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The human body is able to defend itself against viruses, pathogenic bacteria and fungi or
multicellular parasites, such as helminthic worms. The complex set of cells that forms the
immune system defends our body against pathogens and parasites. Immune cells travel
throughout our body using the cardiovascular and lymphatic system. Our immune cells
are specialised in the recognition of foreign (non-self) compounds and organisms, but are
also capable of distinguishing different types of pathogens or parasites. Upon recognition,
a specific arm of the immune system is triggered to efficiently eradicate the pathogen or
parasite that is encountered. After the infection is cleared the immune system returns to its
resting state. Yet, in order to function properly an intricate balance of the immune system
is required as uncontrolled immune responses can result in tissue damage.

Different layers of defence
The first line of defence against invading pathogens or parasites is a layer of epithelial
cells in those organs that are in direct contact with the outside world, such as skin, lungs
and intestine. The epithelial layer that encounters the widest variety of non-self
compounds and organisms is the intestinal epithelium (Figure 1). Intestinal epithelial cells
are highly specialised cells as they serve as gatekeepers of our intestinal tract. They form a
physical barrier to prevent the entry of pathogens and parasites, while these cells
simultaneously facilitate the uptake of nutrients and water from our food. The protective
function of the intestinal epithelium is in the first place mediated by the tight assembly of
epithelial cells, which does not allow the entry of microorganisms (microbes). Secondly,
specialised intestinal epithelial cells, so-called goblet cells, secrete mucins into the
intestinal lumen. These mucins form a mucus layer and are another physical barrier that
prevents attachment of pathogens to the epithelial cells. Finally, normal intestinal
epithelial cells as well as specialised Paneth cells secrete large amounts of anti-microbial
peptides that reside in the mucus layer [1].
When invading pathogens or parasites breach this first line of defence, the immune
system relies on the rapid detection of these foreign compounds and organisms. Cells of
the innate immune system are responsible for the early detection of such organisms and
do so by recognizing specific structures shared by classes of microbes (so-called
“pathogen-associated molecular patterns” or PAMP’s). These structures include double
stranded RNA from viruses, unmethylated DNA from bacteria or complex lipids and
carbohydrates that are not found on host cells. The recognition of PAMP’s is a defence
response that can be found in all classes of plant and animal life. The cell types that
establish innate immunity in vertebrate animal species are phagocytes (such as neutrophils,
macrophages and dendritic cells) and natural killer (NK) cells. NK cells do not recognize
foreign microbes, but are specialised in recognizing virus-infected cells or tumour cells.
On the other hand, dendritic cells, macrophages and various other immune cells are
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equipped with pattern recognition receptors (PRR’s), which are proteins that are able to
recognize specific PAMP’s.
PRR’s can be found as membrane-bound receptors on the cell surface, but also inside
the cell (either cytoplasmic or membrane-bound). PRR’s can be further distinguished in
functionality as they function as signalling receptors or receptors that mediate uptake into
the cell by a process called endocytosis (or both). Toll-like receptors (TLR’s) constitute one
class of membrane-bound PRR’s that recognize different PAMP’s and are key to activate
innate immune cells upon recognition of non-self compounds. To date, over 10
mammalian TLR’s have been identified and each receptor is required for the recognition
of PAMP’s from different classes of pathogens [2]. For instance, TLR4 can bind
lipopolysaccharide (LPS) from gram-negative bacteria, whereas TLR3 is able to detect viral
RNA inside the cell. Upon recognition of PAMP’s by TLR’s an activation signal is
transduced into the cell that triggers the production of cytokines. Cytokines are signalling
molecules of the immune system. They can change the activation state of immune cells or
attract other immune cells to the site of infection. One cytokine commonly produced
upon infection is tumour necrosis factor

(TNF- ) and is a key cytokine that drives

inflammation.
C-type lectin receptors (CLR’s) are another class of PRR’s and are specialised in the
recognition of carbohydrate structures (self and non-self), such as fungal

-glucans or

complex carbohydrate structures found on helminth-secreted proteins [3-5]. Whereas
TLR’s have a minor role as endocytosis receptors, the main role of CLR’s is to facilitate
endocytosis of foreign compounds or microbes. C-type lectin receptors often collaborate
with TLR’s and have been shown to modulate TLR-induced signalling [3, 6]. Nevertheless,
endocytosis and/or phagocytosis (internalization of large particles or microbes) are key
steps in shaping the immune response against extracellular pathogens, parasites or their
secreted compounds. Internalization leads to the formation of vesicles (endosomes or
phagosomes) that are transported into the cell where they fuse with lysosomes. Lysosomes
are intracellular vesicles that are enriched with compounds that enable the killing of
microbes and degrade foreign compounds. All combined, innate immune responses
function as a broad-acting mechanism by which short-term immunity can be provided
against microbes. The innate immune system is often sufficient to eliminate intruders, but
their responses are limited by the diversity of molecular patterns that can be recognized.
Also, innate immune cells respond the same way upon repeated exposure to microbes
and are not able acquire memory.
The adaptive immune system is a third layer of defence, which is only found in
vertebrate species. The adaptive immune system is able to recognise a diverse array of
foreign compounds in a highly specific manner, however it requires time to respond.
Furthermore, the adaptive immune system also has the ability to acquire memory and
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Figure 1 Innate and adaptive immune responses in the intestine. A simplified schematic overview
of innate and adaptive immune responses elicited by different classes of non-self compounds,
pathogens and parasites as described in the main text.

responds more vigorously upon repeated infection. Lymphocytes are the cells that provide
adaptive immunity. B lymphocytes (or B cells) are responsible for the production of
antibodies that can specifically target and neutralize certain intruders, like viruses and
bacteria. T cells are another set of lymphocytes and provide cellular immunity. Cytotoxic
T cells can recognize virus infected cells or tumour cells and are able to kill these cells. T
helper (Th) cells are able to induce proliferation and differentiation of other innate and
adaptive immune cells to effectively eradicate the intruding organism. T helper cells are
the key cell type in shaping immune responses against different classes of non-self
compounds, pathogens and parasites. The activation of T helper cells is initiated and
controlled by antigen presenting cells, such as dendritic cells.
Upon infection, dendritic cells are able to internalize microbes or secreted compounds
from pathogens and parasites and these so-called antigens are processed into smaller
antigenic fragments. This processing step takes place in the endolysosome that forms upon
internalization. Antigenic fragments are able to elicit an adaptive immune response and
are most commonly of peptide origin. Dendritic cells are able to present these antigens to
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T helper cells and induce their activation. The class of pathogen or parasite that is
encountered determines the type of T helper cell response that is initiated (Figure 1).
Viruses and other (intracellular) pathogens generally trigger the production of a cytokine
called interleukin-12 (IL-12) by antigen presenting cells. IL-12 drives the polarisation of T
helper cells into IFN- producing T cells, so-called Th1 cells. This arm of the adaptive
immune system activates macrophages and neutrophils and enhances the production of
antibodies by B cells, thereby facilitating efficient neutralization and killing of viruses and
microbes. Another arm of the adaptive immune system is driven by the cytokine IL-4,
which drives the polarization T helper cells into Th2 cells and is required to mount
protective immunity against parasitic worms and allergens. IL-4 and IL-10 are secreted by
Th2 cells and suppress classical macrophage activation. Furthermore, the Th2 signature
cytokines IL-4, IL-5 and/or IL-13 stimulate the production of IgE-type antibodies, which in
turn are used by mast cells and eosinophils (other types of granulocytes distinct from
neutrophils) for optimal protective immunity. In a Th2 response induced by helminths a
special type of alternatively activated macrophages is induced that have anti-inflammatory
and wound healing properties. Th1 and Th2 polarized immune responses are the classic
arms of cellular immunity [7], but more recently Th17 cells have been described as an
arm of cellular immunity against (extracellular) pathogenic bacteria and fungi [8, 9]. Upon
recognition of these pathogenic bacteria or fungi via PRR’s, dendritic cells secrete proinflammatory cytokines such as IL-6 and IL-23. In synergy with transforming growth factor
1 (TGF- 1) these pro-inflammatory cytokines drive the polarization of Th17 cells, which
secrete the signature cytokines IL-17 and IL-22. IL-17 enhances pro-inflammatory cytokine
production by other immune cells and facilitates the recruitment of neutrophils to the site
of infection. IL-22 on the other hand plays an important role in maintaining epithelial
barrier function and induces production of anti-microbial peptides.
T helper cell subsets are able to amplify their own activation, but also suppress the
activation of other subset(s). For this reason, the immune response becomes strongly
polarized once it is activated along one pathway. Persistent exposure to antigens can
therefore result in extreme polarization of the adaptive immune system and could thereby
lead to chronic inflammation. Therefore, regulation of immune responses is of key
importance and is provided by a different type of T helper cells. When naïve T helper cells
(Th cells that have never encountered an antigen) are exposed to TGF- 1 alone they will
differentiate into regulatory T cells [10]. These regulatory T cells secrete large amounts of
the anti-inflammatory cytokines IL-10 and TGF- 1 and thereby suppress the activation of
both innate and adaptive immune cells [11, 12]. TGF- 1 also drives the production of IgA
antibodies, which can be transported over the intestinal epithelium as a dimeric complex.
This secretory IgA is yet another component of the first line of defence that prevents entry
of invading pathogens. Secretory IgA can bind to intestinal pathogens and clear them from
the body by peristaltic movement. Regulatory T cells do not only play an important role in
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controlling excessive immune responses against invaders, but also provide tolerance
against antigens from our diet and harmless commensal bacteria.

The rise of inflammatory disorders
Over the last decennia the incidence of infectious diseases, like tuberculosis, Hepatitis A
and measles has been strongly reduced in industrialized countries. Simultaneously, the
incidence of autoimmune and inflammatory disorders, like multiple sclerosis, type 1
diabetes, asthma and a variety of allergies, has increased drastically. This inverse relation
between the incidence of infectious diseases versus inflammatory disorders in
industrialized countries is highlighted in Figure 2.

Figure 2 An inverse relation between the incidences of infectious diseases versus inflammatory
disorders. Over the last couple of decades the incidence of infectious diseases, like Hepatitis A or
tuberculosis, has been reduced dramatically in industrialized countries (A), whereas inflammatory
disorders such as Crohn’s disease and multiple sclerosis have become more prevalent (B).
Reproduced with permission from Bach 2002 [13], Copyright Massachusetts Medical Society.

Several research groups have described this inverse relation between infectious diseases
and inflammatory disorders. Strachan was the first to postulate that early-life exposure to
common childhood infections protected younger siblings in larger families from
developing allergies, such as hay fever [14, 15]. These and other observations have led to
the formulation of the ‘hygiene hypothesis’. Nowadays, the decreased incidence of
infectious diseases is believed to be a result from a change in life-style in industrialized
countries where common infections are almost eradicated by the use of vaccines,
increased sanitation and better socio-economic conditions [13].
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The immunological mechanism underlying the ‘hygiene hypothesis’ was first thought
to be an imbalance of Th1 versus Th2 immune responses. Th1-promoting viral and
bacterial infections would thereby educate the immune system of infants and prevent from
the development of excessive and allergy-promoting Th2 responses [16]. Still, this could
only explain the rise of Th2-mediated inflammatory disorders, like allergies and asthma,
whereas other ‘modern’ inflammatory diseases, like multiple sclerosis, type 1 diabetes,
rheumatoid arthritis and Crohn’s disease are generally driven by excessive Th1- and/or
Th17-mediated immune responses. The prevalence of helminth infections in nonindustrialized countries sheds a new perspective on the original ‘hygiene hypothesis’ as it
is also inversely correlated with the incidence of inflammatory disorders. Helminth
infections in children in developing countries can also lower the risk of allergic reactions
[16], which is remarkable as both helminths and allergens elicit Th2-mediated immune
responses. In the case of Schistosoma haematobium, infected children were shown to
produce high levels of the anti-inflammatory cytokine IL-10 upon stimulation with parasite
antigens [17]. IL-10 is an anti-inflammatory cytokine just like TGF- 1 and both are
secreted by regulatory T cells. Furthermore, IL-10 and TGF- 1 are able to control both
Th2-mediated allergies as well as Th1/Th17-mediated inflammatory disorders [18-20].
This lead to an updated version of the ‘hygiene hypothesis' where infections, and infection
experience, are believed to be key in maintaining the balance between regulatory T cells,
on one side, and active Th1, Th2 and Th17 cells on the other [16].

Strategies to treat inflammatory disorders
Treatment of inflammatory disorders relies on the intervention of exacerbated immune
responses to re-establish immunological homeostasis. Classical therapeutic approaches
are based on the administration of chemical drugs to suppress the immune system.
Corticosteroids for example have broad anti-inflammatory properties and are typically
used to treat allergies. Furthermore, cytostatics (e.g. methotrexate or azathioprine) are
molecules that inhibit cell division and are successfully used to treat inflammatory
disorders, like rheumatoid arthritis and inflammatory bowel disease [21, 22]. However, up
to one-third of inflammatory bowel disease patients do not respond to treatment with
classical immunosuppressive drugs [22]. An alternative approach to treat patients with
inflammatory disorders was made possible when in 1982 the Food and Drug
Administration (FDA) approved the first biopharmaceutical for medicinal use in humans in
the United States of America (Humulin; recombinant human insulin; Eli Lilly,
Indianapolis). Biopharmaceuticals are medicinal products, which can be extracted from or
manufactured in biological sources. Biopharmaceuticals include monoclonal antibodies,
hormones, cytokines, enzymes, vaccines and other blood-related proteins. Since 2000,
the therapeutic market for monoclonal antibodies has grown exponentially and the
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majority of antibodies (and antibody-like products) target inflammatory and/or
autoimmune conditions [23]. Monoclonal antibodies can be used to specifically bind and
neutralize cytokines or immune receptors, thereby intervening with inflammatory immune
responses. For instance, the top-selling monoclonal antibodies target the pro-inflammatory
cytokine TNF- (e.g. adalimumab and infliximab) already generate a turnover of $30.5
billion in 2013, which is ~21% of total market value of biopharmaceuticals [23].
Like with chemical immunosuppressive drugs not all patients respond to therapy with
biopharmaceuticals as is seen for anti-TNF- therapy in patients with rheumatoid arthritis,
inflammatory bowel disease or psoriasis [22, 24]. Similarly, blockade of TNF- might be
beneficial for treating rheumatoid arthritis, Crohn’s disease and psoriasis, but it is not
effective in multiple sclerosis [24]. So, even though TNF- , and several other cytokines,
are common targets for treating a wide range of inflammatory disorders, a single therapy is
not sufficient to treat all inflammatory disorders. This also emphasizes the problem that
many inflammatory disorders are categorized based on the symptoms they have in
common, but not on the actual underlying cause. Inflammatory bowel diseases for
instance are a wide range of diseases with varying causes that ultimately result in similar
symptoms among patients. Furthermore, conventional treatment is aimed on treating
symptoms or on strong immunosuppression. The consequence of the latter strategy is that
broad immune suppression can also enhance the risk of interference with other processes
in the patient and thereby cause adverse side effects. The way forward would be to have
more in-depth knowledge on the underlying cause of inflammatory disorders. But as
patients have their own unique genetic variation that underlies disease, personalized
medicine might also be required in the future to treat these inflammatory disorders.
For personalized medicine, biopharmaceuticals are probably most convenient as they
are more specific than chemical immunosuppressive drugs. However, more knowledge is
required on the genetic variation that predisposes patients to the development of
inflammatory disorders, and how this variation contributes to altered immunological
processes. Furthermore, the arsenal of biopharmaceuticals needs to be increased to have a
wide variety of drugs to intervene with specific immunological responses. Every year new
monoclonal antibodies are approved for medicinal use in humans and the variety in
molecules that can be targeted increases as well [23]. But even though antibodies
dominate the therapeutic market, alternative approaches might be required as well. For
instance, the natural signaling molecules of the immune system (cytokines) can possibly
be used to specifically manipulate immune responses [25]. Looking back at the hygiene
hypothesis, re-establishing the balance between regulatory T cells and other T helper cell
subsets might be of great potential in treating inflammatory disorders. The use of immuneregulatory cytokines that drive regulatory T cell development or are secreted by these cells
(e.g. IL-10, TGF- 1 and the recently discovered IL-35 [26]) might therefore be an
interesting therapeutic approach for the future. Systemic administration of recombinant
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human IL-10 produced in Escherichia coli has been used in the clinic to treat patients with
Crohn’s disease. IL-10 treatment is well tolerated [27], but patients do not all respond to
IL-10 treatment [28]. The reason why IL-10 treatment has not been a successful therapy is
therefore of great interest.
Alternative therapeutic approaches can also be deducted from the hygiene hypothesis.
The inverse relation between the incidences of inflammatory disorders and helminth
infections indicate that these parasitic worms are somehow capable of regulating their
host’s immune system. Helminth therapy has been applied in patients suffering from
inflammatory bowel diseases. Treatment with eggs of the parasitic nematode Trichuris suis
was shown to be safe and effective [29, 30]. The protective effect of helminth infection
against immune-mediated diseases was tested in several animal models for human
diseases [31]. For instance, Schistosoma mansoni was shown to protect mice against
TNBS-induced colitis [32], allergen-induced airway hyperreactivity [33], autoimmune
encephalitis [33, 34] and autoimmune diabetes [35, 36]. Protection against immunemediated diseases was associated with the down-regulation of Th1-type cytokines (IFNand IL-12) and increased expression of regulatory and Th2-type cytokines (IL-4, IL-10
and/or IL-13). However, more information is required to better understand how helminths
modulate their host's immune system. Knowledge on helminth-secreted proteins that play
a key role in immunomodulation could ultimately lead to the identification of novel
therapeutic targets for the treatment of several immune-mediated diseases.

Production of pharmaceutical proteins and the importance of N-glycosylation
Biopharmaceuticals are of great interest, but these medicinal proteins cannot be extracted
in large quantities from biological sources, such as human blood or helminth secretions.
Nowadays, production of most biopharmaceutical proteins relies on recombinant DNA
technology. This technology allows the introduction of a gene of interest into a host
organism that can be easily cultured, for example the bacterium Escherichia coli.
Expression of the gene in such a host enables the production of proteins by heterologous
(‘from one species to another’) expression. Therefore recombinant DNA technology has
revolutionized the production and application of pharmaceutical proteins.
Several heterologous expression systems exist. The majority of biopharmaceuticals
approved for medicinal use in humans are produced in the bacterium E. coli, the yeast
Saccharomyces cerevisiae or mammalian cell lines, like Chinese hamster ovarian (CHO)
cells or murine myeloma (SP2/0) cells [23]. Yet, care has to be taken with regard to the
choice of the expression host for the production of pharmaceutical proteins. E. coli allows
the most cost effective production of biopharmaceuticals, but as a prokaryote it is not able
to produce complex proteins. The formation of inclusion bodies (large aggregates) is a
common feature when proteins are expressed in E. coli and these proteins require
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chemical refolding to become biologically active. Furthermore, E. coli is naturally not able
to perform complex post-translational processes, like N-glycosylation.
N-glycosylation is the attachment of sugar molecules (or N-glycans) to a protein
backbone in eukaryotes. The type of N-glycan found on glycoproteins varies between
classes of eukaryotic species. One of the major roles of N-glycosylation in eukaryotes is
that N-glycans aid in protein folding and quality control after folding. Furthermore, Nglycans can alter the biochemical properties of a protein and can thereby influence
protein stability and solubility [37]. As a large number of biopharmaceutical proteins are
N-glycosylated (glycoproteins), a eukaryotic expression host is often preferred. Like
bacteria, yeasts are also easy and cheap to culture and they are capable of producing
glycoproteins. However, yeasts mainly produce mannose-enriched N-glycans and have
the tendency to hyper-glycosylate [38]. Mannose-enriched N-glycans can be a target for
antigen presenting cells by binding to the mannose receptor [39]. Engagement of the
mannose receptor can result in quick clearance of the protein from the blood stream,
thereby strongly reducing its half-life [40]. Mannose-enriched N-glycans are therefore
mostly not preferred on pharmaceutical glycoproteins.
An additional function of N-glycosylation in more complex organisms is the role of Nglycans in cell-to-cell communication, glycoprotein targeting and modulation of
glycoprotein activity [37]. For instance, antibodies, the largest group of biopharmaceutical
proteins, rely on their N-glycosylation for their activity [41-43]. N-glycans on antibodies
are required for optimal binding to Fc-receptors and subsequent effector functions [41]. Nglycan composition can thereby affect pharmacokinetics and biological activity and is
therefore crucial to obtain optimal efficacy. Mammalian cell lines are the most common
production platform for pharmaceutical glycoproteins as they are able to synthesize these
glycoproteins with their native N-glycans. However, a major disadvantage of mammalian
cell lines is that the N-glycan composition on a therapeutic glycoprotein is heterogeneous
and affects batch-to-batch reproducibility [44]. Furthermore, engineering of Nglycosylation in mammalian cells is complicated by the complex endogenous glycome.
Over the last three decades, plants have emerged as a good alternative production
platform for biopharmaceuticals [45-48]. Like mammals, plants are higher eukaryotes and
are able to correctly fold complex proteins, assemble heteromultimeric protein complexes
[49], and perform post-translational modifications, such as N-glycosylation. In contrast to
mammalian cells, plants depend only on water, energy from the sun and basic nutrients
and are therefore much cheaper to maintain. Furthermore, plants can also be regarded as
more safe, because they have a low risk for contamination with human pathogens. This is
especially relevant when a production platform is used for the expression of
immunomodulating proteins. One major limitation for the acceptance of plants as a
production platform for pharmaceutical glycoproteins is the addition of typical plant Nglycans that can be immunogenic [50]. However, engineering of the N-glycosylation
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machinery in plants has been investigated intensively. Plants are now able to synthesize
human glycoproteins with a homogeneous human-like N-glycan composition.

Engineering of the plant N-glycosylation pathway
N-glycosylation is initiated in the endoplasmic reticulum by the oligosaccharyl transferase
complex.

This

complex

attaches

a

common

oligosaccharide

precursor

(Glc3Man9GlcNAc2) to the asparagine residue within the N-glycosylation consensus
sequence Asn-X-Ser/Thr (where X can be any amino acid, except proline). This common
precursor is then trimmed down to Man8GlcNAc2 (Man8) and the glycoprotein is
subsequently transported to the Golgi-system. These first steps in the N-glycosylation
pathway are conserved within all eukaryotes, but from this point onwards the Nglycosylation pathways diverge. Within the Golgi system of yeast this common Man8
structure is further extended with mannose residues and results in the formation of
mannose-enriched N-glycans (Figure 3). In higher eukaryotes, the Man8 structure is first
trimmed down by mannosidases and then further extended by the addition of GlcNAc,
galactose, sialic acid, fucose and/or xylose. In plants the typical complex N-glycan
structure terminates with GlcNAc residues and carries typical plant core 1,3-fucose and
1,2-xylose residues as depicted in figure 3. Mammalian N-glycans also carry core fucose,
but in contrast to plants this fucose is

1,6-linked. Furthermore, the terminal GlcNAc

residues can be further extended with galactose and/or sialic acid residues and additional
branching can occur (Figure 3).

mannose
galactose
xylose

n

fucose
N-acetylglucosamine (GlcNAc)
1,3

Yeast

Figure 3

Plants

1,6

1,6

sialic acid

Animals

Schematic representation of typical N-glycans found in yeast, plants and animals.

Engineering of the N-glycosylation pathway in different expression hosts has gained
much attention, as the N-glycan composition of therapeutic proteins is crucial to their
efficacy. Engineering of the N-glycosylation pathway is enabled by co-expression of
desired glycosyltransferases or down-regulation of undesired host glycosyltransferases.
The engineering of the N-glycosylation in different non-mammalian host species is

20

General Introduction
_____________________________________________________________________________

x

extensively reviewed by Loos and Steinkellner [51]. Here we will further focus on the
glyco-engineering in plants. Over the last two decades plants have demonstrated to
possess a high degree of tolerance towards changes in their glycosylation pathway. This
tolerance allows the modification of recombinant glycoproteins in a specific and
controlled manner [52]. The first attempts to humanise N-glycans in plants were made by
stably expressing human 1,4-galactosyltransferase in BY-2 cells or Nicotiana tabacum
plants [53-55]. The efficiency of galactosylation in plants was proven to be a challenge as
expression of human 1,4-galactosyltransferase resulted in the formation of incompletely
processed N-glycans, mainly lacking typical plant 1,2-xylose and/or

1,3-fucose or a

single 1,4-galactose [54]. A major breakthrough in humanizing the N-glycans of plants
was made in 2008 by Strasser and co-workers. They generated transgenic Nicotiana
benthamiana plants in which the expression of the

1,3-fucosyltransferase and

xylosyltransferase genes were down-regulated [56]. These transgenic

1,2-

XT/FT plants

enabled the expression of monoclonal antibodies with homogeneous galactosylation of
their

N-glycans

upon

co-expression

of

a

trans-Golgi

targeted

human

1,4-

galactosyltransferase [57]. This study also revealed that the N-glycan composition of a
monoclonal antibody from glyco-engineered plants was strikingly homogeneous, notably
when compared to the CHO cell-derived antibody.
Further steps in humanizing N-glycosylation in plants were made by transiently coexpressing human 1,6-fucosyltransferase 8 along with monoclonal antibodies in

XT/FT

plants [58]. Again this study revealed the ability of plants to synthesize human-like Nglycans carrying core

1,6-fucose to great homogeneity. Furthermore, the synthesis of

more complex bisected or branched N-glycans has been explored as well by coexpressing the human N-acetyl-glucosaminyltransferases GnTIII, GnTIV and/or GnTV [5860]. Finally, a remarkable achievement in making sialylated N-glycans in plants has been
made by Castilho and co-workers [61]. Transient co-expression of all the required
enzymes for the synthesis of the CMP-Neu5Ac substrate, its transport into the Golgi and
galactosyl- and sialyltransferase enabled the synthesis of sialylated N-glycans on a
monoclonal antibody expressed in plants.
All these achievements reveal that plants are an excellent production platform for
recombinant proteins with a tailored N-glycan composition. Yet, almost all efforts in
engineering the N-glycosylation pathway of plants have been directed towards
humanization of its N-glycans. The ability of plants to synthesize tailored N-glycans with
great homogeneity and their extreme tolerance towards changes in the N-glycosylation
pathway make them an interesting research tool to further explore the potential of
engineering virtually any type of N-glycan structures. For instance, immunogenic Nglycan structures found on helminth-secreted proteins (see figure 4) could potentially be
used to target subunit vaccines to specific C-type lectin receptors on antigen presenting
cells and thereby improve their efficacy [62]. Plants offer a great starting point for
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engineering helminth-like N-glycans as the typical plant sugar residues 1,2-xylose and/or
1,3-fucose are also found on helminth N-glycans. The ability of plants to synthesize
helminth-like N-glycans would also allow the functional characterization of helminthsecreted glycoproteins, but would also allow investigation into the role that N-glycans
play on the immunomodulatory properties of these helminth-secreted glycoproteins.
Ultimately, this could lead to the identification of novel therapeutic strategies for
vaccination as wells as treatment of inflammatory disorders.

1,3
1,2

1,3

1,6

1,3

1,6

1,3

mannose
galactose
xylose
fucose
N-acetylglucosamine (GlcNAc)
N-acetylgalactosamine (GalNAc)

Figure 4

Schematic representation of N-glycan structures found on helminth glycoproteins.

Outline of this thesis
This thesis describes the plant-based expression and investigation of immunologically
relevant proteins. Immunologically relevant in this case relates to the potential therapeutic
use of these proteins to treat inflammatory disorders. In Chapter 2 we describe the plantbased expression of the immune-regulatory cytokine human transforming growth factor 1
(TGF- 1). By co-expressing human furin with latent TGF- 1 we were able to engineer the
post-translational proteolytic processing of TGF- 1, which enabled the production of
biologically active TGF- 1. In Chapter 3 we reveal that aggregation is a major production
bottleneck for the anti-inflammatory cytokine interleukin-10 (IL-10). By protein
engineering we were able to prevent aggregation and created a biologically active fusion
protein of IL-10. In Chapter 4 we express biologically active IL-22 in plants. We reveal
that, in contrast to current literature, its activity is independent of the presence of Nglycans or their composition. This chapter further reveals that plants offer a powerful tool
to allow investigation into the role of N-glycans in protein folding and biological activity
of glycoproteins. In Chapter 5 we further explore the potential of glyco-engineering in
plants by engineering helminth-like N-glycans. We produce large quantities of two major
egg antigens from Schistosoma mansoni and successfully engineer Lewis X, LDN and
LDNF N-glycan structures. These plant biotechnological research lines are a showcase for
the potential of engineering proteins as well as post-translational modifications in plants
with special emphasis on N-glycan engineering.
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In parallel to the plant biotechnological research lines, we further investigated the
biological activity of IL-10. We studied IL-10-mediated signalling to possibly obtain clues
on why IL-10 therapy has not been as effective as previously anticipated. In Chapter 6 we
have set-up biological activity assays based on bone marrow-derived cells and reveal that
IL-10 activity is dependent on both IL-10R1 and IL-10R2, but not IL-10R2-associated
signalling via Tyk2. We also show that interactions between IL-10R1 and IL-10R2 (both
intracellular and extracellular) reduce cellular binding of IL-10, but are crucial to initiate
IL-10 mediated signalling. Furthermore, we observed that macrophages and dendritic cells
respond differently to IL-10. This was further investigated in Chapter 7 where we reveal
that GM-CSF (the cytokine used to differentiate dendritic cells) is responsible for
negatively regulating early IL-10-mediated responses. Strikingly, GM-CSF does not
strongly affect the IL-10-induced activation of the transcription factor STAT3. Instead, GMCSF induces strong constitutive phosphorylation of GSK-3 , a signalling component
downstream of the PI3K/Akt pathway. These immunological chapters give novel insights
on the mechanism of initiating IL-10-induced signalling and on the possible integration of
signal transduction pathways elicited by different cytokines. Ultimately this knowledge
could provide us with new therapeutic strategies to treat inflammatory disorders.
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Abstract
Transforming growth factor beta (TGF- ) is a signaling molecule that plays a key role in
regulating developmental processes and the immune system. Three TGF- isoforms exist
in humans and each isoform has putative therapeutic applications. For the production of
large quantities of recombinant TGF- a suitable expression platform is required. Plants
offer a platform for the production of recombinant proteins that is cheap and easy to scaleup and has a low risk for contamination with human pathogens. TGF- 3 has been
produced in plants before using a chloroplast expression system. However, this strategy
required chemical refolding to obtain a biologically active protein. In this study we
investigated the possibility to transiently express active human TGF- 1 in Nicotiana
benthamiana plants. We were able to show that processing of latent LAP-TGF- 1 by a
furin-like enzyme does not occur in planta. Expression of mature TGF- 1 in the absence of
LAP was successful when an Arabidopsis chitinase signal peptide was used, however the
obtained protein was inactive. The same chitinase signal peptide enhanced the expression
of LAP-TGF- 1 and co-expression of human furin enabled the expression of biologically
active TGF- 1. Our data demonstrate that plants can be a suitable platform for the
production of active TGF- 1 without the need for chemical refolding.
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Introduction
Transforming growth factor beta (TGF- ) is a signaling molecule with crucial roles during
early development and the regulation of immune responses. TGF-

controls cellular

processes, including cell proliferation, recognition, differentiation and apoptosis [1, 2].
Three different TGF- isoforms (TGF- 1, TGF- 2 and TGF- 3) exist in humans, which are
all encoded by a different gene [3]. The TGF- genes encode prepro-TGF- that consists of
the signal peptide, latency associated peptide (LAP) and the mature TGF- protein. The
signal peptide targets the protein to the endoplasmic reticulum (ER) where it is cleaved off.
Pro-TGF- then forms homodimers and is further processed in the trans-Golgi by a furin
convertase. Proteolytic cleavage by this enzyme separates mature TGF- from LAP, but
they stay non-covalently associated [4]. This dimeric complex is called the small latency
complex (SLC) and keeps mature TGF- in an inactive form. Upon secretion of the SLC,
LAP binds to latent transforming growth factor binding protein (LTBP) in the extracellular
matrix, resulting in a membrane-bound complex known as the large latency complex
(LLC) [5]. TGF-

is activated by either proteolytic degradation of LAP, reactive oxygen

species (ROS), an acidic environment or interaction with integrin receptors [5]. Active
TGF-

is a dimeric protein of ~25 kDa wherein a disulphide bridge connects the two

monomers. Each monomer also has 4 internal disulphide bridges that create a cysteine
knot structure [6-9].
The three TGF-

isoforms share high homology on amino acid level (70-80%,

considering mature TGF- ) and bind to the same receptors (T RI and T RII). However, the
three isoforms have distinct functions. It is unclear if the differences in function are due to
the difference in receptor binding affinity or because the isoforms are further regulated by
controlled expression in time, place or cell type. Another possibility is that activity can be
controlled by differences in activation mechanisms. For instance, TGF- 1 and TGF- 3 can
be activated via the interaction with integrin receptors, while TGF- 2 cannot [10]. TGF- 1
is best known for its potent immunoregulatory functions, whereas TGF- 2 and TGF- 3
play key roles during early embryonic development.
From a pharmaceutical point of view, all three TGF-

isoforms have potential

therapeutic applications. TGF- 1 maintains immune homeostasis by controlling
lymphocyte proliferation, differentiation and survival, but also inhibits the maturation and
activation of antigen presenting cells [11, 12]. Also, TGF- 1 plays a key role in the
differentiation of regulatory T cells (Tregs), a population of T cells that strongly suppresses
immune responses [13]. Thus, TGF- 1 might be used as a remedy for patients with
(chronic) inflammatory diseases, like arthritis, inflammatory bowel disease and multiple
sclerosis. However, in the presence of the proinflammatory cytokines IL-4 or IL-6, TGF- 1
gives rise to populations of T helper cells that can promote inflammation (Th9 and Th17
cells respectively) [14-16]. TGF- 2 also plays a role in controlling the immune system by
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inducing oral tolerance and suppressing immune responses. Next to that, TGF- 2 inhibits
growth of intestinal epithelial cells and promotes their differentiation. Therefore TGF- 2
might be effective in treating inflammatory bowel diseases [17]. A disadvantage of TGF- 1
and TGF- 2 is the strong fibrotic response they can elicit. TGF- 3 on the other hand does
not induce fibrosis and therefore has a therapeutic application in scar-free wound healing
[18].
For large-scale production of recombinant TGF-

a suitable expression system is

required. TGF- has been heterologously expressed in bacterial, insect and mammalian
expression systems, however, expression of TGF- in large quantities seems difficult. TGFis improperly folded when using bacterial expression systems and requires chemical
refolding. Mammalian expression systems have a low yield and require multi-step
purification procedures [19]. In the last two decades, plants have emerged as an
alternative expression system for the production of recombinant proteins. As eukaryotes,
plants are capable of correctly folding complex proteins and perform post-translational
modifications, like N-glycosylation. Plants are relatively cheap compared to other
expression systems and are easy to scale-up. One additional advantage for the production
of immunoregulatory proteins in plants is that plants do not harbor human pathogens and
therefore could be regarded as more safe. Recently, TGF- 3 has been produced in
Nicotiana tabacum by using a chloroplast expression strategy [20]. A synthetic gene was
used for chloroplast transformation and yielded up to 3 mg TGF- 3 per 80 grams of
tobacco leaves (37.5 µg/gram leaf). However, because TGF- 3 was expressed in
chloroplasts the protein was not folded correctly, as could be expected due to the many
cysteine bridges required for the cysteine knot structure in TGF- . Plant produced TGF- 3
had to be chemically refolded upon purification, thereby loosing the plants economical
advantage over bacterial expression systems.
In this study we investigated the possibility of expressing TGF- 1 in Nicotiana
benthamiana plants that is active without the need for chemical refolding. We show that a
furin-like cleavage, which is required for the release of mature TGF- 1, does not occur in
planta. Mature TGF- 1 could be expressed in plants, but unfortunately this protein lacked
activity. Accumulation of LAP-TGF- 1 was enhanced to 140 ng/mg total soluble protein
(~2.7 µg/gram leaf) by replacing the signal peptide and co-expression of human furin. Coexpression of LAP-TGF- 1 and furin optimized the post-translational processing of LAPTGF- 1, enabling the production of biologically active TGF- 1 in plants.
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Results
Furin cleavage does not occur in Nicotiana benthamiana
As it has been suggested that LAP plays a role in folding of mature TGF-

we first

expressed the complete open reading frame of human TGF- 1 in plants. Expression was
achieved by agroinfiltration of leaves of Nicotiana benthamiana plants and the yield in
crude extracts was determined on 2-5 dpi using a sandwich ELISA (Fig. 1a). Crude extracts
were analysed with and without acid activation, but this did not influence the obtained
yield. Maximum yield was found on 3 dpi, reaching 20 ng TGF- 1/mg TSP.
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Figure 1 Analysis of LAP-TGF- 1 expression in Nicotiana benthamiana. Native human LAP-TGF- 1
is expressed in Nicotiana benthamiana leaves, but proteolytic cleavage between the latencyassociated peptide (LAP) and TGF- 1 by a furin-like protease does not occur in plants. (a) Yield of
human LAP-TGF- 1 in crude extracts at 2 to 5 days post infiltration (dpi) as determined by ELISA after
acid activation (n=3, error bars indicate standard error). (b/c) Mature TGF- specific western blot
analysis under reducing conditions of plant produced human LAP-TGF- 1 (LT). As controls, empty
vector plant extract (EV) or 5 ng recombinant hTGF- 1 (R5) was used. A molecular weight marker
indicates protein size in kDa. Extracts were prepared under neutral pH (b) and at a pH of 3 for acid
activation (c).

To investigate the conformation of LAP-TGF- 1 western blot analysis was performed to
detect mature TGF- 1. Leaf extracts were prepared under neutral pH conditions or low pH
conditions (pH=3) for acid activation of the latent TGF- 1 complex (Figure 1b/c). LAPTGF- 1 migrated at the expected size for latent LAP-TGF- 1, just below 50 kDa. When
extracted under neutral conditions also bands at 100, 150 and several bands >150 kDa
were detected, which most likely represent dimers and multimers of LAP-TGF- 1. These
multimers were not observed when LAP-TGF- 1 was extracted under acid conditions,
which may be due to protein precipitation of large proteins under these conditions. Also a
band just below 37 kDa was detected, but this band was also deteced in the empty vector
(EV) sample and must therefore be the result of cross-reaction of the TGF- antibody with
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a plant protein. Most importantly, under both neutral and acid conditions mature TGF- 1
with an expected size of ~12.5 kDa was not detected. This indicates that a furin-type
cleavage between LAP and TGF- 1 does not occur in planta.

Mature TGF- 1 can be expressed without LAP, but results in necrosis
As a furin-like cleavage did not occur in planta, TGF- 1 was expressed in the absence of
the LAP sequence. A construct was created whereby mature TGF- 1 was fused in frame
with its native signal peptide (SP). To investigate whether the signal peptide resulted in
adequate uptake into the endoplasmic reticulum (ER), we fused GFP C-terminally to SPTGF- 1 and followed expression by confocal imaging (Fig. 2a). Plants expressing SP-TGF1-GFP at 3 dpi showed fluorescence in the nuclear envelope and the endoplasmic
reticulum (ER), indicating that the signal peptide was recognized and that the fusion
protein was translocated in the ER.
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Figure 2
Analysis of mature TGF- 1 expression in Nicotiana benthamiana. (a) Whole mount
confocal microscopy output of GFP fused C-terminally to TGF- 1 excluding LAP, but including its
native signal peptide (SP). (b) Yield of SP-TGF- 1 with/without C-terminal KDEL sequence and plant
codon optimised SP-TGF- 1 in crude extracts at 2 to 5 dpi as determined by ELISA (n=3, error bars
indicate standard error). (c) Mature TGF- specific western blot analysis under reducing conditions of
plant produced TGF- 1 with/without KDEL (T/Tk). As controls, empty vector plant extract (EV) and 5
ng recombinant hTGF- 1 (R5) were used. A molecular weight marker is indicating size in kDa.

Next, we assessed the effect of different strategies to boost the yield of mature TGF- 1
in plant leaves. Thereto, a C-terminal KDEL sequence to facilitate ER retention was added
or codon use was optimized. The yield of mature TGF- 1 constructs in crude extracts was
determined on 2-5 dpi using a sandwich ELISA (Fig. 2b). Eventhough the maximum yield
of ER-retained TGF- 1 seems slightly higher (up to ~60 ng/mg TSP), no significant
differences in maximum yield was observed between TGF- 1 constructs or between
mature TGF- 1 constructs and LAP-TGF- 1. The yield of mature TGF- 1 quickly drops
after 3 dpi, which could be explained by the observation that mature TGF- 1 induces
necrosis in plant leaves (see Figure 3a). Necrosis appeared as early as 3 dpi for the codon
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optimised TGF- 1 and reached its maximum for all constructs at 5 dpi. Necrosis was
never observed upon expression of LAP-TGF- 1.
When analysing plant extracts by western blot, several bands were detected for mature
TGF- 1 with and without KDEL. The bands of 12.5, 25 and >75 corresponded with the
bands detected in the sample with recombinant human TGF- 1 (Fig. 2c) and most likely
represent monomers, dimers and multimers of TGF- 1. However, a band at 16 kDa was
also detected and may represent TGF- 1 with its signal peptide still attached. This would
mean that although the signal peptide is recognized and enables protein uptake into the
ER, it is not cleaved off upon translocation to the ER.

Fc -fusion of TGF- 1 enhances yield and prevents necrosis
To increase yield and circumvent improper signal peptide processing we fused TGF- 1 to
the C-terminus of a stable partner. The Fc portion of immunoglobulin alpha 1 (Fc ), a
natural dimer, was used as a fusion partner allowing dimerization of TGF- 1. This strategy
was previously used to express human interleukin-10, which is also active as a dimer [21].
In contrast to mature TGF- 1 constructs, expression of Fc -TGF- 1 did not result in
necrosis in leaves (Figure 3a), even though TGF- 1 yield increased significantly as
analyzed in crude extracts at 2-5 dpi (Fig. 3b). Fc -TGF- 1 yield was ~16-fold higher
compared to mature TGF- 1, reaching up to 338 ng TGF- 1/mg TSP on 3 dpi.
Finally, biological activity of Fc -TGF- 1 in crude plant extracts was assessed in a cellbased assay using mink lung epithelial cells carrying a TGF-

responsive luciferase

reporter gene that is activated upon binding to the TGF- receptor. Unfortunately, Fc TGF- 1 was not able to induce luciferase expression in the reporter cell line (Figure 3c).
We therefore conclude that Fc fusion of TGF- 1 aids in stability of the protein, but the
fusion protein lacks activity.

Improper signal peptide cleavage of TGF- 1 induces necrosis
To investigate if an alternative signal peptide would improve signal peptide processing
and yield, a construct was created where mature TGF- 1 was fused in frame with the
signal peptide of an Arabidopsis thaliana chitinase gene. The cSP-TGF- 1 construct was
used for agroinfiltration and analysed by western blot (Figure 4a). In extracts of
transformed leaves with cSP-TGF- 1 a band was detected around ~12.5 kDa
corresponding with the size of recombinant TGF- 1. The band of ~16 kDa, which
resembles TGF- 1 still harbouring its SP, was not detected We therefore conclude that the
Arabidopsis thaliana chitinase signal peptide ensures proper processing of mature TGF- 1.
Besides the band for monomeric recombinant TGF- 1.
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Analysis of the effect of Fc -fusion on expression and activity. Necrosis is induced in
Figure 3
Nicotiana benthamiana leaves upon expression of SP-TGF- 1 and SP-TGF- 1-KDEL, but not when
fused to LAP or Fc . (a) Leaf necrosis on 5 days post infiltration of several TGF- 1 constructs. (b) Yield
of SP-TGF- 1 and Fc -TGF- 1 in crude extracts at 2 to 5 dpi as determined by ELISA (n=3, error bars
indicate standard error). Significant differences as determined by a Welch’s t-test (P<0.05) between
samples are indicated with an asterisk. (c) Biological activity of Fc -TGF- 1 was determined by using
MLEC cells containing a TGF- 1-inducible luciferase reporter construct. Cells were treated with
recombinant TGF- 1 (rTGF- 1) from mammalian cells or plant-produced Fc -TGF- 1 and luciferase
expression was measured after overnight incubation.

The band of ~16 kDa, which resembles TGF- 1 still harbouring its SP, was not detected
We therefore conclude that the Arabidopsis thaliana chitinase signal peptide ensures
proper processing of mature TGF- 1. Besides the band for monomeric TGF- 1 several
other bands representing dimeric and multimeric TGF- 1 were detected as well, whereas
bands for recombinant TGF- 1 and TGF- 1pc are very faint. Next to that, cSP-TGF- 1
does not induce necrosis in Nicotiana benthamiana leaves from 3 dpi onwards (Figure 4b).
We therefore also conclude that the improper processing of the signal peptide was
responsible for the necrotic symptoms.
As the cSP-TGF- 1 construct does not induce necrosis we used the silencing inhibitor
p19 to further boost TGF- 1 expression. Therefore, the yield of cSP-TGF- 1 was
determined in crude extracts at 5 dpi by sandwich ELISA. Figure 4c reveals that the yield
of cSP-TGF- 1 can be enhanced significantly by p19 when compared to mature TGF- 1
(P=0.004). This is most likely explained by the lack of necrosis due to replacement of the
signal peptide. However, the maximum yield of ~50 ng TGF- 1/mg TSP was not
significantly higher as native mature TGF- 1-KDEL at dpi 3 as shown in Figure 2. With a
yield of 50 ng/mg TSP only 2.5 ng of TGF- 1 was loaded on gel for western blot analysis,
however, the band intensity of cSP-TGF- 1 is much stronger than the 5 ng recombinant
TGF- 1. Plant-expressed mature TGF- 1 could be folded incorrectly, thereby explaining
the difference in detection between ELISA and western blot.
To test whether plant-produced mature TGF- 1 is active, crude extracts containing
TGF- 1 were applied in the TGF- responsive luciferase reporter assay (Figure 4d). Mature
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TGF- 1 from plants was not able to induce luciferase expression in the reporter cell line,
whereas recombinant human TGF- 1 was, even in the presence of plant proteins. Thus,
replacing the signal peptide of TGF- 1 can prevent leaf necrosis, but this form of plantproduced mature TGF- 1 still lacks biological activity. It is therefore likely that mature
TGF- 1 is not folded correctly in plants and might require LAP for proper folding.
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Analysis of the effect of a plant signal peptide on necrosis. Improper signal peptide
Figure 4
cleavage results in necrosis. (a) Mature TGF- 1 specific western blot analysis under reducing
conditions of plant produced TGF- 1pc (Tpc) and cSP-TGF- 1pc (cTpc). A molecular weight marker
indicates protein size in kDa. As controls, empty vector plant extract (EV) and 5 ng recombinant
hTGF- 1 (R5) were used. (b) Leaf necrosis on 5 days post infiltration (dpi) of TGF- 1pc and cSP-TGF1pc. (c) Yield of TGF- 1 and cSP-TGF- 1 in crude extracts at 5 dpi upon co-expression of p19 as
determined by ELISA (n=3, error bars indicate standard error). (d) Biological activity of recombinant
(r)TGF- 1 and plant–produced TGF- 1 constructs (10 ng/ml) as determined by the induction of
luciferase expression in MLEC reporter cells.

Expression of biologically active TGF- 1 requires co-expression of furin
As mature TGF- 1 from plants lacks biological activity we further investigated whether
furin is required for producing biologically active TGF- 1 in plants. We first replaced the
native signal peptide of LAP-TGF- 1 with the Arabidopsis chitinase signal peptide (cSP)
and analysed the yield of LAP-TGF- 1 at 3, 5 and 7 dpi while co-expressing the p19
silencing suppressor. The expression profile for both LAP-TGF- 1 constructs is given in
figure 5a. Replacing the native signal peptide with the chitinase signal peptide
significantly increased LAP-TGF- 1 yield 4.5-fold (P=0.002). Next, we investigated the
effect of co-expression of human furin. Figure 5b shows that co-expression of furin
enhances the yield of both LAP-TGF- 1 constructs. Maximum yield of cSP-LAP-TGF- 1
was ~140 ng TGF- 1/mg TSP, which is 2.7-fold (P=0.084) higher than without coexpression of furin.
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Next, we performed a mature TGF- 1 specifc and LAP specific western blot to analyse
the post-translational processing of LAP-TGF- 1 by furin. Under non-reducing conditions
LAP-TGF- 1 is detected as a band just above 100 kDa with both antibodies, which is the
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Expression of biologically active TGF- 1 requires co-expression of furin. (a) Yield of LAP-

TGF- 1 and cSP-LAP-TGF- 1 in crude extracts at 3, 5 and 7 days post infiltration (dpi) upon coexpression of p19 as determined by ELISA after acid activation (n=3, error bars indicate standard
error). (b) Yield of LAP-TGF- 1 constructs in crude extracts at 5 dpi upon co-expression of furin (n=3,
error bars indicate standard error, +: furin co-expression). Significant differences between samples as
determined by a Welch’s t-test (P<0.05) are indicated with an asterisk. (c) Mature TGF- 1 and LAP
specific western blot analysis under non-reducing and reducing conditions of LAP-TGF- 1. (d)
Biological activity of recombinant (r)TGF- 1 and acid activated plant–produced LAP-TGF- 1
constructs (5 ng/ml) as determined by the induction of luciferase expression in MLEC reporter cells (+:
furin co-expression).

expected size for the latent LAP-TGF- 1 homodimer (Figure 5c; first and fourth panel,
respectively)). Multimers were detected as well, but no differences were observed upon
co-expression of furin. Under reducing conditions LAP-TGF- 1 was detected as a
monomeric band of approximately 50 kDa with the TGF- antibody (Figure 5c, second
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panel). However, the intensity of this band is strongly reduced upon co-expression of furin.
The western blot probed with anti-LAP also shows this reduction in intensity for the LAPTGF- 1 monomer (Figure 5c, third panel). Also, a band around 12,5 kDa, the size of
monomeric TGF- 1 appears upon co-expression of furin (Figure 5c, second panel). These
facts suggest that LAP-TGF- 1 is processed correctly by co-expressed furin. Properly
processed LAP is approximately 37 kDa and a band of this size was detected under
reducing conditions. However, the anti-LAP blot also reveals a degradation product of
LAP of approximately 30 kDa in both samples. Therefore, LAP-TGF- 1 seems to be
processed by endogenous proteases in plants as well.
To evaluate the biological activity of LAP-TGF- 1 we applied acid activated crude
extracts to mink lung epithelial cells carrying the TGF- 1-responsive luciferase reporter
construct. Figure 5d shows that some active TGF- 1 can be extracted from leaves without
co-expression of furin. This is most likely due to the proteolytic processing by endogenous
plant proteases. However, activity of LAP-TGF- 1 is comparable to recombinant TGF- 1
only when furin is co-expressed. Co-expression of furin is therefore required to produce
fully active TGF- 1 in plants without the need for chemical refolding.

Discussion
Here we show that expression of biologically active TGF-

without the requirement of

chemical refolding is feasible in plants. Previously, TGF- 3 was successfully produced in
Nicotiana tabacum plants by targeting expression to the chloroplasts [20] and yielded
considerable amounts of TGF- 3 (37.5 µg/gFW and 80% purity). This strategy, however,
required chemical refolding of purified TGF- 3 to obtain biological activity. Therefore
chloroplast expression, as a plant-based expression system, looses one of its advantages
over bacterial expression systems, namely cost-effectiveness. When we studied the
transient expression of the whole open reading frame of the TGF- 1 gene in Nicotiana
benthamiana plants the obtained yield of TGF- 1 was ~20 ng/mg TSP. This yield was
considerably lower compared to many other proteins heterologously expressed in plants,
like antibodies or other cytokines [21, 22]. More importantly, we revealed that a furin-like
cleavage between LAP and TGF- 1 does not occur in Nicotiana benthamiana plants. This
furin-like cleavage is required to release active TGF- 1 from the latent complex. Furin is a
mammalian subtilisin/kex2p-like endoprotease. Although a kex2p-like pathway was
shown to exist in N. tabacum [23], no furin cleavage of LAP-TGF- 1 was observed in our
expression system. Hence, it is likely that a protease with the right specificity does not
exist in N. benthamiana. The lack of furin cleavage might be a crucial factor that limits the
yield of TGF- 1 in plants.
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To circumvent the posttranslational processing of LAP-TGF- 1 we expressed mature
TGF- 1 as an in frame fusion with its native signal peptide. We confirmed that the signal
peptide of TGF- 1 is functional by monitoring localization of a GFP fusion protein with
confocal imaging, as TGF- 1 is taken up into the secretory pathway. However, after
translocation into the ER, the signal peptide is not completely removed from the mature
protein. When the signal peptide stays attached to mature TGF- 1 it could compromise
the function of the plant ER. The unprocessed signal peptide could act as membrane
anchor [24], thereby facilitating accumulation of unprocessed TGF- 1 in the ER. On the
other hand, the signal peptide could also affect the folding of TGF- 1 and trigger the
unfolded protein response. Disturbance of ER function could ultimately lead to necrosis
[25]. This disturbance of ER function may explain the necrosis that we observed upon
expression of mature TGF- 1.
Replacing the signal peptide with an Arabidopsis thaliana chitinase signal peptide
circumvents improper processing of the TGF- 1 signal peptide, prevented the induction of
necrosis and increased yield of mature TGF- 1. Surprisingly, signal peptide replacement
with the chitinase signal peptide also significantly increased the yield of LAP-TGF- 1. The
chitinase signal peptide may also influence expression by changing the mRNA secondary
structure at the 5’-end. The secondary structure of the 5’ UTR sequence containing the
Alfalfa mosaic virus RNA 4 (AlMV) leader and the first 40 nucleotides of LAP-TGF- 1 was
predicted by the Vienna RNA fold software [26]. In Figure S1 drawings of the minimum
free energy predictions for both LAP-TGF- 1 genes are given. This prediction reveals that
the combination of the AIMV leader with the chitinase signal peptide increases the
minimal free folding energy 6.5-fold, making the secondary structure less stable.
Furthermore, strong GC-rich secondary structures are present downstream of the start
codon in the native signal peptide. As low minimal free folding energy has been suggested
to enhance translation initiation [27, 28] these observed differences could explain
differences in yield.
Even though the yield was improved, a major bottleneck for accumulation of mature
TGF- 1 seems to be low stability or misfolding of the protein. Fusion of TGF- 1with a
stable partner, like Fc , increased the yield 16-fold. Although the fusion with Fc
increased yield it still did not result in active TGF- 1. The observation that plant-produced
mature TGF- 1 or Fc -TGF- 1 are inactive, is therefore most likely explained by
misfolding of TGF- 1 in the absence of LAP. This idea is further supported by the fact that
we observed a strong difference in detection of mature TGF- 1 by ELISA and western blot.
Misfolded TGF- 1 is likely not detected properly in a sandwich ELISA, but might be
detected by western blot under reducing conditions as continuous epitopes become
available. This could also explain why we did not obtain a higher yield for mature TGF- 1
upon co-expression of p19. Proper folding of biologically active TGF- 1 likely requires
expression of the full LAP-TGF- 1 gene.
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Post-translational modification of LAP-TGF- 1 is a complex process, which is
controlled at multiple levels. The secretion of biologically active TGF- 1 dimers first of all
requires the dimerization of the LAP-TGF- 1 proprotein, which occurs in the endoplasmic
reticulum [29]. LAP-TGF- 1 is N-glycosylated at three residues (82, 136 and 176) of
which the first two N-glycans contain mannose-6-phosphate [30]. Furthermore, the
presence and early stage remodeling of the N-glycans on residues Asn82 and Asn136
were shown to be required for proper secretion of LAP-TGF- 1 [31, 32]. Yet, secretion of
latent TGF- 1 is a slow process as LAP-TGF- 1 is retained within the cis-Golgi in an Endo
H-sensitive form [33]. Cis-Golgi retention of LAP-TGF- 1 is presumed to be caused by its
capture by a sequestering protein, such as the chaperone GRP78 [34]. Retention of LAPTGF- 1 in the ER/cis-Golgi is the limiting step for secretion and furin processing [34].
Only properly glycosylated LAP-TGF- 1 is transported to the trans-Golgi where it is
processed by a furin convertase [4]. Within our study we co-expressed human furin with
LAP-TGF- 1 to investigate the proper proteolytic processing of LAP and TGF- 1 in plants.
First of all, we observed that co-expression of furin increased the yield of LAP-TGF- 1 by
2.7-fold. We also observed that the majority of extracted LAP-TGF- 1 is processed by coexpressed furin. Furthermore, we analyzed oligomannose enrichment of the N-glycans on
LAP-TGF- 1 and only observed a small fraction of Endo H-sensitive LAP-TGF- 1 (data not
shown). This would explain why not all LAP-TGF- 1 is processed by furin in the transGolgi, because oligomannose-enriched LAP-TGF- 1 is retained in the ER or cis-Golgi.
Nevertheless, engineering the post-translational pathways by co-expressing furin enabled
the production of biologically active TGF- 1 in plants.
Our study demonstrates that the production of biologically active TGF- 1 in plants is
feasible without the need for chemical refolding. Thereby we avoid difficult and expensive
chemical refolding steps, which are required upon bacterial or chloroplast expression. We
also show that the post-translational machinery of plants can be engineered to allow
proteolytic processing of heterologous expressed mammalian proteins. Therefore, this
study highlights the fact that plants are a suitable expression platform for the production of
complex glycoproteins, like TGF- 1, that rely on correct cellular targeting and posttranslational processing for biological activity.
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Experimental procedures
Construct design
The complete native open reading frame (ORF) of human (h)LAP-TGF- 1 and furin were
amplified from the MegaMan

Human Transcriptome cDNA library (Stratagene) Similarly,

mouse LAP-TGF- 1 was amplified from the FirstChoice

PCR-Ready Mouse Spleen cDNA

library (Ambion). To remove LAP from the mature ORF, mature hTGF- 1 was reamplified
whereby a SacII restriction site was introduced at the 5’ end. This SacII was used to clone
mature human TGF- 1 in frame with the mouse signal peptide, as SacII was uniquely
present in the mouse (and not human) LAP-TGF- 1 signal peptide. Thereafter, SP-TGF- 1
was reamplified to introduce the ER retention signal KDEL at the 3’ end of the gene.
To create a GFP fusion of hTGF- 1, the enhanced green fluorescent protein (eGFP)
gene was re-amplified and used to replace the mature hIL-10 sequence in the previously
published Fc -IL-10 construct [21] using SpeI/KpnI. Similarly, hTGF- 1 was reamplified
and used to replace Fc in the same Fc -hIL-10 construct using NcoI/SacI. In this way, a
SP-TGF- 1-GFP construct was created where a glycine-serine linker separated hTGF- 1
and GFP. To create a Fc -fusion of hTGF- 1, mature hTGF- 1 (SpeI/KpnI) was reamplified
and used to replace the mature hIL-10 sequence in the previously mentioned Fc -IL-10
construct.
The mature TGF- 1 sequence was codon optimized using an in-house optimization
procedure and ordered at GeneArt (Invitrogen). The codon optimized TGF- 1 gene was
cloned in frame with the Arabidopsis chitinase signal peptide (cSP) by means of overlapextension PCR. Similarly, the mature sequence for native LAP-TGF- 1 sequence was
cloned in frame with cSP.
All construct sequences were confirmed by sequencing (Macrogen) in the expression
vector pHYG [21]. In pHYG, expression is controlled by the 35S promoter of the
Cauliflower mosaic virus with duplicated enhancer (d35S) and the Agrobacterium
tumefaciens nopaline synthase transcription terminator (Tnos). A 5’ leader sequence of the
Alfalfa mosaic virus RNA 4 (AlMV) is included between the promoter and construct to
boost translation. The expression vectors were subsequently transformed to Agrobacterium
tumefaciens strain MOG101 for plant expression. In some experiments the silencing
suppressor p19 from tomato bushy stunt virus was co-infilitrated to enhance heterologous
expression. The vector pBIN61-p19 was obtained from Dr. D. Baulcombe [35].
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Agroinfiltration of Nicotiana benthamiana
Agrobacterium tumefaciens clones were cultured for 16 hours at 28°C/250 rpm in LB
medium (10g/l pepton140, 5g/l yeast extract, 10g/l NaCl with pH=7.0) containing 50
µg/ml kanamycin, 20 µg/ml rifampicin and 20µM acetosyringone. The bacteria were
resuspended in MMA infiltration medium (20g/l sucrose, 5g/l MS-salts, 1.95g/l MES,
pH5.6) containing 200 µM acetosyringone to obtain an OD of 1. For co-infiltration
experiments a final OD of 0.5 of each individual culture was used. After 1-2 hours
incubation at room temperature, the two youngest fully expanded leaves of 5-6 weeks old
Nicotiana benthamiana plants were infiltrated completely.

Total soluble protein extraction
Leaves were immediately snap-frozen upon harvesting and homogenized in liquid
nitrogen. Homogenized plant material was ground in ice-cold extraction buffer (50mM
phosphate-buffered saline (PBS) pH=7.4, 100 mM NaCl, 0.1% v/v Tween-20 and 2% w/v
immobilized polyvinylpolypyrrolidone (PVPP)) using 2ml/g fresh weight. For extraction at
low pH a 30 mM sodium citrate buffer (30 mM sodium citrate buffer pH=3, 100 mM NaCl,
0.1% v/v Tween-20 and 2% w/v PVPP) was used. Crude extracts were clarified by
centrifugation at 16.000 rpm for 5 min at 4°C and supernatants were directly used in an
ELISA and BCA protein assay. For biological activity assays, above-mentioned protein
extraction would be followed by desalting using a G25 Sephadex column and filter
sterilization (0.22 µm; Millipore Corporation).

Quantification of human TGF- 1 protein levels
TGF- 1 protein concentration in crude plant extracts was determined by ELISA. Samples
containing LAP-TGF- 1 were activated by the addition of 1M hydrochloric acid (10 µl
acid/50 µl sample) and subsequently neutralized after 10 min by adding the same volume
of 1M sodium hydroxide. Human TGF- 1 Ready-SET-Go!® ELISA kits (eBioscience) were
used according to suppliers protocol. For sample comparison the total soluble protein
(TSP) content was determined by the BCA method (Pierce) according to supplier’s
protocol using bovine serum albumin (BSA) as a standard.

Protein analysis by western blot
Soluble plant proteins (50 µg) were separated under reducing or non-reducing conditions
by SDS-PAGE on a 12% Bis-Tris gel. Recombinant human TGF- 1 (R&D Systems) was
used as a control. Proteins were transferred to a PVDF membrane (Invitrogen) by a wet
blotting procedure. Thereafter the membrane was blocked in PBST-BL (PBS containing
0.1% v/v Tween-20 and 5% w/v non-fat dry milk powder) for 1 hour at room temperature,
followed by overnight incubation with a rabbit anti-TGF-

monoclonal antibody (Cell

Signaling Technology) or a goat anti-LAP polyclonal antibody (R&D Systems) in PBST
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(including 0.1% w/v bovine serum albumin) at 4°C. HRP conjugated secondary antibodies
(Jackson ImmunoResearch) were used for visualization. Finally, the SuperSignal West
Femto substrate (Pierce) was used to detect the HRP-conjugated antibodies.

Confocal microscopy
Plants were agroinfiltrated with A. tumefaciens harbouring the pHYG vector containing
the expression cassette encoding N-terminal fusions of human TGF- 1 to GFP as
described previously. Leaves were taken from the plant at 3 days post infiltration and
small sections were examined from the abaxial side using a Zeiss LSM510 confocal laserscanning microscope in combination with an argon ion laser supplying a 488 nm
wavelength.

Biological activity assay
The mink lung epithelial cell line with TGF- inducible luciferase reporter construct [36]
was kindly provided by Dr. C. Arancibia (Oxford University). MLEC cells were maintained
at 37°C with 5% CO2 in RPMI-1640 medium containing 4 mM L-glutamine, 25 mM
HEPES and supplemented with 10% fetal calf serum, 50 U/ml penicillin, 50 µg/ml
streptomycin and 200 µg/ml G418. MLEC cells were harvested by trypsinisation and
seeded at a density of 1.5x106 cells/ml in 96 well plates and were allowed to rest for 4
hours in medium without G418 prior to bioassays. For bioassays cells were treated with
0.1-10 ng/ml plant produced TGF- 1 (acid activated) or recombinant human TGF- 1
expressed in Chinese hamster ovary cells (R&D Systems). Recombinant TGF- 1 was
supplemented with EV plant extract to keep plant protein levels equal. After overnight
incubation luciferase expression was analysed using the Bright-GloTM Luciferase assay
system (Promega) according to the supplier’s protocol.

Data analysis
All expression data shown in the figures indicate the average of at least three biological
replicates (n). In the figure legends n is indicated and error bars indicate standard error.
Significant differences between samples were calculated using the Welch’s t-test and
regarded as significant when P<0.05. Significant differences are indicated in the figures by
an asterisk (*).
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Figure S1
mRNA structure prediction of the 5’ end of LAP-TGF- 1 genes. Secondary mRNA
structure prediction of the 5’ UTR sequence containing the Alfalfa mosaic virus RNA 4 (AlMV) leader
and the first 40 nucleotides of the LAP-TGF- 1 genes by the Vienna RNA fold software. Drawings of
the minimum free energy prediction and the free energy are given for the signal peptides of native
LAP-TGF- 1 (a) and cSP-LAP-TGF- 1 (b) where the native signal peptide was replaced with the signal
peptide of the Arabidopsis chitinase gene (cSP). Arrows indicate the adenine nucleotide of the ATG
start codon.
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Abstract
Heterologous expression platforms of biopharmaceutical proteins have been significantly
improved over the last decade. Further improvement can be established by examining the
intrinsic properties of proteins. Interleukin-10 (IL-10) is an anti-inflammatory cytokine with
a short half-life that plays an important role in re-establishing immune homeostasis. This
homodimeric protein of 36 kDa has significant therapeutic potential to treat inflammatory
and autoimmune diseases. In this study we show that the major production bottleneck of
human IL-10 is not protein instability as previously suggested, but extensive
multimerisation due to its intrinsic 3D domain swapping characteristic. Extensive
multimerisation of human IL-10 could be visualised as granules in planta. On the other
hand, mouse IL-10 hardly multimerised, which could be largely attributed to its Nglycosylation. By introducing a short glycine-serine-linker between the fourth and fifth
alpha helix of human IL-10 a stable monomeric form of IL-10 (hIL-10mono) was created that
no longer multimerised and increased yield up to 20-fold. However, hIL-10mono no longer
had the ability to reduce pro-inflammatory cytokine secretion from lipopolysaccharidestimulated macrophages. Forcing dimerisation restored biological activity. This was
achieved by fusing human IL-10mono to the C-terminal end of constant domains 2 and 3 of
human immunoglobulin A (Fc ), a natural dimer. Stable dimeric forms of IL-10, like Fc IL-10, may not only be a better format for improved production, but also a more suitable
format for medical application.
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Introduction
Recombinant DNA technology has revolutionised the production and application of
pharmaceutical proteins. Current heterologous production hosts include bacteria, yeasts,
insect and mammalian cells, and, more recently, plants. Most expression systems have
been rapidly improved in terms of yield and cost efficiency in the last decades. However,
these advances have mainly been achieved with antibodies and hormones, which are
relatively stable proteins. Recently more attention in optimising the production of
biopharmaceutical proteins is directed to their intrinsic properties that result of posttranslational modifications and folding processes. Improved insight in these processes may
increase the yield of still poorly expressed proteins.
Many cytokines have a promising therapeutic potential. However, several cytokine
families show a short half-life in vivo and are poorly expressed in heterologous hosts.
Human interleukin-10 (IL-10) is such a cytokine that may be used for treatment of many
inflammatory and autoimmune diseases due to its immunosuppressive properties [1,2].
Generally, IL-10 facilitates the return of the immune system to homeostasis after clearance
of antigen and plays an important role in conferring oral tolerance. It exerts its function
through reduction of the activity of macrophages, inhibition of antigen presentation by
dendritic cells and inhibition of the production of pro-inflammatory cytokines by antigen
presenting cells and T lymphocytes [3-6]. The human IL-10 gene encodes a 178 amino
acid protein including a N-terminal signal peptide for secretion. An IL-10 monomer
consists of six alpha helices (A-F) with two internal disulphide bridges (Cys30-Cys126 and
Cys80-Cys132). Two monomers are stabilised into a biologically active dimer by
exchanging their C-terminal domains composed of the helices E and F, a process called
3D domain swapping [7-9].
Human interleukin-10 has previously been produced in bacterial systems for medical
purposes [10,11], and in insect and mammalian cells for research purposes. The use of
plants as a production platform for IL-10 provides a cheap alternative compared to
bacterial, insect and mammalian expression systems. As plants are eukaryotes they can
correctly fold and assemble proteins, and are able to perform complex post-translational
processes, such as N-glycosylation. Plants as production hosts for IL-10 offer an extra
advantage as they have a low risk of contamination with human pathogens, especially
relevant when producing immunosuppressive molecules for medical application. Human
IL-10 was produced for the first time in planta by stable transformation of a low-alkaloid
Nicotiana tabacum variety [12]. High transcript levels were contrasted by low protein
levels with a maximum of 0.000069% of total soluble protein (TSP). Biological activity of
plant-derived human IL-10 was shown in vitro and in vivo without the need for
purification [12,13]. Yield could be increased to 0.55% of TSP by transient expression of
human IL-10 fused to an elastin-like polypeptide combined with retention in the
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endoplasmic reticulum (ER), but biological activity was not confirmed [14]. From these
experiments it was concluded that protein instability is a major bottleneck for human IL10 production.
We show that 3D domain swapping is an important bottleneck for human IL-10
production in Nicotiana benthamiana. Human IL-10 multimerises extensively as was
visualised in situ using GFP fusions. Domain swapping could be prevented by engineering
a stable monomer [15] that regained biological activity through fusion to the Fc portion of
IgA, a natural dimer. Identification of this expression bottleneck enabled us to increase
yield considerably to levels that approach the economic threshold.

Results
Yield of mouse IL-10 is significantly higher compared to human IL-10
To determine the maximum yield of human (h) and mouse (m) IL-10 in a transient
expression system, leaves of 5-6 weeks-old Nicotiana benthamiana plants were agroinfiltrated. The expression vector contained the complete native coding sequence of the
human or mouse IL-10 gene with or without a 3’ tag coding for a thrombin cleavage site,
a 6xHis-tag and the ER retention sequence KDEL (thk) (Figure 1a). Adequate transcription
of the constructs was confirmed two and three days post infiltration (dpi) through
determination of mRNA levels by means of quantitative PCR. Similar relative transcription
levels (around 1000 transcripts of IL-10 per

-actin transcript) were found for all four

constructs on both days (Figure 1b). Human and mouse IL-10 yield was determined on 16 dpi using a sandwich ELISA (Figure 1c and 1d). Maximum human and mouse IL-10 yield
was obtained between 2-4 dpi. Although maximum yields were similar for native and ERretained IL-10, expression levels of ER-retained IL-10 remained higher over time.
Considering average yields from 2 to 5 dpi showed that ER-retained IL-10 resulted in 11
and 10-fold more protein for human and mouse IL-10 respectively. More striking was the
observation that even though mRNA transcript levels were comparable, mouse IL-10 yield
was significantly higher when compared to human IL-10 (P=0.043), regardless of ERretention (P=0.003). The average yield of mIL-10 was 19 and 17-fold higher for secreted
and ER-retained IL-10 respectively. Retention of a protein in the ER can lead to increased
yield due to the presence of chaperones that assist protein folding and the absence of
many proteases explaining reduced degradation over time [16]. However, as the
difference in expression level between human and mouse IL-10 was significant despite
ER-retention another factor than protein degradation supposedly influences yield.
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Figure 1
Expression data of human and mouse IL-10 in transiently transformed Nicotiana
benthamiana leaves. Use of the thk-tag gives an increasing boost in yield for both human and mouse
IL-10 from 2 days post infiltration (dpi). Strikingly, mouse IL-10 yield was significantly higher
compared to human IL-10, regardless of ER-retention. Differences in yield could not be explained by
differences in mRNA transcript levels. (a) Schematic representation of expression cassettes and vector
used. Expressed genes include the native coding sequence of the human (h) or mouse (m) IL-10 gene
including signal peptide for secretion (SP) with or without a 3’ tag coding for a thrombin cleavage site,
a 6xHis-tag and the ER retention sequence KDEL (thk). All expression cassettes include the 35S
promoter of the Cauliflower mosaic virus with duplicated enhancer (d35S), 5’ leader sequence of the
Alfalfa mosaic virus RNA 4 (AlMV) and Agrobacterium tumefaciens nopaline synthase transcription
terminator (Tnos). (b) Relative transcript levels of IL-10 versus actin as determined by Q-PCR on 2 and
3 dpi (n=3, error bars indicate standard error). (c/d) Human and mouse IL-10 yield in crude extracts (1
to 6 dpi) in g per mg total soluble protein (TSP) as determined by ELISA (n=3, error bars indicate
standard error).

Human IL-10 accumulates in granules
To investigate the cellular fate of human and mouse IL-10 in planta, GFP was fused C- and
N-terminally to both proteins and expression was monitored by confocal microscopy.
Plants expressing hIL-10-GFP showed fluorescent globular structures up to 5 µm in size
(Figure 2b). These granules resembled Golgi-bodies and were, regardless of their size,
highly mobile as they travelled along ER strands. In contrast, mIL-10-GFP showed no or
negligible signs of this phenomenon (Figure 2c). For both proteins, fluorescence was
observed in the nuclear envelope, the ER and, putatively, the apoplast as expected for a
secretory protein (Figure 2a). The results of C-terminal GFP fusions harbouring the native
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IL-10 signal peptides, like the un-fused variants, are shown. N-terminal GFP fusions gave
similar results (data not shown). Formation of granules may be caused by aggregation of
folding intermediates or extensive multimerisation of human IL-10. Since mouse IL-10 did
not show granules as observed for human IL-10, we assumed that formation of granules
hinders yield of biologically active IL-10.
(a)

(b)

(c)
SP-hIL-10-GFP

SP-GFP

Figure 2

SP-mIL-10-GFP

Whole mount confocal microscopy output of leaves expressing human or mouse IL-10

fused to GFP. Highly mobile globular granules of up to 5 m in size were observed traveling along
cytoplasmic and/or ER strands for SP-hIL-10-GFP only. (a) GFP preceded by the Arabidopsis thaliana
chitinase signal peptide for secretion (SP-GFP). (b/c) The native open reading frame of human (h) and
mouse (m) IL-10 including the native signal peptide (SP) with GFP fused C-terminally.

Glycosylation of IL-10 hinders granulation
Human and mouse IL-10 have a homology of 73% at amino acid level. The most apparent
difference between human and mouse IL-10 during post-translational processing is the
glycosylation of mouse IL-10. Both proteins have one potential N-glycosylation site
(Asn116) that is not glycosylated, while mouse IL-10 has yet another site that is
glycosylated (Asn11). As N-glycosylation can stabilize a protein and influence protein
folding by mediating interaction with chaperones, it may explain the difference in protein
processing between human and mouse IL-10. To investigate the influence of Nglycosylation of IL-10 on granulation, the glycosylation site of mouse

IL-10 was

introduced in human IL-10 and removed from mouse IL-10. In both cases this was done
by a single nucleotide mutation causing the serine of human IL-10 on position 11 of the
mature protein to change into an asparagine and vice versa (hIL-10S11N and mIL-10N11S).
Figures 3a and 3d show a micrograph of GFP fused C-terminally to hIL-10S11N and
10

N11S

, respectively. Granulation of hIL-10

completely absent. For mIL-10

mIL-

S11N

-GFP was greatly reduced, however, never

N11S

-GFP granulation was induced, however, never reached

the same extent as seen for hIL-10-GFP.
To confirm the presence of a N-glycan on hIL-10S11N and the absence on mIL-10N11S,
all non-GFP fused variants were analysed by western blot (Figure 3b and 3e). E. coli
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produced human and mouse IL-10, hence non-glycosylated, had the same molecular
mass of 18 kDa when compared to plant-produced hIL-10 and mIL-10N11S. The molecular
weight of mIL-10 and hIL-10S11N was, as expected upon single N-glycosylation,
approximately 1.5 kDa higher. Both mIL-10 and hIL-10S11N samples also showed a small
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Figure 3 Analysis of the effect of N-glycosylation at Asn11 on granulation. N-glycosylation of IL10 plays a role in preventing granulation. (a/d) Whole mount confocal microscopy output of leaves
expressing GFP fused C-terminally to human (h) and mouse (m) IL-10 including native signal peptide
(SP) and with introduced (S11N) or removed (N11S) glycosylation site, respectively. (b/e) Western
blot analysis under reducing conditions of plant produced (p) hIL-10 and mIL-10 with and without
glycosylation site. As controls, empty vector (EV) and 50 ng recombinant (r) E. coli produced hL-10
and mIL-10 were used. A molecular weight marker is indicated in kDa. (c/f) Yield of hIL-10 and mIL10 with and without glycosylation site in crude extracts 2 to 5 days post infiltration (dpi) as
determined by ELISA (n=4, error bars indicate standard error).

The effect of glycosylation on human and mouse IL-10 yield was compared. ELISA
indicated that removal of the glycosylation of mouse IL-10 decreased yield on average 4fold, however, this was found not to be significant (Figure 3c). Introducing a glycosylation
site in human IL-10 did not lead to a yield increase (Figure 3f), however, for hIL-10 the
band intensities on western blot (Figure 3b) showed that an increased amount of
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glycosylated hIL-10 was extracted. This discrepancy might be explained by interference of
the glycan on Asn-11 of hIL-10S11N with the binding of the monoclonal antibodies used in
ELISA.

Glycosylation does not influence biological activity
The possible effects of N-glycosylation on the biological activity of plant-produced human
and mouse IL-10 was next assessed. The capacity of the different IL-10 variants to reduce
tumour necrosis factor-alpha (TNF-α) expression by human (THP-1) and mouse
(RAW264.7) macrophages upon stimulation by lipopolysaccharide from E. coli was
determined. Figure 4 shows the percentage inhibition of TNF-α secretion by macrophages
when compared to the empty vector control. As expected, glycosylated as well as nonglycosylated mouse IL-10 suppressed the secretion of pro-inflammatory TNF-α from
mouse macrophages, confirming

% Reduction of TNF-a expression!

120!
100!
80!
60!
THP-1!
40!

RAW264.7!

20!
0!

Figure 4 ! Biological activity of human and mouse IL-10 variants on human and mouse
macrophages. Plant produced (p) and recombinant (r) E. coli produced human (h) or mouse (m) IL10 were calibrated to contain the same amount of IL-10 as well as total soluble protein by using the
empty vector control. Human (THP-1) and mouse (RAW264.7) macrophages were then pre-treated
with 10 ng/ml hIL-10 or mIL-10 for 20 min and subsequently stimulated with 1 μg/ml E. coli
lipopolysaccharide. Tumour necrosis factor-alpha (TNF-α) expression was determined by ELISA and
IL-10 activity is indicated as the percentage of inhibition of TNF-α expression as compared to the
empty vector control (n=3, error bars indicate standard error).

that N-glycosylation is not necessary for mouse IL-10 activity [3]. Strikingly, our data show
that glycosylated human IL-10 is as active as its native non-glycosylated form on both
human and mouse cells. Apparently, the structure of human IL-10 is not negatively
influenced by the glycosylation event. Neither non-glycosylated nor glycosylated mouse
IL-10 was active on human cells.
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Granulation of human IL-10 is caused by extensive multimerisation
Literature describes IL-10 to be a 3D domain swapping protein, a term used to describe a
process wherein two or more protein chains exchange identical structural elements or
“domains” [9,17]. Two IL-10 monomers dimerise by exchanging their E-F helices.
However, when the concentration of a potentially 3D domain swapping protein is high,
swapping of domains does not have to be limited to two partners [18]. For example,

IL-

10 can provide its A-D helices to one partner, while giving its E-F helices to another
partner. This can create a chain reaction that can, in theory, continue until a stable form is
reached. To determine if human IL-10 granulation was triggered by extensive
multimerisation, a flexible linker was introduced between -helices D and E of human IL10. This allows helices E-F of one human IL-10 molecule to fold into its own A-D
helices, creating a stable monomer (hIL-10

-

mono

) as designed by Josephson and co-workers

[15]. Figure 5a shows three cartoons of the expected human IL-10 (I) dimer, (II) monomer
and (III) stable monomer conformations.
When the monomeric form of hIL-10 was fused to GFP no signs of granulation was
observed (Figure 5b). hIL-10mono-GFP was detected in the ER and, putatively, the apoplast.
Unlike hIL-10-GFP and mIL-10-GFP, fluorescence was also observed in the cytoplasm and
nucleoplasm. This may be indicative of partial failure of the protein to be taken up into
the secretory pathway. However, on western blot a band of 21 kDa, the expected size for
hIL-10mono with signal peptide, was never observed. Therefore, hIL-10mono-GFP must be
expelled from the secretory pathway and enter the nucleoplasm by either diffusion or
active transport. Active transport into the nucleus after expulsion from the ER was
demonstrated with a secretory GFP fusion with the P-domain of the chaperone calreticulin
[19].
Western blot analysis demonstrated that hIL-10mono was indeed present as a monomer,
whereas plant and E. coli produced hIL-10 also revealed bands corresponding to dimeric
(36 kDa) and multimeric hIL-10 (Figure 5c). In repetitive experiments a small proportion of
dimeric hIL-10mono was observed occasionally, but never larger multimers. Analysing
average yields of hIL-10 and hIL-10mono by ELISA revealed that the hIL-10mono protein level
was significantly higher (P=0.048) resulting in 16-fold more protein. Maximum yield
obtained with hIL-10mono was 3,2 g IL-10/mg (0.32%) TSP at 3 dpi (Figure 5d). However,
when hIL-10mono was tested for biological activity by assessing its ability to suppress TNFexpression by LPS stimulated macrophages, it appeared not to be functional (Figure 6a),
which was expected as IL-10 receptor binding studies suggest that the dimeric form of IL10 confers biological activity [20]. This experiment was repeated several times and on
some occasion slight activity of the hIL-10mono was observed, however, always less than E.
coli produced hIL-10. It appeared that the biological activity coincided with the
proportion of dimeric hIL-10mono seen on western blot. It is likely that the extent of
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dimerisation and multimerisation of IL-10 is dependent on sample treatment such as
freeze-thaw cycles, temperature and pH of the solution after extraction.
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Figure 5 Analysis of expression of a stable monomeric form of human IL-10. A stable monomeric
form of human IL-10 (hIL-10mono) does not granulate and yield increases 30-fold. (a) Three cartoons
illustrating the human IL-10 (I) dimer, (II) monomer and (III) stable monomer structure, as well as a
schematic representation of the human (h) IL-10 alpha helices A-F. Helices are represented by ovals,
whereby a fragment of the amino acid sequence and the location of insertion of the small GS-linker is
indicated. (b) Whole mount confocal microscopy output of GFP fused C-terminally to hIL-10mono
including native signal peptide (SP). (c) Western blot analysis under non-reducing conditions of plant
produced hIL-10 and hIL-10mono. As controls, empty vector (EV) and 50 ng recombinant (r) E. coli
produced hL-10 were used. A molecular weight marker is indicated in kDa. (d) Yield of hIL-10 and
hIL-10mono in crude extracts 2 to 5 days post infiltration as determined by ELISA (n=3, error bars
indicate standard error). Average yield of hIL-10mono was significantly higher compared to hIL-10.

Biological activity of hIL-10mono was restored by fusion to Fc
To re-establish biological activity, dimerisation of hIL-10mono was forced by fusion to the
C-terminus of constant domains 2 and 3 of human immunoglobulin A2m1 (Fc ). As a
reference, a construct with unmodified hIL-10 fused to Fc

was also made. Figure 6a

shows the percentage inhibition of TNF- secretion by macrophages when compared to
the empty vector control. As mentioned before, hIL-10mono had reduced biologically
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Figure 6. Analysis of expression and biological activity of IL-10 fused to Fc . (a) Bioactivity assay
of hIL-10mono and Fc -hIL-10 fusion proteins on mouse macrophages (RAW267.4) as described before.
Tumour necrosis factor-alpha (TNF- ) expression was determined by ELISA and IL-10 activity is
indicated as the percentage of inhibition of TNF- expression as compared to the empty vector
control (n=4, error bars indicate standard error). Significant difference (P<0.05) between samples is
indicated with an asterisk, where biological activity of hIL-10mono was significantly lower as all other
samples. (b) Yield of human (h) IL-10 in crude extracts 2 to 5 days post infiltration as determined by
ELISA (n=3, error bars indicate standard error). (c/d) Western blot analysis under non-reducing
conditions of plant produced (p) Fc -hIL10 and Fc -hIL-10mono using an antibody raised against
human IL-10 and human IgA for visualisation, respectively. As controls, empty vector (EV), 50 ng
recombinant (r) E. coli produced hIL-10 and 10 ng purified hIgA were used. A molecular weight
marker is indicated in kDa.

activity, but by fusion to Fc we were able to restore its biological activity (P=0.0230).
Also, fusion of native hIL-10 to Fc

slightly increased biological activity, but not

significant. While the activity of the monomeric IL-10 Fc

fusion had no significant

difference with E. coli or plant produced native hIL-10, a significant difference was found
with the native IL-10 Fc fusion (P=0.0375).
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Both fusion proteins showed similar accumulation patterns as observed for the unfused variants of IL-10. However, yield of Fc -hIL-10mono was slightly lower compared to
the un-fused variant on dpi 3, but was found not to be significant (Figure 6b). This
indicates that fusion with a stable fusion partner does not ensure increase in yield of IL-10,
as was the case with fusion to elastin-like polypeptides [14,21].
Western blot analysis using antibodies raised against hIL-10 showed that the largest
proportion had the expected size of dimeric Fc -hIL-10 (95 kDa) for both hIL-10 and hIL10mono fusions, but also bands at 200 kDa and 300 kDa were observed, which could again
indicate the presence of multimers of these fusion proteins (Figure 6c). Using antibodies
raised against IgA revealed, in addition to all bands corresponding with the IL-10 blot, an
extra band around 50 kDa (Figure 6d). Because this band does not appear on the IL-10
blot, it is probably a cleavage product whereby IL-10 is removed.
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Discussion
Here we show that extensive multimerisation of human IL-10 is the most important factor
limiting yield and not protein instability. Human IL-10 has previously been expressed in
plants [12,14,21-23]. The highest yield of 0.55% of TSP was obtained by transient
expression of human IL-10 fused to an elastin-like polypeptide while retained in the ER. It
was suggested that retention in the protein friendly environment of the ER protects the
protein against degradation and that elastin-like polypeptides might prevent aspecific
aggregation by association with chaperones [12,14]. These data suggested a role for
protein instability or inefficient post-translational processing as a limiting factor for
production of human IL-10. Protein instability as a bottleneck for production of IL-10
would not be surprising, as cytokines are known for their short half-life in vivo.
When we studied the cellular fate of human and mouse IL-10 in planta using GFP
fusions, we revealed that human IL-10 accumulates in granules, while mouse IL-10 does
not. The most evident difference between human and mouse IL-10 is the N-glycosylation
of mouse IL-10. Both proteins have one potential N-glycosylation site (Asn116) that is not
glycosylated, while mouse IL-10 has yet another site that is glycosylated (Asn11). Removal
of the Asn11 glycosylation site resulted in increased granulation of mouse IL-10, whereas
introduction of this glycosylation site in human

IL-10 prevented granulation to a large

extent. As N-glycosylation can aid in protein folding and stabilisation, we hypothesised
that the granules were in fact very large aggregates, potentially compartmentalised as a
cell protective mechanism.
Aggregation can be due to protein instability and/or misfolding resulting in random
hydrophobic patch interaction or, in the case of IL-10, due to extensive multimerisation.
Literature describes IL-10 to be a 3D domain swapping protein, a term used to describe a
process wherein two or more protein chains exchange identical structural elements or
“domains” [9, 17]. IL-10 monomers form biologically active dimers by exchanging their EF helices. However, at high concentrations of IL-10 it would be possible that the domain
swapping of IL-10 is not limited to two partners and causes a chain reaction that, in theory,
could go on unlimited until a stable form is reached. To determine whether human IL-10
granulation was due to protein instability or due to 3D domain swapping, the behaviour
of a previously developed stable monomeric form of human IL-10 [15] was studied in
planta. This stable monomeric form of human IL-10 has a short glycine-serine (GS)-linker
between helices D and E allowing the helices E-F to fold back into its own hydrophobic
core created by the A-D helices (human IL-10mono). No granulation was observed when
human IL-10mono was fused with GFP. Multimeric or high molecular weight bands of
human IL-10mono were also not detected by western blot. Furthermore, yield was increased
on average 16-fold by this minor modification of the human IL-10 protein. This expression
level was comparable to the highest yield obtained for human IL-10 so far, however,
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without retention in the ER or fusion with a stable protein partner. Taken together, we
show that not protein instability, but extensive multimerisation of human IL-10, due to its
intrinsic 3D domain swapping characteristic, is the major limiting factor for yield.
Bennett and colleagues introduced the term 3D domain swapping [17] and up to date
almost 300 proteins have been reported with 3D domain swapping ability [24]. Besides
IL-10, the cytokines Granulocyte Macrophage Colony-Stimulating Factor (GM-CSF),
Interleukin-5 (IL-5) and Interfernon-beta (IFN- ) are also described as 3D domain
swapping proteins [9] and have been heterologously expressed in several platforms. Upon
expression in E. coli the formation of inclusion bodies were described for these four
cytokines [25-28]. Although formation of inclusion bodies could be indicative of
multimerisation, they are a relatively common feature when expressing eukaryotic
proteins in E. coli due to aggregation of folding intermediates. However, in the case of
IFN- and IL-5, experiments also demonstrated the need for slow removal of denaturing
agents to prevent aggregation to reoccur after solubilisation of inclusion bodies [25,26].
To our knowledge, IL-5 has not been produced in plants before and expression of human
IFN- in lettuce leaves resulted in poor yields [29]. On the other hand, many research
groups have produced human GM-CSF in planta. Interestingly, human GM-CSF secreted
by a tobacco cell culture could be stabilised in the growth medium by addition of bovine
serum albumin, gelatin or salt, all methods that could inhibit protein aggregation [30,31].
Next to that, when produced in rice seeds a morphological change in both plant protein
body type I and the ER were observed together with high molecular weight variants of
human GM-CSF from 50 to 120 kDa [32,33]. Menassa and colleagues also described a
200 kDa weight variant of human IL-10 when expressed stably in a tobacco species [12].
For both human IL-10 and human GM-CSF yield from rice seeds was relatively high
compared to the leaf-based and cell culture systems, however, extraction from rice seeds
was only efficient using reducing agents [23,34]. Unfortunately, use of reducing agents
during extraction would increase production costs again, as the protein would need to be
chemically refolded. There are many indications that extensive multimerisation has also
hampered the production of other 3D domain swapping cytokines, and may represent a
more common mechanism affecting yield than thus far anticipated. In addition, it is
unclear how 3D domain swapping influences biopharmaceutical proteins during
formulation, storage and administration.
Although we could increase the yield of human IL-10 significantly by expression of a
stable monomeric form of IL-10, this form was not biologically active, as determined by its
ability to reduce TNFthough human IL-10

mono

secretion by lipopolysaccharide-stimulated macrophages. Even
has all the receptor binding sites, the affinity may be reduced.

Josephson and co-workers did show biological activity of human IL-10mono based on its
ability to induce proliferation of a B cell line, however, a 10-fold higher amount of human
IL-10mono was needed to obtain the same effect as recombinant human IL-10 [15]. Stable

65

Chapter 3
_____________________________________________________________________________

monomeric forms of IL-5 were also created and shown to have reduced receptor affinity.
Nevertheless, they did show biological activity with concentration dependence close to
that of the wild type [35]. Such stabilised biologically active forms of 3D domain
swapping cytokines will ensure that the protein stays in its biologically active
conformation, which may have great benefit for formulation and administration to patients.
To mimic the natural dimerisation of IL-10 while still preventing multimerisation,
human IL-10mono was fused to the naturally dimerising Fc portion of IgA2m1 (Fc ), which
restored the ability to suppress TNF-

in stimulated macrophages. As well as ensuring

dimeric conformation, it is likely that fusion with Fc increases in vivo half-live of IL-10,
which could be beneficial for efficacy. Our construct is comparable to that of mouse IL-10
fused to the N-terminus of a non-cytolytic version of the Fc portion of mouse IgG2a,
which was shown to be functional in vivo with a prolonged efficacy due to its increased
circulating half-life [36]. However, an increased half-life of IL-10 could also lead to
unwanted systemic side effects, such as a compromised immune system. By using
complete antibodies it may be possible to circumvent these side effects. Through the
antigen binding capacity of an antibody with IL-10 fused C-terminally, specific cells or
tissues can be targeted enabling IL-10 therapy for a variety of diseases, as was already
demonstrated by Schwager and co-workers [37]. In disease therapy, use of a human
fusion protein is desired to limit the chance of an immune response against the
therapeutic agent. Also, in inflammatory disease therapy the use of IgA may be preferred
over other antibody isotypes, as it does not activate the classical complement pathway.
Thus, a stable molecule that ensures a biologically active conformation and targeting,
such as Fc -IL-10, may be a more suitable format for medical applications and may prove
effective in therapy of inflammatory diseases.
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Experimental procedures
Construction of expression cassettes and vector
The complete native open reading frames of human and mouse IL-10 were amplified from
the MegaMan

Human Transcriptome cDNA library (Stratagene) and FirstChoice

PCR-

Ready Mouse Spleen cDNA library (Ambion), respectively, using oligonucleotides
indicated in Table 1. Sense and antisense oligonucleotides included NcoI and KpnI
restriction sequences, respectively, for subsequent cloning steps. Introduction of the NcoI
restriction site resulted in the addition of two extra amino acids to the signal peptide at the
N-terminus. All oligonucleotides used for subsequent reamplification, mutagenesis and
insertion can be found in Table 1.
To create hIL-10thk and mIL-10thk, both hIL-10 and mIL-10 ORFs were reamplified,
resulting in the removal of the stop codon and replacement of the KpnI by a NotI
restrictrion site. The thk coding DNA fragment could be added in frame. To remove and
introduce the glycosylation site of mouse and human IL-10 respectively, the QuickChange
XL kit (Stratagene) was used. For insertion of the 6 amino acid glycine-serine spacer
overlap

extension

PCR

was

performed

in

combination

with

original

hIL-10

oligonucleotides.
The DNA fragment encoding the enhanced green fluorescent protein (eGFP) was
reamplified from gateway vector pK7FWG2 [38]. Constructs with eGFP fused C-terminally
to IL-10 were composed of the IL-10 fragments ending with NotI (as described for the
h/mIL-10thk constructs) the “NotI-NcoI” oligo and the eGFP fragment.
The constant domains 2 and 3 of human immunoglobulin A2m1 heavy chain
including a N-terminal IgA signal peptide and a C-terminal linker sequence was
synthetically constructed by GeneArt and fused N-terminally to reamplified SpeI-hIL-10
and SpeI-hIL-10mono fragments.
All constructs were placed under the control of the 35S promoter of the Cauliflower
mosaic virus with duplicated enhancer (d35S) and the Agrobacterium tumefaciens
nopaline synthase transcription terminator (Tnos). A 5’ leader sequence of the Alfalfa
mosaic virus RNA 4 (AlMV) was included between the promoter and construct to boost
translation. All elements were present in pRAP35 (or pUCAP35S [39]) from which
expression cassettes were digested with AscI and PacI and ligated into a modified version
of the expression vector pMDC32 [40], renamed pHYG. The pHYG vector resulted upon
removal of the Gateway recombination sequences by digestion with EcoRI and HindIII
and replacement with a DNA fragment (oligos “pHYG adaptor”) including AscI and PacI
restriction sites for insertion of the expression cassettes.
All construct sequences were confirmed by sequencing (BaseClear) at the expression
vector stage. The expression vectors were subsequently transformed to Agrobacterium
tumefaciens strain MOG101 for plant expression.
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Table 1 Oligonucleotides used for construct re-amplification, mutagenesis and insertion.
Gene fragment

hIL-10

mIL-10

pHYG adaptor

hIL-10-NotI

mIL-10-NotI

thk

eGFP

NotI-NcoI

5' --> 3' Sense

5' --> 3' Antisense

oligonucleotides

oligonucleotides

Isolation hIL-10

ccatgggcATGCACAGCTCAG

cggtaccTCAGTTTCGTATCTT

NcoI/KpnI

CACTGCTCT

CATTGTCA

Isolation mIL-10

ccatggccATGCCTGGCTCAG

ccggtaccTTAGCTTTTCATTT

NcoI/KpnI

CACTGCTAT

TGATCATC

MCS including

aattcggcgcgcctacgcgtaaggacg

agcttttaattaatctagaggtacctcag

AscI/PacI

agctctgaggtacctctagattaattaaa

agctcgtccttacgcgtaggcgcgccg

Removal stop codon,

ccatgggcATGCACAGCTCAG

ggcggccgcGTTTCGTATCTTC

addition NotI

CACTGCTCT

ATTGTCATG

Removal stop codon,

ccatggccATGCCTGGCTCAG

ggcggccgcGCTTTTCATTTTG

addition NotI

CACTGCTAT

ATCATCATG

ggccgcattagttcctcgtggttctgcta

ccgtacgtcatagctcatctttgtgatggt

gccatcaccatcaccatcacaaagatg

gatggtgatggctagcagaaccacgag

agctatgacgtacgggtac

gaactaatgc

Function

Thrombin, 6xHIS, KDEL

Isolation GFP NcoI/KpnI

Linker C-terminal GFP

gtcgacggatccATGGTGAGCA
AGGGCGAGGAGCTGTTC

aggtaccTTAGCTCATGACTG
ACTTGTAGAGCTCGTCCAT
GCCGAGAG

ggccgctgcagtcgacggatc

catggatccgtcgactgcagc

Removal glycosylation

GCCGGGAAGACAATAgCT

GGGAAGTGGGTGCAGcTA

site

GCACCCACTTCCC

TTGTCTTCCCGGC

Introduction

CCCAGTCTGAGAACAaCTG

CTGGGAAGTGGGTGCAGt

glycosylation site

CACCCACTTCCCAG

TGTTCTCAGACTGGG

AAACggtggcggatctgggggtAA

CTTacccccagatccgccaccGTT

GAGCAAGGCCGTGGAGC

TTCACAGGGAAGAAATCG

AGGTGAA

ATGA

Removal SP, addition

accatggactagtAGCCCAGGC

cggtaccTCAGTTTCGTATCTT

SpeI

CAGGGCAC

CATTGTCA

h/m IL-10

Q-PCR analysis

ATGATCCAGTTTTACCTGG

AGAAATCGATGACAGCG

Nb -actin

Q-PCR analysis

CCAGGTATTGCCGATAGA

GAGGGAAGCCAAGATAG

ATG

AGC

mIL-10N11S

hIL-10S11N

hIL-10mono

SpeI-hIL-10

fusion

Insertion GGGSGGlinker

Native sequences in capitals, added/mutated sequences in small and restriction sites are
underlined. h; human, IL-10; interleukin-10, MCS; multiple cloning site, m; mouse, Nb; Nicotiana
benthamiana, SP; signal peptide for secretion, thk; thrombin-6xHIS-KDEL tag.
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Agrobacterium tumefaciens transient transformation assay
Agrobacterium tumefaciens clones were cultured overnight (o/n) at 28°C in LB medium
(10g/l pepton140, 5g/l yeast extract, 10g/l NaCl with pH 7.0) containing 50
kanamycin and 20

g/ml

g/ml rifampicin. The optical density (OD) of the o/n cultures was

measured at 600 nm and used to inoculate 50 ml of LB medium containing 200

M

acetosyringone and 50 g/ml kanamycin with x l of culture using the following formula:
x = 80000/(1028*OD). OD was measured again after 16 hours and the bacterial cultures
were centrifuged for 15 min at 2800 xg. The bacteria were resuspended in MMA
infiltration medium (20g/l sucrose, 5g/l MS-salts, 1.95g/l MES, pH5.6) containing 200 M
acetosyringone till an OD of 1 was reached. After 1-2 hours incubation at room
temperature, the two youngest fully expanded leaves of 5-6 weeks old Nicotiana
benthamiana plants were infiltrated completely. Infiltration was performed by injecting the
Agrobacterium suspension into a Nicotiana benthamiana leaf 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.

Total soluble protein extraction
Leaves were immediately snap-frozen upon harvesting, homogenised in liquid nitrogen
and stored at -20°C until use. Homogenised plant material was ground in ice-cold
extraction buffer (50mM phosphate-buffered saline (PBS) pH=7.4, 100 mM NaCl, 10 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% v/v Tween-20, 2% w/v immobilised
polyvinylpolypyrrolidone (PVPP)) using 2 ml/g fresh weight. Crude extract was clarified by
centrifugation at 16.000 xg for 5min at 4°C and supernatant was directly used in an ELISA
and BCA protein assay. For western blotting and biological activity assays, abovementioned protein extraction would be followed by desalting using a G25 Sephadex
column and filter sterilisation (0.22 m; Millipore Corporation).

Quantification of human and mouse IL-10 mRNA levels
mRNA was isolated from homogenised plant material using the RNAeasy Plant Mini Kit
(Qiagen) according to supplier's protocol. A Turbo DNaseI (Ambion) treatment was
included to remove any residual DNA. cDNA was synthesised using the SuperScript®III
First-Strand Synthesis System (Invitrogen) according to supplier's protocol. Samples were
analysed by quantitative PCR in triplo using ABsolute SYBR Green Fluorescein mix
(Thermo Scientific). Nicotiana benthamiana

-actin was used as a reference gene.

Oligonucleotides used can be found in Table 1. Relative transcript levels of IL-10 versus
actin were determined by the Pfaffl method [41].
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Quantification of human and mouse IL-10 protein levels
IL-10 protein concentration in crude plant extract was determined by ELISA. Human and
mouse IL-10 ELISA Ready-SET-Go!® kits (eBioscience) were used according to supplier's
protocol using the model 680 plate reader (BioRad) to measure the OD at 450 nm with
correction filter of 690 nm. For sample comparison the total soluble protein (TSP)
concentration was determined by the BCA method (Pierce) according to supplier’s
protocol using bovine serum albumin (BSA) as a standard.

Protein analysis by western blot
Soluble plant proteins were separated under reducing or non-reducing conditions by SDSPAGE on a NuPAGE® 12% Bis-Tris gel (Invitrogen). Recombinant E. coli produced human
or mouse IL-10 (R&D Systems) or IgA1 (Invivogen) was used as a control. Proteins were
transferred to an InvitrolonTM PVDF membrane (Invitrogen) by semi-dry blotting procedure.
Thereafter the membrane was blocked in PBST-BL (PBS containing 0.1% v/v Tween-20
and 5% w/v non-fat dry milk powder) for 1 hour at room temperature, followed by
overnight incubation with hIL-10 specific goat polyclonal antibody (R&D systems), mIL-10
specific rat monoclonal antibody (BioLegend) or IgA specific HRP conjugated goat
polyclonal antibody (Sigma) in PBST at 4°C. The membrane was washed 5 times with 5
min intervals in PBST. For h/mIL-10 specific western blots the procedure was continued
with a 1 hour incubation at room temperature with HRP conjugated secondary antibodies
(Jackson ImmunoResearch) in PBST and washed again as described before. Finally, the
SuperSignal West Femto substrate (Pierce) was used to detect HRP-conjugated antibodies.

Confocal microscopy
Plants were agro-infiltrated with expression cassettes encoding C-terminal fusions of GFP
to human and mouse IL-10 as described previously. Leaves were taken from the plant and
small sections were examined from the abaxial side using a Zeiss LSM510 confocal laserscanning microscope in combination with an argon ion laser supplying a 488 nm
wavelength.

Biological activity assay
The monocyte THP-1 and monocyte/macrophage RAW264.7 cell lines were purchased
from the American Type Culture Collection and cells were maintained at 37°C with 5%
CO2. THP-1 cells were cultured in RPMI-1640 medium containing containing 4 mM Lglutamine, 25 mM HEPES and supplemented with 10% fetal calf serum, 50 U/ml
penicillin and 50

g/ml streptomycin. THP-1 monocytes were differentiated into

macrophages for 4 days using 30 ng/ml PMA at a density of 3x105 cells/ml in 96 well
plates. Cells were allowed to rest for 2-3 days in medium without PMA prior to bioassays.
RAW264.7 cells were cultured in DMEM containing 4 mM L-glutamine, 25 mM HEPES
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and supplemented with 10% fetal calf serum, 50 U/ml penicillin and 50

g/ml

streptomycin. Cells were sub-cultured every 2-3 days, whereby the cells were harvested
by gently disrupting the monolayer with a cell scraper. For cell-based assays cells were
seeded in 96 well plates at a density of 5x104 cells/well and allowed to rest overnight. For
bioassays cells were pre-treated with 10-50 ng/ml plant produced or recombinant E. coli
produced human or mouse IL-10 (R&D Systems) in plant extract for 20 min, and
subsequently stimulated with 1

g/ml of lipopolysaccharide (Sigma). After overnight

incubation supernatants were analysed with the mouse TNF- ELISA Ready-Set-Go! ® Kit
(eBioscience) according to the supplier’s protocol.

Data analysis
All data shown in the figures indicate the average of at least three biological replicates (n)
that were determined by at least three technical replicates. Significant differences between
samples were calculated using the student’s t-test and regarded as significant when
P<0.05. Significant differences in expression levels between constructs were calculated by
using the whole data set from dpi 2 to 5 and are indicated in the main text as well as the
figure legends. When comparing biological activity between proteins significant
differences are indicated in the figure by asterisks.
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Abstract
Human interleukin-22 (IL-22) is a member of the IL-10 cytokine family that has recently
been shown to have major therapeutic potential. IL-22 is an unusual cytokine as it does
not act directly on immune cells. Instead, IL-22 controls the differentiation, proliferation
and anti-microbial protein expression of epithelial cells, thereby maintaining epithelial
barrier function. In this study we transiently expressed human IL-22 in Nicotiana
benthamiana plants and investigated the role of N-glycosylation on protein folding and
biological activity. Expression levels of IL-22 were up to 5.4 µg/mg TSP and N-glycan
analysis revealed the presence of the atypical Lewis A structure. Surprisingly, upon
engineering of human-like N-glycans on IL-22 by co-expressing mouse FUT8 in

XT/FT

plants a strong reduction in Lewis A was observed. Also, core 1,6-fucoylation did not
improve the biological activity of IL-22. The combination of site-directed mutagenesis of
Asn54 and in vivo deglycosylation with PNGase F also revealed that N-glycosylation at
this position is not required for proper protein folding. However, we do show that the
presence of a N-glycan on Asn54 contributes to the atypical N-glycan composition of
plant-produced IL-22 and influences the N-glycan composition of N-glycans on other
positions. Altogether, our data demonstrate that plants offer an excellent tool to investigate
the role of N-glycosylation on folding and activity of recombinant glycoproteins, such as
IL-22.
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Introduction
Interleukin-22 (IL-22) is a peculiar cytokine that belongs to the IL-10 cytokine family,
which does not act directly on immune cells, but mainly exerts its functions on epithelial
cells [1, 2]. IL-22 induces the expression of antimicrobial proteins in colonic and lung
epithelial cells as well as acute phase response proteins in hepatocytes [3-5]. These
observations demonstrate the crucial role of IL-22 in controlling early defence responses
against bacterial pathogens. Furthermore, IL-22 promotes hepatocyte survival and induces
differentiation and proliferation of epithelial cells in the lung and intestine, thereby
providing protection against injury and maintaining mucosal barrier function [5, 6].
Therapeutic application of IL-22 is currently being investigated for disorders where
increased antimicrobial defence, protection against tissue injury and tissue regeneration is
most likely beneficial. Therefore, IL-22 has been considered for treatment of ulcerative
colitis, tissue damage and/or inflammation of liver and pancreas, graft-versus-host disease,
and may be used short-term after transplantation of lung, pancreas and kidney [1].
The biologically active form of IL-22 is thought to be a monomer that is mainly
secreted by T cells. IL-22 only shares ~23% amino acid similarity with IL-10, however,
structurally these two cytokines are very similar [7, 8]. Both cytokines consist of 6

-

helices (helices A to F) that form a bundle-like structure, which is further stabilised by two
intramolecular disulphide bridges. In contrast to IL-10, which is not glycosylated, IL-22
has three potential N-glycosylation sites. When expressed in insect cells the majority of IL22 is N-glycosylated at all three sites. The predominant form of these N-glycans consisted
of two core N-acetylglucosamines (GlcNAc's), three mannoses and one core 1,6-linked
fucose [9]. Comparison of the crystal structure of IL-22 expressed in insect cells with IL-22
from Escherichia coli revealed minor structural differences due to N-glycosylation [10, 11].
IL-22 exerts its activity by binding the hetero-dimeric receptor complex IL-22R1/IL10R2 on the surface of its target cells. Engagement of the IL-22R1/IL-10R2 complex
triggers the activation of Janus kinases Jak1 and Tyk2, which in turn activate the
transcription factor STAT3. IL-22 initially binds to IL-22R1 with high affinity, thereby
inducing conformational changes in the helices pre-A and A as well as the AB-loop [12,
13]. These structural changes enable binding of the low-affinity receptor subunit IL-10R2,
which is a component of the receptor complexes of both IL-22 and IL-10. Interestingly, the
IL-22 binding hotspot for IL-10R2 includes asparagine 54. N-glycosylation of asparagine
residue 54 (Asn54), and more specifically the core GlcNAc with 1,6-linked fucose, was
shown to be crucial for the binding to IL-10R2 [14]. However, the contribution of this
sugar residue on the activity of IL-22 remains to be elucidated.
In the last two decades, plants have emerged as a valuable expression system for the
production of recombinant proteins. As eukaryotes, plants enable the production of
correctly folded complex proteins including post-translational modifications, like N-
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glycosylation. Engineering of the N-glycosylation machinery in plants has further
advanced research on the humanization of N-glycans. Transgenic plants lacking plant
specific 1,3-fucose and 1,2-xylose sugar residues ( XT/FT plants) have been generated
and mammalian core

1,6-fucose can be engineered in plants [15, 16]. Furthermore,

plant-based production of recombinant proteins is relatively cheap and easy to scale-up
compared to other expression systems. One additional advantage for the production of
immunoregulatory proteins in plants is that plants have a low contamination risk with
human pathogens and therefore can be regarded as safe.
To our knowledge, IL-22 has not been expressed in plants before, but several reports
exist on the plant-based expression of the closely related cytokine IL-10 [17-19]. We have
recently reported on a major bottleneck for expression of biologically active human IL-10
in plants [20]. IL-10 is also a member of the IL-10 cytokine family, which in contrast to
monomeric IL-22 forms dimers. Extensive multimerisation of recombinant IL-10 results in
aggregation of this cytokine, which leads to granule formation upon transient expression
in planta. Here we describe that biologically active IL-22 can be efficiently produced in
plants as it does not aggregate and that its activity is neither dependent on the presence of
N-glycans nor their composition. Surprisingly, the N-glycan on Asn54 influences the Nglycan composition of N-glycans on other positions and contributes to the atypical Nglycan composition of plant-produced IL-22. Altogether our study shows the potential of
using plants as a toolbox to study the role of N-glycans on the folding and activity of
heterologous expressed glycoproteins
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Results
IL-22 does not aggregate in planta
IL-22 naturally occurs as a monomer, in contrast to dimeric IL-10. We have previously
shown that human IL-10 expression in plants is hampered by granule formation as a
consequence of aggregation [20]. Granule formation prevented extraction of soluble IL-10
from plant leaves thereby significantly lowering the yield of the recombinant protein. To
investigate whether IL-22 aggregates and forms granules in planta we monitored the
expression of a N-terminal GFP-fusion of IL-22 in plant leaves by confocal microscopy. At
3 dpi fluorescence was observed in the nuclear envelope, the ER and, putatively, the
apoplast as expected for a secretory protein, but we did not observe fluorescent aggregates
(Figure 1a). Apparently IL-22 does not aggregate and therefore we expected human IL-22
to reach a higher soluble yield in plants than human IL-10. To test this hypothesis, we
transiently expressed both cytokines by agroinfiltration in Nicotiana benthamiana plants.
IL-10 and IL-22 yield was determined at 3, 5 and 7 days post infiltration (dpi) using
sandwich ELISA's (Figure 1b). A maximum yield of 5.4 µg IL-22/mg total soluble protein
(0.54% TSP) was obtained at 5 dpi, which was significantly higher when compared to IL10 (P=0.003). Overall yield of soluble IL-22 was approximately 10-fold higher than the
yield of IL-10.
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Figure 1 ! Analysis of IL-22 expression in agroinfiltrated Nicotiana benthamiana leaves. (a) Whole
mount confocal microscopy output of secreted IL-22 with N-terminally fused GFP. (b) Yield of human
IL-10 and IL-22 in crude extracts at 3, 5 and 7 days post infiltration (dpi) as determined by ELISA (n=4,
error bars indicate standard error). (c) Percentage of secretion of IL-10 and IL-22 by determining the
amount of cytokine in apoplast fluids versus crude extracts (n=4, error bars indicate standard error).
(cSP: Arabidopsis thaliana chitinase signal peptide; TSP: total soluble protein). Asterisk(s) indicate
significant differences as determined by a Welch’s t-test (*P<0.05; ** P<0.005).

Aggregation can prevent secretion of recombinant proteins into the apoplast. Therefore,
we determined the level of secretion for both cytokines at 5 dpi. As expected, IL-22 is
secreted more efficiently into the apoplast than IL-10 (P=0.003). Up to 35% of the
produced IL-22 could be isolated from the apoplast, whereas 16% of IL-10 was secreted.
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Altogether we conclude that recombinant IL-22 does not aggregate in planta, which in
turn explains the significantly higher yield of IL-22 compared to IL-10.

Secreted IL-22 is biologically active
To enable purification of IL-22 we replaced the native signal peptide with the signal
peptide of the Arabidopsis thaliana chitinase gene (cSP) followed by a N-terminal 6x
histidine tag and FLAG tag (H6F). cSP-H6F-IL-22 was expressed and purified from the leaf
apoplast at 5 dpi. Apoplast purification ensures that the N-glycan composition is as
homogenous as possible, since all proteins have passed the entire secretory pathway. Up
to 200 µg IL-22 was purified from collected apoplast fluid of 12 agroinfiltrated plants, and
analysed by SDS-PAGE and Oriole fluorescent gel staining to check purity. IL-22
produced in E. coli and HEK293 cells were taken along for comparison. Purified plantproduced IL-22 migrated as different proteins ranging from ~20-32 kDa in size (Figure 2a).
The theoretical molecular weight of H6F-IL-22 without N-glycans is 19.3 kDa and
therefore the lowest band (~20kDa) most likely represents non-glycosylated H6F-IL-22.
The higher molecular weight bands most likely represent H6F-IL-22 with different
numbers of N-glycans. Recombinant IL-22 from E. coli migrated as a single band just
above 15 kDa, which resembles the molecular weight of unglycosylated IL-22. HEK293
cell produced IL-22 migrated as different proteins ranging from ~20-32 kDa in size, just
like plant-produced IL-22. Western blot analysis with a goat polyclonal anti-IL-22
antibody almost gave an identical picture as the Oriole stained gel (Figure 2b). However,
the prominent band for plant-produced IL-22 at ~20 kDa is hardly detected by this
antibody. The band therefore does likely not only resemble non-glycosylated IL-22, but
also a contaminating plant protein.
To evaluate N-glycan maturity of plant-expressed IL-22 we treated purified IL-22 with
PNGase F in vitro. PNGase F releases all N-glycan types from a protein backbone except
for N-glycans that are core 1,3-fucosylated. Four bands were detected for H6F-IL-22 by
anti-FLAG western blot and all 4 bands were almost completely deglycosylated by
PNGase F treatment (Figure 2c). Plant-produced IL-22 most likely exists as four
differentially glycosylated proteins, either containing 0, 1, 2 or 3 N-glycans of which the
most prominent form harbours 3 N-glycans. Furthermore, these results also reveal that the
majority of the N-glycans on plant-produced IL-22 do not contain core 1,3-linked fucose.
PNGase F was therefore used to release the N-glycans from IL-22 produced in plants
or HEK293 cells and the released N-glycans were subjected to MALDI-TOF-MS analysis.
The N-glycan profile for plant-produced IL-22 consists of ~50% of typical plant complex
N-glycans (Figure 2d). Biantennary N-glycans with terminal GlcNAc residues or
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Figure 2 Purification and biological activity of plant-produced IL-22. (a) SDS-PAGE analysis under
reducing conditions followed by Oriole fluorescent gel staining of apoplast purified IL-22 (500 ng). As
controls, 500 ng of recombinant human IL-22 from E. coli or HEK293 cells was used. (b) Anti-IL-22
western blot analysis under reducing conditions of 100 ng IL-22 from E. coli, HEK293 cells or purified
from the plant apoplast. (c) Anti-FLAG western blot analysis under reducing conditions of 100 ng
apoplast purified IL-22 upon in vitro treatment with PNGase F (P). Next to the figure, the bands are
indicated for H6F-IL-22 that most likely contain 0, 1, 2 or 3 N-glycans. N-glycan composition was
analysed using MALDI-TOF-MS analysis upon PNGase F release. N-glycan profiles are given for IL-22
purified from N. benthamiana leaf apoplast fluid (d) and for IL-22 from HEK293 cells (e). Asterisk (*)
indicates peaks in the N-glycan profile that do no resemble N-glycans.
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paucimannosidic type N-glycans were found, which all contained

1,2-xylose

((GnGnX, MGnX and MMX). Interestingly, the remaining 50% of the N-glycan types
contained the Lewis A structure (for enzymatic confirmation of the Lewis A structure see
Figure S1), which is atypical for heterologous plant expressed glycoproteins. However, the
N-glycan profile does not completely reflect the native N-glycan profile as a minor
fraction of core 1,3-fucose containing N-glycans was excluded from analysis by the use
of PNGase F. The N-glycan profile for HEK293 cell produced IL-22 is given in figure 2e
and shows a heterogeneous mixture of complex N-glycans with 2 or 3 branches that
terminate in either GlcNAc, GalNAc, galactose, sialic acid and/or (sialyl-)Lewis X.
Furthermore, fucose residues are also found on the N-glycans of human cell-produced IL22 and enzymatic digestion with

(1-3,4)-fucosidase reveals that the N-glycans that

harbour only one fucose residue are hardly affected by this treatment. Therefore, the
majority of HEK293 cell-produced IL-22 is core 1,6-fucosylated (Figure S2).
To test whether plant-produced IL-22 is biologically active, we investigated the ability
of plant-produced IL-22 to induce IL-10 expression in the human colon carcinoma cell
line Colo-205 [21]. Colo-205 cells were treated overnight with plant-produced IL-22 or
recombinant IL-22 from E. coli or HEK293 cells and IL-10 expression was determined in
culture supernatants by ELISA. We did not find significant differences in activity between
IL-22 produced in plants, E. coli or HEK293 cells (Figure S3a). Plants are therefore a
suitable platform for the expression of biologically active human IL-22.

The N-glycan on Asn54 influences the composition of another N-glycan
Since unglycosylated IL-22 from E. coli is as active as N-glycosylated IL-22 from plants
and human cells, we questioned whether N-glycosylation is indeed required for IL-22
activity as has been suggested in literature [14]. As N-glycans can also play a role in
protein folding, it is possible that the N-glycan on Asn54 contributes to the folding of IL22 in vivo and/or to the folding of the region of IL-22 that is involved in IL-10R2 binding.
To investigate the role for N-glycosylation of Asn54 on IL-22 folding we transiently
expressed an IL-22N54S glycan mutant in N. benthamiana. We also co-expressed IL-22
with ER-retained PNGase F to deglycosylate IL-22 in planta as reported previously [22].
Misfolding can result in ER retention [23], which consequently leads to reduced
secretion and enrichment of oligomannose type N-glycans. Therefore, we determined the
percentage of secretion into the apoplast upon expression of IL-22, IL-22 and IL-22 with
N54S

PNGase F. Secretion efficiency increased to 50% for all three N-glycan variants upon use
of the chitinase signal peptide (Figure 3a). Co-expression of PNGase F did not influence
IL-22 yield, whereas mutagenesis of Asn54 increased yield by ~2-fold (data not shown). A
role for N-glycosylation on Asn54 in preventing misfolding is unlikely as IL-22, IL-22N54S
and deglycosylated IL-22 are equally well expressed and secreted.
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The three IL-22 N-glycan variants were purified from the apoplast and then
deglycosylated in vitro with PNGase F or Endo H. Anti-FLAG western blot was performed
to resolve their N-glycosylation pattern (Figure 3b). Western blot analysis revealed that
apoplast purified IL-22 is indeed completely deglycosylated upon co-expression of ERretained PNGase F in planta (Figure 3b, right panel). In contrast to the other IL-22 variants,
PNGase F co-expression resulted in the formation of dimers (~38 kDa) and multimers
(data not shown). This could indicate misfolding or aggregation of IL-22 in the complete
absence of N-glycans, which is possible when PNGase F removes the N-glycans before
proper folding can occur.
As expected, IL-22N54S migrates through the gel as three protein bands instead of four
and the band with the highest mass observed for IL-22 is absent. This confirms that the Nglycan on Asn54 is absent (Figure 3b, middle panel). Endo H treatment of apoplast
purified IL-22 revealed that no oligomannose type N-glycans were present on any of the
purified IL-22 N-glycan variants. This indicates that secreted IL-22 and IL-22N54S fold
correctly. Figure S4 gives a similar overview of glycosidase treatments of intracellular IL22 and IL-22N54S or when isolated from the apoplast. Intracellular IL-22 and IL-22N54S are
almost completely sensitive towards Endo H digestion, which indicates that intracellular
IL-22 carries N-glycans of the oligomannose type. Purification of apoplastic IL-22 is
therefore favoured to study the role of complex N-glycans on biological activity.
Strikingly, IL-22N54S was only partially sensitive to PNGase F digestion, because this
treatment did not increase the band intensity of the smallest band on western blot (Figure
3b, middle panel). Therefore, one of the two remaining N-glycans on IL-22N54S contains
typical plant core

1,3-fucose, which is different when compared to the heterologous

expressed native IL-22. Mutation of Asn54 therefore seems to influence core

1,3-

fucosylation of the N-glycan on Asn68 or Asn97. To confirm this difference in N-glycan
composition we released the N-glycans from IL-22 and IL-22 by PNGase A digestion and
N54S

subjected them to MALDI-TOF-MS analysis. The N-glycan profile for IL-22 reveals only
minor peaks for core 1,3-fucosylated N-glycans and confirms that the N-glycans hardly
carry this typical plant sugar residue as was shown with PNGase F digestion (Figure 3c). In
contrast, the majority of the N-glycans of IL-22 carried typical plant core 1,3-fucose,
N54S

while the amount of Lewis A was strongly reduced (Figure 3d). The presence of a Nglycan on position Asn54 therefore seem to influence the composition of another Nglycan on IL-22.
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Figure 3 N-glycosylation of Asn54 on IL-22 influences the composition of another N-glycan. (a)
Percentage of secretion of IL-22, IL-22N54S and in vivo deglycosylated IL-22 (with co-expression of
PNGase F) by determining the amount of IL-22 in apoplast fluids versus crude extracts (n=4, error
bars indicate standard error). (b) Anti-FLAG western blot analysis under reducing conditions of 100 ng
purified IL-22 or glycan variants upon in vitro treatment with PNGase F (P) or Endo H (E). N-glycan
composition was analysed using MALDI-TOF-MS analysis upon PNGase A release. N-glycan profiles
are given for IL-22 (c) and IL-22N54S (d) purified from N. benthamiana leaf apoplast fluid.
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N-glycosylation of Asn54 is not required for activity
In order to test the role of N-glycosylation on IL-22 biological activity, purified IL-22, IL22N54S and IL-22 co-expressed with ER-retained PNGase F were tested for their biological
activity using Colo-205 cells. We did not find any significant difference in the induction of
IL-10 expression in Colo-205 cells by the three glycan variants (Figure S3b). Surprisingly,
IL-22N54S was found to be active. Logsdon and co-workers previously reported IL-22N54A
and IL-22N54Q mutants that completely lacked activity [14]. Therefore we also expressed
the IL-22N54Q mutant in plants and tested it for activity. IL-22N54Q did not completely lack
activity, but was significantly less active compared to IL-22 and IL-22N54S (Figure S3c). We
therefore conclude that IL-22 activity is not dependent on the presence of a N-glycan on
Asn54, but is dependent on the amino acid situated at this position.

Engineering human-like N-glycans on IL-22
To exploit the possibility of engineering human-type N-glycosylation in plants, we
continued to investigate the effect of core 1,6-fucosylation on IL-22 activity. Thereto, we
expressed IL-22 in

XT/FT transgenic Nicotiana benthamiana plants together with mouse

1,6-fucosyltransferase with the CTS domain (C, cytoplasmic tail; T, transmembrane
domain; S, stem region) of Arabidopsis thaliana FUT11 (mFUT8). In
Nicotiana benthamiana plants the

1,3-fucosyltransferase and

XT/FT transgenic

1,2-xylosyltransferase

genes are down-regulated [15]. IL-22 was again purified from the apoplast, but this time at
3 dpi as IL-22 expression peaks at this time point when the silencing suppressor p19 is not
included. SDS-PAGE and western blot analysis revealed that engineered IL-22 also
involves four differentially N-glycosylated proteins, which were all sensitive to in vitro
PNGase F treatment (Figure 4a). This confirms the complete lack of core 1,3-fucose on
the N-glycans of engineered IL-22.
To confirm the presence of core 1,6-fucose on IL-22 we used a fucose binding lectin
from Aleuria aurantia [24]. In an ELISA-based assay it was shown that A. aurantia lectin
strongly binds to engineered IL-22 (Figure 4b). A. aurantia lectin did not bind to IL-22
expressed in wild-type or in

XT/FT transgenic plants in the absence of mFUT8.

Furthermore, we also used A. aurantia lectin on western blots to show that the lectin
strongly binds to the IL-22 variants containing 2 or 3 N-glycans (Figure 4c). The N-glycan
composition of IL-22 from

XT/FT plants was then analysed by MALDI-TOF-MS analysis

(Figure 4d/e). To exclude differences between mammalian and insect cell FUT8
specificities we included an engineering strategy where we co-expressed FUT8 from
Drosophila melanogaster (dFUT8). Figure S5 shows A. aurantia lectin binding and MALDITOF-MS analysis of IL-22 upon co-expression of dFUT8. The presence of Lewis A on the
N-glycans of IL-22 is strongly reduced when IL-22 is expressed in XT/FT plants.
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The effect of core 1,6-fucosylation on the activity of plant-produced IL-22. (a) AntiFigure 4
FLAG western blot analysis under reducing conditions of 100 ng purified IL-22 expressed in XT/FT
plants together with mFUT8. Engineered IL-22 was treated with PNGase F (P) and analysed by antiFLAG Western blot to confirm complete absence of core 1,3-fucose. (b) Binding of Aleuria aurantia
lectin to purified IL-22 produced in wild-type and XT/FT plants as determined by ELISA. (c) Western
blot analysis under reducing conditions with A. aurantia lectin to confirm core 1,6-fucosylation of
plant-produced IL-22 when expressed in XT/FT together with mFUT8. N-glycan composition was
analysed using MALDI-TOF-MS analysis upon PNGase A release and N-glycan profiles are given for
IL-22 from XT/FT plants with/without co-expression of mFUT8 (d/e).
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Upon co-expression of FUT8 (both mouse and Drosophila) approximately 60-65% of the
N-glycans on IL-22 carry core

1,6-fucose. As Asn54 carries one of the two surface

exposed N-glycans of IL-22 we expect core 1,6-fucosylation of this N-glycan to occur.

Glyco-engineering of IL-22 has no effect on activity
To investigate whether core 1,6-fucosylation contributes to the biological activity of IL22 we tested core 1,6-fucosylated IL-22 and IL-22 from wild-type plants for their ability
to induce IL-10 expression in Colo-205 cells. We did not find significant differences
between the activity of these two glycan variants of IL-22 (Figure 5a). Biological activity of
IL-22 was also not altered when FUT8 from Drosophila melanogaster was used for
engineering of core 1,6-fucose (Figure S5b). Finally, we also analysed the activation of
the transcription factor STAT3 by IL-22 in Colo-205 cells. Lysates of IL-22 treated Colo205 cells were subjected to western blotting with antibodies specific for STAT3 or
phosphorylated STAT3 at tyrosine 705 (Y705) (Figure 5b). IL-22 expressed in E. coli, wildtype plants and

XT/FT transgenic plants together with mFUT8 were identical in their

ability to activate the STAT3 signalling pathway. Together these data indicate that IL-22
activity is independent of core 1,6-fucosylation of its N-glycans.
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Figure 5 Core 1,6-fucose does not contribute to activity (a) Biological activity of engineered IL-22
as determined by the induction of IL-10 expression by Colo-205 cells after overnight treatment with
IL-22 (n=4, error bars indicate standard error). (b) Western blot analysis under reducing conditions of
intracellular STAT3 of Colo-205 cells treated with 0, 1, 10 or 100 ng/ml IL-22. Total STAT3 and
phosphorylated STAT3 at tyrosine 705 (Y705) were analysed for IL-22 from wild-type plants, glycoengineered IL-22 from plants and E. coli produced IL-22.
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Discussion
Interleukin-22 (IL-22) has only recently been recognized as a signalling molecule of the
human immune system with major therapeutic potential. Yet, when producing IL-22 for
pharmaceutical purposes care has to be taken with regard to the choice of the expression
host, notably because IL-22 activity was thought to depend on N-glycosylation [14]. A
eukaryotic expression host is therefore preferred for the production of IL-22. In this study
we evaluated the plant-based expression of IL-22 and exploited the possibility to
synthesise human-like N-glycans in plants for optimal activity. We expressed IL-22
transiently in Nicotiana benthamiana by agroinfiltration and compared its yield to human
IL-10. IL-10 is structurally similar to IL-22 and we reported previously that extensive
multimerisation of IL-10 is a major expression bottleneck for this cytokine [20]. Extensive
multimerisation of IL-10 results in the formation of large insoluble granules, but was not
observed for IL-22 in this study. The lack of aggregation may explain why IL-22 yield in
plants is ~10-fold higher than IL-10. The maximum yield obtained for IL-22 was 5.4 µg/mg
TSP (0.54%), which is relatively high for leaf-based expression of cytokines [25].
Furthermore, up to 50% of the produced IL-22 could be isolated from the apoplastic fluid,
which enabled easy purification and ensures enrichment of mature N-glycans. Plants are
therefore a suitable expression platform for human IL-22.
The first striking observation was that IL-22 produced in wild-type plants carries a
large proportion of N-glycans with terminal Lewis A motifs (Gal 1,3(Fuc 1,4)GlcNAc).
Lewis A was first described as a human blood group determinant, but has also been
reported to exist in plants [26, 27]. Lewis A harbouring glycoproteins are widely
distributed among plant species and mainly localize at the surface of the plant cell. Lewis
A was also detected on a murine monoclonal antibody expressed in Nicotiana tabacum
and on human erythropoietin expressed in either Nicotiana benthamiana or moss [28-30].
However, the presence of Lewis A on the majority of N-glycans of a heterologously
produced glycoprotein is to our knowledge a rare observation. Lewis A synthesis in plants
is still poorly understood. It requires 1,3-galactosyltransferase and this enzyme was only
recently identified in Arabidopsis thaliana [31]. Sourrouille and co-workers did show that
over-expression of human

1,4-galactosyltransferase in alfalfa inhibits not only

1,2-

xylosyltransferase and 1,3-fucosyltransferase, but also completely blocks the synthesis of
Lewis A in plants [32]. When we expressed IL-22 in XT/FT plants, the Lewis A motif was
almost completely absent. This observation, combined with the fact that our human IL-22
almost completely lacks core 1,3-fucose, suggests that the enzymes that synthesize Lewis
A in plants require the presence of 1,2-xylose. Alternatively, the silencing construct used
to target plant core

1,3-fucosyltransferase in

XT/FT plants also down-regulates the

expression of the fucosyltransferase responsible for synthesizing the Lewis A structure. IL-
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22 would be an ideal candidate to further investigate the processes of Lewis A synthesis in
plants.
In this study we also analysed the N-glycan composition of IL-22 produced by
HEK293 cells. IL-22 from HEK293 cells carries a heterogeneous mixture of complex Nglycans with 2 or 3 branches that either terminate with GlcNAc, GalNAc, galactose, sialic
acid and/or (sialyl-)Lewis X. Similarly, plant-produced IL-22 carries highly complex plant
N-glycans terminating in Lewis A structures. However, the majority of the N-glycans of IL22 from HEK293 cells carry the core

1,6-fucose suggested to be indispensible for

biological activity. Regardless of the differences in N-glycan composition, we did show
that plant-produced IL-22 retained its biological activity and that there was no difference
between IL-22 expressed in plants, bacteria or human cells. This addressed the question
whether N-glycosylation indeed plays a role in IL-22-mediated responses as reported
previously by Logsdon and co-workers [14].
Besides the difference in N-glycosylation there is another major difference between E.
coli expressed IL-22 and IL-22 from eukaryotic cells, which is the need for chemical
refolding after production in E. coli. Chemical refolding results in biologically active IL-22,
which is structurally very similar to insect cell produced IL-22 [10, 11]. However, during
in vivo protein folding in eukaryotic cells N-glycans can aid in the correct folding of a
protein and provide additional stability. This may explain the need for N-glycosylation of
IL-22 when produced in eukaryotic cells. Therefore we evaluated whether N-glycosylation
plays a role in the correct folding of IL-22 by site-directed mutagenesis of Asn54 or coexpression of PNGase F in planta. This strategy allows investigation of the role of Nglycosylation on IL-22 folding, as misfolding may result in ER-retention and/or enrichment
of oligomannose type N-glycans. The addition of an N-glycan on Asn54 is completely
abolished by mutagenesis of the N-glycosylation site and therefore cannot contribute to
protein folding. But, when co-expressing ER-retained PNGase F, N-glycans are initially
attached to the glycoprotein and can assist the folding process before being removed by
PNGase F. In case of IL-22, removal of the N-glycan on Asn54 by mutagenesis (IL-22N54S)
or complete deglycosylation with PNGase F did not result in reduced secretion,
enrichment of oligomannose type N-glycans, nor did it alter the biological activity of IL-22.
But what we did observe for IL-22 is a difference in core 1,3-fucosylation of another NN54S

glycan, most likely the N-glycan on surface exposed Asn68. The fact that mutation of
Asn54 influences core

1,3-fucosylation of other N-glycans could indicate that N-

glycosylation of Asn54 influences local folding of IL-22, making one of the other Nglycans more accessible for 1,3-fucosyltransferase.
Another advantage of PNGase F is that it deaminates asparagine to aspartic acid [25].
PNGase F therefore has the same result as site-directed mutagenesis by turning all N-X-S/T
N-glycosylation signals into D-X-S/T sites. So, in our study we have mutated IL-22 in both
IL-22N54S and, effectively, IL-22N54D without loosing biological activity. This is in contrast
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to observations with the IL-22 and IL-22 mutants, which lack both IL-10R2 binding and
N54A

N54Q

biological activity [14]. We also mutated Asn54 to a glutamine (IL-22N54Q) and in our
assay on Colo-205 cells the activity of the mutant was indeed significantly reduced, but
not completely abolished. We therefore conclude that the amino acid situated on position
54 is important for biological activity and not the presence of a N-glycan.
From the assays described above we concluded that core

1,6-fucose does not

contribute to IL-22 activity. Yet, the N-glycan composition of human cell produced IL-22
is very heterogeneous and does not resemble the N-glycan composition of previously
reported insect cell produced IL-22 [9]. Therefore we used
the co-expression of

XT/FT plants combined with

1,6-fucosyltransferase (FUT8) to engineer a more homogeneous

human-like N-glycan on IL-22 [15, 16]. As IL-22 has previously been produced in
Drosophila S2 cells, we used FUT8 from both mouse and Drosophila to exclude
differences in enzyme specificity. The N-glycan profiles for IL-22 obtained with these two
glycosyltransferases were almost identical as revealed by MALDI-TOF-MS analysis.
Therefore, we can conclude that the specificity of these two FUT8 enzymes is not
significantly different. In both cases we obtained N-glycans of which ~60-65% (two out of
three N-glycans) carried core 1,6-fucose. This is in line with the observation by Xu and
co-workers who found that there is always at least one out of three N-glycans without a
core 1,6-fucose [9]. As both Asn54 and Asn68 carry a surface exposed N-glycan it is
most likely that the N-glycan on Asn97 is not core fucosylated. Furthermore, the Nglycosylation signal of Asn97 contains the hydrophobic amino acid phenylalanine on
position X. This is in line with our previous hypothesis that hydrophobic amino acids (like
leucine and valine) within the N-X-S/T signals of human IgA inhibit core-altering
fucosyltransferases [33]. Yet, when IL-22 is produced in

XT/FT plants core

1,6-

fucosylation of IL-22 is efficient. The amount of Lewis A was strongly reduced when IL-22
was expressed in

XT/FT plants, but also when Asn54 was mutated into a serine. We

therefore speculate that the presence of Lewis A might prevent the addition of core 1,3fucose in wild-type plants. The core modifying

1,3-fucosyltransferase and

1,4-

fucosyltransferase might compete for the N-glycans on IL-22 as a donor substrate. Most
important was the observation that even though we were able to engineer homogeneous
human-like N-glycans carrying core 1,6-fucose on IL-22, we did not observe significant
differences in activity between core 1,6-fucosylated IL-22 and IL-22 produced in XT/FT
plants without co-expression of FUT8.
An important question that also needs to be addressed for pharmaceutical purposes is
whether the human-like N-glycans engineered in this study actually resemble the native
N-glycans found on human IL-22. To our knowledge, the native N-glycan composition on
serum IL-22 has not been reported. Analysing the N-glycan composition of serum
cytokines is difficult as serum cytokine levels are typically in the picogram range [34].
Nevertheless, a homogeneous N-glycan composition of IL-22 is preferred for
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pharmaceutical purposes. Unlike HEK293 cell produced IL-22, a homogeneous humanlike N-glycan composition can be obtained when producing IL-22 in plants as shown in
this study. Additionally, the N-glycans on plant-produced IL-22 carry terminal GlcNAc
residues, which is in contrast to insect cell produced IL-22 [9]. The presence of terminal
GlcNAc can protect IL-22 from internalization by antigen presenting cells via the
mannose receptor, which binds terminal mannose containing glycans [35]. This indicates
that plants might be a preferred platform for the production of IL-22.
Our study demonstrates that plants are a suitable platform for the production of
biologically active human IL-22. Furthermore, we show that plants can be used to study
the role of N-glycans on protein folding and that plants are versatile in the type of Nglycans they can synthesize. This, combined with the speed of transient expression by
means of agroinfiltration, makes Nicotiana benthamiana an excellent tool for studying the
role of N-glycans on glycoproteins.
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Experimental procedures
Construction of expression vectors
The complete open reading frame of human IL-22 was synthetically constructed by
GeneArt (Life Technologies, Bleiswijk, the Netherlands). The IL-22 sequence was flanked
by NcoI and KpnI restriction sequences at 5' and 3' ends respectively. The sequence
encoding the last two amino acids of the signal peptide where modified to a NheI
restricition site without changing the amino acid sequence. The IL-22 sequence was
inserted into the pHYG plant expression vector by NcoI/KpnI [20].
To create a GFP fusion of IL-22 an AscI/SacI 35S promoter-cSP-GFP fragment was
isolated from pHYG-cSP-GFP and used to replace the 35S-Fc sequence in pHYG-hFc IL-10 (both vectors were previously published, [20]). The sequence for hIL-10 was then
removed by SpeI/KpnI and replaced by a NheI-KpnI fragment of IL-22. This creates a cSPGFP-IL-22 construct where IL-22 and GFP are separated by a glycine-serine linker.
To create a tagged version of IL-22 for purification purposes, the Arabidopsis chitinase
signal peptide (cSP) followed by a 6x histidine and FLAG tag were synthetically
constructed by GeneArt (Life Technologies). The cSP-H6F fragment was used to replace
the native IL-22 signal peptide in the pHYG expression vector (cSP-H6F-IL-22) using
NcoI/NheI restriction sites. cSP-H6F-IL-22N54S and cSP-H6F-IL-22N54Q were created by
means of overlap extension PCR.
PNGase F from Flavobacterium meningosepticum with a N-terminal chitinase signal
peptide (cSP) and a C-terminal FLAG tag and KDEL ER-retention signal was codon
optimized and the full gene was synthesized by GeneArt (Life Technologies) and
subsequently cloned into pBINPLUS [36].
Fucosyltransferase 8 from Drosophila melanogaster (dFUT8) was amplified from cDNA
(kindly provided Christina May from the Genetics department at Wageningen University).
Subsequently, dFUT8 was cloned into the pBINPLUS expression vector.
Expression of all genes was driven by the 35S promoter of the Cauliflower mosaic virus
with duplicated enhancer (d35S) and the Agrobacterium tumefaciens nopaline synthase
transcription terminator (Tnos). In most experiments the silencing suppressor p19 from
tomato bushy stunt virus in pBIN61 was co-infiltrated to prevent yield loss after 3 dpi [37].
For glyco-engineering of IL-22 an expression vector for mouse 1,6-fucosyltransferase 8
fused to the CTS region of the Arabidopsis thaliana FUT11 gene (mFUT8) and

XT/FT

Nicotiana benthamiana plants were used [15, 16]. P19 was never co-expressed with IL-22
in

XT/FT plants to avoid possible loss of silencing of xylosyltransferase and

fucosyltransferase.
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Agroinfiltration of Nicotiana benthamiana
Agrobacterium tumefaciens clones were cultured for 16 hours at 28°C/250 rpm in LB
medium containing 50 µg/ml kanamycin, 20 µg/ml rifampicin and 20µM acetosyringone.
The bacteria were resuspended in MMA infiltration medium (20g/l sucrose, 5g/l MS-salts,
1.95g/l MES, pH5.6) containing 200µM acetosyringone to an optical density (OD) of 0.5-1.
For co-infiltration experiments with Agrobacterium harbouring the mFUT8 expression
vector or PNGase F expression vector a final OD of 0.1 was used. After 1-2 hours
incubation at room temperature leaves of 5-6 weeks old Nicotiana benthamiana plants
were infiltrated.

Confocal microscopy
Plants were agroinfiltrated with A. tumefaciens harbouring the expression vector encoding
a N-terminal fusion of GFP to IL-22 as described above. Leaves were harvested 3 days
post infiltration and were examined from the abaxial side using a Zeiss LSM510 confocal
laser-scanning microscope in combination with an argon ion laser supplying a 488 nm
wavelength.

Total soluble protein extraction
Leaves were snap-frozen upon harvesting and homogenized in liquid nitrogen.
Homogenized plant material was ground in ice-cold extraction buffer (50mM phosphatebuffered saline (pH=8), 100 mM NaCl, 0.1% v/v Tween-20 and 2% w/v immobilized
polyvinylpolypyrrolidone (PVPP)) using 2 ml buffer per gram fresh leaf weight. Crude
extracts were clarified by centrifugation at 16.000xg at 4°C.

Isolation of apoplast fluid
Leaves were vacuum infiltrated with ice-cold extraction buffer (50mM phosphate-buffered
saline (pH=8), 100 mM NaCl and 0.1% v/v Tween-20). Leaves were centrifuged for 20
min. at 2000xg to isolate apoplast fluid. Apoplast fluids were clarified by centrifugation at
16.000xg at 4°C. To determine the percentage of secretion, the remaining leaf material
was processed as described above.

Quantification of cytokine yield
IL-10 and IL-22 protein concentrations in crude plant extract or apoplast fluids were
determined by ELISA. Human IL-10 or IL-22 Ready-SET-Go!® ELISA kits (eBioscience;
Vienna, Austria) were used according to supplier's protocol. For sample comparison the
total soluble protein (TSP) content was determined by the BCA method (Life Technologies)
according to supplier’s protocol using bovine serum albumin (BSA) as a standard.
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Purification of IL-22
Plant-produced IL-22 was purified from apoplast fluids using Ni-NTA Sepharose
(Westburg B.V., Leusden, The Netherlands). Apoplast fluid was transferred over G25
Sephadex columns to exchange for Ni-NTA binding buffer (50 mM phosphate buffered
saline (pH 8) containing 100 mM NaCl). Ni-NTA Sepharose was incubated with the
apoplast fluid for 30 minutes, followed by 3 washing steps with binding buffer. IL-22 was
eluted from the Ni-NTA Sepharose using binding buffer supplemented with 0.5M
imidazole. Finally, purified IL-22 was dialysed against PBS.

Protein analysis and western blot
Purified IL-22 was separated under reducing conditions by SDS-PAGE on a 12% Bis-Tris
gel. To analyse purity of the proteins, the gel was stained with Oriole Fluorescent Gel
Stain (Bio-Rad). Recombinant human IL-22 from E. coli (R&D Systems; Abingdon, UK) or
HEK293 cells (Bioké; Leiden, The Netherlands) were used as controls. For western blotting,
proteins were transferred to a PVDF membrane. For visualisation HRP conjugated antiFLAG M2 antibody (Sigma-Aldrich; Zwijndrecht, the Netherlands) or a goat polyclonal
antibody directed against human IL-22 (R&D Systems) followed by incubation with a
HRP-conjugated secondary antibody (Jackson ImmunoResearch, Suffolk, UK) were used.
SuperSignal West Femto or Dura substrate (Thermo Fisher Scientific; Etten-Leur, the
Netherlands) was used to detect HRP-conjugated antibodies in the G:BOX Chemi System
(Syngene; Cambridge, UK).

N-glycan analysis of IL-22
IL-22 was deglycosylated with PNGase F or Endo H (both from Bioké) to screen for the
presence

of

plant-specific

1,3-fucose

or

oligomannose

sugars,

respectively.

Deglycosylated IL-22 was then detected by western blot. Biotinylated Aleuria aurantia
lectin (Brunschwig Chemie; Amsterdam, The Netherlands) was used to confirm the
presence of 1,6-fucose on engineered IL-22. A 96 wells plate was used to coat IL-22
overnight at a concentration of 100 ng/ml. The plate was then blocked with 1% w/v BSA
in PBST and all subsequent steps were performed in blocking buffer. Biotinylated lectin (2
µg/ml) was loaded onto the ELISA plate and the procedure was continued according to the
IL-22 ELISA (eBioscience). Biotinylated Aleuria aurantia lectin was also used to detect
1,6-fucose on 100 ng IL-22 upon blotting using the same conditions as in the ELISA.
For N-glycan analysis, glycans were released from 5-10 µg IL-22 by PNGase F
digestion (Bioké). Alternatively, IL-22 was digested with trypsin (Sigma-Aldrich) followed
by N-glycan release with 0.5 mU PNGase A (Roche, Woerden, the Netherlands). Released
N-glycans were purified over C18 Baker-bond SPE cartridges (VWR, Amsterdam, the
TM

Netherlands) and subsequent Extract Clean Carbo SPE columns (Grace, Breda, the
TM

Netherlands). N-glycans were labelled with anthranilic acid (AA) (Sigma-Aldrich), desalted
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over Biogel P10 (BioRad). MALDI-TOF-MS analysis and fucosidase treatment was
performed as previously described [38]. Illustrations of different glycoforms and sugar
residues are given in Figure S6 to complement the N-glycan profiles.

Biological activity assay
Human Colo-205 colon epithelial cells (CLS Cell Lines Service GmbH; Eppelheim,
Germany) were maintained at 37°C with 5% CO2 in RPMI-1640 medium containing 4 mM
L-glutamine, 25 mM HEPES and supplemented with 10% fetal calf serum, 50 µM

-

mercaptoethanol, 50 U/ml penicillin and 50 µg/ml streptomycin. Colo-205 cells were
harvested by trypsinisation and seeded at a density of 3.0x105 cells/ml in 96 well plates
and were allowed to rest overnight. For bioassays cells were treated with 0.001-10 ng/ml
plant produced IL-22 or recombinant IL-22 from E. coli (R&D Systems) or HEK293 cells
(Bioké). After overnight incubation, expression of human IL-10 was analysed using the
Human IL-10 Ready-Set-Go!® ELISA kit (eBioscience) according to the supplier’s protocol.

STAT3 activation
3x106 Colo-205 cells were treated for 20 min. with IL-22 (0, 1, 10 or 100 ng/ml). Cells
were then washed with PBS and lysed using 1x Cell Lysis Buffer (Bioké). Total soluble
protein content in the lysates was determined by the BCA method (Life Technologies) and
10 µg total protein was separated on 12% Bis-Tris gels. Monoclonal antibodies specific for
STAT3, and phospho-STAT3Y705 (both from Bioké) and HRP-conjugated secondary
antibody (Jackson ImmunoResearch) were used for western blotting as described above.
All antibodies were diluted in PBST containing 1% w/v BSA.

Data analysis
All data shown in the figures indicate the average of at least three biological replicates (n),
which is indicated in the figure legends. Significant differences were calculated with a
Welch’s t-test and regarded significant when P<0.05. Significant differences are indicated
in the figures by an asterisk(s) (P<0.05 = * and P<0.005 = **).
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Supplemental Figures

Figure S1 Enzymatic confirmation of the presence of Lewis A structures on IL-22. N-glycans from
purified IL-22 were analysed by MALDI-TOF-MS upon PNGase F release of N-glycans. (a) N-glycan
profile for purified IL-22 from wild-type N. benthamiana plants. (b) Profile of the same N-glycans
upon treatment with (1-3,6)-galactosidase and (1-3,4)-fucosidase both from Xanthomonas
manihotis.
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Figure S2 Enzymatic confirmation of the presence of core 1,6-fucose on IL-22. N-glycans from
purified IL-22 were analysed by MALDI-TOF-MS upon PNGase F release of N-glycans. (a) N-glycan
profile for IL-22 from HEK293 cells. (b) Profile of the same N-glycans upon treatment with (1-3,4)fucosidase both from Xanthomonas manihotis.
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Figure S3 Biological activity of recombinant E. coli, HEK293 and plant-produced IL-22 variants.
Biological activity of IL-22 as determined by the induction of IL-10 expression by Colo-205 colon
carcinoma cells after overnight treatment with IL-22. As controls, recombinant human IL-22 from E.
coli or HEK293 cells were used (n=4, error bars indicate standard error). Asterisk (*) indicate P<0.05.
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Comparison of N-glycan maturity of intracellular and apoplastic IL-22. Anti-FLAG
western blot analysis of 100 ng IL-22 under reducing conditions. IL-22 and IL-22N54S were isolated
from the apoplast, followed by crude extraction to obtain intracellular fractions of IL-22. N-glycan
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Figure S5 Comparison of core 1,6-fucosylation of IL-22 by FUT8 from mice and Drosophila. (a)
Binding of Aleuria aurantia lectin to purified IL-22 produced in XT/FT plants upon co-expression of
mFUT8 or dFUT8. PNGase F deglycosylated anti-IL-22 antibody was used to capture plant-produced
IL-22, followed by detection with A. aurantia lectin. (b) Biological activity of engineered IL-22 as
determined by the induction of IL-10 expression in Colo-205 cells after overnight treatment with IL22 (n=3, error bars indicate standard error). (c) N-glycan profile for IL-22 from XT/FT plants upon
co-expression of dFUT8.
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Abstract
Schistosoma mansoni is a parasitic trematode that, like other helminths, secretes
immunomodulatory proteins. These secreted proteins are main topics of research as they
are possible vaccine candidates or may have therapeutic potential to treat inflammatory
disorders. Many helminth secretory proteins carry complex N-glycans, but the exact role
of these N-glycans on immunomodulatory properties remains to be elucidated. As the
purification of a single glycoprotein from S. mansoni is inefficient and unsustainable, a
platform is required that enables production of such glycoproteins. Here we show that S.
mansoni-derived glycoproteins can be efficiently produced in plants. Furthermore, we
have engineered the plant glycosylation machinery to synthesise N-glycans carrying
structures like Lewis X or LDNF. Altogether, our results demonstrate that plants are an
excellent platform for the expression of helminth glycoproteins with their native Nglycans. This opens up a new field of research and might lead to the identification of
novel therapeutic targets.
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Introduction
Over the last few decades the incidence of immune-mediated diseases, like inflammatory
bowel disease, various allergies, asthma, multiple sclerosis and autoimmune (type 1)
diabetes, has strongly increased in industrialised countries. Interestingly, there is an
inverse correlation between the occurrences of these immune-mediated diseases with
parasitic helminth infections. Helminths are complex multicellular organisms that upon
infection of their host are masters in modulating their host's immune system. The
trematode Schistosoma mansoni is one of the best-studied helminths and the ability of S.
mansoni eggs to induce strong Th2 responses in humans and experimental animal models
is well documented [1, 2]. The protective effect of infection with S. mansoni against
immune-mediated disease was tested in several animal models for human diseases. For
instance, S. mansoni was shown to protect mice against TNBS-induced colitis [3],
allergen-induced airway hyperreactivity [4], autoimmune encephalitis [4, 5] and
autoimmune diabetes [6, 7]. Protection against immune-mediated diseases was associated
with the down-regulation of Th1-type cytokines (IFN-

and IL-12) and increased

expression of regulatory and Th2-type cytokines (IL-4, IL-10 and/or IL-13). However, more
information is required to better understand how helminths, like S. mansoni, modulate
their host's immune system. Knowledge on helminth-secreted proteins that play a key role
in immunomodulation could ultimately lead to the identification of new therapeutic
targets for the treatment of several immune-mediated diseases.
Immune modulation during helminth infection is mediated by a variety of proteins that
are secreted by the cercariae (larvae), worms and/or their eggs [8]. The mix of soluble egg
antigens from S. mansoni (SEA) is well known for its capacity to promote Th2 responses,
however, S. mansoni eggs secrete several proteins and not all these proteins are
functionally characterised [9, 10]. The purification and functional characterisation of a
single protein from SEA is difficult, because only limited amounts can be obtained.
Therefore, an expression platform is required that enables the production of helminth
secreted proteins in large quantities.
Recently omega-1 was identified as the major component in S. mansoni eggs that is
responsible for conditioning dendritic cells (DC's) for Th2 polarisation [11-13]. Omega-1
is a glycoprotein secreted by the eggs of S. mansoni and has T2 ribonuclease activity. Sitedirected mutagenesis of the catalytic domain or the two potential N-glycosylation sites of
omega-1 demonstrated that the priming of Th2 responses by omega-1 treated DC's was
dependent on its RNase activity as well as its N-glycosylation [14]. The major N-glycans
identified on S. mansoni-derived omega-1 are core-difucosylated diantennary N-glycans
with one or two terminal Lewis X structures [15]. Omega-1 was shown to bind to several
C-type lectin receptors, but the mannose receptor (CD206) was shown to be crucial for
internalisation into DC's and subsequent polarisation of Th2 cells [14]. Another major
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antigen found in SEA is kappa-5. Kappa-5 is a glycoprotein with unknown function, but
harbours N-glycans distinct from omega-1 [16, 17]. Kappa-5 carries triantennary Nglycans with terminal LDN structures, and to a lesser extent LDNF, thereby targeting the
C-type lectin receptor macrophage galactose lectin (MGL) [16].
Besides omega-1 and kappa-5 several SEA components have been shown to interact
with antigen presenting cells via a range of C-type lectin receptors and in many cases this
interaction is thought to be important for shaping immune responses during
schistosomiasis [18]. As the interaction with distinct C-type lectin receptors can influence
the outcome of the immune response that is initiated by a certain SEA protein, it is crucial
for the functional characterisation of these proteins that they carry appropriate N-glycan
structures. Therefore, an expression platform is required that not only enables high
expression of helminth glycoproteins, but should also be capable to synthesize native
helminth N-glycan structures.
In the last two decades, plants have emerged as a promising expression platform for
the production of recombinant proteins. An added value of plants as expression platform
is the possibility to engineer the N-glycosylation machinery. This has been surprisingly
successful because plants have demonstrated a high degree of tolerance towards changes
in the glycosylation pathway. Thus the modification of recombinant glycoproteins in a
specific and controlled manner is enabled [19]. Notably research on humanising Nglycans in plants has advanced over the last couple of years. Transgenic plants lacking
non-human

1,3-fucose and

1,2-xylose sugar residues on their N-glycans have been

generated ( XT/FT plants) and typical mammalian core 1,6-fucose can be engineered in
plants as well [20, 21]. Lewis X structures have been synthesised before in Nicotiana
tabacum by stably expressing a hybrid

1,4-galactosyltransferase and a hybrid

1,3-

fucosyltransferase IXa that were targeted to the medial-Golgi compartment [22]. However,
these N-glycans were of a hybrid type as they only contained one antenna with a Lewis X
structure and another antenna containing mannoses. The formation of hybrid N-glycans
was attributed to the incorrect targeting of the glycosyltransferases. In contrast, targeting
human

1,4-galactosyltransferase to the trans-Golgi compartment in

XT/FT plants

allowed the generation of monoclonal antibodies with diantennary N-glycans containing
two terminal galactose residues [23]. Engineering plants to synthesize N-glycans with
terminal N-acetylgalactosamine residues (GalNAc or LDN) has to our knowledge never
been reported. On the other hand, GalNAc containing O-glycans have been synthesized
successfully in plants [24-26].
In this study we investigated the suitability of plants as expression platform for S.
mansoni-derived glycoproteins and the possibility to engineer the N-glycosylation
machinery such that diantennary N-glycans can be synthesized that carry either Lewis X
or LDN(F) structures. Our work demonstrates that plants are able to produce helminth
glycoproteins in large quantities and due to their efficient secretion can be easily purified
from the apoplast. We also show that both Lewis X and LDN(F) structures can be
efficiently engineered in wild-type plants.
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Results
Plants are an excellent expression host for S. mansoni-derived glycoproteins
In order to achieve high expression for Schistosoma mansoni-derived glycoproteins we
applied in-house codon optimization to the native omega-1 and kappa-5 genes. Codon
optimisation was applied as the GC-content of the native omega-1 and kappa-5 genes are
~40% and plants generally prefer a higher GC-content in their highly expressed genes
[27]. The mature protein sequences were preceded by the Arabidopsis thaliana chitinase
signal peptide for secretion followed by a N-terminal 6x histidine-tag and FLAG-tag (H6F).
Expression was achieved by agroinfiltration of Nicotiana benthamiana plants, while coexpressing the p19 silencing suppressor of tomato bushy stunt virus.
Expression of omega-1 and kappa-5 was analysed in crude plant extracts at 3, 5 and 7
days post infiltration (dpi) using anti-FLAG western blots. Omega-1 migrated as two bands
between 25 and 37 kDa, which were detected at all three time points with greatest band
intensity at dpi 5 (Figure 1a). The theoretical molecular weight of omega-1 is ~27 kDa, but
omega-1 harbours two N-glycosylation sites. Thus, the two bands most likely represent
intact omega-1, but with a different number of N-glycans. Kappa-5 was detected as a
dominant band between 37 and 50 kDa and, like omega-1, its accumulation peaks at 5
dpi (Figure 1e). The theoretical molecular weight of kappa-5 is ~35 kDa, but kappa-5
harbours four N-glycosylation sites. Therefore, the dominant band most likely represents
intact kappa-5 with at least 3 N-glycans. Furthermore, a weaker band was detected as well
above 75 kDa and this band most likely represents dimeric kappa-5.
Next we tested whether omega-1 and kappa-5 are efficiently secreted from plant cells
into the apoplast. At 5 dpi we isolated apoplast fluids from infiltrated leaves and used the
remaining leaf material to prepare crude extracts. Samples containing either omega-1 or
kappa-5 were analysed by SDS-PAGE and Coomassie staining (Figure 1b and f,
respectively). Strikingly, the majority of both plant-produced helminth glycoproteins
(>90%) was recovered from the apoplast. This means that both omega-1 and kappa-5 are
secreted with high efficiency. Only few endogenous proteins are present in the apoplast
fluids and upon expression of omega-1 or kappa-5, they became the predominant protein
constituting >50% of total soluble protein.
Since omega-1 was characterised as a T2 ribonuclease (RNase), purified omega-1 was
analysed for its RNase activity. Purified omega-1 was used in a RNA break down assay
using total RNA from mouse bone marrow-derived dendritic cells. A mutant of omega-1,
which should lack RNase activity (omega-1H58F) [14], was also expressed in plants,
purified, and tested for activity. Figure 1d shows that purified omega-1 from plants is able
to break down total RNA from mouse dendritic cells, whereas the omega-1H58F mutant did
not.
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Figure 1 ! Analysis of omega-1 and kappa-5 expressed in N. benthamiana plants. (a) Anti-FLAG
western blot analysis under reducing conditions of 1 µg total protein from crude plant extracts for
omega-1 or (ω1) empty vector (EV) infiltrated plants 3, 5 and 7 days post infiltration (dpi). (b). SDSPAGE analysis under reducing conditions and Coomassie staining of 2.5 µl of crude extract (CE) or
apoplast fluid (AF) from omega-1 or EV infiltrated plants. (c) SDS-PAGE analysis under reducing
conditions and Coomassie staining of 2 µg purified omega-1. (d) RNase breakdown assay of total
RNA from mouse bone marrow-derived dendritic cells using 500 ng purified omega-1 and omega1H58F. RNase A was used a positive control. (e) Anti-FLAG western blot analysis under reducing
conditions of 1 µg total soluble proteins from crude plant extracts for kappa-5 (κ5) or empty vector
(EV) infiltrated plants 3, 5 and 7 days post infiltration (dpi). (f). SDS-PAGE analysis under reducing
conditions and Coomassie staining of 2.5 µl of crude extract (CE) or apoplast fluid (AF) from kappa-5
or EV infiltrated plants or 2 µg of purified kappa-5.

This indicates that plant-produced omega-1 has RNase activity. Taken together our data
show that plants offer an excellent expression platform for the production of large
quantities of S. mansoni-derived glycoproteins. Furthermore, both omega-1 and kappa-5
are secreted into the apoplast with high efficiency, thereby enabling easy purification of
these helminth glycoproteins.
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Omega-1 and kappa-5 are differentially N-glycosylated
To assess the N-glycan composition of both omega-1 and kappa-5 from wild-type plants
we performed N-glycan analysis. Tryptic peptides were prepared from purified omega-1
and kappa-5 and N-glycans were released by PNGase A digestion. The N-glycosylation
profile was determined by matrix assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF-MS). A representative N-glycan profile for omega-1 isolated
from apoplast fluid is shown in Figure 2a. The predominant N-glycan type found on
omega-1 is a typical plant complex N-glycan for secreted proteins with β1,2-xylose and
core α1,3-fucose. Yet, the N-glycans of omega-1 lack terminal GlcNAc residues putatively
due to β-hexosaminidase activity in the apoplast (paucimannosidic type N-glycan;
MMXF3). For apoplastic kappa-5 a representative N-glycan profile is shown in Figure 2b.
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Figure 2 ! N-glycan profiles for omega-1 and kappa-5 expressed in N. benthamiana plants. Nglycans were analysed using MALDI-TOF-MS analysis upon tryptic digestion and PNGase A release
of N-glycans. N-glycan profiles are given for omega-1 (a) and kappa-5 (b), which were purified from
the apoplast of wild-type N. benthamiana plants. Each N-glycan profile is accompanied by an image
of in vitro digestion with PNGase F (P) and Endo H (E) as analysed by anti-FLAG western blotting.
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The predominant N-glycan type found on kappa-5 is also a typical plant complex Nglycan for secreted proteins with 1,2-xylose and core 1,3-fucose (GnGnXF). However,
in contrast to omega-1, the N-glycans on kappa-5 do not lack terminal GlcNAc residues.
So, even though omega-1 and kappa-5 are both isolated and purified from the apoplast,
their N-glycans seem to reveal differences in sensitivity towards

-hexosaminidase

activity.

Glyco-engineering of omega-1 results in hybrid Lewis X-type N-glycans
A major fraction of S. mansoni-derived omega-1 harbours diantennary N-glycans that
carry Lewis X structures. We set out to engineer Lewis X type N-glycans in wild-type N.
benthamiana plants. Lewis X carrying N-glycans were previously synthesised in N.
tabacum, but resulted in the formation of hybrid Lewis X-type N-glycans due to medialGolgi targeting [22]. In our study we used 1,3-fucosyltransferase IXa from pufferfish and
1,4-galactosyltransferase 1 from zebrafish. Both genes were genetically fused with the
CTS domain (C, cytoplasmic tail; T, transmembrane domain; S, stem region) of rat 2,6sialyltransferase for trans-Golgi targeting and from here forward named sialFucT and
sialGalT, respectively. We co-expressed both glycosyltransferases together with omega-1
and the p19 silencing suppressor in plants. Omega-1 was purified from the apoplast and
N-glycan composition was analysed as described in the previous section. A representative
N-glycan profile is shown in Figure 3a. The major N-glycan found on omega-1 upon coexpression of sialFucT and sialGalT consisted of one antenna carrying Lewis X, while the
other antenna carried two additional mannoses (hybrid Lewis X). Furthermore, plant
specific 1,2-xylose and core 1,3-fucose were absent. Besides the hybrid Lewis X-type Nglycan we also observed a smaller fraction of mannose-enriched N-glycans (Man5). To
complement the N-glycan profile, omega-1 was deglycosylated with PNGase F and Endo
H to confirm the presence or absence of core 1,3-fucose or oligomannose/hybrid type Nglycans, respectively. In the upper right corner of the N-glycan profile, the deglycosylation
of omega-1 is shown upon anti-FLAG western blotting. Deglycosylation with PNGase F or
Endo H coincides with the obtained N-glycan profile. N-glycans carrying Lewis X
structures are formed upon co-expression of sialFucT and sialGalT, but surprisingly are
still of the hybrid Lewis X-type as reported by Rouwendal and co-workers [22].

Over-expression of sialGalT results in hybrid Lewis X-type N-glycans
Over-expression of a glycosyltransferase might result in overflow of the glycosyltransferase
into other Golgi sub-compartments. In our case, our glycosyltransferases might therefore
not be restricted to the trans-Golgi only. Activity of

1,4-galactosyltransferase in the

medial-Golgi may interfere with -mannosidase II activity in this compartment resulting in
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Figure 3 Screening for hybrid Lewis X-type N-glycans. (a) N-glycan profile for omega-1 upon coexpression of sialFucT and sialGalT. N-glycans were analysed using MALDI-TOF-MS analysis upon
tryptic digestion and PNGase A release of N-glycans. The N-glycan profile is accompanied by an
image of in vitro digestion with PNGase F (P) and Endo H (E) as analysed by anti-FLAG western
blotting. (b) Anti-FLAG western blot analysis of Endo H treated apoplast fluids for omega-1 expressed
in wild-type plants while co-expressing 35S:sialFucT and 35S:sialGalT at different ratios of
Agrobacterium cultures. Optical densities (OD) of 0.5-0.05 were used. (c) Anti-FLAG western blot
analysis of Endo H treated apoplast fluids for omega-1 expressed in wild-type plants while coexpressing 35S:sialFucT and Gpa2:sialGalT (using an OD of 0.5-0.1) to lower sialGalT expression. (d)
Anti-HRP western blot analysis of purified omega-1 expressed in wild-type plants or engineered
omega-1 while co-expressing 35S:sialFucT (OD=0.1) with either d35S:sialGalT or Gpa2:sialGalT
(using an OD of 0.5).

the formation hybrid N-glycans [28]. As Endo H was capable of cleaving off hybrid Lewis
X-type N-glycans, we employed Endo H digestion to investigate if over-expression of 1,4galactosyltransferase causes the formation of these hybrid N-glycans. We co-expressed
omega-1 with sialFucT and sialGalT, but used different ratio's for the Agrobacterium
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cultures of these two glycosyltransferases. By scaling down optical densities of
Agrobacterium cultures (testing an OD-range from 0.5 to 0.05) we assume the expression
of either sialFucT or sialGalT can be reduced. Apoplast fluids were harvested at 5 dpi and
were treated with Endo H. The cleavage of hybrid N-glycans by Endo H was analysed
using anti-FLAG western blots (Figure 3b). When using an optical density of 0.5 for both
glycosyltransferases, omega-1 migrates slightly higher in the SDS-PAGE gel than omega-1
expressed without co-expression of both glycosyltransferases, indicating a higher N-glycan
mass. Upon treatment with Endo H the majority of omega-1 is deglycosylated, which
confirms the presence of oligomannose- and/or hybrid-type N-glycans. When the optical
density for sialGalT was lowered to 0.1 or 0.05, Endo H was only capable of cleaving a
part of the N-glycans from omega-1. Lowering the expression of sialFucT did not have this
effect. This observation supports the hypothesis that the over-expression of sialGalT, but
not sialFucT, is linked to the formation of hybrid Lewis X N-glycans.
We also tested whether controlled expression of sialGalT by using a weaker promoter
could prevent the formation of hybrid N-glycans completely. We chose the promoter
region of the potato resistance gene Gpa2 to control the expression of sialGalT, because
resistance genes are constitutively expressed at a low level. Co-expression of omega-1
with sialFucT and sialGalT, the latter being controlled by the Gpa2 promoter region,
resulted in the production of omega-1 that was hardly sensitive to Endo H (Figure 3c).
Next, western blot analysis with a rabbit anti-HRP antibody, which specifically binds to
plant 1,2-xylose and core 1,3-fucose, was performed as hybrid glycans do not carry
these typical plant sugar residues (Figure 3d). As expected the anti-HRP antibody bound
strongly to omega-1 from wild-type plants, but not to omega-1 co-expressed with the
d35S:sialGalT construct. When the Gpa2:sialGalT construct was used, the N-glycans on
omega-1 were insensitive towards Endo H digestion and carried typical plant sugars again.
We therefore conclude that by co-expressing the Gpa2:sialGalT construct omega-1 does
not receive hybrid-type N-glycans. However, the question is whether sialGalT expression
controlled by the Gpa2 promoter is still high enough to facilitate efficient galactosylation.

Controlled expression of sialGalT enables synthesis of non-hybrid Lewis X
To investigate if omega-1 carries diantennary N-glycans with terminal Lewis X structures
upon co-expression with 35S:sialFucT and Gpa2:sialGalT we analysed the N-glycan
composition. N-glycans were prepared as described above and a representative N-glycan
profile is shown in Figure 4a. The predominant N-glycan type found on omega-1 upon
Lewis X engineering is still the typical plant paucimannosidic N-glycan. However, by
using this engineering strategy a significant proportion of diantennary N-glycans carrying
Lewis X structures was also found. On top of that, several intermediate N-glycans
containing antennae with a single Lewis X structure and/or a terminal galactose residue
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Figure 4 N-glycan profiles for omega-1 ( 1) carrying Lewis X structures. N-glycans from purified
omega-1 were analysed by MALDI-TOF-MS upon tryptic digestion and PNGase A release of Nglycans. (a) N-glycan profile for omega-1 from wild-type N. benthamiana plants upon co-expression
of d35S:sialFucT (OD=0.1) and Gpa2:sialGalT (OD=0.5). Sugar residues for which the position is not
completely clear are placed between brackets. (b) N-glycan profile for omega-1 from wild-type N.
benthamiana plants upon co-expression of d35S:sialFucT (OD=0.1) and Gpa2:sialGalT (OD=0.5),
but the latter being expressed using the pHYG vector.

were found as well. Strikingly, all N-glycan structures contained typical plant 1,2-xylose.
None of them were of the hybrid type carrying additional mannose residues on the 1,6mannosyl branch. The most likely reason for the presence of mainly plant wild-type Nglycans on omega-1 when co-expressing 35S:sialFucT and Gpa2:sialGalT in pBIN is low
galactosylation efficiency. We therefore attempted to increase the expression level by
transferring the Gpa2:sialGalT expression cassette from the pBIN to pHYG expression
vector. The pHYG expression vector generally gives more mRNA transcript levels for a
heterologously expressed gene due to its smaller size and higher copy number in bacteria
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(unpublished data). N-glycans were prepared as described before and a representative Nglycan profile is shown in Figure 4b. The predominant N-glycan found on omega1 with
this strategy is a complex N-glycan with

1,2-xylose and carrying a single Lewis X

structure, but lacking a second terminal GlcNAc and core

1,3-fucose. Only marginal

fractions of paucimannosidic N-glycans, hybrid Lewis X-type N-glycans and N-glycans
carrying two Lewis X structures were detected. Treatment with (1-4,6)-galactosidase from
jack bean confirmed that

95% of the N-glycans indeed carried Lewis X (Figure S1).

Altogether, we conclude that synthesis of non-hybrid N-glycans carrying Lewis X
structures can be achieved in wild-type N. benthamiana plants, but depends on the tightly
controlled expression of 1,4-galactosyltransferase.

Engineering of LDN(F) carrying N-glycans in plants
S. mansoni-derived kappa-5 mainly harbours N-glycans that carry terminal LDN and
LDNF structures [16]. The synthesis of GalNAc containing O-glycans was performed
previously in plants by several groups [24-26], but the enzymes that are required remain a
matter of debate. To engineer GalNAc containing N-glycans we investigated the
requirement of a C4 epimerase (converts UDP-GlcNAc into UDP-GalNAc in the cytosol)
and Golgi-transporters for the UDP-GalNAc substrate. Furthermore, we investigated the
effect of a CTS domain for trans-Golgi targeting. We co-expressed kappa-5 with different
combinations of the following enzymes: native

1,4-N-acetylgalactosaminyltransferase

(GalNAcT) from C. elegans, trans-Golgi targeted GalNAcT (sialGalNAcT), UDP-GalNAc
transporters (nstp-4, nstp-5 and sqv-7) from C. elegans, and/or a codon optimised C4
epimerase from Pseudomonas aeruginosa (WbpP) [26]. Total soluble proteins were
isolated from the leaf apoplast and coated on 96 well ELISA plates. Biotinylated agglutinin
from soybean (SBA) was used to screen for the presence of terminal LDN structures. Figure
5a shows that SBA bound specifically to the N-glycans of apoplastic plant proteins upon
co-expression of GalNAcT. However, the use of a trans-Golgi targeting CTS domain for
GalNAcT (sialGalNAcT) did not result in the synthesis of LDN. Furthermore, we can
conclude that co-expression of a C4 epimerase increased the binding of SBA. Coexpression of a C4 epimerase could therefore increase the efficiency of LDN synthesis by
raising the cellular pool of the UDP-GalNAc substrate. On the other hand, co-expression
of different GalNAc transporters only influenced SBA binding in a negative way
depending on the transporter used. Co-expression of GalNAcT along with kappa-5 would
therefore be sufficient to synthesize LDN carrying N-glycans, but whether co-expression
of a C4 epimerase is required, needs further investigation.
Next, kappa-5 was purified from the apoplast and SBA was used to check for the
presence of LDN structures on the N-glycans of purified kappa-5 (Figure 5b). SBA bound
strongly to the N-glycans of kappa-5 upon co-expression of GalNAcT as was observed for
total apoplast proteins containing kappa-5. Co-expression of a C4 epimerase hardly
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Figure 5 Engineering of LDN(F) carrying N-glycans in plants. (a) Soybean agglutinin (SBA) binding
assay on total soluble proteins from apoplast fluid (1 µg/ml) to determine which enzymes are required
for the synthesis of LDN carrying N-glycans. Apoplast proteins were treated with 5 µg/ml biotinylated
SBA. (b) SBA binding to purified kappa-5 upon co-expression of sialFucT and/or GalNAcT (black
bars), as well as C4 epimerase (grey bars). N-glycan profiles obtained upon MALDI-TOF-MS analysis
are given for purified kappa-5 from wild-type N. benthamiana plants upon co-expression of GalNAcT
(c) or GalNAcT and sialFucT (d). Sugar residues for which the position is not completely clear are
placed between brackets.
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influenced the binding of SBA to the N-glycans of purified kappa-5 (Figure 5b, grey versus
black bars). In order to synthesise LDNF structures, we also co-expressed sialFucT. Coexpression of sialFucT blocked the binding of SBA to the N-glycans of kappa-5. This
would suggest that 1,3-fucosylation of LDN occurs and blocks the binding of SBA.
To confirm the presence of LDN or LDNF structures on the N-glycans of kappa-5, Nglycans were prepared for MALDI-TOF-MS analysis as described in the previous sections.
Representative N-glycan profiles are given for kappa-5 isolated from wild-type N.
benthamiana plants upon co-expression of sialFucT and/or GalNAcT (Figure 5d and 5c,
respectively). Co-expression of a C4 epimerase did not change these profiles (data not
shown). In figure 5c it is shown that GalNAc containing N-glycans can be engineered in
plants upon co-expression of GalNAcT. However, the percentage of GalNAc carrying Nglycans is difficult to determine. The major peak in the profile can resemble complex
wild-type plant N-glycans carrying terminal GlcNAc’s (GnGnXF3), but also LDN carrying
N-glycans of which one branch terminates in a single mannose residue. Treatment of
these

N-glycans

with

-glucosaminidase

from

Xanthomonas

manihotis

or

-

hexosaminidase from Streptomyces plicatus reveals that there is indeed a mix of GnGnXF

3

glycans as well as LDN carrying N-glycans (Figure S2). Furthermore, the specific cleavage
of terminal GlcNAc residues with -glucosaminidase shows that approximately 30% of
the N-glycans carries terminal GalNAc.
Engineering of LDNF in plants was also successful upon co-expression of both
GalNAcT and sialFucT as shown in figure 5d. Again a major peak was observed that
could resemble the GnGnXF3 glycan as well as a complex type N-glycans carrying the
LDNF structure. However, in the latter case core

1,3-fucose would then be absent.

Furthermore, difucosylated N-glycans carrying one terminal LDNF structure were also
detected. Upon treatment with -hexosaminidase or -glucosaminidase we observed that
approximately 50% of the N-glycans carries the LDNF structure (Figure S3). This indicates
that fucosylation of LDN makes the structure more stable and could protect against plant
-hexosaminidase activity. Fucosylation of the LDN structure also completely protects
against cleavage by

-hexosaminidase from Streptomyces. N-glycan structures with a

fucosylated terminal GlcNAc residue that lack GalNAc where also observed. This
indicates that GalNAc residues must have been present on these N-glycans, but are most
likely removed by plant

-hexosaminidases. This would also infer that plant

-

hexosaminidases could remove terminal GalNAc in the presence of fucose.
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Discussion
Schistosoma mansoni soluble egg antigens (SEA) play a crucial role in immune
modulation during helminth infection and more detailed knowledge on the activity of its
individual components can ultimately lead to the identification of new therapeutic targets
for treatment of inflammatory disorders. Functional studies on individual components
from this egg antigen mixture are challenged by the limited amount of SEA proteins that
can be isolated. In our study we investigated the possibility to use Nicotiana benthamiana
plants as a production platform for large quantities of the biologically active S. mansoniderived egg antigens omega-1 and kappa-5. Furthermore, we investigated whether the Nglycosylation machinery of plants could be engineered to synthesise diantennary Nglycans carrying terminal Lewis X or LDN(F) structures, which naturally occur on omega-1
or kappa-5, respectively. Both omega-1 and kappa-5 were highly expressed and, most
remarkable, >90% was secreted into the apoplast. The efficient secretion of omega-1 and
kappa-5 enabled easy purification as only few endogenous proteins reside in this
extracellular compartment. In addition, purification from the apoplast fluid ensures that all
the proteins have passed through the entire secretory pathway and most likely results in a
more homogeneous N-glycan composition.
N-glycan analysis revealed that omega-1 expressed in wild-type N. benthamiana
plants predominantly carries paucimannosidic N-glycans containing the plant specific
sugar residues 1,2-xylose and core 1,3-fucose (MMXF3). The lack of terminal GlcNAc
residues on the 1,3- and 1,6-mannosyl branches of N-glycans of plant proteins can be
attributed to -hexosaminidase activity in the apoplast as postulated by Strasser and coworkers [29]. They identified three -hexosaminidases (HEXO1-3) in Arabidopsis thaliana,
which localised in either the vacuole (HEXO1) or the apoplast (HEXO2 and HEXO3) that
were able to remove terminal GlcNAc residues from N-glycans. Especially HEXO3
seemed responsible for the formation of paucimannosidic N-glycans in leaves of A.
thaliana [30]. Up to 7 genes with high similarity to -hexosaminidases from Arabidopsis
can be identified within the genome of N. benthamiana, but their function and
localisation are unknown. Surprisingly, kappa-5 predominantly carries N-glycans of the
GnGnXF3 type, even though kappa-5 is purified from the leaf apoplast, like omega-1. This
would imply that these two proteins are differently affected by -hexosaminidases.
In a first attempt to engineer terminal Lewis X structures, a hybrid

1,4-

galactosyltransferase from Danio rerio (zebrafish) and a hybrid 1,3-fucosyltransferase IXa
from Tetraodon nigriviridus (pufferfish) were co-expressed with omega-1. The CTS domain
of rat 2,6-sialyltransferase was used for trans-Golgi targeting as it was previously shown
to enable efficient galactosylation [23]. Our approach differed from previous reports
wherein medial-Golgi targeting of galactosyltransferase with the CTS domain of
Arabidopsis 1,2-xylosyltransferase (XylT) resulted in the formation of hybrid N-glycans
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[22, 31]. These authors suggested that hybrid N-glycans are formed when early
galactosylation in the medial-Golgi prevents trimming of mannose residues on the 1,6mannosyl branch of a N-glycan by

-mannosidase-II (Man-II). In our experiments, co-

expression of trans-Golgi targeted glycosyltransferases surprisingly resulted in the
formation of Lewis X hybrid N-glycans as well. Like previously observed, our hybrid Lewis
X N-glycans are also devoid of plant specific 1,2-xylose and core 1,3-fucose. The lack
of 1,2-xylose on hybrid Lewis X-type N-glycans would be in line with the suggestion that
XylT only adds xylose after removal of the two mannoses on the 1,6-mannosyl branch,
but before the addition of galactose to terminal GlcNAc residues [32]. This coincides with
the fact that XylT from Arabidopsis thaliana is inhibited by mannoses on the

1,6-

mannosyl branch or terminal galactose on the 1,3-mannosyl branch [33]. Thus, early
galactosylation in the medial-Golgi of plants blocks the addition of 1,2-xylose, but may
also inhibit Man-II activity leading to hybrid N-glycans. This would infer that within our
experiments the use of a trans-Golgi targeting CTS domain is not sufficient to retain
zebrafish galactosyltransferase within the trans-Golgi compartment of plants. Overexpression of zebrafish galactosyltransferase may cause overflow of the trans-Golgi
compartment, resulting in medial-Golgi localised galactosyltransferase.
In order to lower the transient expression of sialGalT we used the Gpa2 promoter
region. This controlled fashion of expressing Gpa2:sialGalT with the pBIN expression
vector resulted in the complete lack of hybrid Lewis X-type N-glycans. This engineering
strategy is also the first to enable the synthesis of diantennary N-glycans carrying two
Lewis X structures. Furthermore, our findings demonstrate another layer of complexity to
glyco-engineering, as it is not sufficient to only choose a proper CTS domain for targeting
of a glycosyltransferase. Controlled expression of the glycosyltransferase is also important
to obtain the correct localization in the Golgi.
Besides complex N-glycans carrying two Lewis X structures, several intermediate Nglycans containing antennae with a single Lewis X structure and/or terminal galactose
residues were found upon controlled expression of sialGalT. However, a major fraction of
the N-glycans is still paucimannosidic. This indicates that perhaps the efficiency of
galactosylation is not yet optimal. As the majority of the N-glycans, including some of the
Lewis X intermediate N-glycans, lack terminal GlcNAc residues, it might be that omega-1
is still sensitive to

-hexosaminidases in the leaf apoplast. This could be caused by

inefficient galactosylation, as galactose would prevent GlcNAc removal by

-

hexosaminidase. In order to fine-tune the expression of sialGalT we transferred the
expression cassette for Gpa2:sialGalT to the pHYG expression vector. This strategy
resulted in a non-hyrbid N-glycan that carried 1,2-xylose and a single Lewis X structure,
but lacked a second terminal GlcNAc and core

1,3-fucose. This suggests that when

galactosylation is efficient that there is still interference with plant endogenous
glycosyltransferases, like

1,3-fucosyltransferase (FucT) and N-acetylglucosaminyl-
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transferase II (GnTII). Golgi localization of many plant glycosyltransferases has recently
been reported [34], but the localization of GnTII was not investigated. Furthermore,
several pathways for N-glycosylation in plants have been suggested, but the exact
localization of GnTII is still unclear [33, 35]. The observation that in our study both hybrid
Lewis X-type and single Lewis X-type N-glycans are devoid of core 1,3-fucose as well as
a second GlcNAc supports the novel N-glycosylation pathway that was postulated by
Kajiura and co-workers [33]. In this pathway GnTII acts on N-glycans that have already
been modified by ManII and XylT, which positions GnTII to the end of the medial-Golgi
or trans-Golgi compartment. Further investigation on the re-localization of GnTII to earlier
Golgi compartments or co-expression of a GnTII of animal origin might therefore enable
the synthesis of N-glycans carrying two Lewis X structures in wild-type plants in the future.
In addition to the synthesis of Lewis X, our study is the first to describe the synthesis of
N-glycans in plants that carry terminal GalNAc residues (LDN). GalNAc containing Oglycans were previously synthesized on recombinant MUC1 in tobacco and required the
co-expression of human GalNAc-T2 in combination with a UDP-GlcNAc C4-epimerase
and a UDP-GalNAc transporter [25]. Yet, more recent reports showed that it is possible to
synthesize GalNAc containing O-glycans on several recombinant proteins in the absence
of a transporter and/or epimerase [24, 26]. To find out which enzymes are required for the
synthesis of the LDN structure on N-glycans, we transiently co-expressed kappa-5 with
different combinations of GalNAcT from C. elegans, trans-Golgi targeted GalNAcT
(sialGalNAcT), a C4 epimerase from P. aeruginosa and/or different GalNAc transporters
from C. elegans. Our results demonstrate that LDN synthesis in plants only requires the
co-expression of the native GalNAcT from C. elegans. This suggests that plants have all
the required proteins for the production of the UDP-GalNAc substrate and transport of this
substrate into the Golgi. This idea is further supported by the recent identification of the
first UDP-GlcNAc/UDP-GalNAc transporter in Arabidopsis thaliana [36].
Like for Lewis X engineering, the synthesis of LDN and LDNF structures in plants only
results in complex N-glycans that carry a single LDN or LDNF structure. So in both
engineering strategies there might be the same underlying problem. Co-expression of
glycosyltransferases of animal origin interferes with the activity of plant endogenous
enzymes. However, there seem to be differences between co-expression of sialGalT or
GalNAcT. The majority of the LDN(F) carrying N-glycans still contain core 1,3-fucose,
which is in contrast to the complete lack of core 1,3-fucose upon controlled expression
of sialGalT. Still it is possible that the addition of either galactose or GalNAc to the 1,3mannosyl branch would interfere with the activity of endogenous GnTII. This idea is
further supported by the observation that kappa-5 from wild-type plants mainly carries Nglycans from the GnGnXF3-type, but upon co-expression of GalNAcT one of the terminal
GlcNac residues is lost. This is most likely explained by the fact that plant GnTII is not
able to use LDN carrying N-glycans as a substrate. Co-expression of a GnTII of animal
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origin would therefore be an interesting strategy to improve the synthesis of complex Nglycans carrying multiple Lewis X or LDN(F) structures.
Another bottleneck for the synthesis of LDN(F) structures in plants is the enzymatic
activity of endogenous

-hexosaminidases in Nicotiana benthamiana. Our N-glycan

profiles reveal that the synthesis of LDN is most likely counteracted by -hexosaminidases,
since the amount of GalNAc containing N-glycans increases by the addition of

1,3-

linked fucose to create LDNF. This suggests that the fucose residue protects against the
removal of terminal GalNAc. This protection is only partial as we also observe N-glycans
with fucosylated terminal GlcNAc residues, which arise after removal of terminal GalNAc.
This indicates that plant -hexosaminidases are able to remove terminal GalNAc from the
LDNF structure. This is in line with the previous observation that -hexosaminidase from
jack bean is able to remove terminal GalNAc residues from the LDNF structure on kappa5 [16]. Strategies to reduce -hexosaminidase activity would therefore be of interest and
might be required for the engineering of N-glycans with multiple LDN(F) structures.
From our study we can conclude that glyco-engineering of helminth-like N-glycans
makes it possible to synthesize N-glycans containing Lewis X, LDN or LDNF in plants.
Yet, the N-glycans naturally found on S. mansoni-derived glycoproteins are not
homogenous [15, 16]. For instance, the majority of the N-glycans of S. mansoni-derived
omega-1 carry terminal Lewis X, but the N-glycans on omega-1 can also carry terminal
galactose and/or mannose, LDN or LDNF, difucosylated terminal structures or tandem
Lewis X structures. The ability of plants to synthesize different N-glycans homogenously
enables more detailed studies on the exact contribution of a specific N-glycan structure on
glycoprotein function. Plants are therefore an excellent platform for the production of S.
mansoni-derived glycoproteins carrying engineered N-glycans. Plant-based expression of
uncharacterised helminth glycoproteins enables their functional characterisation and
glyco-engineering in plants would allow investigation on the role of helminth-like Nglycans on immunomodulatory properties. The use of plants as a production platform for
native helminth glycoproteins therefore opens up a new field of research and might
ultimately lead to the identification of new therapeutic targets for treatment of
inflammatory disorders.
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Experimental procedures
Construction of expression vectors
The complete sequence encoding mature Schistosoma mansoni omega-1 and kappa-5
proteins was codon optimised according to an in-house optimisation procedure based on
codons frequently used in highly expressed genes in plants. The mature protein sequence
was preceded by a signal peptide from the Arabidopsis thaliana chitinase gene (cSP) and a
N-terminal 6x histidine-FLAG tag (H6F). The amino acid sequence VEDAS was placed inbetween the signal peptide and tags to ensure proper signal peptide cleavage and to
prevent cleavage of the N-terminal histidine tag. The full sequences were flanked by NcoI
and KpnI restriction sequences at 5' and 3' ends respectively and synthetically constructed
by GeneArt (Life Technologies; Bleiswijk, the Netherlands). The H58F mutation in the
catalytic site of omega-1 to remove RNase activity was introduced by means of overlap
extension PCR. Omega-1, omega-1H58F and kappa-5 were cloned into the pHYG
expression vector using NcoI/KpnI [37].
Expression vectors for hybrid
nigriviridus (pufferfish) and hybrid

1,3-fucosyltransferase IXa (Fut9a) from Tetraodon
1,4-galactosyltransferase (GalT) from Danio rerio

(zebrafish) to engineer N-glycans carrying terminal Lewis X structures were used [22, 38].
The N-terminal domain of Arabidopsis thaliana 1,2-xylosyltransferase in the Fut9a hybrid
gene was replaced by the CTS domain (C, cytoplasmic tail; T, transmembrane domain; S,
stem region) of rat

2,6-sialyltransferase enabling trans-Golgi targeting (from now on

referred to as sialFucT). The GalT gene already contained this CTS domain for trans-Golgi
targeting (referred to as sialGalT). Expression cassettes for sialFucT and sialGalT were then
transferred to the plant expression vector pBINPLUS [39]. For controlled expression of
sialGalT the full gene was reamplified to introduce NcoI/KpnI restriction at the 5' and 3'
ends respectively. SialGalT was then used to replace YFP in the pRAP-pGPAII::Gpa23'UTR-YFP vector, thereby placing the expression of sialGalT under the control of the
promoter region of the Gpa2 gene [40]. The entire Gpa2:sialGalT expression cassette was
then transferred to pBINPLUS with AscI/PacI. A synthetic hybrid construct of Arabidopsis
thaliana GnTII (amino acids 72-430) with the CTS domain of Arabidopsis thaliana 1,2xylosyltransferase was ordered at GeneArt (Life Technologies) and transferred to the pBIN
expression vector.
To engineer N-glycans carrying terminal GalNAc (LDN) we cloned the

1,4-N-

acetylgalactosaminyltransferase (bre-4, GalNAcT) and the UDP-GalNAc transporters nstp4, nstp-5 and sqv-7 from Caenorhabditis elegans cDNA. A hybrid form of the C. elegans
GalNAcT was cloned by replacing the native CTS domain with the CTS domain of rat
2,6-sialyltransferase enabling trans-Golgi targeting (from now on referred to as
sialGalNAcT). A codon optimised C4 epimerase from Pseudomonas aeruginosa (WbpP)
[26] was synthetically constructed at GeneArt and all genes were cloned into the pBIN
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expression vector. To add 1,3-linked fucose to the LDN structure (LDNF) we used the
previously described hybrid 1,3-fucosyltransferase IXa from pufferfish (sialFucT).
Expression of all constructs (unless stated differently) was driven by the 35S promoter
of the Cauliflower mosaic virus with duplicated enhancer (d35S) and the Agrobacterium
tumefaciens nopaline synthase transcription terminator (Tnos). A 5’ leader sequence of the
Alfalfa mosaic virus RNA 4 (AlMV) was included between the promoter and construct to
boost translation. In all experiments the silencing suppressor p19 from tomato bushy stunt
virus in pBIN61 was co-infiltrated to enhance expression [41].

Agroinfiltration of Nicotiana benthamiana
Agrobacterium tumefaciens clones were cultured for 16 hours at 28°C/250 rpm in LB
medium (10g/l pepton140, 5g/l yeast extract, 10g/l NaCl with pH=7.0) containing 50
µg/ml kanamycin, 20 µg/ml rifampicin and 20µM acetosyringone. The bacteria were
suspended in MMA infiltration medium (20g/l sucrose, 5g/l MS-salts, 1.95g/l MES, pH5.6)
containing 200 µM acetosyringone till a final OD of 0.5 was reached. For co-infiltration
experiments

with

Agrobacterium

harbouring

the

expression

vectors

for

glycosyltransferases OD’s of 0.05-0.5 were used. After 1-2 hours incubation at room
temperature, the two youngest fully expanded leaves of 5-6 weeks old Nicotiana
benthamiana plants were infiltrated completely. Infiltration was performed by injecting the
Agrobacterium suspension into a Nicotiana benthamiana leaf at the abaxial side using a 1
ml syringe. Nicotiana benthamiana plants were maintained in a controlled greenhouse
compartment (UNIFARM, Wageningen) and infiltrated leaves were harvested at selected
time points.

Total soluble protein extraction
Leaves were immediately snap-frozen upon harvesting, homogenized in liquid nitrogen
and stored at -20°C until use. Homogenized plant material was ground in ice-cold
extraction buffer (50mM phosphate-buffered saline (pH=8), 100 mM NaCl, 0.1% v/v
Tween-20 and 2% w/v immobilized polyvinylpolypyrrolidone (PVPP)) using 2 ml/g fresh
weight. Crude extracts were clarified by centrifugation at 16.000 rpm for 5 min at 4°C and
supernatants were directly analysed for total protein content by a BCA protein assay (Life
Technologies).

Apoplast wash
Leaves were submerged in ice-cold extraction buffer (50mM phosphate-buffered saline
(pH=8), 100 mM NaCl and 0.1% v/v Tween-20) after which vacuum was applied for
10min. Vacuum was released slowly to ensure infiltration of the apoplastic space. Leaves
were placed in 10-ml syringes and centrifuged for 20 min. at 2000xg. Apoplast washes
were clarified by centrifugation at 16.000 rpm for 5 min at 4°C and supernatants were
stored at -80°C.
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Purification from the apoplast fluid
Plant produced omega-1 and kappa-5 were purified from apoplast fluids using Ni-NTA
Sepharose (IBA GmbH; Goettingen, Germany). Apoplast fluid was transferred over G25
Sephadex columns to exchange for Ni-NTA binding buffer (50 mM phosphate buffered
saline (pH 8) containing 100 mM NaCl). Ni-NTA Sepharose was incubated with the
apoplast fluid for 30 min. followed by 3 washing steps with binding buffer. Omega-1 was
eluted from the Ni-NTA Sepharose with 0.5M imidazole (in binding buffer). Finally,
purified omega-1 was dialysed against PBS.

Protein analysis by western blot
Total soluble plant proteins and purified omega-1 or kappa-5 were separated under
reducing conditions by SDS-PAGE on a 12% Bis-Tris gel. To analyse purity of the proteins
the gel was stained with Coomassie brilliant blue staining. For western blotting proteins
were transferred to a PVDF membrane by a wet blotting procedure. Thereafter the
membrane was blocked in PBST-BL (PBS containing 0.1% v/v Tween-20 and 5% w/v nonfat dry milk powder) for 1 hour at room temperature, followed by overnight incubation
with a HRP conjugated anti-FLAG M2 antibody (Sigma-Aldrich; Zwijndrecht, the
Netherlands) in PBST at 4°C. The membrane was washed 5 times with 5 min intervals in
PBST. Finally, the SuperSignal West Femto substrate (Thermo Fisher Scientific; Etten-Leur,
the Netherlands) was used to detect HRP-conjugated antibodies in the G:BOX Chemi
System (Syngene; Cambridge, UK).

Characterisation of N-glycan composition
Omega-1 or kappa-5 (100 ng) were deglycosylated with PNGase F or Endo H (both from
Bioké; Leiden, the Netherlands) to screen for the presence of plant-specific 1,3-fucose or
oligomannose/hybrid-type N-glycans respectively. Deglycosylated omega-1 was then
analysed by anti-FLAG western blot. The synthesis of LDN structures on plant proteins or
kappa-5 was analysed by ELISA with biotinylated agglutinin from soybean (SBA) (BioConnect; Huissen, The Netherlands). For this 1 µg/ml of total soluble apoplast proteins or
purified kappa-5 was coated overnight at 4°C on ELISA plates. Plates were blocked with
PBST containing 1% w/v BSA and all subsequent steps were performed in blocking buffer.
Plates were then incubated with biotinylated lectin (5 µg/ml) and subsequently avidin-HRP
(eBioscience; Vienna, Austria). TMB substrate (eBioscience) was used for detection.
For MALDI-TOF-MS analysis, 1-2 µg of purified omega-1 or kappa-5 were reduced for
10 min at 95°C in PBS containing 1.3% w/v SDS and 0.1% v/v -mercaptoethanol. SDS
was neutralized with NP-40 prior to overnight digestion at 37°C with trypsin (SigmaAldrich) immobilized to NHS-activated Sepharose (GE Healthcare; Zwolle, The
Netherlands). Trypsin-beads were removed from the digestion mix by centrifugation and
the pH of the mix was adjusted to 5 using 1M sodium acetate. 0.5 mU of PNGase A
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(Roche; Woerden, The Netherlands) was used to release N-glycans from omega-1 while
incubating overnight at 37°C. Released N-glycans were purified by C18 BakerbondTM SPE
cartridges (VWR; Amsterdam, The Netherlands) and subsequent Extract CleanTM Carbo
SPE columns (Grace; Breda, the Netherlands). N-glycans were labeled with anthranilic
acid (Sigma) and desalted over Biogel P10 (BioRad; Veenendaal, The Netherlands). To
confirm the presence of Lewis X, purified N-glycans were treated with Jack bean (1-4,6)galactosidase (Prozyme; Hayward, CA, USA) according to the suppliers protocol. Samples
in 75% acetonitrile were mixed with 1 µl of matrix solution (20 mg/ml 2,5dihydroxybenzoic acid in 50% acetonitrile, 0.1% TFA) and were dried under a stream of
warm air. Matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass
spectra (MS) were obtained using an Ultraflex II mass spectrometer (Bruker Daltonics;
Wormer, The Netherlands) as previously described [16].

RNase activity assay
Total RNA was isolated from 5.0x106 bone marrow-derived dendritic cells using the
RNeasy Mini Kit (Qiagen; Venlo, The Netherlands) as described by the supplier’s protocol.
1 µg of total RNA was incubated with 500 ng purified omega-1 for 1 hour at 37°C using
PBS as buffer. PBS only was used as negative control and 500 ng RNase A as positive
control. RNA breakdown was then analysed on a 1.5% agarose gel and visualised with
UV light.
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Figure S1 Confirmation of the presence of Lewis X structures. N-glycans from purified omega-1
were analysed by MALDI-TOF-MS upon tryptic digestion and PNGase A release of N-glycans. (a) Nglycan profile for omega-1 from wild-type N. benthamiana plants upon co-expression of
d35S:sialFucT (OD=0.1) and Gpa2:sialGalT (OD=0.5), but the latter being expressed with the pHYG
vector. Sugar residues for which the position is not completely clear are placed between brackets. (b)
Profile of the same N-glycans upon treatment with (1-4,6)-galactosidase from Jack bean.
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Figure S2 Confirmation of the presence of LDN structures. N-glycans from purified kappa-5 were
analysed by MALDI-TOF-MS upon tryptic digestion and PNGase A release of N-glycans. (a) N-glycan
profile for kappa-5 from wild-type N. benthamiana plants upon co-expression of GalNAcT. Sugar
residues for which the position is not completely clear are placed between brackets. (b) Profile of the
same N-glycans upon treatment with -N-acetyl-hexosaminidase from Streptomyces plicatus. (c)
Profile of the same N-glycans upon treatment with -N-acetyl-glucosaminidase from Xanthomonas
manihotis. For both enzymatic digestions the substrate specificity is indicated in the dashed box.
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Figure S3 Confirmation of the presence of LDNF structures. N-glycans from purified kappa-5 were
analysed by MALDI-TOF-MS upon tryptic digestion and PNGase A release of N-glycans. (a) N-glycan
profile for kappa-5 from wild-type N. benthamiana plants upon co-expression of GalNAcT and
sialFucT. Sugar residues for which the position is not completely clear are placed between brackets.
(b) Profile of the same N-glycans upon treatment with -N-acetyl-hexosaminidase from Streptomyces
plicatus. (c) Profile of the same N-glycans upon treatment with -N-acetyl-glucosaminidase from
Xanthomonas manihotis. For both enzymatic digestions the substrate specificty is indicated in the
dashed box.
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Abstract
Interleukin-10 (IL-10) is an anti-inflammatory cytokine that plays a key role in
maintaining immune homeostasis. IL-10-mediated responses are triggered upon binding
to a heterodimeric receptor complex consisting of IL-10 receptor 1 (IL-10R1) and IL-10R2.
Engagement of the IL-10R complex activates the intracellular kinases Jak1 and Tyk2, but
to date the exact role of IL-10R2 and IL-10R2-associated signalling via Tyk2 remains
unclear. In this study we re-evaluated IL-10-mediated responses, in particular on bone
marrow-derived dendritic cells, macrophages and mast cells to elucidate the contribution
of IL-10R2. Our results show that IL-10-mediated responses depend on both IL-10R1 and
IL-10R2 in the investigated cell types, but IL-10R2 associated signalling via Tyk2 only
plays a limited role. Tyk2 was shown to control the amplitude of signaling and upregulation of expression of suppressor of cytokine signalling 3 (SOCS3). SOCS3 upregulation was cell-type dependent, but correlated with early suppression of LPS-induced
tumour necrosis factor

(TNF- ). Further investigation of the IL-10R complex revealed

that both the extracellular and intracellular domain of IL-10R2 influences IL-10R1
conformation and that both domains were required for transducing IL-10 signals.
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Introduction
Interleukin (IL)-10 is an essential regulator of the immune system, notably because of its
anti-inflammatory properties and its role in re-establishing immune homeostasis. IL-10 is
a strong suppressor of antigen presenting cells and lymphocytes [2, 3] and it was revealed
that IL-10-deficient mice develop spontaneous inflammation in the intestine [4]. Besides
its anti-inflammatory properties, IL-10 is also able to regulate proliferation of B cells, mast
cells and NK cells [3, 5]. IL-10 signals through a heterodimeric receptor complex
composed of IL-10 receptor (IL-10R)1 and IL-10R2 [6, 7]. Mice lacking either one of these
two receptors develop spontaneous intestinal inflammation, like IL-10-deficient mice [8,
9]. Engagement of the IL-10 receptor complex activates the Janus kinases Jak1 and Tyk2
[10, 11], which are associated with IL-10R1 and IL-10R2, respectively [12]. IL-10’s antiinflammatory properties were shown to be dependent on the activation of Jak1 and the
transcription factor STAT3 [13]. A role for the IL-10R2-associated kinase Tyk2 is more
elusive. Karaghiosoff and co-workers showed that Tyk2-deficient mice develop normally
and that the ability of IL-10 to suppress LPS-induced TNF- expression in macrophages is
not impaired [14]. However, Shaw and co-workers showed that IL-10 was not able to
suppress nitric oxide production upon stimulation with a high dose of IFN-

in

macrophages lacking Tyk2 [15]. Therefore, the exact contribution of IL-10R2 or
associated signalling via Tyk2 to IL-10-mediated responses is still largely unknown.
To assess the biological activity of IL-10 a variety of assays is used. In most assays cell
lines are used and most common are those assays using mast cell or macrophage cell
lines. The mast cell line MC/9 is routinely used to study the induction of proliferation by
IL-10 [5, 16], whereas various macrophage cell lines are used to study IL-10’s antiinflammatory properties [17, 18]. In some cases cell lines are transfected with plasmids
for the expression of the native IL-10R or using chimeric constructs that employ the
intracellular domain of IFN- R molecules instead of the intracellular domain of the IL-10
receptors [7, 16, 19]. However, one might question the appropriateness of the use of cell
lines in research on the mechanisms of cellular responses of IL-10. It is doubtful whether
cell lines respond similar to in vivo cells as many cell lines are already cultured for a long
time in different labs under different culturing conditions. The only selection pressure that
these cells have encountered is efficient growth, and in the meantime these cell lines
might have acquired (epi)genetic changes [20]. Cell lines could therefore have lost the
ability to respond identical to their in vivo counterparts.
Previously, we have reported that a stable monomeric form of human IL-10 (IL-10m)
lacks the ability to suppress LPS-induced TNF-

in a macrophage cell line, whereas

dimerization of this monomer via fusion to the Fc portion of IgA restored its activity [17].
In contrast, stable monomeric IL-10 was reported to have activity on a B cell line that was
either stably transfected with human or murine IL-10R1 [19]. This addressed the question
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whether cell lines are indeed a reliable model system as different assays can give different
outcomes. Furthermore, the use of hybrid IL-10R constructs might also not reflect the
natural signalling complex for IL-10. Re-evaluation of IL-10 activity on ex vivo cells could
therefore give new insights on the molecular mechanisms of IL-10 mediated responses.
To re-evaluate IL-10 mediated responses and particularly the role of IL-10R2 we setup biological activity assays for IL-10 using three different cell types that were
differentiated from mouse bone marrow. We re-evaluated IL-10 mediated responses on
these bone marrow-derived cells and investigated the role of IL-10R2. As expected, IL-10
activity depends on both IL-10R1 and IL-10R2, but the IL-10R2-associated Tyk2 kinase
only played a limited role in IL-10 mediated responses. Yet, we do show that Tyk2
contributes to the amplitude and kinetics of IL-10-mediated responses. Further
investigation of the IL-10 signalling complex revealed that IL-10R2 mediates
conformational changes of the extracellular domain of IL-10R1. Our study demonstrates
that interactions between IL-10R1 and IL-10R2 (both intracellular and extracellular)
reduce cellular binding of IL-10, but are crucial to initiate IL-10 mediated signalling.

Results
Bone marrow-derived cells differentially respond to IL-10
To set up biological activity assays for IL-10 based on ex vivo cells as an alternative for
commonly used cell lines, mouse bone marrow-derived cells were differentiated into
different cell types. To investigate the anti-inflammatory properties of IL-10, as commonly
done on macrophage cell lines, bone marrow cells were differentiated into macrophages
as well as dendritic cells. Flow cytometric analysis shows that 95% pure CD11b+ F4/80+
macrophages and 90% CD11c+ MHC-II+ dendritic cells were obtained (Figure 1a and
1d, respectively). Macrophages and dendritic cells were pre-treated with IL-10 and
subsequently challenged with lipopolysaccharide (LPS). IL-10 inhibits TNF- expression
in a dose-dependent matter in both macrophages and dendritic cells (Figure 1b and 1e,
respectively). We also observed that dendritic cells produced significantly more TNFwhen compared to macrophages, which is in line with the findings of Fleetwood and coworkers [21]. Furthermore, our data show that the maximum percentage inhibition of
TNF-

levels is higher in macrophages than in dendritic cells (80% versus 60% in

macrophages and dendritic cells, respectively). Next, we analysed the activation of STAT
transcription factors by IL-10 in macrophages and dendritic cells. As expected, we
observed strong tyrosine phosphorylation of STAT3Y705 in both cell types (Figure 1c and
1f). However, in contrast with existing literature we did not detect activation of STAT1

141

Chapter 6
_____________________________________________________________________________

[15]. On the other hand, STAT5 was constitutively activated in dendritic cells, but no
activation of STAT5 was observed in macrophages.
To investigate proliferative responses of IL-10, which is typically done in MC/9 cells
or B cell lines, bone marrow cells were differentiated into mast cells. Flow cytometric
analysis showed that 95% pure c-kit+ Fc RI+ mast cells were obtained after 4 weeks of
culture (Figure 1h). To test proliferative effects of IL-10, mast cells were cultured for 48
hours in the presence of IL-10 only, where after cell viability was assessed. IL-10
maintained viability of mast cells in a dose-dependent manner (Figure 1i). We also
observed that the amount of viable cells was lower when compared to an IL-3 control
(data not shown). This could indicate that IL-10 by itself does not induce proliferation, but
only induces a survival signal in bone marrow-derived mast cells. When analysing IL-10
signalling in mast cells, we again observed strong activation of STAT3 and to a reduced
extent of STAT5 (Figure 1j, only higher doses of IL-10). STAT1 was not activated in mast
cells as was also observed in macrophages and dendritic cells. Further investigation of
STAT1 involvement using bone marrow-derived cells from STAT1-/- mice revealed that
STAT1 is not required for IL-10 mediated responses on bone marrow-derived cells (Figure
S1).
Altogether, these biological activity assays provide a solid basis for studying IL-10mediated responses on ex vivo cells. We have previously reported contrasting results on
the activity of a stable monomeric form of human IL-10 when using cell lines [17]. We
therefore re-evaluated the activity of this stable monomeric form of human IL-10 (IL-10m)
on bone marrow-derived cells. We transiently expressed and purified IL-10m as
previously reported for human IL-22 (Chapter 4). No differences in activity were observed
between recombinant human and mouse IL-10 (data not shown), but application of
monomeric IL-10 to bone marrow-derived cells revealed that up to 100-1000 fold more
IL-10m was required to obtain similar responses as recombinant human IL-10 (Figure S2).
This reduction in activity of stable monomeric IL-10 was much stronger as reported by
Josephson and co-workers, who only observed a 8-19-fold reduction in activity
depending on which IL-10R was used to transfect a B cell line [19]. We therefore
conclude that the activity of IL-10m is stronger impaired than previously reported.
Furthermore, this reveals that ex vivo cells might also be a more reliable model to
investigate cellular responses of IL-10.
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Figure 1 The differential response of bone marrow-derived cells to IL-10. Bone marrow-derived
macrophages, dendritic cells and mast cells were analysed by flow cytometry for the expression of
cellular markers CD11b & F4/80 (a), CD11c & MHC-II (d) and Fc RI & c-kit (g), respectively. Bone
marrow-derived cells were tested for their response to IL-10 by measuring suppression of TNFexpression by macrophages (b) and dendritic cells (e) or proliferative/anti-apoptotic ability in mast
cells (h) (n=4, error bars indicate standard error). Dose dependent tyrosine phosphorylation of STAT
transcription factors by IL-10 (0, 1, 10 or 100 ng/ml) was analysed by western blot in macrophages
(c), dendritic cells (f) and mast cells (i).

IL-10 requires both IL-10R's for activity, but not signalling via Tyk2
To investigate the role of IL-10R2 in IL-10 mediated responses on bone marrow-derived
cells, we cultured macrophages, dendritic cells and mast cells from bone marrow of IL10R1-/- and IL-10R2-/- mice and tested them for their response to IL-10. As expected, both
IL-10R1 and IL-10R2 are required for IL-10’s anti-inflammatory responses in macrophages
and dendritic cells (Figure 2a and 2b, respectively). In the absence of either one of the
two IL-10 receptors, IL-10 is not able to suppress LPS induced TNF- expression. Similarly,
bone marrow-derived mast cells also depend on both IL-10R1 and IL-10R2 for activity of
IL-10 (Figure 2c). As IL-10R2 seems to be required for IL-10 activity, we further
investigated whether IL-10R2 signalling via Tyk2 plays a role in our mast cell-based assay.
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Tyk2 is a member of the janus kinase family of tyrosine kinases and to date is the only
signalling molecule described to be associated with IL-10R2. We investigated the ability
of IL-10 to maintain viability in mast cells in the absence of the Tyk2 kinase.
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Figure 2
IL-10R2 mediated signalling via Tyk2 plays a limited role in IL-10 activity. Bone
marrow-derived macrophages, dendritic cells and mast cells from wild-type, IL-10R1-/-, IL-10R2-/- and
Tyk2-/- mice were tested for their response to IL-10. Macrophages and dendritic cells from wild-type
and IL-10R-/- mice were pre-treated with IL-10 and subsequently stimulated with 100 ng/ml LPS. The
percentage of inhibition of TNF- expression of macrophages and dendritic cells was determined
after overnight incubation (a and b, respectively) (n=3, error bars indicate standard error). Similarly,
macrophages and dendritic cells from Tyk2-/- mice were tested for their response to IL-10 (d and e,
respectively) (n=4, error bars indicate standard error). Mast cells from wild-type and transgenic mice
were cultured for 48 hours in the presence of IL-10 and cell viability was determined (c and f) (n=3
for IL-10R-/- mice and n=4 for Tyk2-/- mice, error bars indicate standard error). Asterisk(s) indicate
significant differences as determined by a Welch’s t-test (*P<0.05; **P<0.01).

Macrophages and dendritic cells were taken along, since literature is elusive on the role
of Tyk2 in IL-10 anti-inflammatory responses. In the absence of IL-10R2-mediated
signalling via Tyk2, IL-10 is perfectly capable to suppress TNF-

expression in

macrophages and no significant differences were found between wild-type and Tyk2-/mice (Figure 2d). The percentage of inhibition of TNF-

after LPS stimulation is

-/-

approximately 8% lower in Tyk2 macrophages, but this is not significant. However, the
percentages of inhibition of TNF-

of wild-type and Tyk2-/- dendritic cells were

significantly different. Although a similar dose-response curve was observed for both
dendritic cells, the level of TNF- inhibition in Tyk2-/- dendritic cells was ~15% lower
when compared to wild-type cells (Figure 2e). A similar reduction in IL-10 mediated
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responses was also observed in the mast cell based assay. At high concentrations of IL-10,
Tyk2-/- mast cells are slightly less viable than their wild-type counterparts, but this
difference was not significant (Figure 2f). Altogether, we conclude that IL-10 requires both
IL-10 receptors for activity, but there is only a minor role for the IL-10R2 associated Tyk2
kinase.

Tyk2 controls the amplitude and kinetics of IL-10-mediated responses
Deficiency of Tyk2 in bone marrow-derived cells only plays a limited role in IL-10mediated responses and this is in line with a previous report by Karaghiosoff and coworkers [14]. They also showed that IL-10 is able to suppress LPS induced TNFexpression in Tyk2-/- macrophages. However, Shaw and co-workers revealed that Tyk2-/macrophages are unable to suppress IFN- -induced nitric oxide synthesis at a high dose
of IFN- [15]. We therefore investigated IL-10 mediated responses in Tyk2-/- dendritic
cells and macrophages in more detail to elucidate the contribution of Tyk2 in IL-10
mediated responses. First, we determined the dose-dependent phosphorylation of the
transcription factor STAT3 (Y705) in both wild-type and Tyk2-/- macrophages and
dendritic cells (Figure 3a and 3b, respectively). In both cell types we observed a ~10-fold
reduction in STAT3 phosphorylation when cells are deficient in Tyk2. Furthermore,
STAT3 phosphorylation in dendritic cells is rather poor when compared to macrophages,
but IL-10 is perfectly capable to suppress TNF- in those cells (even in the absence of
Tyk2). We therefore conclude that Tyk2 is required for optimal IL-10-induced STAT3
tyrosine phosphorylation.
To investigate whether Tyk2 is required for optimal IL-10 induced gene expression we
analysed the expression of suppressor of cytokine signalling 3 (SOCS3). SOCS3 is strongly
up-regulated by IL-10 and is one of the major factors that mediate IL-10’s antiinflammatory functions [3]. In Figure 3c we show that SOCS3 is upregulated in a dosedependent manner in both dendritic cells and macrophages and that Tyk2 deficiency
significantly reduces the upregulation of SOCS3 in macrophages at a concentration of 100
ng/ml IL-10. Surprisingly, SOCS3 upregulation is significantly reduced in dendritic cells
when compared to macrophages regardless of Tyk2 deficiency (P<0.05 at 10 and 100
ng/ml IL-10). No significant differences were observed for SOCS3 upregulation in wildtype versus Tyk2 deficient dendritic cells. Tyk2 therefore plays a role in regulating IL-10
induced gene expression, but its role is cell type dependent.
The role of SOCS3 in IL-10-mediated responses was previously investigated by Qasimi
and co-workers (2006). In the case of TNF- suppression SOCS3 seemed to play a role in
early inhibition [18]. We therefore investigated whether Tyk2 deficiency would influence
the suppression of TNF- only 2 hours after LPS stimulation. In figure 3d we reveal that
Tyk2 is indeed required for the early inhibition of LPS-induced TNF- in macrophages. At
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2 hours after stimulation IL-10 already supresses TNF- by 80% in wild-type macrophages,
but in Tyk2-/- macrophages this is significantly reduced to 50%. Furthermore, we show
that IL-10 is unable to suppress TNF- at an earlier time point in dendritic cells, which is
in line with impaired SOCS3 upregulation in these cells. All together we conclude that
Tyk2 optimizes STAT3 signalling and induction of SOCS3 expression and thereby controls
the amplitude and kinetics of one the main anti-inflammatory signalling cascades Jak1STAT3-SOCS3 in macrophages.
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Figure 3 Tyk2 influences kinetics of IL-10 mediated responses. Bone marrow-derived macrophages
and dendritic cells from Tyk2-/- mice were investigated in more detail for their signalling.
Phosphorylation of tyrosine 705 (Y705) of STAT3 by IL-10 (0, 1, 10 and 100 ng/ml) was analysed in
wild-type and Tyk2-/- macrophages and dendritic cells by western blot (a and b respectively). Relative
up-regulation of SOCS3 mRNA expression by IL-10 was analysed by quantitative PCR in both
macrophages and dendritic cells (c). Fold induction of SOCS3 expression was calculated using the
2 Ct method using HPRT as a reference gene. Macrophages and dendritic cells from wild-type and
Tyk2-/- transgenic mice were pre-treated with IL-10 and were stimulated with 100 ng/ml LPS and the
inhibition of TNF- expression was determined at 2 and 24 hours (d). Asterisk(s) indicate significant
differences as determined by a Welch’s t-test (*P<0.05; **P<0.01).

The extracellular domain of IL-10R2 is not sufficient to maintain IL-10 activity
As IL-10R2 mediated signalling via Tyk2 only plays a limited role in IL-10 mediated
responses, we hypothesised that the intracellular domain of IL-10R2 may be dispensable
for activity. Krause and co-workers reported that IL-10R1 and IL-10R2 pre-assemble in the
cell membrane prior to the binding of IL-10 [22]. We hypothesized that the extracellular
domain of IL-10R2 might be sufficient to form a signalling complex with the high affinity
IL-10R1. To investigate whether IL-10 mediated signalling could be triggered from a
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receptor complex that lacks the intracellular domain of IL-10R2 we co-transfected CHOK1 cells with expression vectors for IL-10R1 in combination with IL-10R2, IL-10R2
(extracellular domain), IL-10R2

1-190

230-330

(intracellular domain) or an empty vector control

(mcs). Upon transfection, surface IL-10R expression was analysed by flow cytometry
(Figure 4a). No significant differences were observed in surface IL-10R1 expression upon
co-transfection with different IL-10R2 constructs. Furthermore, surface IL-10R2 expression
was only detected for cells that were transfected with the complete or only the
extracellular domain of IL-10R2 (IL-10R2

230-330

). Cells were also stained simultaneously

for IL-10R1 and IL-10R2 to check for the efficiency of co-transfection (Figure S3a). The
cytoplasmic domain of IL-10R2 was stained intracellular to confirm expression of IL1-190

10R2

(Figure S3b). Next we treated transfected CHO-K1 cells with 100 ng/ml IL-10 to

induce STAT3 phosphorylation. Figure 4b reveals that STAT3 was only phosphorylated by
IL-10 in CHO-K1 cells when IL-10R1 was co-transfected with the full IL-10R2. We
therefore conclude that both the extracellular and intracellular domains of IL-10R2 are
required to initiate IL-10-mediated signalling. But as signalling can occur in the absence of
the IL-10R2-associated kinase Tyk2, the exact role of the intracellular part of IL-10R2
remains to be elucidated.
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Figure 4 The extracellular domain of IL-10R2 is not sufficient to maintain IL-10 activity. CHO-K1
cells were co-transfected with combinations of the expression vectors for IL-10R1, IL-10R2, IL10R2 230-330 (extracellular domain), IL-10R2 1-190 (intracellular domain) or an empty vector (mcs) and
cultured for 24 hours. Surface expression of IL-10R1 or IL-10R2 was analysed by flow cytometry and
mean fluorescent intensity is plotted (n=6, error bars represent standard error) (a). Phosphorylation of
tyrosine 705 (Y705) of STAT3 by IL-10 (100 ng/ml) in CHO-K1 cells upon transient transfection with
IL-10 receptors was analysed by western blot (b).

IL-10R2 mediates conformational changes of IL-10R1
A role for the intracellular domain of IL-10R2 may be found in the association with yet
unidentified signalling components. In this manner, IL-10R2 could contribute to IL-10mediated signalling independent of Tyk2. However, when staining transfected CHO-K1
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cells with the monoclonal antibody 1B1.3a we made the striking observation that IL-10R1
detection was reduced by the co-expression of IL-10R2. We repeated the co-transfections
and stained the cells with the 1B1.3a antibody (Figure 5a). Upon co-transfection of IL10R1 and IL-10R2 we observed a significant reduction in maximum binding of the
monoclonal 1B1.3a antibody (P<0.05 at all concentrations). As we show in figure 4a,
staining with a polyclonal anti-IL-10R1 antibody did not differ significantly between cotransfections, which indicates that there are no differences in overall expression of IL10R1. The reduction in binding of the 1B1.3a antibody could be explained by steric
hindrance of the extracellular domain of IL-10R2 or by conformational changes that are
induced by IL-10R2. Yet, upon co-expression of IL-10R2 lacking an extracellular domain
(IL-10R2

1-190

) we observed an even stronger reduction of 1B1.3a binding (P<0.01 at all

concentrations). We therefore conclude that the intracellular domain of IL-10R2 mediates
conformational changes of the extracellular domain of IL-10R1 that influence the binding
of the 1B1.3a antibody to its epitope on IL-10R1.
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The intracellular domain of IL-10R2 mediates conformational changes in IL-10R1. CHO-

K1 cells were co-transfected with combinations of the expression vectors for IL-10R1, IL-10R2, IL10R2

230-330

, IL-10R2

1-190

or an empty vector (mcs) and cultured for 24 hours. Cells were surface

stained with the 1B1.3a anti-mouse IL-10R1 monoclonal antibody and analysed by flow cytometry
(a). Mean fluorescent intensity for IL-10R1 binding is plotted in a dose-dependent manner (n=6,
error bars represent standard error). IL-10 was cross-linked to the surface of transfected cells and
surface-bound IL-10 was detected by flow cytometry (b). Mean fluorescent intensity for IL-10 binding
is plotted (n=3, error bars represent standard error). Asterisk(s) indicate significant differences as
determined by a Welch’s t-test (*P<0.05; **P<0.01).

To investigate whether these conformational changes mediated by the intracellular
domain of IL-10R2 also influence the binding of IL-10 to its receptors, we labelled
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transfected CHO-K1 cells by cross-linking IL-10 onto the surface. Surface-bound IL-10
was then analysed by flow cytometry. Mean fluorescent intensity of surface-bound IL-10 is
shown in Figure 5b. The maximum level of IL-10 binding was found for CHO-K1 cells
transfected with only IL-10R1. Co-expression of all three IL-10R2 constructs significantly
reduced the amount of surface-bound IL-10, but the reduction by the IL-10R2 lacking the
extracellular domain (IL-10R2

1-190

) was less prominent. In fact, the full IL-10R2 construct

significantly reduces the amount of surface-bound IL-10 compared to IL-10R1 alone and
upon co-transfection of the intracellular domain of IL-10R2. Altogether we conclude that
interactions between IL-10R1 and IL-10R2, and most strikingly the intracellular domain of
IL-10R2, mediate conformational changes of the extracellular domain of IL-10R1. These
interactions putatively reduce the affinity of IL-10 for its receptor, but are required for
transducing IL-10 mediated signalling.

Discussion
Interleukin-10 (IL-10) plays a key role in maintaining immune homeostasis and mediates
its activity by binding to a heterodimeric receptor complex consisting of IL-10R1 and IL10R2. However, the exact contribution of IL-10R2, and in particular IL-10R2-associated
signalling via Tyk2, to IL-10-mediated responses is still elusive. Therefore, we reevaluated IL-10-mediated responses and investigated the contribution of IL-10R2. We
developed cellular assays using mouse bone marrow-derived cells as commonly used cell
lines might not be the most reliable model system. Our study shows that IL-10 is able to
suppress LPS-induced TNF-

expression in bone marrow-derived macrophages and

dendritic cells. However, subtle differences in the magnitude of TNF- suppression were
found between these two cell types. Next to IL-10’s anti-inflammatory properties, we
show that IL-10 is also able to maintain viability in mast cells in the absence of IL-3. As
expected, IL-10 induces strong activation of the transcription factor STAT3 in all three cell
types, but IL-10 did not activate STAT1 or STAT5. The lack of STAT1 activation is in
contrast to previous reports [14, 15], but the use of bone marrow-derived cells from
STAT1-/- mice in our study did not affect IL-10-mediated responses. We therefore
conclude that STAT1 does not play a major role in the downstream signalling of IL-10.
Tyk2 signalling is investigated intensively and Tyk2-deficient mice mainly display
impaired responses to interferons and IL-12 [14, 23]. However, the contribution of Tyk2
signalling to IL-10-mediated responses is more elusive. As previously reported by
Karaghiosoff and co-workers IL-10 is not impaired in its ability to suppress LPS-induced
TNF- in macrophages from Tyk2-/- mice [14]. Yet, when activated with high doses of
IFN- , IL-10 is no longer able to suppress nitric oxide production in macrophages [15]. In
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our study we investigated the involvement of Tyk2 on three different cell types and our
work demonstrates that Tyk2 only plays a limited role in IL-10-mediated responses. IL-10
activity on macrophages and mast cells was slightly reduced, but was not found to be
significant. Like in macrophages, we observed a 8-16% reduction in maximum
suppression of LPS-induced TNF- in dendritic cells, but for dendritic cells this difference
was significant. Tyk2 does play a role in suppressing TNF- expression in macrophages
upon LPS stimulation, but only early IL-10 responses are affected. Qasimi and co-workers
showed that early IL-10-mediated suppression of LPS-induced TNF-

is controlled by

SOCS3 [18]. Indeed, IL-10 enhances SOCS3 expression in a STAT3 dependent manner [3,
24] and we observed a ~10-fold reduction in tyrosine phosphorylation of STAT3 (Y705)
in Tyk2-deficient macrophages and dendritic cells. Furthermore, Tyk2-deficient
macrophages also showed reduced up-regulation of SOCS3 expression, which in turn
explains the altered early response to IL-10 in macrophages. In addition to a role in early
suppression of TNF- , SOCS3 also plays a role in IL-10-mediated suppression of nitric
oxide production in LPS-stimulated macrophages [18]. Furthermore, SOCS3 is able to
suppress IFN signalling [3, 25]. Impaired up-regulation of SOCS3 could therefore also
explain why IL-10 is not able to suppress nitric oxide in macrophages upon stimulation
with IFN- [15]. Altogether, we conclude that IL-10R2-associated signalling via Tyk2
controls the amplitude and kinetics of one of the main anti-inflammatory signalling
cascades Jak1-STAT3-SOCS3 in macrophages.
Previously we have reported that stable monomeric IL-10 is not able to suppress LPSinduced TNF- expression in a macrophage cell line [17], but Josephson and co-workers
showed that this monomer was able to induce proliferation in a B cell line transfected
with either human or mouse IL-10R1 [19]. Monomeric IL-10 had an EC50 value that was
approximately 9 or 18 fold higher compared to the activity of recombinant IL-10
depending on which IL-10R1 was used to transfect B cells. However, when we tested
monomeric IL-10 on bone marrow-derived cells, we found that 100-1000-fold more
monomeric IL-10 is required to obtain the same activity as recombinant IL-10. We cannot
exclude that the N-terminal 6x histidine-FLAG tag of our monomeric IL-10 influences the
activity, but we previously fused the Fc portion of human IgA to the N-terminus of IL-10
without affecting its activity [17]. IL-10R1 expression level has been reported to play a
critical role in IL-10-mediated responses [16, 26]. For instance, neutrophils require
enhanced IL-10R1 expression to respond to IL-10 [26]. The observed difference in activity
for monomeric IL-10 in our study and the study of Josephson and co-workers likely arises
from overexpression of IL-10R1 upon transfection in the latter study. Cellular assays
based on ex vivo cells might therefore be more representative for the in vivo situation.
Monomeric IL-10 might be able to assemble the complete IL-10 receptor complex
when IL-10R1 expression is high, but not under natural conditions when IL-10R
expression is much lower. Crystallization studies of IL-10 with soluble (s)IL-10R1 revealed
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that a complex is formed consisting of 2 IL-10 dimers and 4 IL-10R1 chains [27]. On the
contrary, monomeric IL-10 forms a complex with sIL-10R1 in a 1:1 ratio [19]. This would
indicate that the signalling complex formed by monomeric IL-10 differs from the receptor
complex with dimeric IL-10. We have previously shown that dimerization of monomeric
IL-10 restores its ability to suppress LPS-induced TNF- expression in macrophages [17].
This could indicate that dimerization of IL-10 is required for the assembly of a signalling
complex that consists of multiple IL-10R subunits.
Complex assembly requires the initial binding of IL-10 to the high affinity receptor IL10R1. This interaction mediates conformational changes within IL-10 that increase the
binding affinity of IL-10R2 to the IL-10/IL-10R1 complex [28]. This structural information
on IL-10 receptor complex assembly based on soluble receptors has been valuable, but
this cannot reveal the rearrangement of receptors induced by cytokine binding.
Furthermore, receptor rearrangements that take place inside the cell cannot be
investigated in this way due to the lack of transmembrane regions and intracellular
domains. Therefore the exact mechanism by which IL-10 initiates the downstream
activation of Jak1 and Tyk2 remains unknown. Our study now demonstrates that the
conformation of the extracellular domain of IL-10R1 is influenced by interactions with IL10R2 (both extracellular and intracellular). Co-expression of IL-10R2, or parts thereof,
reduces the binding of IL-10 to IL-10R1 on the cell surface. The observation that the
intracellular domain of IL-10R2 influences IL-10 binding to IL-10R1 might also explain
why affinity of IL-10 towards IL-10R1 on intact cells is higher than for sIL-10R1 [29].
Although co-expression of both receptors results in reduced cellular binding of IL-10, the
affinity for IL-10 to IL-10R1 on the surface might still be higher compared to the soluble
extracellular domain of IL-10R1 used in crystallization studies. But above all, this
observation highlights the importance of the intracellular domain in the molecular
mechanism of IL-10R activation.
A common model for class I cytokine receptor activation has recently been proposed
by Pang and co-workers [30]. This model of activation involves scissor-like rotation and
self-rotation of the receptors. The intracellular domains of two receptor molecules are
separated from each other by scissor-like rotation, allowing intracellular signalling
components to bind. Self-rotation of the receptors arranges the Janus kinases in such an
orientation that they can be trans-phosphorylated and initiate signalling. Although IL-10
belongs to class II cytokines, scissor-like rotation has been proposed as an activation
mechanism [27]. However, Krause and co-workers demonstrated by confocal
fluorescence spectroscopy that IL-10R1 and IL-10R2 are pre-assembled in the cellular
membrane. Furthermore, they revealed that there are no major structural changes among
the intracellular domains upon ligand binding [22]. It is therefore more likely that IL-10
receptors are activated by a different mechanism. In contrast, the receptor complex of
IFN- undergoes major structural changes upon cytokine binding [31]. Binding of IFN-
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induces rearrangement of the intracellular domains of both IFN- R1 and IFN- R2 thereby
allowing more space for downstream signalling components to bind. The rearrangement
of intracellular receptor domains seems to differ between the signalling complexes of IL10 and IFN- . We therefore reason that cell-based assays using hybrid IL-10 receptors
harbouring the intracellular domains of their respective IFN- R’s are not a reliable model
to investigate IL-10 signalling.
In line with pre-assembly of IL-10R1 and IL-10R2 on the cellular surface, our study
now reveals that co-expression of both receptor chains influences the conformation of the
extracellular domain of IL-10R1. We also conclude that even though cellular binding of
IL-10 is reduced by co-expressing IL-10R1 and IL-10R2, interactions between the
extracellular and intracellular domains of both receptors are required to initiate signal
transduction via Jak1 and Tyk2. Future investigation should now focus on how these
interactions between IL-10R1 and IL-10R2 influence receptor rearrangements upon ligand
binding. Confocal fluorescent spectroscopy studies would enable the investigation of
intracellular receptor rearrangements among the components of the IL-10R complex as
well as the Janus kinases Jak1 and Tyk2. This would ultimately give novel insights into the
molecular mechanism of the IL-10R complex activation and activation of down-stream
Janus kinases Jak1 and Tyk2.
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Experimental procedures
Mice
Wild-type C57BL/6J mice were bred and maintained under specific pathogen-free
conditions in the animal facilities at Wageningen University. IL-10R1-/- mice were kindly
provided by dr. W. Muller (University of Manchester), IL-10R2-/- mice were obtained from
Genentech (San Francisco, CA, USA) and bones from TYK2-/- and

STAT1-/- mice were

kindly provided by dr. B. Strobl (University of Veterinary Medicine Vienna).

Cell culture
Bone marrow was isolated from the femur and tibia of 6-12 week old mice. Bone marrow
derived macrophages (BMM ’s) were differentiated at 37°C/5% CO2 in RPMI-1640
medium containing 4 mM L-glutamine, 25 mM HEPES and supplemented with 10% fetal
calf serum, 50 µM -mercaptoethanol, 50 U/ml penicillin and 50 µg/ml streptomycin and
20% spent medium from L929 cells (ATCC). Bone marrow cells were seeded at 1 106
cells/ml in 6- or 96-well tissue culture plates and cultured for 6 days, while refreshing
medium at day 3. After 6 days of culture 95% of the cells expressed the macrophage
markers F4/80 and CD11b.
Bone marrow derived dendritic cells (BMDC's) were differentiated for 10 days as
described [32] using 10% spent medium from murine GM-CSF transfected X63 cells [33].
X63-GM-CSF cells were kindly provided by dr. M. Lutz (University of ErlangenNuremberg) with approval of dr. B. Stockinger (MRC National Institute for Medical
Research). Briefly, bone marrow cells were plated at 2 105 cells/ml in bacteriological
petri dishes and incubated at 37°C/5% CO2. At day 3, 6 and 8 medium was refreshed and
at day 10 both adherent and non-adherent cells were harvested. At this time typically
~90% of the cells expressed the dendritic cell markers CD11c and MHC class II.
Bone marrow-derived mast cells (BMMC) were differentiated at 37°C/5% CO2 using 1
ng/ml IL-3 (R&D Systems). Bone marrow cells were plated at 4 105 cells/ml in
bacteriological petri dishes and non-adherent cells were sub-cultured for at least 5 weeks,
while refreshing growth medium twice a week. After 5 weeks of culture 95% of the cells
expressed the mast cell markers Fc RI and c-kit.
Chinese hamster ovarian cells (CHO-K1; obtained from DSMZ) were maintained at
37°C with 5% CO2 in RPMI-1640 medium containing 4 mM L-glutamine, 25 mM HEPES
and supplemented with 10% fetal calf serum, 50 µM

-mercaptoethanol, 50 U/ml

penicillin and 50 µg/ml streptomycin. Cells were sub-cultured three times a week by
harvesting with trypsin.
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Expression and purification of monomeric IL-10
The sequence encoding the mature protein of stable monomeric human IL-10 was
digested from pHYG-hFc -IL-10m [17] and was cloned in frame with the Arabidopsis
thaliana chitinase signal peptide (cSP) followed by a 6x histidine and FLAG tag as
previously reported for IL-22 (Chapter 4). Plant produced IL-10m was purified from fluids
extracted from the leaf apoplast (intercellular space) using Ni-NTA Sepharose (IBA Life
Sciences) as reported for IL-22 (Chapter 4).

LPS stimulation assays
BMM ’s were differentiated in 96 well plates and BMDC’s were seeded in 96 well plates
at a density of 5x104/well. Cells were pre-treated for 15 min. with IL-10 and subsequently
stimulated with 100 ng/ml lipopolysaccharide (LPS). After 2 hours or overnight
stimulation, supernatants were analysed for TNF- using the Ready-Set-Go!® ELISA kit
(eBioscience) according to the supplier's protocol.

Mast cell viability assay
BMMC’s were seeded in 96 well plates at a density of 1.5 105 cells/well. Mast cells were
then cultured in the presence of IL-10 or 1 ng/ml IL-3. After 48 hours cell viability was
assessed by using the CellTiter 96® aqueous one solution (Promega) according to the
supplier's protocol.

STAT activation
Bone marrow-derived cells were treated for 20 min. with IL-10 (0, 1, 10 or 100 ng/ml).
Cells were lysed using 1x Cell Lysis Buffer (Cell Signaling Technology) and total soluble
protein content in the lysates was determined by the BCA method (Pierce). Proteins were
separated on 12% Bis-Tris gels followed by transfer to a PVDF membrane by a wet
blotting procedure. Thereafter the membrane was blocked in PBS (containing 0.1% v/v
Tween-20 and 5% w/v non-fat dry milk powder) for 1 hour at room temperature,
followed by overnight incubation at 4°C with monoclonal antibodies specific for STAT1,
phospho-STAT1Y701, STAT3, phospho-STAT3Y705, STAT5 or phospho-STAT5Y694 in PBS
(containing 0.1% v/v Tween-20 and 1% w/v BSA). All STAT antibodies were obtained
from Cell Signaling Technology. A HRP-conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch) was used as a secondary antibody. Blots were visualised in the G:BOX
Chemi System (Syngene) using the SuperSignal West Femto substrate (Pierce).
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Construction of IL-10R expression vectors and transfections
The open reading frame of mouse IL-10R1, IL-10R2, IL-10R2

230-330

and IL-10R2

1-190

were amplified from mouse spleen cDNA using the Expand High Fidelity PCR System
(Roche). The IL-10R2

1-190

fragment was cloned in frame with the native signal peptide by

means of overlap extension PCR. Sense and antisense primers included BamHI and NheI
restriction sequences respectively for subsequent cloning into the pMAX expression
vector (Lonza). CHO-K1 cells were co-transfected with 0.5 µg/plasmid using the
jetPRIME® transfection reagent (PolyPlus Transfection) using the supplier's protocol. 24
hours after transfection, CHO-K1 cells were analysed for IL-10R expression by flow
cytometry.

Flow cytometry
Bone marrow derived cells were stained in FACS buffer (PBS containing 0.1% BSA and
5mM EDTA) using the following monoclonal antibodies for cell surface markers (all
obtained from eBioscience): PE-conjugated anti-CD11b, APC-conjugated anti-F4/80, PEconjugated anti-CD11c, APC-conjugated MHC-II, PE-conjugated anti-Fc RI and APCconjugated c-kit. Cells were first incubated with Fc receptor block (eBioscience) for 10
min to block any non-specific binding and subsequent staining steps were performed for
20 min. at 4°C, followed by washing with FACS buffer. An overview of the flow
cytometric analysis of bone marrow-derived cells from all transgenic mice used in this
study can be found in figure S4.
Upon CHO-K1 transfection, goat polyclonal anti-IL-10R1 and anti-IL-10R2 antibodies
(R&D Systems) were used for detection of IL-10R expression followed by an APCconjugated donkey anti-goat IgG secondary antibody (R&D Systems). Surface expression
of IL-10R1 was also analysed by staining with a PE-conjugated monoclonal anti-IL-10R1
(1B1.3a; BioLegend). Intracellular staining of IL-10R2 was performed on methanolpermeabilized cells using a mouse monoclonal antibody that binds the cytoplasmic
domain of IL-10R2 (clone F-6; Santa Cruz Biotechnology), followed by a PE-conjugated
goat anti-mouse IgG secondary antibody (R&D Systems).
Surface labelling with IL-10 was performed by incubating 1.0 x106 cells with 40 ng of
IL-10 for 1 hour at 4°C. Surface-bound IL-10 was then cross-linked for 2 hours at 4°C
with 2.5 mM BS3 (Pierce). Surface IL-10 was then detected with a goat polyclonal anti-IL10 antibody (R&D Systems) followed by a PE-conjugated donkey anti-goat IgG secondary
antibody (Jackson ImmunoResearch). CHO-K1 cells without IL-10 cross-linked to their
surface were used as a negative control and mean fluorescent intensity obtained for these
cells were subtracted from IL-10 labelled cells.
Stained cells were acquired using a Cyan-ADP Analyzer (Beckman Coulter) and
analysed with FlowJo software (Tree Star, Inc.).
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Quantitative PCR
BMM ’s were differentiated in 6 well plates and 3x106 BMDC’s were seeded in 6 well
plates and were treated for 2 hours with IL-10 (0, 1, 10 or 100 ng/ml). Cells were then
washed with PBS and mRNA was isolated with the RNeasy Mini kit (Qiagen) using the
supplier’s protocol. A Turbo DNase I (Ambion) treatment was included to remove any
residual DNA. Then cDNA was synthesized using the SuperScript III First-Strand Synthesis
System (Invitrogen) according to the supplier’s protocol. Samples were analysed in
triplicate for SOCS3 and HPRT (reference gene) expression by quantitative PCR using
ABsolute SYBR Green Fluorescein mix (Thermo Scientific). Fold induction of SOCS3
expression was determined by the Pfaffl method [34].

Data analysis
All data shown in the figures indicate the average of at least three biological replicates (n)
that were determined by three technical replicates. In the figure legends n is indicated
and error bars indicate the standard error. Significant differences between samples were
calculated using the student’s t-test and regarded as significant when P<0.05. Significant
differences are indicated in the figures by asterisks (P<0.05 (*) or P<0.01 (**)).
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Figure S1 STAT1 is not required for IL-10 activity. Bone marrow-derived macrophages, dendritic
-/cells and mast cells from wild-type and STAT1 mice were tested for their response to IL-10. Cells
pre-treated with IL-10 were stimulated with 100 ng/ml LPS and TNF- expression was determined to
asses anti-inflammatory properties of IL-10 in macrophages (a) and dendritic cells (b) (n=3, error bars
indicate standard error). Mast cells were cultured for 48 hours in the presence of IL-10, where after
cell viability was determined (c) (n=3, error bars indicate standard error).
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Figure S2 A stable monomeric form of human IL-10 has impaired activity. Bone marrow-derived
macrophages, dendritic cells and mast cells from wild-type mice were tested for their response to
human IL-10 and a stable monomeric form of IL-10 (IL-10m). Cells pre-treated with IL-10 were
stimulated with 100 ng/ml LPS and TNF- expression was determined to asses anti-inflammatory
properties of IL-10 in macrophages (a) and dendritic cells (b) (n=3, error bars indicate standard error).
Mast cells were cultured for 48 hours in the presence of IL-10, where after cell viability was
determined (c) (n=3, error bars indicate standard error). P<0.01 at all concentrations in all three
assays.
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Figure S3 Flow cytometric analysis of transfected CHO-K1 cells. CHO-K1 cells were analysed by
flow cytometry upon co-transfection of IL-10R1 and IL-10R2 constructs. (a) Dual staining for
extracellular expression of IL-10R1 and IL-10R2. Pictures are given for the isotype and surface
staining upon co-transfection of full IL-10R1 and IL-10R2 constructs and reveals the efficiency of cotransfection. (b) Histograms are given for the intracellular staining of IL-10R2 upon co-transfection of
different combinations of IL-10R1 and IL-10R2 constructs.
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Figure S4
Flow cytometric analysis of bone marrow-derived cells. Bone marrow-derived
macrophages, dendritic cells and mast cells were analysed by flow cytometry for the expression of
cellular markers CD11b & F4/80 (macrophage markers), CD11c & MHC-II (dendritic cell markers) or
Fc RI & c-kit (mast cell markers). Bone marrow-derived cells from all transgenic mice used in this
study show identical phenotypes. Furthermore, macrophages and dendritic cells are distinct cell
populations as they have different expression profiles for CD11b, CD11c, F4/80 and MHC-II.
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Abstract
Inflammatory disorders are becoming more prevalent in the Western world. Treatment of
these diseases relies on the intervention in inflammatory responses thereby restoring
immune homeostasis. One cytokine that has the potential to restore immune homeostasis
is the anti-inflammatory cytokine interleukin-10 (IL-10). But until now IL-10 treatment has
not been as successful as anticipated. A reason for this may be that IL-10 responsiveness
depends on the environment of the inflamed tissue. In this study we describe that
granulocyte-macrophage colony-stimulating factor (GM-CSF) is a key cytokine that
negatively regulates IL-10-mediated responses. Dendritic cells differentiated from bone
marrow with GM-CSF have a reduced ability to respond to IL-10. Dendritic cells are
impaired in their up-regulation of IL-10-induced SOCS3 expression and are unable to
suppress LPS-induced TNF-

expression at an early time point. Furthermore, GM-CSF

treatment partially replicates this phenotype in macrophages. Surprisingly, GM-CSF seems
to regulate IL-10 activity in macrophages without affecting STAT3 activation. Still, GMCSF induces constitutive phosphorylation of glycogen synthase kinase 3 , a signalling
component downstream of the PI3K/Akt pathway. Knowledge on the exact mechanism by
which GM-CSF negatively regulates IL-10 activity could give novel insights on the
integration of signal transduction pathways elicited by different cytokines. Ultimately this
knowledge could provide us with new therapeutic strategies to treat inflammatory
disorders.
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Introduction
The prevalence of inflammatory disorders, like multiple sclerosis, rheumatoid arthritis,
inflammatory bowel disease or allergies, has drastically increased over the last couple of
decades. These inflammatory disorders are characterised by uncontrolled immune
responses against harmless antigens or commensal bacteria. Treatment of these diseases
relies on the intervention in inflammatory responses and thereby restoring immune
homeostasis. Many inflammatory disorders are treated with immunosuppressive drugs or
monoclonal antibodies that target key pro-inflammatory cytokines, such as tumour
necrosis factor alpha (TNF- ). However, immune intervention can also be performed with
anti-inflammatory cytokines. One such cytokine capable of restoring homeostasis is
interleukin-10 (IL-10). IL-10 is an anti-inflammatory cytokine that suppresses the activity of
both antigen presenting cells and lymphocytes and has been considered as a promising
therapy for several inflammatory disorders [1]. However, until now IL-10 therapy has not
been as successful as previously anticipated.
Systemic administration of recombinant human IL-10 produced in Escherichia coli has
been studied in phase II clinical trials to treat patients with Crohn’s disease. But, even
though IL-10 treatment is well tolerated [2], patients seem to respond differently to IL-10
treatment [3]. Several explanations for why IL-10 treatment has not been a successful
therapy for Crohn’s disease have been postulated: (1) systemic administration does not
result in an effective dose in the intestine; (2) disease phenotype/severity cause differences
in response to IL-10; (3) IL-10 treatment is only successful as preventive therapy; (4)
treatment with IL-10 alone is not sufficient; or (5) IL-10’s immunostimulatory effects
counterbalance its immunosuppressive effects [4]. To circumvent systemic administration
of IL-10, Lactococcus lactis was engineered to secrete human IL-10 and used as an oral
delivery system [5]. This local delivery system for IL-10 was shown to be successful in two
mouse models of intestinal inflammation [5] and was proven to be safe in a small phase I
human trial [6]. However, in 2009 a phase II human trial with engineered L. lactis in
patients with ulcerative colitis was completed, but no significant difference in mucosal
healing versus a placebo control was observed (ActoGeniX press release). Future research
has to address whether local delivery of IL-10 is indeed a promising therapeutic approach.
Another explanation for IL-10’s lack of efficacy as therapy could arise from differences
between patients depending on disease phenotype or severity [4]. For instance, alveolar
macrophages have the reduced ability to respond to IL-10 during chronic inflammation
[7]. Pre-treatment of these macrophages with TNF- reduced their ability to respond to IL10 without affecting IL-10 receptor (IL-10R) expression. Similarly, agonists of Toll-like
receptors (TLR) were able to reduce IL-10-mediated phosphorylation and nuclear
translocation of the transcription factor STAT3 in macrophages and dendritic cells without
lowering surface IL-10R expression [8, 9]. In contrast, IL-10R expression and subsequent
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IL-10R signalling was reduced in macrophages upon recognition of zymosan [10] or
ligation of Fc receptors [11]. Furthermore, cytokines, like IFN- , have also been shown to
alter IL-10-mediated responses [12]. Altogether, there is quite some evidence that
inflammatory mediators can influence IL-10 activity.
In Chapter 5 we have described that bone marrow-derived dendritic cells respond
differently to IL-10 when compared to macrophages. Dendritic cells have a reduced
capacity to suppress LPS-induced TNF- , especially when evaluating early IL-10-mediated
suppression. The lack of early TNF- suppression coincided with the impaired ability of
dendritic cells to up-regulate SOCS3 expression upon IL-10 treatment. We therefore
continued to investigate the underlying mechanism that explains why dendritic cells
respond differently to IL-10 than macrophages. In this study we describe that GM-CSF, the
cytokine used to differentiate dendritic cells, is a key factor that negatively regulates IL-10
mediated responses. We also show that GM-CSF regulates IL-10 activity without strongly
affecting STAT3 activation. In contrast, GM-CSF induces constitutive phosphorylation of
GSK-3 , but whether this is the mechanism by which GM-CSF controls IL-10 activity
needs further investigation.

Results
IL-10 mediated signalling in dendritic cells and macrophages
As described in Chapter 5 we observed cell-specific differences in the response to IL-10 in
macrophages and dendritic cells. Dendritic cells are strongly impaired in their ability to
suppress LPS-induced TNF- after 2 hours of stimulation, whereas macrophages already
inhibit TNF- expression by ~75% (Figure 1a). We therefore investigated whether IL-10
signalling differs in these two cell types. First we focused on the activation of the
transcription factor STAT3. As shown in figure 1b, IL-10 induces strong tyrosine
phosphorylation of STAT3 (Y705) in a dose-dependent manner in both cell types. Upon
quantification of relative STAT3 activation, we observed a stronger degree of STAT3Y705
phosphorylation in macrophages than in dendritic cells (Figure 1c). However, this was
only significantly higher at a dose of 1 ng/ml IL-10. On the other hand, the degree of
serine phosphorylation (S727) in macrophages was only significantly higher at a dose of
10 ng/ml (Figure 1d). Yet, when comparing untreated cells with IL-10 treated cells we only
observed dose-dependent STAT3S727 phosphorylation in macrophages (P<0.05, for all
concentrations). Untreated dendritic cells already have a higher degree of STAT3S727
phosphorylation,

which

is

not

further

enhanced

by

IL-10

treatment.

Serine

phosphorylation of STAT3 could therefore be cell-type specific.
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Figure 1 ! IL-10 mediated signalling in dendritic cells and macrophages. (a) Macrophages and
dendritic cells were pre-treated with IL-10 and were stimulated with 100 ng/ml LPS and the inhibition
of TNF-α expression was determined at 2 and 24 hours (n=3, error bars represent standard error). (b)
Phosphorylation of tyrosine 705 (Y705) and serine 727 (S727) of STAT3 by IL-10 (0, 1, 10 and 100
ng/ml) was analysed in macrophages and dendritic cells using western blot. (c/d) Relative induction
of STAT3 phosphorylation was quantified for Y705 (c) and S727 (d) upon western blot analysis (n=3
or 4 for Y705 and S727 respectively, error bars represent standard error). (e) Macrophages and
dendritic cells were treated with 100 ng/ml IL-10 and the activation of intracellular signalling
pathways was analysed with a PathScan Array. A representative figure is given for 2 independent
experiments. Asterisk(s) indicate significant differences as determined by a Welch’s t-test (*P<0.05;
**P<0.01).

Next, we assessed the activation of 18 well-characterized signalling molecules using
the PathScan Intracellular Signalling Array kit. In Figure 1e representative arrays are given
for macrophages and dendritic cells treated with 100 ng/ml IL-10 and their respective
medium controls. The legend indicates which signalling molecules are differentially
affected. Strikingly, we only detected phosphorylation of STAT3Y705 upon treatment with
IL-10. Interestingly, we did observe differences in the activation of other signalling
molecules between untreated macrophages and dendritic cells. Untreated dendritic cells
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seem to have a higher degree of phosphorylated AMPK and the ribosomal protein S6,
which are indicators for cell cycle progression and cellular growth. Furthermore, several
signalling molecules downstream of the PI3K/Akt pathway (PRAS40, Bad and GSK-3 ) are
activated in untreated macrophages and dendritic cells, but the degree of GSK-3
phosphorylation (Ser9) is much stronger in dendritic cells. Phosphorylation of GSK-3
inhibits its activity and thereby promotes cell survival. Altogether we conclude that STAT3
is the major downstream signalling molecule for IL-10. Furthermore, macrophages and
dendritic are differentially affected in signalling molecules that regulate cellular growth
and survival.

GM-CSF negatively regulates IL-10 activity
Dendritic cells are differentiated from bone marrow cells by culturing them in the
presence of the cytokine GM-CSF. In order to find out if GM-CSF could be responsible for
the altered responses of dendritic cells to IL-10, we investigated whether GM-CSF could
replicate this phenotype in macrophages. Macrophages and dendritic cells were
differentiated from bone marrow, but now GM-CSF was added to macrophages or
depleted from dendritic cells for the last 24 hours of culture. Cells were then pre-treated
with IL-10 and subsequently challenged with lipopolysaccharide (LPS). Figures 2a-c
reveals that GM-CSF is indeed able to alter the response of macrophages towards IL-10.
IL-10 inhibits TNF- expression in a dose-dependent matter in macrophages independent
of GM-CSF treatment (Figure 2a), but GM-CSF treatment lowers the maximum percentage
of TNF-

expression at a lower dose of IL-10. Furthermore, GM-CSF treatment of

macrophages significantly reduced early IL-10-mediated suppression of TNF- by ~25%.
We also observed that macrophages treated with GM-CSF produced significantly more
TNF- than untreated macrophages (Figure 2c). These results indicate that GM-CSF is able
to alter IL-10-mediated responses in macrophages as was observed for GM-CSF
differentiated dendritic cells.
Similarly, depletion of dendritic cells from GM-CSF enhanced their response towards
IL-10. No differences were observed in the suppression of TNF- expression after 24 hour
stimulation when dendritic cells were depleted from GM-CSF (Figure 2d). However, early
IL-10-mediated suppression of TNF- expression increased significantly with almost 25%
when dendritic cells were depleted from GM-CSF. Also, production of TNF-

was

significantly reduced when dendritic cells were cultured in the absence of GM-CSF. We
therefore conclude that GM-CSF is a key factor that modulates early IL-10-mediated
responses in both macrophages and dendritic cells.
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Figure 2 ! GM-CSF suppresses early IL-10-mediated responses. Macrophages (a-c) and dendritic
cells (d-f) were cultured for the last 24 hours in the presence or absence (+/-) of GM-CSF. Cells were
pre-treated for 20 min. with IL-10 followed by stimulation with 100 ng/ml LPS. The inhibition of TNFα expression was determined after 24 hours of stimulation (a/d). Alternatively, cells were pre-treated
for 20 min with 10 ng/ml IL-10 and then stimulated with 100 ng/ml LPS. The inhibition of TNF-α
expression was determined after 2 hours of stimulation (b/e). Absolute expression levels of TNF-α for
the abovementioned experiments are also given (c/f). All bars represent the average of 3-5 biological
replicates (n=3-5, error bars indicate standard error) and asterisk(s) indicate significant differences as
determined by a Welch’s t-test (*P<0.05; **P<0.01).

GM-CSF regulates IL-10 activity without affecting STAT3 activation
As described in chapter 5, early IL-10 mediated responses seem to be controlled by the
major anti-inflammatory pathway Jak1-STAT3-SOCS3. To investigate how GM-CSF
influences early IL-10-mediated responses we first focused on the activation of STAT3. As
shown in figure 3a, IL-10 induces strong STAT3Y705 phosphorylation regardless of GM-CSF
treatment. Phosphorylation of STAT3S727 seemed also not to be affected by GM-CSF
treatment. GM-CSF seems to regulate early IL-10-mediated responses without affecting
STAT3 activation. However, early inhibition of TNF-α by IL-10 is completely abrogated in
GM-CSF treated macrophages from LysMcre/Stat3flox mice that lack Stat 3 expression in
macrophages (Figure S1). This indicates that STAT3 is required for early IL-10-mediated
responses, but that GM-CSF negatively regulates this response in a STAT3 independent
manner.
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Figure 3
GM-CSF negatively influences IL-10 activity without affecting STAT3 activation. (a)
Macrophages were treated for 24 hours with GM-CSF or left untreated. Cells were then activated
with IL-10 (0, 1, 10 and 100 ng/ml) and phosphorylation of tyrosine 705 (Y705) and serine 727 (S727)
of STAT3 was analysed by western blot. (b) Relative SOCS3 transcript levels were analysed by
quantitative PCR in both macrophages and dendritic cells that were treated overnight by GM-CSF or
were left untreated (n=3, error bars represent standard error). Fold induction of SOCS3 expression
upon IL-10 treatment (100 ng/ml) was calculated using the 2 Ct method using HPRT as a reference
gene and is depicted above the bars in the graph (macrophages/dendritic cells). (c) Macrophages and
dendritic cells were treated overnight with GM-CSF or left untreated. Cells were then stimulated with
100 ng/ml IL-10 and the activation of intracellular signalling pathways was analysed by PathScan
Array. A representative figure is given for 2 independent experiments. Asterisk(s) indicate significant
differences as determined by a Welch’s t-test (*P<0.05; **P<0.01).

As STAT3 phosphorylation was not affected by GM-CSF we continued to investigate
the effect of GM-CSF on IL-10-induced SOCS3 expression. Relative SOCS3 transcript
levels were determined by quantitative PCR in both macrophages and dendritic cells. As
shown in figure 3b, IL-10 induces SOCS3 expression by ~100-fold in macrophages,
whereas SOCS3 up-regulation is significantly lower in dendritic cells (12-fold, P=0.008).
Unexpectedly, no significant differences were found for relative SOCS3 expression levels

171

Chapter 7
_____________________________________________________________________________

upon IL-10 treatment of normal and GM-CSF treated macrophages. However, the IL-10
specific induction of SOCS3 was reduced ~10-fold. This is because GM-CSF itself already
enhances SOCS3 expression in macrophages prior to IL-10 treatment. Depletion of GMCSF from dendritic cells only resulted in a 2-fold increase in SOCS3 expression. Therefore
GM-CSF seems to regulate early IL-10-mediated responses not only in a STAT3
independent manner, but also without affecting SOCS3 expression levels.
Next, we assessed whether GM-CSF treatment of macrophages alters IL-10-mediated
signalling or other signalling pathways by using the PathScan Intracellular Signalling Array
kit. As we observed previously, IL-10 only induces STAT3Y705 phosphorylation in
macrophages and dendritic cells, which is independent of GM-CSF pre-treatment. GMCSF itself induces an activation state in macrophages that is indistinguishable from
dendritic cells. GM-CSF treatment of macrophages enhances the phosphorylation of
AMPK and the ribosomal protein S6, but most strongly induces the phosphorylation of
GSK-3 . Phosphorylation of other signalling molecules downstream of PI3K/Akt (PRAS40
and Bad) is also enhanced. On the other hand, depletion of dendritic cells from GM-CSF
relieves PRAS40 from phosphorylation, whereas GSK-3 remains strongly phosphorylated.
We therefore conclude that GM-CSF alters the activation status of signalling molecules
that regulate cellular growth and survival in macrophages and dendritic cells.

Discussion
Interleukin-10 (IL-10) is an anti-inflammatory cytokine with promising therapeutic
potential, but to date IL-10 therapy has not been as successful in the clinic as previously
anticipated. A likely explanation for this phenomenon is that IL-10 activity is influenced
by the cytokine milieu present in inflamed tissues [10-12]. In Chapter 5 we have already
described the differential response of macrophages and dendritic cells towards IL-10.
Dendritic cells are unable to respond rapidly to IL-10 as they are unable to suppress LPSinduced TNF-

at early stages. Furthermore, IL-10-induced SOCS3 expression was

strongly reduced compared to macrophages. In this Chapter we further investigated the
mechanism that controls this differential response between macrophages and dendritic
cells. Our study demonstrates that the cytokine GM-CSF, the cytokine used to differentiate
dendritic cells, is a key factor that negatively regulates IL-10 activity. GM-CSF pretreatment of bone marrow-derived macrophages also reduced their ability to suppress LPSinduced TNF- at 2 hours after stimulation. Vice versa, depletion of dendritic cells from
GM-CSF partially restored their early response to IL-10. Furthermore, both macrophages
and dendritic cells cultured in the presence of GM-CSF produced significantly higher
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levels of TNF- , which coincided with previous reports from Fleetwood and co-workers
[13, 14]. Increased TNF- expression levels upon LPS stimulation are caused by increased
basal TNF- mRNA transcript levels upon GM-CSF treatment [14]. In our study GM-CSF
treated macrophages and dendritic cells do not produce significantly different levels of
TNF- , whereas both cell types respond significantly different towards IL-10. Differences
in basal TNF- expression levels cannot explain the observed differential response towards
IL-10. Therefore, we continued to investigate IL-10-mediated signalling in macrophages
and dendritic cells.
IL-10 receptor engagement results in the activation of downstream janus kinases Jak1
and Tyk2, which in turn phosphorylate the transcription factors STAT1, STAT3 and in
some cell types STAT5 [15-17]. IL-10 is well known for its ability to activate the JakSTAT pathway [18], but alternative signalling pathways have been described as well.
Especially IL-10-mediated activation of the PI3K signalling pathway has been implicated
in IL-10’s survival promoting properties [19, 20]. Zhou and co-workers also revealed that
IL-10 induced the activation of extracellular signal-related kinase (ERK)1/2 in a PI3Kdependent manner in promyeloid cells [20]. Furthermore, IL-10 has been shown to
activate p38 MAPK signalling to induce the expression of heme oxygenase-1 [21]. In our
study we could only detect IL-10-mediated activation of the transcription factor STAT3 in
bone marrow-derived macrophages and dendritic cells. This indicates that STAT3 is the
major transcription factor required for IL-10-mediated responses in bone marrow-derived
cells. This is further supported by our observation that STAT3-deficient macrophages are
unable to suppress LPS-induced TNF-

expression.

differences in the phosphorylation of STAT3

Y705

However, we did observe subtle

between regular macrophages and

dendritic cells. More striking was the observation that IL-10 was not able to induce
STAT3S727 phosphorylation in a dose-dependent manner in dendritic cells. Serine
phosphorylation of STAT3 has been reported previously for IL-6, IL-22, IFN-y and EGF
[22-25] and enhances transcriptional activity of STAT3. The lack of STAT3S727
phosphorylation might explain why IL-10-induced SOCS3 expression and early inhibition
of TNF- expression are impaired in dendritic cells.
Qasimi and co-workers previously described that SOCS3 is required by IL-10 to
suppress TNF-

expression at early time points of stimulation [26]. We therefore

investigated the role of SOCS3 in more detail. We observed a reduction in the ability of
macrophages to respond rapidly to IL-10 upon GM-CSF treatment, but this seemed to be
independent from upregulation of SOCS3 expression. Relative induction of SOCS3
expression by IL-10 was hardly affected by overnight treatment of macrophages with GMCSF or depletion of dendritic cells from GM-CSF. This is in contrast to the difference in IL10-induced SOCS3 expression between regular macrophages and dendritic cells.
Furthermore, we also did not observe a difference in the phosphorylation of STAT3Y705
and STAT3S727 between regular macrophages or GM-CSF treated macrophages. Therefore,
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GM-CSF seems to negatively regulate early IL-10-mediated responses in macrophages
independent from STAT3-induced SOCS3 expression.
Interestingly, we did find major differences in the activation status of signalling
molecules downstream of PI3K/Akt signalling in macrophages and dendritic cells.
Furthermore,

GM-CSF

induced

an

activation

state

in

macrophages

that

was

indistinguishable from dendritic cells. Particularly the strong serine phosphorylation of
GSK-3

S9

was a striking observation in GM-CSF cultured dendritic cells or GM-CSF treated

macrophages. The degree of GSK-3

S9

phosphorylation also seems inversely correlated

with early IL-10-mediated responses. A higher degree of GSK-3

S9

phosphorylation results

in reduced suppression of LPS-induced TNF- expression by IL-10. As IL-10 is also able to
trigger the PI3K signalling pathway it is of great interest to investigate how these signalling
pathways of IL-10 and GM-CSF are integrated and result in impaired IL-10-mediated
responses.
Activation of STAT3 is regulated by a diverse set of post-translational modifications,
including phosphorylation, acetylation and methylation [24, 25, 27-32]. Every
modification plays its own role in regulating optimal STAT3 dimerization, DNA binding
activity and transcriptional activity [33]. Involvement of the PI3K signalling pathway in the
activation of STAT3 has also been reported previously. Spencer and co-workers revealed
that the cytomegalovirus homologue of IL-10 was capable of inducing serine
phosphorylation of STAT3S727 in a PI3K-dependent manner [34]. Furthermore, acetylation
of STAT3L685 by IL-6 was also shown to depend on PI3K/Akt activation [35]. However,
whether IL-10-induced STAT3 transcriptional activation requires acetylation and/or
methylation and whether the PI3K pathway is involved, needs further investigation.
Interestingly, Waitkus and co-workers recently reported on a novel mechanism of
activation of STAT3, which was mediated by GSK-3 /

[33]. GSK-3 /

was shown to

directly phosphorylate STAT3 at the residues S727 and T714. The requirement of GSK3 / in IL-10-induced STAT3 activation is therefore of great interest as this study shows
that GM-CSF strongly inhibits GSK-3 by phosphorylation of serine residue 9. GSK-3 /
might therefore be a key signalling node that is able to control IL-10-mediated responses.
Previously, Hart and co-workers already reported that IL-10 was unable to suppress
MHC-II expression in GM-CSF cultured monocytes [36]. Our study now also demonstrates
that GM-CSF is able to alter IL-10-mediated suppression of TNF-

expression in both

macrophages and dendritic cells. Furthermore, we and others show that GM-CSF cultured
cells produce significantly higher levels of the pro-inflammatory cytokine TNF- [14], but
also the secretion of IL-12p70 and IL-23 is significantly enhanced by GM-CSF treated
macrophages [14]. IL-23 has recently been identified as an important pro-inflammatory
cytokine driving both innate and T cell-induced intestinal inflammation [37]. Therefore,
GM-CSF seems to induce a cytokine environment favourable for chronic inflammation.
Over the last couple of years GM-CSF has been identified as a key contributor to the
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development of chronic inflammation in animal models of intestinal inflammation,
multiple sclerosis and rheumatoid arthritis [38-40]. Taking together the key role of GMCSF in the development of chronic inflammation with the results obtained in this study
might explain why IL-10 therapy has not been as effective as previously anticipated. Our
study demonstrates that the pro-inflammatory cytokine GM-CSF is able to negatively
regulate IL-10-mediated responses in macrophages and dendritic cells. However, future
research has to elucidate the exact mechanism on how GM-CSF and IL-10 signalling
pathways are integrated and result in impaired cellular responses towards IL-10.
Ultimately this knowledge could provide us with new therapeutic strategies to treat
inflammatory disorders.
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Experimental procedures
Bone marrow cultures
Bone marrow was isolated from the femur and tibia of 6-12 week old C57BL/6J mice.
Bone marrow derived macrophages (BMM ’s) were differentiated at 37°C/5% CO2 in
RPMI-1640 medium containing 4 mM L-glutamine, 25 mM HEPES and supplemented
with 10% fetal calf serum, 50 µM -mercaptoethanol, 50 U/ml penicillin and 50 µg/ml
streptomycin and 20% spent medium from L929 cells (ATCC). Bone marrow cells were
seeded at 1 106 cells/ml in 6- or 96-well tissue culture plates and cultured for 6 days,
while refreshing medium at day 3. After 6 days of culture 95% of the cells expressed the
macrophage markers F4/80 and CD11b.
Bone marrow derived dendritic cells (BMDC's) were differentiated for 10 days as
described [41] using 10% spent medium from murine GM-CSF transfected X63 cells [42].
X63-GM-CSF cells were kindly provided by dr. M. Lutz (University of ErlangenNuremberg) with approval of dr. B. Stockinger (MRC National Institute for Medical
Research). Briefly, bone marrow cells were plated at 2 105 cells/ml in bacteriological
petri dishes and incubated at 37°C/5% CO2. At day 3, 6 and 8 medium was refreshed and
at day 10 both adherent and non-adherent cells were harvested. At this time typically
~90% of the cells expressed the dendritic cell markers CD11c and MHC class II.

Flow cytometry
Bone marrow derived cells were stained in FACS buffer (PBS containing 0.1% BSA and
5mM EDTA) using the following monoclonal antibodies for cell surface markers (all
obtained from eBioscience): PE-conjugated anti-CD11b, APC-conjugated anti-F4/80, PEconjugated anti-CD11c, APC-conjugated MHC-II. Cells were first incubated with Fc
receptor block (eBioscience) for 10 min to block any non-specific binding and subsequent
staining steps were performed for 20 min. at 4°C, followed by washing with FACS buffer.
Stained cells were acquired using a Cyan-ADP Analyzer (Beckman Coulter) and analysed
with FlowJo software (Tree Star, Inc.).

LPS stimulation assays
BMM ’s were differentiated in 96 well plates and BMDC’s were seeded in 96 well plates
at a density of 5x104/well. Cells were pre-treated for 15 min. with IL-10 and subsequently
stimulated with 100 ng/ml lipopolysaccharide (LPS). After 2 hours or overnight stimulation,
supernatants were analysed for TNF- using the Ready-Set-Go!® ELISA kit (eBioscience)
according to the supplier's protocol.
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IL-10 induced signalling
Bone marrow-derived cells were treated for 20 min. with IL-10 (0, 1, 10 or 100 ng/ml).
Cells were lysed using 1x Cell Lysis Buffer (Cell Signaling Technology) and total soluble
protein content in the lysates was determined by the BCA method (Pierce). Proteins were
separated on 12% Bis-Tris gels followed by transfer to a PVDF membrane by a wet
blotting procedure. Thereafter the membrane was blocked in PBS (containing 0.1% v/v
Tween-20 and 5% w/v non-fat dry milk powder) for 1 hour at room temperature, followed
by overnight incubation at 4°C with monoclonal antibodies specific for STAT3, phosphoSTAT3Y705 or phospho-STAT3S727 in PBS (containing 0.1% v/v Tween-20 and 1% w/v BSA).
All STAT3 antibodies were obtained from Cell Signaling Technology. A HRP-conjugated
donkey anti-rabbit IgG (Jackson ImmunoResearch) was used as a secondary antibody.
Band intensities were analysed with Image J Software.
Cell lysates were also used to investigate the activation of 18 well-characterized
signalling molecules using the PathScan Intracellular Signaling Array kit (Cell Signaling
Technology) according to the manufacturer’s protocol. Blots and arrays were visualised in
the G:BOX Chemi System (Syngene).

Quantitative PCR
BMM ’s were differentiated in 6 well plates and 3x106 BMDC’s were seeded in 6 well
plates and were treated for 2 hours with IL-10 (0, 1, 10 or 100 ng/ml). Cells were then
washed with PBS and mRNA was isolated with the Maxwell® 16 Tissue LEV Total RNA
Purification Kit and the Maxwell® 16 instrument (both from Promega). Then cDNA was
synthesized using the GoScript™ Reverse Transcription System (Promega) according to the
supplier’s protocol. Samples were analysed in triplicate for SOCS3 and HPRT (reference
gene) expression by quantitative PCR using ABsolute SYBR Green Fluorescein mix
(Thermo Scientific). Fold induction of SOCS3 expression was determined by the Pfaffl
method [43].

Data analysis
All data shown in the figures indicate the average of at least three biological replicates (n)
that were determined by three technical replicates. In the figure legends n is indicated and
error bars indicate the standard error. Significant differences between samples were
calculated using the student’s t-test and regarded as significant when P<0.05. Significant
differences are indicated in the figures by asterisks (P<0.05 (*) or P<0.01 (**)).
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Figure S1 IL-10 mediated responses are STAT3 dependent. Macrophages from STAT3 transgenic
mice were treated overnight with GM-CSF. Cells were then pre-treated with IL-10 and subsequently
stimulated with 100 ng/ml LPS. The inhibition of TNF- expression was determined at 2 and 24 hours
(n=3, error bars represent standard error). Asterisk(s) indicate significant differences as determined by
a Welch’s t-test (*P<0.05; **P<0.01).
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The use of therapeutic proteins (or biopharmaceuticals) has become a common strategy to
treat human diseases. Over a four-year period (2010-2014) a total of 147 novel
pharmaceutical products have been approved by the Food and Drug Administration (FDA)
in the United States of which ~26% constituted biopharmaceuticals [1]. The majority of
these biopharmaceuticals are produced in the bacterium Escherichia coli, the yeast
Saccharomyces cerevisiae or mammalian cell lines, like Chinese hamster ovarian (CHO)
cells or murine myeloma (SP2/0) cells. A trend emerges that shows that mammalian
expression systems are becoming more popular, whereas the use of E. coli as expression
system is declining [1]. This trend is in line with the growing demand for
biopharmaceuticals that harbour specific post-translational modifications, particularly Nglycans. A large group of biopharmaceuticals relies on appropriate N-glycosylation for
optimal activity. For instance, N-glycosylation of antibodies (the fastest growing group of
biopharmaceuticals) is essential for optimal binding to Fc -receptors and subsequent
effector functions, like antibody-dependent cellular cytotoxicity (ADCC) [2]. Yet, typical
mammalian core 1,6-fucose (for details see chapter 1, figure 3, page 21) was shown to
strongly inhibit ADCC by reducing the binding to Fc -receptors by several orders of
magnitude [2]. Hence, to circumvent this problem antibodies should be engineered that
lack this fucose residue. N-glycans and their composition can therefore be crucial to
obtain optimal efficacy of certain biopharmaceuticals.
N-glycosylation also formed the basis for the approval of the first plant-expressed
biopharmaceutical in 2012, namely human glucocerebrosidase. Glucocerebrosidase is an
enzyme used to treat the lysosomal storage disorder Gaucher disease. Recombinant
human glucocerebrosidase is currently produced in CHO cells (trade name Cerezyme;
Genzyme) or fibrosarcoma cells (trade name Velaglucerase alfa; Shire). Furthermore, the
enzyme requires N-glycans that terminate in mannose residues to ensure uptake by
macrophages via the mannose receptor. However, when produced in CHO cells the
enzyme still requires in vitro deglycosylation steps to obtain terminal mannoses on its Nglycans [3]. For the same reason Velaglucerase alfa producing fibrosarcoma cells are
cultured in the presence of a

-mannosidase I inhibitor [4]. Plants as an alternative

expression system offer the possibility to produce human glucocerebrosidase with Nglycans that terminate in mannose residues in vivo. The company Protalix Biotherapeutics
demonstrated this by producing human glucocerebrosidase with a vacuolar targeting
signal in carrot root cells [5]. This plant-produced glucocerebrosidase (Taliglucerase alfa)
performed better than its mammalian cell-produced counterpart. The approval of
Taliglucerase alfa by the FDA was accelerated due to viral contamination of Genzyme’s
production facilities [6]. Another advantage of plants in this respect is that plants have a
low risk for contamination with human pathogens. This example illustrates that plants
have finally claimed their position within the pharmaceutical market.
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Over the last decade plants have proven to be a good alternative production platform
for biopharmaceuticals [7-10], especially in terms of speed, costs and scalability [11].
However, plant specific N-glycosylation has long been a major limitation for acceptance
of plants as a production platform. But in fact, the relatively limited glycome of plants
offers great advantages as it allows relative easy manipulation of the N-glycosylation
pathway. Current plant-based expression systems have established themselves as a
superior platform in terms of engineering post-translational modifications, like Nglycosylation [11]. This provides a unique niche within the therapeutic market for the
production of pharmaceutical glycoproteins which function can be enhanced by
appropriate post-translational modifications.
A part of this thesis describes the production of a variety of pharmaceutically
interesting glycoproteins in Nicotiana benthamiana plants and focuses on the engineering
of post-translational modifications to obtain optimal activity. In the first half of this chapter
we will discuss our findings and experiences with regard to post-translational
modifications in plants. Furthermore, we will elaborate on how protein intrinsic properties
influence N-glycan composition of heterologously expressed glycoproteins. The second
half of this chapter will continue to discuss our findings on our parallel research line on
IL-10-mediated signalling. IL-10-mediated signalling was investigated to find clues on why
IL-10 therapy is not as successful as previously anticipated. This will be briefly introduced
after the first two sections.

Post-translational modifications in plants
Post-translational modifications are modifications of a protein that occur during or after
translation. Post-translational modifications include protein folding, disulfide bond
formation,

proteolytic

processing,

glycosylation,

lipidation,

phosphorylation,

-

carboxylation, -hydroxylation, amidation, and sulfation [12]. Such modifications have
been shown to affect almost every aspect of protein function, including activitity,
localisation, stability, and interactions with other molecules. In respect to recombinant
protein production, post-translational modifications can enlarge protein heterogeneity.
When a recombinant protein relies on post-translational modifications for proper
functioning it may be a challenge to design a production system that produces
recombinant proteins homogeneously.
Plants have emerged as an attractive expression system as they are capable of
performing post-translational modifications, like proteolytic processing, N-glycosylation,
O-glycosylation, proline hydroxylation and lipidation [12, 13]. Plant endogenous Oglycosylation has also been exploited to increase serum half-life of recombinant human
IFN- 2b and growth hormone [14, 15]. Furthermore, the attachment of fatty acid chains
on plant-produced recombinant proteins was demonstrated by the production of the
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palmitoylated bacterial lipoprotein OspA [16] and the N-myristoylated HIV antigen Nef
[17] in tobacco. However, plant-specific post-translational modifications can also lower
the quality of heterologous expressed proteins. For instance, typical plant-specific Nglycans or O-glycans can become target of undesired immune responses [18, 19].
Furthermore, unintended processing of recombinant proteins by endogenous proteases
within the plant secretory pathway can occur [20, 21]. Understanding the posttranslational machinery in plants is therefore important to ensure that recombinant
proteins can be produced with the highest quality possible. In the following sections we
will discuss some of our experiences with post-translational modifications along the plant
secretory pathway.

Signal peptide processing
Synthesis of secretory proteins occurs on ribosomes of the rough endoplasmic reticulum
(ER). The first stretch of amino acids of a secretory protein is called the signal peptide.
Upon recognition, the signal peptide is translocated into the lumen of the ER while
translation continues. Inside the ER lumen the signal peptide is (in most cases) cleaved of
by a serine protease called signal peptidase. This first post-translational modification
results in the mature amino acid sequence of a secretory protein. For all the human
cytokines that we have expressed transiently in N. benthamiana we confirmed
translocation into the ER by confocal imaging when fused to GFP. Native signal peptides
of human origin seem suitable for the use in plant-based expression systems. However, we
also demonstrated that signal peptide cleavage was not complete when mature TGF- 1
was expressed in the absence of the latency-associated peptide (Chapter 2). For TGF- 1,
IL-22 (Chapter 4) and the Schistosoma mansoni egg antigens omega-1 and kappa-5
(Chapter 5) we have employed the signal peptide of an Arabidopsis chitinase gene. This
signal peptide in combination with our in-house codon optimization strategy enhanced
the yield of TGF- 1, which is most likely explained by an increased efficiency of
translation initiation (discussed in Chapter 2). The chitinase signal peptide also facilitated
efficient secretion of IL-22 (~50%) and S. mansoni egg antigens (>90%). This was quite
unexpected, as plants are generally believed to secrete proteins poorly as only few
endogenous proteins reside in the extracellular space. The use of a plant specific signal
peptide has previously been described to enhance secretion [22, 23]. In our lab we also
observed that the protein itself has a strong influence on secretion efficiency. We have
expressed up to 23 different recombinant proteins of which all mature protein sequences
were preceded by the Arabidopsis chitinase signal peptide and N-terminal 6xhistidine and
FLAG-tags. We observed a broad variety in secretion efficiency among this set of proteins
(unpublished data), which can only be explained by intrinsic properties of these proteins.
For three monoclonal IgG antibodies we demonstrated that secretion efficiency was
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significantly reduced when the respective variable domains were grafted onto an IgA
backbone, while using the same chitinase signal peptide [24]. It is of great interest to
understand which factors determine secretion efficiency in plants as it enables efficient
purification from the apoplast.

Proteolytic processing
Plants are rich in proteases and a wide variety of proteases reside within the secretory
pathway of plants as well as in the apoplast [21, 25]. It is therefore inevitable that
recombinant secretory proteins encounter proteases on their way out. Proteolytic
processing is regarded as one of the largest bottlenecks of plant expression systems. A
classic example is the unintended processing of antibodies when expressed in plants [20].
Strategies to circumvent proteolytic processing of recombinant proteins include: targeting
of the protein to specific subcellular compartments [26], fusion to a stable partner [27],
fusion to a protease inhibitor [28] or co-expression of protease inhibitors [21].
A common strategy to increase recombinant protein yield is retaining the protein in
the ER by using a C-terminal KDEL targeting sequence [26]. The ER is regarded as a
protein friendly environment due to the absence of many proteases. We have used ERretention in order to increase the yield of TGF- 1 and IL-10 (Chapter 2 and 3, respectively),
but for both cytokines this strategy did not result in significantly higher yields. As
cytokines are inherently unstable we also attempted to increase the yield of IL-10 and
TGF- 1 by fusing them to a stable partner. For this purpose we used the Fc portion of
human IgA (Fc ). The yield only increased significantly for TGF- 1. In both cases we
observed proteolytic degradation of the fusion proteins. For IL-10 we observed a
degradation product of approximately 50 kDa, which could resemble the Fc fragment
(Chapter 3). The same degradation product was also observed for the Fc -fusion of TGF1 (data not shown). This indicates that proteolytic cleavage most likely occurs between
the Fc

portion and its fusion partner. For the Fc -fusion of TGF- 1 we have pursued

engineering of the linker sequence, unfortunately without success. We also attempted to
co-express the protease inhibitors chicken ovocystatin (inhibiting cysteine proteases) and
bovine aprotinin (inhibiting serine proteases). Co-expression of cystatin did enhance the
overall yield of TGF- 1, but did not prevent proteolytic processing of the fusion protein
(data not shown).
The activity of plant endogenous proteases is of course not always undesirable as
some glycoproteins rely on proteolytic processing to become active. For example,
proteolytic processing of human procollagen occurs by plant proteases on both the Nterminus and C-terminus upon expression in tobacco [29]. Another example is the
processing of the Der p1 allergen from house dust mite [12]. Strikingly, the proteolytic
processing of Der p1 only occurs in a plant-based expression system, but not in
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mammalian or insect cells. Plants are therefore able to produce and process recombinant
proproteins, although the cleavage sites might differ from the natural ones. In chapter 2
we describe the expression of the proprotein LAP-TGF- 1 and we demonstrated that
proteolytic processing by a furin-like enzyme of this proprotein does not occur in planta.
Biologically active TGF- 1 requires furin cleavage and this was accomplished by coexpressing human furin with LAP-TGF- 1. This engineering step is quite remarkable as
furin itself is expressed as a complex membrane-bound proprotein. Furin undergoes
autocatalytic processing of its N-terminus prior to transportation to the Golgi-system.
Subsequently, furin is truncated at its C-terminus, which is dependent on the acidic
environment of the trans-Golgi compartment [30]. Therefore, furin requires multiple
proteolytic processing steps and correct localization within the secretory pathway to
become active. Altogether, chapter 2 describes a novel engineering strategy for the
production and proteolytic processing of complex proproteins in plants. This engineering
strategy can further facilitate plant-based expression of other proproteins that rely on furin
cleavage, like neural growth factor (NGF), bone-morphogenic proteins (BMP’s) or even
the Ebola Zaire envelope glycoprotein [31]. Furthermore, co-expression of other proteases
can be explored as well to facilitate plant-based expression of a variety of complex
proproteins.

Contribution of N-glycans to protein folding
N-glycosylation is the post-translational modification that has drawn most of the attention
of plant biotechnologists, in particular engineering of the composition of N-glycans. One
of the most conserved roles of N-glycosylation in eukaryotes is its contribution to protein
folding, a feature independent of N-glycan composition. In chapter 3 we describe that
extensive multimerisation is the major production bottleneck of human IL-10. Extensive
multimerisation was shown to be caused by IL-10’s intrinsic property to form dimers by a
process called 3D domain swapping. When the concentration of a 3D domain swapping
protein is high, swapping of domains does not have to be limited to two partners [32]. In
the case of IL-10 this results in the formation of large intracellular aggregates, but this only
occurs for human IL-10 and not mouse IL-10. We further demonstrated that Nglycosylation of the N-terminus (which only occurs in mouse IL-10) is crucial to limit
extensive multimerisation of IL-10. Introduction of the mouse N-glycosylation signal in
human IL-10 largely prevented aggregation, whereas deletion of the N-glycosylation
signal in mouse IL-10 induced aggregation. This clearly states that N-glycosylation can
play an important role in controlling protein folding properties.
Site-directed mutagenesis is a useful tool to study the role of N-glycans on protein
folding. In chapter 4 we have also investigated the role of N-glycans on the folding of IL22. We used both site-directed mutagenesis of a N-glycosylation site and co-expression of

191

Chapter 8
_____________________________________________________________________________

ER-retained PNGase F. The addition of a N-glycan is completely abolished by
mutagenesis of the N-glycosylation site and the glycan can no longer contribute to protein
folding. In contrast, when co-expressing ER-retained PNGase F, N-glycans are initially
attached to the glycoprotein and can assist the folding process before being removed by
PNGase F. In the case of IL-22 we could not demonstrate that the N-glycan on Asn54
contributes to protein folding. However, in the case of plant-based expression of chicken
ovalbumin we could find a role of N-glycosylation on protein folding (unpublished data).
Chicken ovalbumin carries two potential N-glycosylation signals and both are occupied
with a N-glycan upon transient expression in N. benthamiana. We observed
multimerisation of ovalbumin on western blot when both N-glycosylation sites were
mutated, which could be explained by inappropriate folding. However, upon coexpression of ER-retained PNGase F we did not observe these multimers, but instead we
obtained monomeric ovalbumin without N-glycans. These results show that the
combination of site-directed mutagenesis and in vivo deglycosylation with PNGase F is a
powerful tool to study the role of N-glycans on protein folding.

Engineering of N-glycosylation
The N-glycan composition on biopharmaceuticals has to resemble the native composition
as closely as possible and should not harbour immunogenic N-glycan structures. As most
biopharmaceuticals are of human origin plant biotechnologists have done serious efforts
and made great progress to engineer the N-glycosylation pathway of plants to synthesize
human-like N-glycans. We exploited this to engineer the N-glycans of human IL-22 and
investigated the contribution to the activity of IL-22 (Chapter 4).
Plants have shown to be highly tolerant to changes in their N-glycosylation pathways
and are capable to synthesize human-like N-glycans with great homogeneity [18, 33].
Plants have in theory the ability to synthesize virtually any N-glycan structure and this also
allows the synthesis of tailored N-glycans with immunogenic properties. Such
immunogenic N-glycan structures could potentially be used to improve the efficacy of
current vaccines by targeting them to the appropriate immune cells and receptors via their
N-glycans. Furthermore, particular N-glycan structures can contribute to the biological
activity of glycoproteins, like for example helminth secreted omega-1 (Chapter 5).
Synthesis of helminth-like N-glycans would enable the functional characterization of
helminth glycoproteins as well as investigation of the role that N-glycans play with regard
to the immunomodulatory properties of these glycoproteins. For this reason we have
explored the possibility to produce helminth glycoproteins and engineer the N-glycan
structures naturally found on these glycoproteins (Chapter 5). A common N-glycan
structure found on helminth glycoproteins is Lewis X. Lewis X has been synthesized before
in Nicotiana tabacum by stably expressing a hybrid
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hybrid 1,3-fucosyltransferase IXa that were targeted to the medial-Golgi compartment by
a CTS domain of Arabidopsis 1,2-xylosyltransferase [34]. The obtained N-glycans were of
a hybrid type as they only contained one antenna with Lewis X, whereas the other
antenna contained mannoses. The formation of hybrid N-glycans was attributed to the
incorrect targeting of galactosyltransferase to the medial-Golgi. In this compartment 1,4galactosyltransferase

would

glycosyltransferases,

like

interfere
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-mannosidase
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plant
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XT/FT plants allowed the

synthesis of diantennary N-glycans containing two terminal galactose residues [35]. This
illustrates that correct targeting of glycosyltransferases can be crucial in certain
engineering strategies. Aberrant targeting of glycosyltransferases is commonly done by
creating hybrid genes. In this approach the catalytic domain of a glycosyltransferase is
genetically fused with the CTS domain (C, cytoplasmic tail; T, transmembrane domain; S,
stem region) of another glycosyltransferase that has a different Golgi localization. In the
case of human 1,4-galactosyltransferase the catalytic domain was fused with the CTS
domain of rat 2,6-sialyltransferase for trans-Golgi targeting [35]. A drawback of using
hybrid genes can be that the engineered glycosyltransferase looses its activity. We
demonstrated the lack of activity of

1,4-N-acetylgalactosaminyltransferase from C.

elegans when we fused it with the CTS domain of rat 2,6-sialyltransferase (Chapter 5).
The native 1,4-N-acetylgalactosaminyltransferase on the other hand did work properly
and was used to synthesize LDN and LDN-F structures in plants.
Another consideration for glyco-engineering approaches is whether stable or transient
over-expression of glycosyltransferases is preferred. Generating stable transformants is
time consuming and therefore we used the speed of transient expression in our study to
engineer helminth-like N-glycans. To our surprise, we obtained hybrid Lewis X-type Nglycans upon transient expression of zebrafish 1,4-galactosyltransferase even though a
trans-Golgi targeting CTS domain sequence was used (sialGalT). Over-expression of
sialGalT under control of a dual 35S promoter (d35S:sialGalT) might result in incorrect
targeting of the enzyme, whereby leakage into the medial-Golgi could explain the
formation of these Lewis X-hybrid N-glycans. This was confirmed when the expression of
GalT was lowered by using a weak constitutive promoter (Gpa2:sialGalT). This also
indicates that not only a proper CTS domain, but also controlled expression levels are
required for optimal glyco-engineering. In transient expression systems controlling
expression levels of glycosyltransferases is more challenging than in stable tranformants.
In stable transformation only one transformant with the desired expression level of your
glycosyltransferase has to be selected. Nevertheless, during our work on transient glycoengineering of Lewis X we have repeatedly obtained homogeneous N-glycan profiles. This
indicates that efficient glyco-engineering is possible in a transient fashion, which was also
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demonstrated by the introduction of the entire mammalian sialic acid pathway in N.
benthamiana using transient expression [36]. The speed of the transient expression system
also allows to pinpoint bottlenecks of certain glyco-engineering approaches, which can
then be solved quickly.
While engineering Lewis X and LDN(-F) in a transient fashion in wild-type plants we
also obtained more insights on the plant endogenous N-glycosylation pathways. Several
pathways for N-glycosylation in plants have been suggested, but the exact localization of
certain plant endogenous enzymes, like -N-acetylglucosaminyltransferase II (GnTII), is
still unclear [37, 38]. In the situation described above, zebrafish GalT leaks into the
medial-Golgi compartment where it inhibits the activity of
Figure 1). Furthermore, the addition of

1,2-xylose and core

-mannosidase II (GMII in
1,3-fucose are blocked

completely with this engineering strategy. By placing GalT under the control of a weak
constitutive promoter (Gpa2:sialGalT) we were able to control the expression level of
GalT to such an extent that we obtained homogeneous non-hybrid Lewis X-type Nglycans (Chapter 5). With two engineering strategies (Gpa2:sialGalT in either pBIN or
pHYG) we obtained full activity of GMII as the additional mannoses on the 1,6-mannosyl
branch were trimmed down completely. As all these non-hybrid N-glycans also carried
1,2-xylose it is most likely that 1,2-xylosyltransferase (XylT) acts downstream of GMII
and is probably not directly inhibited by the presence of zebrafish GalT. However, our
engineered N-glycans still lacked core
acetylglucosamine

(GlcNAc)

when

1,3-fucose and a second terminal N-

using

the

pHYG-based

expression

of

the

Gpa2:sialGalT cassette. These results suggest that GnTII acts later along the secretory
pathway and supports a novel N-glycosylation pathway postulated by Kajiura and coworkers [37]. In this pathway GnTII acts on N-glycans that have already been modified by
GMII and XylT, which positions GnTII to the end of the medial-Golgi or trans-Golgi
compartment. Yet, the early addition of galactose or N-acetylgalactosamine (GalNAc) on
the 1,3-mannosyl branch seems to block the activity of plant endogenous GnTII. When
using pBIN-based expression of the Gpa2:sialGalT cassette we lowered the expression of
GalT even more, which allowed the synthesis of diantennary N-glycans carrying two
Lewis X motifs and core 1,3-fucose. The activity of 1,3-fucosyltransferase (FucT11/12),
on the other hand, is probably directly inhibited by the presence of zebrafish GalT as core
fucosylation does occur efficiently when the

1,3-mannosyl branch carries GalNAc

instead of galactose. Our zebrafish GalT seems to interfere with quite some endogenous
glycosyltransferases, but there are subtle differences when compared to human GalT. For
instance, core 1,3-fucosylation was not strongly inhibited by transient over-expression of
trans-Golgi targeted human GalT in wild-type N. benthamiana plants [35].
Transient expression has allowed us to efficiently engineer non-hybrid Lewis X-type Nglycans and brings us one step closer to synthesize diantennary N-glycans carrying two
Lewis X structures. Remarkably, the plant protein synthesis machinery is able to produce
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large quantities of recombinant helminth glycoproteins carrying helminth N-glycans. We
are able to isolate up to 0.5 mg of omega-1 from a single agroinfiltrated plant and
demonstrate that the N-glycans are up to 95% homogeneous and carry a single Lewis X
motif. Furthermore, engineering of Lewis X as well as LDN(-F) demonstrates that the
activity of endogenous GnTII is the major bottleneck for synthesizing diantennary Nglycans with helminth-like glycan structures. Re-localizing GnTII to earlier Golgi
compartments or co-expression of a GnTII of animal origin might therefore enable the
synthesis of N-glycans carrying two Lewis X or LDN(-F) structures in wild-type plants in
the future.

N-glycan composition is strongly influenced by protein intrinsic properties
More detailed knowledge on how the plant N-glycosylation machinery operates is still
required. This is further supported by the fact that N-glycan composition can strongly
differ between recombinant proteins, even when the expression strategy is identical. We
have expressed a variety of recombinant proteins in N. benthamiana and we have
observed strong differences in N-glycan composition of these proteins. Recently, we have
published that the N-glycan composition of monoclonal antibodies is strongly influenced
by the antibody isotype [24]. In this study we expressed three monoclonal antibodies on
either an IgG1 or IgA1 backbone and compared their expression profile and N-glycan
composition. IgG1-based antibodies carried typical plant complex N-glycans with
terminal GlcNAc residues, 1,2-xylose and core 1,3-fucose (GnGnXF3). In contrast, the
majority of the N-glycans found on IgA1-based antibodies lacked one terminal GlcNAc
residue and core 1,3-fucose (GnMX or MGnX). The lack of core 1,3-fucose was also
observed for the N-glycans of IL-22 (Chapter 4) and chicken ovalbumin (unpublished
data). In the case of antibodies, the lack of core fucosylation might arise from differences
in cellular localization as it is reported that the IgA tailpiece contains a cryptic vacuolar
sorting signal [39, 40]. However, we also demonstrated that IgA isolated from the apoplast
also lacked core

1,3-fucose [24]. Similarly, IL-22 isolated from the apoplast hardly

contained core fucosylated N-glycans.
A more plausible explanation is that protein intrinsic properties have an influence on
N-glycan composition. Petrescu and co-workers analyzed the protein environment of Nglycosylation sites and demonstrated that many N-glycan sites are poorly accessible [41].
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 glycosyltransferases. This would also
explain why less than half of the N-glycans of human serum IgA harbor core 1,6-fucose
[42, 43], whereas 80-98% of human serum IgG is core-fucosylated [44]. Besides
accessibility it could also be that specific amino acids surrounding the N-glycosylation site
may interfere with efficient core fucosylation. We have previously suggested that
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hydrophobic amino acids within the N-X-S/T N-glycosylation signal might interfere with
core altering enzymes as we found the amino acids leucine and valine on position X of
the N-glycosylation signals in IgA and ovalbumin, but not in IgG [24]. More recently, we
also identified the amino acid phenylalanine in one of the N-glycosylation sites of IL-22,
which may explain the lack of core 1,3-fucose on this cytokine (Chapter 4).
Besides differences in core fucosylation, we also found differences in terminal sugar
residues between IgG and IgA. Accessibility of N-glycans is probably one of the major
properties that influence their composition. For instance, the N-glycans of the IgG
constant domains are less exposed as they are within the dimer interface of two

heavy

chains [45]. For IgA antibodies the N-glycans are overall more exposed than the Nglycans

of

IgG

[46]

and

are

therefore

more

accessible

for

processing

by

glycosyltransferases. This can explain why the N-glycans on human serum IgA have
increased levels of sialylation and galactosylation compared to the N-glycans of serum
IgG [43]. Yet, efficient galactosylation of the N-glycans of IgG can be achieved upon
engineering in plants [35, 47]. On the other hand, sialylation of the Fc constant domain
seems not to be efficient. Co-expression of an EPO-Fc fusion protein in plants together
with all the enzymes required for the synthesis of sialylated N-glycans results in sialylated
N-glycans on EPO, but hardly on the N-glycans of the Fc-fragment [48]. Further
engineering strategies to synthesize bi-secting and branched N-glycans have been
successful for human EPO and transferrin, but again not for IgG antibodies [49].
Accessibility of the N-glycans of IgG can therefore to a large extent explain differences in
N-glycan composition between IgG and IgA. However, overall higher accessibility of IgA
N-glycans cannot explain why plant-produced IgA antibodies lack one terminal GlcNAc
residue.
The lack of terminal GlcNAc residues on the N-glycans of plant-produced IgA can be
due to differences in substrate specificity of N-glycan modifying enzymes. For instance,
the addition of one of the terminal GlcNAc residues could be inefficient. In this case,
GlcNAc is most likely absent from the 1,6-branched mannose. Kajiura and co-workers
showed that the terminal GlcNAc on the
activity of

1,3-branched mannose is required for the

1,2-xylosyltransferase [37] and all the N-glycans of IgA carry

1,2-xylose.

Protein intrinsic properties of IgA could therefore influence the efficiency by which GnTII
transfers terminal GlcNAc to the 1,6-branch of its N-glycans. Alternatively, removal of
terminal GlcNAc residues by

-hexosaminidases could also explain the lack of one

terminal GlcNAc residue. The N-glycans of IgA could be modified by enzymes
homologues to Arabidopsis HEXO-1 or HEXO-2/HEXO-3 depending on whether IgA
resides within the vacuole or apoplast [50]. However, in both cases substrate specificity
would play a role, as

-hexosaminidases are known to remove both terminal GlcNAc

residues.
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Substrate specificity of -hexosaminidases was again illustrated upon production of IL22 and the S. mansoni secreted egg antigens omega-1 and kappa-5. All three proteins
were expressed using the same expression strategy and all were purified from the
apoplastic space. However, even though they were isolated from the same subcellular
compartment they all carried different types of N-glycans. The majority of the N-glycans
on omega-1 were predominantly of the paucimannosidic type (MMXF3) whereas the
majority of the N-glycans on kappa-5 did carry terminal GlcNAc (GnGnXF3). This
indicates that the N-glycans of omega-1 are sensitive to -hexosaminidase activity, but not
the N-glycans of kappa-5. IL-22 on the other hand is a more peculiar example. A large
proportion of the N-glycans found on IL-22 are of the GnGnF6-type upon expression in
XT/FT plants together with mouse fucosyltransferase 8. Yet, significant proportions of
GnMF6 and MMF6 type N-glycans were also found. This would indicate that there is Nglycan site-specific sensitivity towards -hexosaminidase activity among the N-glycans of
IL-22. As both Asn54 and Asn68 of IL-22 carry a surface exposed N-glycan it is most likely
that the N-glycan on Asn97, which is less surface exposed, is not affected by

-

hexosaminidases. In contrast, the N-glycans of omega-1 are required for internalization by
dendritic cells and are therefore likely to be surface exposed. This could then explain why
omega-1 carries predominantly paucimannosidic N-glycans. Conclusions on the reduced
sensitivity of kappa-5 towards

-hexosaminidase activity cannot be drawn as detailed

structural and functional information on this protein is still lacking.
Another interesting observation made for plant-produced IL-22 was the presence of
high proportions (~50%) of Lewis A carrying N-glycans when isolated from wild-type
plants. Lewis A harbouring glycoproteins are widely distributed among plant species and
mainly localize at the surface of the plant cell [51, 52]. The synthesis of Lewis A in plants
is still poorly understood and the factors that determine whether a N-glycan is extended
with Lewis A remain largely unknown. Lewis A was previously detected on a murine
monoclonal antibody expressed in Nicotiana tabacum and on human erythropoietin
expressed in either Nicotiana benthamiana or moss [48, 53, 54]. However, the presence
of Lewis A on the majority of N-glycans of a heterologously produced glycoprotein is to
our knowledge a rare observation. In addition, the N-glycans of omega-1 and kappa-5,
which are known for their extended complex N-glycans with either Lewis X or LDN(-F),
did hardly carry the Lewis A structure. We did, however, show that the presence of Lewis
A on the N-glycans of IL-22 is to a large extent dependent on the presence of a N-glycan
on Asn54. The N-glycan on Asn54 therefore most likely carries the majority of Lewis A.
Furthermore, the presence of a N-glycan on Asn54 also influenced the addition of 1,3fucose to the core of another N-glycan. Apparently the position and presence of a Nglycans can affect the composition of other N-glycans.
Altogether, our work describes a variety of glycoproteins with remarkable differences
in N-glycan composition. These differences are partly explained by differences in cellular
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localization. However, the majority can only be explained by intrinsic properties of the
different glycoproteins. Characteristics that influence N-glycan composition can be
accessibility of the N-glycan, amino acids surrounding the N-glycosylation site or
structural features that influence substrate specificity of N-glycan modifying enzymes. On
top of that, we show that N-glycans are able to influence each other’s composition.
Further knowledge on how protein intrinsic properties influence N-glycan composition
can further aid in the synthesis of tailored N-glycans.

Within the second half of this chapter the focus will be on the immunological chapters in
this thesis. For many inflammatory disorders therapy most likely relies on personalized
medicine in the future. Each patient has unique genetic variations that predispose him or
her to develop certain inflammatory disorders. Therefore more in-depth knowledge on the
diagnosis and underlying cause within patients is required to develop personalized
medicine. However, knowledge on why certain therapeutic approaches have not been
successful in the past might also contribute to the development of novel approaches. For
this reason, we dedicated two chapters in this thesis to the biological activity of IL-10, a
cytokine with great therapeutic potential. We used bone marrow-derived cells to
investigate IL-10-mediated signalling to possibly obtain clues on why IL-10 therapy has
not been as effective as previously anticipated. In the following section we will discuss
our findings on the contribution of IL-10R2 to cytokine signalling, but also how IL-10mediated responses might be negatively influenced by the cytokine GM-CSF.

Effectiveness of IL-10 therapy
IL-10 is an anti-inflammatory cytokine that suppresses the activity of both antigen
presenting cells and lymphocytes and thereby plays a crucial role in establishing immune
homeostasis. For this reason IL-10 has long been considered as a promising therapy for
several inflammatory disorders [55]. Systemic administration of recombinant human IL-10
produced in Escherichia coli (trade name Tenovil) has been investigated in phase II
clinical trials to treat patients with Crohn’s disease. In a first trial, IL-10 treatment was
shown to be safe and well tolerated [56], but patients seem to respond differently to IL-10
treatment [57]. Overall, IL-10 therapy does not seem to provide treatment for Crohn’s
disease patients as there is no significant clinical improvement when compared to placebo
control patients. Furthermore, the number of patients withdrawing from trials due to
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adverse side effects was higher for IL-10 treated patients [58]. These adverse side effects
are considered to be caused by IL-10’s immunostimulatory properties (proliferative effects
on B cells and mast cells) upon systemic administration. To circumvent systemic
administration of IL-10, Lactococcus lactis was engineered to secrete human IL-10 and
used as an oral delivery system [59]. This local delivery system for IL-10 was shown to be
successful in two mouse models of intestinal inflammation [59] and was proven to be safe
in a small phase I human trial [60]. However, in 2009 a phase II human trial with
engineered L. lactis in patients with ulcerative colitis was completed, but no significant
difference in mucosal healing versus a placebo control was observed (ActoGeniX press
release). Alternative approaches for local delivery of IL-10 include gene therapy using
replication-deficient adenoviral vectors or gelatin microspheres containing recombinant
IL-10. Both methods have shown to be successful in murine models of intestinal
inflammation [61-63]. However, future research has to address whether local delivery of
IL-10 is indeed a promising therapeutic approach.
Local delivery of recombinant IL-10 ensures that an appropriate dose of active IL-10 is
obtained at the site of inflammation, but the question remains whether IL-10 is provided in
the correct form. IL-10 is believed to be active as a non-covalently bound homodimer [64].
However, there is no expression platform that is able to produce IL-10 efficiently in its
dimeric form. Heterologous expression of IL-10 in E. coli leads to inclusion bodies and
requires solubilisation and chemical refolding to obtain a monomeric molecule [65].
When expressed in L. lactis IL-10 is secreted in the culture medium as a monomer [59].
We have demonstrated in chapter 3 that human IL-10 forms large aggregates upon
expression in Nicotiana benthamiana plants [27]. Nevertheless, IL-10 from all these
expression platforms is biologically active.
In chapter 3 we also expressed a stable monomeric form of IL-10. Stable monomeric
IL-10 was not able to suppress LPS-induced TNF- expression in a macrophage cell line,
whereas forced dimerization of monomeric IL-10 restored its ability to suppress TNFexpression. This also indicates that IL-10 is indeed active as a dimer. However, stable
monomeric IL-10 was shown to be able to induce proliferation in a B cell line transfected
with either human or mouse IL-10R1 [66]. We therefore questioned whether cell lines are
still a reliable model system to study cellular responses mediated by IL-10. Many cell lines
have been cultured for a long time in different labs under different culturing conditions.
Meanwhile, these cell lines might have acquired (epi)genetic changes [67] and have lost
the ability to respond as in vivo cells would. Therefore we have set-up biological activity
assays for IL-10 using bone marrow-derived cells and used them to re-evaluate IL-10mediated responses.
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Novel insights into the biology of IL-10R2-mediated responses
In this thesis we have investigated the IL-10 cytokine family members IL-10 and IL-22,
which both use IL-10R2 for their signalling. IL-10R2 forms a heterodimeric receptor
complex with high affinity receptors, like IL-10R1 or IL-22R1. Engagement of these
receptor complexes activates the intracellular kinases Jak1 and Tyk2 [68-70], but to date
the exact role of IL-10R2 and IL-10R2-associated signalling via Tyk2 remains unclear. In
chapter 6 we investigated the involvement of IL-10R2 and Tyk2 in IL-10-mediated
responses using dendritic cells, macrophages and mast cells that were differentiated from
mouse bone marrow. We were able to show that IL-10-mediated responses depend on the
presence of both IL-10R1 and IL-10R2, but IL-10R2-associated Tyk2 kinase only played a
limited role. Yet, we do show that Tyk2 contributes to the amplitude and kinetics of IL-10mediated responses. Tyk2 was required for optimal phosphorylation of the transcription
factor STAT3 at tyrosine residue 705 (STAT3Y705) and subsequent upregulation of SOCS3
gene expression. Furthermore, lack of Tyk2 reduced the ability of macrophages to quickly
suppress TNF- expression upon LPS stimulation. Therefore, IL-10R2-mediated signalling
via Tyk2 can be crucial to obtain optimal signalling, but its contribution to activity was
shown to be cell type dependent.
For IL-22 it has been reported that binding to IL-10R2 is crucial for its activity. Logsdon
and co-workers revealed that the N-glycan on Asn54 of IL-22, and in particular the core
1,6-fucose residue on this N-glycan, is required for binding to IL-10R2 [71]. In chapter 4
we described the plant-based expression of IL-22 with engineered N-glycans harbouring
human-like 1,6-fucose residue on its N-glycans. But in contrast to the work of Logsdon
and co-workers we could not confirm that the core 1,6-fucose on the N-glycan of Asn54
plays a role in the activity of IL-22. Instead we showed that the amino acid that is used to
mutate asparagine residue 54 plays a larger role in IL-22 activity. We do not dismiss the
possibility that core 1,6-fucose may contribute to the binding of IL-22 to IL-10R2. Core
1,6-fucose-mediated binding to IL-10R2 might be required for some responses of IL-22
and as we demonstrated for IL-10, this might even be cell type dependent.
The cells used in the study by Logsdon and co-workers were stably transfected with
human IL-10R2 and a chimeric receptor bearing the extracellular domain of IL-22R1 and
the intracellular domain of IFN- R1 [71]. Activity of IL-22 was then measured by transient
transfection with a luciferase reporter gene. The use of hybrid IL-10 receptors harbouring
the intracellular domains of their respective IFN- R’s has also been used to investigate IL10 signalling [66, 72, 73]. Unfortunately, this might not reflect the in vivo situation. In
chapter 6 we also discuss that the mechanism of receptor activation is likely different
between the receptor complexes of IFN- and IL-10. Krause and co-workers demonstrated
that binding of IFN- induces rearrangement of the intracellular domains of both IFN- R1
and IFN- R2 thereby allowing more space for downstream signalling components to bind
[74]. In contrast, there are no major structural changes of the IL-10 receptor complex
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upon binding of IL-10 [75]. For this reason we believe that cell-based assays using hybrid
IL-10/IL-22 receptors harbouring the intracellular domains of their respective IFN- R’s are
not a reliable model to investigate IL-10 signalling.
Further investigation of the IL-10 signalling complex revealed that both the
extracellular and intracellular domain of IL-10R2 are required by IL-10 to induce STAT3
activation in transfected CHO cells (Chapter 6). Interestingly, we also demonstrated that
both the extracellular and intracellular domain of IL-10R2 mediate conformational
changes of the extracellular domain of IL-10R1 that reduce cellular binding of IL-10. We
therefore reason that interactions between IL-10R1 and IL-10R2 (both intracellular and
extracellular) are crucial to initiate IL-10-mediated signalling. Yet, the mechanism by
which the downstream kinases Jak1 and Tyk2 are activated remains to be elucidated.
Remarkably, Syto and co-workers demonstrated that IL-10 is dimeric at concentrations
above 3 µg/ml (at neutral pH and 4°C) [64], which is several orders of magnitude higher
as physiological concentrations. When IL-10 would be monomeric under physiological
conditions it needs to dimerize on the cell surface. This could be a potential mechanism
by which IL-10 assembles a signalling complex that consists of multiple IL-10R subunits
and induces signalling. Stable monomeric IL-10 is able to assemble the complete IL-10
receptor complex when IL-10R1 expression is high upon transfection [66], but is less
efficient under natural conditions when IL-10R expression is much lower (Chapter 6).
Crystallization studies of IL-10 with soluble (s)IL-10R1 revealed that a complex is formed
consisting of 2 IL-10 dimers and 4 IL-10R1 chains [76]. On the contrary, monomeric IL-10
forms a complex with sIL-10R1 in a 1:1 ratio [66]. This would indicate that the signalling
complex formed by monomeric IL-10 differs from the receptor complex with dimeric IL-10.
In chapter 3 and 6 we have shown that stable monomeric IL-10 has impaired activity
when compared to recombinant IL-10 from E. coli. However, forced dimerization of
monomeric IL-10 restored its anti-inflammatory properties (Chapter 3). This again
indicates that dimerization of IL-10 is required for the assembly of a signalling complex.

Mechanisms by which GM-CSF might influence IL-10 activity
In chapter 6 we describe that dendritic cells respond differently to IL-10 when compared
to macrophages. Dendritic cells treated with IL-10 were not able to rapidly suppress TNFexpression upon LPS stimulation, whereas IL-10 inhibited TNF- expression by 80% in
macrophages after 2 hours of stimulation. This correlated with the impaired ability of IL10 to upregulate SOCS3 expression in dendritic cells. Qasimi and co-workers previously
described that SOCS3 is required by IL-10 to suppress TNF-

expression at early time

points of stimulation [77]. This reduction in IL-10-induced SOCS3 expression can
therefore explain the differential response of dendritic cells and macrophages to IL-10. In
chapter 7 we continued to investigate the underlying mechanism that explains the
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differential response of dendritic cells to IL-10. We demonstrated that GM-CSF, the
cytokine used to differentiate dendritic cells, is the key factor that negatively influences IL10-mediated responses. GM-CSF treatment of macrophages reduces their ability to
suppress TNF- expression at early time points. Vice versa, depletion of GM-CSF from
dendritic cells partly restores early suppression of TNF- expression upon LPS stimulation.
When we investigated STAT3 activation in dendritic cells and macrophages we only
found subtle differences in relative amounts of phosphorylated STAT3Y705. However, we
did observe that IL-10 was not able to induce significantly higher levels of phosphorylated
STAT3 at serine 727 (STAT3S727) in dendritic cells when compared to untreated cells. On
the other hand, IL-10 induced STAT3S727 phosphorylation in macrophages in a dosedependent manner. Phosphorylation of STAT3S727 could therefore be required for optimal
induction of SOCS3 expression by IL-10. Alternatively, there might be a role for STAT5 in
inhibiting IL-10-mediated responses in dendritic cells. In chapter 6 we describe that
STAT5 is constitutively phosphorylated at tyrosine residue 694 (STAT5Y694) and this was
not observed in macrophages. Yang and co-workers revealed that STAT5 was shown to
directly suppress STAT3-induced IL-17 expression in Th17 cells without influencing
STAT3 phosphorylation [78]. However, the same study showed that STAT5 did not
influence SOCS3 expression in Th17 cells. Still, Yang and co-workers revealed that STAT3
and STAT5 have opposing roles in regulating the transcription of at least 300 genes.
Constitutive active STAT5 could therefore contribute to the differential response of
dendritic cells to IL-10 (Figure 2a).
STAT5 could also contribute to the suppression of IL-10-mediated signalling by
upregulating the expression of cytokine-inducible SH2-containing protein/suppressor of
cytokine signalling (CIS/SOCS) molecules (Figure 2a). GM-CSF induces the expression of
CIS1, SOCS1, SOCS2 and SOCS3 [79-81] of which SOCS1 has been reported to
negatively influence IL-10 signalling [82]. Upregulated levels of CIS/SOCS molecules
could therefore explain why IL-10-induced transcription of SOCS3 is largely blocked in
dendritic cells. However, relative induction of SOCS3 expression by IL-10 was hardly
affected by overnight treatment of macrophages with GM-CSF or depletion of dendritic
cells from GM-CSF (Chapter 7). This is in contrast to the difference in IL-10-induced
SOCS3 expression between macrophages and dendritic cells. Furthermore, we also did
not observe a difference in the phosphorylation of STAT3Y705 and STAT3S727 between
regular macrophages or GM-CSF treated macrophages. Therefore, GM-CSF seems to
negatively regulate early IL-10-mediated responses in macrophages independent from
STAT3-induced SOCS3 expression.
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Figure 2
Mechanisms by which GM-CSF potentially influences IL-10-mediated responses. (a) A
schematic overview of potential mechanisms by which GM-CSF can inhibit IL-10-mediated responses
as described in the main text. (b) A schematic overview on how GM-CSF-mediated inactivation of
GSK-3 can inhibit IL-10-induced signalling.

As SOCS3 is a key player in mediating IL-10’s anti-inflammatory responses at early
time points [77] it might also be possible that GM-CSF not only regulates SOCS3
expression, but also influences the activity of SOCS3. Tyrosine phosphorylation of SOCS3
at residues Y204 and Y221 has been shown to accelerate SOCS3 degradation [83]. The
mechanism by which cytokines induce SOCS3 phosphorylation is not well understood,
but a role for Janus kinases and Src kinases has been suggested [84]. GM-CSF activates the
Janus kinase Jak2 and Src kinase hematopoietic cell kinase (Hck) [85] and both might
contribute to the phosphorylation and subsequent degradation of SOCS3. Strikingly, Hck
activation is also correlated with increased TNF- expression in a macrophage cell line
upon LPS stimulation [86]. Enhanced Hck activity could therefore also explain why GMCSF differentiated dendritic cells and GM-CSF treated macrophages secrete significantly
higher levels of TNF- (Chapter 6 and 7).
Inhibition of early IL-10-mediated responses by GM-CSF might also be independent of
altered expression or activity of CIS/SOCS molecules. In chapter 7 we describe that both
GM-CSF differentiated dendritic cells and GM-CSF treated macrophages have high levels
of phosphorylated GSK-3

at serine residue 9 (GSK-3

S9

component downstream of the PI3K/Akt pathway and GSK-3
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its inactivation. Interestingly, Waitkus and co-workers recently reported on a novel
mechanism of activation of STAT3, which was mediated by GSK-3 / [87]. GSK-3 / was
shown to directly phosphorylate STAT3 at the residues S727 and T714 (Figure 2b). The
requirement of GSK-3 / in IL-10-induced STAT3 activation is therefore of great interest as
we have shown that GM-CSF strongly inhibits GSK-3

by phosphorylation of serine

residue 9. Furthermore, GSK-3 was shown to selectively modulate IL-10-induced gene
expression. GSK-3

was required for the upregulation of IL-10-induced genes that are

dependent on the activation of the PI3K pathway, like autotaxin and caspase 5 [88]. In
contrast, SOCS3 expression was shown to be independent of the activation of PI3K/GSK3 . This coincides with our observation that IL-10-induced SOCS3 expression is not
affected in GM-CSF treated macrophages, which have high levels of phosphorylated GSK3

S9

.

Over the last couple of years GM-CSF has been identified as a key contributor to the
development of chronic inflammation in animal models of intestinal inflammation,
multiple sclerosis and rheumatoid arthritis [89-91]. Taking together the key role of GMCSF in the development of chronic inflammation with the results obtained in this thesis
might explain why IL-10 therapy has not been as effective as previously anticipated. Our
study demonstrates that the pro-inflammatory cytokine GM-CSF is able to negatively
regulate IL-10-mediated responses in macrophages and dendritic cells. However, future
research has to elucidate the exact mechanism on how GM-CSF and IL-10 signalling
pathways are integrated and result in impaired cellular responses towards IL-10.
Ultimately this knowledge could provide us with new therapeutic strategies to treat
inflammatory disorders.
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Summary
The incidence of inflammatory disorders in industrialized countries has dramatically
increased over the last decennia, which is believed to result from a change in life-style.
Treatment of these inflammatory disorders relies on the intervention in immune responses
thereby restoring homeostasis. For now, many inflammatory disorders are treated with
broad-acting immunosuppressive drugs or monoclonal antibodies that specifically target
pro-inflammatory molecules of the immune system. An alternative therapeutic approach
would be to use immunomodulatory proteins that are naturally involved in re-establishing
immune homeostasis. This thesis describes the plant-based expression of a variety of
immunomodulatory cytokines that may be used as biopharmaceutical proteins in the
future. Furthermore, this thesis contains a pioneering chapter on the plant-based
expression of immunomodulatory helminth-secreted glycoproteins. Additionally, we put
some emphasis on the biological activity of the cytokine interleukin-10 to elucidate why
IL-10 is not as effective in the clinic as previously anticipated.
In Chapter 2 we describe the transient expression of the immunoregulatory cytokine
human transforming growth factor 1 (TGF- 1) in Nicotiana benthamiana leaves. TGF- 1
plays a key role in the differentiation of regulatory T cells (Tregs) and might be used to
restore immune homeostasis in patients suffering from inflammatory disorders. The
homologous isoform TGF- 3 has been produced in tobacco plants before, but this
expression strategy required chemical refolding upon purification. We want to avoid
chemical refolding because in this case plants would loose their economical advantage
over bacterial expression. Production of human TGF- 1 is a complex process as the
protein is synthesized as a latent complex whereby the latency-associated peptide (LAP)
keeps mature TGF- 1 in an inactive form. Activation of TGF- 1 requires proteolytic
cleavage between LAP and TGF- 1, which is mediated by the serine protease furin. We
demonstrated that LAP is required for the production of biologically active TGF, but that a
furin-like cleavage between LAP and TGF- 1 does not occur in planta. When LAP-TGF- 1
was co-expressed with human furin the proteolytic processing of latent TGF- 1 occured in
planta and enabled the production of biologically active TGF- 1.
In Chapter 3 we describe the expression of the anti-inflammatory cytokine interleukin10 (IL-10), which has been considered as a promising therapy for inflammatory bowel
disease. Like many other plant-produced cytokines, the initial yield of heterologous
expressed IL-10 was low. Cytokines are considered inherently unstable as they have short
in vivo half-lives and this is generally believed to be the major bottleneck for heterologous
expression. However, we demonstrate that the major expression bottleneck for the natural
IL-10 dimer was its tendency to form large multimers by swapping protein domains. This
extensive multimerisation was visualised in leaves as intracellular aggregates of organelle
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size. By protein engineering we were able to prevent multimerisation and increase yield
30-fold, however, this strategy also rendered the protein inactive. Yet, forced dimerization
of this engineered IL-10 by fusion to the Fc portion of IgA restored its ability to suppress
LPS-induced TNF- expression in a macrophage cell line.
In Chapter 4 we investigate the plant-based expression of the IL-10 related cytokine IL22. IL-22 is an unusual cytokine as it does not act directly on immune cells, but is
involved in maintaining epithelial barrier function. Only recently, IL-22 has been
considered for treatment of inflammatory bowel disease and inflammation of liver and
pancreas. We demonstrate that IL-22 does not form aggregates in planta and its yield was
~10-fold higher compared to native IL-10. The biological activity of IL-22 has been
reported to depend on core 1,6-fucosylation of its N-glycan on asparagine 54 (Asn54).
Therefore, we exploited a glyco-engineering strategy to obtain tailored human-like Nglycans. By co-expressing fucosyltransferase 8 we were able to add core 1,6-fucose to
the N-glycans of IL-22, but this did not affect activity. We also investigated the role of Nglycosylation on folding of IL-22 by combining site-directed mutagenesis of Nglycosylation sites and co-expression of the deglycosylating enzyme PNGase F. Altogether
we concluded that neither the presence of a N-glycan on Asn54 nor the composition of
this N-glycan influenced the biological activity of IL-22. However, we revealed that the
presence of a N-glycan on Asn54 influences the composition of another N-glycan. That
the presence of an N-glycan can influence the composition of another has, to our
knowledge, not been demonstrated before.
In Chapter 5 we continued to investigate the potential of glyco-engineering in plants,
but now focusing on engineering helminth-like N-glycans. Helminths are complex
multicellular organisms that upon infection are master regulators of their host's immune
system. Helminths employ a range of secreted glycoproteins for immunomodulation. And
these proteins, are potential drugs for the treatment of various inflammatory disorders.
Several of these glycoproteins rely on specific N-glycan structures for their function. We
expressed omega-1 and kappa-5, two major antigens that are secreted by the eggs of
Schistosoma mansoni. Omega-1 is a T2 RNase and carries N-glycans with terminal Lewis
X structures, which are required for uptake by dendritic cells and subsequent polarization
into a type 2 T cell response. The function of kappa-5 is still unknown, but in contrast to
omega-1, kappa-5 carries complex N-glycans with terminal LDN or LDNF. This chapter
describes the production of large quantities of these helminth glycoproteins and the
successful engineering of the helminth-like N-glycan structures Lewis X, LDN and LDN-F.
This enables the functional characterization of helminth-secreted glycoproteins and
subsequently investigation on the contribution of the N-glycan structures to the
immunomodulatory properties of these glycoproteins. Our results demonstrate that plants
are an excellent expression platform for helminth glycoproteins with tailored helminth-like
N-glycans. This enables further research in host-parasite interactions, which may lead to
the development of vaccines and/or discovery of new therapeutic proteins for
inflammatory disorders.
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Altogether, the results presented in the first four chapters reveal the remarkable
flexibility of plants as a production platform for recombinant proteins. It showcases the
potential of engineering proteins as well as post-translational modifications in plants, but it
especially highlights the engineering of tailor made N-glycans in plants. This, combined
with the speed of transient expression by means of agroinfiltration, makes transient
expression in Nicotiana benthamiana a powerful tool to study the role of N-glycans on
glycoprotein function. In parallel to these plant biotechnological research lines, we also
developed an in vitro model system based on mouse bone marrow-derived cells to study
immunological responses. We used this model to obtain clues on why IL-10 therapy has
not been as successful as previously anticipated.
In Chapter 6 we utilised bone marrow-derived cells to investigate the biological
activity of interleukin-10. Until now IL-10 therapy has not been as successful as previously
anticipated and especially the role of IL-10R2 in IL-10-mediated responses is still elusive.
We have set-up biological activity assays with bone marrow-derived dendritic cells,
macrophages and mast cells to re-evaluate IL-10-mediated responses. We demonstrate
that IL-10-mediated responses depend on both IL-10R1 and IL-10R2 in the investigated
cell types, but IL-10R2-associated signalling via Tyk2 only plays a limited role. Further
investigation of the IL-10R complex revealed that both the extracellular and intracellular
domain of IL-10R2 influence IL-10R1 conformation. Our results highlight the importance
of the intracellular domain of IL-10R2 on cellular binding of IL-10 as well as initiation of
signal transduction.
In Chapter 7 we continued to investigate an interesting observation made in Chapter 6.
We revealed that dendritic cells have an impaired ability to respond to IL-10 whereby
especially early IL-10-mediated responses are affected. Upon IL-10 treatment dendritic
cells were unable to suppress LPS-induced TNF- secretion at an early time point after
stimulation. We also demonstrate in this chapter that GM-CSF is a key factor that
negatively regulates IL-10 activity. GM-CSF influences IL-10-mediated responses without
strongly affecting the activation of the transcription factor STAT3. Instead, GM-CSF
induces strong constitutive phosphorylation of GSK-3 , a signalling component
downstream of the PI3K/Akt pathway. Future research on the exact mechanism by which
GM-CSF negatively regulates IL-10 activity could give novel insights on the integration of
signal transduction pathways elicited by different cytokines. Ultimately this knowledge
could provide us with insights to design new therapeutic strategies to treat inflammatory
disorders.
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Samenvatting
De incidentie van immunologische aandoeningen (zoals allergieën, de ziekte van Crohn
en multipele sclerose) in geïndustrialiseerde landen is sterk toegenomen in de afgelopen
decennia. Deze toename wordt toegeschreven aan een veranderende levensstijl die leidt
tot een onbalans van het immuunsysteem. De behandeling van deze ziekten richt zich
daarom op het opnieuw in balans brengen van het immuunsysteem. Tot nog toe vindt
behandeling doorgaans plaats met breed werkende chemische ontstekingsremmers of met
monoklonale antilichamen die specifieke componenten van ons immuunsysteem
neutraliseren.

Een

mogelijke

alternatieve

behandelwijze

is

het

gebruiken

van

lichaamseigen componenten die er voor zorgen dat het evenwicht in ons immuunsysteem
terugkeert. Dit zijn bijvoorbeeld ontstekingsremmende eiwitten van ons immuunsysteem
(zoals sommige cytokines). Echter, om humane eiwitten te gebruiken als medicijn dienen
deze door andere levende cellen geproduceerd te worden. Dit proefschrift beschrijft het
produceren van dergelijke potentieel medische eiwitten in planten. Daarnaast beschrijft
dit proefschrift het onderzoek naar de biologische activiteit van het cytokine interleukine10 (IL-10). Met dit onderzoek proberen we te verklaren waarom IL-10, als
ontstekingsremmer, in de kliniek tot dusver nog niet zo effectief is gebleken als verwacht.
In hoofdstuk 2 beschrijven we de expressie van het immuun-regulerend cytokine
“transforming growth factor 1” (TGF- 1) in de bladeren van tabaksplanten. Dit cytokine
speelt een belangrijke rol bij de ontwikkeling van een bepaald type immuuncellen
(zogenaamde regulatoire T cellen) die in staat zijn om ons immuunsysteem te
onderdrukken. Deze eigenschap van TGF- 1 zou mogelijk gebruikt kunnen worden om
het immuunsysteem van patiënten met ontstekingsziekten weer in evenwicht te brengen.
Productie van TGF- 1 is een complex proces, omdat TGF- 1 van nature wordt
aangemaakt als een inactief (latent) eiwit. Het TGF- 1 eiwit bestaat uit twee delen waarbij
het actieve deel van TGF- 1 als het ware wordt afgeschermd door een ander eiwitdomein.
Om actief TGF- 1 te kunnen produceren, moet er een scheiding plaatsvinden tussen de
twee eiwitdomeinen. Deze scheiding wordt bewerkstelligd door een ander eiwit, een
enzym genaamd furine. In dit onderzoek laten wij zien dat de scheiding door furine
normaalgesproken niet plaatsvindt in planten. Pas als we humaan furine samen met TGF1 tot expressie brengen in de plant gebeurt dit wel. Dit maakt het produceren van
biologisch actief TGF- 1 mogelijk in planten.
In hoofdstuk 3 doen we vervolgens onderzoek naar de productie van het
ontstekingsremmende cytokine IL-10. Dit cytokine wordt gezien als veelbelovend voor de
behandeling van diverse ontstekingsziekten, zoals bijvoorbeeld de ziekte van Crohn. IL-10
is al meerdere malen succesvol geproduceerd in planten, maar tot nu blijft het
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productieniveau laag. Uit ons onderzoek blijkt dat er een eiwit-intrinsiek probleem is voor
de productie van IL-10. Het vermogen van IL-10 om dimeren te vormen (binding van twee
dezelfde eiwitten aan elkaar) blijft namelijk niet beperkt tot twee eiwitten, maar zorgt voor
de vorming van grote ‘klompen’ van IL-10 eiwitten (granulen). Door te voorkomen dat IL10 dimeren vormt, slaagden we erin het productieniveau met een factor 30 te verhogen.
Echter bleek deze monomere variant van IL-10 niet actief. Activiteit kon worden hersteld
door deze monomeer weer te dimeriseren, maar nu via een ander eiwit domein (het
constante domein van een antilichaam) dat aan IL-10 gefuseerd werd.
In hoofdstuk 4 bestuderen we de productie van IL-22, een cytokine dat qua structuur
gerelateerd is aan IL-10, in planten. IL-22 speelt een rol bij het handhaven van de
barrièrefunctie van epitheelweefsel, bijvoorbeeld in de darm. Recentelijk is de aandacht
voor IL-22 sterk toegenomen en het wordt gezien als een veelbelovend medicijn voor de
behandeling van ontstekingen van de darm, lever en alvleesklier. Met ons onderzoek laten
we zien dat humaan IL-22 geen granules vormt in de plant en dat ook het productieniveau
10 keer hoger ligt in vergelijking met IL-10. Voor IL-22 is verder beschreven dat activiteit
afhankelijk is van de samenstelling van de suikers die het draagt (zogenaamde Nglycanen). In ons onderzoek maken we daarom ook gebruik van de mogelijkheid om
planten aan te passen zodat er verschillende suikers gekoppeld worden aan eiwitten die
uitgescheiden worden. Door manipulatie van de plant konden we typische dierlijke
suikers verkrijgen die nodig zijn voor activiteit van IL-22. Maar in tegenstelling tot
voorgaande studies concluderen wij dat de activiteit van IL-22 niet afhankelijk is van de
aanwezigheid van N-glycanen of hun samenstelling. Daarnaast laten we wel zien dat een
N-glycaan op een specifieke plek de compositie van N-glycanen op ander plekken kan
beïnvloeden. Dit was opvallend aangezien deze waarneming niet eerder is beschreven.
In hoofdstuk 5 zetten we het onderzoek naar het aanpassen van N-glycanen voort,
maar focussen op het synthetiseren van typische N-glycanen van parasitaire wormen.
Parasitaire wormen zijn complexe organismen die meester zijn in het manipuleren van
het immuunsysteem van hun gastheer. Parasitaire wormen doen dit met behulp van een
breed scala aan eiwitten die ze uitscheiden. Deze eiwitten hebben de potentie om
gebruikt te worden voor de behandeling van meerdere ontstekingsziekten, maar veel van
deze eiwitten zijn nog niet functioneel gekarakteriseerd en er is, daarom, nog geen
geschikt productieplatform ontwikkeld. Daarnaast is een aantal van deze eiwitten
afhankelijk van de samenstelling van hun specifieke N-glycanen. In dit hoofdstuk
beschrijven we de productie van twee eiwitten die worden uitgescheiden door de eieren
van de parasitaire worm Schistosoma mansoni genaamd omega-1 en kappa-5. We
beschrijven de eerste succesvolle stappen naar de synthese van typische worm-achtige Nglycaan motieven in planten (Lewis X voor omega-1 en LDN(-F) voor kappa-5). Onze
resultaten laten zien dat planten uitermate geschikt zijn voor de productie van
immunomodulerende eiwitten van parasitaire wormen. Daarnaast zijn planten ook in
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staat om deze eiwitten te produceren met hun natuurlijke N-glycanen. Dit maakt
onderzoek naar parasiet-gastheer interacties mogelijk en zou uiteindelijk kunnen leiden
tot de ontwikkeling van nieuwe therapeutische eiwitten voor het bestrijden van
ontstekingsziekten.
De resultaten beschreven in deze vier hoofdstukken laten zien dat planten uitermate
geschikt zijn als productieplatform voor recombinante eiwitten. Daarnaast is het een
mooie showcase voor de mogelijkheden om eiwitten en post-translationele modificaties
van eiwitten aan te passen in planten. Daarnaast laat ons expressiesysteem zien dat het
mogelijk is om ‘op maat gemaakte’ N-glycanen te construeren. De snelheid waarmee
recombinante eiwitten gemaakt kunnen worden in tabak maakt het een krachtig
hulpmiddel om de rol van N-glycanen en de biologische functies van eiwitten te
bestuderen. Parallel aan deze plantbiotechnologische onderzoekslijn hebben we ook
gewerkt aan een onderzoekslijn waarbij een in vitro model op basis van beenmergcellen
van muizen is opgezet ten behoeve van immunologische studies. Met dit model hebben
we geprobeerd te achterhalen waarom IL-10 therapie niet zo succesvol is gebleken als
men eerder had verwacht.
In hoofdstuk 6 hebben we gebruik gemaakt van immuuncellen die we gedifferentieerd
hebben uit beenmerg om de biologische activiteit van IL-10 te bestuderen. IL-10
bewerkstelligt zijn activiteit door te binden aan twee receptoren, namelijk IL-10 receptor 1
en 2 (IL-10R1 en IL-10R2). Maar met name de bijdrage van IL-10R2 aan IL-10 activiteit is
nog onduidelijk. Met behulp van uit beenmerg gedifferentieerde dendritische cellen,
macrofagen en mestcellen laten wij zien dat IL-10 activiteit afhankelijk is van beide
receptoren. Daarentegen is de rol van signaaltransductie van IL-10R2 via Tyk2 beperkt.
Verder onderzoek naar het IL-10 receptor complex laat zien dat IL-10R2 invloed heeft op
de conformatie van IL-10R1 en daarmee IL-10 binding beïnvloedt. Verassend was dat het
intracellulaire deel van IL-10R2 hieraan bijdraagt.
In hoofdstuk 7 zetten we het onderzoek naar een interessante waarneming uit
hoofdstuk 6 voort. In hoofdstuk 6 zagen we dat dendritische cellen anders reageren op IL10 dan macrofagen. IL-10 is niet in staat om in een vroeg stadium na stimulatie de
productie van het pro-inflammatoire cytokine TNF-

in dendritische cellen te

onderdrukken. Wij tonen aan dat GM-CSF (het cytokine waarmee dendritische cellen
gedifferentieerd worden uit beenmerg) hierbij een belangrijke rol speelt. GM-CSF doet dit
echter zonder een effect te hebben op de activatie van de transcriptie factor STAT3 door
IL-10. Het bleek dat GM-CSF een ander signaaltransductie-eiwit genaamd GSK-3 sterk
activeert. Toekomstig onderzoek moet het exacte mechanisme waarmee GM-CSF IL-10
activiteit onderdrukt blootleggen. Dit zou nieuwe inzichten kunnen geven in de
interacties tussen verschillende signaaltransductieroutes na activatie door verschillende
cytokines. Uiteindelijk kan deze kennis bijdragen aan de ontwikkeling van nieuwe
therapeutische strategieën om ontstekingsziekten te behandelen.
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