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Summary
In recent years, plants have become an attractive alternative for the production of

recombinant proteins. However, their inability to perform authentic mammalian
N-glycosylation may cause limitations for the production of therapeutics. A major concern
is the presence of B1,2-xylose and core a.1,3-fucose residues on complex N-linked glycans,
as these N-glycan epitopes are immunogenic in mammals. In our attempts towards the
humanization of plant N-glycans, we have generated an Arabidopsis thaliana knockout line
that synthesizes complex N-glycans lacking immunogenic xylose and fucose epitopes. Here,
we report the expression of a monoclonal antibody in these glycan-engineered plants that
carry a homogeneous mammalian-like complex N-glycan pattern without $1,2-xylose and
core a.1,3-fucose. Plant and Chinese hamster ovary (CHO)-derived immunoglobulins (IgGs)
exhibited no differences in electrophoretic mobility and enzyme-linked immunosorbent
specificity assays. Our results demonstrate the feasibility of a knockout strategy for N-glycan

and core a.1,3-fucose, plant glycan
engineering, recombinant proteins.

engineering of plants towards mammalian-like structures, thus providing a significant
improvement in the use of plants as an expression platform.

Introduction

Although the number of interesting recombinant glyco-
proteins for human therapy is steadily increasing, the current
production capacities act as a bottleneck. Therefore, alterna-
tive production systems are currently the subject of intense
research. Over recent years, plants have been considered
as an attractive vehicle for the expression of recombinant
pharmaceutical proteins as they are inexpensive and versatile
systems, amenable to rapid and economical scale-up. Pro-
duction levels of up to 60% of total soluble protein (TSP) have
been reported recently, which makes the system of economic
interest (De Jaeger etal., 2002; Marillonnet et al., 2004,
2005). A major advantage of plants is that they are higher
eukaryotes that possess an endomembrane system and a
secretory pathway similar to that of mammalian cells. There-
fore, complex proteins are correctly folded and assembled,
which has been demonstrated very impressively for a secre-
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tory immunoglobulin A (IgA) produced in tobacco (Ma et al.,
1995). In addition, the increasing awareness of regulatory
agencies of correct protein glycosylation requires a controlled
glycosylation machinery. In this respect, plants are interest-
ing, as they synthesize a core complex N-glycan structure
similar to that in mammalian cells (Figure 1). However, by
contrast with the common core structure, the terminal resi-
dues of plant and mammalian complex N-glycans differ; plant
N-glycans are generally much smaller, lack B1,4-galactose
and sialic acid, and, instead, carry plant-specific B1,2-xylose
and core a1,3-fucose residues. However, the immunogeni-
city of B1,2-xylose and core a.1,3-fucose residues in mammals
is well documented (Kurosaka et al., 1991; Faye et al., 1993;
Bardor et al., 2003; Bencurova et al., 2004; Jin et al., 2006).
Furthermore, altered N-glycosylation may affect the function
of a protein (for a recent review, see Jefferis, 2005). Thus, the
unique N-glycans added by plants could impact on both the
immunogenicity and functional activity, and, consequently,
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Figure 1 Schematic representation of complex N-glycans from mammals
and plants (simplified). I, N-acetylglucosamine; @, mannose;
@, B1,2-xylose; A, al,3-fucose; ¥V, a1,6-fucose; @, o.1,4-galactose.

may represent a limitation for plants to be used as a pro-
duction platform.

Various strategies have been applied to avoid plant-specific
N-glycosylation. In this respect, targeting of proteins to
specific subcellular compartments with defined N-glycan
structures has been reported (Schouten et al., 1996). For
example, retention of recombinant proteins in the endo-
plasmic reticulum has resulted in their accumulation, carrying
mainly oligo-mannosidic N-glycans, typical of endoplasmic
reticulum-resident proteins. However, these structures may
lead to a dramatic decrease in the in vivo half-life of the target
protein, as recently reported for a plant-produced antibody
(Ko et al., 2003). Another promising strategy is based on the
specific manipulation of the N-glycosylation pathway in host
plants. The over-expression of human 1,4-galactosyltransferase,
which competes for the same acceptor substrate as B1,2-
xylosyltransferase (XT) and core au1,3-fucosyltransferase (FT),
resulted in a significant decrease in B1,2-xylose and core
a1,3-fucose (Palacpac et al., 1999; Bakker et al., 2001, 2006).
However, the complete elimination of these glycan epitopes
was not achieved. Nevertheless, it is possible to partially elon-
gate plant N-glycans with B1,4-galactose, a terminal residue
present on many mammalian N-linked glycans, but absent in
plants. The importance of this glycan residue is twofold: first,
it may affect the stability and/or in vivo activity of a protein
and, second, it is the prerequisite structure for the attachment
of sialic acid.

Recently, a knockout (k.0.) line from the model plant
Arabidopsis thaliana was generated in our laboratory, with
deficiency of active XT and core FT, the enzymes responsible
for the transfer of B1,2-xylose and core a.1,3-fucose (Strasser
etal., 2004). This line (XT/FT k.o. line) lacks immunogenic
B1,2-xylose and core a.1,3-fucose residues and, instead,
synthesizes predominantly humanized structures with terminal
N-acetylglucosamine (GIcNAC) residues (GnGn). Interestingly,
XT/FT k.o. plants are viable and reveal no obvious morpho-
logical phenotype under standard growth conditions. In
addition, an RNA interference (RNAI) strategy has been applied
to eliminate xylose and fucose residues in the aquatic plant

Lemna minor (Cox et al., 2006). An IgG produced in these
‘glycan-optimized’ plants exhibited a homogeneous complex
N-glycan (GnGn) structure which showed an up to 50-fold
increase in antibody-dependent cellular cytotoxicity (ADCC).
Core a.1,3-fucose seems to have a similar effect to mammalian
a1,6-fucose, as the removal of this residue in Chinese hamster
ovary (CHO)-derived antibodies dramatically increases Fcy
receptor binding and ADCC activity (Shields et al., 2001).
Here, we describe the feasibility of A. thaliana XT/FT k.o.
lines for the production of recombinant proteins, with a mono-
clonal antibody as a model glycoprotein. K.o. lines were
transformed with genes from heavy and light chains, and
selected according to their IgG expression. As expected, anti-
bodies purified from the mutant line carry complex N-glycan
structures, but completely lack xylose and fucose, as deter-
mined by immunoblotting and mass spectrometry (MS). The
IgG obtained assembled correctly and exhibited an unaltered
antigen-binding affinity compared with CHO-derived IgG.

Results and discussion

Expression and characterization of 2G12 in A. thaliana
wild-type (wt) and XT/FT k.o. plants

We have recently generated an A. thaliana triple k.o. line (XT/FT
k.o.) that synthesizes complex N-glycans completely devoid
of immunogenic B1,2-xylose and core a.1,3-fucose (Strasser
etal.,, 2004). A monoclonal antibody of the class IgG1
against human immunodeficiency virus (HIV) (2G12; Trkola
et al., 1995) was chosen to investigate the feasibility of these
k.o. lines for the production of recombinant proteins. The
two complementary DNAs (cDNAs) were cloned in tandem
into a binary vector (Figure 2a) that also contained DsRed, a
fluorescent protein, as selection marker. A. thaliana wt and
XT/FT k.o. mutants were transformed, and the resulting seeds
were monitored according to their DsRed expression using
fluorescence microscopy. Seeds that exhibited a strong
DsRed signal were chosen for further propagation (Figure 2b).
To test whether 2G12 antibodies were actually expressed in
these plants, soluble proteins were extracted from leaves and
subjected to Western blot analysis using antibodies against
heavy and light chains (C,,, C)). The expression of both chains
was clearly visible in wt and XT/FT k.o. plants (Figure 3a).
Subsequently, 2G12 antibodies were purified from leaves via
protein A affinity chromatography, and subsequent sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis under reducing conditions revealed the presence of
two bands that correlated with the expected molecular masses
of C,and C, (55 kDa and 25 kDa, respectively; Figure 3b). No
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Figure 2 (a) Plant expression vector used for the expression of immunoglobulin G (IgG) antibodies: bla, ampicillin resistance gene; DsRed, red fluorescent
protein; eP, enhanced cauliflower mosaic virus (CaMV)-35S promoter; HC, LC, heavy and light chain; LB, RB, left and right border; pat, basta resistance
gene with promoter and terminator of the nopaline synthase gene; SAR, scaffold attachment region; SP, signal peptide; TP, transit peptide. (b) Seeds
and seedlings examined under fluorescence microscopy: DsRed, seed transformed with the binary vector described above; wt, non-transformed seed.
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Figure 3 (a) Western blot analysis of proteins extracted from 2G12-transformed wild-type (wt) (lane 1) and B1,2-xylosyltransferase and

a1,3-fucosyltransferase knockout (XT/FT k.o.) (lane 2) plants probed with rabbit anti-human immunoglobulin G (IgG) (C,, and C,-specific). (b) Sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Coomassie Blue stained): lane 1, protein marker; 2G12 purified from wt Arabidopsis
thaliana (lane 2) and k.o. line (lane 3). (c) Western blot analysis of purified 2G12 using anti-horseradish peroxidase (anti-HRP) antibodies (recognizing
xylose and fucose) and goat anti-human IgG-(y-chain-specific, anti-C,)): wt, 2G12 derived from A. thaliana wt; k.o., 2G12 derived from XT/FT k.o.

line. (d) Western blot analysis of purified 2G12 after native PAGE using rabbit anti-human IgG (C,, and C-specific): lane 1, Chinese hamster ovary
(CHO)-derived 2G12; 2G12 derived from wt A. thaliana (lane 2) and k.o. line (lane 3). Numbers next to the gels indicate the protein masses in kilodaltons.

further bands, degradation products or impaired heavy or
light chains in PAGE under native conditions were visible,
indicating the purity and high rate of antibody assembly. The
weak extra bands between C, and C, of 2G12 that were
visible when TSP extracts were used for immunoblotting
(Figure 3a) may represent degradation products from C,
within the plant cell; however, they disappeared completely
after 2G12 purification. In addition, purified CHO- and plant-
derived IgGs were subjected to immunoblotting using anti-
bodies that recognized C,- and plant-specific glycan epitopes
[anti-horseradish peroxidase (anti-HRP) antibody], respectively

© 2007 The Authors

(Figure 3c). As expected, a single band with a molecular mass
of about 55 kDa was detected in all samples using Cy
antibodies. By contrast, no signal was obtained in XT/FT k.o.-
derived IgG using anti-HRP anti-serum, indicating the absence
of immunogenic glycan epitopes.

The expression level of 2G12 in A. thaliana wt and k.o. lines
varied between 0.2 and 0.05% of TSP in young plants (up to
the six-leaf stage). As plants aged, the expression level dropped
below 0.05% TSP. 2G12-expressing plants, both wt and k.o.
lines, were normal and viable and did not show any obvious
morphological phenotype under standard growth conditions.

Journal compilation © 2007 Blackwell Publishing Ltd, Plant Biotechnology Journal, 5, 000—000
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In previous studies, it has been shown that 2G12 re-
cognizes a specific epitope at the HIV envelope protein gp120
(Trkola et al., 1996). In order to test the antigen-binding
specificities of plant-produced 2G12, a specificity enzyme-
linked immunosorbent assay (ELISA) coated with HIV gp160,
which encompasses gp120, was carried out. Compared with
CHO-derived 2G12, the binding capacity of the plant-derived
counterpart was 100% or slightly above, demonstrating
unaltered antigen-binding specificity.

Determination of N-glycan composition of 2G12 from
A. thaliana wt and XT/FT k.o. lines

To determine the exact N-glycan composition of 2G12, the
corresponding heavy chains were subjected to tryptic
digestion and MS. Owing to incomplete digestion of Cy,, two
glycopeptides, which contain the carbohydrate at asparagine-
297 but differ in four amino acids (482.3 Da), are present.
The absence of xylose and fucose residues on N-glycans can
be monitored by the decrease in mass of the respective peaks
(132 mass units for xylose and 146 mass units for fucose).

The mass spectrum of wt-derived C,, exhibited three major
peaks for both glycopeptides (Figure 4a). The major peak was
derived from the complex N-glycan GnGnXF with two terminal
GlcNAc residues, followed by two minor peaks with one GIcNAC
residue (GNMXF/MGnXF) and without any terminal
GIcNAC residues (MMXEF). All of these detected glycoforms
contained immunogenic B1,2-xylose and core a1,3-fucose
residues. By contrast, XT/FT k.o.-derived 2G12 lacked the
three major peaks carrying B1,2-xylose and core a.1,3-fucose
(Figure 4b). Instead, GnGn was the most abundant N-glycan
structure. Apart from the complex N-glycans, two minor
glycopeptides with oligomannosidic structures (Man7, Man8)
were identified in both wt- and XT/FT k.o.-derived IgG, which
indicates that not all glycans were completely processed to
complex-type forms. N-Glycan analysis of CHO-derived 2G12
revealed a mixture of structures containing either no (GnGnF),
one (AGnF, GnAF) or two (AAF) terminal galactose residues
and, in addition, minor amounts of glycopeptides with sialic
acid (NaAF, NaNaF). Interestingly, all detected glycoforms
contained a fucose residue linked a.1,6 to the innermost Glc-
NAc. Importantly, it has been shown that the absence of this
fucose residue significantly increases Fc receptor-mediated
ADCC (Shields et al., 2001).

Our results clearly demonstrate that engineering of com-
plex plant N-glycans towards a mammalian type is possible
without any deleterious effects in growth behaviour. We
have shown that glyco-engineered plants are able to produce
monoclonal antibodies with a defined humanized N-glycan

profile, not only lacking plant-specific glycan epitopes, but
also a1,6-fucose, a glycan residue that seems to negatively
influence the ADCC potency of antibodies (Shields et al., 2001).
Indeed, recently, it has been demonstrated very impressively
that such ‘glycan-optimized’ plant-derived antibodies carrying
a homogeneous GnGn structure exhibit a significant ADCC
enhancement compared with the CHO-produced counterpart
(Cox et al., 2006). These results and recent improvements in
plant expression systems using A. thaliana seeds and Nico-
tiana species, where IgG and antibody fragment levels of up
to 0.5 g/kg leaf material were obtained (Giritch et al., 2006;
Van Droogenbroeck et al.,, 2007), demonstrate the great
potential of plants as an alternative expression system for
therapeutics, not only in terms of quantity, but also in quality
improvement.

Experimental procedures

Expression of 2G12 antibody in A. thaliana plants

The cDNAs of 2G12 heavy and light chains were isolated, together
with the sequence for the signal peptide, from their eukaryotic ex-
pression vectors (Trkola et al., 1995). Each chain was subcloned into
an expression cassette consisting of the duplicated cauliflower
mosaic virus (CaMV)-35S promoter, the tobacco etch virus (TEV) 5’-
untranslated region and the CaMV-35S transcriptional terminator.
For co-expression of heavy and light chains, the two cassettes
were inserted head-to-tail into the binary vector pTRAp, a derivative
of pPAM (GENBANK: AY027531). The tandem expression units were
separated by scaffold attachment regions (SARs) of the tobacco RB7
gene (GENBank: U67919). In addition, an expression cassette for DsRed
(Jach et al., 2001), fused to a plastid transit peptide, was cloned
behind the antibody chain cassettes to create the final construct
pTRApP-2G12-Ds (Figure 2a). The plasmid was transformed into
Agrobacterium strain GV3101::pMP90RK.

Transgenic A. thaliana plants were generated by floral dipping
of Col-0 wt and XT/FT k.o. lines (Strasser et al., 2004). A Leica MZ FLIII
stereomicroscope (Leica, Wetzlar, Germany), equipped with a Leica
DC 500 digital camera and a DsRed filter set (No. 10447079), was
used to detect DsRed fluorescence in seeds and young seedlings.

Purification of recombinant 2G12 antibody from
A. thaliana leaves

Leaves (200 mg) were frozen in liquid nitrogen and ground in a mixer
mill (Retsch MM2000, Haan, Germany). The powder was dissolved
in 400 uL of 1 x phosphate-buffered saline (PBS) (pH 6) containing
1% protease (v/v) inhibitor cocktail (Sigma, P9599, St. Louis, MO,
USA), and incubated at 4 °C for 15 min. After centrifugation for 30 min
at 16 000 g, the supernatant (SN1) was incubated at 4 °C for 90 min
with 15 pL of rProteinA Sepharose Fast Flow (GE Healthcare, Chalfont,
UK) using an orbital shaker. The incubated slurry was transferred
into a Micro Bio-Spin chromatography column (Biorad, Hercules,
CA, USA) and washed three times with 250 uL of 1 x PBS. Elution
was performed with 15 uL of 0.1 M glycine-HCl buffer (pH 3.0).

© 2007 The Authors
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Figure 4 Liquid chromatography-mass spectrometry (LC-MS) of glycosylated peptides (-1, EEQYNSTYR; -2, TKPREEQYNSTYR) containing asparagine-
297 from the 2G12 Fc region: (a) glycopeptides derived from wild-type (wt)-produced 2G12; (b) glycopeptides derived from B1,2-xylosyltransferase and
o1,3-fucosyltransferase knockout (XT/FT k.0.) plant-produced 2G12; () glycopeptides derived from Chinese hamster ovary (CHO)-produced 2G12.
See http://Awww.proglycan.com for an explanation of N-glycan abbreviations.

Immunoblot analysis (Cy, + C-specific) antibody conjugated to peroxidase (Promega,
Madison, WI, USA) or a goat anti-human 1gG (y-chain-specific) anti-
SN1 and purified IgG (100 ng) samples were subjected to SDS-PAGE body conjugated to peroxidase (Sigma, A8775), both diluted 1 : 5000

(12.5% polyacrylamide) under reducing and non-reducing conditions. in 1xPBS (pH 7.4) containing 1% (w/v) bovine serum albumin
The separated proteins were blotted to Hybond-ECL membranes (BSA). For the detection of N-linked glycans with B1,2-xylose and
(GE Healthcare) and detected with either a goat anti-human IgG core a.1,3-fucose, rabbit anti-HRP antibody was used as described
© 2007 The Authors
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previously (Strasser et al., 2004). The detection of bound antibodies
was performed using SuperSignal West Pico chemiluminescent sub-
strate (Pierce, Rockford, IL, USA).

2G12 quantification and antigen-binding assay

To quantify and determine the antigen-binding specificity of plant-
derived 2G12, a Standard Operating Procedure (SOP) developed by
Polymun Scientific was carried out. The IgG concentration and gp160
binding were determined by coating ELISA plates with a polyclonal
antibody ‘goat anti-human IgG’ (y-chain, Sigma; for quantification)
and with 100 ng purified gp160 [provided by Polymun Scientific
(Vienna, Austria); for antigen-binding assays]. After washing, 2G12
samples were diluted to a concentration of about 200 ng/mL.
Subsequently, a 1 : 2 serial dilution was carried out (eight dilutions)
and 50 plL was transferred per well. Recombinant 2G12 purified from
CHO culture supernatants (provided by Polymun Scientific) was used
as standard, and applied identically to plant-derived 2G12. Plates
were incubated for 1 h at room temperature (gentle shaking) and,
after washing, a polyclonal antibody ‘goat anti-human IgG’ (k-chain)
conjugated to alkaline phosphatase (1 : 1000, Sigma) was incubated.
After intensive washing, alkaline phosphatase was detected by
p-nitro-phenylphosphate substrate solution using an ELISA reader
at 405 nm, with 620 nm as reference wavelength. All analyses were
carried out in duplicate, and a four-parameter polynomial was applied
for curve fitting and data analysis.

N-Glycan analysis

Purified 2G12 IgG1 (0.5 ug) was separated by SDS-PAGE (12.5%
polyacrylamide) analysis under reducing conditions, and polypeptides
were detected by Coomassie Blue staining. The heavy chain was
excised from the gel, destained, carbamidomethylated and in-gel
trypsin digested as described previously (Kolarich and Altmann, 2000).
Tryptic peptides were dried in a Speed Vac concentrator and reconsti-
tuted with water containing 0.1% (v/v) formic acid. Mass spectrometric
analysis was performed on a quadrupole time-of-flight (Q-TOF) Ultima
Global (Waters Micromass, Milford, MA, USA) equipped with a
standard electro-spray unit, a Cap-LC system (Waters Micromass)
and a 10-port solvent switch module (Rheodyne, Rohnert Park, MA,
USA). Samples were first captured by an Aquasil C18 precolumn
(30 x 0.32 mm, Thermo Electron, Waltham, MA, USA) using water
as the solvent. The analytical column was held at 5% acetonitrile
before solvent switching, and then a linear gradient from 5 to 50%
acetonitrile was applied at a flow rate of 2 ul/min. All eluents con-
tained 0.1% formic acid. The mass spectrometer had been previously
tuned with [Glu1]-fibrinopeptide B to give the highest possible
sensitivity and a resolution of ¢. 10 000 (full width at half-maximum,
FWHM). Mass tuning of the TOF analyser was performed in the
tandem MS mode using, again, [Glu1]-fibrinopeptide B. Samples
were analysed in the MS mode. Because no switching between MS
and tandem MS mode was performed, no loss of signal, especially
for the analysis of the glycopeptides, occurred. Data analysis was
performed with MassLynx 4.0 SP4 Software (Waters Micromass).
The mass spectrometric data of tryptic peptides were analysed
against the in silico-generated tryptic digestion of the 2G12 C,
amino acid sequence, employing the program ‘PeptideMass’ (http://
www.expasy.org/tools/peptide-mass.html). Based on the tryptic

peptide data set, the tryptic glycopeptide data sets (‘glycopeptide 1’
and ‘glycopeptide 2’, representing the ‘perfectly’ cleaved tryptic
glycopeptide ‘EEQYNSTYR’, and the tryptic glycopeptide bearing one
missed cleavage site ‘TKPREEQYNSTYR', respectively) were generated
by the addition of the respective glycan masses to the tryptic peptide
masses of glycopeptide 1 and glycopeptide 2.
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