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Abstract
Recombinant production of IgM antibodies poses a special challenge due to the complex
structure of the proteins and their not yet fully elucidated interactions with the immune effector proteins, especially the complement system. In this study, we present transient expression of IgM antibodies (IgM617, IgM012 and IgM012_GL) in HEK cells and compared it to
the well-established stable expression system in CHO cells. The presented workflow investigates quality attributes including productivity, polymer distribution, glycosylation, antibody
structure and activation of the classical complement pathway. The HEK293E transient
expression system is able to generate comparable amounts and polymer distribution as IgM
stably produced in CHO. Although the glycan profile generated by HEK293E cells contained
a lower degree of sialylation and a higher portion of oligomannose structures, the potency to
activate the complement cascade was maintained. Electron microscopy also confirmed the
structural integrity of IgM pentamers produced in HEK293E cells, since the conventional
star-shaped structure is observed. From our studies, we conclude that the transient expression system provides an attractive alternative for rapid, efficient and high-throughput production of complex IgM antibodies with slightly altered post-translational modifications, but
comparable structure and function.

Introduction
Immunoglobulins of subclass M (IgM) are considered as the main actors in the protection
against humoral microbial infection and in the mediation of cell debris clearance by activating
and controlling the complement classical pathway and inflammation. This crucial role theoretically makes them relevant for therapeutic applications. Although clinical trials of metastatic
melanoma patients with a human anti-GD2 IgM (MORAb-028) were already started, the
study was terminated due to a lack of product availability (ClinicalTrials.gov Identifier:
NCT01123304, update: July 2019). Production of IgMs is a cost-intensive and tedious process
no matter if isolated from serum or recombinantly expressed in stable cell lines [1–3]. The
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challenges in recombinant IgM production are an adequate productivity, homogenous polymerization, purity, structural integrity and biological function. Even though pentamers and
hexamers are the predominant forms of IgM in human serum, aggregated or incomplete polymers were described for recombinantly produced IgMs resulting in reduced product quality
[2,4–6]. Another important quality attribute is the glycosylation since it may affect IgM secretion, cytolytic activity, immunogenicity or pharmacokinetics [7–10].
In the herein presented study, we evaluated if transient expression systems produce acceptable quantity, high quality and functional IgMs and thereby provide rapid, efficient and highthroughput alternatives to the established expression systems. The production of the three
model antibodies IgM012, IgM012_GL and IgM617 was investigated in the human HEK293E
cell line and compared to the well-established IgM producing CHO DG44 cell lines [1]. The
HEK293E cell line is a frequently used system for transient expression because of its properties
such as easy maintenance, robustness, ease of transfection and high yield of protein expression
[11–13]. CHO DG44 cell line represents traditional and the most commonly used stable producing cell system in industrial production of recombinant protein therapeutics [14]. Our
study investigates and compares the productivity of both expressions systems and several quality attributes: the polymer distribution and glycosylation patterns, as well as the in vitro functional activity to activate the classical complement pathway and their structural integrity by
negative stain transmission electron microscopy (TEM).

Materials and methods
Genetic constructs and cell lines
The stable IgM producing CHO DG44 cell lines were generated as described in Chromikova
et al., 2015 [1]. In short, two different pIRES vectors were used for co-transfection and random
gene integration. The IgM heavy chain and dihydrofolate reductase (DHFR) genes were connected by an internal ribosome entry site (IRES) sequence and expressed under the SV40 promoter. The light chain is expressed under the cytomegalovirus (CMV) promoter and followed
by the IRES and joining chain sequence. The host cell line was transfected with two pIRES constructs containing either IgM heavy chain and DHFR genes or light chain and joining chain
genes (S1A Fig).
The transient IgM expression was performed in HEK293E cells with two pCEP4 constructs
containing either IgM heavy chain gene or light chain and joining chain genes (S1B Fig). The
pCEP4 vector encodes the EBNA1 gene for episomal plasmid amplification and the CMV promoter upstream the gene of interest (S1B Fig). The genes encoding the IgM chains were identical to the constructs used for stable transfection. The stable expression of the adenovirus 13 S
E1a in the HEK293E cells enhances transcription of CMV promoter [15].

Production of IgM
Stable CHO DG44 cell lines and HEK293E host cell lines were seeded at 106 cells/mL. Three
parallel cultures of the IgM producing CHO DG44 cells were cultivated in batch mode for
each model IgM. HEK293E were transfected with the constructs described in S1B Fig using
polyethylenimine. 48 hours post transfection the cultures were supplemented with 0.5% tryptone N1 (TN1) and 5 mM valproic acid (VPA) to increase the protein synthesis in transient
expression up to the yields of stable expression systems [16,17]. To quantify IgM titers, cell culture supernatants were analyzed with a standard μ-κ-ELISA using the respective purified IgM
antibody as reference material. Antigen binding activities of all IgMs was also evaluated by
ELISA and detection of IgMs deposition over coating specific antigens. As expected, all IgM
preparations were able to bind their specific antigen.
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Purification
IgM antibodies were purified according to Hennicke et al., 2017 [18]. Briefly, POROS CaptureSelectTM IgM Affinity Matrix (Thermo Fisher Scientific) was used for affinity chromatography.
The IgMs were eluted with 1 M Arginine, 2 M MgCl2, pH 3.5. As a second purification step,
the eluted IgM samples were applied on a SuperoseTM 6 column (GE Healthcare). IgM was
separated from nucleic acid contaminants with running buffer (0.1 M sodium phosphate pH
5.5, 0.2 M NaCl) at a flow rate of 0.5 mL/min.

SDS PAGE, silver stain and immunoblotting for polymer distribution
Separation and identification of purified IgMs by SDS-PAGE and Western blot was performed
as described in [1]. Silver staining was performed according to [19]. A goat anti-human μchain specific peroxidase antibody (1:2000, Sigma) was used to detect the μ-chain of the IgM
molecule.

Transmission electron microscopy (TEM)
60–80 ng of IgM was applied to a Mica Sheet covered with evaporated carbon film. The film
was floated off in ~100 μL 2% sodium silicotungstate (SST, Agar Scientific) and fished onto a
400 mesh Cu TEM grid (Delta Microscopies). Images were taken with a Tecnai F20 TEM
microscope at 200 keV.

N-linked glycosylation
The site-specific glycan pattern was analyzed as described in [18]. Briefly, purified IgM was Salkylated with iodoacetamide and digested with Trypsin (Promega) or with Trypsin and endoproteinase GluC (Roche). IgM fragments were separated with RP-HPLC (BioBasic C18 column, Thermo Fisher Scientific) and detected with QTOF MS (Bruker maXis 4G). MS spectra
were recorded in DDA (data depended acquisition–highest peaks are selected for MS/MS fragmentation) mode in a range from 150–2200 Da. The five possible glycopeptides were identified
as sets of peaks consisting of the peptide moiety and the attached N-glycan varying in the number of Gal-GlcNAc units (antennae), fucose and sialic acid residues. The theoretical masses of
these glycopeptides were determined with a spreadsheet using the monoisotopic masses for
amino acids and monosaccharides.

Complement activation-ELISA
The activation of the classical complement pathway was monitored by an ELISA-assay based
on detection of C4b deposition according to Bally et al., 2019 [20]. In brief, 200 ng of IgM were
immobilised on a 96-well plate (Thermo Fisher Scientific) and incubated with 4% normal
human serum (NHS), 4% C1q depleted serum (NHSΔ, CompTech) or 4% NHSΔ reconstituted
with purified human C1q (4 μg/mL) [21]. NHS was obtained from the Etablissement Français
du Sang Rhône-Alpes (agreement number 14–1940 regarding its use in research). Unspecific
binding was prevented by saturation with 2% bovine serum albumin (BSA, Sigma Aldrich). In
the course of the classical pathway activation, C4 is cleaved into C4a and C4b, which deposition was detected with a rabbit anti-human C4 polyclonal antibody (Siemens) specific for C4b
and an anti-rabbit-HRP antibody conjugate (Sigma Aldrich). C4b deposition was visualized by
addition of TMB (Sigma Aldrich) and a Clariostar plate reader (BMG Labtech). Screened
recombinant IgM samples were produced by transient HEK293E and stable CHO DG44 and
purified as described above. Polyclonal IgM isolated from human serum (Sigma Aldrich) was
used as control.
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Results
Expression and polymer distribution of IgM
To assess if the transient expression is a suitable alternative to stable expression, production of
IgM was investigated in both systems. Comparison of stable expression in CHO DG44 and
transient expression in HEK293E showed that similar maximum viable cell concentrations
result in comparable amounts of the respective IgM antibody variant (e.g., approx. 8.4 × 106
cells/mL in CHO DG44 and 8.1 × 106 cells/mL in HEK293E expressing 36 μg/mL and 30 μg/
mL IgM012_GL, respectively) (Fig 1A), although transient expression often shows reduced
product concentration compared to stable production. Also, transient transfections in
HEK293E present high variabilities and only the most efficient transfections for each IgM are
shown in Fig 1A. Moreover, as previously described in Chromikova et al., 2015 [1] for CHO
production, differences in antibody HEK expression behavior were observed for all three IgM
models. Indeed, similarly in both systems, production of IgM617 yields in significantly higher
product titers (approx. 9-fold in CHO DG44 and 5-fold in HEK293E) compared to IgM012
and IgM012_GL [1]. To investigate the impact of the expression system on selected quality
attributes of the IgMs, we evaluated the polymer formation by gel electrophoresis and glycosylation by LC-MS/MS. All IgMs were successfully produced in both cell lines as pentamers as
the major IgM fraction for all model IgMs. However, purified IgM012 and IgM012_GL
showed dimer formation, indicating that the differences in polymer distribution of the individual antibodies were independent of the host cell line and the expression system (Fig 1B). The
presence of dimeric IgM was also observed in analytical SEC-HPLC, at least for IgM012_GL
[22].

Host-specific glycosylation of IgM
IgMs bear five potential N-glycosylation sites (GS) which can be divided into the mainly complex glycosylated GS1-3 and the primarily oligomannose type GS4 and GS5 [23]. Especially in
recombinant IgM, GS1 is partially occupied also by oligomannose or hybrid glycans as well
[18].
Production in HEK293E cells led to a higher mobility on the SDS gel of all protein fractions
compared to production in CHO DG44 (Fig 1B and S2 Fig). This effect was especially illustrated by the dimeric portions of IgM012 and IgM012_GL, suggesting that there is a difference
in the glycosylation pattern produced in the two host cell lines. As additional quality attribute,

Fig 1. Expression and polymer distribution of IgM antibodies produced in CHO DG44 and HEK293E cells. (A)
IgM concentrations are shown as bars and viable cell concentrations are represented as dots. Stable expression in CHO
cells was performed in triplicates. (B) Silver staining under non-reducing conditions of purified IgM012, IgM012_GL
and IgM617 produced stably in CHO cells and transiently in HEK cells. Pentameric and dimeric forms are indicated
with arrows.
https://doi.org/10.1371/journal.pone.0229992.g001
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the glycosylation pattern was analyzed by LC-MS/MS. Although similar glycan patterns were
found in IgMs of transiently transfected HEK293E, differences in glycosylation compared to
the reference cell line CHO DG44 were observed and are summarized in Tables 1 and 2.
Recombinant IgM stably produced in CHO DG44 cells comprised mainly complex type glycans, 10–16% hybrid type glycans and 20–35% oligomannose type glycans at GS1. In comparison, expression in HEK293E cells showed a minimum of ~50% oligomannose type glycans
and a maximum of approximately 30% complex type glycans at GS1 (Table 1). The IgM012
produced in HEK293E had GS1 nearly completely occupied by oligomannose type indicating
that the portion of less processed glycans attached to GS1 is higher in IgM produced in
HEK293E cells. At GS2, the CHO DG44 cells attached predominantly complex type glycans,
which were mainly sialylated while the HEK293E cells produced only 40% sialylated complex
glycans, but an increased fraction of oligomannose type glycans (Table 1). This trend was even
more pronounced with IgM012 produced by HEK293E. GS3 was fully occupied by complex
type glycans for IgM produced in both expression systems, except for IgM012 produced in
HEK293E. For our three model IgMs, transient expression in HEK293E cells resulted in a
higher portion of truncated glycan structures with terminal N-acetylglucosamine, which represent less processed complex type structures.
Oligomannose type was the predominant glycan structure found at GS4 and GS5 of IgM
produced by both expression hosts (Table 2). The number of attached mannose molecules was
significantly higher in HEK293E cells compared to the oligomannose structures found in
CHO DG44 cells.
Table 1. Comparison of site-specific glycosylation profile at GS1-3 of IgM produced stably in CHO cells and transiently in HEK cells. Relative abundance [%] of Nglycan types is shown.
Glycan type
model IgM

complex type
MGn/ GnGnF

galactosylated

hybrid type

Oligomannose type

sialylated

Glycosylation site 1
CHO

HEK

IgM012

1

9

43

13

35

IgM012_GL

1

9

59

10

20

IgM617

0

14

43

16

27

IgM012

0

1

5

1

93

IgM012_GL

3

5

24

17

50

IgM617

3

7

24

21

45
1

Glycosylation site 2
CHO

HEK

IgM012�

47

10

32

0

IgM012_GL

6

17

75

0

2

IgM617

2

13

84

0

1

IgM012

15

2

5

0

77

IgM012_GL

19

7

36

0

36

IgM617

27

17

42

0

14

IgM012

15

31

51

0

3

IgM012_GL

10

21

68

0

0

IgM617

1

18

81

0

0

IgM012

4

4

2

0

90

IgM012_GL

39

34

27

0

0

IgM617

37

34

29

0

0

Glycosylation site 3
CHO

HEK

�

10% of the found glycosylation site was not glycosylated.

https://doi.org/10.1371/journal.pone.0229992.t001
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Table 2. Comparison of oligomannose structures at GS4 of IgM produced stably in CHO cells and transiently in HEK cells. Relative abundance [%] of N-glycan
structures is shown.
Man4/Man5

Man6/Man7

�Man8

Glycosylation site 4
CHO

HEK

IgM012

33

43

24

IgM012_GL

24

47

29

IgM617

21

49

30

IgM012

7

10

83

IgM012_GL

26

32

41

IgM617

20

39

41

https://doi.org/10.1371/journal.pone.0229992.t002

All in all, glycosylation analysis revealed that transient expression in HEK293E cells leads to
a less processed glycan pattern compared to stable expression in CHO DG44 cells.

TEM of IgM variants produced by HEK293E
The structures of IgMs produced by HEK293E were analyzed with negative stain TEM in
order to evaluate their structural integrity. The pentameric IgMs produced by HEK293E
exhibited a central circular core with projecting Fab units in a star-shaped manner (Fig 2) as it
is known for IgMs isolated from human serum [24,25]. A high degree of flexibility of the Fab
units was observed as the Fab-domains were only rarely visible and, in some cases, less than
five Fab arms were detected. This flexibility leads to a variety of possible conformations that
are displayed by the enlarged isolated molecules in Fig 2. Symmetric and asymmetric shapes
were found. Moreover, Fig 2 demonstrates that regions around Cμ2- and Cμ3-domains exhibit
flexibility. A diameter of approximately 30–40 nm was found for pentameric IgM, which was
already described in Czajkowsky and Shao, 2009 or Akhouri et al., 2016 [25,26]. Hence, IgMs

Fig 2. Non-processed images of negative stain transmission electron microscopy images of IgM antibody. Representative fields of particles with a 100 nm scale bar
in the upper pictures. Magnified views of some individual molecules are shown in the lower panels for all three model antibodies produced in HEK293E cells: (A)
IgM012, (B) IgM012_GL, (C) IgM617.
https://doi.org/10.1371/journal.pone.0229992.g002
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transiently produced by HEK293E show similar structural properties as described for human
serum derived IgM and as found for CHO produced IgM (S3 Fig). All three model antibodies
showed IgM in its pentameric form (Fig 2), whereas a few dimeric forms of IgM012 and
IgM012_GL might be visible (S3 Fig). Pentameric IgM with the appearance of the conventional model and only rarely aggregates could be found in all preparations.

Antigen response of IgM produced in CHO or HEK cells
During recombinant production, it is of particular importance that the product exhibits its natural
properties. In the case of antibodies, the interaction with the antigen is a key function. IgM617
and IgM012_GL were chosen as a representative to study the impact of the host cell line and
expression system. The binding affinity of IgM617 to its natural antigens, glycosphingolipids, was
evaluated by a ganglioside ELISA. Products of both expression hosts showed comparable binding
to the gangliosides GM1, GD3 and GM3 (S4 Fig). Moreover, binding of IgM012_GL to its antigen
UG37 was similar for CHO and HEK produced IgM (S5 Fig). These results indicate that the
expression system, and the resulting biochemical characteristics as glycosylation pattern shown in
Tables 1 and 2, do not affect the binding properties of IgM617 and IgM012_GL.

Complement activation via C1q-IgM interaction
The capacity of the different recombinant IgM preparations and polyclonal IgM isolated from
human serum (pIgM) to trigger complement activation was analyzed and compared by ELISA
as described in Bally et al., 2019 [20]. The assay is based on the detection of C4b fragment
deposition after serum cleavage of C4 by the C1 complex bound to coated IgM molecules,
which is a signature for the classical complement pathway activation. Assays with C1qdepleted normal human serum (NHSΔ) and C1q-reconstituted serum (NHSΔ + 4 μg/ml C1q)
were used as controls for the C1q/IgM interaction dependency; pIgM was used as a reference.
No significant differences were observed between pIgM and all the recombinant IgM samples
(Fig 3), demonstrating that immobilized recombinant IgMs are as active as serum derived
IgMs in these assay conditions, regardless their differences in polymer distributions and glycosylation patterns which would be a result either of their sequence or the host cell.
Indeed, although IgM variants, IgM012 and IgM012_GL, present 10 to 20% of dimers (Fig
1), they did not show any decrease in in vitro complement activation level (Fig 3). Taylor et al.,
1994 demonstrated that IgM monomers are not able to provoke the activation of complementmediated cytolysis [27]. Thus, reduction of complement activation by IgM mixture, as IgM012
and IgM012_GL was expected. Explanation might reside in the coated IgM dimer ability to
activate the cascade or in the high sensitivity of the ELISA assay, since a few coated pentameric
IgM molecules to the microtiter plate can be sufficient to activate the complement amplification cascade. Furthermore, and surprisingly, the oligomannose changes at GS4 between CHO
DG44 and HEK293E production (Table 2), although minor, do not affect the activation level
(Fig 3). It has been reported that the GS4 (Asn402) of IgMs may be important for the C1q
binding and thus, complement-dependent cytolysis [7,28]. The similar extent of in vitro complement activation which we observed indicated that the presence of the oligomannose types
at GS4 is more important for the complement activation than the exact structure or glycan
composition.

Discussion
Production of IgM antibodies constitutes a challenging task and new recombinant production
strategies for development of new therapeutics and their evaluation are desperately needed. In
this study, we present the successful transient expression of IgM antibodies in HEK cells and
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Fig 3. Complement activation via IgM and C1q interaction. Indicated IgMs were coated on the plate and incubated
with normal human serum (NHS), NHS depleted of C1q (NHSΔ) or NHSΔ reconstituted with C1q. Polyclonal IgM
(pIgM, black) as well as IgM012 (blue), IgM012_GL (green) and IgM617 (red) produced stably in CHO DG44 (darker
colors) or transiently in HEK293E cells (lighter colors). Serum C4 cleavage by the IgM-bound activated C1 complex
results in C4b deposition detected by a C4b specific antibody. All samples were analysed in duplicates.
https://doi.org/10.1371/journal.pone.0229992.g003

compared it to the traditional and well-established stable CHO cell system. It was shown that
both systems enable comparable specific productivities and quality attributes, demonstrating
that the transient expression in HEK cells represents a valuable alternative.
Firstly, all three model antibodies showed comparable specific productivities in the two cell
systems (Fig 1). As previously described in Chromikova et al., 2015, tremendous differences in
antibody titers between the individual IgM variants were observed [1]. Especially, production
of IgM012 and IgM012_GL challenged both cell lines more than IgM617 production. Indeed,
IgM012 and IgM012_GL expression resulted in lower IgM concentrations and more dimer
fractions than IgM617 expression as well as an impaired glycosylation. Additionally, structural
analysis using negative stain TEM and in vitro complement activation assays were used as new
quality control attributes and confirmed the structural integrity and the functionality of all of
our IgM models produced in both mammalian systems. Indeed, as described in previous studies [25,26], the conventional star-shaped particles of IgM pentamers was observed for all
model IgMs produced in HEK cells (Fig 2 and S3 Fig).
Glycosylation is one of the most important quality attributes, as therapeutic application
requires complex mammalian glycoforms since they are decisive for the function, folding and
half-life time of protein products. Possible explanations for the differences in glycan structures
might be environmental conditions, the host cell line or stress in course of the transient transfection mode. While environmental conditions are known to influence glycosylation of glycoproteins [29], this aspect can be neglected in case of complex IgM antibodies [22]. Although
the expression systems led to different glycan patterns of the model IgMs, the potency of
IgM617 to the glycosphingolipids GM1, GD3 and GM3 as well as the response of IgM012_GL
to its antigen UG37 were not affected (S4 and S5 Figs). It is broadly accepted that glycosylation
is dependent on the host cell line [29]. Although CHO and HEK cells are both widely used
mammalian host cell lines, they exhibit variation in the complexity of their glycan patterns
[30]. Unexpectedly, the HEK293E cell line produced a higher portion of truncated glycan
structures with terminal N-acetylglucosamine, which is a less processed glycan pattern,
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compared to the CHO DG44 cell line, since a human cell line was supposed by its nature to
enable human-like glycan structures (Table 1). Furthermore, the Man8 glycoform was significantly more frequent in GS4 of HEK293E derived IgM compared to the oligomannose structures found on GS4 of CHO DG44 derived IgM (Table 2). These differences could result from
different expression levels of enzymes participating in glycosylation in the two host cell lines
[31,32]. In accordance with Vestrheim et al., 2013, a lower sialic acid content was observed in
HEK-derived immunoglobulins [33]. This is highly relevant when it comes to therapeutic usage,
as sialic acid-rich proteins exhibit an extended half-life compared to non-sialylated proteins
[34]. In vitro complement activation assay did not show any observable differences between
pIgM and the recombinant IgMs, showing that recombinant IgM may be as active as serum
derived IgM (Fig 3). Additionally, the transiently expressed IgM activated the complement system as efficiently as the stably expressed IgM. This might be due to the oligomannosidic carbohydrate structure at GS4 (Asn402) which is important for the C1q binding and complementdependent cytolysis [7,35]. In contrast to previous observations [7,33,35], we did not observe
differences in effective C1q binding due to glycosylation variations. However, sensitivity of the
assay may not allow determining minor differences of activation, as an active fraction of pentamers may be sufficient to provoke a high signal and therefore complement activation did not
reveal expression host dependency. Transient transfection poses an attractive method for fast
and efficient IgM screening and a useful tool for fast IgM production. However, low reproducibility in transient transfections might contribute to high variabilities during transfections as a
result of variabilities in transfectability of the host cell line [36]. Transient transfection may be
accompanied by stress due to polyethyleneimine treatment and therefore result in less processed
glycan forms. Intracellular glycan-processing machinery might suffer from the sudden switch to
intensive protein production. Besides, product-associated variations in posttranslational modification were observed for several transiently produced proteins [30].

Conclusions
In this study, the HEK293E transient expression system is able to produce complex multimeric
proteins like IgMs and generates acceptable amounts and comparable polymer distribution as
the well-established CHO produced IgM. However, the glycan profile was less processed,
which could change the biological properties or pharmacokinetics [37]. Therefore, the transient expression in HEK293E should only be used for applications in which the glycan profile
is not of specific interest or minor changes in the glycan profile have no impact. Nevertheless,
the potency for complement activation was maintained and structural integrity demonstrated.
Transient expression systems pose an attractive alternative for rapid, efficient and highthroughput production of complex IgM antibodies with possibly impaired post-translational
modifications but proper effector properties.

Supporting information
S1 Fig. Schematic plasmid maps of the genetic constructs. (A) pIRES plasmids for stable
transfection into CHO DG44 host cell line. Image was reprinted from Chromikova et al. [1].
(B) pCEP4 plasmids for transient transfection into HEK293E host cell line.
(PDF)
S2 Fig. Immunoblotting of IgM012, IgM012_GL and IgM617 produced in CHO DG44 and
HEK293E. Silver staining and western blots under reducing conditions were done for anti-μ
and anti-κ chain.
(PDF)
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S3 Fig. Non-processed images of negative stain transmission electron microscopy images
of IgM012 produced in CHO DG 44. Representative field of particles with a 200 nm scale bar.
Circled particles represent side views of pentameric IgM012. The smaller particles pointed out
by the yellow arrows indicate molecules that could be dimers.
(PDF)
S4 Fig. Ganglioside-ELISA of GM1, GD3 and GM3 with IgM617 produced in CHO DG44
and HEK293E cells. Potency was tested with anti-hu IgM (μ-chain specific) alkaline phosphatase according to Zeng et al., 2005 [38].
(PDF)
S5 Fig. Antigen (UG37) binding of IgM012_GL produced in CHO DG44 (green) and
HEK293E cells (red). A microtiter plate was coated with UG37, washed and incubated with
50 μL/well of IgM sample. Binding of the IgM to UG37 was detected with anti-kappa-HRP
conjugate and TMB. All samples were analyzed in duplicates, except for the negative control,
which was the IgM617 (black lines).
(PDF)
S1 Raw images.
(PDF)
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Jäger V, Büssow K, Wagner A, Weber S, Hust M, Frenzel A, et al. High level transient production of
recombinant antibodies and antibody fusion proteins in HEK293 cells. BMC Biotechnol. 2013; 13: 1–20.
https://doi.org/10.1186/1472-6750-13-1 PMID: 23281894

13.

Schwaigerlehner L, Mayrhofer P, Diem M, Steinfellner W, Fenech E, Oostenbrink C, et al. Germinality
does not necessarily define mAb expression and thermal stability. Appl Microbiol Biotechnol. 2019; 103:
7505–7518. https://doi.org/10.1007/s00253-019-09998-3 PMID: 31350616

14.

Derouazi M, Martinet D, Besuchet Schmutz N, Flaction R, Wicht M, Bertschinger M, et al. Genetic characterization of CHO production host DG44 and derivative recombinant cell lines. Biochem Biophys Res
Commun. 2006; 340: 1069–1077. https://doi.org/10.1016/j.bbrc.2005.12.111 PMID: 16403443

15.

Gorman CM, Gies D, McCray G, Huang M. The human cytomegalovirus major immediate early promoter can be trans-activated by adenovirus early proteins. Virology. 1989; 171: 377–385. https://doi.
org/10.1016/0042-6822(89)90605-3 PMID: 2548325

16.

Backliwal G, Hildinger M, Kuettel I, Delegrange F, Hacker DL, Wurm FM. Valproic acid: A viable alternative to sodium butyrate for enhancing protein expression in mammalian cell cultures. Biotechnol Bioeng.
2008; 101: 182–189. https://doi.org/10.1002/bit.21882 PMID: 18454496

17.

Pham PL, Perret S, Cass B, Carpentier E, St.-Laurent G, Bisson L, et al. Transient gene expression in
HEK293 cells: Peptone addition posttransfection improves recombinant protein synthesis. Biotechnol
Bioeng. 2005; 90: 332–344. https://doi.org/10.1002/bit.20428 PMID: 15803471

18.

Hennicke J, Lastin AM, Reinhart D, Grünwald-Gruber C, Altmann F, Kunert R. Glycan profile of CHO
derived IgM purified by highly efficient single step affinity chromatography. Anal Biochem. 2017; 539:
162–166. https://doi.org/10.1016/j.ab.2017.10.020 PMID: 29106908

19.

Heukeshoven J.; Dernick R. Simplified Method for Silver Staining of Proteins in Polyacrylamide Gels
and the Mechanism of Silver Staining. Electrophoresis. 1985; 6: 103–112. https://doi.org/10.1002/elps.
1150060302

20.

Bally I, Inforzato A, Dalonneau F, Stravalaci M, Bottazzi B, Gaboriaud C, et al. Interaction of C1q with
pentraxin 3 and IgM revisited: Mutational studies with recombinant C1q variants. Front Immunol. 2019;
10: 1–12. https://doi.org/10.3389/fimmu.2019.00001 PMID: 30723466
Arlaud GJ, Sim RB, Duplaa AM, Colomb MG. Differential elution of Clq, Clr̄ and Cls̄ from human CT
bound to immune aggregates. use in the rapid purification of Cl̄ sub-components. Mol Immunol. 1979.
https://doi.org/10.1016/0161-5890(79)90069-5

21.

PLOS ONE | https://doi.org/10.1371/journal.pone.0229992 March 12, 2020

11 / 12

PLOS ONE

Transient IgM

22.

Hennicke J, Reinhart D, Altmann F, Kunert R. Impact of temperature and pH on recombinant human
IgM quality attributes and productivity. N Biotechnol. 2019; 50: 20–26. https://doi.org/10.1016/j.nbt.
2019.01.001 PMID: 30630093

23.

Arnold JN, Wormald MR, Suter DM, Radcliffe CM, Harvey DJ, Dwek RA, et al. Human serum IgM glycosylation: Identification of glycoforms that can bind to Mannan-binding lectin. J Biol Chem. 2005; 280:
29080–29087. https://doi.org/10.1074/jbc.M504528200 PMID: 15955802

24.

Feinstein A, Munn EA. Conformation of the free and antigen-bound IgM antibody molecules. Nature.
1969; 224: 1307–1309. https://doi.org/10.1038/2241307a0 PMID: 5359295

25.

Czajkowsky DM, Shao Z. The human IgM pentamer is a mushroom-shaped molecule with a flexural
bias. Proc Natl Acad Sci U S A. 2009; 106: 14960–14965. https://doi.org/10.1073/pnas.0903805106
PMID: 19706439

26.

Akhouri RR, Goel S, Furusho H, Skoglund U, Wahlgren M. Architecture of Human IgM in Complex with
P. falciparum Erythrocyte Membrane Protein 1. Cell Rep. 2016; 14: 723–736. https://doi.org/10.1016/j.
celrep.2015.12.067 PMID: 26776517

27.

Taylor B, Wright JF, Arya S, Isenman DE, Shulman MJ, Painter RH. C1q binding properties of monomer
and polymer forms of mouse IgM mu-chain variants. Pro544Gly and Pro434Ala. J Immunol. 1994; 153:
5303–5313. PMID: 7963582

28.

Wright JF, Shulman MJ, Isenman DE, Painter RH. C1 binding by mouse IgM. The effect of abnormal
glycosylation at position 402 resulting from a serine to asparagine exchange at residue 406 of the μchain. J Biol Chem. 1990; 265: 10506–10513. https://doi.org/10.18865/ed.26.1.37 PMID: 2113058

29.

Hossler P, Khattak SF, Li ZJ. Optimal and consistent protein glycosylation in mammalian cell culture.
Glycobiology. 2009; 19: 936–949. https://doi.org/10.1093/glycob/cwp079 PMID: 19494347

30.

Croset A, Delafosse L, Gaudry JP, Arod C, Glez L, Losberger C, et al. Differences in the glycosylation
of recombinant proteins expressed in HEK and CHO cells. J Biotechnol. 2012; 161: 336–348. https://
doi.org/10.1016/j.jbiotec.2012.06.038 PMID: 22814405

31.

Robinson DK, CHAN CP, IP CY, TSAI PK, TUNG J, SEAMANS TC, et al. Characterization of a Recombinant Antibody Produced in the Course of a High-Yield Fed-Batch Process. Biotechnol Bioeng. 1994;
44: 727–735. https://doi.org/10.1002/bit.260440609 PMID: 18618833

32.

Reid CQ, Tait A, Baldascini H, Mohindra A, Racher A, Bilsborough S, et al. Rapid whole monoclonal
antibody analysis by mass spectrometry: An ultra scale-down study of the effect of harvesting by centrifugation on the post-translational modification profile. Biotechnol Bioeng. 2010; 107: 85–95. https://doi.
org/10.1002/bit.22790 PMID: 20506289

33.

Vestrheim AC, Moen A, Egge-Jacobsen W, Bratlie DB, Michaelsen TE. Erratum to Different glycosylation pattern of human IgG1 and IgG3 antibodies isolated from transiently as well as permanently transfected cell lines [Scand J Immunol 78 (2013) 108–10]. Scand J Immunol. 2013; 78: 108–110. https://
doi.org/10.1111/sji.12059

34.

Morell G, Gregoriadis G, Scheinberg IH. The Role of Sialic Acid in Determining Glycoproteins in the Circulation * the Survival of. 1971.

35.

Fraser Wright J, Shulmant MJ, Isenman DE, Painter RH. C1 Binding by Mouse IgM. J Biol Chem. 1990;
265: 10506–10513. PMID: 2113058

36.

De Los Milagros Bassani Molinas M, Beer C, Hesse F, Wirth M, Wagner R. Optimizing the transient
transfection process of HEK-293 suspension cells for protein production by nucleotide ratio monitoring.
Cytotechnology. 2014; 66: 493–514. https://doi.org/10.1007/s10616-013-9601-3 PMID: 23775287

37.

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

38.

Zeng Y, Fest S, Kunert R, Katinger H, Pistoia V, Michon J, et al. Anti-neuroblastoma effect of ch14.18
antibody produced in CHO cells is mediated by NK-cells in mice. Mol Immunol. 2005; 42: 1311–1319.
https://doi.org/10.1016/j.molimm.2004.12.018 PMID: 15950727

PLOS ONE | https://doi.org/10.1371/journal.pone.0229992 March 12, 2020

12 / 12

