Molecular Immunology 111 (2019) 182-197

Contents lists available at ScienceDirect o

Molecular Immunology

journal homepage: www.elsevier.com/locate/molimm

Check for
updates

Immunogenicity and protective efficacy of mucosal delivery of recombinant
hcp of Campylobacter jejuni Type VI secretion system (T6SS) in chickens

Ankita Singh, Khairun Nisaa, Sudipta Bhattacharyya, Amirul Islam Mallick”

Department of Biological Sciences, Indian Institute of Science Education and Research Kolkata, Mohanpur, Nadia, West Bengal, 741246, India

ARTICLE INFO ABSTRACT

Keywords: The type VI secretion system (T6SS) has recently emerged as a new pattern of protein secretions in Campylobacter
Campylobacter jejuni jejuni (C. jejuni). Within the T6SS cluster, hemolysin co-regulated protein (hcp) is considered as a hallmark of
Chickens

functional T6SS and holds key role in bacterial virulence. As poultry is the primary reservoir of C. jejuni and the
major sources for human infection, we evaluated the capacity of recombinant hcp (rhep) immunization in
blocking C. jejuni colonization in chickens with an aim to control bacterial transmission to humans via poultry
food chain. Considering the mucosal route is the primary portal for C. jejuni entry and gut mucosa offers the
apposite site for C. jejuni adherence, we investigated the immune-protective potential of intra-gastric adminis-
tration of rhep using chitosan-based nanoparticles. To achieve this goal, full length coding sequence of hcp gene
from C. jejuni was cloned and expressed in E. coli. Purified rhcp was entrapped in chitosan-Sodium tripoly-
phosphate nanoparticles (CS-TPP NPs) and orally gavaged in chickens. Our results suggest that intra-gastric
immunization of CS-TPP-rhcp induces consistent and steady increase in intestinal (sIgA) and systemic antibody
(IgY) response against rhcp with significant reduction in cecal load of C. jejuni. The protection afforded by rhcp
associated cellular responses with Th1 and Th17 profile in terms of increased expression of NFkB, IL-1f3, IL-8, IL-
6, IFN-y and IL-17 A genes. Though systemic immunization of rhcp with IFA resulting in a robust systemic (IgY)
and local (sIgA) antibody response, mucosal administration of rhep loaded CS-TPP NPs was found to be superior
in terms of bacterial clearance. Altogether, present study suggests that chitosan based intra-gastric delivery of
rhep have several advantages over the injectable composition and could be a promising vaccine approach to
effectively control C. jejuni colonization in chickens.

Hemolysin co-regulated protein
Chitosan nanoparticles
Mucosal immunity

composed of 13 core proteins, TssA to M, which are generally encoded
by a group of tightly clustered genes (Boyer et al., 2009; Silverman
etal., 2012). Among them hemolysin co-regulated protein (hcp or TssD)
is considered as a hallmark for functional T6SS and often detected in

1. Introduction

The type VI secretion system (T6SS) has emerged as an important
virulence mechanism in number of Gram negative bacteria (Basler and

Mekalanos, 2012; Basler et al., 2012; Leiman et al., 2009; Pukatzki
et al., 2006). Its role in bacterial export pathway with a capacity to
translocate effectors molecules into diverse targets has been well stu-
died in Pseudomonas aeruginosa, Vibrio cholerae, Escherichia coli, Bur-
kholderia thailandensis, Serratia marcescens, Burkholderia mallei and Sal-
monella enterica (Dudley et al., 2006; Mougous et al., 2006; Murdoch
et al., 2011; Parsons and Heffron, 2005; Pukatzki et al., 2006; Schell
et al., 2007; Schwarz et al., 2010). Recently the presence of T6SS in
Campylobacter jejuni (C. jejuni) has been reported and its possible con-
tribution in host pathogenicity, bacterial survival or evasion of immune
defence has been proposed in the light of analogous function seen in the
case of other bacteria (Lertpiriyapong et al., 2012; Lien and Lai, 2017).

Bacterial T6SS resembles an inverted phage like-puncturing device,
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the culture supernatant of the major Gram negative bacteria with
functional T6SS (Mougous et al., 2006; Wu et al., 2008; Zhou et al.,
2012). Previously, the role of hcp was demonstrated to have direct
correlation with bacterial pathogenesis and its self-survival in case of V.
cholerae. Successive studies further suggested the immunogenic poten-
tial of recombinant hcp of B. pseudomallei and proved to be protective in
mice (Burtnick et al., 2011). While the role of anti-hcp host response to
prevent bacterial survival, cell adhesion was explored in the past
against other gut pathogens, however, to our knowledge the use of hcp
as a core component of C. jejuni functional T6SS in the light of a pro-
spective vaccine candidate has never been tested. Since T6SS from
majority of the Gram negative bacteria possess identical structure with
extensive protein homology, the benefit of a vaccine composed of
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conserved and functional component of T6SS, such as hcp, could be
beneficial for the host protection against wide range of Gram negative
bacteria expressing immunologically related T6SS.

Because the naturally acquired C. jejuni has little or no pathogenic
outcome in case of chickens, considering the risk associated with C.
jejuni transmission to human via contaminated poultry and poultry
products, the need for an effective vaccine to reduce the C. jejuni co-
lonization in chickens is very important (Connell et al., 2012; Hermans
et al., 2012; Newell and Fearnley, 2003; Sahin et al., 2002). To this end,
the present research investigated the potential benefits of mucosal
immunization of recombinant hcp (rhep) of C. jejuni using Chitosan (CS)
based nanoparticles (NPs) in inducing protective immune response re-
quired for blocking C. jejuni colonization in chickens gut. Owing to the
several advantages exhibited by chitosan including biocompatibility,
biodegradability, low immunogenicity we specifically chose to use CS-
based NPs with an anticipation that intra-gastric delivery of rhcp via CS
NPs would protect the antigen during gut transit and activate local
immune response (Agnihotri et al., 2004; Pandey et al., 2005; Plapied
et al., 2010; Sayin et al., 2009). Here we provide direct evidence that
intra-gastric administration of rhep entrapped in Chitosan-Sodium tri-
polyphosphate nanoparticles (CS-TPP NPs) effectively reduce the bac-
terial load in ceca when challenged with hypervirulent C. jejuni isolate.
Our result demonstrating the value of mucosal immunization over
systemic mode in blocking C. jejuni colonization in chickens further
suggests the advantages of CS based NPs as a safer alternative to ad-
juvanted injectable vaccine as the latter is known to slow down the
growth of the birds due to adjuvant or carrier deposition in soft tissues.

In addition to significant elevation of local antibody response (sIgA)
in the intestine, we showed that mucosal delivery of rhcp could sub-
stantially improve the systemic antibody (IgY) responses in chickens.
However, despite the fact that intestinal antibody (sIgA) plays key role
in blocking of C. jejuni adherence and subsequent reduction in enteric
colonization in chickens, the precise roles of serum antibody in con-
tributing functional immunity to C. jejuni remain unclear (Layton et al.,
2011). Except at early post hatch time points when maternal antibodies
(mlIgY) afford effective protection against bacterial colonization, im-
mune clearance of C. jejuni by serum IgY is, in fact, slow (Lacharme-
Lora et al., 2017; Sahin et al., 2003; Thibodeau et al., 2017). Conse-
quently, naturally acquired C. jejuni when inhabit the ceca, the growing
birds become an important source for bacterial transmission to human.

It was of our interest to see whether the robust local or systemic
antibody response could facilitate activation of its cellular counterpart
following oral immunization with rhcp. We observed a significant up-
regulation of Th1 and Th17 transcriptional profile in terms of increased
expression of NFkB, IL-1p, IL-8, IL-6, IFN-y and IL-17 A genes in splenic
tissue.

Given that adherence of intestinal cells by C. jejuni is the key reason
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for enteric colonization in chickens, collectively the present study
suggests the potential of intra-gastric delivery of rhcp as an effective
mucosal vaccine strategy against C. jejuni in chickens.

2. Materials and methods

2.1. Bacterial strains, vectors,cell lines, growth conditions and other
reagents

C. jejuni (BCH71) isolated from clinical human samples were kindly
provided by Dr. Ashish Mukhopadhyay, Scientist “E”, NICED (ICMR)
Kolkata, West Bengal, India and maintained in our laboratory as per
standard methods (L. Davis and DiRita, 2008). Briefly, C. jejuni isolates
were grown in Mueller Hinton broth in presence of CAT supplement for
48h at 37 °C under microaerophilic condition (10% CO,, 5% O, and
85% N,) using microaerophilic generating gas pack (Anaerogas pack
3.5L, HiMedia, India). E. coli DH5a strain (Life Technology, USA) was
used as cloning host while E. coli M15 [pREP4] (Qiagen, USA) cells
were used as expression host. pMD20 vector (TaKaRa, Japan) and
prokaryotic pQE30 vector (Qiagen, Inc., USA) were used for gene
cloning and expression study respectively. Recombinant plasmids were
maintained in E. coli DH5a and M15 cells and grown under antibiotic
selection using ampicillin 50 pg/ml and kanamycin 20 pg/ml respec-
tively, whenever needed.

Chemicals and reagents used in this study was of highest purity
available. Chitosan (CS) was purchased from HiMedia Laboratory
(India) and Sodium Tripolyphosphate (TPP) was procured from Loba
Chemie (India). Bicinchoninic acid (BCA) protein assay kit was pro-
cured from Pierce Chemical Co., (USA). Incomplete Freund’s Adjuvant
was obtained from Sigma (USA). Mouse monoclonal anti-His antibody,
HRP conjugated anti-mouse IgG (H + L) antibody were purchased from
Thermo Fisher Scientific (USA) while anti-chicken IgY (HRP) and anti-
chicken IgA (a chain; HRP) antibody were procured from Abcam (UK)
and Bethyl Laboratories (USA) respectively. Goat anti-rabbit IgG (HRP)
antibody was obtained from BioBharati (India). Enzyme substrate 3, 3/,
5, 5’-tetramethyl benzidine (TMB), 3,3-Diaminobenzidine, Luria
Bertani media (LB), Mueller Hinton (MH) broth, Blood Free
Campylobacter Selectivity Agar Base Media, CAT selective supplement
(cefoperazone 8 mg/L, amphotericin 10 mg/L, and teicoplanin 4 mg/L)
were obtained from HiMedia. All the primers used in this study were
synthesized by IDT technologies (USA) and listed in Table 1. Cell lines
(INT407 and Caco-2) used in this study were purchased from NCCS,
Pune (India) and maintained in our lab as per the standard protocol
while primary chicken embryo intestinal cells (CEICs) were prepared as
per the method described previously (Singh and Mallick, 2019).

Table 1
List of the primers used in this study.
S.No. Target genes Primer sequences Amplicon size (bp) Ref.
1 hep F- 5 TGGCTGAACCAGCGTTTATAAAAATTG 3’ 510 This study
R- 5" TTAAGCTTTGCCCTCTCTCCA 3’
2 B-actin F- 5° GAGAAATTGTGCGTGACATCA 3’ 152 (Li et al., 2008)
R-5" CCTGAACCTCTCATTGCCA 3’
3 NFkB F- 5 GAAGGAATCGTACCGGGAACA 3’ 131 (Chiang et al., 2009)
R- 5" CTCAGAGGGCCTTGTGACAGTAA 3’
4 IL-1B F- 5> TGGGCATCAAGGGCTACA 3’ 244 (Hong et al., 2006)
R- 5 TCGGGTTGGTTGGTGATG 3’
5 IL-8 F- 5 GGCTTGCTAGGGGAAATGA 3’ 200 (Hong et al., 2006)
R- 5° AGCTGACTCTGACTAGGAAACTGT 3’
6 IL-6 F- 5 GGAACAACCTCAACCTGCCCAAGG 3’ 310 This study
R- 5" CCAGGTGCTTTGTGCTGTAGCAC 3’
7 IFN-y F-5" ACACTGACAAGTCAAAGCCGCACA 3’ 129 (Mallick et al., 2011)
R-5" AGTCGTTCATCGGGAGCTTGGC 3’
8 IL-17 A F- 5" ATTCCAGGTGCGTGAACTCGGC 3’ 148 This study

R- 5" GTGCAGCCCACGGTGATCATTTTC 3’
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2.2. Cloning of hcp gene ofC. jejuniisolated from clinical human sample

To clone hcp gene, genomic DNA was extracted from C. jejuni
(BCH71) of human origin as per the standard protocol (Chen and Kuo,
1993). Full length coding sequence of hcp gene was next amplified by
PCR using the following primer pair: Forward 5 CCGCGGTACCATGG
CTGAACCAGCGTTTATAAAAATTG 3’; Reverse: 5 GACTACTGCAGTT
AAGCTTTGCCCTCTCTCCA 3. The 5" ends of the forward and reverse
primers contained Kpnl and PstI restriction sites (underlined), respec-
tively. Amplified hcp gene was then directly cloned into pMD20 cloning
vector and transformed into E. coli DH5a competent cells. Positive
transformants were screened and sequence analysed. In order to express
rhep, PCR amplified product from pMD20-hcp recombinant plasmid
was sub-cloned into the pQE30 expression vector in the C terminal of a
hexa-histidine sequence (6xHis) using above mentioned primer sets.
The ligated recombinant plasmid was transformed into E. coli M15 cells
and positive colonies were screened by colony PCR.

2.3. Expression and purification of rhcp

To express the recombinant protein, E. coli M15 cells having re-
combinant plasmid were grown in LB broth containing ampicillin
50 pg/ml and kanamycin 20 pg/ml. When the optical density (ODgoo)
reached 0.5 protein expression was induced with (-D isopropyl thio-
galactopyranoside (IPTG) at a final concentration of 1 mM and in-
cubated for additional 5h at 37 °C. The induced cells were pelleted by
centrifugation at 5000 g for 20 min at 4°C and resuspended in lysis
buffer (pH 8.0) containing 50 mM NaH,PO,, 300 mM NaCl, 10 mM
Imidazole and 1 mM Protease inhibitor (PMSF, HiMedia) followed by
sonication for 30 min. Finally, the supernatant of the bacterial cell ly-
sate containing released protein was collected by centrifugation at
4000g for 20min and loaded to gravity column having Ni?*-NTA
agarose beads (Qiagen, USA) that had been pre-equilibrated with
binding buffer. Further purification process was performed following
manufacturer’s instruction (Qiagen). The bound protein eluted with
elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM Imidazole, pH
8.0) was dialyzed against PBS (pH 7.4) and the concentration of the
recombinant protein was measured by BCA method. The size and purity
of the recombinant protein was further confirmed by SDS-PAGE ana-
lysis followed by Western blot as per the method described elsewhere
with slight modification (Nothaft et al., 2016). Briefly, hexa-histidine
tagged rhcp was probed with mouse monoclonal anti-His primary an-
tibody followed by immune-labelling with HRP conjugated Goat anti-
mouse IgG (H + L) secondary antibody. The immunoblot was visua-
lized using ECL western blotting substrate (Promega, USA).

2.4. Cytotoxicity of rhep in human and chicken cells

To determine the cell cytotoxicity of rhcp, 50% cytotoxic con-
centration (CTs) was determined in both polarized (Caco-2) and non-
polarized human cell lines (INT407) as well as in chicken CEICs using
MTT assay as per the method described previously with minor mod-
ifications (Jafarlou et al., 2016). In brief, 6 x 10% cells/well were
seeded in 96-well tissue culture plates for 48 h at 37 °C under 5% CO,
pressure. Confluent monolayers of cells were treated with different
concentration of rhep ranging from 0.1 pug/ml to 30pug/ml and in-
cubated for 24 h. Following incubation, cells were washed with PBS and
replaced with fresh complete media. Finally, to each well 10 pul of MTT
dye dissolved in PBS (1 mg/ml) was added and incubated for another
3h at 37°C under 5% CO, pressure. The water insoluble formazan
crystals thus formed was solubilized with dimethyl sulphoxide (DMSO)
(100 pl/well) and the absorbance was measured at 595 nm using mi-
croplate reader (BioTek). The 50% cytotoxic concentration (CTsg) with
respect to untreated control (cells with media only) was calculated by
using nonlinear regression in GraphPad Prism software. The CTsq va-
lues calculated from MTT assay were further verified by
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Sulphorhodamine B assay (SRB assay) under similar condition. Details
of the methodology is described in the supplementary materials (Sup-
plementary Section S2).

2.5. Comparative assessment of the immunoreactivity of recombinant as
well as native hcp

To assess the immunoreactivity of E. coli expressed rhcp, polyclonal
antibodies were raised in New Zealand White rabbit against the purified
rhep according to the protocol described previously with slight mod-
ification (Bleumink-Pluym et al., 2013). Briefly, 150 ug of purified rhcp
emulsified with incomplete Freund’s adjuvant (IFA) was injected
through subcutaneous route. Rabbit was given booster dose twice at
weekly interval with half the previous amount of protein. Blood was
collected from the ear vein on day 7 post last immunization. Serum
aliquots were kept at - 20 °C till further use. A schematic representation
of immunization regimen is provided in (Fig. 3; Panel A).

Since E. coli M15 cells lack glycosylation machinery, we further test
the ability of the anti-rthcp antibody in recognition of native hcp ex-
pressed by a C. jejuni isolate harbouring functional T6SS including hcp
gene by indirect ELISA. Details of the methodology is described in the
supplementary materials (Supplementary Section S1).

2.6. Immunogen preparation

2.6.1. Preparation of chitosan-based nanoparticles

To deliver rhep through mucosal route, nanoparticles (NPs) com-
posed of chitosan (CS) cross-linked with Sodium tripolyphosphate
(TPP) were prepared following published protocol (Sawaengsak et al.,
2014). Briefly, 0.5% (w/v) CS stock solution was prepared by dissolving
dried CS powder in 1% aqueous acetic acid (v/v) and mixed properly
until a transparent solution was obtained. A working solution of CS
(0.05%) and TPP (0.1%) were prepared by diluting the stock solution
with 25mM sodium acetate buffer (pH 5.4) and ultrapure distilled
water respectively. Next, CS was cross-linked by adding TPP (3:1 v/v)
and incubated at 25°C for 2h under continuous stirring followed by
centrifugation at 14,000 g for 20 min to obtain the slurry containing
desired NPs.

2.6.2. Entrapment of rhcp into CS-TPP NPs

Recombinant hcp was encapsulated into CS-TPP NPs as per the
protocol described previously (Sawaengsak et al., 2014). Briefly, 700 pl
of protein solution containing 70 pg of purified rhep was mixed with
3.3ml of CS solution followed by dropwise addition of 1 ml of TPP
solution. The mixture was stirred for 2 h at 25 °C. The slurry formed was
pelleted by centrifugation at 14,000 g for 20 min and resuspended in
0.5ml sterile PBS (pH 7.4). The entrapment efficiency (EE) was cal-
culated as the percentage of protein retained by the CS-TPP NPs using
the following equation:

Entrapment efficiency (EE) = [(thcprotal -Thepsup)/ thepeora] X 100.

where, rhcpyoa is the total amount of rhep added during the formation
of GS-TPP NPs and rhcpg, is the amount of rhep present in the super-
natant (unentrapped).

2.7. Physiochemical characterization of rhcp loaded CS-TPP NPs

2.7.1. FT-IR analysis

To confirm the formation of cross-linking between CS and TPP, IR
spectroscopy of formed NPs was performed as per the method described
previously with slight modification (Rashid et al., 2015). In brief, NPs
either in free form or loaded with rhcp were vacuum dried and mixed
with potassium bromide (KBr). FT-IR spectrum of the prepared sample
was recorded using PerkinElmer Spectrum Two™ FT-IR spectrometer in
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the operating range of 4000-400 cm ™" at a resolution of 4 cm ™', Data
was corrected against baseline obtained using blank KBr pellets. For
comparative analysis, data was also recorded for free CS and TPP se-
parately.

2.7.2. Dynamic light scattering (DLS) and measurement of zeta potential
(9]

The hydrodynamic radii, size distribution, surface charge (zeta po-
tential; {) and polydispersity index (PDI) of CS-TPP NPs before and after
loading with rhep were determined as described previously with minor
changes (Al-Manasir et al., 2009; Schrgder et al., 2014). In brief, free
and rhep encapsulated NPs were diluted in milliQ water (1:10) and
sonicated for 10 min. The samples were then analysed for size dis-
tribution using DLS and surface charge by laser doppler micro-elec-
trophoresis respectively using Malvern Zetasizer Nano ZS instrument
(USA). The measurement was performed in triplicate using water as
solvent at 25 °C.

2.7.3. Scanning electron microscopy (SEM) analysis

External morphology of the synthesised CS-TPP NPs were in-
vestigated through analyses of SEM image (Carl Zeiss SUPRA 55V P
FESEM). Sample for SEM was prepared following procedure as de-
scribed elsewhere with minor modification (Kamat et al., 2015). Briefly,
following dispersion of the NPs in milliQ water (1:10), the sample was
sonicated for 30 min in a bath type sonicator (Thermo Fisher Scientific,
USA) and drop casted on glass coverslips. Samples were thoroughly
dried under vacuum desiccator. Before scanning, the samples were
sputter-coated with a thin layer of gold for allowing SEM visualisation
(as the samples are non-conducting). The particle diameters were cal-
culated by post image analysis using ImageJ software (USA) after ca-
libration.

2.7.4. Transmission electron microscopy (TEM)

For TEM analysis of CS-TPP NPs, samples were diluted (1:100) in
milliQ water and sonicated for 30 min. Approximately 7 pl of this di-
luted suspension was added to 300-mesh formvar carbon coated copper
grids (Electron Microscopy Sciences, UK) and stained with UranyLess
(Electron Microscopy Sciences) as negative staining following manu-
facturer’s protocol. Samples were drop casted over the grids and left
undisturbed for 30 min, extra fluid was removed with filter paper and
air dried for overnight under vacuum. Data acquisition was performed
using JEOL JEM-2100 Plus LaBg¢ series electron microscope (Japan)
operating at an accelerating voltage of 120 kV. Both high and low-re-
solution images were captured and were analysed using ImageJ soft-
ware.

2.7.5. In vitro release kinetics of rhcp from CS-TPP NPs

In vitro release profile of entrapped rhcp in two different conditions
(varied pH and buffer composition) was assessed as per the methods
described previously with some modification (Abkar et al., 2017).
Briefly, the in vitro release assay of rhcp was performed in phosphate
buffered saline (PBS; pH 7.4) and simulated gastric fluid (SGF; 2 g NaCl
and 7 ml HCl in 1 L of water; pH 1.2). In brief accurately weighed pellet
containing rhep loaded CS-TPP NPs were thoroughly washed in PBS to
remove unbound proteins by centrifugation at 14,000 g for 20 min at
4 °C followed by resuspending in 0.2ml PBS and SGF separately. The
suspension was incubated at 42 °C under continuous agitation by means
of stirring (150 rpm) and supernatant containing released protein was
collected at different time intervals by centrifuging the suspension at
14,000 g for 10 min. At each time point, equal amount of fresh buffer
was replaced by adding either PBS or SGF. The concentration of rhcp
present in the supernatant was determined at wavelength 280 nm based
on molar extinction co-efficient (21,033 cm™! M™!) and molecular
weight of hcp using Nanodrop TM 2000c Spectrophotometer (Thermo
Fisher Scientific, USA). The fraction released of rhcp was calculated as
per the following equation:
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Fraction released (%) = [rhcpgyp /thepend x 100

where, rhepg,, is the amount of rhep measured in the supernatant and
rhepen, is the amount of rhep entrapped in the NPs.

2.7.6. Structural and functional analysis of released rhcp from CS-TPP NPs
2.7.6.1. Protein integrity and western blot detection. To confirm the
integrity of entrapped as well as released rhcp, SDS-PAGE and
Western blot analysis were performed. For protein integrity of
entrapped rhcp, CS-TPP NPs were destabilized with 10% (w/v) NaCl
and was subjected to 15% SDS-PAGE as per the method described
previously (Abkar et al., 2017). Further, the specific recognition of
released rhcp was assessed by Western blot using mouse monoclonal
anti-His antibody as well as rabbit polyclonal anti-rhcp antibody as per
the method described in section 2.3.

2.7.6.2. Circular dichroism (CD) analysis. To study the structural
conformation, protein’s secondary structure was verified at pH 8.0
[Tris buffer (20 mM Tris-HCl; 150 mM NaCl)] and 1.2 (SGF buffer) by
CD using JACSO-1000 spectropolarimeter (USA). Briefly, rhcp was
dialysed against Tris buffer (pH 8.0) and SGF (pH 1.2) separately.
Recombinant hep in Tris buffer was run as control. Similarly, released
rhcp was thoroughly centrifuged to remove the residual NPs and
dialysed against SGF. Finally, 250 ug of dialysed rhcp and released
rhep were subjected for CD analysis. The CD signal in the range from
190 nm to 300 nm was monitored using a thermostatic (25 °C) with a
quartz cuvette (1 mm path length). Baseline correction was performed
using respective dialysis buffer and data acquisition was performed in
triplicate. Finally, the CD spectral matching of rhcp as well as released
rhep was performed after smoothing using polynomial order 2 (10 data
point smoothing).

2.7.6.3. Cytotoxicity of released rhcp. For functional analysis, cell
cytotoxicity of released rhcp from CS-TPP NPs using human INT407,
Caco-2 and chicken CEICs was evaluated by MTT and SRB assays as per
the methods described in section 2.4.

2.8. In vivo chicken experimentation

2.8.1. Experimental chickens and immunization

A total of 40 day-old Vencobb chicks were received from The
Venky’s Hatcheries, AP (India) and placed into standard housing
system. Chicks were given antibiotic-free diet ad libitum and water.
Birds were fed with a standard starter diet up to 14 days of age and then
received a grower diet until the end of the experiment. The in vivo
experiment was repeated three times under similar condition.

At day 7 all the birds were randomly divided into four groups
(n = 10 for each experiment) and received three consecutive treat-
ments at one-week interval. A schematic representation of immuniza-
tion regiment is presented in (Fig. 9; Panel A). The experimental groups
were maintained as: Group 1: PBS; Group 2: Sham CS-TPP NPs (no
antigen); Group 3: rhep loaded CS-TPP NPs (CS-TPP-rhep) and Group 4:
rhep with Incomplete Freund’s adjuvant (IFA-rhcp). Each bird be-
longing to the Group 1 to 3 were orally gavaged with 200 pl of PBS,
Sham CS-TPP NPs and CS-TPP NPs loaded with "50 pg of rhep respec-
tively. Birds belonging to the Group 4 received subcutaneous injection
of 100 pl of "50 pg of rhep emulsified with IFA. Each group received two
booster immunization at day 14 and day 21 with half of the amount of
rhep used for primary immunization. At day 7 post last immunization
half of the birds from each group were sacrificed by cervical disloca-
tion.

2.8.2. Sample collection
Serum and faeces: Blood and fresh cloacal faeces were collected
from each bird at weekly interval throughout the experiment. Serum
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Panel A

Panel B

Fig. 1. Cloning and expression of rhcp gene of C. jejuni isolated from human clinical samples.

Panel A: Genomic DNA of C. jejuni isolated from human clinical samples were used as template to amplify hcp gene of T6SS cluster (a). A 510 bp product
corresponding to the size hcp gene was purified, digested and cloned into a prokaryotic expression vector (pQE30). Colony PCR of positive transformant of E. coli
M15 cells showing expected size of gene product (b). Panel B: SDS-PAGE analysis of IPTG induced recombinant E. coli M15 cells showing expression of hcp at ~ 20 kDa
position (a). Integrity and purity of the affinity column purified rhcp was confirmed by SDS-PAGE (b). Western blot analysis affirmed the recognition of hexa-

histidine tagged rhcp at the expected size (c).

CTsp = 18.1pg/ml

CTs9 =>30pg/ml
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Fig. 2. Cytotoxicity of rhep in human INT407, Caco-2 and primary chicken embryo intestinal cells (CEICs) by MTT assay.

Cytotoxic effect of rhep in INT407 (a), Caco-2 (b) and CEICs (c). Cells were treated with rhep ranging from 0.1 pg/ml to 30 ug/ml for 24 h. Next, the cells were
thoroughly washed and incubated with 10 pL of MTT solution (1 mg/ml) for 3 h. Following incubation cells were dissolved in DMSO and the absorbance was read at
595 nm. CTsq value of rhep was determined to be 18.1 ug/ml for INT407 whereas for Caco-2 and CEICs, CTs, values were found to be > 30 pg/ml. Each data point
represent the mean of cell viability + SE relative to the untreated cells normalized to 100% of two independent experiments in quadruplicate.

day 35
Blood collection

Primary First Second
immunization booster hooster
| 1 L 1 |
I | T T 1
day 0 day 7 day 14 day 28
Panel A

was separated, aliquoted and stored at -20 °C till further use. Freshly
collected cloacal faeces (0.5g) were processed as per the method de-
scribed previously and stored at -20 °C (Maciel et al., 2004).

Tissue samples: Approximately 70 g of spleen from each bird were
collected at day 7 post last immunization (before challenge) and stored
in RNA later (Qiagen, USA) at —20 °C.

Intestinal lavage: Intestinal lavages were harvested and processed as
per the standard method published elsewhere with slight modification
(Suarez et al., 2010). Briefly, intestinal lavage was collected from ileo-
cecum junction in 0.8 ml PBS and centrifuged at 1000 g for 10 min.
Supernatant of the processed samples were stored at —20 °C.
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Fig. 3. Raising rabbit polyclonal hyperimmune
sera against rhcp and Western blot analysis.
Schematic representation of rabbit immuniza-
tion regimen using rhcp emulsified in IFA
(Panel A).

Western blot analysis of rhcp probed with hy-
perimmune rabbit polyclonal sera (1:1000 di-
lution) confirmed the immunoreactivity and
specificity of the immunizing protein.
Immunoblot is indicated with arrow (Panel B).

Panel B

2.8.3. Assessing the in vivo immunogenicity of rhcp entrapped in CS-TPP
NPs

2.8.3.1. Total sIgA level in the intestinal lavage and cloacal faecal
samples. Presence of rhcp specific total secretory IgA (sIgA) antibody
level in the gastric lavage and faecal soup of experimental birds were
analysed by indirect ELISA as described previously with minor
modifications (Radomska et al., 2016). Briefly, 96 well-ELISA plates
were coated with rhep (1.0 pg/well) diluted in 100l of carbonate-
bicarbonate buffer (pH 9.6) for overnight at 4 °C. Subsequently, the
plates were washed thrice with PBS-T (0.05% Tween 20) and blocked
for 1h at 37 °C with PBS-T containing 5% BSA. Serially diluted lavage
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Fig. 4. Specific recognition of native hcp secreted from hcp +ve genotype of C.
jejuni by polyclonal anti-rhcp antibody.

The ability of polyclonal antibody raised against rhcp in recognition of secreted
hcp was detected by indirect ELISA method. Culture supernatant collected from
two hcp +ve genotypes (18aM and BCH71) was diluted (2-fold) in carbonate-
bicarbonate buffer (pH 9.6) for ELISA while supernatant from hcp-ve genotypes
of C. jejuni (BCH100) was used as negative control. E. coli expressed rhcp
protein was served as positive control. Polyclonal antibody against rhcp raised
either in rabbit or chicken were used as the primary antibody (1:1000 dilution).
Results indicate specific recognition of native hcp when probed with polyclonal
antibody raised either in rabbit (filled bar) or chicken (open bar). No detectable
signal was found in the wells coated with supernatant from hcp-ve (BCH100)
culture (Supplementary Fig. S1). Comparative analysis of the ELISA titre con-
firms no significant difference in terms of immunoreactivity among native and
recombinant hcp. Each bar represents the mean absorbance (A450) + SE of
three replicates from two independent experiments. Different letters (a, b) re-
present statistically significant difference (P < 0.05).

(2 fold) samples (starting with 1:4 dilution) or faecal soup (started with
undiluted sample) were added to each well (100 pl/well) in triplicate
and incubated for 2h at RT. After thorough washing, each plate was
incubated with 100 ul of HRP-conjugated Goat anti-chicken IgA (o
chain) antibody diluted in 2% blocking buffer (1:2500) for another 1 h
at RT. After washing thrice with PBS-T, the plates were developed with
3, 3, 5, 5'-tetramethylbenzidine, according to the manufacturer’s
instruction (HiMedia). The reaction was stopped with 50pul 1M
H,SO, and the absorbance was read at 450nm using Epoch 2
microplate reader (BioTek, USA). The assay was performed in
triplicate and the data represent the Mean + SE of two independent
experiments.

2.8.3.2. Detection of total serum IgY level. Total serum antibody (IgY)
levels against rhcp was assessed by indirect ELISA method as described
in the previous section. The optimal conditions for the ELISA were
determined to be 1.0pg/well of coating antigen, primary serum
dilution of 1:20 (as starting dilution) and 1:2500 dilution of the HRP
conjugated Rabbit anti-chicken IgY secondary antibody. The assay was
performed in triplicate and the data represent the Mean + SE of two
independent experiments.

2.8.4. Assessment of cytokine gene expression by Semi-quantitative Reverse
Transcription PCR (RT-PCR)

Spleen tissues stored in RNAlater™ were washed thoroughly with
PBS and 50 mg of the tissue was homogenized in Trizol reagent and the
total RNA was extracted following manufacturer’s instruction
(Invitrogen, USA). The quantity and quality of RNA for each tissue
sample was determined by using Epoch 2 microplate spectro-
photometer (BioTek). Approximately 2pug of RNA was reverse tran-
scribed with MuLV reverse transcriptase using the Superscript Reverse
Transcriptase kit following the manufacturer’s protocol (BioBharati,
India).

To evaluate the cytokine gene expression, primers for chicken IL-1f3,
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IL-8, IL-6, IFN-y, IL-17 A as well as transcription factor NFkB were ob-
tained from IDT technologies (USA). Details of the primers and am-
plicon size are mentioned in Table 1. Semi-quantitative PCR for each
gene was performed in a volume of 20 pl containing dNTPs, primers, 1X
Tagq reaction buffer, Taq DNA polymerase, cDNA, nuclease free water.
The amount of cDNA used for each gene amplification was normalized
on the basis of expression of the house-keeping gene (-actin. Details of
the PCR programme was as follow: Initial denaturation at 94 °C for
3 min, followed by 30-40 cycles of amplification at 94 °C for 1 min,
48-58 °C for 1 min., 72 °C for 2 min followed by final extension at 72 °C
for 5 min. The data presented here correspond to the mean fold changes
calculated with respect to the PBS group using Image Lab™ software
(Bio-Rad, USA). The assay was performed in triplicate and the data
represent the Mean fold changes + SE of two independent experi-
ments.

2.8.5. Protective efficacy of intra-gastric delivery of rhcp entrapped in CT-
TPP NPs against C. jejuni

At day 7 post last immunization, remaining birds belonging to dif-
ferent groups were orally gavaged with 1 x 10%-colony-forming units
(CFU) of C. jejuni. C. jejuni isolate BCH71 was used as challenge strains
in this experiment. BCH71 was originally isolated from a clinical human
sample and genotypic analysis confirmed the presence of major viru-
lence genes (cadF*, hep™, flaA™, cdtB*, pebl™, racR*). We chose to
use oral gavage challenge as a closer mimic to natural mode of C. jejuni
entry in chickens.

Seven days after challenge all the birds were sacrificed and one
cecum from each bird was collected. The total cecal content was
stomached in 5ml volume of MH broth and serially diluted before
plated on Blood Free Campylobacter Selectivity Agar Base media con-
taining CAT supplement. The plates were incubated for 48 h under
microaerophilic condition and number of the colonies appeared on the
plate were counted. Number of bacterial colonies were expressed as
log10 CFU/g for each bird and level of protection was calculated using
the following equation:

Log10 units of protection = [mean log10 CFU of the PBS group of
birds] — [mean logl0 CFU of the other groups]. The assay was per-
formed in triplicate and the data represent the Mean * SE of three
independent experiments.

2.9. Statistical analysis

Origin 8.0 software was used for plotting CD spectra, FT-IR data
analysis whereas SEM and TEM data were analyzed for size distribution
of the NPs using imageJ software. Data for protective efficacy, Indirect
ELISA and semi quantitative RT-PCR were compared between im-
munized and control (PBS) groups by Student’s t-test (two tailed, un-
paired). P < 0.05 was considered statistically significant. A GraphPad
Prism version 5 software was used to calculate CTsg values as well as for
the graphics presented in this manuscript.

3. Results
3.1. C. jejuni hcp gene was cloned and expressed in E. coli

Genomic DNA isolated from C. jejuni was PCR amplified using hcp
specific primers set and an amplicon of 510 bp confirming the size of
hcp was purified, restriction digested and cloned into the corresponding
enzyme sites of pQE30 plasmid (Fig. 1; Panel A). Sequence analysis
confirmed the sequence identity and orientation of hcp gene. Positive
transformant recombinant E. coli M15 cells harboring pQE30-hcp
plasmid were proliferated and induced with IPTG to express rhcp. The
SDS-PAGE analysis of the expressed recombinant protein at 20 kDa
position confirmed the size and integrity of the purified rhep while
specific detection of immunoblot at similar position confirmed the
specificity of the expressed protein (Fig. 1; Panel B).
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Fig. 5. IR spectrum and hydrodynamic radii distribution of CS-TPP NPs alone or loaded with rhep and analysis of the morphological features of sham CS-TPP NPs or

rhep loaded NPs by FESEM and TEM.

Panel A: IR spectrum of CS (a), TPP (b), sham CS-TPP NPs (c) and CS-TPP-rhcp NPs (d) were recorded between 4000-500 cm-1. All the spectra were baseline
corrected for atmospheric CO, and normalized respectively. Presence of spectral band between 2700-3000 cm ~ ! and 1800-1500 cm ™! with spectral shift indicates
the formation of CS-TPP NPs. Panel B: Hydrodynamic radii distribution of sham CS-TPP (a) and CS-TPP-rhcp (b) nanoparticles suggests even distribution of particle
size for sham CS-TPP NPs whereas two different particle distributions were found in case of CS-TPP-rhcp. The distribution of particle diameters is represented by
percentage of intensity along with peak radii. Panel C: Scanning electron microphotograph of sham (a, b) or rhcp loaded (c, d) CS-TPP NPs demonstrating island type
of aggregation in case of sham CS-TPP NPs with an average size of 97 nm whereas rhcp loaded CS-TPP NPs showing relatively wider distribution of particles size with
an average diameter ranged from 34 to 180 nm (a). Statistical analyses of the particle size distribution of sham CS-TPP NPs (open bar) (b) and rhcp loaded CS-TPP
NPs (filled bar) (c) are shown. Transmission electron microphotograph of sham (a, b) or rhep loaded (¢, d) CS-TPP NPs showing spherical particles for sham NPs with
an average size 60-180 nm while rhep loaded NPs were found to form comparatively larger particles ranging between 170-300 nm (d).

3.2. Cytotoxicity and CTsqof purified rhcp was determined

For functional analysis, cell cytotoxicity of rhcp was determined in
human and chicken cells by MTT assay. In human INT407, rhcp was
found to be toxic with CTsq value "18.1 pg/ml whereas CTs, values for
Caco-2 and CEICs were > 30 ug/ml which is in line with earlier study
(Bleumink-Pluym et al., 2013) (Fig. 2 and Table 3). The CTso values
were further calculated and confirmed by SRB assay (Supplementary
Fig. S2).

3.3. Immunoreactivity of rhcp was confirmed

To confirm the immunoreactivity of the purified protein, rabbit
polyclonal sera was raised against rhep and subjected for Western blot
analysis. Strong signal intensity of the blot at 20 kDa position confirmed
the immunoreactivity of the immunizing antigen (Fig. 3; Panel B).
Further the ability of immune sera raised against rhcp in rabbit and
chickens to recognize secreted hep in the culture supernatant of hcp + ve
C. jejuni was confirmed through indirect ELISA (Fig. 4). Representative
well images as well as comparative analysis of the ELISA titre confirm
the ability of antibody in recognition of secreted hcp and suggests no
significant difference in terms of immunoreactivity when compared to
the rhep (Supplementary Fig. S1).
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3.4. Recombinant hcp loaded CS-TPP NPs were synthesized and protein
entrapment efficiency was determined

In order to prepare stable NPs, the final concentration of CS to TPP
was kept at 0.05%-0.1% (CS:TPP). Because the crosslinking density can
influence protein association and release from ionically cross-linked CS-
TPP particles, the rhep was added slowly to the CS solution followed by
adding TPP in a drop wise manner into the mixture. A total 70 ug of
protein was used initially however approximately 50 ug was found to
finally incorporated in NPs, thus the entrapment efficiency of the par-
ticles was calculated to be 70% of the initial protein amount.

3.5. Physical property and morphology of CS-TPP NPs

3.5.1. FT-IR

FT-IR spectra of different component of the NPs alone or in a cross-
linked state is presented in (Fig. 5; Panel A). Pure chitosan (CS; a-black
line) was shown to have broad band at 3460 cm ™! possibly due to the
OH stretching. The bands at 2948, 2867, 1437, 1367 and 1169 cm !
positions are assigned to the CH, bending due to pyranose ring (Pawlak
and Mucha, 2003). In case of CS-TPP NPs (c-blue line), the peak of
3460 cm ™' shifted to 3290 cm ™! and became wider with increased
relative intensity indicating an enhancement of the hydrogen bonding.
The major differences noted between the spectra of the CS-TPP NPs and
free CS, refers to the weak bands at 1218 cm ~ ! which could be assigned
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Fig. 6. In vitro release kinetics of rhcp from CS-
TPP NPs, protein integrity and Western blot
analysis.

Panel A: In vitro release kinetics of entrapped
rhep was assessed in phosphate buffered saline
(PBS; pH 7.4) and simulated gastric fluid (SGF;

~ . pH 1.2). Lines indicate controlled, linear and
e slower release of rhcp when NPs were in-
cubated in PBS while rapid release of rhcp was
noticed at first 30 min before reaching a pla-

teau (a). SDS-PAGE profile of rhep from desta-
bilized NPs after 16 h of incubation either with
PBS or SGF suggest the integrity of the en-
trapped protein (b). Lane: M: Marker; 1: pur-
ified rhep; 2: rhep in SGF; 3: rhep in PBS. Panel
B: Western blot analysis of released rhcp in SGF
using rabbit polyclonal anti-rhcp antibody (a)
as well as mouse monoclonal anti-His antibody
(b). Immunoblot at expected size indicate that

2 1 the immunoreactivity of the released protein

remains unaltered. Lane: M: Marker; 1: rhep, 2-

L 4: released rhep in SGF.
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to P—O stretching signal and band at 905 cm ™! attributed to P—O—P
asymmetric stretching. Additionally, the observed peak at 1670 cm ™!
along with the previously described signals indicate the presence of
phosphate groups in the CS-TPP NPs (Luo et al., 2010; Vasconcellos
et al., 2011). The band at 1088 cm ™1, assignable to the stretching of
C-O bonds of primary alcohols changes its position noticeably in NPs
(c-blue line; d-green line). Such changes were attributed to interaction
between CS and TPP (b-red line) (Vasconcellos et al., 2011). The band
at 1646cm ™' that appeared on CS spectra, attributed to N—H de-
formation of amine groups, was merged with TPP signal at 1670 cm !
and produced a new sharp peak at 1542 cm ™' in CS-TPP or CS-TPP-
rhep particles, this could be assigned to NH;* bond formation with TPP
(Luo et al., 2010; Vasconcellos et al., 2011). Based on the decoded FT-IR
information, crosslinking through ionic interactions among negatively
charged phosphate groups of TPP and protonated NHs " units of CS
chain could be concluded. The minute differences and broadness of
spectra ranging from range from 3646 to 2518 cm ™! in NPs in com-
parison to free CS or TPP might be due to the extended and diversified
H-bonds networks among CS-TPP chains. The subtle nature of the FT-IR
spectra further explained as the pronounced interaction between amino
and hydroxyl group on CS chains.

3.5.2. Morphology, size distribution and surface charge of NPs

Data obtained from DLS showed single peak suggesting relatively
uniform size distribution for CS-TPP NPs. The average hydrodynamic
radii were noted as 257 nm (PDI = 0.787) and 167 nm (PDI = 0.616)
for CS-TPP and CS-TPP-rhcp NPs respectively. In comparison to free CS-
TPP NPs, two peaks were obtained in case of CS-TPP loaded with rhcp
(Fig. 5a and b; Panel B). In terms of net surface charge, zeta potential
(€) of the NPs suggests overall positive charge for both forms of NPs. For
CS-TPP NPs it was found to be + 15.7 mV while loading with rhep was
found to increase the surface charge to + 20.1 mV. This may be at-
tributed to conjugation of rhep to CS-TPP NPs. Considering the overall
surface charge of the protein which would be positive at pH 5.4 where
the NPs were synthesised, additional surface charge of CS-TPP NPs thus
attributed to rhep loading (Sims, 2010).

Analysis of CS-TPP NPs using FESEM suggest the spherical
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morphology of the NPs with comparatively narrow particle size dis-
tribution when compared with rhcp loaded NPs (Fig. 5a; Panel C). The
average size distribution of CS-TPP NPs were analysed to be
97 = 5.0nm (Fig. 5b; Panel C; Open bar) whereas rhcp loaded CS-TPP
NPs were found to have higher radii with wide particle diameter dis-
tributions. Based on the analysis of the average particle size rhcp loaded
CS-TPP NPs were found to be ranged from 180 + 6nm to 34 * 7nm
(Fig. 5c; Panel C; Filled bar).

Morphology and particle size of both type of NPs were further
analysed using TEM. Spherical NPs were observed which is in corre-
lation with SEM data. Average particle size analysed for CS-TPP NPs
ranging from 60 to 180 nm and for CS-TPP-rhcp it was 170-300 nm in
size (Fig. 5d; Panel C).

3.6. In vitro release of rhcp from CS-TPP NPs was determined

Protein release profile from CS-TPP NPs in PBS (pH 7.4) and SGF
(pH 1.2) is shown in (Fig. 6a; Panel A). The fractions of rhcp released
from CS-TPP NPs in the suspending solution suggest that the protein
release is maximum within the first 15-30 min (24% and 18%) in case
of SGF while an opposite characteristic was found for CS-TPP NPs when
incubated in PBS (6% and 3%). However, the protein release was found
to be sustained and controlled in subsequent time points in both buffer
without notable difference.

3.7. Protein integrity of entrapped rhcp into CS-TPP NPs was analyzed

3.7.1. Protein integrity of entrapped and released rhcp was confirmed

To confirm the integrity of rhep entrapped in CS-TPP NPs, NPs re-
covered from the Section 3.6 was destabilized with 10% NaCl. Presence
of protein band corresponding to the size of rhcp confirmed the protein
integrity in both PBS and SGF (Fig. 6b; Panel A). The phenomenon of
more protein release in SGF can be attributed due to the increased
destabilization in the mentioned fluid. SGF itself destabilized and
loosen up the entrapped protein in CS-TPP-rhcp NPs where after ad-
dition of 10% NaCl further destabilize the protein layer which finally
increase the released protein content as evident from gel image. On the
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Fig. 7. Far-UV CD spectroscopic analysis of rhep as a function of pH (8.0 and 1.2).

(A) Experimental CD spectrum of rhep in Tris buffer pH 8.0 (filled dots) and SGF pH 1.2 (open square) at 25 °C. (B) Experimental CD spectrum of released rhcp in SGF
(filled star) and rhcp in SGF (open square) at 25 °C. Average data plot has been done from three repeated data acquisition in the instrument. (C) Theoretical fitting/
prediction of experimental data for possible helical structures (a-helix and p-sheets) using K2D2 online server for the data range of 190-240 nm and (D) for data

range of 200-240 nm.

other hand, PBS did not impose such additional destabilizing factor as
observed in SGF. Further, western blot analysis of released rhcp when
probed either with monoclonal or polyclonal antibodies confirmed the
specific recognition of epitope/s present in rhcp (Fig. 6a and b; Panel
B).

3.7.2. Structural conformation of released rhcp was confirmed

To study the changes in structural conformation of rhcp, protein’s
secondary structure when analysed through CD at two different pH (pH
8.0 and 1.2), no significant difference in the conformation with respect
to a-helix or the B-sheets was observed. However, a minor noise as
observed in the far-UV region (190-200 nm) of CD spectrum of rhcp in
SGF, a 5-point smoothing was performed to represent the spectral
overlap using second order polynomial fitting (Fig. 7A). Whether the
observed difference have any effect on protein structure, the distribu-
tion of a-helices and B-strands at two different pH were predicted using
online based server K2D2 (Fig. 7C and D; Table 4).

Correspondingly, CD spectra of released rhcp when probed in SGF
(pH 1.2), except some minor differences in the dip region of spectra,
two distinct peaks were observed at 211 nm and 216 nm in both the
cases. In contrast, when CD spectra of peak region were compared, a
minor shift and change in intensity ratio were noticed (released rhcp:
202 nm and 192 nm Vs rhep: 201 nm and 195 nm) (Fig. 7B).
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3.7.3. Cell cytotoxicity of released rhcp was determined

To confirm the cell cytotoxicity of CS-TPP NPs and released rhcp
MTT assay was performed. For sham CS-TPP NPs, CTs, value
was > 30 pg/ml in INT407. The CTsq values for released rhep was de-
termined to be 21.1 pg/ml for INT407 and > 30 pug/ml for Caco-2 and
CEICs (Fig. 8 and Table 3). The CTsq values were further confirmed by
SRB assay (Supplementary Fig. S2).

3.8. Intra-gastric delivery of rhcp loaded CS-TPP NPs positively affect hcp
specific local and systemic immune response in chickens

Indirect ELISA assay using intestinal lavage collected from birds
belonging to different experimental groups suggests significant rise in
sIgA level in birds orally gavaged with CS-TPP-rhcp and IFA-rhep im-
munized group when compared with the birds received only sham NPs
or PBS (P < 0.05) (Fig. 9; Panel B).

To monitor the mucosal and systemic antibody response in im-
munized birds, cloacal faeces and sera samples collected at different
time points post immunization were evaluated. A steady and con-
sistently higher increment of sIgA level in cloacal faeces was recorded
in CS-TPP-rhcp group followed by IFA-rhcp immunized group
throughout the experiment period and reached to maxima at day 21
post first immunization (Immunized Vs Control group; P < 0.05)
(Fig. 9; Panel C). In addition, high level induction of serum antibody
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Fig. 8. Cytotoxicity of CS-TPP NPs and released rhcp in human INT407, Caco-2 and CEICs.

Cytotoxicity of CS-TPP NPs in INT407 by MTT assay using different concentration of NPs (0.1 pg/ml to 30 ug/ml) suggest that NPs used in this study is non-toxic
within the range of NPs concentration used in this study (a). The functional analysis (cell cytotoxicity) of released rhcp was assessed in human INT407 (b), Caco-2 (c)
and CEICs (d) by MTT assay. The CTsq of the released rhep for INT407 cells was calculated as 21.1 pg/ml while in case of Caco-2 or CEICs, it was found to be > 30 ug/
ml. Each data point represent the mean cell viability + SE relative to untreated cells normalized to 100% of two independent experiments.

(IgY) was also observed in birds administrated with rhcp either orally or
systemically (Immunized Vs Control group; P < 0.05) (Fig. 9; Panel D).
It is also noteworthy to mention that birds received sham NPs showed
higher background in case of ELISA assay using faecal pellet.

3.9. Transcriptional upregulation of Th1 and Th17 type cytokines

Transcriptional analysis of cytokine genes expressed in spleen tissue
were analysed by semi-quantitative RT-PCR and fold change was cal-
culated with respect to PBS control group (Fig. 10). Fold change of
cytokine gene suggests marked up-regulation of NFkB, IL-1f, IL-8, IL-6,
IFN-vy in birds orally gavaged with CS-TPP-rhcp compared to PBS con-
trol (CS-TPP-rhep Vs PBS control; P < 0.05). However, when compared
with the PBS control, immunization with IFA-rhcp was found to be
comparable with CS-TPP-rhcp in terms of IL-6 and IFN-y gene expres-
sion (IFA-rhcp Vs PBS Control; P < 0.05).

In terms of IL-17 A gene expression, significant expression was no-
ticed in CS-TPP-rhep and IFA-rhep immunized group followed by sham
CS-TPP NPs group in comparison with PBS control group (Immunized
Vs PBS Control; P < 0.05).

3.10. Intra-gastric administration of CS-TPP entrapped rhcp significantly
reduceC. jejunicolonization in cecum

To assess the efficacy of mucosal delivery of rhcp loaded CS-TPP in
the reduction of C. jejuni colonization in the ceca, the bacterial burden
was calculated at day 7 post challenge with C. jejuni. Data presented in
(Fig. 11) indicates significant reduction in the number of bacterial load
in birds orally administered with CS-TPP-rhcp (1.0 log unit) when

compared to either IFA-rhcp (70.5 log unit) immunized birds or unim-
munized control groups of birds (P < 0.05).

4. Discussion

Campylobacter contaminated poultry and poultry products are the
major sources for foodborne gastroenteritis in human (Rosenquist et al.,
2006). A number of case-studies have strikingly reported the significant
correlation between human infection with C. jejuni and the consump-
tion of contaminated raw or undercooked poultry (Allos, 2001;
Hermans et al., 2011; Skarp et al., 2016; Suzuki and Yamamoto, 2009).
C. jejuni uses several strategies to survive and persistently colonize in
chickens gut with little or no host pathology (Beery et al., 1988; Conlan
et al., 2007; Hendrixson and DiRita, 2004; Smith et al., 2008). With the
accumulating evidences that suggest the emergence of new drug re-
sistance C. jejuni strains, the risks of human infection have substantially
increased (Bae et al., 2014; Brown et al., 2015). Considering the up-
rising global awareness against the injudicious use of antibiotic in food
animals, therapeutic use of antimicrobial in poultry is very restricted.
Therefore, developing effective prophylactic strategy remains the most
promising approach to combat C. jejuni infection in chickens.

Among the various vaccination strategies against C. jejuni in poultry,
oral vaccination with whole-killed C. jejuni, recombinant protein-based
vaccines are of note. With the recent advances in our understanding of
C. jejuni colonization of chickens, several surface exposed colonization
protein (SECPs) of C. jejuni that promote bacteria adherence and cell
invasion, have emerged as potential vaccine candidate with variable
success (Kobierecka et al., 2016a, b; Neal-McKinney et al., 2014;
Theoret et al., 2012). Considering the role of mucosal immune system
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Fig. 9. Schematic representation of the chicken immunization schedule and comparative analysis of rhcp specific mucosal (sIgA) and systemic immune (IgY)

responses in chickens.

The experimental birds were immunized at the indicated time-intervals by either intra-gastric administration (gavage) of rhcp loaded NPs or sham NPs or sub-
cutaneous injection (s/c) of rhep-emulsified in IFA. Birds orally gavaged with sham NPs or PBS were kept as control. Black circles indicate the day of sacrifice (Panel
A). Levels of intestinal (sIgA) and serum (IgY) antibodies against rhcp antigens were determined by indirect ELISA. Anti-rhcp sIgA levels were measured in the
intestinal lavage (Panel B) and cloacal faeces (Panel C) while total IgY level was measured in the sera sample (Panel D) collected at different days post first
immunization time points. Purified rhep protein was used as coating antigen (1 pg/well). Individual dot represents the antibody titre in intestinal lavage sample (1:16
dilution), cloacal faeces (1:64 dilution) and sera sample (1:80 dilution). Data represent the mean antibody titre (A450) + SE of 10 birds/group from two independent
experiments. Mean antibody titre of immunized groups was compared to unimmunized control group (received PBS only). Different letters (a, b, c) represent

statistically significant difference among groups (P < 0.05).

in conferring host defence against C. jejuni, the use of live vectored or
nanoparticle based oral delivery of several C. jejuni proteins namely as
Cja A, Cja D, Dps, as well as outer-membrane proteins (OMPs) were also
reported in the past (Annamalai et al., 2013; Buckley et al., 2010; Clark
et al., 2012; Laniewski et al., 2014; Layton et al., 2011; Rice et al.,
1997; Theoret et al., 2012; Wyszynska et al., 2004).

In recent times, with the emergence of T6SS in C. jejuni, genes en-
coding effector proteins of T6SS cluster have attracted significant at-
tention for their distinct functions and expressive contribution in en-
hancements bacterial virulence and cell cytopathies (Bleumink-Pluym
et al., 2013; Lertpiriyapong et al., 2012; Pukatzki et al., 2009;
Silverman et al., 2012). Although, the exact role C. jejuni T6SS in in-
fluencing campylobacteriosis in human is yet to be established, a
growing body of data including our recent study suggest that T6SS
mediated pathogenesis is mostly attributed to hcp protein (Bleumink-
Pluym et al., 2013; Harrison et al., 2014; Kuskonmaz et al., 2009;
Lertpiriyapong et al., 2012; Noreen et al., 2018; Sainato et al., 2018).
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The role of hep in enhancement of bacterial motility, biofilm formation
as well as bacterial invasion and host cell adherence has been proposed
in the recent past while several other studies have examined the value
of hcp immunization in conferring protection against different Gram
negative bacteria (Burtnick et al., 2011; Suarez et al., 2010, 2008; Wang
et al., 2015; Whitlock et al., 2010; Yang et al., 2017). However, the
potential of hep protein as a prospective vaccine candidate in the light
of blocking C. jejuni colonization in chickens has never been explored in
the past.

In line with our central hypothesis of reducing the degree of C. jejuni
inhabitancy in the chickens intestine will reduce the risk of human
infection, the present study explored the benefit of hcp immunization
against C. jejuni in chickens. Considering that gut mucosa offers the
apposite site for C. jejuni adherence (Alemka et al., 2012) and invasive
mode of immunization in food animal such as chickens have several
implications, it was of our interest to establish a safe and efficacious
mucosal vaccine composition to offer effective immune-protection
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Fig. 10. Comparative analysis of cytokine gene expression in spleen.

Spleen tissues collected from experimental chickens (n = 8) on day 7 post last immunization were processed for RNA extraction followed by synthesis of cDNA for
cytokine gene expression study. Panel A: Representative gel images of semi-quantitative RT-PCR showing mRNA expression of transcription factor NFkB and
cytokines (IL-1f, IL-8, IL-6, IFN-y and IL-17 A). Panel B: Fold changes of cytokine gene expression in response to sham CT-TPP, CS-TPP-rhcp and IFA-rhcp im-
munization. Fold changes was calculated with respect to unimmunized control group (received PBS only). Data represent mean * SE of 8 birds/group from two
independent experiments. Symbol * represents statistically significant difference with respect to the birds received PBS only (P < 0.05).

against C. jejuni. Owing to the several advantages exhibited by chitosan
including safety, biocompatibility, biodegradability, low im-
munogenicity and mucoadhesive properties, we chose to use chitosan-
based NPs as a candidate for hcp protein delivery to chicken’s gut
mucosal surface (Agnihotri et al., 2004; Pandey et al., 2005; Plapied
et al., 2010; Sayin et al., 2009).

The sequential assessment of sera, intestinal lavages fluid and
cloacal faeces revealed that the prime-boost immunizations of rhcp
either orally or systemically can significantly augment hcp specific local
(sIgA) or systemic (IgY) antibody responses. It is of note that antigen-
presenting cells including naive B cell in gut associated lymphoid tissue
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(GALT), upon exposure to antigen, travel to the mesenteric lymph node
(MLN) where they undergo clonal expansion and release into the sys-
temic circulation (Macpherson and Smith, 2006). Given that the hcp
protein primarily expressed in the bacterial outer membrane, marked
sIgA antibody response in the intestine suggest the accessibility of B cell
epitopes present in the exposed domain of hcp when delivered via CS-
TPP NPs. The details of B cell specific epitopes predicted by using da-
tabase IEDB is presented in Table 2.

As numerous naturally N-linked glycosylated proteins including
proteins within T6SS (formerly T4SS) cluster (VirB10) of C. jejuni were
shown to influence the antigenicity as well as host immune responses,
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Fig. 11. Effect of rhcp immunization in C. jejuni colonization in ceca.

Birds received three doses of rhep either orally or subcutaneously were chal-
lenged with 1 x 10® CFU of C. jejuni orally at day 7 post last immunization.
Control birds were given either PBS or sham NPs (infected but not immunized).
Seven days after the challenge all the birds were sacrificed and viable C. jejuni
were recovered from the necropsied ceca. Significantly lower number of bac-
terial recoveries was noted in CS-TPP-rhcp immunized group as compared to
either IFA-rhcp group or unimmunized birds (P < 0.05). Data represent
mean * SE of 12 birds/group from three independent experiments. Different
letters (a, b, c) represent statistically significant difference among groups
(P < 0.05).

Table 2
List of predicted linear B cell epitopes and N-glycosylation site in C. jejuni hcp
protein.

'S. No. Start End Peptide Length
1 14 36 QGLISSGASTEASIGNRYKSGHE 23

2 48 66 VTVPVDQQSGQPSGQRVHK 19

3 101 108 TSTSGGSE 8

4 125 138 LIMPNAQESSNHDK 14

5 156 169 TAAGTSGSDDWREG 14

#MAEPAFIKIEGSTQGLISSGASTEASIGNRYKSGHEDEIMAQEVSHIVTVPVDQQ-
SGQPSGQRVHKPFSFTCSLNKSVPLLYNALTKGERLPTVEVHWFRTSTSGGSEHFF-
TTKLEDAIITNIELIMPNAQESSNHDKTELLKVSMSYRKVVWEHTAAGTSGSDDW-
REGK.

#NetNGlyc 1.0 Server was used for the prediction of potential N-glycosylation
site (1.0 at 75" position) in the sequence of C. jejuni hep. Consensus sequence
for N- glycosylation acceptor site (Asn-X-Ser/Thr) is underlined.

* Data base IEDB was used for epitope prediction.

Table 3
Cytotoxicity of purified rhep and released rhep protein.

Proteins CTs values (ug/ml)
INT407 Caco-2 CEICs
MTT SRB MTT SRB MTT SRB
rhep 18.1 17.4 > 30 > 30 > 30 > 30
Released rhep 21.1 225 > 30 > 30 > 30 > 30

Table 4
Distribution of a-helices and -sheet of rhep in Tris (pH 8.0) and SGF (pH 1.2).
rhep 190-240 nm 200-240 nm
a-helices B-sheet a-helices B-sheet
Tris buffer, pH 8.0 56.26% 5.69% 84.27% 1.24%
SGF, pH 1.2 67.22% 2.22% 84.27% 1.24%
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we further looked for N-glycosylation acceptor sequence within hcp
sequence (Alemka et al., 2013; Karlyshev et al., 2004; Larsen et al.,
2004; Pei et al., 1998; Szymanski et al., 2002). In the available crystal
structure of native form of hexameric hep of C. jejuni (PDB code 6A2V)
(Noreen et al., 2018) the predicted consensus sequence (Asn-X-Ser/Thr)
for N-glycosylation was found to be buried at the interface of the two
monomer of hep subunits without interfering B cell epitope. This ar-
rangement makes the Asparagine inaccessible for N-glycosylation in the
complete hexameric form (Table 2 and Supplementary Fig. S3). Since
glycosylation in C. jejuni occurs post-translationally, with respect to
inaccessible consensus sequences, the possibility of N-linked glycosy-
lation on the structural stability of the hexameric complex of hep needs
to be investigated.

The supposition was further confirmed by demonstrating specific
recognition of both native as well as recombinant form of protein (non-
glycosylated) using anti-rhcp antibody (Fig. 4). Additionally, chicken
sera from the strongly reactive experimental group that were im-
munized with either CS-TPP-rhcp or IFA-rhcp showed specific im-
munoblot at the expected size of hcp further suggest the specific re-
activity of the immunized sera against rhcp protein (blot not shown).
Previously, also modification or complete elimination of N-glycosyla-
tion of several other C. jejuni proteins, including ZnuA or JlpA, Cj0263
and Cjl496c were found to be inconsequence in terms of protein
functionality or their overall antigenicity (Davis et al., 2009; Kakuda
and DiRita, 2006; Kakuda et al., 2012; Scott et al., 2009). Together with
our prediction, the data obtained from cell cytotoxicity and indirect
ELISA allow us to conclude that N-glycosylation of hcp may have little
effect on the overall antigenicity of rhcp protein expressed in E. coli
host.

Though mucosal administration of recombinant protein is as not as
easy as systemic immunization, CS-TPP NPs seem to offer effective
antigen presentation with improved safety of immunogen during gut
transit (Arca et al., 2009). It is worth noting that nano-sized particulate
carriers often possess increased antigen contact area and thereby fa-
cilitate better antigen presentation than bigger sized micro or macro-
particles (Yan et al., 2013). With larger surface area, higher dis-
persibility, unique mucoadhesive property related to high positive
charge density of CS-NPs, in the present study the predicted utility of
CS-TPP NPs was achieved.

Moreover, together with higher level of biosafety, increased thermal
and solution stability of CS NPs as shown by us, could be the additional
benefits of CS based NPs towards developing novel immunization ap-
proach particularly against warm blooded vertebrates such as avian
(Kamat et al., 2015; Malmo et al., 2011). In view of the immune re-
sponse generated against the larger carrier molecules or delivery ve-
hicle often limit the use of antigen carrier, here we also claim the use of
chitosan based non-protein NPs would be safe, non-immunogenic an-
tigen carrier system with little or no anti-system response in chickens.

As C. jejuni is an intracellular pathogen, it was of our interest to see
if the observed humoral immune response afforded by the mucosal
administration of rhcp modulate the cellular immune response.
Therefore, next we investigated the effect of intra-gastric administra-
tion of rhep in T cell activation in immunized birds. We observed that
the local and systemic antibody response afforded by hcp associated
cellular responses with a mixed Th1l and Th17 profile as evident from
marked upregulation of NFkB, IFN-y, IL-1f, IL-8, IL-6 and IL-17 A genes
expression. The enhanced ability of hep™ C. jejuni genotypes in bac-
terial adherence and invasion to human and chickens cells as shown by
us and others suggest the possible role of hcp in bacterial T6SS medi-
ated virulence (Corcionivoschi et al., 2015; Singh and Mallick, 2019).
However, the direct role of hep in the evasion of host immune response
was explicitly studied in Aeromonas hydrophila mutant model by de-
monstrating that supplementation of hep could significantly inhibit the
expression of major pro-inflammatory cytokines to promote IL-10 and
TGF-f3 expression (Suarez et al., 2010). Taken together, with the ability
of hep immunization in triggering the release of a set of cytokines that



A. Singh, et al.

initiate Th1-type immune responses in chickens may have contributed
in the host protection as observed in this study.

Nevertheless, the intrinsic mechanisms by which hcp regulate the
skewing of Th17 polarization need to be elucidated in more detail.
However, the Frequentist and Bayesian structural equation models
(SEM) based on the combinations of experimental and statistical mod-
elling, suggest Th17 upregulation in response to C. jejuni infection could
offer host protection in broiler chickens (Reid et al., 2016). To this end,
the marked expression of IL-1$ and IL-6 genes with significant upre-
gulation of IL-17 A as observed in the present study corroborates the
value of hep immunization in Th17 cell differentiation (Chung et al.,
2009). Given that the expression of IL-1 and IL-6 is known to have a
strong correlation with IL-17 A production, activation of mixed Th1 and
Th17 type of response by mucosal delivery of hcp appears to be posi-
tively contributed in host protection against C. jejuni challenge (Smith
et al., 2008).

Finally, to test the value of mucosal immunization in blocking of
bacterial colonization, immunized birds were challenged with C. jejuni
harbouring functional T6SS. Significant reduction in cecal load of C.
jejuni compared to the control birds indicates the benefit of mucosal
delivery of rhcp. Although immunization of rhcp with IFA resulted in
robust systemic (IgY) and mucosal (sIgA) antibody response, when
compared to the mucosally administered group, systemic immunization
was found to be less effective in terms of reduction in cecal load of C.
jejuni. Hence, present study acclaims the importance of anti-hcp im-
mune response generated in the mucosal surface in blocking gut colo-
nization of C. jejuni in chickens. Since hcp gene possess higher sequence
conservation amongst the other C. jejuni strains as well as other T6SS
bearing gut pathogens, although not tested in this study, the immune
response induced by hcp immunization is predicted to be protective
against a wide range of C. jejuni including other mucosally important
gut pathogens.

5. Conclusions

Taken together, we suggest that hep could serve as effective vaccine
candidate against C. jejuni in chickens as well as in other susceptible
hosts. Given that systemic immunization would be time consuming,
labour-intensive and costly, mucosal immunization of hcp could serve
as a promising alternative when large numbers of flocks are needed to
be immunized against C. jejuni.
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