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ABSTRACT: The full potential of recombinant Immunoglo-
bulin A as therapeutic antibody is not fully explored, owing to
the fact that structure−function relationships of these
extensively glycosylated proteins are not well understood.
Here monomeric IgA1, IgA2m(1), and IgA2m(2) variants of
the anti-HER2 antibody (IgG1) trastuzumab were expressed in
glyco-engineered Nicotiana benthamiana plants and in human
HEK293-6E cells. All three IgA isotypes were purified and
subjected to biophysical and biochemical characterization.
While no differences in assembly, antigen binding, and
glycosylation occupancy were observed, both systems vary
tremendously in terms of glycan structures and heterogeneity of
glycosylation. Mass-spectrometric analysis of site-specific
glycosylation revealed that plant-produced IgAs carry mainly complex-type biantennary N-glycans. HEK293-6E-produced
IgAs, on the contrary, showed very heterogeneous N-glycans with high levels of sialylation, core-fucose, and the presence of
branched structures. The site-specific analysis revealed major differences between the individual N-glycosylation sites of each IgA
subtype. Moreover, the proline-rich hinge region from HEK293-6E cell-derived IgA1 was occupied with mucin-type O-glycans,
whereas IgA1 from N. benthamiana displayed numerous plant-specific modifications. Interestingly, a shift in unfolding of the CH2
domain of plant-produced IgA toward lower temperatures can be observed with differential scanning calorimetry, suggesting that
distinct glycoforms affect the thermal stability of IgAs.
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■ INTRODUCTION

Therapeutic monoclonal antibodies are the fastest growing class
of recombinant biopharmaceuticals. Apart from the most
commonly used immunoglobulin G (IgG), other antibody
isotypes like IgAs have gained attention as potential candidates
for treatment of cancer.1−3 Human IgA occurs in two
subclasses, IgA1 and IgA2, and for IgA2 there are two major
allotypes (IgA2m(1) and IgA2m(2)). The different human IgA
subtypes differ mainly in the length of their hinge region,
disulfide bridges, type, and number of attached glycans.
Notably, all immunoglobulins are glycosylated to varying

degrees and glycosylation is an important posttranslational
modification that affects many properties of proteins including
folding, stability, subcellular fate, and interaction with other
proteins. The IgG1 heavy chain has a single asparagine (N)-
linked glycan at Asn297 in the CH2 domain. Different types of
IgG glycans are well known to modulate antibody function by
affecting the binding affinity to receptors on immune cells.
Nonfucosylated IgGs display increased affinity for the human
FcγIIIA receptor and thus have enhanced effector functions like
antibody-dependent cell-mediated cytotoxicity.4,5 Heavily sialy-

lated IgG antibodies, on the contrary, display an anti-
inflammatory and immunomodulatory activity.6 Therefore,
the composition of the Fc glycans is highly important for a
specific immunotherapy and a critical parameter of product
quality for the biopharmaceutical industry.7

Surprisingly, despite the great importance of IgG glyco-
sylation, little is known about the role of glycans for other Ig
isotypes. In contrast with IgGs, the other Ig classes including
both IgA subclasses are more heavily glycosylated with IgA1,
IgA2m(1), and IgA2m(2) carrying two, four, and five N-
glycans. Additionally, human IgA1 exhibits up to six O-glycans
within its extended hinge region (Figure 1). While IgD, IgE,
and IgM have a conserved N-glycosylation site that shares a
similar glycan−polypeptide interaction as described for Asn297
from IgG1, an analogous N-glycan appears absent from the IgA
alpha chain.8 Instead of stabilizing intramolecular interactions
between the two alpha chains, the N-glycan in the IgA1 CH2
domain is located at the surface of the protein and may have a
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completely different biological function. Interestingly, recombi-
nant IgAs are rather short-lived in serum, which is a major
drawback for therapy.9 Similar to other glycoproteins, the rapid
clearance depends on the exposure of distinct terminal glycan
residues and their recognition by lectin-type receptors. The
Ashwell-Morell and other endocytic lectin receptors may be
responsible for the fast clearance of IgAs as part of a
constitutive mechanism for protein turnover.10−12 A specific
role of glycans for IgA in vivo stability is consistent with a
recent report that found an extended serum half-life of
recombinant IgAs when the sialic acid content was increased.13

While the O-glycans in the IgA1 hinge region may also
contribute to in vivo stability,9 it has been proposed that the O-
glycans provide additional rigidity14,15 and are involved in the
interaction with endogenous receptors or pathogens.16,17

Aside from these findings, little is known about the biological
role of individual glycans on the different IgA subtypes. Several
recent studies have addressed the IgA glycosylation and its
relation to function in the context of therapeutic applica-
tions.13,18−20 These recombinant monomeric IgAs were derived
from different expression hosts including plant-based and
mammalian-cell culture expression systems. However, the
capacity of different expression hosts was not systematically
analyzed for the different IgA subtypes, and an in depth site-
specific N-glycosylation analysis of all recombinant IgA
subtypes is missing. Importantly, MS-based glycopeptide
analysis of different heavily glycosylated Ig subtypes revealed
pronounced site-specific glycan heterogeneity.21−24

For glycan structure−function studies as well as for glyco-
engineering attempts to improve the efficacy of glycoprotein
therapeutics, the information about site-specific N-glycosylation
is absolutely essential. This approach is more challenging but
reveals important information that is completely lost when
glycans are released from the protein for subsequent analysis.
Here we produced recombinant anti-HER2 IgA1, IgA2m(1),
and IgA2m(2) allotypes in two well-established expression
hosts. We expressed all three IgA variants in the widely used
human embryonic kidney (HEK293) cells and the glyco-
engineered Nicotiana benthamiana plant-based system, that is,
for example, used to manufacture the ZMapp antibody cocktail
against Ebola virus infections.25 The recombinant IgA subtypes
were purified, biochemically and biophysically characterized,
and subjected to comprehensive site-specific glycosylation
analysis to reveal common features as well as differences that
may have implications for their function.

■ MATERIALS AND METHODS

Construct Design and Cloning

The codon-optimized genes of the heavy chains and light chain
required for expression of the three different IgA isotypes in N.
benthamiana and HEK293-6E cells were synthesized by
GeneArt (Thermo Fisher Scientific, USA). Therefore, the
variable regions of IgA1 (AAT74070.1), IgA2m(1)
(AAT74071.1), and IgA2m(2) (AAB30803.1) heavy chains
(α-HC) and the kappa light chain (κ-LC) (AAA5900.1) were
replaced with the variable regions of the HER2-binding IgG-
antibody Trastuzumab (1N8Z_A, 1N8Z_B).26 Sequences for
expression in N. benthamiana were flanked with the signal
peptide from barley alpha-amylase (AAA98615) and the
restriction sites XhoI and AgeI. The synthesized DNA was
then amplified by PCR with the primers “Strings_7F
(CTTCCGGCTCGTTTGACCGGTATG)/Strings_8R
(AAAAACCCTGGCGCTCGAG)”, and the constructs were
separately cloned into the AgeI/XhoI sites of the binary vector
pEAQ-HT.27 Sequences of the heavy chains and the kappa light
chain used for the expression in HEK293-6E were flanked with
the signal peptides “MELGLSWIFLLAILKGVQC” and
“MDMRVPAQLLGLLLLWLSGARC”, respectively, and the
restriction sites XbaI and BamHI. The synthesized DNA was
amplified by PCR with the primers “Strings_9F (CTTCCG-
GCTCGTTTGTCTAGA)/Strings_2R (AAAAACCCTGGC-
GGGATCC)”. The corresponding genes for the heavy chains
and the kappa light chain were then separately cloned into the
XbaI/BamHI sites of the mammalian vector pTT5 (National
Research Council of Canada).28

Recombinant Production of IgA Isotypes in N.
benthamiana

The pEAQ-HT plant expression vectors containing the alpha
chains and the kappa light chain were transformed into
Agrobacterium tumefaciens strain UIA143. Agrobacteria were
grown overnight and diluted in infiltration buffer (10 mM MES,
10 mM MgSO4, and 0.1 mM acetosyringone) to an OD600 of
0.15. Syringe-mediated agroinfiltration was used for transient
cotransfection of the kappa light chain and the corresponding
alpha heavy chain of 5 to 6 weeks old N. benthamiana ΔXT/FT
plants.29 For purification of the different IgA isotypes, 50 g of
leaf material was harvested 4 days post-infiltration, snap-frozen
in liquid nitrogen, and grinded. Homogenized leaf material was
transferred to 200 mL of ice-cold extraction buffer (0.1 M
TRIS, 0.5 M NaCl, 1 mM EDTA, 40 mM ascorbic acid, 2% (w/

Figure 1. Schematic illustration of structure and glycosylation sites of the IgA isotypes IgA1, IgA2m(1), and IgA2m(2). The light chain is colored in
light gray and the heavy chain in dark gray. N-glycans found in the different isotypes are indicated by blue dots. The O-glycans specific for the
elongated hinge-region of IgA1 are indicated by orange dots.
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v) immobilized polyvinylpoly pyrrolidone (PVPP), pH 6.8).
The crude leaf extract was centrifuged at 25 000g for 20 min at
4 °C, passed through a Miracloth filter (Merck Millipore,
Germany), and centrifuged again. The clarified extract was
additionally filtrated through filters with pore sizes of 12−8 μm,
3 to 2 μm (Rotilabo round-filters, Roth, Germany), and 0.45
μm (Durapore membrane filter, Merck Millipore, Germany).

Recombinant Production of IgA Isotypes in HEK293-6E
Cells

The HEK293-6E cell line that constitutively expresses the
Epstein−Barr virus nuclear antigen 1 of the Epstein−Barr virus
was licensed from the National Research Council (NRC) of
Canada.28 The suspension cells were cultivated and transfected
according to the manufacturer’s manual in F17 medium
supplemented with 0.1% Pluronic F-68, 4 mM L-glutamine
(Life Technologies, Germany), and 50 mg/L G418 (Biochrom,
Germany). The cells were maintained in shaker flasks at 37 °C
in a humidified atmosphere with 5% CO2 on an orbital shaker
never exceeding a cell density of 2 × 106 cells/mL. For transient
transfection of a 200 mL culture, cells were brought to a
concentration of 1.7 × 106 cells/mL. High-quality plasmid
preparations of the pTT5 vector coding for the kappa light
chain and the different alpha heavy chain were obtained using
the PureYield Plasmid Midiprep System (Promega, USA). A
total of 200 μg plasmid-DNA, consisting of 100 μg light chain
and 100 μg of the respective heavy chain, were mixed with 10
mL of fresh medium. Another 10 mL of fresh medium,
containing 2.5 μg/mL linear polyethylenimine (PEI) (Poly-
sciences, Germany), was added to the DNA solution and
incubated for 10 min. After adding the DNA/PEI mixture, the
cells were incubated for 48 h, supplemented with 0.5% (w/v)
tryptone N1 (Organotechnie, France) and further cultivated for
72 h. Supernatant containing the secreted soluble protein was
harvested by centrifugation at 25 000g for 30 min at 4 °C and
additionally filtrated (0.45 μm Durapore membrane filter,
Merck Millipore, Germany).

Purification of Recombinant IgAs

Clarified leaf extract from N. benthamiana and supernatant of
HEK293-6E suspension cells were subjected to a HiScale 16/20
column (GE Healthcare, USA) packed with 3 mL of
CaptureSelect IgA affinity resin (Thermo Fisher Scientific,
USA) equilibrated with phosphate-buffered saline (PBS) pH
7.4. Proteins were eluted with 0.1 M glycine pH 2.8, followed
by immediate addition of 6 μL of 2 M Tris pH 12 to each 1 mL
fraction to neutralize the acidic pH from glycine elution. Highly
concentrated fractions were pooled and dialyzed against PBS at
4 °C overnight using SnakeSkin Dialysis Tubing with a MWCO
of 10 000 kDa (Thermo Fisher Scientific, USA). Finally, the
column was regenerated with 0.1 M glycine pH 2.5 and washed
with PBS. Pooled protein fractions were then further
concentrated using Amicon centrifugal filters with a MWCO
of 10 000 kDa (Merck Millipore, Germany) and subjected to
size-exclusion chromatography (SEC) on a HiLoad 16/600
Superdex 200 pg column (GE Healthcare, USA) equilibrated
with PBS supplemented with 200 mM NaCl.

SDS-PAGE

For reducing or nonreducing SDS-PAGE a total of 5 μg of
purified protein was loaded on a 4−15% Mini-PROTEAN
TGX gel (Bio-Rad Laboratories, USA) and visualized with
Coomassie Brilliant Blue staining.

Binding to Antigen HER2

The purified extracellular domain of human HER2 (residues
1−631), which was used for antigen-binding experiments, was
generously provided by Elisabeth Lobner (BOKU Vienna).
Each well of a medium binding MICROLON 200 96-well plate
(Greiner Bio-One Intern., Germany) was coated with 0.5 μg
HER2 overnight at 4 °C in coating buffer (0.5 M sodium
carbonate/bicarbonate, pH 9.8). Plates were then blocked with
PBS plus 2% (w/v) BSA and 0.05% (v/v) Tween 20. Purified
IgA1, IgA2m(1), and IgA2m(2) antibodies were diluted to 500
ng/mL in blocking solution, added to the wells in normalized
concentrations, and incubated for 1.5 h at room temperature.
HRP-labeled antihuman IgA (A0295, Sigma-Aldrich, USA) was
added to the wells and incubated 1 h at room temperature. The
plates were developed using 5 mg O-phenylenediamine
dihydrochloride in 10 mL of stable peroxidase substrate buffer
(all Sigma-Aldrich, USA). After 20 min of incubation the plates
were read on a Wallac 1420 VICTOR2 microplate reader
(PerkinElmer, U.K.) at 492 nm.

Size Exclusion Chromatography−Multiangle Light
Scattering (SEC−MALS)

To verify the molar mass of purified IgAs, high-performance
liquid chromatography (HPLC) coupled to a size-exclusion
chromatography column was combined with multiangle light
scattering. HPLC (Shimadzu prominence LC20) was equipped
with MALS (WYATT Heleos Dawn8+ QELS; software
ASTRA6), refractive index detector (RID-10A, Shimadzu),
and a diode array detector (SPD-M20A, Shimadzu). Samples
were centrifuged (15 000g, 10 min, 4 °C) and filtrated through
a 0.1 μm Ultrafree-MC filter (Merck Millipore, Germany), and
a total of 25 μg protein was injected on a Superdex 200 10/300
GL column (GE Healthcare, USA) equilibrated with
Dulbecco’s PBS plus 200 mM NaCl, pH 7.4. All experiments
were performed at a flow rate of 0.75 mL/min at 25 °C. The
performance of molar mass calculation by MALS was verified
by the determination of a sample of bovine serum albumin.

Differential Scanning Calorimetry

The thermal stability of the IgA variants was analyzed by
differential scanning calorimetry (DSC) using a MicroCal VP-
Capillary DSC (Malvern, U.K.). Purified samples were diluted
to a concentration of 5 μM and were measured in the
temperature range from 20 to 110 °C with a heating rate of 1
°C/min. Buffer baselines were subtracted, normalized for
protein concentration, and fitted with a non-2-state thermal
unfolding model using the Origin 7 software.

N- and O-Glycan Analysis

Between 5 and 10 μg of purified proteins was loaded on a SDS-
PAGE under reducing conditions, and Coomassie Brilliant Blue
stained bands were excised, S-alkylated, and digested with
trypsin (Promega USA). Glycopeptides were then analyzed by
capillary reversed-phase chromatography and electrospray mass
spectrometry using a Bruker Maxis 4G Q-TOF instrument. The
peptide mixture was dissolved in 15 μL of water, and a volume
of 5 μL was analyzed using a Dionex Ultimate 3000 system
directly linked to a QTOF instrument (maXis 4G ETD,
Bruker) equipped with the standard ESI source in the positive
ion, DDA mode (= switching to MSMS mode for eluting
peaks). MS scans were recorded (range: 150−2200 m/z,
spectra rate: 0.5 Hz) and the six highest peaks were selected for
fragmentation (CID mode). Instrument calibration was
performed using ESI calibration mixture (Agilent). For

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.7b00121
J. Proteome Res. 2017, 16, 2560−2570

2562

http://dx.doi.org/10.1021/acs.jproteome.7b00121


separation of the peptides a Thermo BioBasic C18 separation
column (5 μm particle size, 150 × 0.320 mm) was used. A
gradient from 97% solvent A and 3% solvent B (Solvent A: 65
mM ammonium formiate buffer, pH 3.0 (formic acid supplied
by Carl Roth; ammonia supplied by VWR BDH Prolabo), B:
100% ACCN (VWR BDH Prolabo)) to 32% B in 45 min was
applied, followed by a 15 min gradient from 32% B to 75% B at
a flow rate of 6 μL/min at 32 °C.
The analysis files were converted using Data Analysis 4.0

(Bruker) to MGF files, which are suitable to perform MS/MS
ion searches with MASCOT (embedded in ProteinScape 3.0,
Bruker) for protein identification using the manually annotated
and reviewed UniProtKB database. Manual glycopeptide
searches were done using DataAnalysis 4.0 (Bruker). MS/MS
spectra were used for the verification of the glycopeptides by
detection of oxonium ions HexNAc (m/z = 204.1), Hex
+HexNAc (m/z = 366.1), and the unique Y1 ion (peptide
+HexNAc). For the relative quantification of the different
glycoforms, peak areas of EICs (extracted ion chromatograms)
of the first four isotopic peaks were summed. All observed
charge states and adducts (ammonium) as well as the formation
of formylated glycopeptides were considered. Site-specific
glycosylation occupancy was calculated using the ratio of
deamidated to unmodified peptide determined upon N-glycan
release with PNGaseA (Europa Bioproducts).
For the digestion the remaining sample material (10 μL) was

dried and resolved in 20 μL of 50 mM ammonium citrate (pH
5.0), and 0.15 mU of enzyme was added and incubated
overnight at 37 °C.

■ RESULTS

Recombinant Production of IgA in Different Expression
Hosts

To compare the capacities of plant-based and mammalian-
based expression systems, the three IgA isotypes IgA1,
IgA2m(1), and IgA2m(2) (Figure 1) were produced in
HEK293-6E cells and in the glyco-engineered N. benthamiana
ΔXT/FT line that almost completely lacks plant-specific β1,2-
xylose and core α1,3-fucose residues. For expression of the
different IgAs in plants, the leaves of N. benthamiana were
coinfiltrated with agrobacteria containing the κ-LC and the
respective α-HC. Immunoblot analysis and ELISA showed that

the highest level of recombinant protein accumulated 4 days
postinfiltration (data not shown). For purification of IgA from
the crude plant extract, 50 g of leaf material was harvested,
extracted, and subjected to affinity chromatography, followed
by a SEC step. The preparative SEC profiles thereby revealed
the presence of high-molecular-weight aggregates, dimeric IgA,
and free heavy chain (data not shown). For further analyses,
only fractions containing the monomeric structural unit of IgA
were pooled. The final yield of purified monomeric IgA from N.
benthamiana ranged from 3.5 mg/50 g of fresh weight from leaf
for IgA1 and IgA2m(1) to 5 mg/50 g for IgA2m(2). For the
expression of IgAs in a mammalian host, 200 mL of a HEK293-
6E cell suspension culture was cotransfected with two vectors,
encoding the κ-LC and the respective α-HC. The supernatant
was collected and subjected to affinity chromatography,
followed by SEC. As already seen in the SEC profiles of
plant-produced proteins, also IgAs expressed in the HEK293
cell line showed the presence of high-molecular weight-
aggregates. Again only fractions containing the monomeric
IgA forms were collected. The final yield of IgA from HEK293-
6E was in the range of 15 mg/L for all three isotypes.

Characterization of Purified Monomeric IgA Variants

The purified monomeric IgA variants were investigated for their
overall assembly and homogeneity using SDS-PAGE and SEC
coupled to MALS. Reducing SDS-PAGE of purified IgAs
produced in N. benthamiana ΔXT/FT and in HEK293-6E cells
confirmed the presence of the α-HC and the κ-LC without any
degradation products (Figure 2). However, the heavy chain at
55 kDa can be observed as a double band. The distinct bands
were cut from the gel and separately analyzed by mass
spectrometry (Supplementary Figure S2). Thereby it was
shown that the band with a higher molar mass contains more
oligomannosidic glycans and has a higher glycosylation
occupancy of the C-terminal N-site compared to the band
with lower molar mass.
Under nonreducing conditions, IgA1 and IgA2m(2) show a

predominant band at a molar mass around 160 kDa
representing the fully assembled molecule. The plant -produced
IgA2m(1) variant displayed additional bands at 115, 100, and
45 kDa, which likely represent heavy and light chain dimers.
The HEK293-derived IgA2m(1) also shows additional bands at
115 and 20 kDa. However, SEC profiles of all IgA variants,

Figure 2. Purity and assembly of recombinantly produced IgA1, IgA2m(1), and IgA2m(2). Purified IgAs produced in N. benthamiana and HEK293-
6E cells were run on an SDS-PAGE under reducing and nonreducing conditions. Proteins were then detected by Coomassie Brilliant Blue staining.
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including IgA2m(1) produced in both systems, gave narrow
and single monodisperse peaks (Figure 3A). The masses of
these peaks of ∼160 kDa were confirmed by MALS and
correspond to the fully assembled monomeric forms.
Furthermore, no aggregates and no aberrantly assembled IgA
variants could be detected.
Next, we investigated the thermal stability of the IgA variants

by DSC (Figure 3B). Unfolding of the recombinant IgAs is
reflected by a broad endotherm. Analysis and fitting suggested
the presence of three independent transitions allowing
identification of the transition midpoint temperatures of the
CH2 (Tm1), Fab (Tm2), and CH3 (Tm3) domains, as already
described for IgG.30 Immunoglobulin A1 produced in HEK293
cells exhibited melting temperatures at 71.6 ± 0.01, 74.3 ±
0.05, and 76.6 ± 0.1 °C, respectively. The plant-produced
counterpart exhibited almost identical Tm2 and Tm3 values,
whereas unfolding of the CH2 domain started at a slightly
lower temperature.
Comparison of the two IgA2 allotypes shows significant

differences in thermal stability with IgA2m(1) being less stable
than IgA2m(2). Immunoglobulin A2m(1) produced in
HEK293 cells exhibited melting temperatures at 67.9 ± 0.05,
72.3 ± 0.1, and 79.2 ± 0.1 °C, respectively. Similar to IgA1, the
plant-produced variant showed almost identical Tm2 and Tm3
values, whereas Tm1 was decreased by ∼4 °C. In the allotype
IgA2m(2) produced in HEK293 cells both the CH2 and Fab
domains are more stable (Tm1 = 73.1 ± 0.05 and Tm2 = 76.3 ±
0.1 °C), whereas the calculated Tm3 value was almost similar to
that of IgA2m(1). The endotherm of the plant-derived variant
was broader and the respective Tm values of the three
transitions were slightly decreased (Figure 3B). In general,

the hierarchy of thermal stability is IgA2m(2) > IgA1 >
IgA2m(1). In the plant-derived products the CH2 domain was
always slightly destabilized compared with the HEK293-
produced variants, whereas the differences in melting temper-
atures of the Fab and CH3 domains were at most ∼1 °C.
To confirm the functionality of all expressed IgAs, binding to

the HER2 antigen was assessed by ELISA and the half maximal
effective concentration (EC50) was determined for each
recombinant monomeric IgA variant. Thereby it could be
shown that the antigen binding behavior of all three IgA
isotypes was very similar and independent of the production
host (Figure 4).

Glycan Profiles of IgAs Produced in Different Expression
Platforms

The observed differences in thermal unfolding of IgA variants
from different expression hosts may arise from differences in
glycosylation. There are two predicted N-glycosylation sites in
the α-HC of IgA1 and four to five N-glycosylation sites in
IgA2m(1) and IgA2m(2), respectively. In addition, IgA1 has
nine potential O-glycosylation sites in the proline-rich hinge
region. To assess the glycosylation status of purified
monomeric IgA isotypes produced in N. benthamiana or
HEK293-6E, the α-HC was subjected to SDS-PAGE and
stained with Coomassie Brilliant Blue. The corresponding band
was excised, digested with trypsin, and analyzed by LC−ESI−
MS for site-specific N-glycosylation and the presence of
modifications within the IgA1 hinge region. Furthermore, all
samples were additionally digested with PNGase A to release
the attached N-glycans. After the PNGase A digestion, the
ratios of the resulting deamidated peptides (glycosylated) to

Figure 3. Homogeneity and thermal stability of the IgA isotypes IgA1, IgA2m(1), and IgA2m(2). (A) SE-HPLC measurements of the different IgA
isotypes purified from HEK293-6E cells (HEK) and N. benthamiana (NB). To facilitate comparison between the different variants the elution time
of IgA1 produced in HEK293 cells is marked with dashed lines. (B) Differential scanning calorimetry analysis of IgAs produced in N. benthamiana
(NB) and HEK293-6E cells (HEK). The black bold lines show representative DSC thermograms, whereas the gray lines are the deconvoluted peaks
of each domain transition. For comparison, the three midterm transitions of the CH2, Fab, and CH3 domain (Tm1 = 71.6 ± 0.1 °C, Tm2= 74.3 ±
0.05 °C, and Tm3 = 76.6 ± 0.1 °C) of IgA1 produced in HEK293 cells are marked with dashed lines.
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unmodified (nonglycosylated) peptides were quantified to
determine the glycosylation efficiency of both expression
systems at each N-glycosylation site. All predicted N-
glycosylation sites were found to be occupied in all IgA
variants (Figure 5). Both systems were equally efficient in
attachment of N-glycans and all except the C-terminal N-
glycosylation site were almost fully glycosylated. The C-
terminal N-glycosylation site present in the tailpiece of all IgAs
was only 40−60% glycosylated. Although the two hosts do not
significantly differ in their N-glycosylation efficiency, both
systems differ tremendously in terms of structural composition
of attached glycans. The N-glycans found on plant-produced
IgA showed a comparably homogeneous profile, with
b i a n t e n n a r y c o m p l e x - t y p e s t r u c t u r e s l i k e
G l c N A c 1 M a n 3 G l c N A c 2 ( M G n / G n M ) a n d
GlcNAc2Man3GlcNAc2 (GnGn) as major glycoforms (Figure
6 and Table 1). The presence of N-glycan structures with a
single terminal GlcNAc residue in N. benthamiana-derived IgA
variants is in accordance with previous data, suggesting an
incomplete processing of the NLT site in the CH2 domain by
N-acetylglucosaminyltransferase II (GnTII).31 Furthermore,
variable amounts of oligomannosidic structures were detected
along with small amounts of complex N-glycans carrying the
plant-specific core α1,3-fucose. This modification results from
the incomplete silencing of core α1,3-fucosyltransferase in the
N. benthamiana ΔXT/FT line.29 HEK293-produced IgAs
showed clear site-specific differences and more diverse N-

glycan profiles compared with plant-produced IgAs. Several of
the detected glycopeptide masses correspond to complex N-
glycan compositions that could not be distinguished because of
the same theoretical mass. These structures include different
branched complex N-glycans with or without a bisecting
GlcNAc (Table 1). However, the predominant glycoforms
found attached to the NVT, NSS, NLT, and NIT sites of the
respective IgA isotype are biantennary complex-type structures
with high levels of galactosylation and up to 30% sialylation.
The NVS glycosylation site in the C-terminal tailpiece
comprises more highly branched complex N-glycans with
high levels of incompletely galactosylated triantennary glycans
carrying a bisecting GlcNAc or tetraantennary glycans. Only a
small degree of sialylation was found at this N-glycosylation
site. The N-glycans from HEK293-derived IgAs also vary in the
attachment of core-fucose, which is present on all complex N-
glycans except those found on the NLT site from the CH2
domain.
The most significant difference between the two expression

systems N. benthamiana ΔXT/FT and HEK293-6E was the
modification of the proline-rich hinge region of IgA1. O-glycans
found on IgA1 produced in mammalian cells are a combination
of mucin-type core structures with a maximal occupation of six
out of nine potential O-glycosylation sites (Figure 7). On the
hinge region of plant-produced recombinant IgA1 we detected
the conversion of proline residues to hydroxyproline and the
presence of additional pentoses, presumably representing
attached arabinose chains.
Taken together, the site-specific analysis of glycosylation

revealed major differences between individual N-glycosylation
sites on the heavy chain of each IgA subtype. Although the
glycan composition differed considerably between the plant and
mammalian expression systems, the site-specific features appear
conserved.

■ DISCUSSION

The role of glycosylation for immunoglobulins like IgA is still
not well understood. In recent studies, the potential of
recombinant anti-HER2 IgAs has been investigated.13,19

These studies suggest that defined glycan modifications, such
as the attachment of terminal sialic acid residues, are critical to
increase the half life of IgAs in vivo. However, because of the
absence of site-specific glycan analysis, important information
was not revealed. Moreover, in addition to well-established
mammalian cell systems, the use of plant-based production for
recombinant immunoglobulins is gaining more and more
attention as plants allow the production of customized

Figure 4. Binding of IgA variants to HER2. Determination of EC50
values of IgA isotypes produced in N. benthamiana and HEK293 cells
to the extracellular domain of HER2 by ELISA. Each value is the mean
± standard deviation from three independent measurements.

Figure 5. N-glycosylation site occupancy of IgA isotypes produced in HEK293-6E cells and in N. benthamiana. Each value is the mean ± standard
deviation from two independent experiments.
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homogeneous glycans with few engineering steps.18,22,25,31−33

Here we compared the two different systems and performed a
comprehensive analysis of the glycans at each site of three anti-
HER2 IgA subtypes.
In both systems an almost complete occupancy with N-

glycans was observed on all sites except the one in the C-
terminal tailpiece, demonstrating that glycosylation efficiency
was essentially the same. This finding is remarkable, as there are
differences in the composition and function of the plant and
mammalian oligosaccharyltransferase complexes that catalyze
the transfer of the oligosaccharide to asparagine residues.34 The
incomplete glycosylation of the C-terminal tailpiece is likely
caused by inefficient posttranslational glycosylation mediated
by a specific catalytic subunit of the oligosaccharyltransferase
complex.35 All other sites are presumably cotranslationally
glycosylated while the polypeptide is still synthesized.
As a consequence of the limited N-glycan processing

repertoire in the Golgi, the glycan diversity found on plant-
produced recombinant IgAs was clearly reduced. In particular,
plant N-glycans lack tri- and tetraantennary structures, bisecting
GlcNAc, β1,4-galactose, and capping with sialic acid. Those
glycan modifications were all detected on the HEK293-derived

IgA, resulting in increased heterogeneity. In addition, the
HEK293-derived IgA may also contain smaller amounts of N-
acetyllactosamine-repeat containing N-glycans that were not
distinguished from some tri- and tetraantennary N-glycans and
contribute to heterogeneity.
Despite having completely identical amino acid sequences,

plant- and human-cell-derived IgA subtypes exhibited differ-
ences in thermal stability. Because the respective variants differ
only in glycosylation, we propose that observed differences in
Tm values are related to the presence of distinct glycoforms
causing the variation in thermal stability. Comparable DSC
measurements are not available for recombinant or native IgA
molecules, but data from thermal unfolding of IgG showed that
oligomannosidic and deglycosylated forms were less stable.36

However, because of the different positioning (exposed for IgA,
confined between the two CH2 domains for IgG) of the Fc
oligosaccharide no direct comparison can be made. Never-
theless, in the plant-derived IgA variants the CH2 domain was
always destabilized by about 2−4 °C compared with the
HEK293 produced variants, whereas the differences in Tm

values of the Fab and CH3 domains were very small. The
significant difference in thermal stability of the Fab and CH2

Figure 6. Relative abundance of N-glycans found on IgA isotypes produced in N. benthamiana and HEK293-6E cells. Glycoforms are grouped from
left to right into oligomannosidic, biantennary without core-fucose, biantennary with core-fucose, hybrid-type, and bi- and triantennary with bisecting
GlcNAc or triand tetranatennary structures with core-fucose.
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Table 1. Quantification of the Relative Abundance of N-Glycans Detected on IgA Isotypes Produced in N. benthamiana and
HEK293-6E Cellsa

aN-glycans are abbreviated according to the ProGlycAn system (www.proglycan.com). The symbols for the monosaccharides are drawn according to
the nomenclature from the Consortium for Functional Glycomics. Please note that N-acetyllactosamine repeats may also be present on HEK293-6E
cell-derived IgA N-glycans, which cannot be distinguished from some tri- and tetraantennary N-glycans by the used MS analysis.
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domains between the two IgA2 isoforms seems to be related to
the presence of the IgA2m(2)-typical disulfide bridge between
the CL and CH1 domains (Figure 1).
Plants do not have a functional mucin-type O-glycosylation

pathway37,38 but perform plant-specific modifications. Thereby
proline is converted to hydroxyproline, followed by the
addition of arabinoses to the hydroxyproline-residues. Apart
from N. benthamiana, these plant-type modifications have been
previously described for human IgA1 derived from maize
seeds.39 While it will be of interest to determine the effect of
the plant-type O-glycosylation on the biophysical properties
and stability of IgA1, the hydroxyproline residues and attached
glycan moieties may elicit an unwanted immune response when
present on recombinant IgA140 and hamper O-glycan
engineering approaches. The importance of hinge region
modifications is well documented for IgA nephropathy, a
kidney disease where autoantibodies against O-glycans from the
IgA1 hinge region lead to glomerular immune complex
deposits.41 Strategies to eliminate the unwanted prolyl-4-
hydroxylase activity have been successfully applied to a moss-
based expression system42 and need to be adopted for the
commonly used N. benthamiana-based system.
Recombinant IgA subtypes from the human cell line

displayed a considerable number of diverse complex N-glycans
and clear site-specific differences like the lack of core α1,6-
fucose on the conserved N-glycan located in the CH2 domain.
The absence of this modification has also been reported for
serum or CHO-produced IgA and presumably results from
steric hindrance of processing in the Golgi.43−45 Interestingly,
this difference in processing is not only limited to mammalian
core α1,6-fucosyltransferase but also found in plants that

modify complex N-glycans with core α1,3-fucose. The absence
of plant-specific fucosylation has been observed on the CH2 N-
glycan of IgAs expressed in wild-type N. benthamiana plants18,31

and was also found in the present study on recombinant anti-
HER2 IgAs when expressed in wild-type plants (data not
shown). The local interaction of the complex N-glycan with
amino acids from the CH2 domain likely prevents the
modification with α1,6- or α1,3-linked fucose. Site-specific N-
glycan processing has been observed for several glycoproteins,
but the structural polypeptide features that affect these
modifications are currently not understood. In this respect, it
will be of great interest to perform mutational analysis of the
local amino acid environment surrounding the N-glycosylation
site and examine the effect on the N-glycan structures.
Combined with molecular -modeling experiments this could
help us to better understand glycan-processing reactions.
Moreover, in the light of the dramatic effect of the

nonfucosylated IgG1 Fc N-glycan on cytotoxicity, it is tempting
to speculate that the absence of core fucose on complex N-
glycans at this particular position of IgA1 is biologically
relevant. A critical role of core fucose for N-glycan processing
of immunoglobulins has been recently shown for cetuximab,
which carries an N-glycan in the Fab domain in addition to the
one in the CH2 domain.46 While processing of the
oligosaccharide in the Fab domain is unaffected by fucosylation,
the presence of core fucose leads to increased levels of
sialylated Fc glycans. Notably, there is mounting evidence of
the antigen-specific generation of immunoglobulin glycoforms
during diseases;47 for example, increased amounts of
afucosylated IgGs have been detected on naturally occurring
antivirus antibodies of infected patients.48,49 In summary, these
data suggest that the fucosylation of N-glycans on distinct sites
of different immunoglobulins is a key determinant of their
immunomodulatory functions. The role of this particular
nonfucosylated N-glycan in the IgA CH2 domain needs to be
further investigated in the future.
Compared with the role of the Fc glycosylation, the

importance of N-glycans for interaction of IgM, IgEs, or IgAs
with their cellular receptors is less understood.47 An
oligomannosidic glycan at a particular position of the IgE
heavy chain has recently been shown to affect IgE binding to
the Fcε receptor.50 Although the N-glycosylation site of the IgA
CH2 domain is close to the Fcα receptor binding site and
approaches the receptor, there is no contact.14,44,51 Con-
sequently, it has been proposed that the IgA N-glycans do not
contribute to immune effector functions mediated by the Fcα
receptor. However, variations in glycosylation may induce
subtle conformational changes affecting the overall protein
stability or interaction with other receptors, like those involved
in protein turnover.13 Further studies will aim to generate
defined IgA glycoforms to unravel the contribution of the
glycan composition to protein stability and diverse receptor
interactions.
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Figure 7. O-glycosylation profiles of N. benthamiana (NB) and
HEK293-6E (HEK)-derived recombinant IgA1. Mass spectra of the
hinge region peptide (HYTNPSQDVTVPCPVPSTPPTPSPSTPPTP-
SPSCCHPR) are shown ([M+3H]3+ for NB and [M+4H]4+ for HEK).
Glycosylated peaks are indicated: pentoses (Pent), hydroxyproline
(Hyp), putative N-acetylgalactosamine (HexNAc), hexoses (Hex), and
sialic acid residues (NeuAc).
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Supplementary Figure S1. MS spectra of the tryptic
glycopeptides derived from the alpha chain of the
purified IgA subtypes. Supplementary Figure S2. MS
spectra showing different N-glycan profiles in the two
bands derived from the 55 kDa heavy chain. (PDF)
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