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Chapter 1

Introduction

1.1 Campylobacter

1.1.1 The genus Campylobacter

The Epsilonproteobacteria are a class of Gram-negative bacteria comprising, amongst others,

the Campylobacteraceae and Helicobacteraceae families. These two families are genetically

the most closely related (Trust et al., 1994; Vandamme, 2000). The genus Campylobacter

is classified in the Campylobacteraceae family together with Arcobacter, Sulfurospirillum

and some wrongly classified Bacteroides (Vandamme and De Ley, 1991). Before 1963 the

Campylobacter bacteria belonged to the Vibrio genus, described by Theodore Escherich,

until Sebald and Veron introduced the Campylobacter genus (Sebald and Veron, 1963). They

differ from the Vibrio genus by their low G+C DNA content, the strict microaerophilic grow

conditions and their asaccharolytic biochemistry (Wassenaar and Newell, 2006). McFadyean

and Stockman isolated Vibrio fetus ovis, later Vibrio fetus, in 1913 for the first time from

foetuses of aborted sheep. In 1931, Vibrio jejuni was isolated by Jones et al. from the jejunum

of calves with dysentery. With the introduction of the Campylobacter genus, these Vibrio

strains were known as C. fetus and C. jejuni (Butzler, 2004; Jones et al., 1931; McFadyean

and Stockman, 1913; Skirrow, 2006). In 1973, the first accepted taxonomy of Campylobacter

was described by Véron and Chatelain. Since then, the genus underwent extensive changes,

due to their genetic and metabolic diversity. Presently 29 different species are described for

the Campylobacter genus and fifteen are involved in human infections. C. coli, C. jejuni and

1
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C. fetus are the most commonly isolated Campylobacter species (Casey et al., 2017; Penner,

1988; Veron and Chatelain, 1973; Wassenaar and Newell, 2006).

The genus name Campylobacter means curved rod in Greek and refers to their possible curved

shape. Most Campylobacter species are spirally curved (Figure 1.1), while a minority of the

species are straight rods (Penner, 1988; Vandamme et al., 2005). The bacterial cells can group

together and form V- or S-shaped chains. In case of exposure to unfavourable environmental

conditions, Campylobacter cells can transform into a coccus form (Figure 1.1) (Rollins and

Colwell, 1986; Wassenaar and Newell, 2006). They are Gram-negative, non-spore forming

bacteria of 0.2 µm to 0.8 µm wide and 0.5 µm to 5.0 µm long and their flagella may be two to

three times their own length (Wassenaar and Newell, 2006; Vandamme et al., 2005). Most of

the Campylobacter species are motile and are monotrichous with a single polar flagellum or

amphitrichous and express a flagellum on each end (Balaban and Hendrixson, 2011; McCoy

et al., 1976). There are however some species, like C. showae, which express multiple flagella

and some species which are nonmotile, an example of the latter is C. gracilis. The flagella

are responsible for the typical corkscrew like motion and are required for colonization of the

gastrointestinal tract of their host (Nachamkin et al., 1993; Vandamme et al., 2005).

Figure 1.1: Visualization of C. jejuni using scanning electron microscopy (SEM)(left) (Picture from
the https://www.cdc.gov/media/subtopic/library/diseases.htm). Scanning electron
micrograph from coccoid-like cells of Campylobacter, they are viable but non-culturable
(Rollins and Colwell, 1986) (right).
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The Campylobacter species energy metabolism does not occur by fermentation or oxidation

of the most common carbohydrates, like glucose and galactose. Certain C. jejuni strains

contain the L-fucose metabolic pathway. A major energy source are amino acids (Stahl

et al., 2011, 2012; Vandamme, 2000). C. jejuni is microaerophilic and grows optimally at

an O2-concentration of 5%, a CO2-concentration of 10% and a N2-concentration of 85%.

Some species can grow under anaerobic conditions (Davis and DiRita, 2008). Because of the

absence of cold shock proteins, thermotolerant Campylobacter species cannot adapt to low

temperatures and grow at temperatures between 30◦C and 44◦C (Levin, 2007; Hazeleger et al.,

1998). Most of the foodborne pathogens possess adaptive responses to environmental stresses,

caused by for example food processing and preservation. The Campylobacter species on the

other hand are, in comparison, rather sensitive to stresses. Along with their stringent growth

conditions, this leads to a reduction of their capability of replication during food processing

and outside of their host. Nonetheless, they evolved a couple of survival mechanisms for their

protection in unfavourable conditions like starvation and hypo-osmotic environments. The

formation of biofilms and entering the viable but non-culturable state (VBNC) are used as

survival strategies by Campylobacter (Park, 2002; Jackson et al., 2009; Mihaljevic et al., 2007;

Garénaux et al., 2008).

1.1.2 Campylobacter jejuni

Campylobacter is the most common cause of gastroenteritis worldwide in both industrial

and developing countries. This zoonotic pathogen is responsible for over 500 million cases of

campylobacteriosis annually and the number of infections is often exceeding the ones caused by

Salmonella (Coker et al., 2002; Ruiz-Palacios, 2007; EFSA, 2014). The Campylobacter species

mostly associated with these infections are C. jejuni and C. coli (EFSA, 2014). The presence

of a small amount of C. jejuni bacterial cells in food or water can already lead to infections in

humans, as the infective dose is less than 500 bacteria (Waage et al., 1999). In industrialized

countries, the infection occurs most frequently during infancy and afterwards the infection

count peaks again at the age between 15 and 44 (Butzler, 2004). The disease distribution

also shows an influence of the season and temperature, with the highest appearance during

the summer. In developing countries, the Campylobacter infection is hyperendemic (Coker

et al., 2002; EFSA, 2010). Because of the absence of extreme temperature variation and of

3
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epidemics surveillance, no seasonal distribution of the infection was reported in developing

countries (Coker et al., 2002). In developing countries, asymptomatic infections are more

common. This observation suggests the development of immunity by recurrent exposure

early in life (Acheson and Allos, 2001; Coker et al., 2002; Blaser, 1997).

C. jejuni is a zoonotic pathogen, transmitted to humans by domestic animals, wild animals

and birds, which are also responsible for environmental contamination (Figure 1.2) (Coker et

al., 2002). The bacteria colonizes mainly the mucus layer of the intestinal tract and can also

be present in other tissues (Meinersmann et al., 1991). The favoured environmental reservoirs

of C. jejuni are avian species and the bacterium is especially found in the intestinal tract of

poultry. They are considered the natural host of C. jejuni and therefore the consumption or

the contact with contaminated poultry meat is probably the most common cause of disease

in humans (Beery et al., 1988; Hermans et al., 2012). The elevated metabolic temperature

of chickens, 42◦C, corresponds with the optimal growth temperature of C. jejuni, which

makes them an outstanding reservoir for the thermotolerant bacteria (Horrocks et al., 2009).

Between chickens of a flock, C. jejuni is transmitted via the faecal-oral route (Newell and

Fearnley, 2003). Other less frequent infection sources are water and unpasteurized milk. In

developing countries, in contrary with the industrialised countries, waterborne infections are

no exception, because of poor sanitation. Milk can also be contaminated by the C. jejuni

bacteria present in the udder of infected cows (Orr et al., 1995; Tauxe, 1992; Young et al.,

2007).

1.1.3 Campylobacter in broiler chickens

C. jejuni is a commensal in broilers and 60 to 80% of all the flocks are contaminated worldwide

at the slaughter age (EFSA, 2010; Hermans et al., 2012; Reich et al., 2008). Colonization is

predominantly asymptomatic and can reach levels up to 1010 CFU/g faeces and the bacteria

are abundantly present in the mucus layer of the caecum (Lin, 2009; Pielsticker et al., 2012).

C. jejuni will not invade the intestinal epithelial cells in chickens, in contrary with humans.

It was shown that the presence of the chickens mucus weakens the C. jejuni invasiveness and

that a component of the mucus plays a role in the asymptomatic infection (Alemka et al.,

2010; Byrne et al., 2007; Young et al., 2007).
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Figure 1.2: Primary infection sources, transmission routes and clinical effect of Campylobacter.
Infection in humans with Campylobacter can occur through contaminated water, the
handling of raw meat, contact with animals, the consumption of contaminated food and
trough person-to-person transmission. Infection can lead to different gastrointestinal or
extra-gastrointestinal manifestations (Kaakoush et al., 2015).

The absence of Campylobacter bacteria in broilers during the first two to three weeks of age

can be explained by the presence of Campylobacter -specific maternal antibodies. Research

showed that these antibodies interact with outer membrane proteins like flagellins, leading

to complement-mediated killing of the bacteria and possible clearance of the bacteria by

agglutination. Possible other contributing factors, like the intestinal flora, have to be taken

into account (de Zoete et al., 2007; Sahin et al., 2001, 2003). After the first weeks of age,

the protection decreases and colonization by Campylobacter increases with age (Sahin et al.,

2003). Due to the horizontal transmission of the bacteria within the flock, the infection is

rapidly spread via water, coprophagy and feed (M. D. Lee and Newell, 2006). In chickens, a

mucosal and systemic immune reaction is triggered by Campylobacter infection. Nevertheless

no intestinal damage is caused or no strong response leading to inflammation is triggered (de
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Zoete et al., 2007; Lin, 2009).

1.1.4 Infection in humans

One of the major manifestations of Campylobacter infections in humans is gastroenteritis. The

symptoms last approximately one week. Frequent symptoms are watery or bloody diarrhoea,

fever and headaches. Campylobacteriosis is in most cases self-limiting, however infections with

certain C. jejuni serotypes can lead to severe other gastrointestinal and extra-gastrointestinal

manifestations. The possible clinical consequences of C. jejuni infections are summarized in

(Kaakoush et al., 2015) (Figure 1.2). Approximately 0.1% of the infections caused by C. jejuni

are followed by the Guillain-Barré syndrome, a paralyzing neuropathological disease (Hahn,

1998; Nachamkin et al., 1998).

The Guillain-Barré syndrome is an auto-immune disease, which occurs in patients infected

with C. jejuni and which is caused by molecular mimicry of the lipo-oligosaccharides of

C. jejuni and the gangliosides of the human peripheral nervous system (Yan et al., 2005;

Nachamkin et al., 1998; Nyati and Nyati, 2013). When N-acetylneuraminic acids from the

lipo-oligosaccharides are linked with galactose they are similar to the neural gangliosides.

Antibodies directed against the lipo-oligosaccharides present in the outer membrane of

the bacteria may therefore interact with our nervous system (Figure 1.3) (Levin, 2007).

The immune response, as a result of the cross-reaction, can be directed against the myelin

or the axon part of the peripheral nerves. In case of acute inflammatory demyelinating

polyradiculoneuropathy (AIDP), the myelin covering the axons is damaged. The destruction

influences the transmission of impulses between the nerves. In the other types of GBS the

immune system targets the axons, which can lead to the acute motor axonal neuropathy

(AMAN) or the more severe form, acute motor sensory axonal neuropathy (AMSAN), where

the axons of the sensory nerves are damaged (Koski, 1997; Nyati et al., 2010; Yuki et al.,

1999).

6



Chapter 1

Figure 1.3: GBS can be triggered by infection with C. jejuni. The infection triggers an immune
response, whereby antibodies are produced against the lipo-oligosaccharides present on
the outer membrane of the C. jejuni bacteria. As a consequence of molecular mimicry,
these nanobodies will crossreact with the gangliosides of the peripheral nerves of the
patient. The antibodies can be directed against the axon part of the nerve, near the
node of Ranvier in case of the AMAN type, or the antibodies can target the myelin
sheath leading to AIDP (van den Berg et al., 2014).
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1.1.5 Pathogenesis and virulence factors

1.1.5.1 Flagella mediated motility and chemotaxis

C. jejuni has polar flagella, present at one or at both sides of the bacterial cell. The flagella are

responsible for motility and chemotaxis and they are identified as important virulence factors.

They play a key role in the invasion of the mucus layer of the gastrointestinal tract and the

adhesion to epithelial cells, wherefore the flagella are essential for the successful colonization

of the host (Wassenaar et al., 1993; Balaban and Hendrixson, 2011; Gilbreath et al., 2011).

Human volunteers were challenged with a mixture of non-motile and motile C. jejuni bacteria.

Analysis of the faeces of the volunteers led to the isolation of the motile bacteria only, which

indicated the significant role of motility and the flagella in colonization of the host (Black et

al., 1988). C. jejuni flagella are also necessary for auto-agglutination and biofilm formation

(Golden and Acheson, 2002; Joshua et al., 2006). The latter allows Campylobacter to survive

longer when exposed to stressful conditions, like atmospheric conditions, in between hosts

(Joshua et al., 2006; Reuter et al., 2010). The type III secretion system is crucial for the

virulence of many enteric pathogens, however C. jejuni lacks this system. In C. jejuni, flagella

are used for the secretion of non-flagellar proteins, such as the Campylobacter invasion antigen

(CIA), and flagellar proteins, as FlaC. These proteins play a role in the adhesion and invasion

of the host cells (Konkel et al., 2004; Song et al., 2004).

The flagella of C. jejuni consist of a basal body, a hook and a filament, which is composed

of two proteins: the major flagellin FlaA and the minor flagellin FlaB. The flagellin proteins

are encoded by the tandem genes, flaA and flaB, which are nearly identical. Both genes

are regulated by a different promoter. The expression of the major flagellin subunit FlaA

is regulated by the σ28 promoter, while the σ54 promoter is responsible for the expression

of the minor flagellin subunit FlaB, the basal-body and the hook. The transcription of the

σ54-dependent genes is sensitive to environmental regulation and requires the two component

system FlgSR consisting of the FlgS sensor kinase and the FlgR response regulator (Alm et

al., 1993; Guerry et al., 1991; Hendrixson et al., 2001; Nuijten et al., 1990). The biosynthesis

of the flagella can be switched on and off since the response regulator FlgR is controlled by

phase variation (Hendrixson, 2006; Nuijten et al., 1989).
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The expression of the flaA gene is more abundant than the expression of the flaB gene. The

FlaA protein is predominant in the filament of the Campylobacter flagella. A mutation in flaB

leads to a small reduction of the motility and the length of the flagellum is comparable with the

wild type flagellum. When a mutation is introduced in flaA, a truncated flagellum is observed,

leading to a significantly decrease in motility. When both genes were mutated no flagella or

motility were present (Guerry et al., 1991, 1990; Power et al., 1994). For the assembly of the

flagellins to form the flagellar filament, O-glycosylation of the monomers is essential. The

molecular weight of the flagella is approximately 63 kDa, of which approximately 10% is due

to the presence of glycans (Goon et al., 2003; Thibault et al., 2001). Mutations leading to a

non-functional glycosylation system, cause a reduction of the virulence of C. jejuni bacteria

(Guerry et al., 2006). The flagella of C. jejuni undergo antigenic variation by changing their

glycosylation pattern. This leads to the possibility to express flagella with antigenic differences

and distinct molecular masses. Two antigenic flagellin types, T1 and T2, are described (Alm

et al., 1992; Harris et al., 1987).

Chemotaxis is crucial for the flagellum-mediated movement of Campylobacter bacteria

towards favourable conditions. This mechanism is therefore essential for the localization and

colonization of the intestinal mucus layer (Chang and Miller, 2006; Hermans et al., 2011a).

A two-component system for signal transduction, consisting of sensory histidine kinases and

response regulators, is responsible for chemotaxis. For this, Campylobacter expresses Che

proteins and Transducer-like proteins (TLP) (Chandrashekhar et al., 2015; Hamer et al.,

2010; Marchant et al., 2002). Main chemoattractants of C. jejuni are components of mucin,

the main constituent of the mucosa, like L-fucose and L-serine. Other attractants are other

amino acids and some salts of organic acids (Hermans et al., 2012; Hugdahl et al., 1988).

Certain components of bile were shown to be chemorepellents (Hugdahl et al., 1988).

1.1.5.2 Invasion of and adhesion to host cells by C. jejuni

Adhesion molecules play an important role in pathogenesis of Campylobacter. Pili or pili-like

structures are often found in bacteria, functioning as adherence factors. These structures

are not present in Campylobacter (Parkhill et al., 2000). Adhesins mediating host cell

interaction have been identified (Ó Cróińın and Backert, 2012). One of the best-characterised
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surface-exposed ligands is CadF, which interacts with fibronectin of the intestinal epithelial

cells. Mutations in de cadF gene results in a decreased adhesion to human intestinal cells

and an inability to colonize contaminate chickens (Monteville et al., 2003; Ziprin et al.,

1999). Other researched factors involved in adhesion are JlpA, CapA, PEB proteins and

the major outer membrane protein MOMP (Ashgar et al., 2007; Fauchere et al., 1989; Jin

et al., 2001; Moser et al., 1997). The latter is not only important for virulence, but also

essential for viability. In previous research, the porA gene, encoding MOMP, could not be

deleted (Mahdavi et al., 2014). It plays an important role in the structural organization and

stabilization of the outer membrane and the diffusion of nutrients and antibiotics across

the membrane (Dé et al., 2000; Ferrara et al., 2016). Page et al. (1989) showed that

the porin is involved in the intrinsic resistance of Campylobacter to several hydrophilic

antibiotics. The MOMP is a trimeric β-barrel protein consisting of 18 β-strands, highly

variable surface-exposed loops and an N-terminal α-helix. In the constriction zone of MOMP,

Ca2+-ions are present (Figure 1.4). Structure analysis and the influence of the removal of

the Ca2+-ions by the addition of EDTA demonstrate the possible structural role of calcium

(Ferrara et al., 2016; Labesse et al., 2001).

Figure 1.4: Structure of the MOMP β-barrel monomer (left) and trimer (right). In de trimeric
representation the Ca2+-ion is visualised in purple and the α-helix in pink (Adapted
from Ferrara et al. (2016)).
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Sequence analysis of the porA gene of different Campylobacter strains illustrated that the

conserved regions are located in the β-strand, whereas the variable regions are found in the

external loops. This variability is used for subtyping of different strains and is accountable

for antigenic variation between strains. The last mentioned is involved in the adaptation

to different environments and virulence (Clark et al., 2007; Cody et al., 2009). Research

by Q. Zhang et al. (2000) has described the importance of the conformational character of

the epitopes of the surface-exposed loops of MOMP. These results are important for the

further development of a vaccine against Campylobacter or of diagnostic tools (Q. Zhang et

al., 2000). Amino acid substitutions were identified in surface-exposed loop 4, which cause

hypervirulence of C. jejuni. The hypervirulent Campylobacter strains can cause systemic

infections and abortion in animals. These findings make MOMP important for virulence and

a possible vaccine target (Wu et al., 2016). Modifications in the O-glycosylation of MOMP

are involved in the colonization of the chicken intestinal tract, biofilm formation and binding

to histo-blood group antigens (Mahdavi et al., 2014).

Invasion of host intestinal cells by C. jejuni in vitro is mediated by Campylobacter invasion

antigens (CIA proteins) that are required for disease (Konkel et al., 1999; Samuelson et

al., 2013). This was demonstrated by using C. jejuni with a mutated ciaB gene. Mutants

of the CiaB protein showed a non-invasive character, when cultivated in the presence of

intestinal cells. When piglets were infected with the ciaB mutants, the piglets showed less

to no symptoms, in comparison with piglets infected with the wild type C. jejuni bacteria

(Konkel et al., 1999, 2001). A bile component, deoxycholate, is responsible for stimulating the

synthesis of CIA proteins. However, secretion of the proteins by the flagellar export system

only takes place after the bacteria adhere to the host cells (Konkel et al., 2004; Rivera-Amill

et al., 2001). The knowledge of specific invasion mechanisms used by C. jejuni for invasion of

the intestinal cells is still limited. In Figure 1.5, two possible transmigration routes through

the intestinal cells are visualised. This suggests the existence of both a paracellular and

transcellular route (Backert and Hofreuter, 2013).
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Figure 1.5: Hypothetical routes of transmigration of C. jejuni across intestinal cells. Two possible
mechanisms have been described: the paracellular and transcellular transmigration
routes. In case of the paracellular route, the bacteria use the space between adjacent cells.
When transcellular transmigration routes are used, the bacteria invade the epithelial cells
and are transferred intracellularly. At the basolateral membrane the bacteria exit the
cell (Backert and Hofreuter, 2013).

1.1.5.3 Capsule and lipo-oligosaccharides of C. jejuni

The presence of a polysaccharide capsule around the C. jejuni cells was confirmed by electron

microscopy in 2001 (Karlyshev et al., 2001). It is thought that the capsule plays a role in

survival of the bacteria in their environment, colonization of the intestinal tract, virulence

and the evasion of the immune system (Bacon et al., 2001). The structural complexity and

high variability of the capsule, together with the possibility of phase variation of multiple

genes involved in capsule synthesis, makes it possible to evade the defence response of the

host. Examples of phase variable modifications are the addition of ethanolamine, glycerol

and O-methyl phosphoramidate (McNally et al., 2007; Szymanski et al., 2003). C. jejuni

also produces other surface glycolipids, the lipo-oligosaccharides. They form an important

part of the cell wall and are essential for cellular integrity (Marsden et al., 2009). The

LOS are important for adhesion and invasion of intestinal cells and for immune evasion in

human patients. The capsule and the lipo-oligosaccharide encoding genes are situated in

hypervariable regions of the genome. The latter, together with allelic variation and horizontal

gene exchange, leads to large antigenic diversity (Louwen et al., 2008; Marsden et al., 2009;
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Parkhill et al., 2000).

1.1.5.4 The cytolethal distending toxin

C. jejuni produces and secretes the cytolethal distending toxin (CDT), a toxin also produced

by other enteropathogens, such as Escherichia coli, Salmonella enterica and Shigella

dysenteriae (Guerra et al., 2011). The three subunits of the toxin, CdtA, CdtB and CdtC,

form the active holotoxin, which can prevent the termination of the cell cycle. Interruption

of the cell cycle can lead to long term cell cycle arrest, called senescence or cell death, of the

target cell (Figure 1.6) (C.-K. Lai et al., 2016; Lara-Tejero and Galán, 2001). The CdtA and

CdtC subunits are required for binding with the cell and it is presumed that they play a role

in the internalization of the toxin. The catalytic activity is fulfilled by the CdtB subunit,

which is transported to the nucleus after internalization in the cell (Lara-Tejero and Galan,

2000; R. B. Lee et al., 2003). In the nucleus, CdtB behaves as a DNase I and damages the

DNA, leading to a double-stranded break. Damaged DNA will cause cell cycle arrest in the

transition between the G2 and M phase. When cell cycle arrest takes place in the intestinal

epithelial cells, it can lead to a decrease in the renewal of the intestinal epithelium and a

reduction of its barrier function (Ge et al., 2008; Heywood et al., 2005; Whitehouse et al.,

1998; Zilbauer et al., 2008).

1.1.6 Control measures for Campylobacter in broilers

Since poultry plays such an important role in transmission, a decrease of the colonization of

poultry by Campylobacter will lead to a reduction of Campylobacter -related enteritis cases

in humans. Biosafety and hygiene measures contribute to a reduction of Campylobacter

colonization in broilers. These methods alone, however, are not sufficiently effective because

of the continuous infection pressure. Therefore they must be complemented with novel control

approaches (Newell et al., 2011).
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Figure 1.6: Mechanism of CDT uptake and activity in the cell. The CDT holotoxin consists of three
subunits, CdtA, CdtB and CdtC. The subunits CdtA and CdtC are necessary for the
interaction with cholesterol-rich microdomains on the surface of the host cell. The toxin
is thereafter internalized via clathrin-coated pit mediated endocytosis and transported
to the nucleus. In the nucleus, the toxin causes double strand DNA breaks and cell cycle
arrest (C.-K. Lai et al., 2016).

Antibiotics were extensively added to animal feed to control infection, but this is no longer

acceptable owing to the increasing number of resistant strains. For C. jejuni and C. coli,

resistance for fluoroquinolones and macrolides, which are both commonly used, is on the

rise. Antibiotic resistance has serious consequences for the treatment of humans and animals

(Moore et al., 2006). Hence a wide range of alternative approaches have been screened.

Research on the use of bacteriocins, used by bacteria to kill their competitors, is promising

for their use to control Campylobacter colonization in chickens. Several bacteriocins have

already been reported to reduce the bacterial count in the caecum of infected chickens, by

> 5 log10 CFU/g when administered via the drinking water (Hermans et al., 2011b; Stern et

al., 2008). The fact that bacteriocins are natural, nontoxic and that they have been used in

the food industry for years, makes them appealing. The anti-Campylobacter bacteriocins

that are identified are all isolated from bacteria found in chickens. Therefore they are
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probably nontoxic, however, more research is necessary for the development of a commercial

bacteriocin-based method (Cleveland et al., 2001; Lin, 2009). Another promising alternative is

the use of bacteriophages, which are characterized by self-replication, self-limitation and high

specificity (Connerton et al., 2011; Ly-Chatain, 2014). Reduction of the Campylobacter caecal

count by up to 5 log10 CFU/g was observed, after administration of Campylobacter -specific

bacteriophages (Scott et al., 2007; Wagenaar et al., 2005). A potential problem is the

rapid development of resistance (Barrow, 2001; Connerton et al., 2011). The effect of other

compounds for the reduction of the Campylobacter count has been described, however, the

desired in vivo effects were not always obtained and additional research is required. The

effect of the use of probiotics, bioactive plant additives and or fatty acids, like caprylic acid,

in food or water has been investigated (Castillo et al., 2011; Hermans et al., 2010, 2011b;

Santini et al., 2010). Previous studies showed the successful use of passive vaccination for the

control of C. jejuni colonization in broilers (Hermans et al., 2014; Tsubokura et al., 1997).

During the first weeks of age, chickens are protected against Campylobacter by the presence of

maternal anti-Campylobacter antibodies (Sahin et al., 2001). The use for passive vaccination

of maternal antibodies from eggs of hens immunized with Campylobacter was assessed. The

preventive administration of the yolk led to reduction of the bacterial counts and also lowered

the transmission of the infection to non-infected chickens. These findings are promising and

make passive immunization attractive to use as a treatment to control C. jejuni colonization

(Hermans et al., 2014; Tsubokura et al., 1997).

1.2 Antibodies

Antibodies or immunoglobulins (Ig) are responsible for the humoral immune response against

pathogens by targeting pathogen-specific antigens (Janeway et al., 2001). Antibodies (Figure

1.7) are built of two identical heavy chains (H) and two identical light chains (L), linked by

disulphide bonds and forming a Y-shaped molecule. The light chain consists of two domains,

a variable (VL) and constant domain (CL), while the heavy chain of mammalian Ig comprises

one variable (VH) and typically three constant domains (CH1, CH2, CH3). The light chain,

in combination with VH and CH1 of the heavy chain, form the Fab-fragment. The remaining

constant domains of the heavy chain form the Fc-fragment, that is responsible for the effector
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function (Muyldermans, 2013; Padlan, 1994). The two Fab-fragments and the Fc-fragment

are linked by a hinge region. Together with the switch region, the hinge is important for

flexibility (Padlan, 1994). Each constant and variable domain of an antibody is constructed

of two β-sheets. In the variable domains (VL and VH), the β-sheets consist of a conserved

framework and hypervariable complementarity-determining regions (CDRs). The three CDR

loops (CDR1, CDR2 and CDR3) are responsible for specific antigen recognition (Janeway

et al., 2001; Padlan, 1994). The structure of the Fc-fragment defines the immunoglobulins

(Ig) isotype and function. Five Ig-classes can be distinguished (IgM, IgA, IgG, IgD, IgE),

of which IgG and IgA occur in different subclasses. IgG is the most abundantly present

immunoglobulin, while the predominant antibody in mucosal surfaces is IgA (Janeway et al.,

2001). IgA plays an important role in the mucosal immunity since it forms the first line of

protection against invading pathogens (Corthésy, 2005).

Figure 1.7: Structure of IgG, IgA and IgY in mammals and birds. An antibody consists of two light
chains (L) and two heavy chains (H). The last two domains (three in case of avian IgA
and IgY) of the heavy chains form the Fc-fragment, while the other domains and the
light chain form a Fab-fragment. The variable domains of the Fabs are responsible for
antigen binding. The Fab- and Fc-fragment are connected by the flexible hinge region.
The additional constant domain of chicken immunoglobulins, is the precursor of the hinge
region found in mammalian immunoglobulins (Adapted from (Schade et al., 2005)).

B-cells are responsible for the production of antibodies and are one of the important

lymphocytes of the adaptive immune system. Antibodies recognizing a broad variety
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of specific target antigens are produced and are able to differentiate between self- and

foreign-molecules (Sela-Culang et al., 2013). Interactions of an antibody with its antigen

leads to an immune response and the recruitment of other immune cells, such as macrophages

and natural killer cells (Muyldermans, 2013). Antibodies play an important role in research,

therapy and diagnostics. In 1890, it was discovered that specific antibodies could be used

for the protection against bacterial toxins (von Berhring and Kitasato, 1890). Polyclonal

antibodies can be obtained from immunized animals, in which an antibody response is

induced by the injection of an antigen (Leenaars and Hendriksen, 2005). For the production

of monoclonal antibodies, the hybridoma technique is used (Köhler and Milstein, 1975). In

this case, an animal is immunized with the antigen of interest. From the challenged animal,

the produced B-cells are harvested and fused with myeloma tumour cells. The resulting

cell line, which is able to continuously produce identical monoclonal antibodies, is called a

hybridoma (Greenfield, 2014; Köhler and Milstein, 1975; Pandey, 2010).

1.2.1 Avian antibodies

In birds, the B-cells forming antibodies are produced by the bursa of Fabricius. The isotypes

formed by birds differ from those produced by mammals. IgY, IgA and IgM are found in

birds (Carlander et al., 1999). The main serum immunoglobulin is IgY, which is not only

found in birds but also in reptiles and amphibians (Lebacq-Verheyden et al., 1974; Spillner

et al., 2012).

IgY is an immunoglobulin which is found in oviparous species. High concentrations are

produced in egg yolk and serum. In egg yolk, IgY concentrations up to 100 mg/egg yolk

are found (Michael et al., 2005) and the IgY antibodies are subsequently transferred to the

embryo (Carlander et al., 1999). Sahin et al. (2003) showed that the presence of maternal

antibodies protects against Campylobacter colonization during the first two to three weeks

after hatching. The high concentrations of IgY produced in the egg yolk make them a suitable

source of polyclonal antibodies and a potential candidate for the use in passive immunization.

Reduction of the C. jejuni count in the caeca of infected chickens was observed when treated

with egg yolks rich in IgY from C. jejuni -immunized hens (Hermans et al., 2014; Spillner et

al., 2012). Often IgY is compared with IgG found in mammalian species, nevertheless they
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differ structurally as well as functionally (Figure 1.7). Comparison of the structure, shows

that IgY consists of one variable domain and four constant domains, instead of three found

in IgG. Research has shown that IgY is the evolutionary ancestor of mammalian IgG and

IgE. The additional constant domain, CH2, is thought to have formed the hinge region in

mammalian antibodies. Functionally, IgY leads to protection against infection and causes

anaphylactic symptoms, combining the functional roles of IgG and IgE (Michael et al., 2005;

Spillner et al., 2012; Warr et al., 1995).

IgA is found in the serum and secretions of chickens and plays an important role in mucosal

immunity, essential for protection against mucosal pathogens (Watanabe and Kobayashi,

1974). Especially monomeric IgA molecules are found in the blood, while in the mucosae

almost only secretory IgA (sIgA) occur (Sharma, 2008). The latter are produced in the

lamina propria and IgA dimers are formed by the presence of the J-chain (Joining-chain).

The J-chain can interact with the polymeric immunoglobulin receptor (pIgR), present on

the basolateral side of the epithelial cells. Interactions lead to transcytosis, whereafter the

dimers are secreted in the lumen. The secretory component of the receptor stays associated

with the IgA molecules, leading to sIgA. The secretory component gives protection against

proteolytic degradation in the gut (Janeway et al., 2001; Wieland et al., 2004). The

IgA-mediated immunity prevents attachment of pathogens with target receptors and has a

pathogen-neutralizing function (Sharma, 2008).

1.2.2 Heavy-chain antibodies and nanobodies

Serum obtained from species belonging to the Camelidae family was shown to contain unique

heavy-chain antibodies (HcAbs) (Figure 1.8), beside the conventional heterotetrameric

antibodies. Before 1993, the occurrence of the HcAbs had not been described, except in case

of the Heavy-Chain Disease (Franklin et al., 1964; Hamers-Casterman et al., 1993; Seligmann

et al., 1974). The HcAbs are characterised by the lack of the light chain and the absence of

the first constant region (CH1), in comparison with conventional antibodies. The elongated

hinge region of HcAbs of some camelids contains proline-lysine, glutamine or glutamic acid

repeats, making this region more rigid (Hamers-Casterman et al., 1993; Muyldermans et

al., 2009; Nguyen et al., 2001). Due to the absence of the light chain, the antigen-binding
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domain of HcAbs is reduced to a single variable domain, called VHH or nanobody (Figure

1.8). The latter is the smallest functional antigen-binding domain, which can be obtained

from an antibody (Muyldermans et al., 2009).

Figure 1.8: Overview of the composition of a classical antibody, a heavy-chain antibody and a VHH
or nanobody (visualised from left to right) (Muyldermans et al., 2009).

Just like the VH domain, the VHH contains four conserved frameworks and three

hypervariable regions or CDRs (Figure 1.9). Each domain is arranged in two β-sheets:

one of five β-strands and one of four β-strands. The strands are connected by the three

hypervariable CDR loops (Muyldermans et al., 2009; Padlan, 1994). In order to compensate

for the presence of three instead of six CDRs in nanobodies, the first and third hypervariable

loops are extended (Nguyen et al., 2000; Vu et al., 1997). The extended loops lead to

an enlarged paratope and the possibility to recognize hidden epitopes, which cannot be

reached by conventional antibodies. In contrast to classic antibodies, nanobodies form a

convex paratope, due to the absence of the light chain and the folding of CDR3 over the

framework. This paratope can bind recessed epitopes which are otherwise unavailable.

Therefore nanobodies are often used as activators or inhibitors of enzymes, where epitopes

are hidden in the active site (De Genst et al., 2006; Muyldermans, 2013). In the VH domain

of conventional antibodies, hydrophobic amino acids are present in framework2, required for

the interaction with the VL domain. Since this interaction is not present in nanobodies, these

residues are substituted by hydrophilic amino acids. The conserved residues in VH , Val47,

Gly49, Leu50 and Trp52 are mostly replaced by Phe42, Glu49, Arg50 and Gly52 in VHH

molecules. This contributes to the more soluble character of the nanobodies (Muyldermans,

2013; Nguyen et al., 2001).
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Figure 1.9: Schematic representation of the structural (left) and sequence (right) organisation of
a nanobody (VHH). The nine β-strands of a nanobody are organised in two β-sheets.
The A, B, E and D β-strands form one sheet and G, F, C, C′ and C′′ the second
sheet. The hydrophobic amino acids, that are essential in a VH of a conventional
antibody for anchoring with a VL, are substituted by hydrophilic residues in nanobodies.
These residues are visualised with a three-letter code. The β-strands are coupled via
hypervariable loops, CDRs, which are visualised in blue, green and red. To compensate
for the reduced binding surface, CDR1 and CDR3 are longer. In some cases, the extended
loops are stabilised by the presence of an additional disulphide bond between two loops
(yellow) (Adapted from Muyldermans (2013)).

Nanobodies are highly soluble, small and stable in harsh environments, like extreme

temperatures or pH. Their low molecular weight leads to an improved tissue penetration.

It has been shown that, in contrary with classical antibodies, nanobodies can penetrate

tumour tissue, which makes them interesting in cancer therapy. The rapid renal clearance

is a disadvantage of their small size, since it makes them less interesting for chronic usage

(Cortez-Retamozo et al., 2002; Dumoulin et al., 2009; Siontorou, 2013). An additional

advantage of nanobodies is their low immunogenicity (Muyldermans, 2013). Vincke et al.

(2009) also developed strategies for the humanization of nanobodies.

Fusion proteins between a nanobody and another molecule can easily be made, since a

nanobody is encoded by only one gene. They can be coupled to prodrugs, enzymes, toxins,

radio-isotopes and fluorescent proteins used for in vivo visualization (Steeland et al., 2016).

Nanobodies recognizing different epitopes can also be linked using a flexible linker, forming

multivalent constructs with a higher affinity or potency (Saerens et al., 2008). Riazi et al.
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(2013) showed that pentamers of flagella-specific nanobodies interfere with the motility of

C. jejuni and lead to the reduction of colonization by C. jejuni in the caecum of treated

chickens. An alternative is the construction of hybrid HcAbs, whereby nanobodies are

fused to the Fc-domain of conventional antibodies. Arabidopsis thaliana seeds have already

been used for the expression of nanobodies against F4 fimbriae of enterotoxigenic E. coli

(ETEC) fused to the Fc-domain of pig IgA. Passive immunization with seeds containing

these constructs resulted in the protection of weaned piglets against ETEC-infections. This

way, the advantage of the Fc-domain, the effector-function and multivalence essential for

agglutination, is combined with the multiple advantages of nanobodies (Virdi et al., 2013).

All of these characteristics make nanobodies suitable candidates for the use in therapeutic as

well as diagnostic applications (Muyldermans et al., 2009).

1.2.3 Passive immunization

Antibiotics and vaccination are important for the protection against and the treatment of

diseases (Henriques-Normark and Normark, 2014). Vaccination is used to stimulate the

immune system to provoke an adaptive immune response and produce antibodies directed

against a pathogen. This response can lead to long-term protection against succeeding

infections by the pathogen. Time is required for the immune system to develop an effective

response. Hence, vaccination is used prophylactically and is mostly not appropriate for

immediate protection (Baxter, 2007; Pulendran and Ahmed, 2012). In the 1940s, antibiotics

were firstly used and since then these have been successful in the battle against multiple

bacterial infections. The rise of antibiotic resistance however is a serious problem (Ventola,

2015). In cases where immediate protection is required, passive immunization can be a suitable

alternative. In this case, pathogen-specific antibodies are directly administered, leading to

instant but short-term protection. Passive immunization can be used prophylactically or after

exposure to the pathogen (Baxter, 2007; Gonik, 2011; Zeitlin et al., 2000). Positive results for

the use of passive immunization against several infectious diseases have already been obtained

and the technique also shows applicability in the battle against cancer and Alzheimer′s disease

(Casadeval et al., 2004; Jicha, 2010).

A natural form of passive immunity is maternal immunity. In this case, antibodies are
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transferred from mother to new-born, leading to protection while their immune system is

still immature. In humans, maternal IgG antibodies are mainly delivered via the placenta.

The same is observed in rodents and lagomorphs. Other animals, like ruminants, pigs, horses

and carnivores, need colostrum for the transfer of antibodies to their offspring. In case of

birds, maternal antibodies are present in the egg yolk (Borghesi et al., 2014; Hasselquist,

2009; Niewiesk, 2014).

1.2.4 Expression systems of recombinant antibodies and nanobodies

Monoclonal antibodies (mAb) are extensively used in research, diagnostics and drug discovery.

Therefore, high amounts of mAb need to be produced in a cost-effective manner. Like

described above, the hybridoma technology can be used, however, this technique shows limited

capacity. Alternatives are the use of bacteria, yeast, bacteriophages, mammalian cells and

plants as expression system (Shukra et al., 2014; Yusibov et al., 2016). The advantage of

recombinant mAb is that optimizations can be made, adapted to specific applications (Nelson,

2010). Modifications leading to improved functional and physicochemical characteristics and

higher safety can be introduced. For example, mAbs used in therapeutics can be humanized,

with the purpose of reducing the immunogenicity when used in humans (Ahmadzadeh et al.,

2014).

Efficient formation of functional antibodies requires an oxidising environment, necessary for

the generation of disulphide bonds, and a complex folding system. For full functionality,

precise posttranslational modifications, like glycosylation, are also necessary (Arnold et al.,

2007; de Marco, 2009; Frenzel et al., 2013). Because of the differences in folding capacities

and glycan modifications between the different expression systems (Figure 1.10), some are not

ideally for the expression of complex mAbs. Recombinant proteins in yeast are characterized

by the presence of high mannose glycans, while plants and insect cells have the tendency

of linking fucose and xylose residues to the expressed proteins. In mammalian cells, more

complex N-glycosylation patterns are found where sialylated N-glycans are often combined

with galactose (Figure 1.10A). O-glycosylation (Figure 1.10B) is especially different in plants,

where arabinose and arabinogalactans occur (Strasser, 2016; Wang et al., 2017; Yusibov et

al., 2016). However, recombinant expression makes the application of glycoengineering and
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the production of antibody fragments in non-mammalian systems possible (Schirrmann et al.,

2008; Spadiut et al., 2014; Yusibov et al., 2016). By the recombinant expression of smaller

antibodies, the affinity, avidity, valence, tissue penetration and the half-life of the molecule

can be influenced. For example, scFv′s (single chain Fv) are synthesized of only the variable

domains of the light and heavy chain, leading to better tissue penetration (Frenzel et al.,

2013; Holliger and Hudson, 2008; Nelson, 2010; Schirrmann et al., 2008).

Figure 1.10: Overview of glycosylation in yeast, insect, mammalian and plant cells. Typical (A)
N-glycosylation and (B) O-glycosylation structures. GlcNAc, N-acetylglucosamine;
Man, mannose; Neu5Ac, N-acetylneuraminic acid (sialic acid); Fuc, fucose; Gal,
galactose; GalNac, N-acetylgalactosamine; Xyl, xylose; Ara, arabinose; GlcN,
glucosamine (Strasser, 2016).

1.2.5 Prokaryotic production systems

Bacteria are mostly used to produce proteins that do not necessitate extensive

posttranslational adaptations. The Gram-negative bacterium typically used for the
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production of recombinant proteins is E. coli, because of the well-known genetics, easy

genetic manipulation and upscaling. Expression in the cytoplasm can lead to the formation

of inclusion bodies. Secretion in the oxidizing periplasmic environment however enables

the formation of disulphide bonds and the successful production of certain antibody

fragments, like nanobodies and Fabs (Arbabi-Ghahroudi et al., 2005; Schirrmann et al.,

2008). The expression of proteins, which need glycosylation and complex folding, like mAbs,

is still a problem in E. coli. Another disadvantage is the presence of lipopolysaccharides

(Arbabi-Ghahroudi et al., 2005; Yusibov et al., 2016). E. coli is used for the efficient

expression of specific nanobodies, which are generated from immune libraries of immunized

Camelidae and isolated via phage display (Pardon et al., 2014).

The expression of recombinant proteins by Gram-positive bacteria has several advantages

over the use of Gram-negative bacteria. Gram-positive bacteria lack the expression

of lipopolysaccharides, consequently no additional purification steps are required when

producing antibody fragments (Morello et al., 2008). In contrary with Gram-negative

bacteria, Gram-positive bacteria possess only the cytoplasmic membrane. Therefore, only

one translocation is required for secretion. The secretion systems mostly used are the

general secretion (Sec) pathway and the twin arginine translocation (Tat) pathway (Natale

et al., 2008). Another main difference is the presence of a thick peptidoglycan layer, which

facilitates different anchoring possibilities for surface display (Michon et al., 2016). These

characteristics and the GRAS (Generally Regarded As Safe) status of lactic acid bacteria

(LAB), make them suited candidates for the use in vaccine development. The best described

LAB is Lactococcus lactis, which is frequently used in the dairy industry (Pontes et al.,

2011). The main secreted protein by L. lactis is the Ubiquitin Specific Peptidase 45 (USP45).

The signal peptide of the usp45 gene can be used for the secretion of heterologous proteins

via the Sec secretion system (Kuipers et al., 2006; Le Loir et al., 2001; van Asseldonk et

al., 1993). Steidler et al. (2000) presented promising results on the use of L. lactis for the

in situ delivery of interleukin-10, leading to a reduction of colitis in mice. Instead of the

secretion of heterologous proteins, LAB can also be used for the surface display of antigens

and antibody fragments. A commonly used system for covalent anchoring of a protein

in the cell wall is based on the presence of an LPXTG motif (Figure 1.11). This motif,

followed by around thirty hydrophobic residues and several positively charged amino acids,
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is present at the C-terminus of surface proteins (Fischetti et al., 1990; Schneewind et al.,

1992). The hydrophobic amino acids and positively charged tail retain the protein in the

secretion pathway. The LPXTG motif is recognized by Sortase A, a membrane-anchored

transpeptidase, which acts between the threonine and glycine residue leading to an acyl

intermediate. The amino group of the pentaglycine cross bridge of Lipid II, a biosynthesis

precursor of the peptidoglycan layer, interacts with the threonine residue of the LPXTG

motif. Subsequently, the penicillin-binding proteins incorporate the protein into the cell wall

envelope (Hendrickx et al., 2011). This mechanism is highly conserved in Gram-positive

bacteria and Protein A of Staphylococcus aureus is one of the proteins comprising an LPXTG

motif. The latter makes the anchor domain of Protein A an interesting tool for surface

display. This method is effective for the surface display of streptavidin on L. lactis (Steidler

et al., 1998).

Figure 1.11: Overview of the protein anchoring mechanism into the cell wall of Gram-positive
bacteria. Proteins are synthetized in the cytoplasm and translocated by the Sec
secretion pathway. The precursor surface protein contains a C-terminal LPXTG motif,
followed by hydrophobic and positively charged amino acids. The LPXTG motif is
recognized by sortase A, which cleaves the peptide bound between the threonine and
glycine residues. The obtained acyl intermediate is then attacked by the amino group of
the pentaglycine cross-bridge of Lipid II, a precursor of the peptidoglycan biosynthesis.
The Lipid II-linked intermediate is targeted by the penicillin-binding proteins, followed
by the incorporation of the protein in the cell wall (Hendrickx et al., 2011).

For the expression of recombinant proteins in Gram-positive bacteria like L. lactis, E. coli is

often used as an intermediate for cloning. Therefore, shuttle vectors were designed with a high

(H) or low (L) copy number. It was shown that in Gram-positive bacteria, larger plasmids are
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more stable and replicate via the theta replication mechanism (Bruand et al., 1991; Kiewiet

et al., 1993; Lilly and Camps, 2015; Sullivan and Klaenhammer, 1993). However, these

plasmids were not able to replicate in E. coli. To enable replication in E. coli, the P15A

origin of replication was cloned into vectors derived from the pAMPI plasmid, leading to the

development of the shuttle vectors pTRKH1 and pTRKL1 which both carry the erythromycin

resistance gene (EryR). The latter were used for the further construction of new shuttle

plasmids. The pTRKH2, pTRKL2 and pTRKH5 contain a lacZ cassette with a multiple

cloning site for blue-white screening of transformants. The high copy-plasmids pTRKH3 and

pTRKH5 also possess the tetracycline resistance gene (TcR), enabling selection in E. coli

(Sullivan and Klaenhammer, 1993).

1.2.6 Eukaryotic production systems

Eukaryote expression systems provide more advanced folding, posttranslational modification

and secretion systems in comparison with bacteria. Nowadays, different production

platforms, like mammalian cells, yeast, fungi, plants, etc. are being used for therapeutic

purposes (Schirrmann et al., 2008; Spadiut et al., 2014). The use of mammalian cell lines

for the production of recombinant antibodies is a long and expensive process (Frenzel et

al., 2013). Moreover, the use of mammalian systems is associated with possible safety risks.

Contamination can occur with host protein, viruses and oncogenic DNA (Ellis and Gerety,

1990; Yusibov et al., 2016). The use of yeast and transgenic plants for the expression of

recombinant proteins therefore has great potential.

1.2.6.1 Expression in the Pichia. pastoris yeast

Yeasts are characterised by easy genetic manipulation, short generation times, effective

secretion, absence of endotoxins and the expression is easily up-scalable (Frenzel et al., 2013;

Schmidt, 2004; Weinacker et al., 2013). P. pastoris is the yeast most frequently used for

the production of recombinant proteins (Schmidt, 2004). The latter secretes low amounts of

endogenous proteins, which facilitates downstream processing (Cregg et al., 2000; Sallach et

al., 2009). Saccharomyces cerevisiae is genetically the best characterised and is successfully

used in the industry, for example for the production of Llama heavy chain antibody fragments
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(Gorlani et al., 2012; Schmidt, 2004). A major advantage of P. pastoris over S. cerevisiae is

the high cell density, up to 100 g/l dry weight, that can be reached (Cregg et al., 1993).

P. pastoris is a methylotrophic yeast, which uses methanol as carbon and energy source.

Initially, in the 1970s, P. pastoris was used for the production of single cell protein, which

was used as an additive of animal feed (Ahmad et al., 2014; Cregg et al., 1985, 2000).

Later, high concentrations of heterologous proteins were obtained by the expression under

control of the strong AOX1 promoter. The latter is tightly regulated by the presence of

methanol. Nowadays, P. pastoris is widely used for the production of recombinant proteins

with therapeutic activity (Cregg et al., 2000; Macauley-Patrick et al., 2005; Weinacker et

al., 2013). In 1995, the first scFv fragments were produced in P. pastoris (Ridder et al.,

1995). In P. pastoris, both N- and O-linked glycosylation takes place. However, only high

mannose structures are formed in yeast, while more diverse glycans are found in mammals.

When used as therapeutics in humans, the glycan structure can lead to allergic reactions, to a

reduced half-life or can have a negative effect on the proteins activity (Cereghino and Cregg,

20000; Gellissen, 2000; Macauley-Patrick et al., 2005). This problem can be tackled by the

generation of glycoengineered P. pastoris strains, able to introduce humanized glycosylation

patterns (Choi et al., 2003; Hamilton et al., 2003; Potgieter et al., 2009).

1.2.6.1.1 Methanol utilization (MUT) pathway and the AOX1 promoter

P. pastoris and other methylotrophic yeasts have the ability to exploit methanol as their

only carbon source (Macauley-Patrick et al., 2005). Therefore, they possess unique enzymes

driving their methanol metabolism (Figure 1.12). The first step in the MUT pathway is

catalysed by the enzyme alcohol oxidase (AOX), which converts methanol to formaldehyde

and hydrogen peroxide. Two AOX enzymes are present in P. pastoris, AOX1 and AOX2.

The expression of the AOX1 gene is controlled by the strong AOX1 promoter induced by

methanol. In the presence of methanol, AOX1 can represent up to 30% of the total soluble

protein (TSP). The AOX2 enzyme only reaches up to 15% of the TSP, since it is controlled by

a weaker promoter (Cregg et al., 2000, 1989; Hartner and Glieder, 2006; Krainer et al., 2012;

Veenhuis et al., 1983). These promoters are interesting for the design of P. pastoris expression

systems for the production of heterologous proteins (Gellissen, 2000; Macauley-Patrick et al.,
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2005).

Figure 1.12: MUT pathway in methylotrophic yeast. AOX, alcohol oxidase; CAT, catalase; DAK,
dihydroxyacetone kinase; DAS, dihydroxyacetone synthase; DHA, dihydroxyacetone;
DHAP, dihydroxyacetone phosphate; F1,6BP, fructose 1,6-bisphosphate; F6P,
fructose 6-phosphate; Pi, phosphate; FBA, fructose 1,6-bisphosphate aldolase; FBP,
fructose 1,6-bisphosphatase; FDH, formate dehydrogenase; FGH, S-formylglutathione
hydrolase; FLD, formaldehyde dehydrogenase; GAP, glyceraldehyde 3-phosphate; GSH,
glutathione; MFS, methylformate synthase; PPP, pentose phosphate pathway; PYR,
pyruvate; TCA, tricarboxylic acid cycle; TPI, triosephosphate isomerase; Xu5P,
xylulose 5-phosphate (Hartner and Glieder, 2006).

The catalase (CAT) enzyme is responsible for the degradation of hydrogen peroxide to oxygen

and water. The remaining formaldehyde can be assimilated in the metabolism by a reaction

catalysed by dihydroxyacetone synthase (DAS). The catalysed reaction converts formaldehyde

and xylulose 5-phosphate into dihydroxyacetone and glyceraldehyde 3-phosphate. In the

cytosol, both reaction products are metabolised (Cregg et al., 2000; Hartner and Glieder,

2006; Krainer et al., 2012). The three enzymes are present in peroxisomes which, in the
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presence of methanol, can take in 80% of the cytoplasm (Veenhuis et al., 1983).

Since the AOX1 promoter has proven to be a strong promoter, it has been extensively used

for the inducible overproduction of recombinant proteins in the cytosol or the secretion of

recombinant proteins in the medium (Ahmad et al., 2014; Cereghino and Cregg, 20000; Cregg

et al., 1989; Gellissen, 2000). The promoter is repressed in the presence of glycerol, ethanol

or glucose. Depletion of these carbon sources is not enough for sufficient transcription, the

addition of methanol is required (Inan and Meagher, 2001; Tschopp et al., 1987).

1.2.6.1.2 Secretion of heterologous proteins

P. pastoris can be used for the intracellular production of recombinant proteins. However,

secretion of heterologous proteins is interesting, because of the low secretion level of

endogenous proteins (Cereghino and Cregg, 20000). In the presence of a signal peptide, the

secretory pathway in P. pastoris can secrete high amounts of proteins. An often-utilised

secretion signal is derived from the α-mating factor (MF) of S. cerevisiae (Figure 1.13A)

(Cregg et al., 2000; Daly and Hearn, 2005). A pre-region of 19 amino acids and a pro-region of

66 amino acids form the signal peptide. The pre-sequence allows the co- or post-translational

transport to the endoplasmic reticulum (ER), where the pre-region is cleaved of by signal

peptidases. Then the pro-sequence mediates transfer to the Golgi apparatus. Here the

remaining part of the signal peptide is removed by the endo-protease Kex2P, which cleaves at

the lysine-arginine site. The repeat of glutamic acid and alanine residues is cleaved of by the

Ste13 enzyme (Ahmad et al., 2014; Brake, 1990; Julius et al., 1984). The secretory efficiency

of the signal peptide can be enhanced. Site-specific mutagenesis and directed evolution of

the two α-mating factor regions, resulted in the isolation of mutations that led to improved

secretion (Lin-Cereghino et al., 2013; Rakestraw, 2009; Yang et al., 2013). This resulted

in higher yield of multiple recombinant proteins. The translocation to the ER can take

place simultaneously with the translation or can happen afterwards (Figure 1.13B). In case

of co-translational translocation, the signal peptide is recognized during translation by the

signal recognition particle (SRP). On the ER membrane, a receptor is present that interacts

with the SRP on the ribosome-protein complex. When post-translational translocation

happens, the protein is first translated in the cytosol and the protein is held in the unfolded
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state by chaperone proteins. The unfolded protein is delivered to the Sec63 complex, formed

by the Sec62, Sec63, Sec71 and Sec72 subunits. Afterwards, the Sec61αβγ complex is

responsible for the translocation to the ER, in case of co- and post-translational transfer

(Barlowe and Miller, 2013; Johnson et al., 2013; Zimmermann et al., 2009).

Figure 1.13: (A) The α-mating factor of S. cerevisiae is frequently used for heterologous protein
expression in P. pastoris. The signal peptide is required for the translocation to the ER
and Golgi apparatus and consists of a pre- and a pro-region. The pre-sequence enables
transport to the ER, where it is cleaved of by the signal peptidase. The pro-region
is required for transport to the Golgi-apparatus. There, the residual regions of the
signal peptide are removed by the KEX2 and STE13 enzymes (Viña-Gonzalez et al.,
2015). (B) Co- and post-translational translocation of secretory proteins. In case
of co-translational transport, the SRP interacts with a hydrophobic sequence of the
ribosome-protein complex. The SRP will subsequently interact with a receptor present
in the ER membrane. Post-translational translocation is preceded by the stabilization
of unfolded proteins by cytosolic chaperones. Then, the protein is delivered to the
Sec63 complex. Finally, the Sec61 complex is responsible for co- and post-translational
translocation, by the formation of an aqueous channel (Barlowe and Miller, 2013).
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1.2.6.1.3 Expression vector and integration in the genome

Multiple expression vectors are available for protein expression in P. pastoris. Most

vectors are designed for replication in prokaryotes like E. coli and conservation in yeast. For

the latter, a marker complementing an auxotrophic mutation such as His4 or an antibiotic

resistance gene, for example leading to Zeocin resistance, can be used (Ahmad et al., 2014;

Cereghino and Cregg, 20000; Damasceno et al., 2012). In case of integration of the gene of

interest in the AOX1 gene, the expression cassette consists of a multiple cloning site, preceded

by the inducible AOX1 promoter and followed by the transcription termination sequence of

the AOX1 gene (Li et al., 2007). Vectors for the secretion of proteins by P. pastoris carry a

leader sequence, such as the S. cerevisiae-derived α-mating factor sequence (Daly and Hearn,

2005). An example of a commercially available expression vector is the pPiCZα (Figure 1.14)

(Invitrogen).

Figure 1.14: Plasmid map of the Pichia vector pPiCZα A for the expression of recombinant
proteins under the control of the AOX1 promoter, induced by the addition of
methanol. The plasmid encodes the α-factor signal sequence and followed by a multiple
cloning site (MCS). In this study the XbaI and XhoI restriction sites were used for
cloning. The MCS is followed by the C-myc epitope, the polyhistidine tag and the
AOX1 transcription termination region. The TEF1, the EM7 promoter, the CYC1
transcription termination region and pUC origin of replication are also present in the
vector. Zeocin resistance is encoded by the Sh ble gene(Li et al., 2007).
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For the expression of proteins in P. pastoris, the expression vector is transformed and the

expression cassette is introduced in the chromosome, leading to stable transformants. The

latter takes place by homologous recombination, possible by the presence of homologous

regions in the expression vector and the genome. Integration can take place by insertion of

the gene of interest or by gene replacement (Figure 1.15) (Cregg et al., 1985; Daly and Hearn,

2005; Schwarzhans et al., 2016). Homologous recombination is stimulated by linearization of

the plasmid.

Figure 1.15: Integration of the gene of interest in the genome of P. pastoris by single copy integration,
for the expression of heterologous proteins. PAOX1, AOX1 promoter; AOX1 T, AOX1
terminator; sh ble, gene encoding Zeocin resistance.

When the pPiCZα vector is used, digestion is performed at a unique site in the AOX1

promoter. Integration of the gene of interest does not disrupt the AOX1 gene and takes

place by a single crossover between the PAOX1 on the vector and in the genome. In 1-10%

of the transformants, multiple integration events take place (Cereghino and Cregg, 20000;

Daly and Hearn, 2005). In case of the presence of an antibiotic resistance gene, for example

leading to Zeocin resistance, transformants with multiple gene insertions can be selected by

screening for hyper-drug resistance (Daly and Hearn, 2005). Quantitative dot blot, Southern

blot analysis and quantitative real-time qPCR can be used for the detection and quantification

of multiple inserts (Zhu et al., 2009).

Certain expression vectors can be used where gene replacement occurs by double cross-over

between the 5′ AOX1 promoter region and 3′ region of AOX1 on a linearized vector and the

P. pastoris genome. Disruption of the AOX1 gene leads to the MutS (Methanol utilization
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slow) phenotype. This results in a slower growth of the transformant on methanol, since its

metabolism is based on the AOX2 activity (Cereghino and Cregg, 20000; Daly and Hearn,

2005; Krainer et al., 2012).

1.2.6.2 Expression in transgenic plants

Plants are an attractive alternative to bacterial and mammalian cell expression platforms for

the expression of recombinant proteins such as antibodies, enzymes and hormones (Hellwig et

al., 2004). They are easy to grow and maintain and their upscaling is inexpensive. Another

important advantage is the lack of risk of contamination with human pathogens, viruses and

oncogenic DNA. Like mammalian cells, plants are able to assemble complex proteins such as

antibodies and are able to perform posttranslational modifications (De Buck et al., 2012).

Glycans found in plants however differ from those in mammalian cells. The core structure

of the N-glycans are very similar, but terminal residues vary (Yusibov et al., 2016). In

mammalian cells, mucin-type O-glycans are found, in contrast with the arabinogalactan-type

O-glycans in plant cells. In plants O-glycosylation is frequently present on hydroxyproline

(Hyp) residues (Figure 1.10) (Gomord et al., 2010; Strasser, 2016). Glycosylation takes

place in the endoplasmic reticulum, where high mannose-type structures are added, and the

Golgi apparatus where the glycan structure is further modified (Fujiyama et al., 2009). The

difference in glycosylation pattern can possibly lead to an immunogenic reaction, when used as

a therapeutic (Dicker et al., 2016; H. Lai et al., 2014). Nevertheless, recombinant antibodies

produced in plants were non-immunogenic when administrated to mice (Chargelegue et al.,

2000). To reduce the degree of glycosylation, the C-terminal KDEL (Leu-Asp-Glu-Leu)

sequence can be added to retain the recombinant proteins in the ER (Tekoah et al., 2004).

This prevents transport to the Golgi apparatus for further glycosylation. The retention also

has a positive influence on the protein stability and in some cases it has been shown to result

in a higher yield (Schouten et al., 1996).

The first expression of antibodies in transgenic plants was described in 1989 by Hiatt et

al. (1989). Since then, many antibodies and derivatives were produced by plant expression

systems (De Muynck et al., 2010; Nölke et al., 2003; Yusibov et al., 2016). An advantage of

the production of antibodies in edible plant tissues, like seeds and roots, is that they can be
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used for the direct oral administration of antibodies or antibody derivatives. The latter is

interesting for the protection of animals against infectious diseases (Floss et al., 2007; Virdi

et al., 2013; Zimmermann et al., 2009). A disadvantage of in plant production is proteolytic

degradation, leading to the loss of proteins (De Muynck et al., 2010).

1.2.6.2.1 Plant expression systems

For the expression of recombinant proteins in plants, transient and stable expression

systems exist. Transient expression is the most suitable when recombinant protein is required

rapidly or for the validation of in plant expression (Redkiewicz et al., 2014). The latter can

be obtained by Agrobacterium infiltration of plant tissue and by means of a viral expression

vector such as the MagnICON expression system. In case of stable expression systems,

the transgenes are introduced in the plant genome (Gleba et al., 2005; Kapila et al., 1997;

Redkiewicz et al., 2014). Once homozygous plants are obtained, the expression system can

easily be scaled-up. The disadvantage of this approach is the fact that it is time-consuming

till homozygotes are obtained (Sainsbury et al., 2009). Transformation with Agrobacterium

or by direct DNA transfer, mostly via particle bombardment, is used to produce transgenic

plants. Agrobacterium-mediated transformation typically leads to low copy transgenic plants

and more stable expression (Dai et al., 2001; Gelvin, 2003; Ko and Koprowski, 2005).

Agrobacterium induces the crown gall disease by the introduction of T-DNA in the plant

cell. The T-DNA is present on the tumour inducing (Ti) plasmid and encodes for the

expression of phytohormones and opines. These hormones, auxin and cytokinin, induce plant

cell proliferation, while opines are used by the bacterium as nitrogen and energy source (Binns

and Thomashow, 1988; L. Lee and Gelvin, 2008). The Ti-plasmid also carries virulence genes

in the vir-region, which are induced by the presence of plant-derived signals like phenolic

compounds (Stachel et al., 1985; Stachel and Zambryski, 1986) and mediate the transfer of

the T-DNA to the plant cell (L. Lee and Gelvin, 2008; Winans, 1990). By exchanging the

genes of the T-DNA on the plasmid with heterologous genes of interest, the bacterium is no

longer capable of inducing tumour formation, but the T-DNA can still be transferred to the

plant cell (Christie and Gordon, 2015). Agrobacterium can be used for transient as well as

stable expression in plants. For transient expression, an Agrobacterium suspension can be
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infiltrated in different plant tissues. This results in transfer of the T-DNA to the nucleus of

a large number of plant cells, where it is expressed, without integration in the plant genome.

Mostly, proteins are transiently expressed in leaves by infiltration of the spaces between

mesophyll cells (Bashandy et al., 2015; Sainsbury et al., 2009).

In a small number of cells, the T-DNA integrates randomly in a plant chromosome

by illegitimate recombination, which results in stably transformed cells. Such stable

transformation can be obtained by infection of cultured somatic cells, which subsequently

regenerate into plants after a suitable hormone treatment. However, frequent somaclonal

variation has been observed when using this technique (Krishna et al., 2016; Stroud et al.,

2013). Alternatively, Agrobacterium suspensions can be used for in vivo transformation of

gametes by the floral dip procedure. The latter was developed for Arabidopsis thaliana and

has been successful for some additional plant species (Clough and Bent, 1998; Bent, 2000;

Grabowska and Filipecki, 2004; X. Zhang et al., 2006).

1.2.6.2.2 Expression in seed

Seeds function as natural storage organs of plants, for the accumulation of nutrients

in the endosperm, cotyledons, embryo or the aleurone layer (Boothe et al., 2010). This

quality, together with the low protease activity, makes them ideal for long term storage of

heterologous proteins. Proteins can be stored intact for a long time at room temperature in

dried seeds and the latter can easily be transported (Boothe et al., 2010; Fiedler and Conrad,

1995; Kawakatsu and Takaiwa, 2010). The presence of multiple chaperones and disulphide

isomerases facilitates correct folding of the proteins possible, while the absence of alkaloids

and phenolic compounds in seeds facilitate downstream processing (Morandini et al., 2011;

Stoger et al., 2005).

The expression of proteins in seeds was already successful. In rice, expression levels up to

14% of the TSP were reached for mammalian proteins (Huang et al., 2004). Antibodies, scFv,

nanobodies and nanobodies fused to the Fc domain have also been successfully expressed (De

Jaeger et al., 2002; Khan and Mutus, 2014; Loos et al., 2011; Van Droogenbroeck et al., 2009;

Virdi et al., 2013). De Jaeger et al. (2002) showed that the expression of scFv proteins in
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homozygous seeds can constitute 36.5% of the TSP, while maintaining their functionality.

The amount of scFv-Fc fusion proteins reached around 14% of TSP when expressed in

homozygous Arabidopsis seed (Van Droogenbroeck et al., 2009). Plant seeds can be used

as an oral delivery platform. When antibodies or derivatives are produced, seeds can be

used for passive immunization. The advantages of seeds for passive immunization are the

ease of oral administration via animal feed and the potential protection of antibodies against

digestion in the stomach by proteases (Zimmermann et al., 2009).

For the expression of heterologous proteins, different promoters can be used. Genes can be

under the control of a constitutive promoter like the 35S promoter of the Cauliflower mosaic

virus (CaMV) (Stoger et al., 2005). Constitutive expression with the CaMV promoter can

lead to high expression in plants, however it results in lower accumulation in seeds. Usage of

this promoter for the expression of scFc proteins in Arabidopsis seeds resulted in 1% of the

TSP (De Jaeger et al., 2002). Higher expression levels in seeds are observed when seed-specific

promoters are used (De Jaeger et al., 2002; Van Droogenbroeck et al., 2007). De Jaeger et

al. (2002) showed higher accumulation of ScFv proteins when the seed-specific β-phaseolin

promoter of Phaseolus vulgaris was used, in contrary with the CaMV promoter (Figure 1.16)

(De Jaeger et al., 2002; Goossens et al., 1999).

1.2.6.2.3 Expression in leaves

High biomass quantities can be obtained when leaves are used for expression of

heterologous proteins. This makes the use of leaves for the expression of antibodies

attractive. N. benthamiana is one of the most used plant species for in leaf expression

(Virdi et al., 2013; Whaley et al., 2011). Infiltration of leaves with Agrobacterium carrying

expression vectors leads to efficient expression. One of the risks of the use of Agrobacterium

for transient expression is the contamination with endotoxins. Therefore suitable downstream

processing is required (Paul and Ma, 2011).
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Figure 1.16: Constructs used for the heterologous expression of scFv in seeds. The expression level
in seeds was compared when under the control of the seed-specific β-phaseolin promoter
(pPhas-G4) or the constitutive CaMV 35S promoter (pP35S-G4). 3’ ocs, 3’ end of the
octopine synthase gene; nptII, neomycin phosphotransferase II gene; Pnos, promoter of
the nopaline synthase gene; Pphas, promoter of the β-phaseolin gene; P35S, CaMV 35S
promoter; 5’UTR, 5’-UTR of the arc5-I gene; SS, signal peptide of the 2S2 seed storage
protein gene of A. thaliana; KDEL, ER retention signal; 3’ arc, 3’-flanking regulatory
sequences of the arc5-I gene; RB and LB, T-DNA right and left border (De Jaeger et
al., 2002).

Transient expression of proteins in leaves is mostly obtained with expression vectors based on

RNA-viruses (Cañizares et al., 2005; Lindbo, 2007; Sainsbury et al., 2009). Systems based on

RNA-viruses like the Cowpea mosaic virus (CPMV) and the Tobacco mosaic virus (TMV) can

lead to efficient expression (Cañizares et al., 2006; Marillonnet et al., 2005). Viruses are able

to replicate rapidly, which can lead to high expression, nonetheless the use of infectious viruses

has some disadvantages. The insert size is limited, there are problems with biocontainment

and the transcripts are susceptible for mutations because of the lack of proofreading capacity

(Ahlquist et al., 2005; Castro et al., 2005; Sainsbury et al., 2009; Scholthof and Scholthof,

1996). A modified non-replicating CPMV-based system has been developed to solve these

problems, CPMV-hypertrans (CPMV-HT ). The CPMV-HT expression system was used for

the construction of pEAQ-expression vectors (Figure 1.17) (Peyret and Lomonossoff, 2013;

Sainsbury et al., 2009). The gene encoding the P19 suppressor of gene silencing from the

Tomato Bushy Stunt Virus (TBSV) is encoded in the pEAQ-vectors. The latter leads to

the reduction of post-transcriptional gene silencing (Liu et al., 2004; Peyret and Lomonossoff,

2013; Scholthof, 2006). Cloning the gene of interest in the pEAQ-HT vectors takes place using
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restriction-based cloning. To make this step more efficient pEAQ-HT -DEST vectors were

designed, suitable for Gateway cloning (Figure 1.17). Infiltration of leaves with Agrobacterium

carrying the pEAQ expression vector led to rapid and high production of heterologous proteins

such as GFP, hemagglutinin antigen of avian influenza A, the core antigen of hepatitis B virus

and human anti-HIV antibody 2G12 (Kanagarajan et al., 2012; Sainsbury et al., 2010, 2009).

When a single mutation R43W in the p19 gene is made, the vector can also lead to stable

transformants and subsequently stable expression (Saxena et al., 2011).

Figure 1.17: Representation of the pEAQ-HT -DEST1 vector. The vector consists of the CPMV-HT
expression cassette with the 5′ and 3′UTR. The 5′UTR is modified and contains two
point mutations: U161C and A115G. Via the attachment R (attR) sites, Gateway
technology can be used for cloning. P35S, 35S promoter; UTR, untranslated regions of
CPMV; attR1 and attR2, attachment R sites for Gateway cloning; cat, chloramphenicol
resistance gene; ccdB, CcdB toxin gene; nos T, nos terminator; P19, gene encoding
the P19 suppressor of gene silencing; 35S T, 35S terminator; Pnos, nopaline synthase
promoter; nptII, neomycine phosphotransferase; RB and LB, T-DNA right and left
border; oriV, pRK2 origin of replication; oriColEI, pBR322 origin of replication; trfA,
replication-essential locus, PtrfA, trfA promoter; trfAT, trfA terminator.
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Poquet, I. (2008). Lactococcus lactis, an efficient cell factory for recombinant protein

production and secretion. Journal of Molecular Microbiology and Biotechnology , 14 ,

48–58.

Moser, I., Schroeder, W., and Salnikow, J. (1997). Campylobacter jejuni major outer

membrane protein and a 59-kDa protein are involved in binding to fibronectin and

INT 407 cell membranes. FEMS Microbiology Letters, 157 , 233–238.

Muyldermans, S. (2013). Nanobodies: natural single-domain antibodies. Annual Review of

Biochemistry , 82 , 775–797.

Muyldermans, S., Baral, T. N., Retamozzo, V. C., De Baetselier, P., De Genst, E., Kinne,

J., Leonhardt, H., Magez, S., Nguyen, V. K., Revets, H., Rothbauer, U., Stijlemans,

B., Tillib, S., Wernery, U., Wyns, L., Hassanzadeh-Ghassabeh, G., and Saerens, D.

(2009). Camelid immunoglobulins and nanobody technology. Veterinary Immunology

and Immunopathology , 128 , 178–183.

Nachamkin, I., Allos, B. M., and Ho, T. (1998). Campylobacter species and Guillain-Barré
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Schirrmann, T., Al-Halabi, L., Dübel, S., and Hust, M. (2008). Production systems for

recombinant antibodies. Frontiers in Bioscience, 13 , 4576–4594.

Schmidt, F. (2004). Recombinant expression systems in the pharmaceutical industry. Applied

Microbiology and Biotechnology , 65 , 363–372.

Schneewind, O., Model, P., and Fischetti, V. A. (1992). Sorting of protein A to the

Staphylococcal cell wall. Cell , 70 , 267–281.

Scholthof, H. B. (2006). The Tombusvirus-encoded P19: from irrelevance to elegance. Nature

Reviews Microbiology , 4 (5), 405–411.

Scholthof, H. B., and Scholthof, K.-B. G. (1996). Plant virus gene vectors for transient

expression of foreign proteins in plants. Annual Review of Phytopathology , 34 , 299–323.

Schouten, A., van Engelen, F. A., de Jong, G. A. M. I., Borst-Vrenssen, A. W. M. T.,

Zilverentant, J. F., Bosch, D., Stiekema, W. J., Gommers, F. J., Schots, A., and Bakker,

J. (1996). The C-terminal KDEL sequence increases the expression level of a single-chain

antibody designed to be targeted to both the cytosol and the secretory pathway in

transgenic tobacco. Plant Molecular Biology , 30 , 781–793.

Schwarzhans, J.-P., Wibberg, D., Winkler, A., and Luttermann, T. (2016). Non-canonical

integration events in Pichia pastoris encountered during standard transformation

analysed with genome sequencing. Scientific Reports, 6 , 38952.

Scott, A. E., Timms, A. R., Connerton, P. L., Carrillo, C. L., Radzum, K. A., and Connerton,

I. F. (2007). Genome dynamics of Campylobacter jejuni in response to bacteriophage

predation. PLoS Pathogens, 3 , 1142–1151.

60



Chapter 1

Sebald, M., and Veron, M. (1963). Teneur en bases de l’ADN et classification des vibrions.

Annales de l’Institut Pasteur , 105 , 897–910.

Sela-Culang, I., Kunik, V., and Ofran, Y. (2013). The structural basis of antibody-antigen

recognition. Frontiers in Immunology , 4 , 302.

Seligmann, M., Danon, F., Hurez, D., Mihaesco, E., and Preud′homme, J.-L. (1974).

Peculiar secretory iga system identified in chickens. The Journal of Immunology , 113 ,

1405–1409.

Sharma, J. M. (2008). Avian immune system. In Y. M. Saif, A. M. Fadly, L. R. McDougald,

L. K. Nolan, and D. R. Swayne (Eds.), Diseases of poultry (12th ed., pp. 47–58). Iowa,

USA: Blackwell Publishing.

Shukra, A. M., Sridevi, N. V., Chandran, D., and Maithal, K. (2014). Production of

recombinant antibodies using bacteriophages. European Journal of Microbiology and

Immunology , 4 , 91–98.

Siontorou, C. G. (2013). Nanobodies as novel agents for disease diagnosis and therapy.

International Journal of Nanomedicine, 8 , 4215–4227.

Skirrow, M. B. (2006). John McFadyean and the centenary of the first isolation of

Campylobacter species. Clinical infectious diseases : an official publication of the

Infectious Diseases Society of America, 43 , 1213–1217.

Song, Y. C., Jin, S., Louie, H., Ng, D., Lau, R., Zhang, Y., Weerasekera, R., Al Rashid, S.,

Ward, L. A., Der, S. D., and Chan, V. L. (2004). FlaC, a protein of Campylobacter

jejuni TGH9011 (ATCC43431) secreted through the flagellar apparatus, binds epithelial

cells and influences cell invasion. Molecular Microbiology , 53 , 541–553.

Spadiut, O., Capone, S., Krainer, F., Glieder, A., and Herwig, C. (2014). Microbials for the

production of monoclonal antibodies and antibody fragments. Trends in Biotechnology ,

32 , 54–60.

Spillner, E., Braren, I., Greunke, K., Seismann, H., Blank, S., and du Plessis, D. (2012).

Avian IgY antibodies and their recombinant equivalents in research, diagnostics and

therapy. Biologicals, 40 , 313–322.

Stachel, S. E., Messens, E., Van Montagu, M., and Zambryski, P. (1985). Identification of

the signal molecular produced by wounded plant cells that activate T-DNA transfer in

Agrobacterium tumefaciens. Nature, 318 , 624–628.

61



Chapter 1

Stachel, S. E., and Zambryski, P. C. (1986). virA and virG control the plant-induced

activation of the T-DNA transfer process of A. tumefaciens. Cell , 46 , 325–333.

Stahl, M., Butcher, J., and Stintzi, A. (2012). Nutrient acquisition and metabolism by

Campylobacter jejuni . Frontiers in Cellular and Infection Microbiology , 2 , 5.

Stahl, M., Friis, L. M., Nothaft, H., Liu, X., Li, J., Szymanski, C. M., and Stintzi,

A. (2011). L-Fucose utilization provides Campylobacter jejuni with a competitive

advantage. Proceedings of the National Academy of Sciences, 108 , 7194–7199.

Steeland, S., Vandenbroucke, R. E., and Libert, C. (2016). Nanobodies as therapeutics: big

opportunities for small antibodies. Drug Discovery Today , 21 , 1076–1113.

Steidler, L., Hans, W., Schotte, L., Neirynck, S., Obermeier, F., W, F., Fiers, W., and Remaut,

E. (2000). Treatment of murine colitis by Lactococcus lactis secreting interleukin-10.

Science, 289 , 1352–1355.

Steidler, L., Viaene, J., Fiers, W., and Remaut, E. (1998). Functional display of a

heterologous protein on the surface of Lactococcus lactis by means of the cell wall

anchor of Staphylococcus aureus protein A. Applied and Environmental Microbiology ,

64 , 342–345.

Stern, N. J., Eruslanov, B. V., Pokhilenko, V. D., Kovalev, Y. N., Volodina, L. L., Perelygin,

V. V., Mitsevich, E. V., Mitsevich, I. P., Borzenkov, V. N., Levchuk, V. P., Svetoch,

O. E., Stepanshin, Y. G., and Svetoch, E. A. (2008). Bacteriocins reduce Campylobacter

jejuni colonization while bacteria producing bacteriocins are ineffective. Microbial

Ecology in Health and Disease, 20 , 74–79.

Stoger, E., Ma, J. K.-C., Fischer, R., and Christou, P. (2005). Sowing the seeds of success :

pharmaceutical proteins from plants. Current Opinion in Biotechnology , 16 , 167–173.

Strasser, R. (2016). Plant protein glycosylation. Glycobiology , 26 , 926–939.

Stroud, H., Ding, B., Simon, S. A., Feng, S., Bellizzi, M., Pellegrini, M., Wang, G.-l., Meyers,

B. C., and Jacobsen, S. E. (2013). Plants regenerated from tissue culture contain stable

epigenome changes in rice. Elife, 2 , e00354.

Sullivan, D., and Klaenhammer, T. (1993). High- and low-copy number Lactococcus shuttle

cloning vectors with features for clone screening. Gene, 137 , 227–231.

Szymanski, C. M., St. Michael, F., Jarrell, H. C., Li, J., Gilbert, M., Larocque, S.,

Vinogradov, E., and Brisson, J. R. (2003). Detection of conserved N-linked glycans

62



Chapter 1

and phase-variable lipooligosaccharides and capsules from Campylobacter cells by mass

spectrometry and high resolution magic angle spinning NMR spectroscopy. Journal of

Biological Chemistry , 278 , 24509–24520.

Tauxe, R. V. (1992). Epidemiology of Campylobacter jejuni infection in the United States and

other industrialized nations. In T. L. S. Nachamkin I., Blaser M. J. (Ed.), Campylobacter

jejuni: Current status and future trends (2nd ed., pp. 9–19). Washington, DC: American

Association of Microbiologists.

Tekoah, Y., Ko, K., Koprowski, H., Harvey, D. J., Wormald, M. R., Dwek, R. A., and Rudd,

P. M. (2004). Controlled glycosylation of therapeutic antibodies in plants. Archives of

Biochemistry and Biophysics, 426 , 266–278.

Thibault, P., Logan, S. M., Kelly, J. F., Brisson, J. R., Ewing, C. P., Trust, T. J., and

Guerry, P. (2001). Identification of the carbohydrate moieties and glycosylation motifs

in Campylobacter jejuni flagellin. Journal of Biological Chemistry , 276 , 34862–34870.

Trust, T. J., Logan, S. M., Gustafson, C. E., Romaniuk, P. J., Kim, N. W., Chan, V. L.,

Ragan, M. A., Guerry, P., and Gutell, R. R. (1994). Phylogenetic and molecular

characterization of a 23S rRNA gene positions the genus Campylobacter in the epsilon

subdivision of the Proteobacteria and shows that the presence of transcribed spacers is

common in Campylobacter spp. Journal of Bacteriology , 176 , 4597–4609.

Tschopp, J. F., Brust, P. F., Cregg, J. M., Stillman, C. A., and Gingeras, T. R. (1987).

Expression of the lacZ gene from two methanol-regulated promoters in Pichia pastoris.

Nucleic Acids Research, 15 , 3859-3876.

Tsubokura, K., Berndtson, E., Bogstedt, A., Kaijser, B., Kim, M., Ozeki, M., and

Hammarström, L. (1997). Oral administration of antibodies as prophylaxis and therapy

in Campylobacter jejuni -infected chickens. Clinical and Experimental Immunology , 108 ,

451–455.

Van Droogenbroeck, B., Cao, J., Stadlmann, J., Altmann, F., Colanesi, S., Hillmer, S.,

Robinson, D. G., Van Lerberge, E., Terryn, N., Van Montagu, M., Liang, M., Depicker,

A., and De Jaeger, G. (2007). Aberrant localization and underglycosylation of highly

accumulating single-chain Fv-Fc antibodies in transgenic Arabidopsis seeds. Proceedings

of the National Academy of Sciences of the United States of America, 104 , 1430–1435.

Van Droogenbroeck, B., De Wilde, K., and Depicker, A. (2009). Production of antibody

63



Chapter 1

fragments in Arabidopsis seeds. In J. MacDonald, I. Kolotilin, and R. Menassa (Eds.),

Recombinant protein from plants: Methods and protocols (pp. 89–101). Springer New

York.

van Asseldonk, M., de Vos, W. M., and Simons, G. (1993). Functional analysis of the

Lactococcus lactis Usp45 secretion signal in the secretion of a homologous proteinase

and a heterologous α-amylase. Molecular & General Genetics, 240 , 428–434.

Vandamme, P. (2000). Taxonomy of the family Campylobacteraceae. In I. Nachamkin and

M. J. Blaser (Eds.), Campylobacter (2nd ed., pp. 3–26). Washington, DC, USA: ASM

Press.

Vandamme, P., and De Ley, J. (1991). Proposal for a new family, Campylobacteraceae.

International Journal of Systematic Bacteriology , 41 , 451–455.

Vandamme, P., Dewhirst, F. E., Paster, B. J., and On, S. L. W. (2005). Family I:

Campylobacteraceae. In D. J. Brenner, N. R. Krieg, and J. T. Staley (Eds.), Bergey’s

manual of sytematic bacteriology volume 2: The Proteobacteria. Part C. The alpha-,

beta-, selta-, and Epsilonproteobacteria (2nd ed., pp. 1147–1160). New York, NY:

Springer New York.

van den Berg, B., Walgaard, C., Drenthen, J., Fokke, C., Jacobs, B. C., and van Doorn, P. A.
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Aims

It is well-known that in chickens a protective immunity can be induced upon infection with

Campylobacter, demonstrating the potential of vaccination for the control of Campylobacter

colonization of broilers. Recent studies have shown that passive immunization of chickens, by

oral administration of chicken antibodies, also protects broiler chickens against Campylobacter

colonization. The strategy proposed in this PhD thesis is to prevent or reduce Campylobacter

infection of broiler chickens in a cost-effective manner, by passive immunization using

anti-Campylobacter nanobodies. Reducing of the colonization should diminish the chance of

human infections.

Anti-Campylobacter nanobodies binding to colonization-associated factors will be isolated.

Phage panning display will be used for the selection of these nanobodies from a nanobody

library that was obtained after immunization of an alpaca with C. jejuni. It is important to

identify nanobodies recognizing most of the relevant Campylobacter strains. The nanobodies

with the broadest specificity will be further characterized and the antigens recognized by the

nanobodies will be determined.

Multimerization of the nanobodies can improve their affinity and may mediate agglutination.

The nanobodies with the widest anti-Campylobacter activity will be displayed on the surface

of Lactococcus lactis subsp. cremoris MG1363. This strain is renowned as a ′Generally

recognized as safe′ (GRAS) organism. If expressed, nanobody multimers will be obtained

which can be added to the chicken feed for passive immunization. The efficiency of the
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surface anchoring will be analysed and the in vivo effect of the L. lactis constructs on the

colonization of broilers will be assessed.

Alternatively, the nanobodies can also be made bivalent by linking the nanobodies to the

effector domain of the chicken immunoglobulins, IgA and IgY. The dimerization leads to a

chimeric heavy-chain only antibody with an increase of the avidity. The chimeric antibody

constructs cannot be produced in bacterial expression systems. Therefore, the production of

the chimeric antibodies will be examined in different eukaryotic expression platforms. The

anti-Campylobacter antibodies will be transiently expressed in Nicotiana benthamiana leaves

and stably expressed in seeds of Arabidopsis thaliana. In addition, the yeast Pichia pastoris

will be used for the secretion of the recombinant chimeric antibodies in the supernatant. The

binding capacity of the Nb-Fc constructs to their antigen will be tested and they will be used

in a motility assay to determine their in vitro effect.
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Anti-Campylobacter nanobodies

This chapter is based on the manuscript accepted in Veterinary Research: Vanmarsenille, C.,

Diaz del Olmo, I., Elseviers, J., Hassanzadeh-Ghassabeh, G., Moonens, K., Vertommen, D.,

Martel, A., Haesebrouck, F., Pasmans, F., Hernalsteens, J. P. and De Greve, H. Nanobodies

targeting conserved epitopes on the major outer membrane protein of Campylobacter as

potential tools for control of Campylobacter colonization.

HDG, JPH, FP, FH and AM conceived the study. JE and GGH immunized the alpaca and

isolated Campylobacter specific nanobodies. CV purified the anti-Campylobacter nanobodies

and selected those with broad specificity. ID and CV identified the antigen of the nanobodies

and CV further characterised the interactions between the nanobodies and the MOMP. DV

performed the LC-MS experiments. KM helped with the MST experiments and the analysis

of the obtained results. CV, HDG and JPH interpreted the results and CV wrote the article.

3.1 Introduction

Worldwide, Campylobacter is one of the most common causes of gastroenteritis (Pires et al.,

2015; Ruiz-Palacios, 2007). Less than 500 bacteria are required to establish infection, hence

small amounts present in food or water can cause human infections (Waage et al., 1999).

The Campylobacter species C. jejuni and C. coli are mostly associated with infection in

both industrialized and developing countries (Coker et al., 2002). Typical clinical symptoms

of Campylobacter infections in humans are abdominal cramps, diarrhoea and fever. Usually,
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Campylobacter enteritis is a self-limiting disease and antibiotic treatment is only necessary

in persistent cases (Moore et al., 2005; Young et al., 2007). However, infections with

C. jejuni can lead to severe complications like the Guillain-Barré syndrome, a paralyzing

neuropathological disease (Hahn, 1998; Nachamkin et al., 1998). The favoured environmental

reservoir of C. jejuni is the intestinal tract of poultry that is considered the natural host

of C. jejuni. The elevated body temperature of chickens (i.e. 42◦C) corresponds to the

optimal growth temperature of C. jejuni, which makes them an outstanding reservoir for

the bacteria (Horrocks et al., 2009). Campylobacter mainly colonizes the mucus layer of the

intestinal tract and is abundantly present in the caecum. Up to 109 CFU/g faecal content

can be reached (Corry and Atabay, 2001; Thibodeau et al., 2015). At slaughter age, up to

80% of the flocks worldwide are contaminated with Campylobacter bacteria. Consumption

and handling of contaminated poultry meat or carcasses are the most common causes of

Campylobacter infections in humans (Beery et al., 1988; EFSA, 2010; Herman et al., 2003;

Hermans et al., 2012).

Since poultry plays such an important role in transmission, a decrease of the colonization of

poultry by Campylobacter will lead to a reduction of Campylobacter -related enteritis cases in

humans (Messens et al., 2007). Hygiene and biosafety play an essential role in the control of

Campylobacter infections in poultry, but these methods alone are not sufficiently effective and

must be complemented with novel control approaches (Newell et al., 2011). Still, no effective

control measures are available to prevent or reduce the prevalence of C. jejuni in poultry

during primary production (Lin, 2009; Wagenaar et al., 2006). The addition of antibiotics

to animal feed is not acceptable, as this leads to an increasing number of resistant strains

which has serious consequences for the treatment of humans (Moore et al., 2006; Phillips et

al., 2004). Therefore, a wide range of alternative approaches have been screened. An effective

vaccine has not yet been developed and the use of fatty acids, bioactive plant additives or

probiotics did not lead to the desired in vivo effect (Bratz et al., 2015; Hermans et al., 2010,

2011). Other alternatives, like the use of bacteriophages and bacteriocins, are more promising,

however, more research is required (Hermans et al., 2011; Line et al., 2008; Wagenaar et al.,

2005). Maternal anti-Campylobacter antibodies protect young chicks during the first two to

three weeks (Sahin et al., 2003, 2001). Consequently, the use of maternal antibodies, isolated

from eggs of immunized hens, has been assessed for the passive immunization of infected
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chickens. The results were promising for the use as therapeutic treatment (Hermans et al.,

2014; Tsubokura et al., 1997).

In this study, we describe the isolation and characterization of nanobodies (Nb) recognizing

multiple Campylobacter strains. Nanobodies are the antigen-binding domains of heavy-chain

antibodies found in Camelidae (Hamers-Casterman et al., 1993). They possess a number of

advantages over antibodies, which makes their use attractive for diagnostic and therapeutic

purposes. Nanobodies interact with their antigen with high affinity and specificity, they are

highly stable and soluble and can be expressed in microbial expression systems (Harmsen and

De Haard, 2007; Muyldermans et al., 2009). The nanobodies isolated in this study bind with

the major outer membrane protein (MOMP) and the flagellins of the polar flagella. Outer

membrane proteins (OMP) play a major role in adhesion and invasion during Campylobacter

infections (Rubinchik et al., 2012). Therefore nanobodies targeting these proteins could be

interesting tools for the development of a control strategy. One of the outer membrane

proteins important for virulence of Campylobacter is the MOMP, encoded by the porA gene.

MOMP is a conserved trimeric β-barrel porin involved in adhesion (Al-Adwani et al., 2013).

The porin is also essential for viability of Campylobacter, as its deletion results in a lethal

phenotype (Mahdavi et al., 2014; Wu et al., 2016). It is required for structural organization

and stabilization of the outer membrane and it makes the diffusion possible of compounds,

like nutrients and antibiotics, across the membrane (Dé et al., 2000; Ferrara et al., 2016).

Flagella are required for motility, involved in invasion and indispensible for the colonization of

the intestinal tract. Flagellins are the major subunit of the flagella (Guerry, 2007; Nachamkin

et al., 1993).

3.2 Material and methods

3.2.1 Bacterial strains and growth condition

The bacterial strains that were used in this study are indicated in Table 3.1 and C. jejuni KC40

was used as a reference strain. C. jejuni was grown on Nutrient Broth Nr.2, solidified with

1.5% agar (NB2, CM0067; Thermo Fisher Scientific) under microaerobic conditions (Oxoid

CampyGen, Thermo Fisher Scientific) at 42◦C for 48 h. E. coli strains were cultured on LB
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medium (Duchefa Biochemie), supplemented with the appropriate antibiotics if necessary.

Table 3.1: Campylobacter strains used in this study.

Species Strain Source

C. jejuni KC40 Environment chickenA∗+

7P-6.12 ChickenA+

10C-6.1 ChickenA+

10KF-1.16 ChickenA+

10KF-4.12 ChickenA+

10VTDD-8 ChickenA+

KC59.1 ChickenA∗

KC64.1 ChickenA∗

KC67.1 ChickenA∗

KC84.1 ChickenA∗

KC96.1 ChickenA∗

KC101 Environment chickenA∗

Cam12/0214 HumanB

Cam12/0231 HumanB

Cam12/0146 HumanB

Cam12/0152 HumanB

Cam12/0173 HumanB

Cam12/0197 HumanB

Cam12/0156 HumanB

Cam12/0190 HumanB

Cam12/0202 HumanB

Cam12/0222 HumanB

Cam12/0183 HumanB

C. coli 52/P ChickenC

70/P ChickenC

K43/5 ChickenC

KC7 ChickenC

MB3361 ChickenC

A Isolates obtained from a poultry farm or a slaughterhouse, provided by Prof. Dr. M. Heyndrickx

(Institute for Agricultural and Fisheries Research, Technology and Food Science Unit - Food Safety,

Melle). ∗The fla-DGGE analysis is described in Najdenski et al. (2008). +The multilocus sequence

typing (MLST) results are described in Hermans et al. (2014).

B Clinical isolates obtained from faeces of infected patients, provided by Prof. Dr. D. Martiny

(Microbiology Department, Iris-lab, Brussels, Belgium). MLST analysis showed that these clinical

isolates belong to different clonal complexes (CC-21, CC-464, CC-21, CC-206, CC-48, CC-45) (Prof.

Dr. D. Martiny, personal communication).

C Isolates obtained from chickens, provided by Prof. Dr. M. Heyndrickx (Institute for Agricultural

and Fisheries Research, Technology and Food Science Unit - Food Safety, Melle).
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Table 3.2: E. coli strains used in this chapter.

Species Strain Source

E. coli TG1 (Sambrook et al., 1989)
DH5α (Meselson and Yuan, 1968)
WK6 (Zell and Fritz, 1987)

3.2.2 Primers

Table 3.3: Primers used in this study.

Primer Sequence (5’ → 3’)

IF-NB1 TGGCCCAGGTGCAGCTGCAGGAGTCTGGAG
IF-NB2 TGAGGAGACGGTGACCTGGGTCC
Strep-1 GTCACCGTCTCCTCATGGAGCCACCCGCAGTTCGAAAAATAAGTTTAAACTAC
Strep-2 AATTTAGTTTAAACTTATTTTTCGAACTGCGGGTGGCTCCATGAGGAGAC
FP24 CGCCAGGGTTTTCCCAGTCACGAC
RP24 AGCGGATAACAATTTCACACAGGA
F3 ATGAAACTAGTTAAACTTAGTTTA
R3 GAATTTGTAAAGAGCTTGAAG

3.2.3 Construction of a nanobody library against Campylobacter

The immunization of an alpaca with heat inactivated C. jejuni KC40 and the generation

of a nanobody library in E. coli was previously performed by J. Elseviers and G.

Hassanzadeh-Ghassabeh (3.2.3.3).

3.2.3.1 Preparation of outer membrane extract

C. jejuni KC40 was cultured on NB2-agar plates and the bacterial cells were resuspended

in 10 mM HEPES pH 7.4. The cells were lysed by passing the culture twice through the

Cell Cracker (Glen Creston, Stanmore, VK) at 1000 p.s.i. (pound-force per square inch) at

4◦C. To remove cell debris, the disrupted cell suspension was centrifuged at 12 000 g at 4◦C

for 10 min. The further isolation of the outer membranes in the supernatant was performed

as described (Hobb et al., 2009), with the exception that, after the sarkosyl treatment, the

membranes were centrifuged for 30 min instead of 1 h. The obtained OMPs were stored in

20 mM HEPES pH 7.4 at -20◦C.
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3.2.3.2 Isolation of flagellins

Flagellins were isolated from C. jejuni KC40 essentially as described by Logan and Trust

(1983). C. jejuni cells were grown on NB2-agar plates for 48 hours and the cells were harvested

in deionized water. A Waring Model 7011 blender was used to detach the flagella from the

bacterial cells. Two intervals of each 30 seconds were used. The obtained suspension was

then centrifuged at 10 000 g during 1 hour at 4◦C. The supernatant contains the flagella

and these were pelleted by ultracentrifugation at 100 000 g for 1 hour at 4◦C. The pellet

was resuspended in water. The last two centrifugation steps were repeated once more. The

pellet was resuspended in water and the pH was adjusted to pH 2.0 by the addition of HCl.

The suspension was kept at 0◦C for 15 minutes and again ultracentrifuged. The pH of the

supernatant was adjusted to pH 8.0 and the suspension was held at 0◦C for 30 minutes. The

isolation of the flagellar filament was confirmed on SDS-PAGE and by LC-MS/MS.

3.2.3.3 Phage library construction and selection of anti-Campylobacter

nanobodies

A detailed protocol for immunization, generation of a nanobody library and selection by phage

panning has been described (Pardon et al., 2014). C. jejuni KC40 cells were heat-inactivated

at 55◦C for 1 h. An alpaca was injected six times with 1.6 x 108 inactivated C. jejuni KC40.

Peripheral lymphocytes were isolated from the blood of the immunized alpaca, from which

RNA was isolated and converted to cDNA (Pardon et al., 2014). PCR on the cDNA was

used to amplify the sequences encoding the variable domains of heavy chain antibodies. The

resulting PCR fragments were cloned in the phage display vector pHen4 (Arbabi Ghahroudi

et al., 1997) and transformed in E. coli TG1 cells. Phage display was used for the selection of

Campylobacter -specific nanobodies from the immune library. The phage library was panned

twice against an outer membrane extract or purified flagellins. Binding phages from the

second panning were eluted and used for infection of E. coli TG1. From individual E. coli

TG1 transformants, a periplasmic extract was prepared and used in an ELISA, to confirm

their specificity for the outer membrane extract or flagellins of Campylobacter. Subsequently,

the nanobody-encoding genes from positive clones were amplified from the pHen4 plasmid for

sequencing.

75



Chapter 3

3.2.4 Tagging of the nanobodies

The nanobodies were cloned in the pHen6C vector (Conrath et al., 2001), designed for

the introduction of a histidine-tag (His-tag) at the C-terminus. PCR was performed using

In-Fusion primers IF-NB1 and IF-NB2. For the introduction of the PCR fragments in the

pHen6C, the vector was digested with PstI and BstEII and the cloning was carried out with

the In-Fusion HD Cloning Kit (Takara Bio USA, Inc).

For the construction of the strep-tagged nanobodies, the pHen6C derivatives encoding the

His-tagged nanobodies were used. The strep-tag was introduced by ligation of annealed oligos

Strep-1 and Strep-2 in the BstEII and EcoRI linearized pHen6C derivatives. At the same time

the His-tag was removed.

The resulting constructs were transformed into CaCl2-competent E. coli DH5α (Dagert and

Ehrlich, 1979) and transformants were selected on LB-agar plates supplemented with 100

µg/ml carbenicillin. Colonies were screened by PCR with the primers FP24 and RP24.

PCR-positive colonies were sequenced to confirm that the constructs were correct.

3.2.5 Expression and purification of anti-Campylobacter nanobodies

Clones encoding C-terminally His-tagged anti-Campylobacter nanobodies were introduced

in E. coli WK6 for expression and purification. The bacterial cells were grown at 37◦C

in LB medium supplemented with carbenicillin (100 µg/ml). When OD660 nm 0.6-0.8

was reached, nanobody expression was induced at 30◦C by adding 1 mM isopropyl

β-D-1-thiogalactopyranoside (Thermo Fisher Scientific). After overnight incubation, the

periplasmic content was extracted and the nanobodies were purified.

His-tagged nanobodies were purified by nickel-affinity chromatography using HisTrap HP

columns (GE Healthcare Life Sciences). The columns were equilibrated and washed with

20 mM Tris-HCl, 1 M NaCl, pH 8.0. Nanobodies were eluted using a linear gradient to 1 M

imidazole. The eluted protein fractions were analysed by SDS-PAGE, using 12.5% acrylamide

gels stained with Coomassie blue dye. The PageRuler Prestained Protein Ladder (Thermo

Fisher Scientific) is used as a molecular weight marker. Fractions containing pure nanobodies
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were pooled and dialyzed against phosphate-buffered saline (PBS)(per litre: 8 g NaCl, 0.2 g

KH2PO4, 1.44 g Na2HPO4, 0.2 g KCl, pH 7.4).

Strep-tagged nanobodies were purified using StrepTrap HP columns (GE Healthcare Life

Sciences). These were equilibrated and washed with 100 mM Tris-HCl, 150 mM NaCl, 1 mM

EDTA, pH 8.0 and nanobodies were eluted with a linear gradient to 2.5 mM desthiobiotin.

Fractions containing pure nanobodies were dialyzed against PBS.

3.2.6 Whole-bacterial cell ELISA

The interaction of the purified nanobodies, with different C. jejuni and C. coli isolates was

assessed by means of a whole-cell ELISA. The bacteria were grown on NB2-agar plates

and after 48 h the cells were harvested from the plates with PBS. The bacterial cells were

centrifuged at 3600 g for 15 min and washed in PBS. Bacterial cells were fixed with 2.5%

(v/v, final concentration) of methanol-stabilized 37% formaldehyde solution (Merck), followed

by incubation for 100 min at 42◦C. Afterwards, the fixed bacterial cells were pelleted by

centrifugation. The pellet was resuspended in coating buffer (150 mM Na2CO3, 46 mM

NaHCO3) and the OD660 was adjusted to 0.3. From the suspension, 100 µl per well was

used to coat a 96-well plate. After overnight incubation at 4◦C, the plates were washed

five times with PBS + 0.05% Tween-20. To reduce nonspecific interactions, 200 µl 5% (w/v)

bovine serum albumin (BSA) was used per well and incubated for 2 h. Subsequently, the wells

were washed five times and 100 µl/well of the anti-Campylobacter nanobodies (50 µg/ml) was

added, followed by 1 h incubation at room temperature. Afterwards, mouse anti-Histidine tag

monoclonal antibody (1/1000 in PBS) (AbD Serotec) and goat anti-mouse IgG conjugated to

alkaline phosphatase (AP) (1/5000 in PBS) (Sigma-Aldrich) were added consecutively. The

ELISA was developed by addition of 2 mg/ml para-nitrophenyl phosphate (p-NPP) in ELISA

buffer (100 mM Tris-HCl, pH 9.5, 5 mM MgCl2, 100 mM NaCl). The OD was read at 405

nm.

The V1 nanobody, against the F4-fimbriae of enterotoxigenic E. coli (Virdi et al., 2013), was

used as a negative control.

The negative controls were used for the calculation of the cut-off (= x̄neg + (3σneg)).
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3.2.7 Purification of MOMP

The MOMP was purified from a total membrane extract. The outer membrane proteins were

incubated in the presence of 0.3% n octylpolyoxyethylene (octyl-POE) for 20 min at 4◦C.

The insoluble proteins were pelleted by centrifugation at 100 000 g for 1 h. This step was

repeated once, followed by two successive extraction steps with 0.5% octyl-POE. The obtained

fractions were further purified using anion-exchange chromatography. A Resource Q column

(GE Healthcare Life Sciences) was equilibrated with 20 mM sodium phosphate buffer pH 6.0

supplemented with 0.6% octyl-POE and the extracted proteins were loaded on the equilibrated

column. Elution was achieved using a linear gradient to 1 M NaCl. The eluted fractions were

analysed by SDS-PAGE, stained with Coomassie blue dye. Pure fractions were pooled and

dialysed against 20 mM sodium phosphate buffer pH 7.6 supplemented with 0.6% octyl-POE.

3.2.8 Interaction of nanobodies and outer membrane proteins in ELISA

The interaction of the nanobodies with the outer membrane extract and the purified MOMP

was investigated using ELISA. Native or denatured outer membrane extract and purified

MOMP were coated in a 96-well plate at a concentration of 1 µg/ml. The ELISA was further

carried out as described above. For the ELISA with outer membrane extract, tenfold serial

dilutions were made of the anti-Campylobacter nanobodies, starting from 50 µg/ml.

3.2.9 Pull-down assay for antigen determination

To isolate OMP-Nb complexes, the Dynabeads His-Tag Isolation and Pulldown kit (Thermo

Fisher Scientific) was used. Twenty µl of nanobodies (1.0 mg/ml) was added to 500 µl

of the isolated outer membrane proteins (1.2 mg/ml) and the mixture was incubated for

2 h at 4◦C on a roller. The His-tagged nanobodies interact with the Co2+-coated magnetic

beads. The procedure was followed as described in the manual, with the exception that the

samples containing the OMP-Nb complexes where incubated overnight with the Dynabeads

at 4◦C. An SDS-PAGE was performed on the eluted complexes and the gel was stained with

the SilverQuest Silver Staining Kit (Thermo Fisher Scientific). The relevant protein bands

were excised from the gel, destained and digested with trypsin for further analysis by liquid
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chromatography-tandem mass spectrometry (LC-MS/MS) as described (Arts et al., 2016).

3.2.10 Western blot

Western blotting was performed on denatured and non-denatured proteins. The

non-denatured samples were run on a 12.5% acrylamide gel in running buffer composed of

14.4 g glycine, 3.03 g Tris and 0.250 g SDS per litre. After electrophoresis, the proteins were

transferred to a polyvinylidene difluoride (PVDF) membrane, activated with methanol, or

stained with Coomassie blue dye. After transfer, the membrane was washed five times with

PBS + 0.2% Triton X-100, followed by an incubation of 1 h at 4◦C with blocking buffer (PBS

+ 10% milk powder). The washing step was repeated in between every incubation step. The

washed PVDF membrane was then incubated with 5 µg/ml anti-Campylobacter nanobody,

diluted in PBS + 0.2◦ Triton X-100 + 5% milk powder for 1 h at 4◦C. For the detection of

the His-tagged nanobodies, a mouse anti-Histidine tag monoclonal antibody (1/1000 in PBS)

(AbD Serotec) was added and incubated for 1 h at 4◦C. The western blot was developed

with a goat anti-mouse IgG conjugated to AP (1/5000 in PBS) (Sigma-Aldrich). After 1 h

at 4◦C, substrate (50 µl NBT/BCIP in 100 mM Tris-HCl, pH 9.5, 5 mM MgCl2, 100 mM

NaCl) was added to the membrane and incubated at 37◦C.

3.2.11 Microscale thermophoresis (MST)

MST, an immobilization-free method, was used for the characterization of the Nb-MOMP

interaction. This technique allows the study of interactions of biomolecules in solution.

A NanoTemper Monolith NT.115 instrument (NanoTemper Technologies) was used for the

binding experiments, wherein a temperature gradient is formed in glass capillaries by means

of an infrared laser. The movement of the biomolecules along this gradient is affected by

changes in size or charge and modifications in their hydration shell. For the saturation

binding experiment, an anti-Campylobacter nanobody was fluorescently labelled via free

amino-groups with Dylight 650 NHS Ester (Thermo Fisher Scientific). The labelled nanobody

(constant concentration of 32 nM) was mixed with twofold serial dilutions of MOMP, ranging

from 0.3 nM to 5.0 µM. The interaction of the proteins was measured in 20 mM sodium

phosphate buffer pH 7.6 supplemented with 150 mM NaCl and 0.6% octyl-POE. The samples
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were loaded into the glass capillaries (Monolith NT.Automated Standard Treated Capillary

Chips), the thermophoresis measurements were performed (MST power 10% and LED 100%)

and the data were analysed using the NT Analysis software (NanoTemper Technologies).

Data were normalized to ∆Fnorm [h] (Shang et al., 2012). A competition experiment was

used to determine whether an unlabelled nanobody can impede the interaction of the labelled

nanobody and the MOMP. In this experiment, the unlabelled nanobody was used at a constant

concentration of 10 µM and mixed with a twofold serial dilution of MOMP (0.3 nM to 5.0 µM).

Afterwards, the labelled nanobody was added to the suspension at a constant concentration

of 32 nM. The experiment was further carried out as described above.

3.2.12 Saturation and competition binding assay

A saturation binding assay was performed using ELISA, to determine the interaction

between a constant concentration MOMP (1 µg/ml) and tenfold serial dilutions of His-tagged

Nb84, ranging from 5 x 10−7 to 5 x 101 µg/ml. In a second experiment, the influence of

competitors on this interaction was examined. Therefore MOMP (1 µg/ml) was coated in a

96-well plate, after which serial dilutions (from 5 x 10−7 to 5 x 101 µg/ml) of strep-tagged

anti-Campylobacter nanobodies, used as competitors, and a constant concentration of

His-tagged Nb84 (5 x 10−2 µg/ml) were simultaneously added. Bound His-tagged nanobody

was detected with a mouse anti-Histidine tag monoclonal antibody and goat anti-mouse IgG

conjugated to AP.

3.2.13 Sequence analysis of porA gene of C. jejuni and C. coli isolates

To analyse the genetic variability of MOMP between different Campylobacter strains, the

porA gene was amplified with primers F3 and R3 (Zhang et al., 2000). A single colony of

every isolate was resuspended in 50 µl deionized H2O and the suspension was frozen at -80◦C

and subsequently kept at 95◦C for 5 min. Of the suspension, 1 µl was used as template.

3.2.14 Immunofluorescence microscopy

C. jejuni KC40 cells were fixed during 10 minutes with a final concentration (v/v) of 1.2%

formaldehyde (methanol-stabilized, Merck). Fixed cells were spotted on 0.1% poly-L-lysine
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treated glass slides and dried. The microscope slides were treated with 5% BSA for 15 minutes,

followed by the addition of 30 µl anti-Campylobacter nanobodies (50 µg/ml) and incubation

for 1 h at room temperature. The bound nanobodies were detected in two consecutive steps.

First, mouse anti-His monoclonal antibodies (1/200 in PBS) (AbD Serotec) were added and

incubated for 1 h at room temperature. Anti-mouse IgG conjugated to Alexa Fluor 488

(1/250 in PBS) (Thermo Fisher Scientific) was then added for fluorescent labelling. After 1

h, the slides were washed with PBS and dried. As a negative control, anti-F4 nanobodies

(Virdi et al., 2013) were used. In between every step, the slides were washed with PBS and

dried.

3.2.15 Multimerization of nanobodies

Selected nanobodies were coupled to Co2+-coated magnetic Dynabeads (Dynabeads His-Tag

Isolation and Pulldown, Thermo Fisher Scientific) to make them multivalent, using the buffers

described in the manual. Nanobodies (24 µg) were added to 300 µg of Dynabeads and the

mixture was incubated at room temperature during 10 min on a roller. Hereafter, the beads

were washed three times to remove the unbound nanobodies and the nanobody-coupled beads

were stored in pull-down buffer at 4◦C.

C. jejuni KC40 cells were harvested from NB2-agar plates with NB2 medium and a suspension

with OD660 2.0 was used for the agglutination assay. The bacterial cells and nanobody-coupled

beads were mixed in a 1:4 ratio in a final volume of 10 µl on a slide. The slides were

incubated at room temperature and examined visually and by phase contrast microscopy

for agglutination. As a negative control, the agglutination of Campylobacter bacteria in the

presence of beads coupled with anti-F4 nanobodies was assessed (Virdi et al., 2013).
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3.3 Results

3.3.1 Nanobodies targeting an outer membrane protein of Campylobacter

3.3.1.1 Isolation of anti-Campylobacter nanobodies with a broad specificity

To generate an immune library, an alpaca was immunized with heat-inactivated KC40

bacteria. From this library, 21 Campylobacter -specific nanobodies were obtained after two

consecutive panning rounds against an outer membrane fraction of the C. jejuni strain KC40.

These nanobodies belong to twelve different families (Appendix 3.1) showing less than 80%

identity in their complementarity-determining region 3 (CDR3), as defined by Pardon et al.

(2014).

A significant level of diversity is found among Campylobacter strains isolated from poultry

(Rivoal et al., 2005). For this reason, we selected one nanobody from each family and

examined whether these display a broad detection range by testing their binding with

Campylobacter strains (Hermans et al., 2014; Najdenski et al., 2008), belonging to different

subtypes (Table 3.1). Whole-cell ELISA analysis showed that six anti-Campylobacter

nanobodies have a broad specificity range (Table 3.4, Appendix 3.2). They interacted with

all 23 tested C. jejuni strains, both from chickens and human patients, and with the 5 tested

C. coli isolates. These data suggest that these nanobodies recognize conserved antigens on

the cell surface of the Campylobacter strains.

3.3.1.2 Nanobodies interact with folded outer membrane proteins

Whole-cell ELISA showed that the six nanobodies with broad specificity recognize epitopes

exposed on the bacterial cell surface. ELISA was used to determine whether the nanobodies

recognize conformational or linear epitopes (Figure 3.1). The nanobodies showed strong

binding with native outer membrane proteins, while the interaction was significantly reduced

after denaturation of the outer membrane proteins. These results indicate that the nanobodies

bind to conformational epitopes present on outer membrane proteins.
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Table 3.4: Results of the ELISA performed to measure the binding of anti-Campylobacter nanobodies to different Campylobacter isolates.

Nb5 Nb22 Nb23 Nb24 Nb49 Nb84 Nb15 Nb32 Nb34 Nb45 Nb48 Nb63
KC40 ++ ++ ++ ++ ++ ++ ++ + ++ ++ ++ ++
7P-6.12 ++ + + + + ++ + - - + + +
10C-6.1 ++ + + ++ + ++ + - - + + +
10KF-1.16 ++ ++ ++ ++ ++ ++ ++ + + ++ ++ ++
10KF-4.12 ++ + + + + ++ - - - - + +
10VTDD-8 ++ + + ++ + ++ + - - + + +
KC59.1 ++ ++ ++ ++ ++ ++ ++ ++ + ++ ++ ++
KC64.1 ++ + + ++ + ++ + - - + + +
KC67.2 ++ + + + + ++ + - - + + +
KC84.2 + + + ++ + ++ + - - + + +
KC96.1 ++ ++ ++ ++ + ++ + + - ++ + +
KC101 ++ ++ ++ ++ ++ ++ + + + ++ + +

Nb5 Nb22 Nb23 Nb24 Nb49 Nb84
Cam12/0214 ++ ++ + + + +
Cam12/0231 ++ + + ++ + +
Cam12/0146 + + + + + +
Cam12/0152 + + + + + +
Cam12/0173 + + + + + +
Cam12/0197 ++ + + + + +
Cam12/0156 ++ ++ ++ ++ ++ ++
Cam12/0190 + + + + + +
Cam12/0202 ++ ++ ++ ++ ++ ++
Cam12/0222 + + + + + +
Cam12/0183 + + + + + +
52/P ++ + ++ + + +
70/P ++ ++ ++ ++ ++ ++
K43/5 + + + + + +
KC7 ++ ++ ++ ++ ++ ++
MB3361 + + + + + +

(++) Values higher than two times the cut-off (Grey). (+) Values higher than the cut-off. (-) Values lower than the cut-off (Red). To calculate

the cut-off, the following equation was used: cut-off = x̄neg + (3σneg). In this equation x̄neg is the mean and σneg the standard deviation of the

negative control. As a negative control, the ELISA was performed in the absence of anti-Campylobacter nanobodies.
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Figure 3.1: Broad specificity range anti-Campylobacter nanobodies interact with native outer
membrane proteins. Serial 10-fold dilutions of the nanobodies were used in ELISA to
assess the binding with linear or conformational epitopes. OMPs (1 µg/mL) were coated
in a 96-well plate and the interaction of His-tagged nanobodies with native, untreated
OMP, and with denatured protein extract was measured. Binding of Nb5 (A), Nb22
(B), Nb23 (C), Nb24 (D), Nb49 (E) and Nb84 (F) was measured. For detection, mouse
anti-Histidine tag monoclonal antibody and goat anti-mouse IgG conjugated to AP were
used. The error bars represent the standard deviations.
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3.3.1.3 MOMP is the target of the broad specificity range anti-Campylobacter

nanobodies

To determine the antigens recognized by the six nanobodies with broad specificity, a pull-down

experiment with magnetic beads was performed. Complexes with an outer membrane protein

were isolated with three of the six nanobodies (Nb5, Nb22 and Nb84). The bound proteins

were digested with trypsin and the peptides were analysed by LC-MS/MS. In each case,

the amino acid sequences of the peptides corresponded to the MOMP sequence of C. jejuni

NCTC 11168 (UniProtKB - P80672) (Figure 3.2), a porin that is a crucial virulence factor of

Campylobacter.

Figure 3.2: LC-MS/MS identifies the MOMP as a target for the nanobodies. Proteins recognized
by the anti-Campylobacter nanobodies were isolated by a pull-down. After digestion
of the proteins with trypsin, the peptides were analysed via LC-MS. The five peptides
corresponding with the MOMP of C. jejuni NCTC 11168 (UniProtKB - P80672) are
specified by the black boxes.

The MOMP was subsequently purified from C. jejuni KC40 bacteria and binding with the

three nanobodies was confirmed by western blotting. The binding of Nb84 with native MOMP

is shown in Figure 3.3A. The western blot clearly shows a protein band corresponding to

native MOMP. The western blot with the nanobodies shows no interaction with the denatured

MOMP (Figure 3.3B). This confirms the interaction with surface-exposed epitopes of MOMP.

Similar results were obtained for the five other nanobodies with broad specificity. ELISA

further showed that the other nanobodies with less broad specificity also recognize native
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MOMP (Figure 3.4).

Figure 3.3: Confirmation of the binding of Nb84 with native MOMP. The purified MOMP monomer
was subjected to non-denaturing (A) and denaturing (B) SDS-PAGE and transferred
to a PVDF membrane for western blotting in which the membrane was first incubated
with Nb84. Nb84 shows clear interaction with folded but not with unfolded MOMP.
His-tagged Nb84 was added as a positive control. The interaction of the native protein
with Nb84 was analysed using a mouse anti-Histidine tag monoclonal antibody and goat
anti-mouse IgG conjugated to AP. The PageRuler Prestained Protein Ladder was used
as a molecular weight marker.

Figure 3.4: ELISA to determine the binding of anti-Campylobacter nanobodies to MOMP. Purified
MOMP (1 µg/mL) was coated and nanobodies were subsequently added at a
concentration of 50 µg/mL. Mouse anti-Histidine tag monoclonal antibody and goat
anti-mouse IgG conjugated to AP were used for the development of the ELISA. The error
bars represent the standard deviations. For the calculation of the cut-off the negative
control, an anti-F4 nanobody (V1) was used. The cut-off is presented by the black line.
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3.3.1.4 Affinity determination and competitive binding assay

We determined the strength of the interaction between MOMP and the nanobodies Nb5,

Nb22 and Nb84 using microscale thermophoresis (MST). Therefore, the nanobodies were

fluorescently labelled and incubated with increasing concentrations of MOMP (Figure 3.5).

Changes in the thermophoretic properties upon complex formation were plotted, to obtain

information on the dissociation constant (KD-value). Nb22 and Nb84 bind MOMP with

intermediate nanomolar affinities (KD = 118 ± 48 nM and KD = 422 ± 159 nM, respectively).

For Nb5, it was not possible to determine the dissociation constant because of a high signal

to noise ratio.

The specificity of the binding curves was confirmed by adding an excess of the same unlabelled

nanobody, which resulted in a loss of the MST signal (Figure 3.5C). In addition, a competitive

MST assay was performed by adding an excess of a different unlabelled nanobody that can

potentially compete with the binding of the labelled nanobody to MOMP. When adding either

unlabelled Nb5 or Nb22, no clear shift in the MST signal, corresponding to the binding of

labelled Nb84 to MOMP, was observed (Figure 3.5A and B). These data show that these

nanobodies do not bind the antigen simultaneously, suggesting that they may recognize the

same, adjacent or overlapping epitopes. However, we cannot exclude the possibility that

these nanobodies may still bind to different epitopes and interfere with each other′s binding

by inducing conformational changes.

To confirm the findings of the MST competition assay, a competitive ELISA was set up.

The influence of strep-tagged nanobodies, of the twelve different families, on the binding

of His-tagged Nb84 to MOMP was assessed (Figure 3.6). Dose-dependent inhibition of the

binding was confirmed for nine of the twelve nanobodies. For the other three nanobodies

(Nb32, Nb34 and Nb45), it was shown that they could bind to MOMP simultaneously with

Nb84, which indicates they recognize different epitopes. That Nb32 and Nb34 recognize

different epitopes than Nb84 was expected from the ELISA results summarized in the Table

3.4 and Appendix 3.2. The results show that Nb32 and Nb34 only interact with a couple of

C. jejuni isolates in comparison with Nb84, which has a broad host specificity. An additional

experiment was performed to check whether Nb32, Nb34 and Nb45 are able to inhibit each
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other′s binding to MOMP (Figure 3.7M-O). The graphs show that the His-tagged nanobodies

are still able to bind with MOMP in the presence of another strep-tagged nanobody. This

confirms that the three nanobodies recognize different, non-interfering epitopes.

Figure 3.5: MST analysis of the binding of anti-Campylobacter Nb84 and Nb22 with the purified
MOMP monomer. The binding curves of Nb84 (A-C) and Nb22 (D) with the
MOMP monomer were obtained in a saturation binding experiment. The formation
of Nb-MOMP complexes was measured at constant concentrations of the fluorescently
labelled Nb (32 nM) and varying concentrations of unlabelled MOMP (0.3 nM to 5.0
µM). Data were normalized to ∆Fnorm [h]. The competitive binding curves visualise
the inhibition of binding of the fluorescently labelled Nb84 (32 nM) with MOMP (0.3
nM to 5.0 µM) by unlabelled Nb5 (A), Nb22 (B) and Nb84 (C) (10 µM). The error bars
represent the standard deviations.
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Figure 3.6: Interaction between Campylobacter -specific nanobodies and purified MOMP. The
saturation binding curve of the interaction between coated MOMP (1 µg/mL) and
His-tagged Nb84 (1 x 10−6 to 1 x 102 µg/mL) was obtained via ELISA. The
dose-dependent inhibitory effect of a strep-tagged nanobody (1 x 10−6 to 1 x 102 µg/mL)
on the interaction between His-tagged Nb84 (5 x 10−2 µg/mL) and MOMP (1 µg/mL),
is demonstrated in the competition binding curve. Inhibition by strep-tagged Nb5 (A),
Nb22 (B), Nb23 (C), Nb24 (D), Nb49 (E), Nb84 (F), Nb15 (G), Nb32 (H), was assessed.
The ELISA was developed with anti-Histidine tag monoclonal antibody and anti-mouse
IgG conjugated to AP. The error bars represent the standard deviations.

89



Chapter 3

Figure 3.7: Interaction between Campylobacter -specific nanobodies and purified MOMP. The
saturation binding curve of the interaction between coated MOMP (1 µg/mL) and Nb84
(I-L), Nb34 (M, N), Nb45 (O) (1 x 10−6 to 1 x 102 µg/mL) was obtained via ELISA. The
dose-dependent inhibitory effect of a strep-tagged nanobody (1 x 10−6 to 1 x 102 µg/mL)
on the interaction between His-tagged Nb (5 x 10−2 µg/mL) and MOMP (1 µg/mL),
is demonstrated in the competition binding curves. Inhibition of the binding of Nb84
by strep-tagged Nb34 (I), Nb45 (J), Nb48 (K) and Nb63 (L). The binding of His-tagged
Nb34 was not inhibited by strep-tagged Nb32 (M) and Nb45 (N) and the binding of
His-tagged Nb45 was not inhibited by strep-tagged Nb32 (O). The ELISA was developed
with anti-Histidine tag monoclonal antibody and goat anti-mouse IgG conjugated to AP.
The error bars represent the standard deviations.
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3.3.1.5 Variability in the porA gene encoding MOMP

The MOMP encoding genes of the Campylobacter isolates were compared to identify conserved

regions. The MOMP of C. jejuni and C. coli is characterised by high genetic diversity. Little

variability is observed in the transmembrane domains, in contrast to high variability in the

extracellular loops (Cody et al., 2009). The MOMP-encoding porA gene of the 23 C. jejuni

and the 5 C. coli stains was PCR-amplified and sequenced (Appendix 3.3). Based on the

MOMP structure solved by Ferrara et al. (2016), the extracellular loops and β-strands were

identified in the sequence. Since the broad specificity range nanobodies bind to the MOMP

of Campylobacter, we can assume that they interact with one of the surface-exposed loops of

MOMP. These loops are however most variable amongst the sequenced porA genes.

Sequence analysis shows that the extracellular loops L3 and L6 are the most conserved, in

length and amino acid sequence, making these prime candidates to be recognized by the six

nanobodies with a broad specificity range. Mapping of the sequences on the structure of

MOMP confirms that the highest variability is located in the extracellular loops, while the

sequence in the β-barrel structure is highly conserved Figure 3.8.

Figure 3.8: Figure 3.7. Sequence conservation of MOMP mapped on crystal structure. The sequence
conservation in the MOMP of 28 Campylobacter isolates (Table 3.1), is visualised on the
surface of MOMP. Blue corresponds to high amino acid sequence conservation and white
with low conservation. High variability is observed in the extracellular loops, while the
sequences encoding the transmembrane β-barrels are highly conserved. Side view (left)
and top view (right).
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The sequence diversity in L3 and L6 in different C. jejuni and C. coli strains was

analysed (Table 3.6, Table 3.5). The MOMP encoding sequences in the MLSTdb database

(Campylobacter Multilocus Sequence Typing, https://pubmlst.org/ campylobacter/) were

used for the analysis of the L6 region. Since the sequence of L3 is not present in the

MLSTdb database, sequences were obtained from the NCBI database (National Center for

Biotechnology Information, https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) using

Blastp with the MOMP amino acid sequence of C. jejuni KC40 as a query.

Table 3.5: Sequence variability in L3 loops of the MOMP of C. jejuni and C. coli strains.

Loop 3

LNTIWTDNGIDGL1

F AV

L D 92.5%
I T

S

LNTIWTDNGIDGL2

MDSL SEDAY

GI N YL

V V

F D 7.5%

VGSIWTDDL----

LNI NV----

VGSIWTDDAI---

Amino acid sequence alignment was performed on porA sequences obtained in this study and from

NCBI.

1Loop 3 amino acid sequence of the MOMP of C. jejuni KC40 and the amino acid substitutions found

in the other 27 Campylobacter isolates, analysed in this study, and in the sequences of the databases

at the same positions.

2Loop 3 amino acid sequence of the MOMP of C. jejuni KC40 and the amino acid substitutions found

in the sequences in the databases, which contain amino acid substitutions on different positions than

found in the sequences of the MOMPs of the 28 strains analysed in this study.
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Table 3.6: Sequence variability in L6 loops of the MOMP of C. jejuni and C. coli strains.

Loop 6

DKEKASTVVIEDQGNIGSLLAGEEIFYTTGSRLNGDTG1

K D VTLTTL LS Q N N I

N N I VNAV G R K L

H R ILI K I A

F D G N

T H Q F 81.5%
L E V

S Q

G

Y

N

DKEKASTVVIEDQGNIGSLLAGEEIFYTTGSRLNGDTG2

KEDQVTVTTLDNV SLDH AQ LN KR Q HDSQ

NGL FNI KEK S T S D N TRNI

A I A V Q F N K SVGL

Y L G K Q H YCYV

G A G E E S K

I R E

N A S

Q R

E

18.5%
KKDKLTFNTLEDVGNLD--LAGAEIFYTDGSNLNGDIG

N E S K V V V

T L

E

DKEKASTVVIEDQGNLGSLLAGEEIFYTTGSRLTGSRLNGDTG

K D VTLTT N N N N I

KKDKATITVIEDQGNLGSLLAGEEIFYTNGSKL-----NGGDTG

Amino acid sequence alignment was performed on porA sequences obtained in this study and from the

MLSTdb.

1Loop 6 amino acid sequence of the MOMP of C. jejuni KC40 and the amino acid substitutions found

in the other 27 Campylobacter isolates, analysed in this study, and in the sequences of the databases

at the same positions.

2Loop 6 amino acid sequence of the MOMP of C. jejuni KC40 and the amino acid substitutions found

in the sequences in the databases, which contain amino acid substitutions on different positions than

found in the sequences of the MOMPs of the 28 strains analysed in this study.
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Comparison of the MOMP amino acid sequences, showed that the majority (81.9% or 1827

out of 2230) of analysed Loop 6 sequences and 92.5% (620 out of 670) of analysed Loop 3

sequences all carry amino acid substitutions at positions found in the L6 and L3 loops of the 28

MOMPs analysed in this study. From our study, we know that these amino acid substitutions

in the L3 and L6 loops of MOMPs do not impede nanobody binding. The remaining 18.1%

(403 out of 2230) in case of L6 and 7.5% (50 out of 670) for L3, contain amino acid changes

on other positions. This does not imply that our six nanobodies with broad specificity would

not bind these MOMP variants.

3.3.1.6 Interaction of anti-Campylobacter nanobodies with the bacterial cell

surface

Immunofluorescence microscopy was used to confirm the interaction of Nb22, Nb23 and Nb84

with the surface of C. jejuni KC40 cells (Figure 3.9). The results show clear fluorescence

with the Campylobacter -specific nanobodies, in comparison with an anti-E. coli nanobody

that was used as a negative control.

To explore whether the anti-Campylobacter nanobodies could agglutinate living C. jejuni

KC40 cells, the six selected nanobodies were made multivalent, by coupling them via their

histidine tag to magnetic Dynabeads. Clear agglutination was observed when C. jejuni KC40

cells were added (Figure 3.10A). Here the results of Nb84 with C. jejuni KC40 are shown.

Beads, coated with an anti-E. coli nanobody, were used as a negative control and caused

no visible agglutination of Campylobacter (Figure 3.10B). Additional negative controls were

the Campylobacter bacteria (Figure 3.10C) and the beads coated with nanobodies alone

(Figure 3.10D). The results confirm that the Campylobacter -specific nanobodies can bind

with surface-exposed epitopes of C. jejuni KC40 and agglutinate the latter.
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Figure 3.9: Interaction of anti-Campylobacter nanobodies with C. jejuni KC40. The interaction was
detected by immunofluorescence microscopy and the C. jejuni KC40 cells were visualised
by bright field microscopy. The anti-Campylobacter nanobodies Nb22 (A), Nb23 (B) and
Nb84 (C) respectively, bind specifically with the C. jejuni cells. A nanobody specific for
F4-fimbriated enterotoxigenic E. coli shows no binding with the C. jejuni cells (D).
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Figure 3.10: Nanobody-coated beads agglutinate C. jejuni KC40 cells. His-tagged nanobodies
were coupled to magnetic Dynabeads, leading to multimerization. Nb84 coupled to
Dynabeads causes agglutination of KC40 cells (A). As a negative control, Dynabeads
coated with anti-F4 E. coli nanobodies were mixed with KC40 cells (B). No
agglutination was observed in this case. The C. jejuni KC40 bacteria (C) and the
beads coated with Nb84 (D). The results were observed by phase contrast microscopy,
using a 100x oil immersion objective.

3.3.2 Anti-flagellins nanobodies

3.3.2.1 Purification of flagellins of C. jejuni and isolation of specific nanobodies

C. jejuni carries one or two polar flagella, required for motility. Since the flagella are

important virulence factors, anti-flagella nanobodies can play an important role in the control

of Campylobacter colonization. The flagella are filaments made up of the flagellin subunits

FlaA and FlaB. Purified flagellins were used for the isolation of clones encoding anti-flagellin

nanobodies from the nanobody library.

The flagellins were purified from motile C. jejuni KC40 bacteria and the purified fractions were

analysed with SDS-PAGE. A protein band of 63 kDa corresponds to Campylobacter flagellins.
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For confirmation, the protein band was analysis via LC-MS/MS after trypsin digestion.

Peptides corresponding to the FlaA and FlaB subunits were detected. Subsequently, the

purified flagellins were used in a panning experiment for the isolation of anti-flagellin

nanobodies from the phage library. Nine anti-flagellin nanobodies were selected and cloned

in the expression vector pHen6C. Based on the similarity of the CDR3 sequence, the

nanobodies were divided in three groups (Appendix 3.4). ELISA results show the binding

of the nanobodies to C. jejuni flagellins (Figure 3.11A, B). Based on these results, one

nanobody of every group was selected for further experiments (2Flag8, 2Flag24 and 2Flag67).

Figure 3.11: ELISA for the confirmation of the interaction of anti-flagellin nanobodies
Campylobacter. The binding of nine nanobodies, belonging to three different groups,
with purified flagellins (A) and C. jejuni KC40 (B) are shown. The binding results of
one nanobody of every group (2Flag8, 2Flag24 and 2Flag67) to different Campylobacter
isolates (C). Bound His-tagged nanobodies were detected with mouse anti-Histidine
monoclonal antibodies and anti-mouse IgG. The negative control, the anti-F4 E. coli
nanobody V1, was used for the determination of the cut-off value, which is visualised
by the red line.
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From previous results, it is known that the anti-MOMP nanobodies have a broad host

specificity. To determine if the anti-flagellin nanobodies can bind to different Campylobacter

isolates, a whole-cell ELISA was performed (Figure 3.11C). The results in this graph confirm

that the three nanobodies bind to the reference strains C. jejuni KC40. However, especially

2Flag24 does not recognize an epitope present in all the tested strains.

3.3.2.2 Binding of anti-flagellin nanobodies to Campylobacter antigens

The interaction of the anti-flagellin nanobodies with Campylobacter bacteria was validated

by immunofluorescence microscopy (Figure 3.12), which also revealed their binding with the

human clinical C. jejuni isolate Cam12/0156, and the C. coli isolate K43/5. This is an

indication that these nanobodies may interact with conserved regions of the flagellins. The

V1 nanobody, directed against the FaeG subunit of E. coli F4 fimbriae, showed no interaction.

Figure 3.12: Fluorescence microscopy visualising the binding of labelled anti-flagellin nanobodies
with different Campylobacter isolates. C. jejuni strain KC40 (A, B, C, D), C. jejuni
strain Cam12/0156 (E, F, G, H) and C. coli strain K43/5 (I, J, K, L). Interaction with
the different isolates is shown with 2Flag8 (A, E, I), 2Flag24 (B, F, J) and 2Flag67 (C,
G, K). The negative control, fluorescently labelled V1, directed against F4-fimbriated
E. coli, did not bind with the Campylobacter bacteria (D, H, L). The corresponding
bacterial cells were visualised by bright field microscopy.
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3.4 Discussion

Substantial diversity between Campylobacter strains is found within broiler flocks and broilers

are often colonized with multiple strains of C. jejuni (Höök et al., 2005). Co-colonization by

C. jejuni and C. coli has also been observed (EFSA, 2010; Kudirkiene et al., 2010). Phage

display technology was used to obtain a nanobody-library against the C. jejuni strain KC40.

Here we selected six anti-Campylobacter nanobodies that interact with the cell surface of 23

different C. jejuni isolates derived from a poultry farm, poultry carcasses or faeces of human

patients, as well as with 5 C. coli isolates.

Next, MOMP was identified as the antigen recognized by twelve nanobodies, from which six

show a broad specificity. Since MOMP is an abundant protein in the outer membrane and

since it is highly immunogenic (Huang et al., 2007), these findings are not surprising. MOMP

is an essential porin for Campylobacter bacteria, as deletion of the porA gene is lethal, and

it is a key virulence factor, crucial for colonization (Mahdavi et al., 2014; Wu et al., 2016).

Islam et al. (2010) showed that the administration of recombinant MOMP leads to protection

of mice against colonization by heterologous C. jejuni strains. Nanobodies targeting MOMP

may interfere with its function and reduce colonization. Sequence analysis of the porA gene of

the 28 isolates showed that the extracellular loops L3 and L6 are the most conserved. These

loops are potential candidates to be recognized by the nanobodies. The sequence diversity in

these loops in the publicly available MOMP amino acid sequences, was analysed. The results

indicate that 92.5% of the analysed L3 and 81.9% of the analysed L6 sequences, carry amino

acid substitutions at positions also found in the L3 and L6 sequences of the 28 isolates used in

this study and do not influence the nanobody binding. From these results it can be concluded

that if the six nanobodies are directed against one of these loops, they will be able to interact

with most of the Campylobacter strains causing infection.

The anti-Campylobacter nanobodies were shown to interact with conformational epitopes

on MOMP. Competition experiments showed that nine of the twelve anti-Campylobacter

nanobodies could compete with each other′s binding to MOMP. This is an indication that they

recognize the same or overlapping epitopes. Three of the anti-Campylobacter nanobodies were

not able to inhibit the interaction of Nb84 with MOMP, hence they can simultaneously bind
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with MOMP. These three nanobodies recognize a more limited number of Campylobacter

isolates. For Nb5, Nb22 and Nb84, affinity measurements were performed. Nb22 and

Nb84 were shown to interact with MOMP with high-nanomolar affinities. However, affinity

measurements with Nb5 gave no consistent results. The binding strength of the nanobodies

can presumably be further increased by the generation of bivalent constructs. By using a

flexible peptide linker, dimers can be formed by coupling two nanobodies with the same

specificity, resulting in higher avidity, or by combining two nanobodies binding different

epitopes, creating bi-specific constructs (Saerens et al., 2008).

Flagella are another major virulence factor of Campylobacter bacteria. They are essential

for motility, colonization and pathogenesis (Guerry, 2007). Since these are important

for Campylobacter colonization, nanobodies targeting the flagella are interesting for the

development of a control measure. Anti-flagellin nanobodies were isolated and the interaction

with different Campylobacter isolates was determined. The nanobodies 2Flag8 and 2Flag67

were shown the bind with most of the tested isolates, which makes these the most interesting

for further use.

The monovalent character and the small size of nanobodies, lead to rapid clearance.

Multimerization of nanobodies can improve their retention and cause agglutination. Our

results show that multimerization of the anti-Campylobacter nanobodies by non-covalent

coupling to magnetic beads, resulted in agglutination of C. jejuni cells. Nanobodies can

be multimerized by surface-expression on Generally Recognized As Safe (GRAS) organisms

(Hultberg et al., 2007). Agglutination typically takes place at high bacterial densities (Moor

et al., 2017). In the gut, agglutination of Campylobacter could promote its removal and

reduce colonization (Roche et al., 2015; Shoaf-Sweeney et al., 2008). Alternatively, Moor et

al. (2017) showed that high-avidity IgA promotes the enchained growth of bacterial cells,

leading to the formation of clumps. The latter mainly takes place at lower cell densities

and leads to an enhanced clearance of the bacteria. Virdi et al. (2013) fused nanobodies

against F4 fimbriae of enterotoxigenic E. coli (ETEC), with the Fc-domain of porcine IgA.

These constructs were introduced in Arabidopsis thaliana and the chimeric Nb-IgA was

produced in seeds. Subsequently passive vaccination with these transgenic seeds resulted

in the protection of weaned piglets against ETEC-infections. Chicken feed supplemented
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with seeds containing anti-MOMP nanobodies, fused to the effector domains of chicken

IgA or IgY, may, in a similar way, be used as a therapeutic agent against Campylobacter

infection. The advantages of seeds include inexpensive production by standard agricultural

practices, excellent stability of the antibodies in the seeds and the possible protection of the

nanobodies against degradation in the gastrointestinal tract of the chickens (Zimmermann et

al., 2009). The work described in this chapter, forms the basis for the development of such

chimeric antibodies and nanobody multimers. Riazi et al. (2013) reported that pentamers of

flagella-specific nanobodies interfere with the motility of C. jejuni and lead to the reduction

of colonization by C. jejuni in the caecum of treated chickens.

In conclusion, we isolated nanobodies against the essential virulence factors MOMP and the

flagella. Since these recognize conserved epitopes, present on C. jejuni and C. coli strains,

they could potentially be used in therapy and as a diagnostic tool (De Meyer et al., 2014;

Deckers et al., 2009; Riazi et al., 2013; Virdi et al., 2013).
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3.6 Appendix

Appendix 3.1: Amino acid sequence alignment of anti-Campylobacter nanobodies. The structural framework regions are indicated

by FR1-FR4 and the red boxes specify the CDRs. On the basis of the variation of the amino acid sequence of the CDR3, the

nanobodies were divided in twelve unique groups.
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Appendix 3.2: Results of the the binding of anti-Campylobacter nanobodies to different Campylobacter isolates.

Nb5 Nb22 Nb23 Nb24 Nb49 Nb84 Nb15 Nb32 Nb34 Nb45 Nb48 Nb63
KC40 1.055 0.980 0.871 0.932 0.764 0.948 0.827 0.280 1.218 0.969 0.895 0.664

± 0.039 ± 0.007 ± 0.050 ± 0.028 ± 0.226 ± 0.034 ± 0.054 ± 0.007 ± 0.215 ± 0.146 ± 0.094 ± 0.017
7P-6.12 0.675 0.435 0.390 0.401 0.438 0.628 0.402 0.212 0.239 0.341 0.398 0.347

± 0.117 ± 0.012 ± 0.053 ± 0.044 ± 0.022 ± 0.035 ± 0.050 ± 0.012 ± 0.029 ± 0.031 ± 0.039 ± 0.007
10C-6.1 0.753 0.455 0.425 0.549 0.380 0.651 0.407 0.222 0.232 0.424 0.447 0.372

± 0.044 ± 0.034 ± 0.007 ± 0.022 ± 0.034 ± 0.123 ± 0.046 ± 0.006 ± 0.024 ± 0.027 ± 0.005 ± 0.033
10KF-1.16 0.856 0.736 0.750 0.755 0.682 0.912 0.663 0.362 0.362 0.704 0.724 0.584

± 0.038 ± 0.034 ± 0.016 ± 0.004 ± 0.082 ± 0.006 ± 0.020 ± 0.114 ± 0.029 ± 0.029 ± 0.019 ± 0.039
10KF-4.12 0.643 0.427 0.371 0.445 0.388 0.674 0.239 0.217 0.206 0.191 0.364 0.339

± 0.109 ± 0.076 ± 0.069 ± 0.078 ± 0.138 ± 0.002 ± 0.052 ± 0.036 ± 0.007 ± 0.0.075 ± 0.0.040 ± 0.0.009
10VTDD-8 0.805 0.458 0.406 0.618 0.449 0.846 0.361 0.231 0.181 0.440 0.432 0.473

± 0.047 ± 0.017 ± 0.121 ± 0.043 ± 0.022 ± 0.016 ± 0.182 ± 0.023 ± 0.037 ± 0.055 ± 0.033 ± 0.048
KC59.1 1.076 1.049 1.029 1.019 0.830 1.165 0.929 0.835 0.296 0.976 0.950 0.744

± 0.142 ± 0.120 ± 0.092 ± 0.072 ± 0.175 ± 0.098 ± 0.051 ± 0.032 ± 0.097 ± 0.029 ± 0.001 ± 0.031
KC64.1 0.878 0.470 0.445 0.605 0.433 0.729 0.411 0.234 0.206 0.437 0.416 0.371

± 0.133 ± 0.033 ± 0.058 ± 0.036 ± 0.037 ± 0.047 ± 0.012 ± 0.014 ± 0.004 ± 0.009 ± 0.016 ± 0.015
KC67.2 0.783 0.471 0.415 0.399 0.451 0.735 0.372 0.243 0.220 0.440 0.437 0.374

± 0.112 ± 0.007 ± 0.059 ± 0.018 ± 0.087 ± 0.022 ± 0.007 ± 0.044 ± 0.015 ± 0.010 ± 0.038 ± 0.034
KC84.2 0.426 0.456 0.402 0.621 0.445 0.620 0.338 0.230 0.219 0.428 0.382 0.376

± 0.100 ± 0.002 ± 0.001 ± 0.068 ± 0.017 ± 0.010 ± 0.002 ± 0.024 ± 0.010 ± 0.010 ± 0.029 ± 0.038
KC96.1 0.913 0.725 0.572 0.717 0.486 0.757 0.471 0.342 0.190 0.557 0.424 0.440

± 0.065 ± 0.005 ± 0.014 ± 0.048 ± 0.003 ± 0.065 ± 0.055 ± 0.084 ± 0.052 ± 0.016 ± 0.043 ± 0.032
KC101 0.963 0.797 0.645 0.668 0.604 0.769 0.456 0.393 0.288 0.483 0.434 0.451

± 0.053 ± 0.024 ± 0.008 ± 0.031 ± 0.013 ± 0.063 ± 0.046 ± 0.130 ± 0.130 ± 0.117 ± 0.041 ± 0.44

(++) Values higher than two times the cut-off (Grey). (+) Values higher than the cut-off. (-) Values lower than the cut-off (Red). To calculate

the cut-off, the following equation was used: cut-off = x̄neg + (3σneg). In this equation x̄neg is the mean and σneg the standard deviation of the

negative control. As a negative control, the ELISA was performed in the absence of anti-Campylobacter nanobodies.
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Nb5 Nb22 Nb23 Nb24 Nb49 Nb84

Cam12/0214 0.435 ± 0.066 0.432 ± 0.080 0.369 ± 0.035 0.378 ± 0.044 0.358 ± 0.042 0.368 ± 0.025
Cam12/0231 0.478 ± 0.085 0.370 ± 0.078 0.361 ± 0.028 0.0498 ± 0.086 0.356 ± 0.042 0.358 ± 0.026
Cam12/0146 0.339 ± 0.088 0.376 ± 0.118 0.324 ± 0.055 0.342 ± 0.050 0.356 ± 0.051 0.354 ± 0.049
Cam12/0152 0.401 ± 0.165 0.338 ± 0.072 0.301 ± 0.026 0.349 ± 0.044 0.355 ± 0.054 0.348 ± 0.050
Cam12/0173 0.325 ± 0.064 0.350 ± 0.044 0.389 ± 0.148 0.346 ± 0.036 0.358 ± 0.053 0.320 ± 0.043
Cam12/0197 0.434 ± 0.085 0.361 ± 0.027 0.371 ± 0.033 0.383 ± 0.032 0.364 ± 0.024 0.359 ± 0.037
Cam12/0156 0.448 ± 0.247 0.448 ± 0.231 0.489 ± 0.247 0.459 ± 0.282 0.490 ± 0.176 0.463 ± 0.288
Cam12/0190 0.342 ± 0.044 0.351 ± 0.091 0.330 ± 0.067 0.365 ± 0.067 0.329 ± 0.057 0.317 ± 0.052
Cam12/0202 0.831 ± 0.245 0.851 ± 0.306 0.823 ± 0.281 0.902 ± 0.297 0.762 ± 0.255 0.869 ± 0.330
Cam12/0222 0.359 ± 0.027 0.363 ± 0.047 0.357 ± 0.040 0.385 ± 0.022 0.355 ± 0.034 0.363 ± 0.021
Cam12/0183 0.345 ± 0.097 0.344 ± 0.084 0.362 ± 0.086 0.390 ± 0.075 0.352 ± 0.073 0.344 ± 0.098
52/P 0.942 ± 0.041 0.401 ± 0.016 0.991 ± 0.033 0.440 ± 0.049 0.387 ± 0.048 0.386 ± 0.008
70/P 0.776 ± 0.089 0.717 ± 0.064 0.922 ± 0.165 0.838 ± 0.113 0.757 ± 0.136 0.800 ± 0.021
K43/5 0.324 ± .024 0.322 ± 0.029 ± 0.276 ± 0.004 0.433 ± 0.058 0.294 ± 0.079 0.320 ± 0.036
KC7 2.057 ± 0.238 2.048 ± 0.131 0.459 ± 0.045 0.426 ± 0.052 0.384 ± 0.013 0.420 ± 0.025
MB3361 0.426 ± 0.059 0.423 ± 0.034 0.459 ± 0.045 0.426 ± 0.052 0.384 ± 0.013 0.420 ± 0.025

(++) Values higher than two times the cut-off (Grey). (+) Values higher than the cut-off. (-) Values lower than the cut-off (Red). To calculate

the cut-off, the following equation was used: cut-off = x̄neg + (3σneg). In this equation x̄neg is the mean and σneg the standard deviation of the

negative control. As a negative control, the ELISA was performed in the absence of anti-Campylobacter nanobodies.

111



C
h
a
p
ter

3
Appendix 3.3: Alignment of amino acid sequences of the MOMP-encoding porA gene. The porA gene of C. jejuni and C. coli

isolates (Table 3.1) was amplified using PCR with the primers F3 and R3. External loops are labelled from L1 to L7 and β-strands

are underlined, based on the MOMP structure determined by Ferrara et al. (2016). External loops L3 and L6 are the most conserved

in sequence and number of amino acids
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Appendix 3.4: Amino acid sequence alignment of anti-flagella nanobodies. The structural framework regions are indicated by

FR1-FR4 and the red boxes specify the CDRs. On the basis of the variation of the amino acid sequence of the CDR3, the nanobodies

were divided in three unique groups.
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Display of anti-Campylobacter

nanobodies on Lactococcus lactis

bacteria

4.1 Introduction

The potential of nanobody multimers was shown in Chapter 3 where nanobodies coupled

to beads resulted in agglutination of C. jejuni cells. Surface display on bacterial cells is an

attractive method for the multimerization of nanobodies. The obtained bacterial cells can be

developed in a cost-effective immunization strategy, wherein the pathogen is targeted in the

gastrointestinal tract.

Lactic acid bacteria are considered ideal candidates, since many strains possess the

GRAS-status and large-scale production is inexpensive (Berlec et al., 2012; Wells and

Mercenier, 2008). Lactococci are Gram-positive bacteria, which have proven to be successful

platforms for surface expression of heterologous proteins and mucosal delivery. An advantage

of L. lactis strains is that these bacterial strains only secrete Usp45, the only major

extracellular protein, and the surface housekeeping protease HtrA. The latter simplifies

downstream processing and limits degradation of the expressed recombinant proteins (Ng

and Sarkar, 2013; Poquet et al., 2000; van Asseldonk et al., 1993). Lactococcus has shown

resistance to bile and is able to survive temporarily in the gastrointestinal tracts, which is
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important when used for oral vaccination (Klijn et al., 1995; Wells and Mercenier, 2008).

The bacterium has been used for the display of pathogen-specific antigens, for the induction

of mucosal immunity (Wells and Mercenier, 2008). For example, L. lactis bacteria expressing

an HIV-antigen on the cell surface effectively induce a mucosal immune response in infected

mice (Chamcha et al., 2015; Xin et al., 2003). In chickens, the influence on Campylobacter

colonization of passive immunization with L. lactis bacteria displaying Campylobacter

antigens on their surface was assessed. Kobierecka et al. (2016) expressed a hybrid CjaA

antigen on the cell surface and moderate protection against Campylobacter was observed in

chickens. It has to be taken into account that L. lactis is not able to colonize the intestinal

tract of chickens for a long period. Next to antigens, L. lactis has also been used for the

expression of different therapeutic proteins like neuraminidase, leading to protection of

chickens against the influenza H5N1 virus via oral intake (Lei et al., 2015), and interleukin

10 for the control of inflammatory bowel disease (Braat et al., 2006; Steidler et al., 2000).

Alternatively, L. lactis cells can secrete or display antibodies and derivatives, such as scFv′s

or nanobodies. Passive immunization of mice with anti-TNF (tumour necrosis factor)

nanobodies secreted by L. lactis bacteria showed promising results for the treatment of

chronic colitis (Vandenbroucke et al., 2010; Yuvaraj et al., 2008).

In this study, anti-Campylobacter nanobodies interacting with multiple Campylobacter strains

were expressed in L. lactis and anchored to the cell wall of L. lactis. Secretion of proteins in

L. lactis takes place via the Sec-pathway and efficient secretion is obtained with the signal

peptide of the Usp45 protein (Borrero et al., 2011; Le Loir et al., 2001; van Asseldonk et al.,

1993). The protein A cell wall anchoring domain of S. aureus was used for the linkage of

the recombinant protein via the LPTXG pentapeptide to the pentaglycine peptide in the cell

wall (Leenhouts et al., 1999; Schneewind et al., 1992). The idea is that the nanobodies on

the cell surface will be able to interact with Campylobacter bacteria, leading to agglutination

or possible inhibition of adhesion to host cells (Okello, 2010). It will be assessed whether the

bacteria are able to reduce colonization of chicken by Campylobacter when orally administered

via the chicken feed.
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4.2 Materials and methods

4.2.1 Bacterial strains

The bacterial strains that were used in this study are indicated in Table 4.1. E. coli strains

were cultured at 37◦C on LB medium (Duchefa Biochemie), which was supplemented with

antibiotics, if required. M17 broth (Oxoid) was used for growth of L. lactis bacteria at

30◦C. C. jejuni KC40 bacteria were grown under microaerobic conditions (Oxoid CampyGen,

Thermo Fisher Scientific) at 42◦C.

Table 4.1: Bacterial strains used in this study

Species Strain Reference or origin

C. jejuni KC40 Prof. M. Heyndrickx (ILVO)

E. coli DH5α (Meselson and Yuan, 1968)

L. lactis subsp. cremoris MG1363 (Gasson, 1983)

4.2.2 Primers

Table 4.2: Primers used in this study.

Primer Sequence (5’ → 3’)

Coc2 AGATTATCTCAGCTATTTTAATGTCTACAGTGATACTTTCTGCTGCAG
CCCCGTTGTCAGGTGTTTACGCTCAGGTGCAGCTGCAGGAGTCTG

Coc19 AAAGCAGGCTGAATTCAGAAAGGAGATATACGCATGAAAAAAAAGAT
TATCTCAGCTATTTTAATG

Nbcam2 TGAGGAGACGGTGACCTGGGTCC
pTRKH8 CTAATAAAGC CGTAAGGAGA CGGGTTCA
pTRKH9 CCCATCCTAACGGCCACGCATATG

4.2.3 Vector design for expression of anti-Campylobacter nanobodies on

the bacterial cell surface

Fusion genes of the anti-Campylobacter nanobodies with the anchor domain of protein A

(protA) of S. aureus were constructed in the pDONR221V1-protA.SA8325 vector (Okello,

2010). In this vector, a nanobody directed against F4-fimbriae of E. coli is linked with the

protein A anchor domain. The sequence of nanobody V1 was replaced by the coding sequence
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of anti-Campylobacter nanobodies. The nanobody-encoding sequences were amplified and

provided of the N-terminal signal peptide Usp45 of L. lactis. A two-step PCR was performed

using the Coc2-Nbcam2 and coc19-Nbcam2 primers. Simultaneously, V1 was removed from

the pDONR221V1-protA.SA8325 by digesting with EcoRI and BstEII. The In-Fusion HD

cloning Kit was used for cloning of the obtained PCR fragments in the linearized vector. The

resulting entry vectors were transformed in E. coli DH5α CaCl2 competent cells (Dagert and

Ehrlich, 1979) and transformants were selected on kanamycin (25 µg/ml).

For surface expression on L. lactis bacteria, the fusion genes had to be cloned in an

E. coli/L. lactis shuttle vector. In this study the modified pTRKH3 vector pHD669

(Okello, 2010) was used with the clpC promoter (McCracken et al., 2000) and the cat-ccdB

cassette, flanked by attachment R (attR) sites. An LR reaction (Gateway cloning, Thermo

Fisher Scientific) between the modified pTRKH3 vector and the entry clones transferred

the USP45-Nb-protA constructs from the pDONR221 vector to the modified pTRKH3

vector Figure 4.1. The reaction mix was subsequently transformed in E. coli DH5α CaCl2

competent cells (Dagert and Ehrlich, 1979). Clones were selected on LB-agar plates

supplemented with 10 µg/ml tetracycline and screened by PCR with the pTRKH8 and

pTRKH9 primers. From correct clones, plasmid DNA was prepared, which was transformed

in electrocompetent L. lactis subsp. cremoris MG1363 (Papagianni et al., 2007) via

electroporation. Electroporation was performed in 2 mm electroporation cuvettes by a

pulse at 2.5 kV, 200 Ω and 25 µF. Afterwards, the cell suspension was immediately diluted

in M17 + 0.5% glucose + 1% sucrose for recovery. For phenotypic expression, the cells

were incubated at 30◦C overnight. Transformants were selected on M17-agar plates with

erythromycin (5 µg/ml).

4.2.4 Analysis of the surface display of nanobodies by L. lactis

4.2.4.1 ELISA for the detection of nanobodies on the cell surface of L. lactis

bacteria

L. lactis cells were grown in M17 medium supplemented with erythromycin (5 µg/ml). The

bacterial cells were washed and resuspended in PBS by centrifugation at 2400 g for 10 minutes.

After fixation of the bacterial cells with 2.5% (v/v, final concentration) of methanol-stabilized
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37% formaldehyde solution (Merck), the cells were pelleted and resuspended in coating buffer

(150 mM Na2CO3, 46 mM NaHCO3). Finally, 100 µl of the fixed bacterial cells (OD660

of 0.3) were coated in 96-well polystyrene Flat Bottom microtiter plate (Greiner Bio One).

The ELISA was further carried out like described in Chapter 3 (3.2.6). Nanobodies on the

cell surface were detected by rabbit anti-VHH polyclonal serum, bound by a secondary goat

anti-rabbit IgG conjugated with horseradish peroxidase (HRP) (1/5000 in PBS) (Sigma).

The presence of the protein A anchor domain was detected by rabbit anti-protein A antibody

(1/2000 in PBS) (Sigma) and goat anti-rabbit IgG conjugated with HRP (1/5000 in PBS)

(Sigma). The ELISA was developed by addition of TMB Substrate Solution (Thermo Fisher

Scientific). The reaction was stopped by adding 0.16 M H2SO4 and the intensity of the yellow

colour was read in a plate reader at 450 nm.

Figure 4.1: Expression of nanobodies on the cell surface of L. lactis bacteria, via the anchor domain
of protein A of S. aureus. The USP45 signal peptide was introduced in the Gateway
compatible modified pTRKH3 vector, pHD669, at the N-terminus of the nanobody
sequence and the construct is under the control of the clpC promoter. The sequence
encoding the anchor domain of protein A is followed by the LPTXG consensus sequence,
required for binding to the cell wall, catalysed by the sortase enzyme. The resulting
L. lactis cells displaying anti-Campylobacter nanobodies are schematically represented.
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4.2.4.2 Fluorescence-activated cell sorting (FACS) using anti-VHH

L. lactis cells were grown in M17 medium supplemented with erythromycin (5µg/ml) at 30◦C.

The overnight bacterial culture was washed twice by centrifugation at 2400 g for 10 minutes

and resuspension in PBS. Finally, the OD660 of the cell suspensions was adapted to 1. Of this

suspension, 200 µl was pelleted and resuspended in PBS + 5% BSA to reduce non-specific

interactions. After 30 minutes incubation at room temperature, the cells were again washed

two times in PBS. The presence of nanobodies, on the cell surface of the L. lactis bacteria,

was verified by the addition of rabbit anti-VHH (1 µg/ml). After a 45 minutes incubation

step, the cells were washed twice in PBS. The samples were subsequently analysed on the BD

LSRFortessa (BD Biosciences).

4.2.4.3 Purification of FedF15−165

E. coli C43 (DE3) bacteria containing the pEXP62 plasmid encoding FedF15−165 (De Kerpel

et al., 2006) were grown in LB medium with 100 µg/ml carbenicillin. When an OD660

between 0.7-1.0 was reached, expression was induced by the addition of 1 mM IPTG and the

cultures were incubated further during 3 hours at 37◦C. The bacterial cells were subsequently

harvested and a periplasmic extract was prepared 3.2.5. Purification of FedF15-165 from the

periplasmic extract was performed in 20 mM Tris pH7.8 on a Source 30S cation exchange

column. The FedF15−165 was eluted by a gradient to 0.5M NaCl.

4.2.5 In vivo experiment

Ninety day-of-hatch Ross 308 broiler chicks of both sexes (Vervaeke Belavi, Tielt) were

divided in three groups of thirty chickens each. Animals of group 1 received standard feed

(Vitaki 259, Aveve) mixed with 10 mM MgSO4 (1 ml/10 g) and were used as a control.

Group 2 received standard feed supplemented with L. lactis MG1363 (1 ml 7 x 109 CFU

in 10 mM MgSO4/10 g) and broilers of group 3 received standard feed supplemented with

L. lactis MG1363 expressing nanobodies against C. jejuni KC40 (1 ml 7 x 109 CFU in 10

mM MgSO4/10 g). At the age of 10 days, faecal samples were analysed on the presence

of C. jejuni bacteria, to confirm that the broilers were free of Campylobacter. At 11
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days of age, the chicks were individually weighed, housed and inoculated with C. jejuni

KC40. For inoculation, the bacteria were grown for 20 hours at 41◦C in Preston (Oxoid)

with C. jejuni Preston selective supplement (Oxoid) and Campylobacter specific growth

supplement (Oxoid). The obtained cultures were diluted in Hank′s balanced salt solution

(HBSS) and ten broilers of each group were orally inoculated with 1 ml 1 x 103, 1 x 105 or 1

x 107 viable cells in the crop. During the experiment the chickens were kept at temperatures

around 20-22◦C with a 20 hours light/4 hours dark cycle. Feed and drinking water were

provided ad libitum. At an age of 13 days, the broilers were euthanized by injection

of an overdose sodium pentobarbital (100 mg/kg, Kela) in the wing vein. The broilers

were weighed and the caeca were collected for further analysis. The caecal content and

mucosae were collected in 50 ml Falcons tubes, weighed and diluted ten times (wt/v) in NB2

medium (Oxoid) supplemented with Modified Preston Campylobacter selective supplement

(Oxoid) and Campylobacter -specific growth supplement (Oxoid). Tenfold dilutions were

plated on modified charcoal cefoperazone deoxycholate agar (mCCDA) with CCDA selective

supplement (Oxoid) and Campylobacter -specific growth supplement. The plates were

incubated for 22 hours under microaerobic conditions. For enrichment, the samples were

incubated 24 hours in NB2 medium at 37◦C under microaerobic conditions and then plated

on mCCDA. Samples which are negative after titration and positive after enrichment are

assumed to have 101 CFU/g caeca. Samples negative in both experiments are considered to

contain 0 CFU/g caeca. This experiment was approved by the Ethical Committee of the

Faculty of Veterinary Medicine, Ghent University (EC2015/53).

4.3 Results

In Chapter 3, it was shown that multimerized nanobodies are able to agglutinate living

C. jejuni KC40 bacteria. A manner to obtain nanobody multimers is the expression of

nanobodies on the cell surface of L. lactis bacteria. Therefore, the nanobodies were fused

to the anchor domain of protein A of S. aureus NCTC8325, to acquire multivalence. The

bacterial cells expressing the anti-Campylobacter nanobodies can directly be administered to

chickens without any downstream processing.

The recombinant vector, pDONR221V1-protA.SA8325, for the expression of nanobodies on
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the bacterial cell surface was available. This plasmid encodes a nanobody directed against

the FaeG subunit of the E. coli F4 fimbriae. The L. lactis USP45 signal peptide is encoded

at the N-terminal end of the nanobody gene and C-terminally the nanobody is fused with

the protein A anchor domain. In this plasmid, the nanobody was replaced by genes encoding

the anti-Campylobacter nanobodies. By site-specific recombination, the fusion constructs can

be cloned into the modified pTRKH3 vector pHD669, an E. coli/L. lactis shuttle plasmid.

This plasmid carries a constitutive promoter and will express the nanobodies on the surface by

covalent attachment of the protein A anchor domain to the peptidoglycan. Seven anti-MOMP

nanobodies (Nb5, Nb15, Nb22, Nb23, Nb24, Nb49, Nb84) and three anti-flagellar nanobodies

(2Flag8, 2Flag24, 2Flag67) were introduced in the expression vector.

4.3.1 Analysis of surface expression on L. lactis bacteria

The surface-expression of the ten anti-Campylobacter nanobodies by L. lactis MG1363

bacteria was examined via ELISA. The presence of nanobodies on the surface was detected

using two different antibodies. Experiments were performed using rabbit anti-VHH (1 µg/ml),

recognizing the nanobodies or rabbit anti-protein A antibody (1/2000 in PBS), interacting

with the protein anchor domain. Both ELISAs were developed using goat anti-rabbit IgG

conjugated with HRP (1/5000 in PBS). As a negative control L. lactis MG1363 transformed

with the modified pTRKH3 vector pHD669 was used.

Firstly, the interaction of the anti-VHH with purified nanobodies was assessed as a positive

control (Figure 4.2A). As a negative control, a non-nanobody protein was used, purified FedF.

The results confirm that all anti-Campylobacter nanobodies (Nb5, Nb15, Nb22, Nb23, Nb24,

Nb49, Nb84, 2Flag8, 2Flag24 and 2Flag84) and the nanobody against F4-fimbriae of E. coli

(Nb489) are recognized by the anti-VHH polyconal serum and that nanobodies present on the

surface of L. lactis bacteria should also be detected using anti-VHH. Therefore, the different

L. lactis clones, each expressing a different nanobody, were coated in a 96-well plate. A cut-off

value was calculated based on the negative control, L. lactis bacteria transformed with the

empty pHD669 vector, to determine positive results. For the L. lactis clones transformed with

different nanobody constructs, values slightly higher than the cut-off value were measured,

with the exception of Nb22. For the latter results comparable with the cut-off were obtained
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with anti-VHH (Figure 4.2B). The same trends were observed when anti-protein A antibodies

were used for the detection of the protein A anchor domain (Figure 4.2C). The results for

Nb22 are just above the cut-off value, however, clearly lower than for the other nanobodies.

As a positive control, S. aureus NTC8325 bacteria expressing protein A in their cell wall were

coated. These findings are a first indication of low surface-expression of the nanobodies. For

Nb489, against F4-positive E. coli bacteria, higher results were expected. In previous studies

positive agglutination was obtained for L. lactis clones expressing Nb489 with F4-positive

E. coli bacteria, showing that for agglutination only low display levels are required.

Figure 4.2: Analysis of surface-display of nanobodies on the cell surface of L. lactis MG1363 bacteria
via ELISA. Binding of anti-VHH (1 µg/ml) with purified coated nanobodies (1 µg/ml).
As a negative control purified FedF proteins (1 µg/ml) were used (A). Detection of
nanobodies on the surface of L. lactis clones transformed with different nanobody
constructs using anti-VHH polyclonal serum(1 µg/ml). L. lactis MG1363 transformed
with pHD669 was used as a negative control (B). Detection of nanobodies on the surface
of L. lactis clones transformed with different nanobody constructs using anti-protein A
antibodies. L. lactis MG1363 transformed with pHD669 was used as a negative control
(C). The ELISAs were developed with anti-rabbit IgG conjugated to HRP. The negative
controls were used for the calculation of the cut-off, presented by the black line.
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4.3.2 Detection of nanobodies on the surface of L. lactis cells by FACS

FACS experiments were performed to determine the percentage of L. lactis bacteria expressing

nanobodies (Figure 4.3). Surface display was analysed for the L. lactis clones transformed

with the Nb5, 2Flag24 and Nb489 constructs, the latter functions as a positive control since

this clone is able to agglutinate F4-positive E. coli bacteria. As a negative control, L. lactis

MG1363 transformed with pTRKH3 was used. Cells expressing nanobodies were fluorescently

labelled with rabbit anti-VHH and goat anti-rabbit IgG conjugated with Alexa Fluor 488.

Flow cytometry was subsequently used for the detection of the fluorescently labelled bacteria

in a population. For the negative control, 0.0% of the cells were expected to be fluorescent,

since no nanobodies are displayed. The latter was confirmed by the FACS results. For the

Nb5, 2Flag24 and Nb489 constructs, a low number of fluorescent L. lactis cells were detected,

0.2%, 2.2% and 2.5% respectively.

4.3.3 In vivo experiment for the reduction of Campylobacter colonization

of broilers via anti-Campylobacter nanobodies expressed on the

surface of L. lactis bacteria

An in vivo experiment was performed to assess the influence of surface expressed

anti-Campylobacter nanobodies on the colonization of broilers by Campylobacter. It was

examined whether the administration of L. lactis bacteria presenting nanobodies on their

surface, can prevent or reduce colonization of the chickens caecum by C. jejuni KC40. To this

end, a mixture of L. lactis bacteria expressing different anti-Campylobacter nanobodies was

administered to broiler chicks. Initially Campylobacter -free chicks were divided into three

groups. One control group received standard feed mixed with buffer, the second control group

was fed with standard feed mixed with wild-type L. lactis MG1363 bacteria and the test

group was provided from day one with feed supplemented with L. lactis MG1363 expressing

anti-Campylobacter nanobodies. The nanobodies were thus administered prophylactically.

Each of these groups was subdivided into three subgroups that were inoculated at the age of

11 days with a different amount of C. jejuni KC40 cells (1 x 103, 1 x 105 or 1 x 107 C. jejuni

cells). On the second day after inoculation, the broilers were euthanized.
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The presence of C. jejuni bacteria in the caecum was determined, to examine whether the

anti-Campylobacter nanobodies led to a reduction of the bacterial count, in comparison

with the control group. The results are summarized in Table 4.3 and Table 4.4 and show

the samples positive for C. jejuni after titration and after enrichment, the corresponding

Campylobacter titers and the weight of the broilers. Slight differences are observed between

the control groups and the treated group, however no significant decrease in colonization is

observed when L. lactis expressing anti-Campylobacter nanobodies were used.

Figure 4.3: FACS results of the analysis of surface-display of nanobodies on L. lactis MG1363 cells.
The graphs on the left visualize the bacterial cell count in function of the Alexa Fluor
488 signal and the graphs on the right show the Alexa Fluor 488 signal in function
of the forward scatter (FSC). The P1 gate comprises all the selected bacteria in the
population, which are analysed on fluorescence. In P1, the cells are divided in cells
which are not fluorescent and fluorescently labelled bacteria. The number of fluorescent
cells gives an estimation of the L. lactis bacteria expressing nanobodies on their cell
surface. Negative control, L. lactis transformed with the pTRKH3 plasmid without a
nanobody (A). Surface expression on L. lactis of Nb5 fusion constructs (B), 2Flag24
fusion constructs (C) and Nb489 fusion constructs (D).
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Table 4.3: Results of the in vivo experiment assessing the influence of nanobody expressing L. lactis
bacteria on colonization of broilers by C. jejuni

Group1 Group2 Group3
CFU C. jejuni 1000 1000 1000

D E T W D E T W D E T W
1 - - 0 184 - - 0 280 - - 0 205
2 - - 0 251 - - 0 211 - + 1.00 302
3 - - 0 226 - - 0 236 - - 0 254
4 - - 0 199 - - 0 245 - - 0 290
5 - - 0 221 + + 5.08 253 - - 0 192
6 - - 0 228 - - 0 251 - - 0 293
7 - - 0 226 - + 1.00 267 - + 1.00 278
8 - + 1.00 275 - - 0 240 - - 0 298
9 - - 0 252 - - 0 253 - - 0 316
10 - - 0 229 - - 0 267 + + 5.95 247

0 1 1 2 1 3
Average 0.1 229 0.61 250 0.80 268
Stdev 0.32 26 1.60 19 1.86 42

Group1 Group2 Group3
CFU C. jejuni 100 000 100 000 100 000

D E T W D E T W D E T W
1 - - 0 275 - - 0 227 - - 0 251
2 - - 0 260 + + 2.03 246 - + 1.00 293
3 - - 0 214 - - 0 220 - - 0 235
4 - - 0 213 - - 0 210 + + 4.72 252
5 - - 0 269 - - 0 265 + + 2.30 229
6 - - 0 246 + + 4.30 239 - - 0 241
7 - + 1.00 236 - - 0 240 - - 0 241
8 + + 4.00 212 - - 0 218 - + 1.00 247
9 + + 2.00 238 - - 0 227 - - 0 273
10 - - 0 223 + + 5.85 214 + + 4.00 273

2 3 3 3 3 5
Average 0.70 239 1.22 231 1.30 254
Stdev 1.34 24 2.16 17 1.78 20

Group 1 is the control group where broilers were fed with standard feed supplemented with MgSO4.

The chickens in group 2 were provided with standard feed supplemented with wild-type L. lactis

MG1363 bacteria. L. lactis MG1363 bacteria expressing anti-Campylobacter nanobodies were added

to standard feed and provided to group 3. The C. jejuni count was determined in the caecum of

euthanized chickens. Results of the samples after titration (D); results of the samples after enrichment

(E); Campylobacter titers log10 (CFU/g caeca) (T); weight (g) (W).
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Table 4.4: Results of the in vivo experiment assessing the influence of nanobody expressing L. lactis
bacteria on colonization of broilers by C. jejuni

Group1 Group2 Group3
CFU C. jejuni 100 000 000 100 000 000 100 000 000

D E T W D E T W D E T W
1 + + 5.53 240 + + 6.49 238 + + 4.30 265
2 + + 5.98 233 + + 5.90 226 + + 3.08 242
3 + + 7.67 226 + + 5.08 236 + + 5.70 258
4 + + 2.00 224 + + 4.08 226 + + 5.32 191
5 + + 3.00 228 + + 6.08 275 + + 4.30 263
6 + + 5.63 277 + + 5.18 271 + + 5.60 219
7 + + 4.95 235 + + 2.90 222 + + 7.28 225
8 + + 5.00 219 + + 4.54 234 + + 6.20 261
9 - - 0 235 + + 3.95 229 - + 1.00 245
10 + + 4.53 222 - - 0 261 + + 2.30 236

9 9 9 9 9 10
Average 4.43 234 4.42 242 4.51 241
Stdev 2.20 17 1.90 20 1.92 24

Group 1 is the control group where broilers were fed with standard feed supplemented with MgSO4.

The chickens in group 2 were provided with standard feed supplemented with wild-type L. lactis

MG1363 bacteria. L. lactis MG1363 bacteria expressing anti-Campylobacter nanobodies were added

to standard feed and provided to group 3. The C. jejuni count was determined in the caecum of

euthanized chickens. Results of the samples after titration (D); results of the samples after enrichment

(E); Campylobacter titers log10 (CFU/g caeca) (T); weight (g) (W).

4.4 Discussion

LAB bacteria, like Lactococcus and Lactobacillus species, are successfully used for the delivery

of antigens, therapeutic proteins and antibody derivatives. They have shown to be effective

against mucosal pathogens (Bermúdez-Humarán et al., 2011; Wells and Mercenier, 2008).

The fact that LAB bacteria can resist the low pH of the gastrointestinal tracts, makes their

use for oral passive immunization attractive (Wyszyńska et al., 2015). For vaccination of

broilers against Campylobacter, L. lactis strains were used for the induction of a mucosal

response via the display of specific Campylobacter antigens (Kobierecka et al., 2016). The

influence on Campylobacter colonization, however, was small and the vaccination doses should

be optimized. An alternative for the delivery of antigens on the surface of L. lactis is the
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display of anti-Campylobacter nanobodies.

In this study, anti-Campylobacter nanobodies interacting with conserved epitopes on C. jejuni

and C. coli isolates were isolated from the nanobody library. It was shown that the nanobodies

binding with MOMP were able to agglutinate C. jejuni KC40 bacteria when multimerized

on magnetic beads. These nanobodies and a couple of anti-flagellin nanobodies were fused

to the L. lactis cell wall by the anchoring domain of S. aureus protein A. The fusions were

cloned in a Gateway-modified pTRKH3 shuttle vector (Okello, 2010) and transformed in

L. lactis MG1363 . The surface expression of these nanobodies was verified using different

techniques. As a control, L. lactis bacteria expressing Nb489 directed against the FaeG

subunit of F4-fimbriae of E. coli were used. For the latter, their capability of agglutinating

enterotoxigenic E. coli bacteria and consequently the surface display was confirmed (Okello,

2010).

The surface display of the different nanobodies was analysed with antibodies directed against

the nanobody unit or against protein A. First, it was confirmed via ELISA that the anti-VHH

polyclonal serum recognize the anti-Campylobacter nanobodies. Since this experiment gave

positive results, ELISA was employed to verify the presence of these nanobodies on the

surface of L. lactis cells. With the exception of one nanobody (Nb22), the results are slightly

positive in comparison with the negative control, suggesting low expression. ELISA with

anti-protein A confirmed these findings. FACS experiments were used to determine the

percentage of the bacterial population expressing nanobodies, using the anti-VHH polyclonal

serum and a secondary antibody for fluorescent labelling. Results showed that a maximal

percentage of 2.5% of the total population displayed Nb489. For the anti-Campylobacter

nanobodies, even lower percentages of fluorescently labelled cells were measured. All these

findings demonstrate inefficient surface display of the nanobodies on L. lactis cells. Even with

the low expression, the L. lactis bacteria were effective against F4-positive E. coli bacteria

(Okello, 2010). Therefore, the influence of the anti-Campylobacter nanobodies on chicken

colonization by Campylobacter was assessed.

The L. lactis bacteria were orally administered by mixing with the chicken feed. Since

agglutination of C. jejuni KC40 bacteria was confirmed with the anti-MOMP nanobodies,

the in vivo challenge test was performed with these nanobodies. However, no reduction of
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the C. jejuni titres was observed in the caeca of chickens challenged with L. lactis bacteria

displaying anti-Campylobacter nanobodies. The low surface expression may not be sufficient

for the development of an efficient passive immunization strategy for the protection against

Campylobacter, unlike for the protection of pigs against F4-positive E. coli. A possible

explanation is the fact that Nb489 binds to the FaeG subunits of the F4 fimbriae, which are

present in large numbers on the surface of F4-positive enterotoxigenic E. coli bacteria (Duguid

et al., 1955). The long filamentous character of the fimbriae makes them better accessible

than the MOMP of Campylobacter, so they can be more easily bound and agglutinated.

Since Campylobacter carries only one or two flagella, the same lack of efficiency is expected

for L. lactis expressing anti-flagellin nanobodies.

In conclusion, we demonstrated that the display of the nanobodies on L. lactis bacteria is low

and ineffective against Campylobacter colonization in chickens. Other methods for producing

nanobody multimers were further investigated.
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In planta expression of

nanobody-based designer chicken

antibodies targeting Campylobacter

5.1 Introduction

Nanobodies show a high affinity, specificity and stability and they can remain functional

under harsh chemical and thermal conditions (Muyldermans et al., 2009). Because of their

extended complementarity determining region 3 (CDR3), they have the capability of binding

to buried epitopes and recognizing a broader range of epitopes on the antigen (Harmsen

and De Haard, 2007). To combine the benefits of a nanobody with an effector function,

chimeric antibodies can be constructed by fusion of two nanobodies to the Fc-domain of

immunoglobulins. This leads to multiple valences, which makes agglutination of the bacteria

possible, and to an extended half-life of the protein in vivo, which is beneficial when used

as a therapeutic (Kontermann, 2009; Roche et al., 2015). Virdi et al. (2013) successfully

used nanobodies, generated against the F4-fimbriae of enterotoxigenic E. coli (ETEC), fused

to the Fc-domain of pig IgA, for the passive vaccination of piglets against ETEC infections.

The chimeric antibodies were expressed in Arabidopsis thaliana seeds and administered to

the piglets via their feed. Bacterial colonization was significantly reduced after challenge with

an F4-positive ETEC strain. Expression in plants of recombinant proteins is cost-effective
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and can easily be scaled-up. Correct folding and the desired post-translational modifications

are commonly achieved (Yusibov et al., 2016). Production of recombinant proteins in seeds

allows stable storage for long periods (Rademacher et al., 2009). Other advantages are the

ease of oral administration of the seeds via the animal feed and the potential protection of

the chimeric antibodies against digestion by proteases in the stomach (Zimmermann et al.,

2009).

In this study, a strategy similar to that used by Virdi et al. (2013) was followed to produce

antibodies that can be applied for passive immunization of broilers against Campylobacter,

by means of chimeric antibodies expressed in seeds of A. thaliana. The anti-Campylobacter

nanobodies were fused to the constant domains of chicken immunoglobulins (Ig). The major

serum immunoglobulin of chickens is IgY, while the antibody most abundantly found in the

intestinal tract is IgA (Carlander et al., 1999; Lebacq-Verheyden et al., 1974). In this chapter,

the construction and expression of chimeric IgY and IgA antibodies are described. These were

transiently expressed in Nicotiana benthamiana leaves using the Cauliflower Mosaic Virus 35S

promoter and were stably brought to expression in A. thaliana seeds, under the control of the

seed-specific β-phaseolin promoter.

5.2 Materials and methods

5.2.1 Growth conditions of the bacteria

Campylobacter was grown on NB2 medium (Oxoid) solidified with 1.5% agar under

microaerobic conditions (Oxoid CampyGen, Thermo Fisher Scientific) for 48 hours at 42◦C.

E. coli and A. tumefaciens were grown on LB medium with 1.5% agar (Duchefa Biochemie)

at 37◦C and 28◦C, respectively (Table 5.1).

Table 5.1: Bacterial strains used in this study

Species Strain Reference or origin

Campylobacter isolates Table 3.1

E. coli DH5α (Meselson and Yuan, 1968)

A. tumefaciens LBA4404 (Hoekema et al., 1983)
C58C1 RifR (pMP90) (Koncz and J, 1986)
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5.2.2 Primers

Table 5.2: Primers used in this study.

Primer Sequence (5’ → 3’)

T-NbS1 ACGCCCAGGTGCAGCTGCAAGAGTCTGGAGGAGGCTTGGTGCAG
T-NbS2 TGAGGAGACGGTGACCTGGGTC

5.2.3 Fusion of Campylobacter-specific nanobodies to the constant domain

of chicken antibodies

Synthetic genes were first designed for the fusion of Nb5 to the Fc-domain of chicken IgA

(Mansikka, 1992) and the constant domains of chicken IgY (Parvari et al., 1988), in which

the codon usage is optimized for expression in plants (Figure 5.1).

Figure 5.1: Synthetic genes for the expression of chimeric antibodies in plants. The synthetic genes
can be introduced into the plant expression vectors, using the Gateway technology via
the attB1 and attB2 sites. The 2S2 signal peptide of the Arabidopsis 2S2 seed storage
protein was added for translocation to the ER and the KDEL motif for ER retention.
The presence of a His-tag, facilitates detection.

The nanobody-encoding sequence was preceded by the signal sequence of the seed storage

protein 2S2 of A. thaliana for targeting to the endoplasmic reticulum. At the C-terminus of

the synthetic gene, a Histidine-tag and a KDEL signal were added. The latter is necessary for
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retention in the lumen of the endoplasmic reticulum. The attachment sites (attB1 and attB2),

at both ends of the synthetic gene, make Gateway recombination possible. A BP reaction

was used for cloning of the synthetic gene in the pDONR221 Gateway donor vector (Gateway

Technology). The other nanobodies were introduced in the entry clone, encoding the Nb5-Fc

fusion, by exchanging Nb5. The latter was removed by restriction of the entry clone with PstI

and BstEII. For the amplification of the nanobody-encoding sequences, the primers T-NbS1

and T-NbS2 were used. In-Fusion cloning was subsequently applied for the insertion of the

sequences encoding Nb23, also directed against the MOMP, and V1, against the F4-fimbriae

of enterotoxigenic E. coli (Virdi et al., 2013), that was used as a control. The anti-flagellin

nanobodies (2Flag8, 2Flag24 and 2Flag67) were similarly fused to the Fc-domain of IgA.

5.2.4 Transient expression in N. benthamiana leaves

For transient expression, the plasmid pEAQ-HT -DEST1 (Sainsbury et al., 2009) was used.

The entry clones were introduced in this vector using an LR reaction (Gateway Technology).

The resulting clones (Table 5.3) were transformed via electroporation in A. tumefaciens

LBA4404 (McCormac et al., 1998). The A. tumefaciens strains were subsequently used

for the infiltration of N. benthamiana leaves (De Buck et al., 2012). One week later, the

infiltrated areas of the leaves were harvested and protein extracts were prepared as described

by De Buck et al. (2012).

5.2.5 Stable expression in A. thaliana seeds

For stable expression in seeds, the entry clones were inserted in the Gateway-compatible

pPhasGW vector (Table 5.3), via an LR reaction. In the T-DNA, the chimeric genes are

under the control of the strong seed-specific β-phaseolin promoter. The T-DNA also encodes

the kanamycin resistance gene nptII, allowing selection of transformed plants (Figure 5.2).

The resulting clones were subsequently transformed via electroporation (McCormac et al.,

1998) in A. tumefaciens C58C1 RifR (pMP90). A. thaliana ecotype Columbia (Col-0) was

transformed with the resulting clones, by the floral dip technique (Clough and Bent, 1998)

at the VIB-UGent Center for Plant Systems Biology. Samples (about 10 mg) of the obtained

T1 seeds were surface-sterilized by washing with 70% ethanol for 2 minutes, followed by
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incubation in a commercial bleach solution (10◦Chl) supplemented with 0.1% Tween-20 for

15 minutes and washed three times with sterile water. Four ml 0.3% agar was added to the

sterile seeds and these were plated on 20 ml K1 medium (De Buck et al., 2012) supplemented

with Timentin (160 µg/ml), nystatin (50 µg/ml) and kanamycin (50 µg/ml) in 9.4 cm Petri

dishes sealed with gas-permeable tape. After storage at 4◦C for 48 hours, the dishes were

incubated at 24◦C under a 16 hours light / 8 hours dark cycle. After 3 weeks, the resistant

seedlings were transferred to commercial potting mix in the greenhouse for seed production.

Table 5.3: The pEAQ-HT -DEST1 and pPhasGW expression plasmids encoding nanobodies fused to
the constant domains of IgA or IgY

Plasmid Characteristics

pDONR221 Gateway compatible vector (Thermo Fischer Scientific)
pGV5724 pDONR221 + V1-IgY
pGV5717 pDONR221 + V1-IgA
pGV5702 pDONR221 + Nb5-IgY
pGV5701 pDONR221 + Nb5-IgA
pGV5730 pDONR221 + Nb23-IgY
pGV5720 pDONR221 + Nb23-IgA
pGV5917 pDONR221 + 2Flag8-IgA
pGV5918 pDONR221 + 2Flag24-IgA
pGV5910 pDONR221 + 2Flag67-IgA

pEAQ-HT pEAQspecialK with CPMV-HT cassette (Sainsbury et al., 2009)
pEAQ-HT -DEST1 Gateway-compatible pEAQ-HT vector (Sainsbury et al., 2009)
pGV5689 pEAQ-HT -DEST1 + Nb5-IgY
pGV5679 pEAQ-HT -DEST1 + Nb5-IgA
pGV5923 pEAQ-HT -DEST1 + 2Flag8-IgA
pGV5925 pEAQ-HT -DEST1 + 2Flag24-IgA
pGV5927 pEAQ-HT -DEST1 + 2Flag67-IgA

pPhasGW Gateway-compatible vector (Morandini et al., 2011)
pGV5774 pPhasGW + V1-IgY
pGV5768 pPhasGW + V1-IgA
pGV5778 pPhasGW + Nb5-IgY
pGV5772 pPhasGW + Nb5-IgA
pGV5776 pPhasGW + Nb23-IgY
pGV5770 pPhasGW + Nb23-IgA
pGV5936 pPhasGW + 2Flag8-IgA
pGV5938 pPhasGW + 2Flag24-IgA
pGV5940 pPhasGW + 2Flag67-IgA
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Figure 5.2: T-DNA construct used for the expression of the chimeric antibodies in seeds. (LB) left
border, (3′ocs) octopine synthase terminator, (nptII) neomycin phosphotransferase II
gene, (Pnos) nopaline synthase promoter, (Pphas) β-phaseolin promoter, (attB1 and
attB2) attachment sites for Gateway recombination, (2S2) signal peptide of the 2S2 seed
storage protein, (Nb-Fc) Fusion of anti-Campylobacter nanobody to chicken IgA or IgY,
(His) Histidine-tag, (KDEL) endoplasmic retention peptide, (3′arc5-1) arcelin terminator
and (RB) right border.

5.2.6 Protein extraction from A. thaliana seeds

For protein extraction, 10 mg seeds were weighed in a 2 ml microcentrifuge tube and two

4 mm stainless steel balls were added. The tubes were frozen in liquid nitrogen and the

seeds were pulverised using the Retsch Mixer Mill MM 300, during 2 minutes at 25 Hz. The

crushed seeds were resuspended in extraction buffer (50 mM NaH2PO4 pH 7.8, 300 mM NaCl,

10 mM EDTA, 0.1% Tween-20) supplemented with cOmplete Protease Inhibitor Cocktail

(Roche Diagnostics) in a 1:100 ratio (mg seeds/µl extraction buffer). The suspension was

centrifuged at 20 000 g for 5 minutes at 4◦C and the supernatant was mixed with glycerol

(final concentration 20% v/v) and stored at 20◦C.

5.2.7 ELISA

Seed extracts of independent A. thaliana transformants, 100 µl of a 1/20 dilution, were coated

in 96-well plates and the ELISA was performed as described in Chapter 3 (3.2.6). One hundred

µl goat anti-chicken IgA (1/5000) or rabbit anti-chicken IgY (1/1250), both conjugated to

HRP (Thermo Fischer Scientific), was added to each well.

For the interaction assay of the nanobodies or the chimeric antibodies with their antigen,

purified MOMP or flagellins were coated in the 96-well plates at a concentration of 1 µg/ml.

Whole-cell ELISA was used to assess their interaction with C. jejuni KC40 bacteria (3.2.6).
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After the blocking step, extracts containing chimeric antibodies were added. For the detection

of bound IgA or IgY chimeric antibodies, goat anti-chicken IgA (1/5000) or goat anti-chicken

IgY (1/1250), both conjugated to HRP (Abcam), were added.

The ELISAs were developed by addition of TMB Substrate Solution (Thermo Fisher

Scientific). The reaction was stopped with 0.16 M H2SO4 (100 µl/well) and the signal was

read at 450 nm. Every ELISA was performed in duplicate.

5.2.8 Western blot

Protein extracts (200 µl) were TCA-precipitated and resuspended in 20 µl deionised water and

20 µl 2x loading buffer. The TCA-precipitated extracts were boiled and loaded on a 12.5%

acrylamide gel. After running, the gel was stained with Coomassie blue dye or the proteins

were transferred to a PVDF membrane (3.2.10). The presence of the chimeric antibodies was

subsequently detected with mouse anti-Histidine tag monoclonal antibody (1/1000) (AbD

Serotec) and anti-mouse IgG conjugated to HRP (1/5000).

Protein-protein interactions were detected by western blotting on native purified antigens

(5 µM). The samples were loaded on a 12.5% acrylamide gel using loading buffer without

DTT and running buffer composed of 14.4 g glycine, 3.03 g Tris and 0.25 g SDS per litre.

Electrophoresis was followed by staining with Coomassie blue dye or transfer to a PVDF

membrane. A 1/20 dilution of the extracts was used to examine the interaction with their

antigen. Subsequently, the western blot was developed with goat anti-IgA (1/5000) or goat

anti-IgY (1/1250) conjugated to HRP (Abcam).

The western blots were developed using the Pierce ECL Western Blotting Substrate. Images

were made with the Molecular Imager ChemiDoc XRS+ (Biorad).

5.2.9 Immunofluorescence microscopy

The protocol for the immunofluorescence microscopy with Campylobacter bacteria is

described in Chapter 3 (3.2.14). Bacterial cells were fixed on glass slides and undiluted seed

extracts were added. The bound chimeric antibodies in the seed extracts were detected using

goat anti-chicken IgA (1/200) or goat anti-chicken IgY (1/200) (Abcam) and anti-goat IgG
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conjugated to Alexa Fluor 488 (1/250) (Abcam). Images were acquired using an inverted

epifluorescence microscope (Nikon Eclipse TE2000-U) (Objective = 100x) and a FITC filter

block.

5.2.10 Determination of the chimeric IgA antibody concentration in plant

extract

The Chicken IgA ELISA Kit (Abcam) was used to determine the concentration of the

recombinant IgA constructs in the seed extracts. This involves a polystyrene microtiter

plate coated with anti-IgA antibodies, which will interact with IgA molecules present in the

samples. Unbound proteins are washed away and anti-IgA antibodies conjugated to HRP

are used for the detection of bound IgA. The ELISA is developed by the addition of TMB

substrate. The measured absorbance at 450 nm varies with the concentration of bound IgA

present in the samples. The concentration of IgA in the samples can be determined by using

a standard curve. This standard curve is set up with twofold serial dilution series of purified

chicken IgA, with concentration ranging from 400 ng/ml to 12.5 ng/ml. The measurements

of the standards were plotted against the concentration and the obtained curve was fitted

using the four parameter logistic regression.

5.2.11 Motility assay

A motility assay was performed with the chimeric antibodies. Seed extract containing

anti-flagellin chimeric antibodies was pre-incubated with C. jejuni KC40 (OD660 0.3) for

1 hour at room temperature. Of the suspension, 10 µl was spotted on an NB2 plate with

0.4% agar and incubated at 42◦C under microaerobic conditions. After 24h, 48h and 72h,

the diameter of the bacterial growth was measured.

5.3 Results

5.3.1 Design of chimeric genes encoding MOMP-recognizing antibodies

Nb5 and Nb23 were isolated from a nanobody library and are directed against the MOMP of

Campylobacter. Bivalent nanobody constructs were obtained by the fusion of these nanobodies
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with the codon-optimised Fc-domain of chicken IgA or the codon-optimised constant domains

of chicken IgY. Similar constructs, with the anti-E. coli nanobody V1, were made as controls.

This resulted in six constructs: Nb5-IgA, Nb5-IgY, Nb23-IgA, Nb23-IgY, V1-IgA and V1-IgY.

5.3.2 MOMP-specific chimeric antibodies are transiently expressed in

leaves

Transient expression in leaves is an excellent method for rapidly assessing whether a gene

is expressed and to obtain a small quantity of recombinant protein. For this aim, the

Nb5 fusion constructs were transiently expressed in leaves of N. benthamiana by infiltration

with A. tumefaciens LBA4404 harbouring the plasmids pGV5679 and pGV5689 (Table 5.3).

As a negative control, leaves were infiltrated with A. tumefaciens LBA4404 containing the

pEAQ-HT plasmid. Extracts of the infiltrated leaves were screened for the presence of Nb5-Fc

fusion proteins. After SDS-PAGE and Coomassie Blue staining, no clear difference in protein

bands was observed between these extracts and the negative control (Figure 5.3A).

Figure 5.3: Transient expression of chimeric antibodies carrying Nb5 in leaves of N. benthamiana.
Protein extracts were analysed using SDS-PAGE stained with Coomassie blue dye
(A) and western blot developed with mouse anti-Histidine tag monoclonal antibody
(B). Extracts of N. benthamiana leaves transformed with Nb5-IgA and Nb5-IgY fusion
constructs were tested. Leaves infiltrated with A. tumefaciens harbouring the vector
pEAQ-HT were used as negative control.
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Based on the amino acid sequence, molecular weights of approximately 50 and 63 kDa

were expected for the IgA and IgY fusion constructs, respectively. Western blot, using an

anti-Histidine tag monoclonal antibody, showed bands of approximately 60 kDa and 70 kDa,

for the IgA and IgY fusion constructs, respectively (Figure 5.3B). Glycosylation is probably

responsible for the higher molecular weight.

5.3.3 Stable expression of chimeric antibodies in seeds

The previous results show the feasibility of the expression of the chicken antibody constructs

in plants. However, for further work, larger quantities are required. Therefore, the chimeric

genes, encoding V1-IgA, V1-IgY, Nb5-IgA, Nb5-IgY, Nb23-IgA and Nb23-IgY, were stably

expressed in A. thaliana seeds under the control of the β-phaseolin promoter. For this aim,

A. thaliana Columbia plants were transformed with A. tumefaciens C58C1 RifR (pMP90)

harbouring the corresponding constructs in the pPhasGW vector (pGV5768, pGV5774,

pGV5772, pGV5778, pGV5770 and pGV5776) (Table 5.3) via the floral dip method. The

kanamycin resistance gene allowed the selection of the transgenic plants. Five plants were

transformed per chimeric antibody construct and an average transformation efficiency of

1.5% of the T1 plants was observed.

From the kanamycin resistant T1 plants, T2 seeds were harvested and seed extracts were

prepared. For each chimeric antibody construct, seeds of twenty plants were tested. As a

negative control, protein extractions were performed on seeds of untransformed A. thaliana

Columbia plants. The expression of Nb-IgA and Nb-IgY constructs in T2 seeds was tested

via ELISA, using polyclonal anti-IgA or anti-IgY antibodies, respectively (Figure 5.4). Most

extracts were positive in ELISA. The variations in expression levels between the positive seed

extracts were small. Positive transformants showing the highest expression levels were chosen

for further experiments.

Seed extracts were analysed by SDS-PAGE and western blot, to confirm expression (Figure

5.5). Like in the results of the transient expression, no clear differences in band pattern

were observed after Coomassie Blue staining, between the extract of wild-type A. thaliana

seeds and the ones transformed with any of the six chimeric antibody constructs. However,

the western blot with mouse anti-Histidine tag monoclonal antibody clearly confirmed the
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presence of the chimeric antibodies in the seeds of transformed plants. Degradation was

observed as a consequence of proteolytic activity. An additional negative control, used in

this western blot, was the V1G chimeric antibody, lacking the His-tag, fused with the Fc

of porcine IgG, directed against F4-positive enterotoxigenic E. coli (Virdi et al., 2013). As

a positive control, a His-tagged nanobody was used, that produced a protein band with a

molecular weight of approximately 15 kDa.

Figure 5.4: Expression of chimeric antibodies in transgenic T2 A. thaliana seeds. Coated extracts
from T2 seeds were analysed by ELISA. The presence of chimeric antibodies in the
extracts was tested, using anti-chicken IgA or IgY conjugated to HRP. As a negative
control, extract of wild type A. thaliana seeds was used. The results of the negative
control were used for the calculation of the cut-off (black line). The results of seed
extracts from A. thaliana plants transformed with Nb5-IgA, Nb23-IgA, V1-IgA, Nb5-IgY,
Nb23-IgY and V1-IgY are shown.
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Figure 5.5: Expression of chimeric antibodies in segragating T2 A. thaliana seeds using SDS-PAGE
(A, C) and western blot (B, D). The expression of chimeric antibodies in seeds was
confirmed for extracts positive in ELISA. Western blots were developed with a mouse
anti-Histidine tag monoclonal antibody and a goat anti-mouse antibody conjugated to
HRP. As negative controls, extract of wild-type seeds and the V1G chimeric antibody
lacking the His-tag (Virdi et al., 2013) were used. A His-tagged nanobody was used as a
positive control, resulting in a protein band with a molecular weight of approximately 15
kDa. IgA chimeric antibodies with V1, Nb23 and Nb5 (A, B), IgY chimeric antibodies
with V1, Nb23 and Nb5 (C, D).

The use of an anti-His antibody, for the screening of IgA as well as IgY, constructs makes it

possible to compare the quantity of chimeric antibodies present in the extracts. For this aim,

an SDS-PAGE and a western blot, developed with a mouse anti-Histidine tag monoclonal

antibody, were used (Figure 5.6). Concentrations were estimated by comparison of the

band intensity of a His-tagged nanobody, having a known concentration (1.2 mg/ml), with

the intensity of the band corresponding to chimeric antibodies, using the ImageJ program
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(https://imagej.nih.gov/ij/) (Table 5.4). On this basis, expression levels between 1 and 8% of

the total soluble proteins (TSP) (De Buck et al., 2012) were estimated for the four chimeric

antibodies.

The concentration of the IgA chimeric antibodies was also determined using the Chicken IgA

ELISA kit, wherein concentrations can be estimated from a standard (Table 5.5). From these

experiments we can conclude that the concentrations measured in the seeds are in the same

range with western blotting and the ELISA kit.

Figure 5.6: Determination of the concentration of chimeric antibodies present in segregating T2
seed extracts by western blotting. Intensities on SDS-PAGE stained with Coomassie
blue (A) and western blot (B) of protein bands corresponding to a His-tagged nanobody
and the ones corresponding to chimeric antibodies were compared. A serial dilution of
a His-tagged nanobody with a concentration of 1.2 mg/ml was made. As a negative
control, a seed extract of wild-type A. thaliana plants was used. The western blot was
developed with a mouse anti-Histidine tag monoclonal antibody and goat anti-mouse
IgG conjugated to HRP.

Table 5.4: Chimeric antibody concentration in extracts of segregating T2 A. thaliana seeds
determined via western blotting

Chimeric antibody Concentration (µg/ml) µg/mg seed % of TSP

Nb5-IgA.12 24.3 2.4 1.2
Nb23-IgA.17 21.6 2.2 1.1
Nb-5-IgY.19 92.7 9.3 4.6
Nb23-IgY.7 156.4 15.6 7.8
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Table 5.5: Determination of the chimeric antibody concentration in extracts of A. thaliana seeds,
with the Chicken IgA ELISA Kit

Chimeric antibody Concentration µg/mg seed (µg/ml) % of TSP ± SD
(µg/ml)± SD

T2 seeds Nb5-IgA.12 14.79 ± 0.15 1.48 ± 0.02 0.74 ± 0.01
Nb23-IgA.17 23.83 ± 6.29 2.28 ± 0.63 1.19 ± 0.31
Nb23-IgA.14 73.52 ± 2.70 7.35 ± 0.27 3.68 ± 0.13

T4 seeds Nb23-IgA.14D 71.35 ± 1.67 7.14 ± 0.17 3.57 ± 0.08

The T2 seeds are a segregating population; the T4 seeds are homozygous.

5.3.4 Chimeric antibodies in seed extract bind the MOMP and C. jejuni

bacteria

To verify whether the chimeric antibodies produced in seeds bind their corresponding purified

antigens and C. jejuni bacteria, ELISA was performed (Figure 5.7). The binding between

coated purified MOMP or KC40 bacterial cells and twofold serial dilutions of the seed extracts,

ranging from undiluted to 1/1024, was measured. An extract of non-transformed A. thaliana

seeds was used as a negative control. The obtained binding curves show interaction at low

concentration of the chimeric antibodies with the bacteria as well as with the purified MOMP.

The same downward trend is observed in both cases.

The binding of the chimeric antibodies with C. jejuni KC40 was confirmed by

immunofluorescence microscopy (Figure 5.8). The results also indicate the binding of

the chimeric antibodies with two additional Campylobacter isolates, C. coli isolate K43/5

and the human clinical C. jejuni isolate Cam12/0156. The negative control, the V1 nanobody

fused to chicken IgA or IgY, showed no interaction with the selected isolates.

5.3.5 Expression in homozygous plants

The T2 seed lines with the highest expression and with a single locus insertion were sowed

on selective medium. T3 seeds from the selected T2 lines were harvested and sowed again.

Homozygous T3 plants were identified on kanamycin-containing medium (100% kanamycin

resistance). The T4 seeds of these homozygous T3 plants were harvested for further analysis.

Homozygous T3 plants expressing Nb23-IgY and Nb23-IgA chimeric antibodies were identified
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and the protein expression levels obtained in the T2 and T4 seeds were compared. Comparable

expression levels were obtained for the Nb23 chimeric antibodies in the T4 seeds of the

obtained homozygous and heterozygous plants in ELISA (Figure 5.9). The concentration of

Nb23-IgA.14 and Nb23-IgA.14D was also measured using the Chicken IgA ELISA Kit and

compared (Table 5.5). These results confirm the small difference in amounts of chimeric

antibodies between segregating heterozygous seed stocks and the homozygous lines.

Figure 5.7: Binding of chimeric antibodies in segregating T2 seed extracts to C. jejuni KC40 bacteria
and purified MOMP. KC40 bacteria and MOMP (1 µg/ml) were coated in an ELISA
plate. Subsequently, the interaction of twofold serial dilutions of the seed extracts was
assessed. Therefore, anti-IgA and anti-IgY antibodies, conjugated to HRP, were used for
the detection of chimeric antibodies, bound to the bacteria or to the purified antigen.
As a negative control, the binding of extracts of wild-type A. thaliana seeds with the
bacteria and MOMP was measured. The interaction of Nb5 and Nb23 fused to chicken
IgA with MOMP (A) and C. jejuni bacteria (B) was assessed, as well as the binding of
the IgY chimeric antibodies to MOMP (C) and C. jejuni bacteria (D). The error bars
correspond to the standard deviations.
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Figure 5.8: Visualization of the binding of chimeric anti-MOMP chimeric antibodies in extract of
segregating T2 seeds with Campylobacter isolates by immunofluorescence. C. jejuni
strain KC40 (A, B, C, J, K, L), C. jejuni strain Cam12/0156 (D, E, F, J, K, L) and
C. coli strain K43/5 (G, H, I, P, Q, R). Binding with the different Campylobacter isolates
is shown with seed extract containing Nb5-IgA.19 (A, D, G), Nb23-IgA.18 (B, E, H),
V1-IgA.3 (C, F, I), Nb5-IgY.10 (J, M, P), Nb23-IgY.13 (K, N, Q) and V1-IgY.15 (L,
O, R). As a negative control, the nanobody V1 against F4-fimbriated E. coli was used.
Bright field microscopy was used for the visualization of the corresponding bacterial cells.
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Figure 5.9: Expression of chimeric antibodies in seeds of homozygous and heterozygous plants.
ELISA was used for the analysis of seed extracts from A. thaliana plants transformed
with Nb23-IgA constructs (A) and Nb23-IgY constructs (B). The results of the extracts
of the homozygous plants are visualised by the histogram with hatched shading. For the
calculation of the cut-off value (black line) the results of the negative control, an extract
of wild-type A. thaliana seeds, was used. The ELISA was developed using anti-IgA or
anti-IgY conjugated to HRP. The error bars correspond to the standard deviation.

The interaction of the chimeric antibodies in the seed extracts of the homozygous plants

with the MOMP protein was confirmed in a western blot (Figure 5.10). Since the nanobodies

interact with conformational epitopes, a non-denaturing SDS-PAGE was used. Native MOMP

corresponds in SDS-PAGE with a protein band with an apparent molecular weight of 38 kDa.

A clear band is observed when seed extract was used of plants transformed with the Nb23-IgA

and Nb23-IgY constructs, confirming the interaction.
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Figure 5.10: Interaction of chimeric antibodies in seed extract from homozygous plants with their
antigen. SDS-PAGE and a western blot were performed on purified MOMP under
non-denaturing conditions. SDS-PAGE with purified native MOMP stained with
Coomassie blue dye (A). The results of the western blot confirm the interactions of
hybrid antibodies in seed extract of Nb23-IgA14D (B) and Nb23-IgY12C (C), with
MOMP. An extract of wild-type Col-0 seeds was used as a negative control (D).
The western blot was developed with anti-chicken IgA or anti-chicken IgY antibodies
conjugated to HRP.

5.3.6 Transient expression of anti-flagellin nanobodies anchored to the Fc

region of chicken IgA in leaves

Initially, only the anti-MOMP nanobodies were expressed in plants. Anti-flagellin nanobodies

were isolated later in the study. The transient and stable expression of the derived chimeric

chicken IgA antibodies was analysed and their influence on motility was examined.

Nanobodies directed against the flagellins of C. jejuni were fused to the Fc-domain of chicken

IgA and cloned in the pEAQ-HT -DEST1 vector. The obtained expression vectors (pGV5923,

pGV5925 and pGV5927) (Table 5.3) were transformed into A. tumefaciens LBA4404, which

was subsequently used for infiltration of N. benthamiana leaves. Extracts of the infiltrated

plant tissues were analysed for the presence of chimeric antibodies via ELISA and western

blotting (Figure 5.11). ELISA plates were coated with a serial dilution of the leaf extracts

(Figure 5.11A). Development, using anti-IgA conjugated to HRP, clearly confirmed the

transient expression of the chimeric antibodies in leaves. The ELISA results indicated no

significant difference in expression between the three constructs. The interaction of the

chimeric antibodies with purified flagellins and motile C. jejuni KC40 was confirmed by

ELISA (Figure 5.11C, D). To test the interaction with flagellins and bacterial cells, serial

dilutions of the extracts were used. In both cases, clear dosage-dependent binding was

observed. The results show a lower binding for the extract containing 2Flag67-IgA chimeric

antibodies, while previous ELISA results showed that the 2Flag67 nanobody is not a poorer
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binder than 2Flag8 or 2Flag24 (Figure 3.11). This can possibly be explained by the more

extensive degradation of the 2Flag67-IgA construct in the leaf extract, which was observed

in the western blot (Figure 5.11B). The band of lower molecular weight shows extensive

proteolytic degradation.

Figure 5.11: Transient expression of anti-flagellin chimeric antibodies in N. benthamiana leaves
and the interaction with purified flagellins and motile C. jejuni KC40. ELISA for
the detection of chimeric antibodies in serial dilutions (1/4 - 1/8192) of extracts of
infiltrated leaves (A). Western blot results of leaf extracts with 2Flag8, 2Flag24 and
2Flag67 nanobodies fused to the Fc-domain of chicken IgA (B). The western blot was
developed with anti-IgA conjugated to HRP. As a negative control, leaf extract of
wild-type N. benthamiana (WT) was used. Binding curve of twofold serial dilutions
(1/4 - 1/8192) of leaf extract with coated purified flagellins (C). Binding curve of twofold
serial dilutions (undiluted - 1/2048) of leaf extract with coated C. jejuni KC40 bacteria
(D). Anti-chicken IgA conjugated to HRP was used for the development of the ELISA.
The error bars represent the standard deviation of two experiments.
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The interaction of the chimeric antibodies with native purified flagellins was confirmed in a

non-denaturing western blot (Figure 5.12). The flagellins correspond with the protein band

of an apparent molecular weight of 63 kDa.

Figure 5.12: Visualisation of the interaction of chimeric antibodies in extracts of N. benthamiana
leaves with purified flagellins by western blotting. Non-denatured purified flagellins were
used in SDS-PAGE and a western blot. Purified flagellins on SDS-PAGE stained with
Coomassie blue dye (A). Western blotting confirms the interactions of 2Flag8-IgA (B),
2Flag24-IgA (C) and 2Flag67-IgA (D). Extract of leaf tissue infiltrated with LBA4404
(pEAQ-HT ) was used as a negative control (E). Anti-chicken IgA antibodies conjugated
to HRP were used to develop the western blot.

5.3.7 Stable expression in A. thaliana seeds of anti-flagellin antibodies

Similarly as for the expression of the anti-MOMP antibodies, the anti-flagellin encoding

chimeric antibodies Nb-IgA constructs were cloned in the pPhasGW vector. The resulting

plasmids (pGV5923, pGV5926 and pGV5928) (reftabtab:53) were transformed into

A. tumefaciens C58C1 RifR. The resulting strains were used for transformation of

A. thaliana Col-0 using the floral dip method, at the VIB-UGent Center for Plant Systems

Biology. Three plants were transformed with each construct. The resulting T1 seeds were

obtained for further analysis. Since low variation in expression levels was observed in the

seeds of the anti-MOMP antibodies, the T2 seeds of only ten kanamycin-resistant plants were

analysed for each anti-flagellin chimeric antibody (Figure 5.13). In the future, the seeds of

the positive plants can be further used for the isolation of homozygotes. Again the Chicken

ELISA Kit was used for the estimation of the chimeric antibody concentration (Table 5.6).

Seed extracts containing the anti-flagellin antibodies, were used in a soft-agar assay (5.2.11)

to assess the influence of the chimeric antibodies on the motility of Campylobacter bacteria

(Figure 5.14). C. jejuni KC40 bacteria were incubated with extract containing 2Flag8-IgA.1,

2Flag24-IgA.1 and 2Flag67-IgA.1. An extract of wild-type A. thaliana Col-0 seeds was used

as a control. After 48 hours, a reduction is observed in the bacterial motility for the three
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chimeric antibodies. The inhibitory effect, however, was reduced after 72 hours. Especially

for the chimeric antibody 2Flag67-IgA, no clear difference is observed with the wild-type

extract at 72 hours.

Figure 5.13: Expression of chimeric antibodies in transgenic A. thaliana seeds. Coated extracts of
T2 seeds were analysed by ELISA. The presence of chimeric antibodies in the extracts
was tested, using anti-chicken IgA conjugated to HRP. The negative control, an extract
of wild-type A. thaliana seeds, was used for the calculation of the cut-off (black line).
The error bars represent the standard deviation.

Table 5.6: Determination of the chimeric antibody concentration in extracts of A. thaliana seeds,
with the Chicken IgA ELISA Kit

Chimeric antibody Concentration µg/mg seed ± SD % of TSP ± SD
(µg/ml) ± SD

2Flag8-IgA.1 72.12 ± 5.95 7.21 ± 0.60 3.61 ± 0.30
2Flag24-IgA.1 106.19 ± 6.27 10.62 ± 0.63 5.31 ± 0.32
2Flag67-IgA.1 47.54 ± 0.89 4.75± 0.09 2.38 ± 0.05
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Figure 5.14: Influence on motility of C. jejuni KC40 after incubation with chimeric antibodies
produced in seeds. The bacteria spread through the soft-agar and the diameter of
the circle, representing the migration, was measured. The experiment was repeated
four times and the mean diameter (mm ± SD) was plotted versus the incubation time.
The statistical significance was determined via the Student′s t-test (p value < 0.05)
and indicated by an asterisk (∗).

5.4 Discussion

Passive immunization, using pathogen-specific antibodies, can be successfully applied in

human and veterinary medicine. Oral delivery of IgY antibodies, derived from chicken eggs,

effectively inhibited colonization of broilers by different pathogens, such as Salmonella and

Campylobacter (Baxter, 2007; Hermans et al., 2014; Kovacs-Nolan and Mine, 2012; Rahimi

et al., 2007). Specific egg-derived IgY antibodies protected piglets against enterotoxigenic

E. coli (Yokoyama et al., 1992). Passive immunization with IgA derivatives also protected

against enterotoxigenic E. coli (Corthésy, 2005; Virdi et al., 2013).

Nanobody-based chimeric antibodies have been developed in this study for a similar passive

immunization strategy, to prevent colonization of chickens by Campylobacter or reducing

pathogen loads in the intestinal tract. Recombinant bivalent chimeric heavy-chain-only
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antibodies were constructed, via fusion of anti-Campylobacter nanobodies with the effector

domains of IgA or IgY. Nanobodies against the MOMP and flagella of Campylobacter were

isolated and shown to interact with different Campylobacter strains. The latter can be

important, since broilers can be colonized by a large variety of Campylobacter strains (EFSA,

2010; Höök et al., 2005). MOMP is a virulence factor and has an essential transport and

structural function (Flanagan et al., 2009; Wu et al., 2016). Another important virulence

factor is the flagellum, required for motility, chemotaxis and transport of non-flagellar

proteins (Konkel et al., 2004; Nachamkin et al., 1993). Nanobodies directed against

Campylobacter flagellin, fused to a pentameric protein, were already shown to inhibit the

motility of Campylobacter and the colonisation of chicks (Riazi et al., 2013).

Chimeric antibodies, directed against MOMP or flagella, were produced in plants. This

provides additional tools to develop novel strategies for the protection of chicks against

Campylobacter colonization, using recombinant antibodies directed against either MOMP or

flagella, or possibly a combination of both. Transient expression of the constructs in leaves of

N. benthamiana showed that antibodies recognising their respective antigens were produced.

However, low expression levels and degradation products were observed, notwithstanding the

use of a cocktail of proteinase inhibitors in the extraction buffer. Whether these are present in

the plant tissues or are generated by residual proteolytic activity after extraction is unclear.

The genes encoding the chimeric antibodies were also expressed in seeds of transgenic

Arabidopsis plants. Seeds are ideal for the expression and storage of recombinant proteins,

since they are natural storage organs of the plant, containing large quantities of proteins,

and are low in protease activity during storage (Boothe et al., 2010). The results show that

the chimeric antibodies are produced in comparable quantities in seeds of heterozygous as

well as homozygous plants. With a few exceptions, the variation of the expression levels

was relatively low and little degradation products were observed in western blots. The

amount of the IgA chimeric antibodies in Arabidopsis seeds is around 1% of the TSP and

for the IgY chimeric antibodies yields up to 8% of the TSP are obtained. These results are

comparable with those observed previously (De Buck et al., 2013; De Jaeger et al., 2002).

ELISA and western blot confirmed that the chimeric antibodies in plant extracts recognize

the corresponding purified antigen and also bind on intact Campylobacter bacteria. The
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motility assay shows a significant reduction of the C. jejuni KC40 motility in the presence of

the anti-flagellin chimeric antibodies, up to 48 hours after incubation. Higher concentrations

of the chimeric antibodies or the addition of the antibodies to the soft agar medium may

lead to an improved reduction. This can be tested in the future.

In conclusion, functional chimeric antibodies, recognizing flagella and MOMP, were

successfully produced in N. benthamiana leaves and A. thaliana seeds. The homozygous

transgenic lines are upscaled to obtain sufficient quantities of transgenic seeds, to test the

in vivo effect of passive immunization on colonization of chickens by Campylobacter. If the

results are positive, the chimeric antibodies can be expressed in seeds of crop plants, to

produce amounts of antibodies needed in field conditions.
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Expression and secretion of

chimeric antibodies in Pichia

pastoris

6.1 Introduction

An alternative for the expression of the chimeric antibodies in plants is their production in

yeast. The latter is an interesting eukaryotic expression system, combining the advantages

of rapid growth and simple genetic manipulation comparable to bacteria, with their ability

to introduce post-translational modifications typical for eukaryotic host systems (Porro et

al., 2005; Schmidt, 2004). Yeast has been successfully used the past 20 years in the food

and pharmaceutical industry (Schmidt, 2004; Spohner et al., 2015; Weinacker et al., 2013).

S. cerevisiae and P. pastoris are commonly used, since they possess the GRAS-status, are

non-pathogenic, do not produce pyrogenic endotoxins and are free of viral and oncogenic

mammalian DNA (Demain and Vaishnav, 2009; Nasser et al., 2003; Spohner et al., 2015).

Post-translational formation of disulphide bridges and glycosylation are essential for the

expression of some recombinant proteins and can be performed by S. cerevisiae as well as

P. pastoris (Darby et al., 2012; Demain, 2009). P. pastoris possesses several advantages over

S. cerevisiae for secreting heterologous proteins. Both are able to secrete large amounts of

proteins in the medium. This makes cell disruption, associated with yield-loss, unnecessary
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(Damasceno et al., 2012; Spohner et al., 2015). However, in case of S. cerevisiae, proteins

are more often found in the periplasm, which is disadvantageous for further purification

(Buckholz and Gleeson, 1991). The downstream processing of the recombinant protein is also

facilitated in P. pastoris, because of limited host protein secretion (Mattanovich et al., 2009).

Other advantages of P. pastoris are the availability of protease-deficient strains (Darby et al.,

2012) and the absence of hyperglycosylation. In S. cerevisiae, more extensive glycosylation is

observed than in P. pastoris, possibly resulting in modified protein activity, strong antigenic

responses and altered secretion efficiency. The shorter high-mannose oligosaccharide chains

(20 residues) found in P. pastoris, are therefore preferred over the longer chains (50-150

residues) present in S. cerevisiae (Dale et al., 1999; Darby et al., 2012; Demain and Vaishnav,

2009; Gerngross, 2004; Teh et al., 2011; Wu et al., 2002). P. pastoris strains, which can

produce humanized glycosylation patterns, have also been developed (Hamilton et al., 2003;

H. Li et al., 2006). P. pastoris has been shown to have the most efficient secretion system.

Higher yield was for example observed for the tetanus toxin fragment C, 12 g/l for P. pastoris

in comparison with 1 g/l in S. cerevisiae (Clare et al., 1991; Schmidt, 2004).

P. pastoris is a methylotrophic yeast, which became of interest in the early 1970s for the

production of single cell proteins (Wegner, 1990). The development of a tightly regulated

expression system, under the control of the strong promoter of the alcohol oxidase I gene

(PAOX1), made the effective expression of heterologous proteins possible (Cregg et al.,

2000; Tschopp et al., 1987). One of the first large-scale applications, industrial production

in P. pastoris of the enzyme hydroxynitrile lyase, took place in the 1990s. Over 20 g

recombinant protein per litre Pichia culture was obtained (Hasslacher et al., 1997). Since

then, the interest in P. pastoris as a source of heterologous proteins has increased. Spohner

et al. (2015) give an overview of the recombinant proteins expressed in P. pastoris that are

used in the food and feed industry. Many biopharmaceuticals compounds have also been

produced by P. pastoris, such as proteins that can be used against diabetes, cancer and

atherosclerosis. An important breakthrough was the approval by the FDA in 2009 of the

kallikrein inhibitor, Kalbitor, for the treatment of hereditary angioedema (Macauley-Patrick

et al., 2005; Thompson, 2010; Weinacker et al., 2013). P. pastoris is also a cost-effective

production system for the production of functional antibodies. Full-length antibodies, scFv

fragments and glycoengineered antibodies were successfully obtained (Braren et al., 2007;
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Damasceno et al., 2004; P. Li et al., 2007; Ogunjimi et al., 1999; Potgieter et al., 2009).

In this research, P. pastoris was used for the secretion of chimeric antibodies, fusions of

anti-Campylobacter nanobodies to the Fc-domains of chicken IgA and IgY. The fusion

constructs were expressed under the control of the AOX1 promoter, which can be induced

up to a 1000-fold by the addition of methanol as a carbon source. For the secretion of the

heterologous proteins in the medium, a signal peptide is required. The α-mating factor of

S. cerevisiae is the mostly used signal sequence for the secretion of recombinant proteins in

P. pastoris and is also used in this study (Cereghino and Cregg, 20000; J. Li et al., 2017;

Sreekrishna et al., 1997; Tschopp et al., 1987). The production of the chimeric antibodies was

analysed, their concentration was determined and their interaction with C. jejuni bacteria

was examined.

6.2 Materials and methods

6.2.1 Growth conditions of used strains

Table 6.1 shows the strains that were used for this part of the research. E. coli was grown

at 37◦C on LB medium (Duchefa Biochemie) with the appropriate antibiotics. C. jejuni

bacteria were grown at 42◦C under microaerobic conditions (Oxoid CampyGen, Thermo

Fisher Scientific) on NB2 (Oxoid). P. pastoris was cultured at 30◦C and liquid cultures

were shaken at 180 rpm for good aeration. Depending on the assay, different media were used

(Table 6.2). For growth on solid medium 1.5% agar was added.

Table 6.1: Bacterial strains used in this study

Species Strain Reference or origin

Campylobacter isolates Table 3.1

E. coli DH5α (Meselson and Yuan, 1968)

P. pastoris X-33 Thermo Fisher Scientific
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Table 6.2: Media used for the cultivation of P. pastoris

Medium Composition

YPD 1% Yeast extract
2% Peptone
2% Glucose

YPDS 1% Yeast extract
2% Peptone
2% Glucose
1 M Sorbitol

Buffered minimal glycerol (BMG) 1% Yeast extract
2% Peptone
1.34% Yeast Nitrogen Base
4x10−5% Biotin
1% Glycerol

Buffered minimal methanol (BMM) 1% Yeast extract
2% Peptone
1.34% Yeast Nitrogen Base
4x10−5% Biotin
1% Methanol

Table 6.2 continued: Media used for the cultivation of P. pastoris

Medium Composition

Buffered complex glycerol (BMGY) 1% Yeast extract
1.34% Yeast Nitrogen Base
4x10−5% Biotin
1% Glycerol

Buffered complex methanol (BMMY) 1% Yeast extract
1.34% Yeast Nitrogen Base
4x10−5% Biotin
1% methanol

166



Chapter 6

6.2.2 Primers

Table 6.3: Primers used in this study.

Primer Sequence (5’ → 3’)

Pich-7 AGGGGTATCTCTCGAGAAAAGAGAGGCCGAAGCTCAGGTGCAGCTG
CAGGAGTCTG

Pich-8 ATGATGATGGTCTAGATTAATAACAAGTGACGTCAGCGTCAGAG
Pich-12 CAAACTCAATGATGATGATGATGATGGTCTAGATTATTTACCAGCCTG

TTTCTGGAGTGTACGCTGAC
Pich-14 CATCCTGGGGCCAGGGGACCCAGGTCACCGTCTCCTCACACGCATCT

TCTTGCACTCCAAGTC
pEP-5 GACTGGTTCCAATTGACAACG
pEP-6 CGTTTACCGTAAGACTGTAGG

6.2.3 Cloning for the expression of chimeric antibodies by P. pastoris

6.2.3.1 Construction of expression vectors in E. coli

The expression of chimeric antibodies in plants was described in the previous chapter. Fusion

constructs of Nb5, Nb23 and 2Flag8 to the Fc-domain of chicken IgA (Mansikka, 1992)

were already available in the pDONR221 vector (pGV5701, pGV5720, pGV5917, Table 5.3).

For the secretion of chimeric antibodies in P. pastoris, the Nb-IgA encoding sequences were

amplified with the primers Pich-7 and Pich-8. These In-Fusion primers make cloning in the

P. pastoris expression vector pPicZα possible. Therefore, the pPic6.1 derivative pPiCZα

encoding Nb489 fused to pig IgG (Okello, 2010), was digested with XhoI and XbaI and

the Nb-pigIgG was replaced by the Nb5/Nb23/2Flag8-chickenIgA with the In-Fusion HD

cloning kit (Takara Bio USA, Inc) (Figure 6.1). The resulting constructs are shown in

Table 6.4. For the introduction of Nb22, the encoding sequence was amplified using the

primers IF-Nb3 and IF-Nb4. The resulting PCR fragment was used to exchange the Nb5 in

pGV5950. The plasmid pGV5950 was digested with PstI and BstEII and the substitution

was carried out using Gibson Assembly Cloning (New England BioLabs). For the fusion of

the anti-Campylobacter nanobodies to the Fc-domain of chicken IgY (Parvari et al., 1988),

the IgA-encoding sequences in the resulting pPic6.1 clones were exchanged by the Fc-region

of chicken IgY. The Fc-domain of chicken IgY was amplified from pGV5702 (Table 5.3),

encoding the Nb5-IgY fusion construct for expression in plants, using primers Pich-12 and
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Pich-14. Gibson Assembly Cloning (New England Biolabs) was utilised for the introduction

of the Fc-domain in the pPic6.1 clones, digested with BstEII and XbaI. The reaction mix

was transformed into CaCl2-competent E. coli DH5α cells (Dagert and Ehrlich, 1979) and

transformants were selected on low salt LB supplemented with 25 µg/ml Zeocin. The primers

pEP-5 and pEP-6 were used for sequence analysis of the constructs.

Figure 6.1: Construct for the secretion of chimeric antibodies by P. pastoris and the resulting
chimeric antibody. The pPiCZα plasmid is used for the expression of the fusion
constructs under the control of the AOX1 promoter. The latter can be induced by
the addition of methanol. The α-mating factor of S. cerevisiae is required for secretion.
Introduction in the P. pastoris genome takes place by homologous recombination in the
AOX1 promoter region.

Table 6.4: Plasmids for the expression in P. pastoris

Plasmid Description

pGV5950 pPic6.1 + Nb5-IgA
pGV5954 pPic6.1 + Nb23-IgA
pGV5955 pPic6.1 + 2Flag8-IgA
pGV5961 pPic6.1 + Nb22-IgA
pGV5960 pPic6.1 + Nb5-IgY
pGV5975 pPic6.1 + Nb23-IgY
pGV5977 pPic6.1 + 2Flag8-IgY

6.2.3.2 Transformation and selection of P. pastoris

Once the constructs were obtained in E. coli, the plasmids were purified and linearized using

PmeI for transformation into P. pastoris X-33. The preparation of P. pastoris competent

cells and the transformation were essentially performed as described in the manual of the
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EasySelect Pichia Expression Kit (Invitrogen). For transformation, 300 ng of the linearized

plasmid was used instead of the recommended 3 µg. Transformants were selected on YPDS

agar medium with Zeocin (200 µg/ml and 400 µg/ml). A PCR on total DNA with primers

pEP-5 and pEP-6 was used to confirm the insertion of the fusion gene at the AOX1-locus.

6.2.3.3 Isolation of total DNA of P. pastoris

The P. pastoris X-33 clones were grown in 3 ml YPD, till an OD660 between 5 and 10 was

reached. One ml of the cultures was centrifuged at 1500 g for 10 minutes and the pellets

were resuspended in 1 ml water. The centrifugation step was repeated and the pellets were

resuspended in 200 µl SCED buffer (1 M sorbitol, 1 mM EDTA , 10 mM dithiothreitol, 10

mM sodium citrate, pH 5.8) supplemented with 0.1 mg/ml lyticase and 0.2 mg/ml RNase.

The suspension was incubated at 37◦C for 50 minutes. Afterwards, 200 µl 1% SDS was

added and the suspension was incubated on ice for 5 minutes. The addition of 150 µl 5 M

potassium acetate was followed by a centrifugation step for 10 minutes at 10 000 g and 4◦C.

To the obtained supernatant, two volumes of ethanol were added, the mixture was incubated

for 15 minutes at room temperature and the pellet was washed with 70% ethanol. The

centrifugation step was repeated and the final pellet was resuspended in 50 µl 10 mM Tris

buffer (pH 7.5).

6.2.4 Expression test: secretion of chimeric antibodies

To analyse the secretion of chimeric antibodies by P. pastoris X-33, an expression experiment

was performed in minimal and complex medium (Table 6.2). The P. pastoris clones were

grown overnight in 20 ml BMG or BMGY medium supplemented with 1% casamino acids.

The next day, a sample of the non-induced culture was taken and the rest of the yeast culture

was centrifuged at 3000 g for 10 minutes. The pellet was resuspended in 20 ml BMM or

BMMY medium with 1% casamino acids. The culture was incubated for 6 days and every

24 hours, methanol was added to a final concentration of 1% for induction. Every 24 hours, a

sample was taken for the analysis of the expression levels. Therefore, 1 ml of the culture was

transferred to a microcentrifuge tube. The yeast cells were pelleted by centrifugation and the

supernatant was analysed on the presence of chimeric antibodies using ELISA. The ELISA
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was performed as previously described (3.2.6). A 1/20 dilution of the samples was coated.

The Nb-IgA and Nb-IgY constructs were detected with goat anti-chicken IgA (1/5000 in PBS)

and the Nb-IgY constructs with rabbit anti-chicken IgY (1/1250 in PBS), both conjugated

to HRP (Abcam). The ELISAs were performed in duplicate.

The samples were also analysed with a 12.5% SDS-PAGE. The gel was either stained with the

SilverQuest Silver Staining Kit (for mass spectrometry-compatible silver staining of proteins in

polyacrylamide gels) (Thermo Fisher Scientific) or used in a western blot experiment (3.2.10).

The chimeric IgA antibodies were detected with goat anti-chicken IgA (1/5000 in PBS) and

the western blot was developed using the enhanced chemiluminescence (ECL) method.

6.2.5 Binding of chimeric antibodies to Campylobacter bacteria and

purified antigens

ELISA was used to study the binding of chimeric antibodies, secreted by P. pastoris, with

purified MOMP, purified flagellins and Campylobacter bacteria. The protein antigens were

coated in 96-well plates at a concentration of 1 µg/ml. The coating of the bacterial cells

and the ELISA was performed as described in Chapter 3 (3.2.6). Twofold serial dilutions

(1/1.25-1/1280) of the samples containing chimeric antibodies were tested. Bound antibodies

were detected using goat anti-chicken IgA conjugated to HRP (1/5000 in PBS) (Abcam).

The ELISA was developed with TMB Substrate Solution (Thermo Fisher Scientific) and the

reaction was stopped by adding H2SO4 (0.16 M). The OD was read at 450 nm and the

experiment was performed in duplicate.

The interaction of the chimeric antibodies with their corresponding antigen was confirmed

via western blot (3.2.10), using a 1/20 dilution of the samples. The binding of the chimeric

antibodies was detected with goat anti-chicken IgA conjugated to HRP (1/5000 in PBS)

(Abcam) and the western blot was developed using the Pierce ECL Western Blotting

Substrate. Images were made with the Molecular Imager ChemiDoc XRS+ (Biorad).

The binding of the chimeric antibodies to fixed Campylobacter bacteria was visualized by

immunofluorescence microscopy (3.2.14). The bound chimeric antibodies were detected with

goat anti-chicken IgA (1/200 in PBS) (Abcam) and fluorescently labelled with rabbit anti-goat
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IgG conjugated to Alexa Fluor 488 (1/250 in PBS) (Abcam). Images were obtained with an

inverted epifluorescence microscope (Nikon Eclipse TE2000-U) (Objective = 100x) and a

FITC filter block.

6.2.6 Ammonium sulphate precipitation

The samples were concentrated by ammonium sulphate precipitation. Samples were

concentrated a hundred times by the addition of (NH4)2SO4 to 20%, 40%, 60%, 80% and

100% saturation. Solid ammonium sulphate was gradually added to the sample, while being

stirred. Samples were incubated for 1 hour at 4◦C, whereafter precipitated proteins were

pelleted by centrifugation for 30 minutes at 12 500 g. The pellets were dissolved in PBS.

6.2.7 Concentration determination of chimeric antibodies secreted by

P. pastoris in the medium

The concentration of the chicken IgA fusion constructs in the medium was determined with

the Chicken IgA ELISA Kit (Abcam) (5.2.10).

6.2.8 Motility assay

A motility assay was performed with the chimeric antibodies. A final concentration of

± 1 mg/ml chimeric antibodies were pre-incubated with C. jejuni KC40 (OD660 0.3) for

1 hour at room temperature. Of the suspension, 10 µl was spotted on an NB2 plate with

0.4% agar and incubated at 42◦C under microaerobic conditions. After 24h, 48h and 72h, the

diameter of the bacterial growth was measured.

6.3 Results

Bivalent chimeric antibodies were constructed by the fusion of anti-Campylobacter nanobodies

to the Fc-domains of chicken IgA and IgY. The presence of the Fc-domain mediates effector

functions and may prolong the half-life in comparison with single nanobodies. In the previous

chapter, the expression of anti-Campylobacter antibodies in plant seeds was analysed. This
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chapter describes the production of these chimeric antibodies by P. pastoris, as an alternative.

For the secretion in P. pastoris, the pPiCZα plasmid was used. Herein the Nb-IgA and

Nb-IgY encoding genes were cloned, under the control of the AOX1 promoter. The latter

can be induced by the addition of methanol. Nanobodies Nb5, Nb22 and Nb23, directed

against MOMP, and 2Flag8, against flagellins, were fused to chicken IgA as well as IgY. The

plasmids encoding these chimeric antibodies were linearized and introduced by homologous

recombination in the P. pastoris genome for expression. Multiple transformants were obtained

for every chimeric antibody construct (Table 6.5).

Table 6.5: Number of P. pastoris X-33 transformants obtained for the chimeric antibody constructs

Chimeric antibody Number of transformants

Nb5-IgY 6
Nb5-IgA 6
Nb23-IgY 8
Nb23-IgA 7
2Flag8-IgY 11
2Flag8-IgA 3
Nb22-IgA 5

6.3.1 Analysis of the secretion of chimeric antibodies by P. pastoris X-33

For the secretion of the chimeric antibodies, expression of 2Flag8-IgA, Nb22-IgA and Nb5-IgY

was initially analysed in minimal (BMG and BMM) and complex medium (BMGY and

BMMY). P. pastoris X-33 transformed with the corresponding constructs in the linearized

pPic6.1 vector (pGV5955, pGV5961 and pGV5960) (Table 6.4), was therefore grown overnight

in BMG and BMGY medium. The following 6 days, the culture was induced by the repeated

addition of 1% methanol and samples were taken for the analysis of the protein secretion at

the different time points. Time point zero (D0), represents the expression by the P. pastoris

culture before induction by addition of methanol. An ELISA was performed on the samples,

to examine secretion and to compare the secretion in minimal and complex medium. The

results, for one clone per chimeric antibody construct, are shown in Figure 6.2. As a negative

control, the same conditions were analysed for the wild-type P. pastoris X-33.
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Figure 6.2: Secretion of chimeric antibodies by P. pastoris X-33. Secretion in the supernatant was
examined in minimal and complex medium and on different time points: before induction
with methanol (D0) and from day 1 till day 6 (D1-D6) after induction. Chimeric
antibodies were detected by ELISA using anti-chicken IgY or IgA conjugated to HRP.
As a negative control, the supernatant of wild-type P. pastoris was used. The error bars
represent the standard deviation.
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The secretion levels of 2Flag8-IgA, Nb22-IgA and Nb5-IgY, are shown in Figure 6.2A, B and

C. For Nb-IgY constructs, no clear presence of the chimeric antibody was detected neither in

minimal nor in rich medium. In contrary, the 2Flag8-IgA, Nb5-IgA and Nb22-IgA constructs

are secreted by P. pastoris. From the results, it can also be concluded that a better yield is

obtained in rich medium than in minimal medium for the IgA antibodies. Further experiments

were therefore performed in rich medium. The samples of different time points were analysed,

to determine the optimal induction time for expression of each construct.

Secretion of Nb5-IgA, Nb23-IgY, Nb23-IgA and 2Flag8-IgY by the corresponding

transformants (pGV5950, pGV5975, pGV5954 and pGV5977) was only analysed in

rich medium. Like for Nb5-IgY, no significant amounts of Nb23 fused to the effector domain

of chicken IgY were secreted (Figure 6.2E). Figure 6.2G shows low expression for one of

the 2Flag8-IgY expressing clones. The results show that Nb5-IgA and Nb23-IgA chimeric

antibodies were expressed and secreted by P. pastoris (Figure 6.2D and F). For every chimeric

antibody construct, the secretion was analysed for different P. pastoris clones. The results

for different clones expressing Nb23-IgA are visualised in Figure 6.3. Great differences in

secretion levels were observed between clones, therefore the clones resulting in the highest

yield were selected for further experiments. Similar results were obtained for the other

chimeric antibody constructs (Appendix 6.1).

The supernatants of the different P. pastoris clones were also analysed with SDS-PAGE and

western blot (Figure 6.4). A protein band corresponding to a molecular weight of 50 kDa

is expected based on the sequences of the chimeric antibodies. Since glycosylation can take

place, higher molecular weight is possible. On the western blot, a band corresponding to a

molecular weight of ± 60 kDa is observed for the four expressed chimeric antibodies. The

protein bands of approximately this molecular weight were excised from the silver stained

gel and digested with trypsin. LC-MS analysis confirmed that these bands are the chimeric

antibodies.
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Figure 6.3: Secretion of the Nb23-IgA by different P. pastoris X-33 transformants. The secretion
of chimeric antibodies by seven transformants was analysed on different time points.
Samples were taken before induction with methanol (D0) and for 6 days after induction
(D1-D6). Nb23-IgA present in the supernatant was detected by ELISA with anti-chicken
IgA conjugated to HRP. The supernatant of wild-type P. pastoris served as negative
control. The error bars represent the standard deviation.

Figure 6.4: Detection of chimeric antibodies in the supernatant of P. pastoris X-33 clones by
SDS-PAGE and western blot. SDS-PAGE of the samples after silver staining (A). The
chimeric antibodies were detected with anti-chicken IgA conjugated to HRP (B).
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6.3.2 Interaction between the chimeric antibodies and their targets

Previous results show that chimeric antibodies are secreted by P. pastoris. An ELISA was

used to examine whether these recombinant antibodies are able to bind their corresponding

antigen and Campylobacter bacteria. Purified antigens and fixed C. jejuni cells were coated

in 96-well plates and the binding of serial dilutions of the supernatants was analysed. As

a negative control, the supernatant of the wild-type P. pastoris X-33 culture was used. For

MOMP as well as for flagellins, no interaction was observed with the negative controls (Figure

6.5). Figure 6.5A demonstrates that Nb5, Nb22 and Nb23 conjugated to chicken IgA, bind

to purified MOMP in a dose-dependent manner. At low concentrations, the measured signal

was comparable with the results of the negative control. Similar observations were made for

2Flag8-IgA, binding to flagellins (Figure 6.5B).

The interaction of chimeric antibodies with C. jejuni KC40 bacteria was also analysed in

ELISA (Figure 6.5C). For the four tested recombinant antibodies, clear binding was observed

with the bacterial cells in comparison with the negative control.

Western blot results confirm the binding of the recombinant antibodies secreted by P. pastoris,

with their antigen (Figure 6.6). Therefore, a non-denaturing SDS-page was performed with

purified MOMP and flagellins and supernatant of the P. pastoris X-33 clones, expressing

corresponding chimeric antibodies, was used in western blot. Supernatant of wild-type

P. pastoris X-33 was applied as a negative control. Panels B and C in Figure 6.6 respectively

show a band of 38 kDa, corresponding to native MOMP, and of 63 kDa, corresponding to

flagellin. Such bands were not obtained with the negative control. These results validate the

specific binding of the chimeric antibodies to their purified antigens. Here the results of the

binding by Nb5-IgA and 2Flag8-IgA are shown. Similar results were obtained for Nb22-IgA

and Nb23-IgA.

Immunofluorescence microscopy confirmed the interaction of the chimeric antibodies with

different Campylobacter strains (Figure 6.7). Antibodies, binding the bacterial cells, were

fluorescently labelled and visualised. The results clearly show the interaction of Nb5-IgA,

Nb23-IgA and 2Flag8-IgA to different isolates. For this experiment, C. jejuni KC40 was

used, as well as a C. jejuni isolate Cam12/0156 from a human patient and the C. coli isolate
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K43/5. As expected, no fluorescence was measured with the wild-type P. pastoris X-33

supernatant.

Figure 6.5: Binding of the chimeric antibodies to their corresponding antigen and to C. jejuni KC40
bacterial cells. The binding of the chimeric antibodies, secreted by P. pastoris X-33 in
the supernatant, was analysed in an ELISA experiment. Serial dilutions of the samples
were added to ELISA plates coated with 1 µg/ml MOMP (A), 1 µg/ml flagellins (B) and
fixed C. jejuni KC40 bacteria (C). The supernatant of wild-type P. pastoris X-33 was
used as a negative control. Bound chimeric antibodies were detected with anti-chicken
IgA. The error bars represent the standard deviation.
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Figure 6.6: Specific binding of chimeric antibodies to their antigen. Recombinant antibodies secreted
by P. pastoris X-33 clones, after 3 days induction, were used for this experiment. The
antigens, MOMP and flagellin, were loaded on the SDS-PAGE under non-denaturing
conditions. Native SDS-PAGE of MOMP stained with Coomassie blue (A). Western
blots showing the binding to native MOMP, by a 1/20 dilution of P. pastoris X-33
supernatant containing Nb5-IgA (B) and supernatant of wild-type P. pastoris X-33 (C).
Native SDS-PAGE of purified flagellins stained with Coomassie blue (D). Western blots
showing the binding to flagellins, by a 1/20 dilution of P. pastoris X-33 supernatant
containing 2Flag8-IgA (E) and supernatant of wild-type P. pastoris X-33 (F). The
western blots were developed using anti-chicken IgA.

Figure 6.7: Immunofluorescence microscopy showing the interaction between labelled chimeric
antibodies and Campylobacter isolates. C. jejuni strain KC40 (A, B, C, D), C. jejuni
strain Cam12/0156 (E, F, G, H) and C. coli strain K43/5 (I, J, K, L). The binding of
labelled Nb5-IgA (A, E, I), Nb23-IgA (B, F, J) and 2Flag8-IgA (C, G, K) secreted in
the supernatant of P. pastoris X-33 clones, was visualised. Supernatant of wild-type
P. pastoris X-33 was used as negative control (D, H, L). Bacterial cells were visualised
by bright field microscopy.
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6.3.3 Influence of glycerol on the growth of P. pastoris X-33 clones and

their secretion

Glycerol is typically added to the growth medium as a carbon source for P. pastoris, to

reach high biomass yield. After 24 hours, the medium is exchanged with medium containing

methanol. This two-step method is required, since glycerol is a repressor of the AOX1

promoter and methanol is necessary for induction of the protein expression. On a large-scale,

however, this procedure is not ideal, since it is time-consuming and it increases the risk of

contamination. A small-scale expression experiment was performed to assess whether this step

can be avoided, without a too great loss of yield. P. pastoris was grown in the presence of

glycerol or in the absence of an additional carbon source. After 24 hours, methanol was added

for induction without medium exchange. The secretion of chimeric antibodies by P. pastoris

under these conditions was compared with the secreted chimeric antibodies obtained in the

two-step protocol where glycerol is used as an initial carbon source and the medium is changed

before the addition of methanol.

The P. pastoris X-33 clone expressing Nb23-IgA, was grown in the different media and the

optical density was measured. As expected, higher cell densities were obtained when grown

in the presence of glycerol than in the absence of an additional carbon source (Table 6.6).

Table 6.6: The optical density of P. pastoris X-33 cultures grown on different carbon sources

Growth condition OD660 24 h OD660 48 h

BMGY → centrifugation → BMMY1 5.1 18.2
BMGY → addition of 1% methanol after 24 h2 5.2 18.0
BMY → addition of 1% methanol after 24 h3 2.9 16.7

One culture was grown in medium supplemented with glycerol, pelleted after 24 hours and the medium

was changed to rich medium with methanol1. Other cultures were grown in the presence of glycerol2

or in the absence of an additional carbon source3. After 24 hours methanol was added to the yeast

culture without medium exchange.

The influence of the culture conditions on the recombinant protein secretion was analysed by

ELISA (Figure 6.8). The results show that the lowest amounts are secreted when the cells are

grown in the presence of glycerol and induced with methanol without changing the medium.
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After 24 hours, glycerol is probably mostly exhausted, however, residual amounts of glycerol

still have a repressing effect on the AOX1 promoter. Initially, a lower biomass was reached

when the cultures were grown in the absence of glycerol. Nevertheless, only a small difference

in chimeric antibody secretion was observed in comparison with P. pastoris X-33 clones grown

in the presence of glycerol and induced in the absence of glycerol. For large-scale expression,

it was decided to grow the P. pastoris clones in the absence of an additional carbon source.

The big gain is that no intermediate centrifugation step is required anymore.

Figure 6.8: Secretion of chimeric antibodies by P. pastoris X-33, grown in different culture media.
An overnight culture grown in the presence of glycerol was centrifuged and the cells
were resuspended in medium with methanol for induction1. Alternatively, the culture
was grown in medium supplemented with glycerol2 or in the absence of an additional
carbon source3. After one day, methanol was added for induction of the AOX1 promoter.
Samples of the supernatant were analysed on the presence of the chimeric antibody
Nb23-IgA, before induction (D0) and for 6 days after induction (D1-D6). The ELISA
was developed with anti-chicken IgA conjugated to HRP and repeated twice. The error
bars represent the standard deviation.

6.3.4 Large-scale expression and concentration

To obtain larger amounts of recombinant protein, P. pastoris X-33 clones were grown on a

larger scale in 1 L cultures. The proteins in the supernatant were concentrated by ammonium

sulphate precipitation. Initially, the ammonium sulphate percentage was increased stepwise

(to 20%, 40%, 60%, 80% and 100% saturation) and after every step a sample was taken

for analysis in ELISA, to determine the ammonium sulphate concentration at which the

maximum amount of chimeric antibodies was precipitated. From the results, we found that

in the fractions from 20% till 80% large amounts of chimeric antibodies were present, while

at 100% the detected amounts dropped drastically. Therefore, all samples were precipitated

with 80% ammonium sulphate.
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6.3.5 Determination of the concentration of chimeric antibodies secreted

by P. pastoris

An IgA chicken ELISA kit was used for the quantification of IgA chimeric antibodies secreted

by P. pastoris X-33 clones. The amount of IgA in the samples can be determined by

interpolation of the standard curve obtained from the purified IgA standard.

The calculated concentrations of the chimeric antibodies are given in Table 6.7. For large-scale

expression, approximately 10 to 60 µg of chimeric antibodies per ml medium were secreted

by the P. pastoris clones. Variations were observed between the different chimeric antibodies,

especially between the Nb5-IgA and Nb22-IgA. The secreted concentration of Nb23-IgA in

a small-scale experiment is twice as high as in a large culture. Better aeration in smaller

volumes can be the explanation. Aeration is critical for successful growth of P. pastoris and

for expression of recombinant proteins.

To assess the efficiency of the ammonium sulphate precipitation, the concentrations of the

100 times concentrated samples was compared with the concentration of the initial samples.

From results for Nb5-IgA and Nb23-IgA, we can conclude that this precipitation is effective,

since a concentration factor of approximately 100 is achieved.

Table 6.7: The optical density of P. pastoris X-33 cultures grown on different carbon sources

Chimeric antibody Concentration (µg/ml) ± SD

Large-scale expression Nb5-IgA 11.1 ± 1.0
Nb23-IgA 35.6 ± 1.0

2Flag8-IgA 26.7 ± 1.5
Nb22-IgA 59.7 ± 1.6

100 x concentrated Nb5-IgA 1453.5 ± 144.4
Nb23-IgA 3386.1 ± 79.6

Small-scale expression Nb23-IgA 67.6 ± 4.6

6.3.6 Motility assay

The influence of the chimeric antibodies on the motility of Campylobacter was studied, using

a soft-agar assay. C. jejuni KC40 was co-incubated with concentrated supernatant of the

P. pastoris X-33 clone secreting the chimeric antibody 2Flag8-IgA. The influence of secreted
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proteins of wild-type P. pastoris X-33 was also tested, as a control. A reduction in the

bacterial motility was observed in the presence of the chimeric antibody 2Flag8-IgA till after

72 hours of incubation (Figure 6.9).

Figure 6.9: Motility of C. jejuni KC40 in the presence of the chimeric antibody 2Flag8-IgA, secreted
by P. pastoris. In a soft-agar assay the motility of the Campylobacter bacteria was
measured in the presence of 2Flag8-IgA antibodies or supernatant of wild-type P. pastoris
X-33 at different time points. The mean diameter (mm) ± SD of four experiments,
representing the migration of the bacteria from the spotting site, was plotted versus the
incubation time. Statistical significance (p < 0.05) of the results of the incubation with
2Flag-IgA antibodies in comparison with the control, was analysed with the t-test and
indicated with an asterisk (∗).

6.4 Discussion

The methanol-inducible expression system has successfully been used for the expression

of pharmaceutical and biotechnological compounds in P. pastoris (Ahmad et al., 2014)).

This chapter reports on the findings concerning the secretion of recombinant antibodies in

the supernatant and their interaction with Campylobacter antigens. Anti-Campylobacter

nanobodies were fused to the Fc-domain (CH2-CH3-CH4) of two chicken immunoglobulins,

IgA and IgY. P. pastoris X-33 clones were obtained, with the fusion genes integrated into

their genome.
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The secretion of the chimeric antibodies was analysed under different conditions. The

recombinant protein yield, secreted in the supernatant, was compared when the yeast was

cultured in complex and in minimal medium. An advantage of complex medium over

cost-effective minimal growth medium is the presence of yeast extract. It was shown that

yeast extract or peptone, present in complex medium, have a positive influence on growth

and decreases proteolysis of secreted proteins. The addition of casamino acids can also

reduce the extracellular proteolysis (Bollok et al., 2005; Clare et al., 1991; Kaushik et al.,

2016; Macauley-Patrick et al., 2005). For the IgA recombinant antibodies, expression was

observed in both minimal and rich medium. However, higher amounts were obtained in rich

medium. IgY fusion antibodies were not or in low amounts secreted by the P. pastoris X-33

clones. The literature describes the successful secretion of fusion constructs with the Fc

domain of chicken IgY. Here, only the CH3-CH4 region of the Fc-domain was used, instead

of the CH2-CH3-CH4 region in this study (Dong et al., 2016; J. Wang et al., 2017). The

presence of the CH2 domain may have an influence on expression or secretion. Since large

variations in secretion levels are observed between different clones, multiple clones were

analysed for expression.

For the production of recombinant proteins in P. pastoris, growth is uncoupled from the

production. Cells are typically cultured via a two-step protocol. First, they are grown in the

presence of glycerol for 24 hours, whereafter the glycerol is removed and methanol is added for

the induction of the recombinant protein expression. We investigated whether the absence of

glycerol in the growth phase or the presence of residual amounts of glycerol in the induction

phase, had a dramatic influence on the recombinant protein yield in the supernatant. Our

results confirmed that the presence of glycerol, after induction with methanol, leads to a lower

amount of secreted recombinant IgA antibodies, than when P. pastoris is cultured via the

two-step protocol. Even low concentrations of glycerol can have an inhibitory effect, on the

AOX1-promoter controlling the expression of the recombinant proteins (Cregg et al., 1989;

Hartner and Glieder, 2006; X. Wang et al., 2016). Although the absence of glycerol in the

growth phase initially led to a lower optical density, it did not dramatically decrease the

amount of chimeric antibodies expressed and secreted by the P. pastoris X-33 clone. From

these results, it was decided that for large-scale expression, glycerol was not added to the

growth medium.
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Large-scale expression was performed in 1 litre cultures and the expression was induced

for 3 and 5 days. The recombinant protein concentrations, obtained in a small-scale and

a large-scale experiment, were compared. Results showed that the concentration of the

Nb23-IgA chimeric antibody, obtained in the small-scale experiment, was twice as high as

in the large-scale experiment. This variation can be a consequence of differences in aeration

efficiency, which is the most important parameter for good expression, as oxygen limitation

may lead to a decrease of the recombinant protein expression (Cereghino and Cregg, 20000).

If the secreted chimeric antibodies prove to be efficient in vivo, the culture conditions can

be further optimized. The yields obtained in this study range from 10 to 60 mg/l. This

is comparable with concentrations obtained for recombinant ScFv-Fc fusions in shake flasks

(Braren et al., 2007; Liu et al., 2003; Powers et al., 2001). Dong et al. (2016) fused OmpA

of Bordetella avium to the Fc-region of chicken IgY. In P. pastoris, the maximal obtained

concentration was 18 mg/l. Nevertheless, the literature shows multiple examples where much

higher concentrations of secreted recombinant protein are reached (Damasceno et al., 2004;

Potgieter et al., 2009; Ye et al., 2011).

The interaction of the secreted antibodies with their corresponding antigen was shown.

Binding with native, purified MOMP and flagellins was visualised in western blot and

was confirmed in ELISA. ELISA also confirmed their binding with intact Campylobacter

bacteria, in a dose-dependent manner. Immunofluorescence microscopy results, visualized

the interaction between the bacterial cells and the chimeric antibodies, present in the

supernatant. An in vitro motility assay showed that the chimeric antibodies were not only

able to bind to the flagella, but also reduced cell motility of C. jejuni KC40.

In conclusion, chimeric antibody constructs acquired by the fusion of MOMP- and

flagella-specific nanobodies to the Fc domains of chicken IgA and IgY, were secreted

by P. pastoris. Upon optimization of the conditions, higher concentrations of the

anti-Campylobacter antibodies may be obtained. The agglutination capacity of nanobody

multimers (Chapter 3) and the interference of the anti-flagella antibodies with the motility

are first indications that the chimeric antibodies can be effective against C. jejuni. They

will be used in an in vivo experiment, wherein the effect on Campylobacter colonization in

chickens will be assessed.
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Renugopalakrishnan, V. (2007). Expression of recombinant proteins in Pichia pastoris.

Applied Biochemistry and Biotechnology , 142 , 105–124.

Liu, J., Wei, D., Qian, F., Zhou, Y., Wang, J., Ma, Y., and Han, Z. (2003). pPIC9-Fc:

a vector system for the production of single-chain Fv-Fc fusions in Pichia pastoris as

detection reagents in vitro. Journal of Biochemistry , 134 , 911–917.

Macauley-Patrick, S., Fazenda, M., Mcneil, B., and Harvey, L. M. (2005). Heterologous

protein production using the Pichia pastoris expression system. Yeast , 22 , 249-270.

Mansikka, A. (1992). Chicken IgA H chains. Implications concerning the evolution of H chain

genes. The Journal of Immunology , 149 , 855–861.

Mattanovich, D., Graf, A., Stadlmann, J., Dragosits, M., Redl, A., Maurer, M., Kleinheinz,

M., Sauer, M., Altmann, F., and Gasser, B. (2009). Genome, secretome and glucose

transport highlight unique features of the protein production host Pichia pastoris.

Microbial Cell Factories, 8 , 29.

Meselson, M., and Yuan, R. (1968). DNA restriction enzyme from E. coli . Nature, 217 ,

1110–1114.

Nasser, M. W., Pooja, V., Abdin, M. Z., and Jain, S. K. (2003). Evaluation of yeast as an

expression system. Indian Journal of Biotechnology , 2 , 477–493.

Ogunjimi, A. A., Chandler, J. M., Gooding, C. M., Recinos, A., and Choudary, P. V. (1999).

High-level secretory expression of immunologically active intact antibody from the yeast

Pichia pastoris. Biotechnology Letters, 21 , 561–567.

Okello, E. (2010). Monitoring and prevention of enterotoxigenic and shigatoxin producing

Escherichia col i infection of piglets in Uganda. Vrije Universiteit Brussel, België, 126

pp.

Parvari, R., Avivi, A., Lentner, F., Ziv, E., Tel-Or, S., Burstein, Y., and Schechter, I.

(1988). Chicken immunoglobulin gamma-heavy chains: limited VH gene repertoire,

combinatorial diversification by D gene segments and evolution of the heavy chain locus.

The EMBO journal , 7 , 739–44.

Porro, D., Sauer, M., Branduardi, P., and Mattanovich, D. (2005). Recombinant protein

production in yeasts. Molecular Biotechnology , 31 , 245–260.

187



Chapter 6

Potgieter, T. I., Cukan, M., Drummond, J. E., Houston-Cummings, N. R., Jiang, Y., and

Li, F. (2009). Production of monoclonal antibodies by glycoengineered Pichia pastoris.

Journal of Biotechnology , 139 , 318–325.

Powers, D. B., Amersdorfer, P., Poul, M. A., Nielsen, U. B., Shalaby, M. R., Adams, G. P.,

Weiner, L. M., and Marks, J. D. (2001). Expression of single-chain Fv-Fc fusions in

Pichia pastoris. Journal of Immunological Methods, 251 , 123–135.

Schmidt, F. (2004). Recombinant expression systems in the pharmaceutical industry. Applied

Microbiology and Biotechnology , 65 , 363–372.

Spohner, S. C., Müller, H., Quitmann, H., and Czermak, P. (2015). Expression of enzymes

for the usage in food and feed industry with Pichia pastoris. Journal of Biotechnology ,

202 , 118–134.

Sreekrishna, K., Brankamp, R. G., Kropp, K. E., Blankenship, D. T., Tsay, J. T., Smith,

P. L., Wierschke, J. D., Subramaniam, A., and Birkenberger, L. A. (1997). Strategies

for optimal synthesis and secretion of heterologous proteins in the methylotrophic yeast

Pichia pastoris. Gene, 190 , 55–62.

Teh, S. H., Fong, M. Y., and Mohamed, Z. (2011). Expression and analysis of the glycosylation

properties of recombinant human erythropoietin expressed in Pichia pastoris. Genetics

and Molecular Biology , 34 , 464–470.

Thompson, C. A. (2010). FDA approves kallikrein inhibitor to treat hereditary angioedema.

American Journal of Health-System Pharmacy , 67 , 93.

Tschopp, J. F., Brust, P. F., Cregg, J. M., Stillman, C. A., and Gingeras, T. R. (1987).

Expression of the lacZ gene from two methanol-regulated promoters in Pichia pastoris.

Nucleic Acids Research, 15 , 3859-3876.

Wang, J., Wang, X., Shi, L., Qi, F., Zhang, P., Zhang, Y., Zhou, X., Song, Z., and Cai, M.

(2017). Methanol-independent protein expression by AOX1 promoter with trans-acting

elements engineering and glucose-glycerol-shift induction in Pichia pastoris. Scientific

Reports, 7 , 41850.

Wang, X., Cai, M., Shi, L., Wang, Q., Zhu, J., Wang, J., Zhou, M., Zhou, X., and Zhang,

Y. (2016). PpNrg1 is a transcriptional repressor for glucose and glycerol repression

of AOX1 promoter in methylotrophic yeast Pichia pastoris. Biotechnology Letters, 38 ,

291–298.

188



Chapter 6

Wegner, G. H. (1990). Emerging applications of the methylotrophic yeast. FEMS Microbiology

Reviews, 87 , 279–284.

Weinacker, D., Rabert, C., Zepeda, A. B., Figueroa, C. A., Pessoa, A., and Faŕıas, J. G.
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6.6 Appendix

Appendix 6.1. Secretion of chimeric antibodies by different P. pastoris X-33 clones at

different time points. Samples were taken before methanol induction (D0) and 6 consecutive

days after induction (D1-D6). The chicken IgA chimeric antibodies Nb5-IgA (A), 2Flag8-IgA

(D) and Nb22-IgA (F), were detected by ELISA with anti-chicken IgA conjugated to HRP.

The presence of chicken IgY antibodies Nb5-IgY (B), Nb23-IgY (C) and 2Flag-IgY (E) was

analysed using anti-chicken IgY conjugated to HRP. As a negative control the supernatant of

wild-type P. pastoris was utilised and the error bars represent the standard deviation.
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General discussion and future

perspectives

Broilers, in which Campylobacter mainly colonizes the intestinal tract (Newell and Fearnley,

2003), are the most common source of Campylobacter infection in industrialised countries.

Measures for the prevention or reduction of Campylobacter colonization in broilers are the

most effective, since they influence the following steps of the chicken food chain, such as

slaughter and consumption (Meunier et al., 2016; Wagenaar et al., 2006). Rosenquist et al.

(2003) showed that a reduction of 2log10-3log10 of the caecal colonization can lead to a

reduced hazard for human infections. Apart from biosecurity measures, no other approaches

are commercially available. During the first two to three weeks after hatching, broilers are

protected against Campylobacter colonization by the presence of Campylobacter -specific

maternal antibodies. Protection ultimately ceases, which leads to a rapid spread of

Campylobacter within the broiler flock by horizontal transmission, by the faecal-oral route,

through feed and water (Lee and Newell, 2006). Effective transmission causes a high

prevalence of Campylobacter in broilers at slaughter age, typically at an age of six to seven

weeks, leading to a high risk of carcass contamination (Lin, 2009). The protective effect of

the maternal antibodies against Campylobacter may be prolonged by passive immunization

or vaccination of poultry. However, the young age at which broilers are slaughtered and the

time needed to induce antibody production in case of vaccination complicate the development

of an effective vaccine (de Zoete et al., 2007; Sahin et al., 2003).
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7.1 Anti-Campylobacter nanobodies for the potential control

of colonization

The research done in this PhD thesis lays the foundation for the development of a passive

immunization strategy, based on the use of anti-Campylobacter nanobodies. Previous

studies have already shown the potential of passive immunization in the battle against

Campylobacter colonization. In 1990, the study of (Stern et al., 1990) already indicated

that anti-Campylobacter antibodies inhibited caecal colonization in chickens. Since then,

passive immunization of chickens with flagella-specific antibodies and with egg yolks, rich in

anti-Campylobacter IgY, from C. jejuni -hyperimmunized hens, have shown to diminish the

colonization of chickens (Al-Adwani et al., 2013; Hermans et al., 2014; Riazi et al., 2013).

Nanobodies have high stability, solubility and specificity and they can easily be expressed in

microbial expression systems (Muyldermans et al., 2009). This makes their use in therapeutics

and diagnostics interesting. To obtain a nanobody library, an alpaca was immunized with

C. jejuni KC40 bacteria and the panning was performed against an outer membrane extract.

The objective was to isolate nanobodies against different outer membrane proteins. Especially

the C. jejuni colonization-associated factors, such as CadF, MOMP, flagella, FlpA and CmeC,

are interesting targets since they are involved in motility, adhesion, invasion and survival

(Al-Adwani et al., 2013; Cordwell et al., 2008; Watson et al., 2014). However, it was shown

that all the nanobodies isolated in this study, after panning with an outer membrane extract,

were directed against the MOMP. This finding can be explained by the abundance of MOMP

in the proteome of the Campylobacter bacteria and its strongly immunogenic character.

MOMP is present in all the C. jejuni isolates tested so far. For significant heterologous

protection, a common antigen for vaccine development is important (Blaser et al., 1983;

Huang et al., 2007). The observations, that the adherence of C. jejuni is reduced in the

presence of anti-MOMP antibodies and that immunization of mice with recombinant MOMP

results in protection against colonization by heterologous Campylobacter strains, confirm the

possibility to use the MOMP as a target (Al-Adwani et al., 2013; Islam et al., 2010). Since

flagella were also identified as important virulence factors and a potential target for vaccine

development (Riazi et al., 2013; Ueki et al., 1987; Yeh et al., 2013) nanobodies targeting the
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flagellins were later isolated in this study.

Anti-Campylobacter nanobodies belonging to different families were screened for the

binding to different Campylobacter isolates. This is important for the development of a

cross-protective immunization strategy since chickens can be contaminated with a variety

of Campylobacter strains (Denis et al., 2008). C. coli and C. jejuni isolates from poultry

and their environment were used, as well as C. jejuni strains isolated from the faeces of

human patients. The nanobodies with a broad specificity can be expected also to interact

with relevant pathogenic strains. Available sequence typing results confirmed that isolates

belonging to different sequence types and different clonal complexes were used (Hermans et

al., 2014; Najdenski et al., 2008) (personal communication Dr. D. Martiny). Two major

epidemiological lineages, CC21 and CC45 (Habib et al., 2009, 2010; Oh et al., 2015), and the

emerging CC464 lineage (Cha et al., 2016; Mikulić et al., 2016) are present in the isolates

used in this study. The diversity of the isolates that were used, is also clear from the sequence

alignment of the MOMP-encoding gene, porA.

The nanobodies were shown to bind with native MOMP, but not with denatured proteins,

in ELISA and western blot, confirming that the nanobodies bind to conformational epitopes.

Previous studies have shown that the anti-MOMP antibodies present in infected chickens

are mostly targeting conformational epitopes (Huang et al., 2007; Q. Zhang et al., 2000).

Immunofluorescence visualised the binding of the His-tagged anti-MOMP and anti-flagellin

nanobodies to different Campylobacter isolates. The anti-MOMP nanobodies were used

in a competitive binding experiment, to determine whether they can inhibit each other′s

binding. Therefore, the binding of His-tagged Nb84 to MOMP was assessed in the presence

of strep-tagged anti-MOMP nanobodies. The results showed that the six nanobodies binding

to all the tested Campylobacter strains were competing with each other and that these

nanobodies could not bind to their antigen simultaneously. The nanobodies bind to the same

or overlapping epitopes or possibly the binding of one nanobody results in conformational

changes so that the second nanobody can no longer interact. The results also indicated

that three nanobodies (Nb32, Nb34 and Nb45) did not interfere with the binding of Nb84 to

purified MOMP proteins. These nanobodies, therefore, interact with different non-overlapping

epitopes. When all the nanobodies were screened for their binding to the C. jejuni chicken
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isolates, it was clear that especially Nb32 and Nb34 had a less broad specificity than the

other nanobodies. These results were a first indication that these nanobodies bind different

epitopes.

The specific epitopes of the nanobodies were not determined in this study. The MOMP

consists of conserved β-strands, embedded in the outer membrane, and surface-exposed loops.

Amino acid sequence alignment of the porA gene of all the Campylobacter isolates used in

this study confirmed that the transmembrane domains are highly conserved, while most of

the sequence divergence is present in the loops. Loop 4 showed most sequence diversity and

variation in length, which is consistent with the literature (Cody et al., 2009). Loops 3 and

6 are the most conserved amongst the analysed strains. Based on these sequences, both

loops are potential candidates to contain epitopes recognized by the nanobodies with a broad

specificity. Nanobodies that can be used as effective vaccines should target a wide range of

Campylobacter isolates. Therefore, the sequence consistency in these loops was confirmed for

over 2000 sequences for Loop 6 and over 600 for Loop 3. In an attempt to determine the

epitopes on the MOMP of the nanobodies, an X-ray crystallography experiment was set-up

with MOMP-Nb complexes. Only non-diffracting crystals were obtained during this study.

For identifying the epitopes of the nanobodies, mutants of the MOMP can be made with

which the nanobodies fail to interact. The design of MOMP mutants in Campylobacter can

be complicated by the fact that the MOMP is an essential porin and mutations can have an

effect on its activity. However, recombinant MOMP can efficiently be expressed in E. coli

(Huang et al., 2007).

An advantage of nanobodies is their modularity, they can easily be used as building block

in fusion construct. Multivalent nanobody constructs can also be created by the linkage of

nanobodies recognizing the same or different epitopes, which may result in higher avidity.

Alternatively, lactic acid bacteria can be used for the anchoring of nanobodies on their cell

surface (Holliger and Hudson, 2008; Pant et al., 2006; Steeland et al., 2016; Steidler et al.,

1998). In this PhD thesis, we describe the construction of bivalent constructs, by fusing

a nanobody to the Fc-domain of chicken immunoglobulins, and the attempt to express the

anti-Campylobacter nanobodies on the cell surface of L. lactis bacteria, to obtain multivalence.
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7.2 Is the surface expression of nanobodies sufficiently

efficient for passive immunization of chickens?

Lactic acid bacteria are suitable for the delivery of proteins, such as nanobodies, to the mucosa

of the gastro-intestinal tract. The mostly used species are Lactococcus and Lactobacillus. The

presentation of the nanobodies on the cell surface should lead to multiple antigen binding

sites (Lukić et al., 2012; Michon et al., 2016; Pant et al., 2006; Shaw et al., 2000). For

the covalent linking of the anti-Campylobacter nanobodies to the cell surface of L. lactis,

the anchor domain of protein A of S. aureus was used. An anti-VHH polyclonal serum

showed efficient binding with purified nanobodies and was therefore used for the detection

of the nanobodies on the surface of the L. lactis clones. These results indicated that only

a low amount of nanobodies was present on the cell surface of L. lactis and this result was

confirmed with anti-protein A. Two major factors in the efficient anchoring of recombinant

proteins are the expression and the secretion. For expression in Lactococcus, the constructs

were first made in E. coli under the control of different strong constitutive promoters from

L. lactis. Only with the clpC promoter colonies with the desired constructs could be obtained

in E. coli . High expression of the Nb-protein A fusions can possibly lead to saturation of the

secretion system, resulting in stress, reduced growth and proteolytic degradation (Michon et

al., 2016). A FACS experiment was performed to determine the percentage of the L. lactis

cells expressing the nanobodies above a certain detection limit. A maximum percentage of

2% was measured. Agglutination of Campylobacter bacteria was observed in the presence of

nanobodies multimerized on magnetic beads. It was conceivable that nanobody multimers on

the L. lactis bacteria would have the same effect. However, the nanobody-expressing bacteria

did not agglutinate C. jejuni KC40 bacteria. It is possible that the few nanobodies expressed

on the surface of L. lactis are not sufficient for efficient binding with the Campylobacter

bacteria. All these results confirm the low expression and are a plausible explanation of the

absence of an in vivo effect on the colonization of chickens by Campylobacter.
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7.3 A. thaliana seeds expressing chimeric antibodies

Alternatively, for the multimerization of the nanobodies on the bacterial surface, chimeric

antibodies were constructed. The anti-MOMP and anti-flagellin nanobodies were anchored

to the Fc-domain of chicken IgA and IgY, two important immunoglobulins in the avian

immune system (Carlander et al., 1999). The addition of the Fc domain results in several

advantages. Bivalent constructs are obtained, an effector function is provided and the presence

of an Fc region leads to a prolonged half-life, which extends its therapeutic efficacy (Beck

and Reichert, 2011). For the production of these fusion constructs, eukaryotic expression

systems are preferred, because of post-translational glycosylation that is needed to assemble

the chimeric antibodies. We produced the Nb-Fc chimeric antibodies in N. benthamiana

leaves, A. thaliana seeds and the yeast P. pastoris.

The chimeric anti-MOMP and anti-flagellin antibodies were first transiently expressed in

N. benthamiana leaves. In case of transient expression in leaves, heterologous proteins can

be harvested after a week. Here a small-scale experiment was carried out to confirm that the

proteins could be expressed in plants, preceding the stable expression in Arabidopsis seeds.

The expression vector (pEAQ-HT -DEST) contains the P19 gene to suppress gene silencing

and a modified viral 5′-untranslated region, making high accumulation levels possible. The

obtained concentrations were not measured, but since no clear corresponding band was visible

on the Coomassie-stained gel after SDS-PAGE and since the more sensitive ECL method was

required for the development of the western blot, it was concluded that no high concentrations

were expressed in the infiltrated leaves. The antibodies in the leaf extracts also showed clear

proteolytic degradation.

Successful stable expression of our nanobody fusion constructs in A. thaliana was achieved

under the control of the strong β-phaseolin promoter, leading to stable storage in seeds

(Sainsbury et al., 2009). Less proteolysis was observed in seeds than in leaves. The presence

of the KDEL-tag, retains the proteins in the endoplasmic reticulum. The C-terminal tag

contributes to protein stability, reduced proteolysis and higher accumulation. Recombinant

proteins retained in the endoplasmic reticulum have high-mannose N-glycans, comparable

with structures found in mammals (Gomord et al., 2005; Sriraman et al., 2004; Van
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Droogenbroeck et al., 2007). Chimeric antibodies, directed against MOMP and flagellins,

were stably expressed in A. thaliana seeds. Multiple A. thaliana transformants were obtained

for every chimeric antibody construct, via the floral dip method. An average transformation

efficiency of the T1 plants of 1.5% was observed, comparable with efficiencies observed in

the literature (Ghedira et al., 2013; Martinez-Trujillo et al., 2004; X. Zhang et al., 2006).

After selfing of the T1 plants, homozygous lines were obtained for the anti-MOMP chimeric

antibodies. The expression in seeds of transformed plants was analysed for the highest

producers. The IgA chimeric antibodies accumulated between approximately 1% and 4% of

the total soluble protein. These percentages correspond to approximately 2-8 mg chimeric

antibodies per g of seeds. For the IgY constructs, a concentration corresponding to 8% of the

TSP (16 mg chimeric antibodies per g of seeds) were produced. The results show a better

yield of the IgY chimeric antibodies than of the IgA constructs. The yield is also determined

by the nanobody, since the production of the Nb23 constructs was twice the amount of the

Nb5 constructs.

Similar yields have already been obtained in the literature. The production of scFv fragments

in seeds resulted in 36.5% of the TSP, while fusion of the same construct to an Fc-region only

led to an accumulation of 10% of the TSP (De Jaeger et al., 2002; De Wilde et al., 2013;

Peeters et al., 2001; Van Droogenbroeck et al., 2007, 2009).

The segregating T2 plants with the highest expression of the chimeric antibodies were used

for the further selection of homozygous lines. A stable homozygous production line facilitates

upscaling in case larger amounts of seed are required and it has already been observed that

the amount of stored recombinant antibodies in their seeds increases because of the gene

dosage effect. De Buck et al. (2012) also expressed Nb-Fc constructs in A. thaliana seeds

and observed a doubling of the accumulation level in most T3 seeds in comparison with the

T2 seeds (De Jaeger et al., 2002). In this study, a homozygous plant line was obtained

expressing Nb23-IgA, from which the concentration was compared with the concentration in

the corresponding segregating T2 seeds. An increase as described in the literature is not

observed here, because the concentration of chimeric antibody in the segregating T2 and in

the homozygous T4 seeds is approximately equal.

Experiments with the T2 seed extracts confirmed the interaction of the anti-MOMP chimeric
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antibodies with purified proteins and bacterial cells of different Campylobacter isolates. The

binding of the anti-flagellin antibodies to flagellins, purified or on the surface of different

isolates, was initially analysed with the N. benthamiana leaf extract expressing fusions of

nanobodies 2Flag8, 2Flag24 and 2Flag67 with the Fc of chicken IgA, because the anti-flagellin

nanobodies were only obtained later in the project, as a result of which the transformation only

took place recently. In the meantime, T2 seeds expressing the anti-flagellin IgA constructs

were harvested and screened for expression. The positive plant lines will be used for further

seed production and selection of homozygotes in the future. The anti-flagellin extracts were

shown to reduce significantly the motility of C. jejuni KC40 in comparison with the extract of

wild-type Arabidopsis seeds that was used as a control. Riazi et al. (2013) used pentamers of

flagellin-specific nanobodies for the reduction of Campylobacter motility. It can be evaluated

whether an increased concentration of chimeric antibodies in seed extract leads to better

inhibition of the bacterial motility. The addition of the antibodies homogeneously to the

medium, leading to a continuous exposure of the bacteria to the antibodies, can have a larger

reducing effect on motility.

7.4 P. pastoris successfully secretes IgA chimeric antibodies

An alternative eukaryotic expression platform tested in this thesis was P. pastoris under

the control of the strong methanol inducible AOX1 promoter. The Nb5-, Nb22-, Nb23- and

2Flag8-IgA bivalent antibodies were expressed and secreted by this methylotrophic yeast in

complex medium (BMMY) after induction with methanol. No detectable or very low amounts

of the IgY antibodies, consisting of the nanobodies fused to the CH2-CH3-CH4 regions, were

present in the supernatant of the different tested P. pastoris clones. It is possible that the

fusion genes are not expressed by Pichia or that the chimeric antibodies are not optimally

secreted. This can be further studied by analysing the intracellular fraction on the presence

of the recombinant antibodies. The secretion of chicken IgY fusion antibodies by P. pastoris

was only reported in two published articles. Herein only the last two regions (CH3-CH4) of

the chicken Fc-domain are used (Dong et al., 2016; Wang et al., 2017).

P. pastoris is typically grown in the presence of a carbon source, such as glycerol or glucose,

for the production of biomass (Looser et al., 2014). The protocol followed in this study used
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glycerol. Subsequently, the glycerol has to be removed or must be completely depleted for

efficient induction of the AOX1 promoter by methanol. We analysed the influence of the

presence or absence of glycerol on the growth of P. pastoris clones and their secretion of

recombinant proteins. As expected, the yeast grew slower during the first 24 hours before

induction, when no glycerol was added to the medium as a carbon source. After one day,

methanol was added for induction of the expression. Comparable yields were obtained for

the clones grown in the absence of glycerol or the ones grown in the presence of glycerol, but

where the glycerol was removed before induction. This indicates that the initial difference

in growth rate has no effect on the production of our chimeric antibodies on a small scale.

However, when the residual amounts of glycerol were not removed before induction with

methanol, a reduced yield was observed. Glycerol is a known repressor of the AOX1 promoter

(Chiruvolu et al., 1997). This simplified procedure facilitates the medium-scale production

of the chimeric antibodies, because it eliminates the necessity to recover the yeast cell from

the initial glycerol-supplemented culture medium by centrifugation and to resuspend them in

induction medium with methanol. If larger volumes of P. pastoris are required in the future,

the effect of glycerol may be re-examined on a large scale. In a bioreactor, the growth can

be tightly regulated and the composition of the medium can be monitored and changed more

easily.

The presence of the chimeric antibodies in the supernatant was analysed by ELISA and

western blot. The western blot showed no or little degradation of the chimeric antibodies. As

expected, the western blot showed a band of approximately 55 kDa, however, an additional

band was visible at 100 kDa. The latter may indicate incomplete denaturation and show

that dimeric antibodies are formed. As with the seed extracts, the Pichia samples containing

2Flag8-IgA were used in a motility assay. A significant reduction of the motility was observed.

7.5 Comparison of the two eukaryotic expression systems and

future prospects

The presence of bivalent chimeric antibodies can possibly lead to agglutination, as the

multivalent anti-MOMP nanobodies were able to agglutinate Campylobacter bacteria, and
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the anti-flagellin antibodies can interfere with the motility. In the nearby future, the in vivo

effect of the antibodies on the colonization of chickens by C. jejuni KC40 will be analysed.

The concentration of the Nb5-IgA chimeric antibody, secreted by Pichia and expressed in

A. thaliana seeds, was comparable (15 µg/ml culture medium or 15 µg/10 mg seed). To

obtain 1 g of the chimeric antibodies, approximately 67 litre of the P. pastoris clones must

be grown and around 0.6 kg Arabidopsis seeds must be harvested.

For the passive immunization of chickens, oral administration via their feed is practically

the most feasible. One of the benefits of expression in seeds is the ease of storage at room

temperature, handling and transportation (Rademacher et al., 2009). The seeds will be

crushed before mixing in the chicken feed to obtain an homogenous mixture. Virdi (2012)

showed that their anti-E. coli antibodies, present in crushed A. thaliana seeds, were stable

for more than ten weeks at room temperature. Expression in A. thaliana is ideal as proof

of concept. If we want large scale production of the chimeric antibodies in seeds in a

cost-effective manner in the future, they will be expressed in seeds of crops with more efficient

seed production than A. thaliana. Commercial crops like maize, rapeseed and soybean are

preferred for bulk production (Bagheri et al., 2010; De Muynck et al., 2010; Rademacher et

al., 2008). Large amounts of P. pastoris can be grown and the supernatant containing the

chimeric antibodies will be concentrated before mixing with the chicken feed. On a small

scale, ammonium sulphate was used, however, on a large scale this method is not efficiently

applicable. Other possibilities are ultrafiltration and lyophilisation. The advantage of the

latter is that the resulting powder can be mixed dry with the feed. The western blot on

the supernatant of the Pichia cultures showed no degradation products. Low amounts of

endogenous proteins are secreted by Pichia, but extracellular proteases can be present or

intracellular proteases can be released as a consequence of cell lysis. The addition of casamino

acids or protease inhibitors may prevent proteolytic degradation (Sinha et al., 2005). Another

possibility is the use of protease deficient strains (Li et al., 2007).

Recombinant protein expression is attractive in both the P. pastoris supernatant and

A. thaliana seeds. Easy genetic manipulation is possible in both production platforms and

the absence of endotoxins and mammalian pathogens are an advantage for biosafety and

for therapeutic use (Pogue et al., 2010; Porro et al., 2005). The heterologous proteins
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produced in the eukaryotic systems are glycosylated, which is required for the functionality

and stability of the Fc-regions (Czajkowsky et al., 2012; Higel et al., 2016). The initial

N-glycosylation step in the endoplasmic reticulum is highly conserved between mammals,

plants and yeast. Like already mentioned, this leads to a mannose-type of glycosylation in

the seeds. In P. pastoris N-glycosylation is of the high-mannose type. The mannose side

chains are shorter in P. pastoris than in other yeasts like S. cerevisiae, making Pichia more

suitable for heterologous protein production (Baeshen et al., 2014; De Meyer et al., 2015;

Gomord et al., 2010; Strasser, 2016).

Chimeric antibodies can initially be obtained faster by production in P. pastoris than

in plants. When expressed in seeds, the selection of high expressing plant lines and the

identification of homozygotes take some time. Once these steps have taken place, future

upscaling is easy. It was also estimated that the production cost of both expression systems

is lower compared with mammalian cell cultures, but that the production in plants has the

lowest production cost (Chen et al., 2005). One of the major issues with expression in plants

are the strict regulations concerning GMOs (Genetically Modified Organisms). Production

in recombinant plants is at this moment impossible in Europe.
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Summary

Worldwide, Campylobacter is the most prevalent cause of foodborne infections in humans.

Observed symptoms range from diarrhoea to neurological disorders and have a severe health

burden as result. C. jejuni and C. coli are the two most common zoonotic species involved

in human infections. Chickens are their natural host and broilers are the primary source

for transmission. Infections are mostly due to consumption or handling of contaminated

poultry meat. Control strategies that impede the colonization of poultry by Campylobacter

can be effective in reducing Campylobacter -related infections in humans. Despite major

health issues and high societal costs associated with campylobacteriosis, efficient mitigation

is not available and therefore novel control measures are required. Passive immunization

was shown to be effective against bacterial infection. The administration of immune egg

yolks of hens immunized with C. jejuni, resulted in a reduction of C. jejuni bacteria in the

caeca and the transmission to non-colonized broilers. In this context, we developed a passive

immunization strategy using Campylobacter -specific nanobodies that has the potential to

control colonization of chickens.

Initially, we isolated nanobodies directed against Campylobacter, using the phage display

technology. Broad specificity of the nanobodies is interesting for wide protection, as broilers

can be colonized by multiple Campylobacter strains. The selected broad specific nanobodies

were shown to bind with surface-exposed proteins of C. jejuni and C. coli strains isolated from

poultry and human patients. Nanobodies targeting the flagella and the major outer membrane

protein (MOMP) were identified. Both are C. jejuni colonization-associated factors, involved

in virulence. Flagella are required for motility and the MOMP is essential for viability and

contributes to adhesion to host cells. The latter, the immunodominant character and the

fact that MOMP is abundantly present in all Campylobacter strains, make the MOMP an
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interesting target for vaccine development.

Nanobodies multimerized on magnetic beads agglutinate C. jejuni cells, which demonstrates

that multimeric nanobodies can possibly promote clearance of the bacteria in vivo. Different

methods for the multimerization of the nanobodies were evaluated. The nanobodies with the

broadest host specificity were expressed on the surface of Lactococcus lactis bacteria. The

aim was to use these bacteria in a passive immunization experiment to prevent C. jejuni

infection or to drastically reduce the C. jejuni count in colonized chicken. However, no

efficient surface display and in vivo effect were observed. A more successful strategy was

the fusion of two nanobodies to the effector domains of chicken immunoglobulins. Hereby,

the benefits of a nanobody are combined with a bivalent character and an increased half-life,

which is interesting for therapeutic purposes. The chimeric anti-Campylobacter antibodies

were expressed in Arabidopsis thaliana seeds and in the yeast Pichia pastoris. Both expression

platforms were used for the production of chimeric antibodies and their interaction with

Campylobacter bacteria was confirmed. A reducing effect on the in vitro motility of C. jejuni

was shown with the chimeric anti-flagellin antibodies. The work described in this study,

forms the basis for the development of a passive immunization approach for the protection of

chickens against Campylobacter colonization.
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Samenvatting

Wereldwijd is Campylobacter de meest voorkomende oorzaak van voedselinfecties bij de

mens. Ziektesymptomen variëren van diarree tot neurologische aandoeningen en infecties

veroorzaken aanzienlijke gezondheidsproblemen. C. jejuni en C. coli, zijn de twee meest

voorkomende zoönotische Campylobacter soorten die infecties veroorzaken bij de mens.

Kippen zijn hun natuurlijke gastheer en vleeskuikens zijn de primaire bron voor transmissie.

Infecties zijn meestal te wijten aan consumptie of verwerking van besmet kippenvlees.

Bestrijdingsstrategieën, die de kolonisatie van pluimvee door Campylobacter belemmeren,

kunnen effectief zijn voor de reductie van het aantal Campylobacter -gerelateerde infecties bij

de mens. Ondanks grote gezondheidsproblemen en hoge maatschappelijke kosten ten gevolge

van campylobacteriosis, zijn efficiënte bestrijdingsmethoden niet beschikbaar en daarom

zijn nieuwe controlemaatregelen vereist. Vorige studies toonden het potentieel van passieve

immunisatie tegen bacteriële infecties reeds aan. De toediening van immune eierdooiers

van hennen geımmuniseerd met C. jejuni, resulteerde in een reductie van het aantal C.

jejuni bacteriën in de caeca en van de transmissie naar niet-gekoloniseerde kuikens. In

deze context hebben we een strategie voor passieve immunisatie ontwikkeld, met behulp

van Campylobacter -specifieke nanobodies. Deze strategie kan potentieel de kolonisatie van

kippen onder controle houden.

Nanobodies gericht tegen Campylobacter, werden met behulp van de faagdisplay technologie

geısoleerd. Aangezien slachtkuikens gekoloniseerd kunnen worden door meerdere

Campylobacter stammen, zijn nanobodies met een brede specificiteit interessant. Er werd

aangetoond dat de geselecteerde nanobodies binden aan oppervlakte-antigenen van C. jejuni

en C. coli stammen, geısoleerd uit kippen en gëınfecteerde patiënten. Nanobodies gericht

tegen de flagellen en het major outer membrane protein (MOMP), werden geıdentificeerd.
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Beide zijn C. jejuni kolonisatiegeassocieerde factoren, betrokken bij virulentie. Flagella zijn

essentieel voor motiliteit en het MOMP is een levensnoodzakelijk proteıne, dat betrokken

is bij adhesie aan de gastheercellen. Deze functies, het immunodominante karakter en zijn

abundante aanwezigheid in alle Campylobacter stammen, maken het MOMP een interessant

target voor vaccinontwikkeling.

Na multimerisatie van de nanobodies op magnetische beads, agglutineren deze C. jejuni

bacteriën. Agglutinatie kan in vivo de verwijdering van de bacteriën bevorderen.

Verschillende methoden voor multimerisatie van de nanobodies werden onderzocht.

De nanobodies met de breedste specificiteit werden tot expressie gebracht op het oppervlak

van Lactococcus lactis bacteriën. Het doel was om deze bacteriën te gebruiken in een

passief immunisatie experiment, om C. jejuni kolonisatie te voorkomen of te reduceren.

Er werd echter geen efficiënte oppervlakte-expressie en in vivo effect waargenomen. De

meest succesvolle strategie was de fusie van twee nanobodies met de effectordomeinen van

kippen immunoglobulinen. Hierbij worden de voordelen van een nanobody gecombineerd

met een bivalent karakter en een verhoogde halfwaardetijd, dit is belangrijk wanneer ze

gebruikt worden voor therapeutische doeleinden. De recombinante anti-Campylobacter

antilichamen werden tot expressie gebracht in zaden van Arabidopsis thaliana en in de gist

Pichia pastoris. Beide werden gebruikt voor de productie van de recombinante antilichamen

en de interactie van deze antilichamen met Campylobacter bacteriën werd bevestigd. Met de

recombinante anti-flagelline antilichamen werd een reducerend effect op de in vitro motiliteit

aangetoond. Het onderzoek beschreven in deze studie, vormt de basis voor de ontwikkeling

van een passieve immunisatiestrategie voor de bescherming van kippen tegen Campylobacter

colonisatie.
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