
Vol.:(0123456789)1 3

Pharmaceutical Research (2024) 41:29–37 
https://doi.org/10.1007/s11095-023-03628-4

ORIGINAL RESEARCH ARTICLE

Benchmark Glycan Profile of Therapeutic Monoclonal Antibodies 
Produced by Mammalian Cell Expression Systems

Shen Luo1 · Baolin Zhang1 

Received: 3 August 2023 / Accepted: 16 October 2023 / Published online: 1 November 2023 
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

Abstract
Purpose This study aims to establish a benchmark glycan profile for commercial therapeutic monoclonal antibodies (mAbs) 
approved by the US Food and Drug Administration (FDA).
Methods We conducted a rigorous comparison of glycosylation data from the regulatory submissions for FDA-approved 
therapeutic antibodies up to May 2023. This analysis includes over 150 mAbs produced by various mammalian cell expres-
sion systems.
Results The study identified nine prevalent glycan epitopes across all FDA-approved monoclonal antibodies produced by 
different expression systems. These epitopes include terminal N-acetylglucosamine, core fucose, terminal galactose, high 
mannose, α-galactose, terminal α2,3-linked N-acetylneuraminic acid, terminal α2,6-linked N-glycolylneuraminic acid, tri-
antennary structure, and bisecting N-acetylglucosamine, thus establishing a benchmark glycan profile.
Conclusions The findings of this study have significant implications for therapeutic antibody development, quality control, 
and regulatory compliance. The benchmark glycan profile enables the assessment of glycosylation consistency and compara-
bility across a diverse range of antibody products, ensuring improved product quality within the biopharmaceutical industry.
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Introduction

Glycosylation is a post-translational modification process that 
involves the addition of carbohydrate structures to proteins, 
including therapeutic monoclonal antibodies (mAbs) [1, 2]. 
The carbohydrate structures added during glycosylation can 
significantly influence the properties of these antibodies, 
including their Fc effector functions, pharmacokinetics, and 
immunogenicity [2, 3]. Therefore, understanding and con-
trolling the glycosylation patterns is essential to maintain 
product quality and consistency during manufacturing [4].

Glycosylation is a naturally occurring process with 
considerable heterogeneity due to its non-template driven 
biosynthesis machinery [5, 6]. It can be influenced by mul-
tiple factors, such as cellular expression systems, culture 

conditions, and purification schemes [4]. For example, the 
choice of cell line, such as Chinese hamster ovary (CHO) 
cells or murine myeloma cells NS0 and Sp2/0, can impact 
the glycosylation patterns of the produced mAbs [7, 8]. 
Additionally, factors like media composition, growth con-
ditions, and process parameters can also influence glyco-
sylation [4, 9]. Consequently, glycosylation patterns or rela-
tive abundance of each glycan species, may vary between 
batches, leading to variations in product quality. Therefore, 
glycosylation is recognized as a critical quality attribute 
(CQA) for specific therapeutic antibodies, including both 
novel mAbs and biosimilars [10].

In this study, we aimed to comprehensively analyze the 
glycosylation patterns of United States Food and Drug 
Administration (FDA)-approved mAbs through an in-depth 
examination of release specifications and characterization 
data. By conducting this extensive analysis, we sought to 
establish a benchmark glycan profile that represents prevalent 
glycan structures and their respective abundances within the 
mAb dataset. Our analysis identified several glycan epitopes 
that are commonly observed in FDA-approved mAbs, includ-
ing core fucose, terminal N-acetylglucosamine, terminal 
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galactose, high mannose, terminal α2,3-linked N-acetylneu-
raminic acid, terminal α2,6-linked N-glycolylneuraminic 
acid, bisecting N-acetylglucosamine, α-galactose, and trian-
tennary structure. These glycan epitopes have been reported 
to influence various aspects of mAb function, such as anti-
body-dependent cellular cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC), and serum half-life [11–13]. 
The establishment of the benchmark glycan profile serves 
as a crucial reference point for mAb development, quality 
control, and regulatory compliance.

Methods

A total of 157 therapeutic recombinant antibody products 
that received FDA approval up to May 2023 were compiled 
using Microsoft Excel (supplement Table 1). This compila-
tion was based on an internal product list that tracks Biologic 
License Applications (BLAs) for biotechnology products, 
maintained at the FDA’s Office of Biotechnology Products 
(OBP). The necessary information, including the antibody 
type, expression system, and IgG subclass, was extracted 
from public databases including the FDA Label database 
(http:// fdala bel. fda. gov/ fdala bel-r/ ui/ search) and the Anti-
body Therapeutics Product Data database managed by the 
Antibody Society (https:// www. antib odyso ciety. org/ antib 
ody- thera peuti cs- produ ct- data/).

More detailed information, including the release specifi-
cation for glycosylation and N-glycan profiles, were obtained 
from the drug substance release specifications and charac-
terization section of the electronic common technical docu-
ment (eCTD) for the BLAs. The majority of the glycan pro-
files were derived from characterization data obtained from 
individual reference standard lots, with only a few being 
averages from multiple drug substance batches.

For N-glycan profiling, the products were initially 
grouped based on the three expression systems (CHO, NS0, 
Sp2/0). Within the CHO-produced products group, further 
sub-grouped profiles were created for typical IgG1 mAbs, 
other types of IgG1s, non-IgG1 antibodies, and IgG1 Fc-
fusion proteins. The percentage values of relative abundance 
for individual glycan species were rounded to whole num-
bers above 1%, to one decimal place for values between 0.5% 
and 1%, and to zero for values less than 0.5%. With each 
antibody group, the individual glycan species were sorted 
based on their mean relative abundance. The top ten most 
abundant glycans were then visually represented in a scatter 
plot using GraphPad Prism 9.5.1. The N-glycan structures 
were drawn following the Symbol Nomenclature for Glycans 
(SNFG) guidelines [14]. It’s worth noting that this study did 
not cover O-glycosylation, as it is rarely present in therapeu-
tic antibodies except for Fc-fusion proteins.

Results

The Evolving Landscape of FDA‑Approved 
Therapeutic Antibodies

Over the past two decades, the landscape of therapeu-
tic antibodies has experienced dynamic transformations 
and significant progress. As of May 2023, the FDA has 
approved a total of 157 therapeutic antibodies to treat 
various diseases, including cancer, autoimmune disor-
ders, and infectious diseases. Most of these antibodies 
are IgG monoclonal antibodies (mAbs), making up 71% 
(n = 111) of the approvals. Other categories include bispe-
cific antibodies (4%), antibody–drug conjugates (ADCs) 
(7%), Fc-fusion proteins (8%), IgG Fab or Fc fragments 
(6%), and coformulation products (4%) which consist of 
fixed-dose combinations of mAbs and enzymes or other 
mAbs (Fig. 1A).

One significant development in the field of therapeutic 
antibodies is the enactment of the Biologics Price Com-
petition and Innovation Act of 2009 (BPCI Act), which 
has led to the approval of 27 antibody biosimilars under 
Sect. 351(k) of the Public Health Service Act (PHS Act). 
These biosimilars have demonstrated high similarities 
to their reference products and have shown no clinically 
meaningful differences in terms of safety and effective-
ness. In this context, a total of seven reference products 
have served as the basis for these biosimilar approvals. 
With the support of the Biosimilar User Fee Act (BsUFA), 
the growth of biosimilars in the biologic drugs market 
is expected to continue. The BsUFA provides the FDA 
with additional resources to facilitate a timely and efficient 
review process for biosimilar applications. This, in turn, 
encourages further investment and development of bio-
similars, enhancing competition and expanding treatment 
options for patients.

Glycosylation of IgG antibody is critical consideration 
in the production of therapeutic proteins, which are manu-
factured using recombinant DNA technology and various 
cell expression systems. Among the 157 antibody thera-
peutics, three mammalian cell lines are predominantly 
used (Fig. 1B): CHO (76%), NS0 (11%), and Sp2/0 (6%). 
Additionally, E. coli cells (5%) are exclusively used for 
producing non-glycosylated IgG-Fab fragments, while 
Yeast (1%) and the rat myeloma cell line YB2/0 (1%) are 
also applied, but only for two products. When classifying 
these antibodies by IgG subclass (Fig. 1C), IgG1 consti-
tutes the majority (78%), followed by IgG2 (7%), IgG4 
(13%), and hybrid IgG1/2 and IgG2/4 (2%). However, the 
other three Fab fragments are not classified in the eCTD 
submission system. Among the largest IgG1 subclass 
(n = 120), most antibodies are produced using CHO (78%), 

https://nctr-crs.fda.gov/fdalabel/ui/search
https://www.antibodysociety.org/antibody-therapeutics-product-data/
https://www.antibodysociety.org/antibody-therapeutics-product-data/
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NS0 (8%), and Sp2/0 (8%) cells (Fig. 1D). Clearly, CHO 
cells have become the standard platform to produce all 
subclasses and types of therapeutic antibodies.

Consensus Glycan Profiles Across Therapeutic 
Antibodies

IgG antibodies bear two N-glycans at a highly conserved 
site, Asn-297, located in the Fc region [2]. This glycosyla-
tion, however, exhibits significant heterogeneity among dif-
ferent expression systems [7]. To gain insight into glycan 
attributes in these IgG antibody therapeutics, we analyzed 
the relevant information from eCTDs. First, we examined the 
drug substance specification section in the 157 BLAs and 
found that, except for 8% of non-glycosylated antibodies, 
nearly half of the products (45%) had glycosylation speci-
fications for release testing of the drug substance (Fig. 1E). 
This is largely associated with reporting effector function 
(e.g., ADCC, CDC) as part of the mechanism of action 
(MOA) on the product labels. This correlation aligns with 
the crucial role of Fc glycan in IgG binding to Fcγ receptors 
[15, 16] and C1q [17].

Next, we extracted quantitative N-glycan profiles from 
119 eCTDs for antibodies produced by the top three cell 
lines: CHO (n = 95), NS0 (n = 16), and Sp2/0 (n = 8). The 
focus of this analysis was on common glycan profiles, and 
we excluded certain products, including: (i) antibodies pro-
duced by the other three cell lines (n = 10); (ii) antibodies 
in coformulation products containing more than one active 
pharmaceutical ingredient (API), including enzyme API 
(n = 6); and (iii) antibodies with unique N-glycan profiles 

intentionally engineered, such as non-glycosylated (n = 5), 
afucosylated (n = 4), and low fucosylated (n = 3) antibod-
ies [18]. For the remaining 119 samples, we grouped them 
by expression system. The largest group was CHO (n = 95), 
which was further divided into five subgroups, as shown in 
Fig. 2: (A) typical IgG1 mAbs (n = 57), (B) IgG1 reference 
products (n = 4) and biosimilars (n = 23) of the typical mAb 
type, (C) other types of IgG1s, including ADCs, bispecific 
antibodies, and Fc fragments (n = 10), (D) non-IgG1 anti-
bodies encompassing all types of IgG2, IgG4, IgG1/2, and 
IgG2/4 products (n = 24), and (E) IgG1 Fc-fusion proteins 
(n = 4).

Based on the analysis of the mean value of each N-gly-
can species in different groups, we have identified the top 
ten most abundant glycans present across antibodies pro-
duced by the top three cell lines (Figs. 2 and 3). Regard-
less of the expression system, these abundant glycans 
are predominantly biantennary complex type (Table 1). 
Among them, the most common N-glycans across all 
groups are fucosylated G0F, G1F, and G2F, being the top 
three N-glycans for all groups (Table 1 and Figs. 2A-D 
and 3), except for the Fc-fusion proteins (Fig. 2E). Simi-
lar patterns are also observed between the CHO-produced 
IgG1 mAb reference products and their biosimilars 
(Fig. 2B). While the abundance of each glycan species 
varies widely among products (Fig. 2A), their combined 
mean values when counting the top three glycans together 
(G0F + G1F + G2F) are within a narrow range of 82–90% 
across all groups (Fig. 4). Interestingly, a wide range of 
G0F levels has been reported to one legacy product during 
its long manufacturing history involving multiple process 

Fig. 1  Overview of FDA-approved therapeutic monoclonal antibodies (mAbs). Analysis of 157 FDA-approved therapeutic mAbs (as of May 
2023) based on (A) antibody type, (B) expression system, (C) IgG subclass, (D) IgG1 expression system, and (E) drug substance release specifi-
cation for glycosylation. *Note: Three Fab-fragment products were excluded from the analysis in Panel C.
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changes. Therefore, there is a possibility that such wide 
distributions of the top three glycans among different prod-
ucts are more influenced by different bioprocesses (e.g., 
media and culture conditions) rather than the products or 
expression systems themselves. One example is the obser-
vation of rapid shift from G0F to G1F on a CHO-produced 
mAb when increasing concentrations of galactosylation 
substrates (uridine, manganese chloride, and galactose) 
in the feed medium [19].

In addition to the top three glycans, there are other gly-
cans present at lower abundance with mean values not 
exceeding 3%, such as afucosylated G0 and M5, which are 
among the top ten glycans in all groups, including Fc-fusion 
proteins (Table 1, Figs. 2 and 3). Furthermore, fucosylated 
G0F-GlcNAc is also on the top-ten lists for all antibodies 
except for the Fc-fusion proteins (Table 1, Figs. 2A-D and 
3). High mannose glycans, represented by M5 and M6, have 
an average abundance of 1–3% and below 0.5%, respectively, 

Fig. 2  Comparative analysis of 
N-glycan profiles of CHO-
produced mAbs. This figure 
presents the findings of a survey 
conducted on Biologic License 
Application (BLA) documents, 
focusing on N-glycan profiles 
of therapeutic mAbs produced 
in CHO cells. The majority of 
CHO-produced mAbs in cat-
egories A to D exhibit similar 
N-glycan profiles, mainly com-
prising G0F and G1F species. 
However, a notable exception 
is observed for IgG1-Fc fusion 
proteins in category E, which 
display a more even distribu-
tion of N-glycans, with the top 
three glycans being sialylated 
with N-Acetylneuraminic acid 
(NANA; green symbols). The 
scatter plots illustrate the mean 
values and distribution of the 
top ten N-glycans consistently 
found in CHO-produced mAbs 
in different categories: (A) IgG1 
mAbs, (B) reference products 
(red symbols) vs. biosimilars of 
IgG1 mAbs, (C) other types of 
IgG1 mAbs including bispecific 
antibody (BsAb), antibody–drug 
conjugate (ADC), and IgG1-Fc 
fragment, (D) non-IgG1 mAbs 
including IgG2, IgG4, IgG1/2, 
and IgG2/4 mAbs, IgG4 BsAb, 
and IgG4 Fc-fusion protein, and 
(E) IgG1 Fc-fusion proteins. 
Of note, the analyses excluded 
antibodies in fixed-dose combi-
nation products containing more 
than one active pharmaceutical 
ingredient (API), and antibod-
ies with unique glycan profiles 
designed intentionally, such 
as low levels of fucosylation, 
to ensure robust and accurate 
comparisons.
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across all antibodies (Table 1). This indicates that the levels 
of high mannose glycans are generally low, likely due to 
optimized bioprocesses, which help minimize their impact 
on the efficacy and pharmacokinetics of the product [20].

Distinct Glycan Profiles in Some Therapeutic 
Antibodies

Despite six common glycans, there are two main differences 
in N-glycan profiles among these antibodies. Firstly, as men-
tioned above, Fc-fusion proteins exhibit distinct top-three 
glycans compared to other types of antibodies. This variation 
arises from the presence of multiple N-glycosylation sites 
in the non-Fc region of the protein, leading to attachments 
of different glycans compared to the Fc-glycans. For exam-
ple, it has been reported that the extracellular domain of 
the tumor necrosis factor receptor on etanercept (Enbrel®) 
carries abundant sialylated N-glycans, which are not com-
monly seen in neutral Fc-glycans [21, 22]. Consequently, 
the top three glycans in Fc-fusion proteins are all sialylated: 
G2F + NANA, G2F + 2NANA, and G2 + NANA. Addition-
ally, the top ten glycans are more evenly distributed com-
pared to glycans in other types of antibodies (Fig. 2E).

Secondly, differences are also observed on glycans with 
non-human epitopes, which could potentially trigger an 
immune response. Specifically, two potentially immuno-
genic epitopes, namely α-galactose (Galα(1,3)Galβ(1,4)Glc-
NAc) and sialic acid N-glycolylneuraminic acid (NGNA), 
show notable differences. The α-galactose epitope is 
mainly detected in NS0-produced antibodies (G2F + αGal, 
G2F + 2αGal, and G2F + NGNA), while the NGNA 
epitope is mainly found in Sp2/0-produced antibodies 

(G2F + NGNA, G1F + NGNA, G2F + αGal + NGNA, and 
G2F + 2NGNA) (Fig. 3). Of note, Fig. 3B excludes a unique 
case, cetuximab (Erbitux®), an Sp2/0-produced IgG1 mAb 
reported to have a second N-glycosylation site in the Fab 
region carrying abundant α-galactose and NGNA glycans, 
which are different from its Fc-glycans [23]. In contrast, 
CHO-produced antibodies predominantly carry human 
N-acetylneuraminic acid (NANA) glycans (see Fig. 2), 
and their levels are generally very low, in average less than 
0.5%, except for Fc-fusion proteins.

A Benchmark Glycan Profile Across Therapeutic IgG 
mAbs

Despite the extensive structural diversity observed, the top 
ten glycans found in all groups share eight common termi-
nal epitopes, which are highlighted on glycan structures in 
Table 1. These eight epitopes consist of non-immunogenic 
ones: core fucose, terminal N-acetylglucosamine (GlcNAc), 
terminal galactose, high mannose, triantennary structure, 
and terminal NANA with an exclusive α2,3-linkage on IgG1 
monoclonal antibodies produced in CHO cells [24]. Addi-
tionally, there are two potentially immunogenic epitopes, 
namely α-galactose and terminal NGNA with mostly α2,6-
linkage [25–27]. Moreover, the bisecting GlcNAc epitope 
(Table 1) was detected at very low level in several products 
but was found at a significantly high level in one glyco-
engineered IgG1 mAb, mainly afucosylated [18]. It is note-
worthy that afucosylated mAbs demonstrate much higher 
binding affinity to Fcγ receptors compared to fucosylated 
mAbs, resulting in enhanced ADCC effects [28].

Fig. 3  N-glycan profiles of mAbs produced by mouse myeloma cell lines. The BLA survey revealed that the most abundant N-glycans of mAbs 
and ADCs produced by mouse myeloma cell lines (NS0 and Sp2/0) are G0F, G1F, and G2F (A, B), like CHO-produced mAbs. However, mAbs 
produced in NS0 and Sp2/0 cells contain potentially immunogenic glycans, namely glycans with terminal α-Galactose (α-Gal; orange symbols) 
and N-Glycolylneuraminic acid (NGNA; red symbols). The scatter plots display the mean values and distribution of the top ten N-glycans that 
are consistently present in FDA-approved mAbs and ADCs produced in NS0 (A) and Sp2/0 cells (B).
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Table 1  Characterization of 
top ten N-Glycan structures 
and terminal epitopes in 
FDA-approved monoclonal 
antibodies: cell line-specific 
distribution and relative 
abundances. This table 
provides a summary of the 
glycan structures and their 
corresponding terminal 
epitopes, along with the mean 
percentage relative abundances 
and distribution ranges, for 
the top ten N-glycans found 
in FDA-approved monoclonal 
antibodies. The antibodies were 
produced in different cell lines, 
including CHO (57 IgG1 mAbs, 
10 other type IgG1s, 24 non-
IgG1s, and 4 IgG1 Fc-fusion 
proteins), NS0 (n = 16), and 
Sp2/0 (n = 8). The glycan 
data is sorted based on IgG1 
mAbs, and the top three mean 
values within each group are 
highlighted in bold fonts. The 
analysis excludes antibodies 
in fixed-dose combination 
products and those with unique 
glycan profiles due to specific 
design characteristics, such 
as low levels of fucosylation. 
Percentage values less than 
0.5% were rounded to zero

N-glycan Mean (range) of relative abundance, %

Name Structure
Highlighted 

epitope

CHO NS0 Sp2/0

IgG1 

mAbs

IgG1 other 

types

Non-IgG1 

antibodies

IgG1 Fc-fusion 

proteins

Antibodies of all 

types/subclasses 

G0F Terminal GlcNAc
58
(27-87)

67
(46-90)

62
(25-91)

9

(5-11)
44
(16-85)

49
(22-92)

G1F Core fucose
26
(5-45)

20
(2-39)

21
(5-44)

10

(4-19)
29
(2-43)

28
(2-38)

G2F Terminal galactose
4
(0-10)

3
(0-8)

4
(0-22)

8

(3-18)
10
(0-19)

5
(0-16)

G0
3

(0-14)

2.2

(0-4)

2.3

(0-7)

1.3

(0-2)

0.80

(0-6)
0.6

(0-2)

M5 High mannose
2.1

(0-6)

2.3

(0.6-5)

3

(0-15)

1.5

(0-3)

1.0

(0-5)

2.5

(0-5)

G0F-GlcNAc
1.7

(0-13)

1.2

(0-2)

1.9

(0-12)

3

(0-15)

1.4

(0-5)

G1
0.8

(0-10)

0.10

(0-1)

0.4

(0-3)

M6
0.4

(0-4)

0.26

(0-1)

G2F+NANA Terminal NANA
0.31

(0-2)

0.17

(0-1)

0.3

(0-2)
16
(13-23)

G1F-GlcNAc
0.26

(0-4)

0.11

(0-0.6)

1.4

(0-5)

G0F+GlcNAc
Triantennary 

structure

0.28

(0-2)

G0-GlcNAc
0.24

(0-2)

G2F+2NANA
15
(13-17)

G2+NANA
13
(9-15)

G2+2NANA
7

(4-12)

G2
5.5

(3-8)

G2F+αGal
1.5

(0-5)

G2F+2αGal
Terminal α-

Galactose

0.91

(0-4)

G2F+NGNA
0.84

(0-4)

3

(0-16)

G1F+NGNA Terminal NGNA
1.7

(0-7)

G2F+αGal 

+NGNA

1.1

(0-9)

G2F+2NGNA
0.63

(0-3)

bG0* Bisecting GlcNAc

Fucose (F)
N-Acetylglucosamine (GlcNAc)

Mannose (M)
Galactose (G)

N-Acetylneuraminic acid (NANA)
N-Glycolylneuraminic acid (NGNA)

* Reported in several products at low levels, but at high levels in one glycol-engineered 
product.
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Discussion

In this study, we aimed to provide a comprehensive under-
standing of mAb glycosylation by analyzing glycosylation 
data from FDA-approved biologics up to May 2023. Our 
analysis covered more than 150 mAbs produced through 
diverse mammalian cell expression systems (Supplement 
Table 1), enabling us to establish a benchmark glycan pro-
file for therapeutic antibodies (Figs. 2 and 3). The iden-
tification of nine prevalent glycan epitopes commonly 
found in mAbs represents a significant contribution to 
the field. These epitopes, including terminal N-acetylglu-
cosamine, core fucose, terminal galactose, high mannose, 
α-galactose, terminal α2,3-linked N-acetylneuraminic 
acid, terminal α2,6-linked N-glycolylneuraminic acid, tri-
antennary structure, and bisecting N-acetylglucosamine, 

provide valuable insights into the glycosylation landscape 
of therapeutic mAbs (Table 1). This information is vital 
for assessing and monitoring glycosylation patterns dur-
ing mAb production, ensuring consistent product quality, 
and mitigating the risk of undesirable glycan profiles that 
may lead to altered pharmacokinetics or immunogenicity.

It is important to emphasize the significance of employ-
ing rigorous glycosylation analysis and quality control 
throughout the entire mAb manufacturing process. Stand-
ardized analytical methods are essential to obtain accu-
rate and reliable glycosylation data, allowing for a bet-
ter understanding of the impact of glycosylation on mAb 
functionality and safety [2, 10, 29]. The benchmark glycan 
profile presented in this study can serve as a valuable ref-
erence for assessing the glycosylation of biosimilars to 
FDA-approved mAbs. This will streamline the regulatory 
approval process and ensure the comparability of biosimi-
lars with their reference products, further facilitating the 
development of novel therapeutics.

Our findings also highlight the influence of different cell 
lines on mAb glycosylation patterns [30]. Notably, CHO 
cells, with their ability to perform complex glycosylation 
similar to human cells, are preferred for producing mAbs 
with human-like glycosylation patterns (Fig. 1B). NS0 and 
Sp2/0 cells, despite the tendency of adding non-human ter-
minal epitopes to some low-abundant glycans (Fig. 3), are 
also used to manufacture mAbs with the same predominant 
glycans as those on CHO-produced mAbs (Fig. 4). The 
established safety and regulatory track records of these cell 
lines make them the primary choices for therapeutic anti-
body production (Fig. 1B).

One critical consideration when interpreting our results is 
the dynamic nature of glycosylation. The glycosylation pro-
files of mAbs may vary depending on various factors, such as 
cell expression systems, cell culture conditions, manufactur-
ing processes, and analytical methods [4]. Therefore, continu-
ous monitoring and analysis of glycosylation patterns in dif-
ferent batches of mAbs are essential to maintaining consistent 
product quality and optimizing therapeutic effectiveness.

In conclusion, the comprehensive analysis of glycosyla-
tion data from FDA-approved biologics up to May 2023 has 
allowed us to establish a benchmark glycan profile for mAbs. 
The identification of prevalent glycan epitopes and the insights 
gained from this study provide a solid foundation for under-
standing the glycosylation landscape of mAbs. This knowledge 
will aid researchers and developers in producing mAbs with 
optimized glycosylation patterns, thus enhancing therapeutic 
efficacy and safety. Our work underscores the importance of 
rigorous glycosylation analysis and quality control in the mAb 
manufacturing process and highlights the impact of different 
cell lines on glycosylation patterns. We hope that this study 
will inspire further research in this field and pave the way for 
the continued progress of mAb-based therapies in the future.

Fig. 4  Relative abundances of the top three N-glycans in therapeutic 
mAbs. The scatter plots illustrate the mean values for the total abun-
dance of the top three N-glycans (G0F, G1F, and G2F) in antibodies 
produced by CHO, NS0, and Sp2/0 cells. The mean values fall within 
a narrow range of 82–90%, while the distributions are wide, rang-
ing 65–99%. Fusion proteins were excluded from this analysis due to 
their intentionally engineered glycosylation patterns.



36 Pharmaceutical Research (2024) 41:29–37

1 3

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 023- 03628-4.

Acknowledgements The authors would like to express their gratitude 
to Julianne Twomey, Alexis Dean, and Serge Beaucage of the Office of 
Biotechnology Products (OBP) in the Center for Drug Evaluation and 
Research (CDER) at the Food and Drug Administration (FDA) for their 
valuable feedback and critical review of the manuscript.

Funding This work was funded by the U.S. Food and Drug Administration.

Data Availability The authors confirm that the data supporting the find-
ings of this study are available within the article and its supplementary 
materials. However, the raw data for individual products are propri-
etary information in the regulatory submissions and are not publicly 
available.

Declarations 

Conflict of Interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Disclaimer This article reflects the views of the authors and should not 
be construed to represent FDA’s views or policies.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Varki A. Biological roles of glycans. Glycobiology. 
2016;27(1):3–49.

 2. Nimmerjahn F, Vidarsson G, Cragg MS. Effect of posttransla-
tional modifications and subclass on IgG activity: from immunity 
to immunotherapy. Nat Immunol. 2023;24(8):1244–55.

 3. Beck A, Wurch T, Bailly C, Corvaia N. Strategies and challenges 
for the next generation of therapeutic antibodies. Nat Rev Immu-
nol. 2010;10(5):345–52.

 4. Sha S, Agarabi C, Brorson K, Lee D-Y, Yoon S. N-Glycosyla-
tion Design and Control of Therapeutic Monoclonal Antibodies. 
Trends Biotechnol. 2016;34(10):835–46.

 5. Mao L, Schneider JW, Robinson AS. Progress toward rapid, at-
line N-glycosylation detection and control for recombinant protein 
expression. Curr Opin Biotechnol. 2022;78:102788.

 6. De Leoz MLA, Duewer DL, Fung A, Liu L, Yau HK, Potter O, 
et al. NIST Interlaboratory Study on Glycosylation Analysis of 
Monoclonal Antibodies: Comparison of Results from Diverse 
Analytical Methods*. Mol Cell Proteomics. 2020;19(1):11–30.

 7. Mimura Y, Katoh T, Saldova R, O’Flaherty R, Izumi T, Mimura-
Kimura Y, et al. Glycosylation engineering of therapeutic IgG 
antibodies: challenges for the safety, functionality and efficacy. 
Protein Cell. 2017;9(1):47–62.

 8. Maeda E, Kita S, Kinoshita M, Urakami K, Hayakawa T, Kakehi 
K. Analysis of Nonhuman N-Glycans as the Minor Constituents in 
Recombinant Monoclonal Antibody Pharmaceuticals. Anal Chem. 
2012;84(5):2373–9.

 9. Ehret J, Zimmermann M, Eichhorn T, Zimmer A. Impact of cell 
culture media additives on IgG glycosylation produced in Chinese 
hamster ovary cells. Biotechnol Bioeng. 2019;116(4):816–30.

 10. Reusch D, Tejada ML. Fc glycans of therapeutic antibodies as 
critical quality attributes. Glycobiology. 2015;25(12):1325–34.

 11. Boune S, Hu P, Epstein AL, Khawli LA. Principles of N-Linked 
Glycosylation Variations of IgG-Based Therapeutics: Pharmacoki-
netic and Functional Considerations. Antibodies. 2020;9(2):22.

 12. Goetze AM, Liu YD, Zhang Z, Shah B, Lee E, Bondarenko PV, 
et al. High-mannose glycans on the Fc region of therapeutic IgG 
antibodies increase serum clearance in humans. Glycobiology. 
2011;21(7):949–59.

 13. Alessandri L, Ouellette D, Acquah A, Rieser M, LeBlond D, Sal-
tarelli M, et al. Increased serum clearance of oligomannose spe-
cies present on a human IgG1 molecule. mAbs. 2012;4(4):509–20.

 14. Neelamegham S, Aoki-Kinoshita K, Bolton E, Frank M, Lisacek 
F, Lütteke T, et al. Updates to the Symbol Nomenclature for Gly-
cans guidelines. Glycobiology. 2019;29(9):620–4.

 15. Lu J, Chu J, Zou Z, Hamacher NB, Rixon MW, Sun PD. Structure 
of FcγRI in complex with Fc reveals the importance of glycan 
recognition for high-affinity IgG binding. Proc Natl Acad Sci U S 
A. 2015;112(3):833–8.

 16. Subedi GP, Barb AW. The Structural Role of Antibody N-Glyco-
sylation in Receptor Interactions. Structure. 2015;23(9):1573–83.

 17. Peschke B, Keller CW, Weber P, Quast I, Lünemann JD. Fc-Galac-
tosylation of Human Immunoglobulin Gamma Isotypes Improves 
C1q Binding and Enhances Complement-Dependent Cytotoxicity. 
Front Immunol. 2017;8:646.

 18. Duivelshof BL, Denorme S, Sandra K, Liu X, Beck A, Lauber 
MA, et al. Quantitative N-Glycan Profiling of Therapeutic Mono-
clonal Antibodies Performed by Middle-Up Level HILIC-HRMS 
Analysis. Pharmaceutics. 2021;13(11):1744.

 19. Gramer MJ, Eckblad JJ, Donahue R, Brown J, Shultz C, Vick-
erman K, et al. Modulation of antibody galactosylation through 
feeding of uridine, manganese chloride, and galactose. Biotechnol 
Bioeng. 2011;108(7):1591–602.

 20. Mastrangeli R, Audino MC, Palinsky W, Broly H, Bierau H. 
The Formidable Challenge of Controlling High Mannose-
Type N-Glycans in Therapeutic mAbs. Trends Biotechnol. 
2020;38(10):1154–68.

 21. Houel S, Hilliard M, Yu YQ, McLoughlin N, Martin SM, Rudd 
PM, et al. N- and O-glycosylation analysis of etanercept using 
liquid chromatography and quadrupole time-of-flight mass spec-
trometry equipped with electron-transfer dissociation functional-
ity. Anal Chem. 2014;86(1):576–84.

 22. Duivelshof BL, Murisier A, Camperi J, Fekete S, Beck A, Guil-
larme D, et al. Therapeutic Fc-fusion proteins: Current analytical 
strategies. J Sep Sci. 2021;44(1):35–62.

 23. Douez E, D’Atri V, Guillarme D, Antier D, Guerriaud M, Beck A, 
et al. Why is there no biosimilar of Erbitux®? J Pharm Biomed 
Anal. 2023;234:115544.

 24. Ambrogelly A, Gozo S, Katiyar A, Dellatore S, Kune Y, Bhat R, 
et al. Analytical comparability study of recombinant monoclonal 
antibody therapeutics. mAbs. 2018;10(4):513–38.

 25. Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A. 
Implications of the presence of N-glycolylneuraminic acid 
in recombinant therapeutic glycoproteins. Nat Biotechnol. 
2010;28(8):863–7.

 26 Ghaderi D, Zhang M, Hurtado-Ziola N, Varki A. Production plat-
forms for biotherapeutic glycoproteins. Occurrence, impact, and 

https://doi.org/10.1007/s11095-023-03628-4
http://creativecommons.org/licenses/by/4.0/


37Pharmaceutical Research (2024) 41:29–37 

1 3

challenges of non-human sialylation. Biotechnol Genet Eng Rev. 
2012;28(1):147–76.

 27. Hilliard M, Alley WR, McManus CA, Yu YQ, Hallinan S, Gebler 
J, et al. Glycan characterization of the NIST RM monoclonal anti-
body using a total analytical solution: From sample preparation to 
data analysis. mAbs. 2017;9(8):1349–59.

 28. Ferrara C, Grau S, Jager C, Sondermann P, Brunker P, Wald-
hauer I, et al. Unique carbohydrate-carbohydrate interactions 
are required for high affinity binding between FcgammaRIII 
and antibodies lacking core fucose. Proc Natl Acad Sci U S A. 
2011;108(31):12669–74.

 29. Zhang L, Luo S, Zhang B. Glycan analysis of therapeutic glyco-
proteins. mAbs. 2016;8(2):205–15.

 30. Frenzel A, Hust M, Schirrmann T. Expression of recombinant 
antibodies. Front Immunol. 2013;4:217.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Benchmark Glycan Profile of Therapeutic Monoclonal Antibodies Produced by Mammalian Cell Expression Systems
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Results
	The Evolving Landscape of FDA-Approved Therapeutic Antibodies
	Consensus Glycan Profiles Across Therapeutic Antibodies
	Distinct Glycan Profiles in Some Therapeutic Antibodies
	A Benchmark Glycan Profile Across Therapeutic IgG mAbs

	Discussion
	Acknowledgements 
	References


