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Abstract

Campylobacteriosis is a widespread infectious disease, leading to a major health and eco-
nomic burden. Chickens are considered as the most common infection source for humans.
Campylobacter mainly multiplies in the mucus layer of their caeca. No effective control mea-
sures are currently available, but passive immunisation of chickens with pathogen-specific
maternal IgY antibodies, present in egg yolk of immunised chickens, reduces Campylobac-
ter colonisation. To explore this strategy further, anti-Campylobacter nanobodies, directed
against the flagella and major outer membrane proteins, were fused to the constant domains
of chicken IgA and IgY, combining the benefits of nanobodies and the effector functions of
the Fc-domains. The designer chimeric antibodies were effectively produced in leaves of
Nicotiana benthamiana and seeds of Arabidopsis thaliana. Stable expression of the chime-
ric antibodies in seeds resulted in production levels between 1% and 8% of the total soluble
protein. These in planta produced antibodies do not only bind to their purified antigens but
also to Campylobacter bacterial cells. In addition, the anti-flagellin chimeric antibodies are
reducing the motility of Campylobacter bacteria. These antibody-containing Arabidopsis
seeds can be tested for oral passive immunisation of chickens and, if effective, the chimeric
antibodies can be produced in crop seeds.

Introduction

The incidence of campylobacteriosis has been increasing in the last years in both the developed
and the developing world [1,2]. The majority of the human infections are caused by Campylo-
bacter jejuni and Campylobacter coli, and broilers, where Campylobacter mainly colonises the
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intestinal tract [3], are the most common source of infection in industrialised countries. Symp-
toms of Campylobacter infection are diarrhoea, headache and fever and are mostly self-limiting
[4,5]. In some cases, the infection has more severe consequences, like other gastrointestinal ill-
nesses such as inflammatory bowel disease, colorectal cancer and the autoimmune diseases
Guillain-Barré and Miller Fisher [1]. Colonisation of broilers by Campylobacter is typically
asymptomatic [6]. During the first two to three weeks after hatching, broilers are protected
against Campylobacter colonisation by the presence of Campylobacter-specific maternal anti-
bodies. Sahin et al. [7] demonstrated the contribution of maternal antibodies to the absence of
Campylobacter bacteria in chicks. Protection ultimately ceased, which led to a rapid spread of
Campylobacter within the broiler flock by horizontal transmission, by the faecal-oral route,
through feed and water [8]. 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 [9]. Successful protection of broilers against Campylobacter is needed
and passive immunisation-based strategies are promising for colonisation control [7,10].
Reduction of the Campylobacter load in the chicken caecum should result in a decrease of the
number of human infections [11]. Because no efficient control strategies are available, the
potential of novel methods needs more thorough exploration [9,12]. The use of antibiotics in
animal feed to control colonisation leads to the rise of resistant strains [13]. 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 [7,14]. However, previous
studies have shown the potential of passive immunisation. Reduction of the C. jejuni count in
the caeca of infected chickens was observed after feeding egg yolks, rich in IgY, from C. jejuni-
immunised hens [10,15].

Nanobodies (Nb), the antigen-binding domains of camelid heavy-chain antibodies, possess
several advantageous characteristics, which make their use as diagnostics and therapeutics
interesting. Nanobodies show high affinity, specificity and stability and they can remain func-
tional under harsh chemical and thermal conditions [16]. Because of their extended comple-
mentarity determining region 3 (CDR3), they have the capability of binding to buried epitopes
and recognising a broader range of epitopes on the antigen [17]. However, single nanobodies
are monovalent and are rapidly cleared from the host. These disadvantages can be circum-
vented by the fusion of nanobodies to the Fc-domain of an immunoglobulin, combining the
benefits of a nanobody with an effector function. This leads to multiple valences, which makes
agglutination of the bacteria possible [18]. Fusion of the nanobodies to the Fc-domain will lead
to an extended half-life in vivo, by an increase in size and interaction with Fc-receptors [19,20]
and could result in lowering the doses required for therapeutic treatment [21]. Another advan-
tage of the Nb-Fc constructs is that the fusions are encoded by only one gene. In case of classi-
cal antibodies, the genes encoding the light and the heavy chain must be co-expressed [22].

Virdi et al. [23] successfully used nanobodies, generated against the F4-fimbriae of entero-
toxigenic E. coli (ETEC), fused to the Fc-domain of pig IgA, for the passive vaccination of pig-
lets against ETEC infections. The chimeric antibodies were expressed in Arabidopsis thaliana
seeds and administered to the piglets via their feed. Bacterial colonisation was significantly
reduced after challenge with an F4-positive ETEC strain. Expression in plants of recombinant
proteins is cost-effective and can easily be scaled-up. Correct folding and the desired post-
translational modifications are commonly achieved [24]. Production of recombinant proteins
in seeds allows stable storage for long periods [25]. 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 [26].

In this study, a strategy similar to that used by Virdi et al. [23] was followed to produce anti-
bodies that can be applied for passive immunisation of broilers against Campylobacter, by
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means of chimeric antibodies expressed in seeds of A. thaliana. Campylobacter-specific nano-
bodies directed against the major outer membrane protein (MOMP) [27] and flagella, both
important virulence factors, were selected. The MOMP is crucial for the viability of the bacte-
rial cells and is involved in adhesion to intestinal cells, whereas flagella are essential for motil-
ity, colonisation and pathogenesis [28-30]. These nanobodies were fused to the constant
domains of chicken immunoglobulins (Ig). The major serum immunoglobulin of chickens is
IgY, whereas the antibody most abundantly found in the intestinal tract is IgA [31,32]. In this
study, the construction and expression of chimeric IgY and IgA antibodies is described. These
were transiently expressed in Nicotiana benthamiana leaves and stably in A. thaliana seeds,
under the control of the seed-specific B-phaseolin promoter. We show that these chimeric anti-
bodies recognise not only their respective target antigens but also the Campylobacter bacteria.

Materials and methods
Growth conditions of Campylobacter

C. jejuni KC40 [33] was grown on Nutrient Broth Nr.2 solidified with 1.5% agar (NB2,
CMO0067; Thermo Fisher Scientific) under microaerobic conditions (Oxoid CampyGen,
Thermo Fisher Scientific) for 48 hours at 42°C.

Purification of MOMP and flagella

MOMP was purified from a total membrane extract, essentially as described by Hobb et al.
and Bolla et al. [34,35]. Further purification was performed by anion-exchange chromatogra-
phy, using a Resource Q column (GE Healthcare Life Sciences). The latter was equilibrated
with 20 mM sodium phosphate buffer pH 6.0 supplemented with 0.6% poly(ethylene glycol)
octyl ether (octyl-POE) and the extracted proteins were loaded on the equilibrated column. A
linear gradient to 1 M NaCl was used for elution. The eluted fractions were analysed by
SDS-PAGE and Coomassie blue staining. Pure fractions were dialysed against 20 mM sodium
phosphate buffer pH 7.6 with 0.6% octyl-POE. Flagellins were isolated from C. jejuni KC40 (S1
File), as described by Logan and Trust [36].

Isolation of nanobodies targeting Campylobacter

Nanobodies against the MOMP (Nb5 and Nb23) [27] and flagella (Nb2Flag8, Nb2Flag24 and
Nb2Flag67) of Campylobacter were obtained from a nanobody library by phage display [27,37]
(S2 File). A C-terminal histidine-tag was added to the nanobodies, by subcloning the nano-
body-encoding genes in the expression vector pHENG6c, a derivative of the pHENG6 vector [38].
The In-Fusion HD Cloning Kit (Takara Bio USA, Inc) was used for the introduction of the
nanobodies in the pHENG6c¢ vector, digested with Pstl and BstEIL. The nanobody-encoding
sequences were amplified with the primers IF-NB1 (5’ ~-TGGCCCAGGTGCAGCTGCAGGAGT
CTGGAG-3')and IF-NB2 (5’ -TGAGGAGACGGTGACCTGGGTCC-3" ). The reaction mix
was transformed into CaCl,-competent E. coli DH5a [39] and transformants were selected on
LB-agar plates with 100 pug/ml carbenicillin. The expression vector from positive transformants
was introduced in E. coli WKE6 for expressing the nanobodies. The bacterial cells were grown
in the presence of carbenicillin (100 pg/ml) at 37°C. When an ODggp nm 0.6—0.8 was reached,
the addition of 1 mM isopropyl B-D-1 thiogalactopyranoside (Thermo Fisher Scientific) led to
the expression of the nanobodies. After overnight incubation, a periplasmic extract was pre-
pared and the His-tagged nanobodies were further purified by nickel-affinity chromatography.
Therefore, the sample in 20 mM Tris-HCI, 1M NaCl, pH 8.0 was loaded on a HisTrap HP
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column (GE Healthcare Life Sciences) and nanobodies were eluted using a linear gradient to 1
M imidazole. Finally, pure fractions were stored at -20°C in phosphate-buffered saline (PBS).

Thermal and pH stability of nanobodies

The stability of the nanobodies under different pH conditions was confirmed using SYPRO
orange dye with the Thermofluor assay [40]. The details of the experimental approach are
extensively described in S3 File.

Fusion of Campylobacter-specific nanobodies to the constant domain of
chicken antibodies

Synthetic genes were designed for the fusion of Nb5 to the Fc-domain of chicken IgA [41] and
the constant domains of chicken IgY [42], in which the codon usage is optimized for expres-
sion in plants (54 File). 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 (His) and a KDEL signal were added (Fig
1). The latter is necessary for retention in the lumen of the endoplasmic reticulum. The attach-
ment 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 pPDONR221 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 BstEIIL For the amplification of the nanobody-encoding
sequences, the primers T-NbS1 and T-NbS2 were used (54 File). In-Fusion cloning was subse-
quently applied for the insertion of the sequences encoding Nb23, also directed against the
MOMP, and V1, against the F4-fimbriae of enterotoxigenic E. coli [23], that was used as a con-
trol. The anti-flagellin nanobodies (Nb2Flag8, Nb2Flag24 and Nb2Flag67) were similarly fused
to the Fc-domain of IgA.

Transient expression in N. benthamiana leaves

For transient expression, the plasmid pEAQ-HT-DEST1 (43) was used. The entry clones were
introduced in this vector using an LR reaction (Gateway Technology). The resulting clones
(Table 1) were transformed via electroporation in A. tumefaciens LBA4404 [44,45]. The A.
tumefaciens strains were subsequently used for the infiltration of N. benthamiana leaves [46].
One week later, the infiltrated areas of the leaves were harvested and protein extracts were pre-
pared as described [46].

Stable expression in A. thaliana seeds

For stable expression in seeds, the entry clones were inserted in the Gateway-compatible
pPhasGW vector (Table 1), via an LR reaction. In the T-DNA, the chimeric genes are under
the control of the strong seed-specific f-phaseolin promoter. The T-DNA also encodes the
kanamycin resistance gene nptIl, allowing selection of transformed plants (Fig 1). The result-
ing clones were subsequently transformed via electroporation [45] in A. tumefaciens C58C1
Rif® (pMP90) [48]. A. thaliana Columbia (Col-0) plants were transformed with A. tumefaciens
C58C1 Rif® (pMP90) harbouring the corresponding constructs in the pPhasGW vector
(pGV5768, pGV5774, pGV5772, pGV5778, pGV5770 and pGV5776) (Table 1) via the floral
dip method [49].

Samples (about 10 mg) of the obtained T1 seeds were surface-sterilized by washing with
70% ethanol for 2 minutes, followed by incubation in commercial bleach solution (10°Chl)
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Fig 1. T-DNA construct used for the expression of the chimeric antibodies. (LB) left border, (3’OCS) octopine synthase terminator, (nptII) neomycin
phosphotransferase II gene, (Pnos) nopaline synthase promoter, (Pphas) B-phaseolin promoter, (attB1 & attB2) attachment sites for Gateway recombination, (2S2)
signal peptide of the 252 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.

https://doi.org/10.1371/journal.pone.0204222.9001

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
[46] supplemented with Timentin (160 pg/ml), nystatin (50 ug/ml) and kanamycin (50 pg/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 pro-
duction by spontaneous self-pollination.

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 nega-
tive control, protein extractions were performed on seeds of untransformed A. thaliana
Columbia plants.

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

Table 1. The pEAQ-HT-DEST1 and pPhasGW expression plasmids encoding nanobodies fused to the constant
domains of IgA or IgY.

Plasmid Characteristics

pEAQ-HT pEAQspecialK with CPMV-HT cassette [43]
pEAQ-HT-DEST1 Gateway-compatible pEAQ-HT destination vector [43]

pGV5689 pEAQ-HT-DESTI + Nb5-IgY

pGV5679 pEAQ-HT-DESTI + Nb5-IgA

pGV5923 pEAQ-HT-DESTI + Nb2Flag8-IgA

pGV5925 pEAQ-HT-DESTI + Nb2Flag24-IgA

pGV5927 pEAQ-HT-DEST1 + Nb2Flag67-IgA

pPhasGW Gateway-compatible vector [47]

pGV5774 pPhasGW + V1-IgY

pGV5768 pPhasGW + V1-IgA

pGV5772 pPhasGW + Nb5-IgY

pGV5778 pPhasGW + Nb5-IgA

pGV5776 pPhasGW + Nb23-IgY

pGV5770 pPhasGW + Nb23-IgA

https://doi.org/10.1371/journal.pone.0204222.t001
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seeds were resuspended in extraction buffer (50 mM NaH,PO, 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/pl extraction buffer). The suspension was centrifuged
at 20000 g for 5 minutes at 4°C and the supernatant was mixed with glycerol (final concentra-
tion 20% v/v) and stored at -20°C.

ELISA

Seed extracts of independent A. thaliana transformants, 100 ul of a 1/20 dilution, were coated
in 96-well plates in coating buffer (150 mM Na,CO3;, 46 mM NaHCOj3). Overnight incubation
at 4°C was followed by five wash steps with PBS + 0.05% Tween-20. Then 200 ul 5% bovine
serum albumin (BSA) was added to each well and incubated for 2 hours at room temperature.
Subsequently, the wells were washed five times and 100 pl goat anti-Chicken IgA (1/5000) or
rabbit anti-Chicken IgY (1/1250), both conjugated to HRP (horseradish peroxidase) (Thermo
Fischer Scientific), was added to each well and incubated for 1 hour at room temperature. The
ELISA was developed by addition of TMB Substrate Solution (Thermo Fisher Scientific). The
reaction was stopped using 0.16 M H,SO, (100 pl/well) and the signal was read at 450 nm.

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 pg/ml.
Whole-cell ELISA was used to assess their interaction with C. jejuni KC40 bacteria. Bacteria
were grown on NB2 medium for 48 hours and harvested with PBS. The cells were pelleted at
3600 g for 15 minutes, resuspended in PBS and fixed by the addition of 2.5% (v/v, final concen-
tration) of methanol-stabilized 37% formaldehyde solution (Merck) and incubation at 42°C
for 100 minutes. Then the bacterial cells were pelleted, resuspended in coating buffer and the
ODggo was adjusted to 0.3 before coating. After blocking with 200 pl 5% BSA and washing
with PBS + 0.05% Tween-20, His-tagged nanobodies (50 pg/ml) or chimeric antibodies were
added. Bound His-tagged nanobodies were detected using mouse anti-histidine tag monoclo-
nal antibody (1/1000) (AbD Serotec) and goat anti-mouse IgG conjugated to alkaline phospha-
tase (AP) (1/5000) (Sigma-Aldrich). The ELISA was developed by adding 100 ul of developer
solution, 2 mg/ml para-nitrophenyl phosphate (p-NPP) in ELISA buffer (100 mM Tris-HCI,
pH 9.5, 5 mM MgCl,, 100 mM NaCl), and the OD was read at 405 nm. 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.

Western blotting

Protein extracts (200 pl) were TCA-precipitated and resuspended in 20 pl deionised water and
20 pl 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 polyvinylidene difluoride (PVDF) membrane, which was previously acti-
vated with methanol. The PVDF membrane was then washed five times with PBS + 0.2% Tri-
ton X-100 and incubated with blocking buffer (PBS + 10% milk powder) for 1 hour at 4°C.
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). The western blot was developed using the Pierce ECL Western Blotting Substrate.
Images were made with the Molecular Imager ChemiDoc XRS+ (Biorad).

Protein-protein interactions were detected by western blotting on native purified antigens
(5 uM). The samples were loaded on a 12.5% acrylamide gel in loading buffer without DTT
and running buffer composed of 14.4 g glycine, 3.03 g Tris and 0.250 g SDS per litre. Electro-
phoresis was followed by staining with Coomassie blue dye or transfer to a PVDF membrane.
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A 1/20 dilution of the extracts was used to examine the interaction with their antigen. Subse-
quently, the western blot was developed using goat anti-IgA (1/5000) or goat anti-IgY (1/1250)
conjugated to HRP (Abcam).

Immunofluorescence microscopy

C. jejuni bacteria were grown microaerobically on NB2 agar plates. After two days, the cells
were harvested with NB2 medium and fixed by the addition of 2.5% (v/v, final concentration)
of methanol-stabilized 37% formaldehyde solution (Merck). Afterwards, the cells were pelleted
and resuspended in PBS. Of the fixed bacterial cells, 10 pl was spotted on 0.1% poly-L-lysine-
treated glass slides and incubated for 15 minutes. The slides were treated with 5% BSA for 15
minutes and then 30 pl of anti-Campylobacter nanobodies (50 pg/ml) or undiluted seed extract
were added. After 1 hour incubation at room temperature, the bound His-tagged nanobodies
were detected using a mouse anti-histidine tag monoclonal antibody (1/200) (AbD Serotec)
and anti-mouse IgG conjugated to Alexa Fluor 488 (1/250) (Thermo Fisher Scientific).

The chimeric antibodies in the seed extracts were detected using goat anti-IgA (1/200) or
goat anti-IgY (1/200) (Abcam) and anti-goat IgG conjugated to Alexa Fluor 488 (1/250)
(Abcam). The antibodies were each time incubated for 30 minutes at room temperature. After
each step, the glass slides were washed with PBS. The nanobody V1 was used as a negative con-
trol (23). Images were acquired using an inverted epifluorescence microscope (Nikon Eclipse
TE2000-U) (Objective = 100x) and a FITC filter block.

Motility assay

A motility assay was performed with the chimeric antibodies. Seed extract containing anti-fla-
gellin chimeric antibodies (+ 50 pug/ml) (S1 Table) was pre-incubated with equal volumes of C.
jejuni KC40 (ODggp 0.3) for 1 hour at room temperature. Of the suspension, 10 pl 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 migration zone was measured.

Results
Design of chimeric genes encoding MOMP-recognising antibodies

Nb5 and Nb23 are directed against the MOMP and in a previous study it was shown that these
nanobodies have a broad host specificity, interacting with multiple Campylobacter strains [27].
The interaction of the nanobodies with different isolates was confirmed by immunofluores-
cence microscopy (S1 Fig). The latter makes them an interesting choice for the development of
chimeric antibodies. Bivalent nanobody constructs were obtained by the fusion of these nano-
bodies with the codon-optimised Fc-domain of IgA or the constant domains of IgY. Similar
constructs, with the anti-E. coli nanobody V1, were made as controls. This resulted in six con-
structs: Nb5-IgA, Nb5-1gY, Nb23-IgA, Nb23-IgY, V1-IgA and V1-IgY.

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. tume-
faciens LBA4404 harbouring the plasmids pGV5679 and pGV5689 (Table 1). As a negative
control, leaves were infiltrated with A. tumefaciens LBA4404 containing the pEAQ-HT plas-
mid. 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
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Fig 2. Transient expression of chimeric antibodies carrying Nb5 in leaves of N. benthamiana. Protein extracts were analysed using (A) SDS-PAGE stained with
Coomassie blue dye and (B) western blot developed with mouse anti-histidine tag monoclonal antibody. 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.

https://doi.org/10.1371/journal.pone.0204222.9002

observed between these extracts and the negative control (Fig 2A). 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 anti-
body, showed bands of approximately 60 kDa and 70 kDa, for the IgA and IgY fusion con-
structs, respectively (Fig 2B). Glycosylation is probably responsible for the higher molecular
weight.

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 Nb23-1gY, were stably
expressed in A. thaliana seeds under the control of the B-phaseolin promoter.

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 (Fig 3). Except for a few transfor-
mants, all extracts were positive in ELISA. The variations in expression levels between most
of the positive seed extracts were small. Positive transformants were chosen for further
experiments.

Seed extracts were analysed by SDS-PAGE and western blot, to confirm expression (Fig
4). 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
presence of the chimeric antibodies in the seeds of transformed plants. Besides the intact
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protein, lower molecular weight bands were also observed, presumably as a consequence of
proteolytic activity. An additional negative control, used in this western blot, was the V1G
F4-positive enterotoxigenic E. coli [23]. As a positive control, a His-tagged nanobody was

chimeric antibody, lacking the His-tag, fused with the Fc of porcine IgG, directed against
used, that produced a protein band with a molecular weight of approximately 15 kDa.

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 seed extracts from A. thaliana plants transformed with Nb5-IgA, Nb23-IgA, V1-IgA, Nb5-IgY, Nb23-IgY and V1-IgY are shown.

https:/doi.org/10.1371/journal.pone.0204222.9g003
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Fig 4. Screening for the expression of chimeric antibodies in 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 [23] 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. (A) IgA chimeric antibodies with V1, Nb23 and Nb5, (C)
IgY chimeric antibodies with V1, Nb23 and Nb5.

https://doi.org/10.1371/journal.pone.0204222.9004

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 anti-
body were used (Fig 5). Concentrations were determined by comparison of the intensity of the
band of a His-tagged nanobody, having a known concentration (1.2 mg/ml), with that of the
band corresponding to chimeric antibodies, using the Image] program (https://imagej.nih.
gov/ij/). On this basis, expression levels between 1 and 8% of the total soluble proteins (TSP)
were estimated for the four chimeric antibodies (Table 2).
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Fig 5. Determination of the concentration of chimeric antibodies present in seed extracts. Intensities on (A) Coomassie blue stained SDS-PAGE and (B) western
blot 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, 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.

https://doi.org/10.1371/journal.pone.0204222.9005

In seed produced chimeric antibodies bind native MOMP and C. jejuni
bacteria

To verify whether the chimeric antibodies produced in seeds bind their corresponding recom-
binant antigens and C. jejuni bacteria, ELISA was performed (Fig 6). 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. Extract of non-transformed A. thaliana
seeds was used as a negative control. The obtained binding curves show interaction at low con-
centration of the chimeric antibodies with the bacteria as well as with the purified MOMP.
The same downward trend was observed in both cases. The binding of the chimeric antibodies
with C. jejuni KC40 was confirmed by immunofluorescence microscopy (Fig 7). Results also
indicated the binding of the chimeric antibodies with two additional Campylobacter isolates,
the 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.

Comparable expression levels were obtained for the Nb23 chimeric antibodies in the T4
seeds of the obtained homozygous and heterozygous plants in ELISA (S2 Fig). The interaction
of the chimeric antibodies in the seed extracts of the homozygous plants with the MOMP

Table 2. Chimeric antibody concentration in extracts of transformed A. thaliana seeds.

Chimeric antibody Concentration (ug/ml) ug/mg seed %TSP*
Nb5-IgA 24.3 2.4 1.2
Nb23-IgA 21.6 2.2 1.1
Nb5-IgY 92.7 9.3 4.6
Nb23-IgY 156.4 15.6 7.8

“TSP: total soluble protein.

https://doi.org/10.1371/journal.pone.0204222.t002
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Fig 6. Binding of chimeric antibodies to C. jejuni KC40 bacteria and purified MOMP. KC40 bacteria and MOMP (1 ug/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 native MOMP antigen. As a negative control, the binding of extracts of wild-type A.
thaliana seeds with the bacteria and MOMP was measured. (A) Nb5-IgA, (B) Nb23-IgA, (C) Nb5-IgY and (D) Nb23-IgY. The error bars correspond to the standard

deviations.

https://doi.org/10.1371/journal.pone.0204222.9006

protein was confirmed in a western blot (Fig 8). Because nanobodies typically interact with
conformational epitopes [37,50-52], 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 was observed when seed extract was used of plants transformed with the
Nb23-IgA and Nb23-IgY constructs, confirming the interaction.

The anti-flagellin nanobodies bind to C. jejuni bacterial cells

Purified flagella (S1 File) were used for the isolation of clones encoding anti-flagellin nanobo-
dies from the nanobody library (S2 File). After panning, three anti-flagellin nanobodies
(Nb2Flag8, Nb2Flag24 and Nb2Flag67) (Figure C in S2 File) were selected. ELISA confirmed
the interaction of the three nanobodies with purified flagella and motile C. jejuni KC40 bacte-
ria (S3 Fig). Immunofluorescence microscopy validated this result (Fig 9) and also revealed
their binding with the human clinical C. jejuni isolate Cam12/0156, and the C. coli isolate K43/
5. This indicates 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.
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Fig 7. Visualisation of the binding of chimeric anti-MOMP antibodies in seed extract with Campylobacter isolates. (A, B, C,], K, L) C.
jejuni strain KC40, (D, E, F, M, N, O) C. jejuni strain Cam12/0156 and (G, H, I, P, Q, R) C. coli strain K43/5. Binding with the different
Campylobacter isolates is shown with seed extract containing (A, D, G) Nb5-IgA, (B, E, H) Nb23-IgA, (C, F, I) V1-IgA, (J, M, P) Nb5-1gY, (K,
N, Q) Nb23-IgY and (L, O, R) V1-IgY. As a negative control, the nanobody V1 against F4-fimbriated E. coli was used. Bright field microscopy
was used for the visualisation of the corresponding bacterial cells.

https://doi.org/10.1371/journal.pone.0204222.9007
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Transient expression of anti-flagellin nanobodies anchored to the Fc region
of chicken IgA in leaves

Nanobodies (Nb2Flag8, Nb2Flag24 and Nb2Flag67) 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 1) were transformed
into A. tumefaciens LBA4404, which was subsequently used for infiltration of N. benthamiana
leaves. Extracts of these leaves were analysed for the presence of chimeric antibodies via ELISA
and western blotting. ELISA plates were coated with a serial dilution of the leaf extracts (Fig
10A). Development, using anti-IgA conjugated to HRP, clearly confirmed the transient expres-
sion 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 (Fig 10C and 10D). 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 Nb2Flag67-IgA chimeric antibodies, while previous ELISA results
showed that the Nb2Flag67 nanobody is not a poorer binder than Nb2Flag8 or Nb2Flag24 (S3
Fig). This can possibly be explained by the more extensive degradation of the Nb2Flag67-IgA
construct in the leaf extract, which was observed in the western blot (Fig 10B). The bands of
lower molecular weight show extensive proteolytic degradation. The interaction of the chime-
ric antibodies with native purified flagellins was confirmed in a non-denaturing western blot
(Fig 11). The flagellins correspond with the protein band of an apparent molecular weight of
63 kDa.

Motility of Campylobacter is reduced by anti-flagellin chimeric antibodies
produced in seeds

Similarly as for the expression of the anti-MOMP antibodies, the constructs encoding anti-fla-
gellin Nb-IgA antibodies were cloned in the pPhasGW vector. The resulting plasmids
(pGV5923, pGV5926 and pGV5928) (Table 1) were transformed into A. tumefaciens C58C1
Rif® (pMP90). The resulting strains were used for transformation of A. thaliana Col-0 using

B & D

- . »
Ge? ) s
t ”\ -

Fig 8. 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. (A) SDS-PAGE with purified native MOMP stained with Coomassie blue dye. The results of the
western blot confirm the interactions of (B) Nb23-IgA14D and (C) Nb23-IgY12C, with MOMP. (D) Wild-type extract was used as a negative control.
The western blot was developed with anti-IgA or anti-IgY antibodies conjugated to HRP.

https://doi.org/10.1371/journal.pone.0204222.9008
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Fig 9. Fluorescence microscopy visualising the binding of labelled anti-flagellin nanobodies with different Campylobacter isolates. (A, B, C, D) C. jejuni strain
KC40, (E, F, G, H) C. jejuni strain Cam12/0156 and (1, J, K, L) C. coli strain K43/5. Interaction with the different isolates is shown with (A, E, I) Nb2Flag8, (B, F, J)
Nb2Flag24 and (C, G, K) Nb2Flag67. (D, H, L) The negative control, fluorescently labelled V1 directed against F4-fimbriated E. coli, did not bind with the
Campylobacter bacteria. The corresponding bacterial cells were visualised by bright field microscopy.

https://doi.org/10.1371/journal.pone.0204222.g009

the floral dip method [49]. Three plants were transformed with each construct. The T2 seeds
of ten kanamycin-resistant plants were analysed for each anti-flagellin chimeric antibody (Fig
12).

Seed extracts containing the anti-flagellin antibodies were used in a soft-agar assay to assess
the influence of the chimeric antibodies on the motility of Campylobacter bacteria (Fig 13).
C. jejuni KC40 bacteria were incubated with extract containing Nb2Flag8-IgA.1, Nb2Fla-
g24-I1gA.1 and Nb2Flag67-IgA.1. An extract of wild-type Arabidopsis thaliana Col-0 seeds was
used as a control. After 48 hours, a reduction was observed in the bacterial motility for the
three chimeric antibodies (Fig 13A). The influence of different dilutions of the chimeric anti-
bodies on the Campylobacter motility after 48 hours of incubation was analysed. Fig 13B shows
that the inhibitory effect of the chimeric antibodies diminished when the seed extracts were
diluted.

Discussion

Passive immunisation, using pathogen-specific antibodies, can be successfully applied in
human and veterinary medicine. Oral delivery of IgY antibodies, derived from chicken eggs,
effectively inhibited colonisation of broilers by different pathogens, such as Salmonella and
Campylobacter [10,53-55]. Specific egg-derived IgY antibodies protected piglets against
enterotoxigenic E. coli [56]. Passive immunisation using IgA derivatives, also protected against
enterotoxigenic E. coli [23,57].

Nanobody-based chimeric antibodies have been developed in this study for a similar pas-
sive immunisation strategy to prevent colonisation of chickens by Campylobacter or reducing
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Fig 10. Transient expression of anti-flagellin chimeric antibodies in N. benthamiana leaves and the interaction with purified flagellins and motile C. jejuni KC40.
(A) ELISA for the detection of chimeric antibodies in serial dilutions (1/4-1/8192) of extracts of infiltrated leaves. (B) Western blot results of leaf extracts with Nb2Flag8,
Nb2Flag24 and Nb2Flag67 nanobodies fused to the Fc-domain of chicken IgA. The western blot was developed with anti-IgA conjugated to HRP. As a negative control,
leaf extract of wild-type N. benthamiana was used. (C) Binding curve of twofold serial dilutions (1/4-1/8192) of leaf extract with coated purified flagellins. (D) Binding
curve of twofold serial dilutions (undiluted- 1/2048) of leaf extract with coated C. jejuni KC40 bacteria. Anti-IgA conjugated to HRP was used for the development of
the ELISA.

https://doi.org/10.1371/journal.pone.0204222.9010

pathogen loads in the intestinal tract. Recombinant bivalent chimeric heavy-chain only anti-
bodies 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 iso-
lated and shown to interact with different Campylobacter strains. The latter can be important,
because broilers can be colonised by a large variety of Campylobacter strains [58,59]. MOMP is
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Fig 11. Visualisation of the interaction of chimeric antibodies in extracts of N. benthamiana leaves with purified flagellins. Non-denatured purified flagellins were
used in SDS-PAGE and a western blot. (A) Purified flagellins on SDS-PAGE stained with Coomassie blue dye. Western blotting confirms the interactions of (B)
Nb2Flag8-IgA, (C) Nb2Flag24-IgA and (D) Nb2Flag67-IgA. (E) Wild-type extract was used as a negative control. Anti-IgA antibodies conjugated to HRP were used for
the development of the western blot.

https://doi.org/10.1371/journal.pone.0204222.9011
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Fig 12. Expression of chimeric antibodies in transgenic A. thaliana seeds. 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. An extract of wild-type A. thaliana seeds was used as a negative control. The error bars represent the

standard deviation.

https:/doi.org/10.1371/journal.pone.0204222.9012

a virulence factor and has an essential transport and structural function [30,60]. The ability of
multimers of these anti-MOMP nanobodies to agglutinate Campylobacter bacteria, has been
demonstrated [27]. Another important virulence factor is the flagellum, required for motility,
chemotaxis and transport of non-flagellar proteins [61-63]. Nanobodies directed against Cam-
pylobacter flagellin, fused to a pentameric protein, were shown to inhibit the motility of Cam-
pylobacter and the colonisation of chicks [64].

Chimeric antibodies, directed against MOMP or flagella, were produced in plants as addi-
tional tools to develop novel strategies for the protection of chicks against Campylobacter colo-
nisation. Easy genetic manipulation is possible in plants and the absence of endotoxins and
mammalian pathogens are an advantage for biosecurity and for therapeutic use [65,66]. The
cost of expression of recombinant proteins in plants, is estimated to be lower compared with
other production platforms [67]. Transient expression of the constructs in leaves of N.
benthamiana showed that antibodies recognising their respective antigens were produced at
low expression levels. In addition, smaller proteins, possibly generated by proteolytic degrada-
tion, were also observed in the western blots with monoclonal anti-His antibody,
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Fig 13. Motility of C. jejuni KC40 after incubation with chimeric antibodies produced in seeds. The bacterial spread through the soft-agar, represented by the
diameter of the circle, was measured. (A) The mean diameter (mm + SD) was plotted versus the incubation time. (B) The influence of different dilutions (1/1-1/4) of the
seed extract containing the chimeric antibodies on the motility of Campylobacter after 48 h, was analysed. The mean diameter (mm * SD) was plotted.

https://doi.org/10.1371/journal.pone.0204222.9013

notwithstanding the use of a cocktail of proteinase inhibitors in the extraction buffer. Proteo-
lytic degradation is also observed in other studies [23,68]. Whether these degraded proteins
are present in the plant tissues or are generated by residual proteolytic activity during extrac-
tion is unclear.

For passive immunisation of broilers, sufficient amounts of antibodies are required. There-
fore, the genes encoding the chimeric antibodies were expressed in seeds of transgenic Arabi-
dopsis plants. Seeds are ideal for the expression and storage of recombinant proteins because
they are natural storage organs of the plant, containing large quantities of proteins, and show
low protease activity during storage [69]. Oral administration of pea seeds expressing a single
chain Fv antibody mitigated Eimeria infections in chickens [26]. Also, addition of A. thaliana
seeds expressing a chimeric porcine IgA directed against a fimbrial adhesin to the feed was
already used successfully to protect piglets against enterotoxigenic E. coli infection [23]. No
adverse effects were reported in these studies. The safety and the performance of genetically
modified crops in diets of broiler chickens and laying hens were evaluated in several poultry
nutrition studies. These studies showed that transgenic crops provided comparable perfor-
mance, carcass and egg yields, and meat and egg composition, when compared with conven-
tional grains (reviewed in Tufarelli ef al., 2015) [70]. Other studies also evaluated whether
foreign DNA and proteins could be detected in meat, egg, and tissue samples from broiler
chickens and laying hens fed diets containing transgenic crops. None of these studies could
detect transgenic DNA or proteins in food products derived from these animals, using the
most sensitive detection methods available (reviewed in Tufarelli et al., 2015) [70].

The results of this study show that the chimeric antibodies were 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 accumulation level of the IgA chimeric antibodies in Arabidop-
sis seeds is around 1% of total soluble protein (TSP), and for the IgY chimeric antibodies yields
of up to 8% TSP were obtained. These results are comparable with those observed previously
[71,72]. ELISA and western blot confirmed that the chimeric antibodies in seed extracts recog-
nise the corresponding purified antigen and also bind intact Campylobacter bacteria. The
motility assay showed a significant reduction of the motility of C. jejuni KC40 in the presence
of anti-flagellin chimeric antibodies produced in planta. Higher concentrations of the chimeric
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antibodies or the addition of the antibodies to the soft agar medium may lead to an higher
reduction.

In conclusion, functional chimeric antibodies, recognising flagella and MOMP, were suc-
cessfully produced in N. benthamiana leaves and A. thaliana seeds. The homozygous trans-
genic lines were upscaled to obtain sufficient quantities of transgenic seeds to test the in vivo
effect of passive immunisation on colonisation 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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dies.
(PDF)

S3 File. Thermal and pH stability of nanobodies.
(PDF)

$4 File. Construction of the synthetic Nb-IgY or Nb-IgA fusion genes.
(PDF)

S1 Fig. Immunofluorescence microscopy confirms the interaction of Nb5 and Nb23 with
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(TIF)

S2 Fig. 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 (A)
Nb23-IgA constructs and (B) Nb23-IgY constructs. The results of the extracts of the homozy-
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(TIF)
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purified flagellins and (B) C. jejuni KC40. Bound His-tagged nanobodies were detected with
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spond to the standard deviation.

(TIF)
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