept, the etaner-
cept gene sequence was cloned into a reporter vector that used an in-
ternal ribosomal entry site to drive the expression of green fluorescent
Molecular Therapy: Methods &
protein (GFP). Stable cell lines were generated
by enriching the GFP-positive population using
FACS, followed by one round of limiting dilu-
tion. Flow cytometry was performed to verify a
single population of cells expressing GFP and
to monitor the distribution of GFP expression
in O-glycoengineered CHO cells (Figure 3A).
To confirm that the insertion of the etanercept
gene did not disrupt the glycosylation pathway
modulation in the cells, the Tn and STn antigen
levels were measured by flow cytometry. Neither
Tn nor STn antigen on endogenous proteins
increased in WT expressing etanercept (EW)
cells; however, the Tn antigen, but not the STn
antigen, levels increased in KO expressing eta-
nercept (EK) cells (Figure 3A). Similar to WS
cells, the STn antigen levels in WS-expressing
etanercept cells (EWS) increased without an in-
crease in Tn antigen levels. Both the Tn and STn
antigen levels increased in KS-expressing eta-
nercept (EKS) cells. As previously discussed,
identifying the presence of Core 3 O-glycans
was limited and technically challenging; thus,
additional studies are required to confirm the
WT and Cosmc-KO cells expressing etanercept
and C3GnT retained Core 3-based structures.

To confirm that etanercept was expressed and
secreted in each O-glycoengineered CHO cell
line, culture vessels were sampled at days 5
and 7 during production and subjected to anti-human Fc immuno-
blotting. Media from each O-glycoengineered cell line demonstrated
the presence of an IgG1 Fc-containing protein with a molecular
weight comparable with etanercept reference material (Etan-Ref)
(Figure 3B). As expected, a modest molecular weight shift owing to
the formation of only the Tn antigen occurred in etanercept secreted
from the EK cell line. These data demonstrated that six stable etaner-
cept-expressing CHO cell lines with modified O-glycosylation path-
ways were successfully developed.

Production of O-glycovariants of etanercept using the CHO cell

line platform

After the production of each etanercept glycovariant from the cor-
responding cell line, the harvested media with etanercept was
Clinical Development Vol. 25 June 2022 127
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Figure 3. Generation of etanercept-expressing O-

glycoengineered CHO cell platform

(A) Representative histograms of etanercept using GFP as a

surrogate marker, Tn antigen, and STn antigen using flow

cytometry and stably expressing etanercept cells from the

O-glycoengineered CHO cell platform (WT, KO, WS, KS,

WC, and KC). (B) Representative immunoblots of an IgG1-

Fc protein, potentially etanercept, in 10 mL media on culti-

vation day 7 with and without fed media.
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subject to sequential chromatography steps: protein A, anion ex-
change, and size exclusion chromatography. The purified etaner-
cept O-glycovariants were then analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and analytical size
exchange chromatography (ultra-high performance liquid chroma-
tography-size exclusion chromatography) to confirm size and rela-
tive purity. Coomassie-stained SDS-PAGE gels under reducing and
non-reducing conditions demonstrated the presence of single
bands at approximately 75 kDa and 150 kDa, respectively, that
were comparable with the Etan-Ref (Figure 4A). These data
support the etanercept O-glycovariants were forming disulfide
bond-dependent dimers. Size exclusion high-performance liquid
chromatography revealed the purity of the main peak ranged be-
tween 90% and 99% for all etanercept O-glycovariants with overall
fewer aggregates than reference product, but higher fragment levels
(Table 1).

To confirm the identity of the etanercept glycovariants, purified
proteins were subjected to immunoblotting with antibodies
against the IgG1 Fc region, Tn antigen, and STn antigen under
reducing and non-reducing conditions (Figure 4B). While all of
the purified proteins contained an IgG1 Fc region, indicative of
etanercept, the levels of Tn and STn antigen varied by the O-gly-
128 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022
coengineered cell type used for production.
Etanercept produced in WT CHO cells did
not contain Tn or STn antigen (EW-Etan-
C1), similar to Etan-Ref. Cosmc-KO CHO cells
produced etanercept with Tn Antigen (EK-
Etan-Tn). WT CHO cells overexpressing
ST6GalNAc1 produced etanercept with mainly
sialylCore 1 and STn (EWS-Etan-STn-C1), but
trace amounts of Tn were only detectable un-
der reducing conditions, which may suggest
the Tn antigen was inaccessible to the anti-
body under non-denature conditions. Cosmc-
KO cells overexpressing ST6GalNAc1 pro-
duced etanercept containing both STn and
Tn antigens (EKS-Etan-S/Tn). WT and
Cosmc-KO CHO cells expressing C3GnT pro-
duced etanercept (EWC-Etan-C1-C3 and
EKC-Etan-C3) that did not contain Tn or
STn antigens. These data supported the hy-
pothesis that this O-glycoengineered CHO
cell line platform could produce the anticipated O-glycovariants
of experimental therapeutic proteins, such as etanercept.

Glycan structures of etanerceptO-glycovariants analyzed byMS

A one-pot MS method was used to analyze the glycan structures on
purified etanercept O-glycovariants and Etan-Ref (Figure S5). Char-
acterization of the released O-glycan profiles demonstrated that the
O-glycoengineered platform successfully produced the O-glycans
on etanercept (Table S4 and Figure S6). Etan-Ref, EW-Etan-C1,
EKS-Etan-STn-C1, and EWC-Etan-C1-C3 contained mono- and
di-sialylCore 1 structures, while EK-Etan-Tn, EKS-Etan-S/Tn, and
EKC-Etan-C3 did not contain any Core 1-based structure (Figure 5A).
In contrast with Etan-Ref and EW-Etan-C1, the STn antigen struc-
ture was only found on EWS-Etan-STn-C1 and EKS-Etan-S/Tn,
and the Core 3-based O-glycans were only on EWC-Etan-C1-C3
and EKC-Etan-C3 (Figure 5A). The proposed structures of all major
O-glycans were confirmed by the MALDI-TOF-MS/MS (Figure S7).
As anticipated, the N-glycan compositions/structures were mostly
conserved among the O-glycovariants of etanercept and Etan-Ref
(Table S5 and Figure S8). A subtle difference in FA2 and Man5 was
identified to be less than 5% on EW-Etan-C1 as compared with
Etan-Ref (Figure 5B), indicating that the reference product etaner-
cept-producing CHO cell line generates more immature N-glycans



Figure 4. Purity and identity of etanercept purified from CHO cell harvest

media

(A) Coomassie-stained SDS-PAGE gels using etanercept reference material (Etan-

Ref) and purified proteins from each O-glycoengineered cell line. WT cells were

expected to produce etanercept with sialylCore 1 structures (EW-Etan-C1), while

Cosmc-KO cells would only produce etanercept with Tn antigen (EK-Etan-Tn).

Overexpressing ST6GalNAc1 in WT and Cosmc-KO cells should produce both STn

antigen and sialylCore 1 structures (EWS-Etan-STn-C1) and STn antigens (EKS-

Etan-S/Tn), respectively. C3GnT over expression in WT cells was anticipated to

produce sialylCore 1- and Core 3-based structures (EWC-Etan-C1-C3), while

Cosmc-KO cells expressing C3GnT was expected to produce etanercept with

Core 3-based structures alone (EKC-Etan-C3). (B) Representative IgG-Fc, Tn an-

tigen, and STn antigen immunoblots using 100 ng purified Etan-Ref, EW-Etan-C1,

EK-Etan-Tn, EWS-Etan-STn-C1, EKS-Etan-S/Tn, EWC-Etan-C1-C3, and EKC-

Etan-C3.

Table 1. Relative peak percentages and main peak retention time by ultra-

high performance liquid chromatography-size exclusion chromatography

of etanercept reference material (Etan-Ref) and O-glycovariants

Relative peak percentage Main peak

HMWS Main LMWS Retention time

Etan-Ref 2.17 97.1 0.73 3.851

EW-Etan-C1 0.32 98.61 1.07 3.833

EK-Etan-Tn 1.36 95.04 3.58 3.96

EWS-Etan-S/Tn-C1 0 99 1 3.895

EKS-Etan-S/Tn 0.35 98.26 1.39 3.877

EWC-Etan-C1-C3 0 90.83 9.17 3.835

EKC-Etan-C3 0.71 97.9 1.38 3.827

HMWS, high-molecular-weight species; LMWS, low-molecular-weight species.
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than the CHO cell line platform. To compare the N-glycan and O-
glycan compositions/structures between Etan-Ref and the etanercept
O-glycovariants, the relative abundances of all the glycans were calcu-
lated and compared (Table S6). The results demonstrated that while
etanercept proteins among the O-glycoengineered CHO platform
Molecul
have very similar N-glycan profiles, each of them carries distinct O-
glycans as designed. Collectively, these data confirmed that the O-gly-
coengineering CHO cell line platform could modulate the O-glycan
structures on therapeutic proteins, such as etanercept.

Consistent with the endogenous glycoproteins, non-human glycans
of neither aGal nor Neu5Gc were identified in any of the etanercept
O-glycovariants from WT or the O-glycoengineered CHO cell
platforms.

Physicochemical and biological characterization of etanercept

O-glycovariants

To investigate the impact of O-glycans on etanercept’s physicochem-
ical and biological properties, the Etan-Ref and O-glycovariants were
characterized for changes in isoelectric point, protein stability, TNF-a
binding, and potency. Using a gel-based method for isoelectric
focusing, a qualitative difference in the isoelectric point was observed
for EK-Etan-Tn as compared with EW-Etan-C1 and Etan-Ref, and
smaller shifts can be observed in the other O-glycovariants (EWS-
Etan-STn-C1, EKS-Etan-S/Tn, EWC-Etan-C1-C3, and EKC-Etan-
C3) (Figure 6A). These differences could potentially be caused by
sialic acid content. A decrease in the levels of negatively charged sialic
acid is known to correlate with an increase in the isoelectric point.21

These data confirm that different O-glycans can alter etanercept’s net
charge, which is attributed to differences in the sialic acid content.

To determine if the change in glycans altered oxidative stress induced
protein instability, the purified proteins were incubated at 4�C in the
presence and absence of hydrogen peroxide for 4 h. While fragmen-
tation was observed for all etanercept variants, there were no signifi-
cant differences in the banding pattern identified by SDS-PAGE
(Figure 6B).

The binding affinity of etanercept Etan-Ref and O-glycovariants for
TNF-a was determined using biolayer interferometry (Figure 6C
and Table 2). Consistent with a previous report,22 the TNF-a
binding affinity for Etan-Ref was 250 ± 56.9 pM, which was a
much lower ligand binding affinity than that of EWS-Etan-STn-C1
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 129
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Figure 5. N- and O-linked glycans of etanercept

(A and B) Etanercept reference material (Etan-Ref) and

O-glycovariants (EW-Etan-C1, EK-Etan-Tn, EWS-Etan-

STn-C1, EKS-Etan-S/Tn, EWC-Etan-C1-C3, and EKC-

Etan-C3) were analyzed for changes in the relative

quantity of (A) O-linked and (B) N-linked glycan structures.

Bars represent the mean percentage ± standard

deviation. (Two-way ANOVAs, n = 3, Tukey multiply

comparison with Etan-C1, *p < 0.05). # indicates sample

with Tn and STn antigen.
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and EKS-Etan-S/Tn with dissociation constants (KD) of 24.6± 6.1 pM
and 18.9 ± 4.8 pM, respectively. Moreover, EKC-Etan-C3 demon-
strated a lower binding affinity than the Etan-Ref with a KD of
585 ± 212 pM. The TNF- a binding affinity of other variants, EW-
Etan-C1, EK-Etan-Tn, and EWC-Etan-C1-C3, were comparable
with Etan-Ref. These data support that differences in O-glycan struc-
tures on etanercept can impact TNF- a binding affinity.

To identify differences in potency between the Etan-Ref and O-glyco-
variants, a TNF- a neutralization assay was performed and revealed
that the median effective concentration (EC50) value for EWS-Etan-
STn-C1 significantly decreased as compared with EW-Etan-C1
130 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022
(Figure 6D). The EC50 value for TNF- a neutral-
ization using EW-Etan-C1 was 65 ± 10.17 ng/
mL, while the EC50 value of EWS-Etan-STn-
C1 decreased by approximately 38%, to 40.7 ±

9.7 ng/mL. The calculated EC50 values for
Etan-Ref, EK-Etan-Tn, EKS-Etan-S/Tn, EWC-
Etan-C1-C3, and EKC-Etan-C3 were com-
parable with the EW-Etan-C1 EC50 value.
Collectively, these data suggest that changes in
the O-glycan structures of etanercept can affect
TNF- a neutralization.

DISCUSSION
Using etanercept as an example, our study re-
veals a novel and practical manufacturing strat-
egy for the production of O-glycoengineered
therapeutic proteins from an O-glycoengineered
CHO cell line platform. While the impact of O-
glycans on therapeutic safety, efficacy, and qual-
ity remain to be defined, this O-glycoengineered
CHO cell line platform provides a novel
approach for evaluating the influence of O-gly-
cans on engineered therapeutic proteins with
different O-glycan structures. Notably, changes
in the structures of O-glycans, particularly STn,
and Core 3 O-glycans, on etanercept were associ-
ated with altered TNF- a binding affinity. Collec-
tively, this is the first systematic study that
describes a CHO cell manufacturing strategy to
produce O-glycoengineered therapeutic proteins
to define quality attributes and evaluate the role of O-glycans in ther-
apeutic efficacy, quality, and perhaps safety (Graphical Abstract).

Studies have demonstrated that different types of O-glycans play
different biological roles.15,16 SialylCore 1 O-glycans are broadly ex-
pressed on all cell types and tissues and play variety of biological func-
tions. Core 3 O-glycans on mucins from gastrointestinal epithelial
cells play an important protection role and suppress colorectal carci-
nogenesis and progression.23–25 The STn antigen, which is normally
expressed in certain tissues or cell types only, is thought to modulate
immune responses and often is highly expressed in carcinomas.26,27

The Tn antigen is not usually found in normal tissues or cells, but



Figure 6. Partial characterization of the

physicochemical, structural, and biological

properties of etanercept

(A) IEF: Representative Coomassie-stained IEF gel using

etanercept reference material (Etan-Ref) and O-glyco-

variants (EW-Etan-C1, EK-Etan-Tn, EWS-Etan-STN-C1,

EKS-Etan-S/Tn, EWC-Etan-C1-C3, and EKC-Etan-C3).

(B) Stability: Representative Coomassie-stained SDS-

PAGE gel of etanercept Etan-Ref and O-glycovariants

with and without a 0.3% hydrogen peroxide (H2O2)

treatment for 4 h at 4�C. (C) Representative electrophe-

rograms of Etanercept and TNF- a Binding using biolayer

interferometry (BLI) and a TNF- a concentration gradient.

(D) Potency: EC50 values for TNF- a neutralization were

determined for etanercept reference and the series of O-

glycovariants. Open circles represent the average of

duplicate samples for each biological replicate, while the

line with bars represent the mean ± standard deviation.

(One-way ANOVA, n = 6, Sidak’s multiple comparison

test, *p < 0.05).
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is highly expressed on tumor cells.15,20 The expression of Tn antigens
and STn antigens are thought to benefit tumor survival and escape
from immune surveillance.26–28 As many therapeutic proteins, such
as fusion proteins etanercept, abatacept, atacicept, hormone erythro-
poietin (EPO), recombinant coagulation factor VIII, granulocyte
macrophage colony stimulating factor, and others are both O-glyco-
sylated and N-glycosylated.19,29–34 The role of N-glycosylation in
quality and safety of those protein drugs are well known. However,
the effects of O-glycosylation on critical quality attributes of these
therapeutic proteins are currently largely uninvestigated.

The enzymes responsible for synthesizing STn and Core 3 O-glycan
structures on proteins are suppressed at the messenger RNA level in
Molecular Therapy: Methods &
CHO cells.12 The Cosmc-KO CHO cells can
only produce the Tn antigen owing to an inac-
tive T synthase. Stably expressing C3GnT in
the Cosmc-KO cells caused the loss of the Tn
antigen on endogenous proteins, but stably ex-
pressing ST6GalNAc1 in the Cosmc-KO cells
lead to the produce of STn antigen with sus-
tained Tn antigen levels on proteins. These
data suggest that C3GnT have converted all
the Tn antigen to Core 3-based O-glycan struc-
tures, but ST6GalNAc 1 was incapable of
completely transforming the Tn antigen to
the STn antigen, most likely owing to its
expression/activity level. Other possibilities
include that C3GnT and ST6GalNAc1 may
have different acceptor substrate (glycoprotein)
preferences, and limitation of availability of
CMP-sialic acid, the donor for ST6GalNAc1
and other sialyltransferases. The incomplete
conversion of Tn to STn antigen O-glycans
in the Cosmc KO CHO cells expressing ST6GalNAc 1 warrants
for additional investigations.

CHO cell bioengineering has delivered quality by design products and
improved product quality.35 Genetic modulation of the glycosylation
pathway in CHO cells has primarily focused on the production of N-
linked glycans owing to their well characterized role in monoclonal
antibody effector function and clearance.36 In contrast with N-linked
glycans, the impact of O-linked glycans on therapeutic proteins is less
clear and studies of the O-glycosylation pathway in CHO cells are
limited.37,38 Previous studies have modulated the O-glycosylation
pathway in CHO cells by knocking out Cosmc, which resulted in pro-
teins, including endogenous proteins and EPO, with only the Tn
Clinical Development Vol. 25 June 2022 131
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Table 2. Steady State etanercept O-glycovariant binding affinity to TNF-a with association and dissociation rates

KD (M) Ka (1/Ms) Kd (1/s)

Avg. S.D. Avg. S.D. Avg. S.D.

Ref 2.50E-10 5.69 � 10�11 1.58 � 106 4.94 � 105 1.74 � 10�4 6.36 � 10�5

Etan-C1 2.28E-10 9.26 � 10�11 1.30 � 106 3.11 � 104 1.87 � 10�4 5.80 � 10�5

Etan-Tn 1.33E-10 4.60 � 10�11 1.82 � 106 4.45 � 105 1.14 � 10�4 7.42 � 10�5

Etan-C1-STn 2.46 � 10�11 6.08 � 10�12 1.84 � 106 5.04 � 105 1.84 � 10�4 9.79 � 10�5

Etan-S/Tn 1.89 � 10�11 4.81 � 10�12 2.07 � 106 1.77 � 105 7.38 � 10�5 9.72 � 10�5

Etan-C1-C3 3.97E-10 6.22 � 10�11 1.38 � 106 4.88 � 104 1.93 � 10�4 1.35 � 10�4

Etan-C3 5.85E-10 2.12–10 8.75 � 105 5.89 � 104 2.64 � 10�4 8.26 � 10�5

Avg, Average; SD, standard deviation.
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antigen.19 However, the N-linked glycan profile was not analyzed. It is
unknown if these changes were specific for O-glycans, and if they
impact the quality and safety of EPO. In the current study, we demon-
strated that our five key glycan engineered plus the WT CHO cells
produced major O-glycoforms of etanercept as expected, while the
N-linked glycosylation profiles of these six different etanercept O-gly-
covariants were similar. These results demonstrate that engineering
O-glycosylation in CHO cells did not lead to significant changes in
the N-glycosylation of etanercept. Using this platform, novel O-glyco-
variants of therapeutic proteins can be manufactured that may
potentially improve the safety, efficacy, and quality of drug products.
Additional applications for this platform include the generation of O-
glycovariants of ligands to improve the specificity of bioassays tar-
geted against specific glycoproteins.

While EK-Etan-Tn and EWC-Etan-C1-C3 had comparable affinity to
TNF-a and potency, our findings demonstrated that EWS-Etan-STn-
C1 and EKS-Etan-S/Tn etanercept glycovariants had an enhanced
TNF- a binding, but the EKS-Etan-S/Tn enhanced binding affinity
did not translate to an increase in potency relative to etanercept
from WT cells (Figures 6C and 6D). Interestingly, EKC-Etan-C3 had
a lower affinity for TNF-a, but similar bioactivity. This finding war-
rants further investigation. We speculate that differences in O-glycans,
such as STn and Core 3 structures at specific glycosites, could poten-
tially modulate interactions of etanercept with TNF-a. A possible
explanation of the higher affinity of EKS-Etan-S/Tn to TNF-a without
higher bioactivity could be due to (1) the cleavage of etanercept with
truncated O-glycans, (2) the Tn antigen on either the linker between
TNFR domain and Fc resulting in monomer of etanercept, or (3) the
Tn carrying sites within the function domain of TNFR cleaved during
the cell potency assay in which bovine serumwas present. It is plausible
that proteases in serum may have caused the proteolytic cleavage of
etanercept. Nevertheless, our results suggested that the etanercept O-
glycovariant, EWS-Etan-STn-C1, may be a biobetter of etanercept
with greater potency and perhaps better safety; the STn antigens on
the product could suppress its immunogenicity and host immunity
that have been seen in the tumor biology studies.26–28 Future studies
will characterize the O-glycosylation sites and O-glycan structures
on the TNFR domain and the linker to identify the O-glycans and
132 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
O-glycosylation site(s) contributing to the increase in potency to serve
as a critical quality attribute. Furthermore, the immunogenicity pro-
files of those etanercept O-glycovariants will also be assessed using
in vitro cell models and appropriate animal models. Moreover, some
evidence also suggested that the Fc region within fusion proteins could
also be O-glycosylated, andO-glycosylation of Fcmay affect binding to
FcRs. These future studies will further clarify the relationship between
glycan structures and protein function. This comprehensive study
demonstrated a manufacturing strategy to control O-glycans on ther-
apeutic proteins and that modulation of O-glycans on etanercept can
affect physicochemical properties and biological activity.

There are two more types of O-glycans, Core 2 and extended Core 1
O-glycans often found in hematopoietic derived cells, which were not
included in our current O-glycoengineered CHO cell line platform.
These O-glycan structures may impact the biological activity and
safety of certain therapeutic glycoproteins. Future development will
include generating those additional CHO lines to make a full array
of O-glycovariants of therapeutic proteins.

In summary, we established a manufacturing relevant O-glycoengi-
neered CHO cell line platform that can be used for the production
of recombinant proteins, but leveraging this platform technology
for commercial drug production requires additional developmental
and characterization studies. As a proof of principle study, etanercept
produced from this platformwas used to demonstrate that differences
in O-glycans could alter the therapeutic protein’s critical quality attri-
butes as certain O-glycovariants of etanercept enhanced binding ac-
tivity to TNF- a and potency in the cell-based assay. Notably, this
workmay shed the new light on quality by design of biobetters for eta-
nercept which itself is an effective biotech drug on the market with
billions of dollars of revenue each year. We propose that this CHO
cell line platform can be used for a variety of different applications,
such as the production of O-glycan-specific ligands for assay develop-
ment, the production of O-glycovariants of growth factors for cell
culture, and the manufacturing of therapeutic proteins with designed
O-glycan structures. This platform offers a tool to define the quality
and safety, such as immunogenicity attributes of O-glycosylation, of
O-glycosylated therapeutic proteins.
022
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MATERIALS AND METHODS
Generation of clonally derived O-glycoengineered CHO cell line

platform

CHO cells were obtained from ATCC (Manassas, VA, Cat # CCL-61)
and cultivated according to their instructions. Transfections were per-
formed using HilyMAX (DojindoMol Tech. Inc, Rockville, MD, Cat#
H357-15) as described by the manufacturer. The plasmid constructs
used for the transfection are described in the Supplemental Informa-
tion. To generate stable clones, transfected cells were exposed to
antibiotic selection for 14 days before two sequential FACS cycles en-
riched for Tn antigen- or STn antigen-positive populations. To sup-
port clonal derivation, the enriched positive population of cells were
subjected to one round of limiting dilution cloning at 0.5 cells per
well.
Production andpurificationof experimental andO-glycovariants

of etanercept

Etanercept expressing cells were seeded in T150 vented flasks at 1 �
106 cells on day 0 with 50 mL growth media. After 5 days at 37�C and
5% CO2, the media were collected and replaced with 75 mL fresh me-
dia for an additional 2 days. All the harvested media were pooled and
centrifuged at 500 � g for 10 min before passage through a 0.22-
micron filter. To purify the O-glycovariants of etanercept, several
chromatographic methods were performed as described in the Sup-
plemental Information.
T synthase activity assay

The T synthase activity assay was performed as previously described.39
MS analysis of O-linked and N-linked glycans

An one-pot approach to simultaneously analyze N- and O-glycans
was performed and will be described in a second report. In brief, a
dry aliquot consisting of 50 mg of protein from whole cell lysates or
purified etanercept was reconstituted in 25 mL of buffer (10 mM so-
dium phosphate, 0.1% SDS, and 0.1% b-mercaptoethanol at pH
7.5) and incubated for 1 h at 60�C. After cooling, 2.5 mL of a 10% non-
idet-P40 solution was added, followed by incubation at room temper-
ature for 10 min. The N-glycans were released using 1 mL of a 1:10
solution of recombinant PNGase F (Prozyme, Hayward CA, Cat#
GKE-5006B) diluted in 10 mM sodium phosphate buffer, pH 7.5
(0.25 mU/mL) and incubated overnight at 37�C. The PNGase F-
treated samples were digested with 1 mL of a 20 mg/mL proteinase
K solution (Viagen, Los Angeles CA, Cat# 502-PK) and incubated
for 18 h at 55�C. Released N-glycans and small O-glycopeptides
were purified in tandem using active charcoal microspin columns.
The eluent was then dried under vacuum and treated with 10 mL of
ammonia borane complex in H2O (10 mg/mL) for 1 h at 60�C. Excess
reactants were removed by a series of methanolic evaporations.
Finally, the samples were processed by solid phase permethylation
releasing O-glycans from the peptide backbone, and simultaneously
methylating free glycans. The mixture of reduced N-glycans and un-
reduced O-glycans were resuspended in 10 mL of 50% methanol:
water, mixed 1:1 with a 2,5 dihydroxybenzoic acid matrix (10 mg/
Molecul
mL with 1 mM sodium acetate in 50% methanol) and spotted on a
target plate for analysis using a Bruker UltrafleXtreme MALDI-
TOF/TOF mass spectrometer as previously described.40 Mass mea-
surements were obtained in positive ion reflector mode, and peaks
corresponding to sodiated glycans were fragmented in TOF/TOF
mode. Reduced N-glycans containing an increased mass of 16 Da
were easily differentiated from unreduced O-glycans. Glycan inten-
sity was normalized to percent abundance based on total glycan iden-
tifications, and the average and standard deviation were calculated for
all structures.

SDS-PAGE, isoelectric focusing, and immunoblotting

Purified proteins (1 mg) were used to qualitatively determine the iso-
electric point using Novex IEF gels (Thermofisher, Waltham, MA,
Cat# EC6655BOX) as described by the manufacturer. Purity and pro-
tein stability were determined using SDS-PAGE (Any Kda Protein
Gel, Bio Rad, Hercules, CA, Cat# 4569036), 1 mg protein, and EZBlue
Coomassie stain (Sigma Aldrich, St. Louis, MO, Cat# G1041-500 ML)
as described by the manufacturer. Immunoblotting was performed
using up to 60 mg of cell lysate, 10 mL of harvest media, or 200 ng
of purified protein. Using Azure 600 (Azure Biosystems, Dublin,
CA), the proteins were imaged using the following primary and sec-
ondary antibodies: TAG-72 (Santa Cruz biotech, Santa Cruz, CA,
Cat# sc-20042), beta actin (Cell Signaling Technology, Danvers,
MA, Cat# 4970 and 3700), ST6GalNAc 1 and C3GNT (Proteintech,
Rosemont, IL, Cat# 15363-1-AP and 21291-1-AP), anti-human Fc
(Novus Biologicals, Centennial, CO, Cat# NBP1-40876), and several
near infrared secondary antibodies (Licor, Bad Homburg, Germany,
Cat# 926-68072, 926-68-021, and 926-32232).

Flow cytometry

Two million cells were incubated for one hour in growth media (no
phenol red) containing 2% FBS with a primary antibody at a 1:200 ra-
tio at 4�C. After two washes with PBS, cells were incubated with
appropriate Alexa Fluor antibodies at a 1:1,000 ratio for 1 h at 4�C.
Using a BD LSRII, 30k-50k cellular events were counted; single cells
were identified, and quantitative analyses were performed using FloJo
version 10.1 (BD Biosciences, San Jose, CA).

Etanercept potency assay

U937 cells were obtained from and cultivated as described by ATCC
(Cat # CRL-1593.2). Etanercept (200 ng/mL to 1 ng/mL) was incu-
bated with 10 ng/mL TNF-a (Biolegend, San Diego, CA, Cat#
570104) for 1 h at 37�C before addition to U937 cells (15,000 cells
per well). Cells were then incubated for 2.5 h at 37�C. Induction of
TNF-a-mediated caspase 3 signaling was measured by luciferase-
based assay using Caspase-Glo 3/7 (Promega, Madison, WI) as
described by the manufacturer. The EC50 values were then calculated.

Etanercept binding assay

Biolayer interferometry was performed using 1 mg of etanercept, pu-
rified TNF-a (200 ng–1 ng), anti-human Fc-capture biosensors,
and an Octet Red96e from Sartorius (Goettingen, Germany) as
described by the manufacturer. Briefly, etanercept-loaded Fc-capture
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 133
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biosensors were allowed to associate with TNF- a for 5 min before
dissociation for 5 min.

Statistics and reagents

All other reagents were purchased from Sigma Aldrich. The etaner-
cept reference material (Etan-Ref) was commercially manufactured
by Amgen Inc. and purchased through a pharmacy. Statistical ana-
lyses were performed using GraphPad Prism 6 from at least two inde-
pendently performed experiments. When 1 factor was analyzed, a
one-way ANOVA was performed with a Sidak’s multiple comparison
test to identify statistical differences. When more than one factor was
analyzed, a two-way ANOVA was performed with a Tukey’s multiple
comparison post-hoc test to identify significant differences. A p value
of less than 0.05 indicated statistical differences. The degree of
freedom, p values, and test methods are provided in Table S1.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.03.002.
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