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Summary

The unique features of IgA, such as the ability to recruit neutrophils and suppress the
inflammatory responses mediated by IgG and IgE, make it a promising antibody isotype for
several therapeutic applications. However, in contrast to IgG, reports on plant production of
IgA are scarce. We produced IgA1x and IgG1x versions of three therapeutic antibodies
directed against pro-inflammatory cytokines in Nicotiana benthamiana: Infliximab and
Adalimumab, directed against TNF-o, and Ustekinumab, directed against the interleukin-
12p40 subunit. We evaluated antibody yield, quality and N-glycosylation. All six antibodies
had comparable levels of expression between 3.5 and 9% of total soluble protein content
and were shown to have neutralizing activity in a cell-based assay. However, IgA1k-based
Adalimumab and Ustekinumab were poorly secreted compared to their IgG counterparts.
Infliximab was poorly secreted regardless of isotype backbone. This corresponded with the
observation that both IgA1k- and IgG1x-based Infliximab were enriched in oligomannose-type
N-glycan structures. For 1gG1k-based Ustekinumab and Adalimumab, the major N-glycan
type was the typical plant complex N-glycan, biantennary with terminal N-acetylglucosamine,
B1,2-xylose and core a1,3-fucose. In contrast, the major N-glycan on the

IgA-based antibodies was xylosylated, but lacked core a1,3-fucose and one terminal
N-acetylglucosamine. This type of N-glycan occurs usually in marginal percentages in plants
and was never shown to be the main fraction of a plant-produced recombinant protein.
Our data demonstrate that the antibody isotype may have a profound influence on the type
of N-glycan an antibody receives.

Introduction

The use of monoclonal antibodies for the treatment of cancer,
autoimmune diseases and inflammatory disorders is rapidly
growing. Antibodies of the IgG isotype are most common, but
other isotypes such as IgA may offer important advantages. IgA is
best known as secretory IgA, a dimeric IgA complex enveloped by
the secretory component, which helps protect mucosal surfaces
against pathogens and control commensal bacteria. IgA is also
the second most predominant isotype in the blood (Stoop et al.,
1969). In primates, serum IgA is monomeric, in contrast to other
animals where serum IgA is dimeric. The immunotherapeutic
potential of serum IgA has only been recognized recently,
because the biology of serum IgA was poorly understood
(Bakema and van Egmond, 2011; Snoeck et al., 2006). Due to
differences in IgA functioning between primates and other
animals, a proper animal model was lacking. Most important in
this regard is that rodents lack a homologue of the human Fc
receptor for IgA (FcaRl or CD89) (Snoeck et al., 2006). This
already indicated that rodents lack an important effector function
that is mediated by FcaRl in primates.

The creation of a transgenic mouse expressing human FcaRl
helped reveal IgA’s unique ability to recruit neutrophils, the
largest population of white blood cells in the body (Van der Steen
et al., 2009). This capacity may be a valuable feature in cancer
therapy, because IgA-induced tumour cell killing was shown to be
mediated by neutrophils. IgG does not efficiently recruit neu-
trophils, but mediates cell lysis predominantly via the complement
system and peripheral blood mononucleated cells (Huls et al.,
1999). In addition, serum IgA has immunosuppressive properties
that may be of therapeutic interest. When free IgA associates
with FcaRl on immune cells, inhibitory signals are triggered that
block pro-inflammatory responses initiated by association of IgG
and IgE with their Fc receptors. Thus, IgA may be used as an
overall immune suppressor of inflammatory disorders (Bakema
and van Egmond, 2011). The ability of IgA to suppress the
immune response could be combined with the antigen-binding
capacity. Many autoimmune and inflammatory disorders are
nowadays treated by neutralization of pro-inflammatory cyto-
kines using antibodies. Neutralization of the pro-inflammatory
cytokine TNF-a is the most common therapy. Because TNF-a also
occurs as a membrane-bound variant, use of an antibody directed
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against TNF-a. not only results in neutralization of free TNF-a, but
also results in neutrophil-mediated killing of immune cells
harbouring TNF-o on their membrane (Shen et al., 2005; Van
den Brande et al., 2003). Use of IgA may enhance killing of these
immune cells through its previously mentioned unique ability to
recruit neutrophils. As a consequence, this will result in better
suppression of the immune response required for autoimmune
and inflammatory disease treatment.

Most, if not all, therapeutic antibodies are made using
mammalian cell lines. However, plants have been shown to be
an excellent alternative production platform. Like animal cell lines,
plants are capable of producing high levels of complex proteins,
but are easier to manipulate and more economic in use (Hiatt and
Pauly, 2006; Schillberg et al., 2003). Next to that, plant-produced
proteins often appear more homogeneously glycosylated com-
pared to proteins produced by mammalian cell lines (Cox et al.,
2006). Engineering of the N-glycosylation machinery has been
successful in plants, and research on humanizing N-glycosylation
in plants has advanced over the last decade, allowing production
of antibodies and other proteins with human N-glycan types
(Bosch et al., 2013; Castilho et al., 2011; Strasser et al., 2009).
However, most of this work has been based on the plant
expression of IgG antibodies, and few reports on the plant
expression of IgA exist (De Muynck et al., 2010). The few IgA
antibodies that have been produced in plants were based on a
variety of IgA backbones (murine, chicken and human), were
expressed in different plant species (tobacco, maize, rice, tomato
and Arabidopsis) and demonstrated a great variability in yield
(Juarez et al, 2012; Karnoup et al., 2005; Ma et al., 1994;
Nakanishi et al.,, 2013; Nicholson et al., 2005; Wieland et al.,
2006).

To obtain insight in the effect of isotype on the yield, quality
and N-glycosylation of antibodies when expressed in plants, we
compared the expression of monomeric IgA and IgG in Nicotiana
benthamiana. Thereto we expressed the therapeutic antibodies
Infliximab, Adalimumab and Ustekinumab in their original form as
IgG1k antibodies as well as the IgA1x variants of these three
antibodies. Both Infliximab and Adalimumab are directed against
TNF-o. Infliximab is a chimeric antibody with mouse variable
regions on a human backbone (Ebert, 2009), and Adalimumab is
a fully human antibody (Bain and Brazil, 2003). Ustekinumab is a
human antibody directed against the interleukin-12 p40 subunit
(IL-12p40) shared by the pro-inflammatory cytokines IL-12 and
IL-23 (Gandhi et al., 2010). All three antibodies are used to treat
several inflammatory disorders such as rheumatoid arthritis,
psoriasis and inflammatory bowel disease. Upon plant expression,
we observed a similar high yield and quality of the IgA1k-based

antibodies compared to the original IgG1x variants. The
N-glycosylation pattern, however, was different. While IgG-based
antibodies predominantly carried the typical plant complex
N-glycan for secreted proteins, a biantennary N-glycan with
terminal N-acetylglucosamine (GIcNAc) with B1,2-xylose and
core a1,3-fucose (GnGnXF®), IgA-based antibodies lacked core
a1,3-fucose and one terminal GIcNAc (GnMX or MGnX).

Results
Antibody isotype and idiotype have little effect on yield

To establish the production potential of human IgA in plants, we
investigated the expression of the variable regions of the three
therapeutic antibodies Infliximab (1), Adalimumab (A) and
Ustekinumab (U) on both a human IgATx and human lgG1k
backbone in planta (Figure 1a). Light chain (x) and either the
alpha (a)-1 or gamma (y)-1 heavy chain were combined in one
expression vector and transiently expressed in N. benthamiana.
Yield was determined up to 15 days postinfiltration (dpi) with
3-day intervals. Figure 1b shows the average recombinant protein
levels of three biological replicates. 1gG vyields peaked at dpi 6
with 82, 90 and 68 pg of antibody (Ab) per mg of total soluble
protein (TSP) for IgG-l, IgG-A and IgG-U, respectively. IgA yields
peaked on later time points at dpi 9 for IgA-I and IgA-U and dpi
12 for IgA-A. Although prolonged accumulation can be indicative
of greater protein stability, the overall yield of the IgA’s is lower,
35, 70 and 46 png Ab/mg TSP for IgA-l, IgA-A and IgA-U,
respectively. Thus, antibody yield most likely depends more on the
expression system than idiotype or isotype.

Plants produce high-quality IgA antibodies

To investigate protein quality, the antibodies were analysed by
Western blot. Figure 2 shows the visualization of the «, y and o
chains when samples were run under reduced conditions. For all
antibodies, the predominant band of the heavy chain migrated at
the expected size (~49 and ~51 kDa for the y and o chain,
respectively). For a-A, a-U and the recombinant control, a doublet
(two bands migrating very close to each other) was observed. As
the constant region of a-1 has two N-glycosylation sites, these
bands can represent o chains with none, one or two N-glycans.
Surprisingly, a-I shows only the higher of the two bands observed
for a-A, o-U and the recombinant control. This suggests that the
a-l chain lacks either the unglycosylated or the one-time
glycosylated variant of a-l. The x-A and k-U chains also had the
expected size (~23.5 kDa), while x-I had a slightly higher
molecular weight. Because no N-glycosylation sites are present
in the k chains, this difference cannot be explained by differences
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Figure 1 Plant production of IgA1x and IgG1xk
antibodies. (a) Cartoon representing the expressed
antibodies. (b) Yield of Infliximab (1), Adalimumab
(A) or Ustekinumab (U) on an IgA1x or IgG1x
backbone when transiently expressed in Nicotiana
benthamiana up to 15 days postinfiltration (dpi).
Bars indicate average yield, and error bars indicate
standard error (n = 3). *position of N-glycans.
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Figure 2 Evaluation of quality of plant-produced IgA1x and IgG1k
antibodies. Western blots under reducing conditions of 50 ng Infliximab
(1), Adalimumab (A) or Ustekinumab (U) on an IgA1x or IgG1x backbone in
leaf extracts visualizing the kappa chain (x), gamma chain (y) or alpha
chain (o), as indicated. Recombinant IgG (G) or IgA (A) and empty vector
(ev) control were included.

in N-glycosylation. Comparison of plant-produced «-I to the
murine myeloma cell line produced x-I showed equal electro-
phoretic mobility. This suggests that intrinsic properties of the
variable domain lead to aberrant running behaviour and do not
indicate an actual increase in molecular weight (data not shown).

For the o chains, several additional bands were observed that
migrated faster than the expected size. These additional bands
most likely represent proteolytic degradation products. A differ-
ent pattern can be seen for o-I compared to a-A and o-U. It is
possible that a- is sensitive to other proteases than the other two
chains or that IgA-l is exposed to different proteases, which
would suggest a different intracellular location of this antibody.
Alternatively, the bands of a-I represent different N-glycan
variants of the same degradation products. For k-, it was striking
to observe that an additional band migrating around 20 kDa was
only seen when co-expressed with the y heavy chain, but not o
heavy chain. It most likely also represents a degradation product
that may be the consequence of a different conformation of IgA-|
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and IgG-l, whereby «-I is more susceptible to proteases when it is
associated with the vy-I chain than the a-l chain. Alternatively,
IgG-I subcellular targeting may be different to IgA-I and therefore
may encounter different proteases. Whatever the cause of the
differences in degradation products between the antibody chains,
the majority of each antibody chain appears to be intact.

Efficiency of antibody secretion from plant cells depends
on isotype and idiotype

As antibodies are secretory proteins, we developed a method to
compare secretion efficiency of proteins as an indicator of aberrant
subcellular targeting. The amount of secreted antibody was
determined by ‘washing out’ the apoplast fluid from the
transformed leaf followed by isolation of intracellular proteins
and determination of antibody concentration in both fractions.
Figure 3a shows the secretion efficiency of all six antibodies as the
means of three biological replicates. Independent of idiotype, IgG
secretion was at least three times more efficient than IgA
secretion. Poor secretion of a murine IgA/IgG chimera from plant
cells was demonstrated before (Frigerio et al., 2000). This murine
IgA/G chimera was targeted to the vacuole due to a cryptic sorting
signal in the tailpiece of murine IgA (Hadlington et al., 2003).
Human IgA has a similar tailpiece, although the sequence differs
from mouse IgA. To reveal whether or not poor secretion of
human IgA is also caused by its tailpiece, a variant of IgA-U without
tailpiece (IgA-UAT) was expressed, and its secretion efficiency was
determined (Figure 3b). While the average vyield of IgA-UAT was
similar, the secretion efficiency was enhanced more than twofold.
Like the murine tailpiece, the human tailpiece may be responsible
for the poor secretion as a consequence of vacuolar targeting.

To evaluate whether the degradation products described in the
previous section were caused by protease activity inside the cell or
in the apoplast, both intracellular and apoplast fractions were
evaluated by Western blot analysis (Figure 3c). As all apoplast
fractions were enriched with the degradation products, we
assume that most, if not all, proteolytic degradation takes place in
the apoplast. This explains why the degradation product of «-I
that was only detected upon co-expression with the y chain, but
not the a-chain, as 10% of IgG-I compared to only 1.8% of IgA-|
was secreted.

The secretion efficiency between idiotypes also differed. IgG-I
secretion was two times less efficient compared to I1gG-A and
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Figure 3 Secretion and proteolytic degradation of plant-produced IgA1x and IgG1x antibodies. (a,b) Percentage of secretion of IgG1x and IgA1k by
determining the amount of antibody in apoplast fluids (ap) versus crude extracts (ce) (n = 3, error bars indicate standard error). (c) Western blot analysis
under reducing conditions of 50 ng Infliximab (1), Adalimumab (A) and Ustekinumab (U) with and without tailpiece (AT) on an IgA1x or IgG1k backbone
visualizing the kappa chain (k) or alpha heavy chain (a), as indicated. Recombinant IgG (G) or IgA (A) and empty vector (ev) control were included.
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IgG-U secretion. The same result was obtained comparing the IgA
antibodies. Apparently, both isotype and idiotype are important
for secretion efficiency.

Differential N-glycosylation of IgA compared to IgG

Because differences in subcellular localization can influence
N-glycosylation, we evaluated N-glycan maturity of all antibod-
ies. Thereto the antibodies were treated with the enzymes
peptide:

N-glycosidase F (PNGase F) or endoglycosidase H (Endo H)
followed by Western blot analysis. PNGase F only cleaves
N-glycans which lacks the plant-specific a1,3-fucose, while Endo
H only cleaves oligomannose-type N-glycans. Treatment of the
IgG antibodies with either enzyme did not reduce heavy chain
size, except the recombinant control (G), which became smaller
upon PNGase F treatment (Figure 4, top panel). This indicates
that the plant-produced IgG antibodies do not carry oligoman-
nose-type N-glycans and confirms the presence of the
plant-specific a1,3-fucose. In contrast, when the IgA-A and
IgA-U antibodies were treated with PNGase F, a major fraction
of the o heavy chains was reduced in size (Figure 4, second
panel). EndoH did not affect IgA-A and IgA-U. This suggests that
a major fraction of IgA-A and IgA-U carry complex-type N-
glycans that are devoid of core a1,3-fucose. Treatment of IgA-I
with Endo H or PNGaseF caused a reduction in size of the
o-l chain, suggesting that IgA-lI carries oligomannose-type
N-glycans.
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Figure 4 Evaluation of N-glycan maturity of plant-produced IgA1x and
IgG1k antibodies. Western blots under reducing conditions of 50 ng
purified Infliximab (1), Adalimumab (A) or Ustekinumab (U) on an IgG1x or
IgA1x backbone with or without tailpiece (AT) visualizing the gamma
heavy chain (y), the alpha heavy chain (o) or B1,2xylose/a1,3-fucose (HRP),
as indicated. Ustekinumab (U/UAT) was isolated from apoplast (ap) or
crude extract (ce) and was analysed separately by visualizing the alpha
heavy chain (o). Recombinant IgG (G) or IgA (A) and an empty vector (ev)
were included. Samples were treated with Endo H (H) or PNGase F (P) to
screen for the presence of oligomannose-type N-glycans or a1,3-fucose,
respectively.

To determine whether the atypical N-glycosylation of IgA-A
and IgA-U is the result of poor secretion of IgA, both IgA-U and
IgA-UAT from the apoplast or crude leaf extract were evaluated
by treatment with PNGase F (Figure 4, third panel). Treatment
with PNGase F reduced the major fraction of the o heavy chains in
size of both intracellular and secreted IgA-U and IgA-UAT. This
suggests that the absence of a core a1,3-fucose on N-glycans of
IgA does not depend on its subcellular targeting. Furthermore,
the fact that IgA-UAT shows only one band that is sensitive to
PNGase F suggests that this band represents a glycosylated o
chain. Because one of the N-glycan sites of human IgA resides in
the tailpiece, IgA-UAT cannot carry more than one N-glycan. The
absence of a second band for nonglycosylated IgA-UAT therefore
indicates that the N-glycan site in constant domain 2 must always
receive an N-glycan. The doublet in IgA-A and IgA-U must
therefore be the result of partial N-glycosylation of the tailpiece.

To assess the presence of B1,2-xylose on the IgA antibodies, a
Western blot was performed using a polyclonal rabbit antihorse-
radish peroxidase antibody specific for plant a1,3-fucose and
1,2-xylose (Figure 4, bottom panel). For both IgA-A and IgA-U,
two bands appeared confirming the presence of B1,2-xylose on
both N-glycan variants. For IgA-UAT, only one band appeared due
to the absence of the N-glycosylation site present in the tailpiece.

To obtain a more detailed picture, we analysed the composi-
tion of the N-glycans on the plant-produced antibodies using
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) (Table 1). For IgG, tryptic glyco-
peptides were prepared prior to MALDI-TOF-MS analysis. As
predicted, the major N-glycan type present on IgG glycopeptides
was identified as the typical plant complex N-glycan for secreted
proteins, a biantennary N-glycan with terminal GIcNAc with B1,
2-xylose and core a1,3-fucose (GnGnXF>) (Figure S1). Surprisingly,
IgG-I carried a small fraction of oligomannose-type N-glycans,
which may be indicative of ER retention. This is in line with the

Table 1 Major N-glycan types carried by the plant-produced IgAT« or
IgG 1k variants of Infliximab (1), Adalimumab (A) and Ustekinumab (U)
as determined using MALDI-TOF-MS (Figures S1 and S2)

Major glycan types |~

Antibody
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fact that IgG-I was less efficiently secreted compared to IgG-A and
IgG-U (Figure 3).

Analysis of IgA N-glycans based on tryptic glycopeptides was
not successful. Tryptic digestion of IgA results in relatively large
glycopeptides compared to IgG and might therefore not be
suitable for this approach. Alternatively, IgA was digested with
either trypsin, pepsin or thermolysin, followed by PNGase A
release of N-glycans. Unfortunately, this approach did also not
result in clear N-glycan profiles. Because we already confirmed
that the majority of the N-glycans on plant-produced IgA do not
carry a1,3-fucose, we used PNGase F to release N-glycans from
IgA, and this did result in clear N-glycan profiles (Figure S2). The
N-glycan profiles for IgA revealed that IgA-lI carries mainly
oligomannose-type N-glycans. The predominant N-glycan type
found on IgA-A, IgA-U and IgA-UAT was similar to 1gG, but
lacked one terminal GlcNAc. Although we cannot exclude that
N-glycans on plant-produced IgA may occasionally carry a core
al1,3-fucose, we can assume that the predominant N-glycan on
plant-produced IgA-A, IgA-U and IgA-UAT is GhMX or MGnX. In
conclusion, it seems that the N-glycan type that an antibody
receives upon expression in planta is mainly determined by the
antibody isotype.

Antigen-binding capacity

To determine the antigen-binding capacity of the plant-produced
antibodies, cell-based assays were performed. For Infliximab and
Adalimumab, which are directed against TNF-a, we assessed the
capacity of these antibodies to abrogate TNF-a induced apoptosis
of 1929 cells. For Ustekinumab, which is directed against the p40
subunit of IL-12 and IL-23, its capacity to block IL-23-induced
production of IL-17 by murine splenocytes was assessed.

Cell viability of 1929 cells increased in a dose-dependent
manner upon increasing concentration of plant-produced IgG-I,
IgA-l, IgG-A and IgA-A, but not plant-produced IgG-U and IgA-U,
which were used as negative controls (Figure 5a). No significant
difference was observed between the murine myeloma cell (SP2/
0) produced Infliximab and plant-produced IgG-l, IgA-l, IgG-A and
IgA-A. It is surprising that IgG-I and IgA-I perform equally well
when compared to the control in this assay as both antibodies
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were enriched in oligomannose-type N-glycan structures that may
indicate improper protein folding.

IL-17 production reduced in a dose-dependent manner upon
increasing concentration of both plant-produced IgG-U and IgA-
U, but not plant-produced IgG-l and IgA-I, which were used as
negative controls (Figure 5b). No significant difference was
observed between the murine myeloma cell (SP2/0) produced
Ustekinumab and the plant-produced variants.

Thus, regardless of the antibody isotype, plants produce
functional Infliximab, Adalimumab and Ustekinumab.

Discussion

Currently, most therapeutic antibodies are of the IgG isotype. Yet,
IgA was suggested as a promising alternative isotype that may
increase the therapeutic opportunities of several antibody-based
therapies (Bakema and van Egmond, 2011). Therefore, we evalu-
ated the plant production of IgA. We expressed IgA Tk variants of
the three commercially available therapeutic antibodies, Infliximab,
Adalimumab and Ustekinumab in N. benthamiana. The production
of the IgA1x variants was compared to the production of their
original form as IgG 1k antibodies. Expression of all six antibodies
was successful with high yields ranging from 3.5% to 9% of total
soluble protein, whereby IgG performed slightly better for all three
antibodies. Although the majority of the antibodies remained
intact, IgA was found to be somewhat more sensitive to proteolytic
enzymes than IgG. Many reports on the plant expression of IgG
exist, but these are often based on the expression of a single
antibody. Comparing the results of these reports reveals a large
heterogeneity in antibody quantity and quality, whereby antibody
yield varies several orders of magnitude (De Muynck et al., 2010).
However, our data reveal only slight discrepancies in antibody
quantity and quality between isotypes and idiotypes, indicating
that the previously reported heterogeneity may largely be attrib-
uted to, for example, differences in transformation method,
subcellular targeting, and use of plant tissue and species.

In line with previous reports on N-glycosylation of plant-
expressed IgG’s, all our IgG-based antibodies predominantly
carried the typical complex plant N-glycan for secreted proteins,
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Figure 5 Biological activity of plant-produced IgATk and IgG1x antibodies. (a) Cell viability of L929 cells when exposed to TNFa in combination with
different concentrations of plant-produced Infliximab (1), Adalimumab (A) and Ustekinumab (U) on an IgG 1k or IgA 1k backbone. Mammalian cell-produced
Infliximab (IgG) and a commercially available anti-TNFa IgA were included. (b) IL-17 production by murine splenocytes exposed to IL-23 in combination with
different concentrations of plant-produced Infliximab (I) and Ustekinumab (U) on an IgG1x or IgA1x backbone. Mammalian cell-produced Ustekinumab
(IgG) was included. Bars indicate averages, and error bars indicate standard error (n = 3).
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biantennary with terminal GIcNAc and B1,2-xylose and core al,
3-fucose (GnGnXF?). However, our IgA-based Adalimumab and
Ustekinumab predominantly carried a similar N-glycan type as
IgG, but lacked core al1,3-fucose and one terminal GIcNAc
(GNMX or MGnX). Oligomannose-type N-glycans were found on
both the IgG and IgA variants of our plant-produced Infliximab.
On IgG, Infliximab oligomannose was found to a minor extent;
however, on IgA Infliximab, this was the predominant N-glycan
type.

Differences in N-glycosylation may be caused by differences in
subcellular targeting. Infliximab was less efficiently secreted into
the apoplast compared to Adalimumab and Ustekinumab,
regardless of isotype backbone. This coincided with the presence
of oligomannose-type N-glycans. Oligomannose-type N-glycans
on heterologously expressed proteins are often indicative of
retention in the endoplasmic reticulum (ER) and are associated
with protein misfolding. Because only our IgG- and IgA-based
Infliximab showed enrichment of oligomannose-type N-glycans,
improper processing of Infliximab chains in planta seems a logical
explanation for the presence of these N-glycan types. As protein
misfolding is coupled with protein degradation, the yield of a
misfolded protein is expected to be low. However, we did not
find significantly lower yields for both isotypes of Infliximab
compared to the yields of Adalimumab and Ustekinumab. Also,
both IgG- and IgA-based Infliximab showed the same capacity to
neutralize TNF-o. when compared to murine myeloma cell (SP2/0)
produced Infliximab. Still, oligomannose enrichment was only
demonstrated for IgG and IgA infliximab and must therefore
depend on idiotype. In conclusion, as folding of Infliximab leads
to functional antibodies, the reason for oligomannose enrichment
remains to be elucidated.

Evaluation of the secretion efficiency of all antibodies revealed
that the IgA variants were secreted less efficiently into the
apoplast when compared to IgG. A previous study demonstrated
that plant-based expression of a chimeric murine IgG/A antibody
resulted in targeting of this antibody to the lytic vacuole. A cryptic
targeting signal in the tailpiece of the antibody was responsible
for vacuolar targeting (Frigerio et al.,, 2000; Hadlington et al.,
2003). Upon arrival in the vacuole, the murine G/A chimera
underwent proteolytic degradation. We also found degradation
products of our IgA-based antibodies, while no degradation was
observed for the IgG-based variants. However, IgA isolated from
the apoplast showed more prominent degradation than intracel-
lular IgA. Thus, in contrast to the murine G/A chimeric antibody,
degradation of human IgA likely resulted from proteolysis in the
apoplast. In the C-terminus of the vacuolar proteins, tobacco
B-glucanase and potato PT20, the dipeptides VS and SV are
present (Koide et al., 1999; Vitale and Raikhel, 1999). The murine
tailpiece contains the sequence ‘VSVSV’, a repetition of VS and
SV, and was therefore suggested to be the cryptic vacuolar
targeting. The human tailpiece contains the sequence VSV
which may fulfil the same role. However, the human tailpiece also
contains the dipeptides ‘AE’, which is a conserved motif in
vacuolar targeting signals of several Graminea lectins (Bednarek
et al., 1990), and 'VD’, found in the vacuolar targeting signal of
tobacco chitinase A (Neuhaus et al,, 1991). These proteins are
supposedly sorted to the protein storage vacuole (Neuhaus and
Rogers, 1998), which may also be the destination of human IgA.
Targeting to the protein storage vacuole instead of the lytic
vacuole would explain the absence of proteolytic products of
intracellular IgA as well as the fact that yield reduction in
comparison to IgG was minor.

Golgi dependent and independent vacuolar targeting path-
ways have been identified (Park et al., 2004), and the route taken
seems to depend on protein intrinsic properties. Because the
attachment of B1,2-xylose occurs in the medial Golgi (Fitchet-
telaine et al., 1994, Rayon et al., 1998), our IgA-based antibodies
must travel to the Golgi as the N-glycans on our IgA-based
Adalimumab and Ustekinumab carried this sugar residue. After
attachment of B1,2-xylose, the core a1,3-fucose sugar residue is
added in the trans Golgi (Fitchettelaine et al., 1994; Rayon et al.,
1998). The core al,3-fucose sugar residue is absent from the
majority of the N-glycans of our IgA-based Adalimumab and
Ustekinumab. Thus, the lack of core o1,3-fucose could be
explained by vacuolar targeting if IgA is transported to the
vacuole from the medial Golgi. However, the core a1,3-fucose
was also absent from the N-glycans of secreted IgA-based
Ustekinumab, which must have travelled through the trans Golgi
to reach the apoplast.

Another, more plausible, reason for the lack of core fucosy-
lation may be found in the protein intrinsic properties. Petrescu
et al. (2004) analysed the protein environment of N-glycosylation
sites and demonstrated that many N-glycan sites are poorly
accessible (Petrescu et al., 2004). As a result, N-glycans lacking
one or more sugar residues are found, because the core of a
N-glycan cannot always be reached by core altering glyco-
syltransferases. On human serum, IgA less than half of the
N-glycans carry the typical mammalian core a1,6-fucose (Field
et al., 1994; Mattu et al., 1998), whereas 80-98% of the
N-glycans on human serum IgG antibodies are core fucosylated
(Pucic et al.,, 2011). IgG and IgA are both N-glycosylated in
constant domain 2 (Cy2 and Ca2, respectively), and structurally,
these domains are similar. The major differences between these
domains are the positions of interdomain disulphide bridges and
the N-glycans (Herr et al., 2003). The N-glycans of Cy2 of IgG
stabilize the interaction between the y heavy chains, whereas in
IgA, this is performed by a disulphide bridge. Compared to IgG,
the N-glycans of the Ca2 domain of IgA are overall more exposed
and therefore more accessible for processing (Yoo et al., 2010).
This may explain why these N-glycans have increased sialylation
and galactosylation compared to N-glycans of IgG (Mattu et al.,
1998). However, this does not rule out the possibility that the
core of these N-glycans have lower accessibility for core altering
enzymes compared to IgG.

Alternatively, specific amino acids surrounding the N-glycosyl-
ation site may interfere with efficient core fucosylation. While
evaluating the direct surroundings of the N-glycosylation sites of
human IgG1 and IgA1 (position —3 to +4 from the asparagine in
the N-X-S/T site), the only observed consistent difference was the
presence of the hydrophobic amino acids leucine or valine
on position X of the N-glycosylation sites of IgA1, whereas
IgG1 contains a hydrophilic serine. We found this striking
as chicken ovalbumin also contains a leucine on position X of
its N-glycosylation signal, and when we expressed ovalbumin in
plants, the core a1,3-fucose was absent from this N-glycan as
well (L. B. Westerhof, R. H. P. Wilbers, D. R. van Raalij, E. Capuder,
D.-L. Nguyen, M. G. L. Henquet, C. H. Hokke, D. Bosch, J. Bakker
& A. Schots, unpublished data). Also plant-produced ovalbumin
was insensitive towards PNGase A digestion. We therefore
hypothesize that protein intrinsic properties that might interfere
with core a1,3-fucosylation could also interfere with PNGase A
release of N-glycans for MALDI-TOF-MS analysis. How amino
acids surrounding the N-glycan site can influence core fucosyla-
tion or in vitro N-glycan release may become apparent when
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more N-glycan profiles from plant-produced proteins become
available in the future.

Next to the core a1,3-fucose, a terminal GIcCNAc was lacking on
IgA-based Adalimumab and Ustekinumab. Although GnM or
MGn-type N-glycans occur in marginal percentages in plants,
most proteins carry either MM (paucimannosidic) or GnGn-type
N-glycans. MM-type N-glycans are the result of the activity
of enzymes that remove terminal GIcNAC's. Three enzymes
(HEXO1-3) capable of removing terminal GIcNAc residues were
identified in Arabidopsis and shown to localize to the vacuole
(HEXO1) and plasma membrane (HEXO2/3) (Liebminger et al.,
2011; Strasser et al., 2007). Therefore, N-glycans on secreted as
well as vacuolar proteins can be modified in this manner. All three
enzymes were demonstrated to remove the terminal GIcNAc
residues from both a1,3- and a1,6-branched mannoses without
strict preference. Thus, subcellular targeting cannot explain why
only one terminal GIcNAc would be removed and not the other.
The underlying mechanism controlling GIcNAc removal is unclear,
but seems to depend on protein intrinsic properties. It is possible
that the GIcNAC's are inefficiently removed from the N-glycans of
IgA resulting in a mix of GnMX- and MGnX-type glycans.
Alternatively, it is also possible that one of the terminal GIcNAC's
is not added. If this is the case, the a1,6-branched mannose must
not have received its GIcNAc, as B1,2-xylose was present, and the
terminal GIcNAc on the a1,3-branched mannose is required for
B1,2-xylosyltransferase activity (Kajiura et al., 2012). N-acetylglu-
cosaminyltransferase Il (GnT-lI) is the enzyme responsible for the
addition of a GIcNAc to the al,6-branched mannose. Thus,
for unknown reasons, it is possible that GnT-Il does not act on
N-glycans of IgA. This would, however, be a matter of efficiency,
as we did find a proportion of N-glycans with terminal GIcNAC's
on both arms on our IgA-based Adalimumab and Ustekinumab.
Galactosylation of IgA in planta could reveal if the GIcNAc residue
is not added or removed. The presence of terminal galactose
would prevent removal of GIcNAc's. Humanising the N-glycans
on IgA would be a necessary step in any case for future
application of IgA as a biopharmaceutical.

Monoclonal IgG antibodies are expressed in several other
expression platforms, such as yeast, insect cells and mammalian
cells; however, production of IgA-based antibodies has also
gained less attention in these platforms. In yeast for instance,
only IlgG-based antibodies have been expressed and were shown
to carry high mannose-type N-glycans, which is typical for yeast
(Cerutti and Golay, 2012). Insect cells also add high mannose-type
N-glycans to IgG or paucimannosidic type N-glycans carrying core
a1,3-fucose and/or al,6-fucose (Cerutti and Golay, 2012; Palm-
berger et al., 2011). Only one IgA-based antibody has been
expressed in insect cells, and this antibody carried high mannose-
type N-glycans (Carayannopoulos et al., 1994). Our Infliximab also
carried high mannose-type N-glycans, and like the insect cell-
produced IgA, it is a chimeric antibody with mouse variable
regions on a human backbone. In both yeast and insect cells,
attempts to humanise N-glycosylation of IgG have been successful
(Hamilton and Gerngross, 2007; Palmberger et al., 2011), how-
ever, have never been evaluated for IgA. Finally, expression of IgG
and IgA in different types of mammalian cells (CHO and Sp2/0) has
revealed differences in N-glycan composition, but main differ-
ences were found in the amount and type of sialylation or
galactosylation (Yoo et al, 2010). As galactosylation would
prevent the removal of GIcNAC's, we can only conclude that
GIcNAc is efficiently added in these mammalian expression
platforms. On the other hand, core a1,6-fucosylation of CHO
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cell-produced IgAT1 was less efficient compared to IgG, but was
still comparable to that of serum IgA1 (Yoo et al., 2010). Due to
large differences in N-glycosylation pathways of these different
expression hosts and the limited experience with N-glycan analysis
of IgA expressed in insect and mammalian cells, it is difficult to
conclude whether or not the differences in N-glycosylation
between plant-expressed IgG and IgA are plant-specific.

In conclusion, we have demonstrated that plants can be used
equally well for the production of IgA as IgG in terms of yield and
functionality. However, the N-glycan an antibody receives upon
expression in N. benthamiana is determined by the isotype.
Whether or not the N-glycans on plant-produced human IgA can
be humanized is a next step that will also yield insight in the
protein intrinsic properties that influence N-glycosylation.

Experimental procedures
Construct design

All genes required for expression of the three different antibodies
(Infliximab (1), Adalimumab (A) and Ustekinumab (U) on a human
IgGTx or IgATx backbone) were synthetically made by GeneArt
(Bleiswijk, the Netherlands). The constant domains of human
immunoglobulin alpha-1 (ACC82528.1), gamma-1 (AJ294730.1)
and kappa (AGH70219.1) chains were ordered in their native
sequence. All variable regions and the signal peptide of the
Arabidopsis thaliana chitinase gene (AAM10081.1) were recoded
from the amino acid sequence using codons preferred by in-
house codon optimization. These gene fragments were flanked
by the following restriction sites at the 5 and 3’-end for
subsequent cloning steps: Ncol-Eagl, Eagl-Nhel, Nhel-Kpnl, Eagl-
BsiWI and BsiWI-Kpnl for the signal peptide, heavy chain variable
regions, heavy chain constant domains, light chain variable
regions and the light chain constant domain, respectively. None
of the restriction sites introduced additional amino acids except
Ncol, which introduced an alanine after the first methionine.
Fragments were assembled using standard cloning procedures
and ligated into the shuttle vector pRAPa, a pRAP (or pUCAP35S)
(van Engelen et al., 1994) derivative modified to include an AsiSI
restriction site by introduction of the self-annealed oligo 5'-
AGCTGGCGATCGCC-3 into a Hindlll linearized pRAP. The kappa
chain expression cassette was digested from pRAPa with Ascl and
Pacl and ligated into the expression vector pHYG (Westerhof
et al., 2012). Subsequently, the heavy chain cassettes were
combined with the kappa chain expression vector using the
restriction sites Ascl and AsiSl, of which the latter creates the
same overhang as Pacl. Vectors were transformed to Agrobac-
terium tumefaciens strain MOG101 for plant expression.

Agrobacterium tumefaciens transient transformation
assay

Agrobacterium tumefaciens clones were cultured overnight (o/n)
at 28 °C in LB medium (10 g/L pepton140, 5 g/L yeast extract,
10 g/L NaCl with pH7.0) containing 50 pg/mL kanamycin and
20 pg/mL rifampicin. The optical density (OD) was measured at
600 nm and used to inoculate 50 mL of LB medium containing
200 um acetosyringone and 50 pg/mL kanamycin with x pL of
culture using the following formula: x = 80 000/(1028 x OD).
OD was measured again after 16 h, and the bacterial cultures
were centrifuged for 15 min at 2800 g. The bacteria were
resuspended in MMA infiltration medium (20 g/L sucrose, 5 g/L
MS salts, 1.95 g/L MES, pH5.6) containing 200 pm acetosyrin-
gone till an OD of one was reached. All constructs were
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co-expressed with the Tomato bushy stunt virus (TBSV) silencing
inhibitor p19 by mixing Agrobacterium cultures 1 : 1. After 1-2 h
incubation at room temperature, the two youngest fully
expanded leaves of 5-6-week-old N. benthamiana plants were
infiltrated at the abaxial side using a 1-mL syringe. Infiltrated
plants were maintained in a controlled greenhouse compartment
(UNIFARM, Wageningen), and infiltrated leaves were harvested at
selected time points.

Apoplast soluble protein extraction

Leaves were vacuum-infiltrated with ice-cold extraction buffer
(50 mm phosphate-buffered saline (PBS) pH = 7.4, 100 mm NaCl,
10 mwm ethylenediaminetetraacetic acid (EDTA), 0.1% v/v Tween-
20) for 10 min. Leaves were dried from the outside and placed in
a 10-mL syringe hanging in a blue cap and centrifuged at 2000 g
for 15 min at 4 °C. The volume of apoplast fluid was determined
and directly used in an ELISA and BCA protein assay.

Total soluble protein extraction

Leaves were snap-frozen, homogenized in liquid nitrogen (after
apoplast extraction or immediately upon harvesting) and stored at
—80 °C until use. Homogenized plant material was ground in ice-
cold extraction buffer (50 mm phosphate-buffered saline (PBS)
pH = 7.4, 100 mm NaCl, 10 mm ethylenediaminetetraacetic acid
(EDTA), 0.1% v/v Tween-20, 2% w/v immobilized polyvinylpoly-
pyrrolidone (PVPP)) using 2 mL/g fresh weight. Crude extract was
clarified by centrifugation at 16 000 g for 5 min at 4 °C, and
supernatant was directly used in an ELISA and BCA protein assay.

IgA and IgG quantification

IgA and IgG concentrations in apoplast fluids and crude extracts
were determined by sandwich ELISA using goat polyclonal anti-
human kappa antibody (Sigma-Aldrich, Zwijndrecht, the Nether-
lands) as capture antibody. HRP-conjugated goat polyclonal
antibodies (Sigma-Aldrich) directed against the constant domains
of IgG and IgA were used for detection. For sample comparison,
the total soluble protein (TSP) concentration was determined
using the BCA protein assay (Pierce) according to supplier’s
protocol using bovine serum albumin (BSA) as a standard.

Protein analysis by Western blot

Fifty ng of antibody in crude extract was separated under
reducing conditions by SDS-PAGE on a NUPAGE® 12% Bis-Tris gel
(Life Technologies, Bleiswijk, the Netherlands) and transferred to
an Invitrolontmv PVDF membrane (Life Technologies) by a wet
blotting procedure. Recombinant IgG1k (Sigma-Aldrich) or IgA1k
(InvivoGen, Toulouse, France) was used as a control. For
visualization, goat polyclonal antibodies (Sigma-Aldrich) directed
against human kappa or human IgA followed by incubation with
a HRP-conjugated secondary antibody (Jackson ImmunoResearch,
Suffolk, UK) or HRP-conjugated antibody directed against human
IgG were used. SuperSignal West Femto substrate (Thermo Fisher
Scientific, Etten-Leur, the Netherlands) was used to detect HRP-
conjugated antibodies. Pictures were taken using a G:BOX Chemi
System device (SynGene, Cambridge, UK).

Antibody purification

For purification of plant-produced antibodies, crude extracts were
first desalted over G25 Sephadex columns. Plant-produced IgG
was then purified using Protein G affinity matrix (Thermo Fisher
Scientific), and plant-produced IgA was purified using IgA
CaptureSelect affinity matrix (Life Technologies).

N-glycan analysis

IgA or IgG (in apoplast fluids, crude extracts or purified) was
deglycosylated with PNGase F or Endo H (both from Bioké, Leiden,
the Netherlands) to screen for the presence of plant-specific
a1,3-fucosylated or oligomannose-type N-glycans, respectively. A
Western blot using a rabbit polyclonal antihorseradish peroxidase
antibody (Jackson ImmunoResearch) was used to detect
plant-specific a1,3-fucose and B1,2-xylose, followed by a HRP-
conjugated donkey anti-rabbit IgG (Jackson ImmunResearch).

For analysis of N-glycan composition, glycopeptides were
prepared from 10 pg of antibody by in-gel trypsin digestion using
the Trypsin Profile IGD kit (Sigma-Aldrich). Tryptic glycopeptides
were purified over ZipTipc g (Merck, Amsterdam, the Netherlands),
eluted with 18% v/v acetonitrile and analysed by MALDI-TOF-MS.
For IgA N-glycan analysis proteolytic digestion with trypsin (Sigma-
Aldrich), pepsin or thermolysin (both from Promega, Leiden, the
Netherlands) was performed on 10-100 g IgA prior to the release
of N-glycans with 0.5 mU PNGase A (Roche, Woerden, the
Netherlands). Released N-glycans were purified by C18 Baker-
bondrv SPE cartridges (VWR, Amsterdam, the Netherlands) and
subsequent Extract Cleantm Carbo SPE columns (Grace, Breda, the
Netherlands). N-glycans were labelled with anthranilic acid (AA)
(Sigma-Aldrich), desalted over Biogel P10 (BioRad, Veenendaal,
The Netherlands) and analysed by MALDI-TOF-MS. Alternatively,
N-glycans were released from 20 pg IgA by PNGase F digestion
(Bioké). Released N-glycans were purified on Extract-Cleantv
Carbograph Columns (Grace), AA-labelled and purified over
ZipTipcqg (Merck) prior to MALDI-TOF-MS analysis.

TNFa neutralization assay

1929 cells (DSMZ, Braunschweig, Germany) were cultured in
RPMI-1640 medium containing 4 mm L-glutamine, 25 mm HEPES
and supplemented with 10% foetal calf serum, 50 U/mL, 50 pg/
mL streptomycin and 50 pum B-mercaptoethanol at 37 °C with
5% CO,. Cells were seeded in 96-well plates at a density of
5 x 10% cells/well and allowed to rest overnight. The cells were
then treated with a 10-fold serial dilution of purified plant-
produced antibodies from 10 to 0.01 pg/mL in combination with
1 ng/mL recombinant E. coli-produced human TNF-o and 1 pg/
mL Actinomycin D (both from R&D Systems, Abingdon, UK). As
positive controls, mammalian cell-produced infliximab and an
anti-TNF-a-IgA (InvivoGen) were used. After overnight incuba-
tion, cell viability was determined using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega) accord-
ing to the supplier’s protocol.

IL-23 neutralization assay

Splenocytes were isolated from spleens of C57BL/6 mice by
passing them through a 70-um nylon cell strainer (BD Biosciences,
Breda, the Netherlands). Red blood cells were lysed using the
Mouse Erythrocyte Lysing Kit (R&D Systems), and obtained
splenocytes were seeded in 96-well plates at a density of
5 x 10° cells/well in RPMI-1640 medium containing 4 mu
L-glutamine, 25 mm HEPES and supplemented with 10% foetal
calf serum, 50 U/mL penicillin, 50 pg/mL streptomycin and 50 pm
B-mercaptoethanol. Splenocytes were treated with a 10-fold
serial dilution of purified plant-produced antibodies from 10
to 0.001 pg/mL in combination with 1 ng/mL recombinant
E. coli-produced human IL-23 and 10 ng/mL PMA. As positive
control, mammalian cell-produced Ustekinumab was used. After
5 days, supernatants were analysed for IL-17 expression with the
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mouse IL-17 Ready-Set-Go! ELISA Kit (eBioscience, Vienna,
Austria) according to the supplier’'s protocol.
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Additional Supporting information may be found in the online
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Figure S1 N-glycan types carried by the plant-produced IgG1x
variants of Infliximab (1), Adalimumab (A) and Ustekinumab (U) as
determined using MALDI-TOF-MS.
Figure S2 N-glycan types carried by the plant-produced IgA1«
variants of Infliximab (1), Adalimumab (A) and Ustekinumab (U) as
determined using MALDI-TOF-MS.
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