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ARTICLE INFO ABSTRACT

Article history: Proliferative enteropathy, caused by Lawsonia intracellularis, represents a threat for swine industry.
Received 25 September 2018 Current vaccines are effective but difficult to obtain and scaled up, because of demanding bacterial cul-
Received in revised form 10 January 2019 ture conditions. In this work, a subunit vaccine candidate against L. intracellularis was developed and its
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efficacy was evaluated in vivo, alone or co-formulated with pig recombinant IFN-a.
Available online 30 January 2019 y ’ Pl *

The vaccine formulation contains three chimeric antigens: two outer membrane proteins and a
secreted one, which were engineered by adding T epitopes using bioinformatics tools. After simultane-
ously expressing the three antigens in E. coli, its immunogenicity was tested in mice and pigs.
Recombinant vaccine Antigens co-formulated with porcine Il.:N-oc were a.lso assayed in. the l.ast spgcies.. lmmune response
Proliferative enteropathy was assessed by ELISA and gPCR, and histopathological studies of intestinal epithelial tissue were per-
Pig immune response formed after challenge.

Mice and pigs showed an increased IgG response against chimeric antigens. Particularly, there were
significant differences in the antibody response when porcine IFN-o was co-administrated with L. intra-
cellularis antigens. Besides, mRNAs from il12 and cd4 marker were detected during the first week after
immunization of pigs, suggesting a Th1-type cellular immune response. The significant enhancement
of oas2 gene expression indicates the effect exerted by porcine IFN-o. Post-mortem histopathological
analysis post-challenge revealed damage only into epithelial cells of the gastrointestinal tract from ani-
mals of the negative control group. Injuries were related to atrophy of the intestinal villi, where a
decrease of globet cells and a greater migration of lymphocytes were observed.

Overall, our results demonstrated that the vaccine candidate elicited significant humoral and cellular
immune responses. Besides, histopathological analysis suggested that vaccinated animals were protected
against experimental L. intracellularis infection. This research constitutes a step forward to the generation
of the first recombinant chimeric vaccine against L. intracellularis, representing a faster, easier and cost
effective approach to counteract the porcine proliferative enteropathy.

© 2019 Elsevier Ltd. All rights reserved.

Keywords:
Lawsonia intracellularis

1. Introduction by reducing the feed conversion efficiency up to 50% and the aver-
age gain weight from 17% to 84% compared to unaffected pigs [1].

The obligate intracellular bacteria Lawsonia intracellularis Taking into account the cost per infected pig is around $ 10 USD,
(L. intracellularis) generates significant economics losses in swine this microorganism is considered a huge problem for the porcine
industry worldwide [2,3]. The disease associated with L. intracellu-

laris was first reported in pigs [4]. Also, it was described in horses

* Corresponding author. and rabbits [5-7]. The bacteria use the active mitotically intestinal
E-mail addresses: rmontesino@udec.cl (R. Montesino), jotoledo@udec.cl crypt cells for their propagation [8,9]. As a thickened intestinal
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1 ) mucosa is produced due to proliferation of undifferentiated
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enterocytes, this intestinal infectious disease was called prolifera-
tive enteropathy. Anorexia, acute or chronic diarrhea, weight loss
and occasionally death are classical sings of this disease.

Damage caused by L. intracellularis in pig-producing countries
has motivated the development of new and more effective vaccines
for counteracting this pathogen. Live attenuated or inactivated vac-
cines are available in the market (Enterisol ileitis, produced by
Boehringer-ingelheim and Porcilis ileitis produced by Intervet,
Merck [10]), which implies a large-scale production of infective
bacteria in cell cultures. However, it is well documented that only
few laboratories in the world successfully maintain L. intracellularis
in culture due to the complexity of this culture system [11,12].
Thus, culture scale-up of L. intracellularis and the technology trans-
fer to the veterinary pharmaceutical industry remain difficult to
achieve.

Specifically, the live attenuate vaccine has additional limita-
tions related to the environmental risk due to the probable patho-
gen dissemination into countries where the vaccine is being
introduced [13]. Also, the simultaneous use of antimicrobial drugs
is not allowed, which increases the occurrence of bacterial infec-
tions in weaned piglets.

The development of recombinant vaccines based on highly
immunogenic proteins containing engineered T cell epitopes could
be an effective approach and a potential solution for the
pathogenicity produced by L. intracellularis. Advancements arising
from the knowledge of the entire genome of L. intracellularis provide
new tools to identify prominent sequences for designing chimeric
immunogens. However, there are no available vaccines against L.
intracellularis based on the identification and recombinant expres-
sion of specific antigens from this microorganism [14,15].

Here, we have developed a new multi-antigenic subunit vaccine
candidate against L. intracellularis, containing two outer membrane
proteins and a secreted one, from this pathogen. Epitopes for por-
cine T and B cells were also identified and incorporated into the
design. The proteins contained in the subunit vaccine were pro-
duced in E. coli and their immunogenicity was demonstrated in
mice and pigs. Normal intestinal tissue observed in vaccinated pigs
after challenge suggested protection from L. intracellularis
infection.

2. Materials and methods
2.1. Bacterial strains, restriction endonucleases and animals

SHuffle T7 E. coli strain (New England Biolabs, UK) was used for
the expression of the recombinant antigens. The restriction
endonucleases were purchased from New England Biolabs, UK.

(A) (B)

C57BL/6 female mice of six weeks old were acquired from Chilean
Public Institute of Health to evaluate in vivo IgG immune response
against the recombinant L. intracellularis antigens. Healthy Duroc/
Yorkshire piglets of four weeks old were acquired from an inten-
sive pig production of a Chilean farm to performing the immuniza-
tion and challenge trials. Commercial Ileitis Antibody ELISA
(SVANOVA, Sweden) was used to corroborate that pigs were free
from L. intracellularis.

2.2. Bioinformatic prediction of potential antigens

The L. intracellularis entire genome (PHE/MN1-00, N343) was
analyzed by Tblastn from the Blast 2.2 database. Open reading
frame prediction of potential antigens was carried out by the finder
tool NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) [16]. The
sequences were selected considering the subcellular localization
and the presence of B- and T-cell epitopes based on the Server
for Biological Sequences Analysis, CBS. B-cell and T-cell epitopes
were predicted by using ABCpred and BCEpred tools respectively,
from the Microbial Technology Institute server and NetMHC tools
[17-20]. T-cell epitopes with low coverage were replaced and addi-
tional T-cell epitopes were included in loops regions (Fig. 1). The
prediction of antigenic structures was performed using Robertta-
server Protocols (RSP) [21]. The stability and validity of the three
models were confirmed by energy minimization analysis using
the Swiss-PdbViewer, and the computation Ramachandran plot
method using RAMPAGE tool, respectively [22].

2.3. Expression of recombinant antigens

The chimeric DNA sequences were synthetized and cloned in
the bacterial expression vector pET-22b by Genescript (https://
www.genscript.com/gene_synthesis.html). All sequences were
inserted in the same vector, which comprised: T7 promoter/Lac
Operator — chimeric gene -6 histidine residues - T7 terminator
(Fig. 2). Antigens were expressed in the genetically transformed
SHuffle® T7 E. coli strain which was grown in liquid LB-
Ampicillin medium up to the optical density (OD) of 0.6 and
induced with 0.5 mM isopropyl B-D1-thiogalactopyranoside (IPTG)
(Santa Cruz Biotechnology, USA). Analytical expression was carried
out in 300 mL of LB medium (Liofilchem, Italy) supplemented with
50 pg/mL of ampicillin (USBiological, USA) at 30 °C under constant
stirring for 6 h of induction. Batch cultures of 5 L were further
developed in a bioreactor (Winpact, USA). The growth parameters
were: temperature of 30 °C, pH 7.0 and stirring of 200 rpm until
reaching a DO of 0.6, measured at 600 nm. Expression was induced
with IPTG 0.5 mM for 12 h. The cell pellet was resuspended in PBS

(©)

Fig. 1. Structures prediction for chimeric antigens from L. intracellularis. Modeling was performed by Robetta-server (http://robetta.bakerlab.org). (A) INVASc, (B) OMP2c and
(C) OMP1c. The green color shows the protein backbone; blue (FSFPYWFTF), red (KQFNLNTLL) and yellow (FSYATDLSY) correspond to inserted T-cell epitopes.
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Fig. 2. Design and construction of the pLawVac vector. (A) Transcriptional units for expression of INVASc, OMP1c and OMP2c in E. coli. The three consecutive transcriptional
units contain: T7 promoter/T7-lacO operator (T7P/OLac), chimeric gene with a spacer and a 6XHist tag (L/6H), and T7 transcriptional terminator (T7t). (B) Map of pLawVac
expression vector containing the chimeric genes. (C) Restriction analysis for the pLawVac expression vector. Lanes 1 and 2: Xho I and Bgl Il enzymatic digestion for pLawVac
and pET22b vectors, respectively. Lanes 3 and 4: Xho I, Bgl Il and Sal I digestion for pLawVac and pET22b vectors, respectively. Lane 5: 1 kb DNA ladder.

buffer (137 mM NaCl (Merck, Germany), 2.7 mM KCl (Merck,
Germany), 10 mM Na,HPO, (Merck, Germany) 1.8 mM KH,PO,
(Merck, Germany), pH 7.4) containing 0.1% Triton X-100) and dis-
ruption was performed using an ultrasonic homogenizer (QSonica,
USA) at 95 Hz equipped with a titanium probe of 13 mm diameter.
Cells were sonicated on ice at 10-second intervals with 10 s of rest.
The total sonication time was 10 min.

2.4. Extraction of inclusion bodies

The extraction of inclusion bodies was performed according to
procedures previously described [23]. Briefly, the biomass resus-
pended in PBS containing 0.1% Triton X-100 was lysed by mechan-
ical cell disruption in a French press EmulsiFlex C-5, (Avestin,
Canada). The pressure was adjusted to 1000 psi and the flow rate
was 18-20 drops per minutes. The supernatant and pellet of cellu-
lar lysate were separated by centrifugation at 4342g for 20 min and
the pellet was washed 2 times in 1 M NaCl plus 1% Triton X-100
and once in PBS. Finally, the inclusion bodies obtained in the insol-
uble fraction were resuspended in PBS and stored at —20 °C. Quan-
tification was assessed using the Odyssey imaging system (LI-COR,
USA), after applying into polyacrylamide gel electrophoresis using
bovine serum albumin (Sigma, USA) as standard.

2.5. SDS-PAGE and western blotting

SDS-PAGE analysis was performed as described by Laemmli
(1970) [24] in 12% polyacrylamide gels. Subsequently, proteins
were transferred to nitrocellulose membranes (Schleicher and
Schuell, Germany) using a semidry electroblotter (BioRad, USA).
Monoclonal mouse anti-His (Clontech, USA) was used as the pri-
mary antibody, and goat Alexa fluor® 680 anti-mouse (Jackson
ImmunoReseach, USA) was used as secondary antibody. The infra-
red signals were measured using the Odyssey imaging system.

2.6. Immunization and challenge experiments
Mouse and pigs studies were done in compliance with national

guidelines and the authorization of the Ethical Committee from
Universidad de Concepcion.

2.6.1. Immunization assay in mice

The immunogenicity of recombinant antigens was evaluated in
two experimental groups of five C57BL/6 female mice each. Anti-
gens, as inclusion bodies, were emulsified in Montanide ISA 15A
VG (Seppic, France) using an antigen: adjuvant ratio of 80:20. Dose
of 50 pg per 100 pL of total volume were intramuscularly adminis-
tered using 25 G needles. The same amount of protein from
untransformed bacteria was used as negative control. Immuniza-
tion scheme comprised one dose at day 0 and a booster at day
21. Blood samples were collected every week until week 6.

2.6.2. Immunization and challenge assay in pigs

The immune response of recombinant antigens was evaluated
in healthy Duroc/Yorkshire piglets of four weeks old. Three exper-
imental groups of eight pigs each were randomly gathered. Anti-
gens were emulsified in Montanide ISA 15A VG using an antigen:
adjuvant ratio of 80:20. Dose of 200 pig per 1 mL of total volume
were intramuscularly administered using a 19 G needles. The first
group (G1) was immunized with chimeric antigens and the second
group (G2) was immunized with antigens co-formulated with 10°
IU of recombinant porcine IFN-o (pIFN-a). The same amount of
proteins from untransformed bacteria was administered to the
third group (G3) as negative control.

Immunization scheme comprised one dose at day 0 and a boos-
ter at day 21. Blood samples were collected every week until week
6 and stored at —20 °C for ELISA assays. Challenge was performed
in G2 and G3 experimental groups after 7 weeks of the primary
immunization. Each animal was orally administered with 40 mL
of ileum macerate diluted in physiological serum from a naturally
infected animal with L. intracellularis. Pigs were monitored daily
during the challenge looking for changes in behavior or the appear-
ance of clinical signs. After 30 days of challenge, pigs were sacri-
ficed and intestinal epithelial tissue was collected for
histopathological analysis.

2.7. Immune response evaluation by ELISA assays
2.7.1. Mice and pigs sera evaluation by indirect ELISA

Flat-bottom 96 well ELISA plates (Nunc, USA) were coated with
100 ng per well of the chimeric antigens from L. intracellularis
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solubilized in urea 8 M (Merck, Germany) during 16 h. Plates were
washed three times with PBS plus 0,05% Tween 20 (PBST) and
blocked with 3% of skimmed milk in PBS for one hour at 37 °C.
After washing, diluted sera from mouse or pig were added
(100 pL/well) for 2 h at 37 °C. Plates were washed and a secondary
antibody conjugated to horseradish peroxidase (HRP) was added.
For mice sera evaluation, goat anti-mouse IgG-HRP antibody
(Abcam, USA) diluted 1/1000 was used. Sera of pigs were evaluated
using 1/10000 diluted of goat anti-pig IgG-HRP polyclonal antibody
(Abcam, USA). After one hour at 37 °C, plates were washed and
revealed with a solution of o-phenylenediamine dihydrochloride
(OPD) 0.4 mg/mL (Sigma, USA) diluted in citrate-buffer. Absor-
bance was measured using a SPECTROstar® N microplate reader
(Labtech, Germany) at 492 nm.

2.7.2. Competitive ELISA assay

Flat-bottom 96 well ELISA plates were coated, washed and
blocked as previously described. Pooled sera from naturally L.
intracellularis infected pigs and uninfected pigs (positive and nega-
tive serum, respectively) were used. The competition was estab-
lished with a pooled serum of mice immunized with chimeric
antigens from L. intracellularis. After washing, the positive serum
from pigs undiluted, diluted 1/10 and 1/100 were added. Plates
were washed and the positive serum from mice diluted 1/100
was added. After washing, the secondary antibody goat anti-
mouse IgG-HRP diluted 1/10,000 was added. The reaction reveal-
ing, stop and the absorbance measure were performed as described
above.

2.8. RNA extraction and real time qPCR

Total RNA was isolated from lymphocytes purified from periph-
eral blood at days 0, 4 and 8 after the primary immunization, using
a NucleoSpin®RNA kit (Macherey-Nagel, Germany). Analysis of rel-
ative gene expression of il12a, cd4 and oas2 were done by real-time
quantitative PCR using an AriaMx Real-Time PCR System (Agilent
Technologies, USA) and a KAPA SYBR® FAST One-Step qRT-PCR
kit (Kapa Biosystems, USA). The primers using in the experiment
are listed:

il12a: forward (CTCAACCACCTGGACCATCT); reverse (TGGC
CTTCTGAAGTGTGTTG)

cd4: forward (TCCCTGAAGGACAGGAAGGT); reverse (TACTGA
AGCAAGGCCTGGAG)

oas2: forward (TCCAGCAACTCAAGAAACCCA); reversed (ACCCA
TCCAGATTCTTGCAG)

gapdh: forward (CCACCCAGAAGACTGTGGAT); reversed (TTGA
GCTCAGGGATGACCTT)

Cycling conditions were 3 min at 95 °C, followed by 40 repeats
of 95°C for 55, 58 °C for 30s. Relative quantification of mRNA
expression was calculated by the 224 method [25]. The compar-
ative threshold cycles values were normalized using gapdh mRNA
[26].

2.9. Histopathological analysis

After challenge, animals were sacrificed and histopathological
analysis was performed following the protocols describe by Luna
(1968) and Guedes et al. (2002) [27,28]. The intestinal epithelial
tissue slides were fixed in 10% formalin for 24-48 h. A Shandon
Citadel 1000 tissue processor with a vacuum pump and an inclu-
sion center Microm A280 (Thermo Fisher Scientific, USA) was used.
The cross sections were observed in a photomicroscope Axiokop 40
(Carl Zeiss, Germany) equipped with a 10-megapixel digital cam-
era (Canon, Japan) and an image processor analysis Axiovision
Rel. 4.6 (Carl Zeiss, Germany).

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism Soft-
ware version 5.0 (GraphPad, San Diego, CA, USA). The competitive
ELISA was compared by the Kruskal-Wallis test and the Dunn post-
test of multiple comparisons. The humoral immune responses in
mice and pigs, as well as the cellular immune response in pigs,
were compared by ANOVA test and a Tukeys post-test of multiple
comparison. Significance was considered for p < 0.05.

3. Results

3.1. Identification of potential antigens from the genome of L.
intracellularis

The analysis of the L. intracellularis complete genome (PHE/
MN1-00, N343) allowed the identification of 1340 potential gene
sequences encoding proteins. From this information, 33 sequences
corresponded to secretory proteins and 306 sequences to mem-
brane proteins, including 123 sequences with a single spanning
region (type 1). After a B- and T-cell epitopes prediction analysis,
the proteins with at least five B-cell epitopes and cut-off values
over 0.9 were selected (Supplementary materials, Annex 1). The
presence of T-cell epitopes with coverage over 50% for all alleles
evaluated was taken into consideration for antigens selection (Sup-
plementary materials, Annex 2), as well as the molecular size (less
than 70 kDa) and the antigenic potential described before [29].
Three antigens were selected as potential components of the sub-
unit vaccine: a 65 kDa outer membrane protein 1 (OMP1c), a
35 kDa outer membrane protein 2 (OMP2c) and a 25 kDa secretion
protein classified as invasin (INVASc). In addition, T-cell epitopes
with 100% coverage were added for each MHC isotype. They were
designed to be mainly localized in loops regions without disturbing
protein stability [30]. In some cases T-cell epitopes low coverage
were replaced (Table 1). Sequences modeling corroborated the pre-
dicted designs for chimeric protein structures (Fig. 1).

3.2. Expression and characterization of chimeric antigens

The E. coli expression vector pLawVac containing the antigenic
sequences (Fig. 2A-B) was submitted to a restriction analysis for
corroborating its correct assembly. The digestion of pLawVac with
the endonucleases Xho 1/Bgl Il endonucleases showed the expected
two bands of 5259 bp and 4076 bp, corresponding to the three
repeated transcriptional units in tandem and the rest of pET-22b
vector, respectively (Fig. 2 C). A triple digestion with the endonu-
cleases Xho 1/Bgl 11/Sal I resulted in DNA bands of 909 bp, 1195 bp
and 1972 bp, corresponding to INVASc, OMP1c and OMP2c recom-
binant genes, respectively. SDS-PAGE and Western blot analysis of
the E. coli strain K12 (Shuffle T7) transformed with the pLawVac
expression vector showed the presence of three bands of proteins
at molecular weight of around 65 kDa, 35 kDa and 25 kDa, which
were observed mainly in the pellet of cellular lysate at 6 and
12 h of expression induction. The molecular weight of these bands
matches with those predicted for chimeric antigens OMPlc,
OMP2c and INVASc, respectively (Fig. 3A-B). The protein expres-

Table 1

T-cell epitopes added to the protein sequences.
Protein ID Start position Sequence
WP_011526745.1_694 201 FSYATDLSY
WP_011526133.1_53 357 FSFPYWFTF
WP_011526136 427 KQFNLNTLL
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sion levels did not show significant changes in the experiment con-
ducted at different induction time (6 or 12 h).

The antigens production was scaled up into bioreactor. Quan-
tification of the chimeric antigens was estimated to be approxi-
mately 60% of the total proteins, according to SDS-PAGE (Fig. 3C-
D). This material was used for immunization assays.

3.3. Chimeric antigens from L. intracellularis are highly immunogenic
in mice and preserve epitopes from native proteins

C57BL/6 mice immunized with chimeric antigens displayed low
IgG levels in the first two weeks after the initial immunization. The
mean optical density (mOD) was around 0.2 and there was no sig-
nificant difference between the control group and the group
immunized with chimeric antigens. At week 3, there was a signif-
icant variation in the mOD of the vaccinated group compared with
the control group (p < 0.01). After the booster, the IgG levels of the
vaccinated group reached mOD above 0.75, which were signifi-
cantly different from the control group (p < 0.001) (Fig. 4).

Moreover, a competitive ELISA was performed to evaluate the
capacity of positive and negative sera from pigs to compete with
a serum of mice immunized with chimeric antigens from L. intra-
cellularis. The mOD significantly decreased from 0.6 to 0.4 when
undiluted positive serum from pigs was added (p < 0.01). However,
the decrease in the mOD when the positive serum from pigs was
diluted 1/10 and 1/100 was not significantly different from the
negative control (Fig. 5A). The negative serum from pigs did not
significantly alter the mOD of any experimental group (Fig. 5 B).
These assays demonstrated the presence of common immunogenic
epitopes in the chimeric antigens and in the native proteins from L.
intracellularis.
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Fig. 4. Time-course of IgG response against L. intracellularis antigens in mice. Sera
were evaluated by indirect ELISA. Bars represent the standard deviation of IgG
values. Results were statistical analyzed by a Kruskal-Wallis test and the Dunn
post-test of multiple comparisons (***p < 0.001, **p < 0.01).

3.4. Immune responses against chimeric antigens from L.
intracellularis in piglets

The humoral immune response against chimeric antigens in the
first 3 weeks was low, showing an average mOD below 0.4. There
was not significant difference among the experimental groups.
The induction of IgG antibodies against L. intracellularis antigens
after the booster exhibited a significant increment from week 4
in the experimental groups vaccinated with chimeric antigens
(mOD above 0.7), compared to the control group (p<0.001)
(Fig. 6). Likewise, a significant difference between the group vacci-
nated with the chimeric antigens and the group vaccinated with

(B)

Cc* C Cc* C
S P S S P
kDa ¢
75
63 o .

35 h
25 - -

12 hours

-
4 -
-
-

S —

25.‘“-
-

Fig. 3. Expression of chimeric antigens OMP1c, OMP2c and INVASc in the E. coli strain K12 (SHuffle® T7) transformed with the pLawVac plasmid. (A) SDS-PAGE and (B)
Western blot analysis of E. coli transformed (C+ ) and non-transformed (C—) at 6 and 12 h after induction with IPTG. The chimeric proteins OMP1c, OMP2c and INVASc were
observed at 65, 35 and 25 KDa, respectively. Lane S and lane P: supernatant and pellet of cellular lysate, respectively. (C) SDS-PAGE and (D) Western blot analysis, of proteins
recovered from cellular lysate. Lane 1: pellet of cellular lysate; lane 2: supernatant after washed pellet; lane 3: supernatant of cellular lysate. Mouse anti-Hist and goat anti-
mouse Alexa fluor 680 were used as primary and secondary antibodies, respectively. Immune detection was measured as infrared signal using the Odyssey imaging system.
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the same antigens co-formulated with pIFN-o, was observed since
week 5 post-vaccination (p < 0.05). Results showed a significant
enhancement of the humoral immune response when pIFN-o
was combined with L. intracellularis antigens.

The cellular immune response was assessed by the measure-
ment of the relative quantification of mRNA from il12 and cd4 mar-
ker. The il12 transcripts were detected from day 4 after the first
immunization. By day 8, the mRNA level of this cytokine signifi-
cantly increased compared to the control group (p < 0.05). There
was not significant difference between the groups vaccinated with
the chimeric antigens (Fig. 7A). Furthermore, proliferation of CD4"*
T lymphocyte cells showed a tendency to increase in the last day
evaluated (Fig. 7B). The related expression of the gen oas2 at day
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8
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Fig. 6. Humoral immune response against L. intracellularis antigens assayed in pigs.
The 1gG antibody response was measured by indirect ELISA. Bars represent the
standard deviation. The data statistical analysis was performed by a two way
ANOVA and a Tukey’s post-test of multiple comparisons (****p < 0.0001, **p < 0.01,
*p <0.05).

4 post-immunization showed significant difference in the experi-
mental group immunized with the L. intracellularis antigens com-
pared to control group (p <0.05). As expected, the oas2 mRNA
levels were significantly higher at days 4 and 8 post-
immunization in the group immunized with the formulation con-
taining pIFN-oo compared to the other two experimental groups
(p <0.05) (Fig. 7C).

3.5. Histopatological analysis of intestinal epithelial tissue

Epithelial tissue from gastrointestinal tract was evaluated after
challenge in the experimental group immunized with the chimeric
antigens co-formulated with pIFN-o and in the negative control.
The necropsy of animals from the control group showed a thick-

ened mucosa in the gastrointestinal tract. Such lesion was not
observed in the group immunized with Lawsonia antigens
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Fig. 7. Cellular immune response after immunization with the L. intracellularis
antigens in pigs. (A) Fold increase of proinflammatory cytokine IL12; (B) prolifer-
ation of CD4" T lymphocytes and (C) oas2 gen were determined by real-time qPCR
using mRNA isolated from lymphocytes of peripheral blood. Bars represent the
standard deviation. Statistical analysis was performed by a one way two way
ANOVA with Tukey's post test of multiple comparisons (****p <0.0001,
***p < 0.001, **p < 0.01, *p < 0.05).
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co-formulated with pIFN-a, (Table 2, Fig. 8). Samples of the last
experimental group showed a preserved structure of intestinal villi
and crypts. Also, size and number of goblet cells were maintained
according to the species (Fig. 8A-D). The presence of cryptosporid-
ium on the surface of villi denotes conserved epithelium morphol-
ogy. Meanwhile, in the control group the ileum mucous showed
altered morphology, characterized by hyperplasic and branched
intestinal crypts and a diminished number of goblet cells. Also,
there was an evident intestinal villi atrophy, exfoliation of superfi-
cial enterocytes and lymphocyte migration to the lamina propria of
damaged epithelium (Fig. 8E-H). During the experiment, weight
loss of animals was not evident in neither of the experimental
groups evaluated. Changes in the behavior or fever symptoms were
not observed. No animal died.

4. Discussion

Lawsonia intracellularis, the etiological agent of proliferative
enteropathy in piglets, is described as a gram negative and intra-
cellular obligated bacterium. This disease has globally expanded
to more than 90% of herds [9,31]. The infection begins at eight
weeks of age and remains active during fattening and breeding
stages, which lead to a delayed animal growth and a reduced food
conversion rate. These issues cause huge losses to veterinary
industry [3,32].

Vaccines have been a successful method in the control and
eradication of infection diseases worldwide [33,34]. The vaccine
research field has positively impacted by genome sequencing plat-
forms, gathering vast and updated databases with sequences of
several pathogens [35]. This technology has allowed the identifica-
tion of antigens through bioinformatics, enabling the generation of
effective subunit vaccines [33,36]. The generation of new vaccines
against L. intracellularis is imperative due to the intrinsic draw-
backs associated to the production of conventional vaccines
against this pathogen.

In this work, bioinformatics tools were used for designing a
novel chimeric recombinant vaccine for controlling proliferative
enteropathy. The ELISA assays carried out with sera of mice and
pigs vaccinated with the chimeric antigens from L. intracellularis
showed high IgG levels after the booster, demonstrating the
immunogenicity of vaccine candidate. High antibody levels have
also been obtain with a single dose of inactivated vaccine against
L. intracellularis when it was intramuscularly administered [10].

Table 2
Epithelial tissue damages observed in the vaccinated vs control pigs.

However, no measurable levels of IgG have been detected after oral
vaccination with attenuated vaccine [37]. This controversial results
using conventional vaccine could be due to nature of the vaccine,
differences in the experimental design, among other features.

Noticeably, sera from naturally infected pigs recognized chi-
meric antigens from L. intracellularis produced in E. coli in a com-
petitive ELISA, indicating that these chimeric antigens, produced
as inclusion bodies, preserved epitopes from native proteins of
the pathogen.

The humoral response displayed by animals vaccinates with
chimeric antigens co-formulated with pIFN-ou was significantly
higher compared with those vaccinates without pIFN-o. This find-
ing corroborates the increasing of antibody levels by this cytokine.
It could be related to the fact that pIFN-a increases the humoral
antibody response inducing all IgG subclasses with extended
half-life [38]. The use of pIFN-a have been used to potentiate the
immune response of vaccinate candidates [39].

Relative mRNA expression analysis for several genes associated
to cellular immune response (il12, cd4 and oas2) was performed in
vaccinated and control pigs. Significant increase in the relative
mRNA expression of the immune-modulatory cytokine IL12 was
observed in vaccinated groups compared to the control. Also, the
population of CD4 cells showed a tendency to increase, according
to cd4 mRNA expression. These results suggested the development
of an innate and adaptive immune response in the vaccinated pigs.
Among other biological functions described for IL12, this cytokine
induces proliferation and differentiation of naive CD4" T cells into
Th1 cells, and plays an important function in their trafficking and
migration [40].

On the other hand, activity of pIFN-o was confirmed by the sig-
nificant increase observed in the expression of oas2 gene in vacci-
nated pigs. Upon IFN-o secretion, cells activate protective
mechanisms against virus. One of those mechanisms involve oas2
gene, which encode 2',5’ oligoadenylate synthetase 2. The role of
this enzyme is crucial in viral RNA degradation taking place after
the activation of 2',5' oligoadenylate, which in turn interact with
ribonuclease L triggering the effector function [41].

Finally, expected results were observed after challenge, where
vaccinated pigs did not show epithelial damages at macroscopic
level. However, lesions characteristic of a pathogenic infection
were present in the control group. A thickening of the normal
bowel structure was observed, where necrotic cells were accumu-
lated. At microscopic level, immature, elongated and branched

Animal number Epithelium damage

Reduction in globet cells

Adhered bacteria Lymphocytes migration

Vaccinated group

9 0.5 1]
10 0 0
11 0 0
12 0 0
13 0 0
14 0 0
15 1 0
16 0 1]
Damage accumulation 1.5 0
Control group

17 2 1
18 1 1
19 1 0
20 0 1
21 0 0
22 0 0
23 1 0
24 2 2
Damage accumulation 7 5

w
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Fig. 8. Histopathological analysis after challenge. Slides of intestinal epithelial tissue of vaccinated (A-D) and unvaccinated (E-H) pigs.
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cells were arrange in a stratified epithelium structure, leading to
intestinal cell hyperplasia in the cryptic area of the ileum. The
absence of goblet cells in the crypt zone was also observed. These
epithelial damages were almost absent in the vaccinated animals.
Replication of L. intracellularis occurs in the cytoplasm after its
internalization. Protein interactions between cell membrane pro-
teins of the pathogen and the host could mediate the invasion
[42,43]. Enterocytes maturation is impaired by the infection and
consequently, absorptive capacity is reduced. Intestinal hypertro-
phy and inflammatory lesions characterize this injury, where
mononuclear leukocytes and macrophages infiltration is observed
[44].

The novel vaccine candidate induced effective humoral and cel-
lular immune response. Histopathological analysis after challenge
suggested protection of vaccinated pigs. Further experiment must
be performed to evaluate the cd4 marker later in time. Moreover,
several pIFN-o concentrations must be tested for selecting an ade-
quate dose inducing the desired immune response and the contri-
bution of the Lawsonia antigens by themselves to the vaccine
efficacy must be evaluated.

Summarizing, bioinformatics tools were used to select three
proteins from the bacterium L. intracellularis for designing a sub-
unit vaccine candidate against this pathogen. The antigens co-
expressed in E. coli were highly immunogenic in mice and pigs,
and preserved native epitopes from the pathogen. Specifically, a
co-formulation of the chimeric antigens and pIFN-o significantly
improved the humoral immune response in pigs. Moreover, immu-
nization and challenge trials allowed evaluating the efficacy of the
vaccine candidate. This study establishes the initial bases for the
generation of subunit vaccine, which induce an efective protection
against porcine proliferative enteropathy.

Acknowledgments

The authors greatly appreciate the financial support provided
by the Chilean Government through Fondef Grant: ID14i10335
and INNBIO Grant: VETOO7F.

Conflict of interest

The authors declare no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.01.029.

References

[1] Gogolewski RP, Cook RW, Batterham ES. Suboptimal growth associated with
porcine intestinal adenomatosis in pigs in nutritional studies. Aust Vet ]
1991;68:406-8.

[2] Jensen HM. Health management with reduced antibiotic use - experiences of a
Danish pig vet. Anim Biotech 2006;17:189-94.

[3] Jacobson M, Fellstrom C, Jensen-Waern M. Porcine proliferative enteropathy:
an important disease with questions remaining to be solved. Vet ]
2010;184:264-8.

[4] Biester HE, Schwarte LH. Intestinal adenoma in swine. Am J Pathol 1931;7
(175-85):6.

[5] Kroll JJ, Roof MB, Hoffman LJ, Dickson ]S, Harris DL. Proliferative enteropathy: a
global enteric disease of pigs caused by Lawsonia intracellularis. Anim Health
Res Rev 2005;6:173-97.

[6] Duhamel GE, Klein EC, Elder RO, Gebhart CJ. Subclinical proliferative
enteropathy in sentinel rabbits associated with Lawsonia intracellularis. Vet
Pathol 1998;35:300-3.

[7] Williams NM, Harrison LR, Gebhart CJ. Proliferative enteropathy in a foal
caused by Lawsonia intracellularis-like bacterium. ] Vet Diagn Invest
1996;8:254-6.

[8] Smith DG, Lawson GH. Lawsonia intracellularis: getting inside the
pathogenesis of proliferative enteropathy. Vet Microbiol 2001;82:331-45.

[9] Lawson GHK, Gebhart CJ. Proliferative enteropathy. ] Comp Pathol
2000;122:77-100.

[10] Roerink F, Morgan CL, Knetter SM, Passat MH, Archibald AL, Ait-Ali T, et al. A
novel inactivated vaccine against Lawsonia intracellularis induces rapid
induction of humoral immunity, reduction of bacterial shedding and
provides robust gut barrier function. Vaccine 2018;36:1500-8.

[11] Vannucci FA, Wattanaphansak S, Gebhart CJ. An alternative method for
cultivation of Lawsonia intracellularis. ] Clin Microbiol 2012;50:1070-2.

[12] Wattanaphansak S, Singer RS, Gebhart CJ. In vitro antimicrobial activity
against 10 North American and European Lawsonia intracellularis isolates. Vet
Microbiol 2009;134:305-10.

[13] Alexandersen S. Advantages and disadvantages of using live vaccines risks and
control measures. Acta Vet Scand 1996:89-100.

[14] Sait M, Aitchison K, Wheelhouse N, Wilson K, Lainson FA, Longbottom D, et al.
Genome sequence of Lawsonia intracellularis strain N343, isolated from a sow
with hemorrhagic proliferative enteropathy. Genome Announcements 2013:1.

[15] Watson E, Clark EM, Alberdi MP, Inglis NF, Porter M, Imrie L, et al. A novel
Lawsonia intracellularis autotransporter protein is a prominent antigen. Clin
Vac Immunol: CVI 2011;18:1282-7.

[16] Altschul SF, Madden TL, Schaffer AA, Zhang ], Zhang Z, Miller W, et al. Gapped
BLAST and PSI-BLAST: a new generation of protein database search programs.
Nucleic Acids Res 1997;25:3389-402.

[17] Saha S, Raghava GP. Prediction of continuous B-cell epitopes in an antigen
using recurrent neural network. Proteins 2006;65:40-8.

[18] Saha S, Raghava GPS. BcePred: prediction of continuous B-cell epitopes in
antigenic sequences using physico-chemical properties. Lect Notes Comput Sci
2004;3239:197-204.

[19] Nielsen M, Lundegaard C, Worning P, Lauemoller SL, Lamberth K, Buus S, et al.
Reliable prediction of T-cell epitopes using neural networks with novel
sequence representations. Protein Sci: Publ Protein Soc 2003;12:1007-17.

[20] Andreatta M, Nielsen M. Gapped sequence alignment using artificial neural
networks: application to the MHC class 1 system. Bioinformatics
2016;32:511-7.

[21] Kim DE, Chivian D, Baker D. Protein structure prediction and analysis using the
Robetta server. Nucleic Acids Res 2004;32:W526-31.

[22] Christen M, Hunenberger PH, Bakowies D, Baron R, Burgi R, Geerke DP, et al.
The GROMOS software for biomolecular simulation: GROMOSO05. ] Comput
Chem 2005;26:1719-51.

[23] Palmer I, Wingfield PT. Preparation and extraction of insoluble (inclusion-
body) proteins from Escherichia coli. Curr Prot Protein Sci 2004.

[24] Laemmli UK. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 1970;227:680-5.

[25] Livak K], Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-delta delta C(T)) method. Methods
2001;25:402-8.

[26] Li Q, Domig K], Ettle T, Windisch W, Mair C, Schedle K. Evaluation of potential
reference genes for relative quantification by RT-qPCR in different porcine
tissues derived from feeding studies. Int ] Mol Sci 2011;12:1727-34.

[27] Guedes RM, Gebhart CJ], Deen ], Winkelman NL. Validation of an
immunoperoxidase monolayer assay as a serologic test for porcine
proliferative enteropathy. ] Vet Diagn Invest 2002;14:528-30.

[28] Luna LG. Manual of histologic staining methods of the Armed Forces Institute
of Pathology 1968.

[29] Watson E, Alberdi MP, Inglis NF, Lainson A, Porter ME, Manson E, et al.
Proteomic analysis of Lawsonia intracellularis reveals expression of outer
membrane proteins during infection. Vet Microbiol 2014;174:448-55.

[30] Yu H, Yan Y, Zhang C, Dalby PA. Two strategies to engineer flexible loops for
improved enzyme thermostability. Sci Rep 2017;7:41212.

[31] Wuersch K, Huessy D, Koch C, Oevermann A. Lawsonia intracellularis
proliferative enteropathy in a filly. ] Vet Med Physiol Pathol Clin Med
2006;53:17-21.

[32] McOrist S. Defining the full costs of endemic porcine proliferative enteropathy.
Vet ] 2005;170:8-9.

[33] Sanchez O, Barrera M, Farnos O, Parra NC, Salgado ER, Saavedra PA, et al.
Effectiveness of the E2-classical swine fever virus recombinant vaccine
produced and formulated within whey from genetically transformed goats.
Clin Vac Immunol: CVI 2014;21:1628-34.

[34] Vincent AL, Perez DR, Rajao D, Anderson TK, Abente E], Walia RR, et al.
Influenza A virus vaccines for swine. Vet Microbiol 2017;206:35-44.

[35] Guzman E, Romeu A, Garcia-Vallve S. Completely sequenced genomes of
pathogenic bacteria: a review. Enferm Infecc Microbiol Clin 2008;26:88-98.

[36] Suarez M, Sordo Y, Prieto Y, Rodriguez MP, Mendez L, Rodriguez EM, et al. A
single dose of the novel chimeric subunit vaccine E2-CD154 confers early full
protection against classical swine fever virus. Vaccine 2017;35:4437-43.

[37] Riber U, Heegaard PM, Cordes H, Stahl M, Jensen TK, Jungersen G. Vaccination
of pigs with attenuated Lawsonia intracellularis induced acute phase protein
responses and primed cell-mediated immunity without reduction in bacterial
shedding after challenge. Vaccine 2015;33:156-62.

[38] Le Bon A, Schiavoni G, D’Agostino G, Gresser I, Belardelli F, Tough DF. Type i
interferons potently enhance humoral immunity and can promote isotype
switching by stimulating dendritic cells in vivo. Immunity 2001;14:461-70.

[39] Toledo JR, Barrera M, Farnos O, Gomez S, Rodriguez MP, Aguero F, et al. Human
alphalFN co-formulated with milk derived E2-CSFV protein induce early full
protection in vaccinated pigs. Vaccine 2010;28:7907-14.

[40] Hamza T, Barnett B, Li B. Interleukin 12 a key immunoregulatory cytokine in
infection applications. Int ] Mol Sci 2010;11:789-806.


https://doi.org/10.1016/j.vaccine.2019.01.029
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0005
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0005
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0005
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0010
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0010
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0015
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0015
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0015
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0020
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0020
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0025
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0025
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0025
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0030
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0030
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0030
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0035
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0035
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0035
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0040
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0040
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0045
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0045
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0050
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0050
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0050
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0050
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0055
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0055
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0060
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0060
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0060
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0065
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0065
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0070
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0070
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0070
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0075
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0075
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0075
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0080
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0080
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0080
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0085
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0085
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0090
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0090
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0090
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0095
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0095
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0095
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0100
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0100
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0100
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0105
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0105
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0110
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0110
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0110
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0115
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0115
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0120
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0120
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0125
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0125
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0125
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0130
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0130
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0130
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0135
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0135
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0135
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0140
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0140
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0145
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0145
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0145
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0150
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0150
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0155
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0155
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0155
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0160
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0160
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0165
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0165
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0165
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0165
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0170
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0170
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0175
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0175
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0180
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0180
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0180
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0185
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0185
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0185
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0185
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0190
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0190
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0190
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0195
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0195
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0195
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0200
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0200

R. Montesino et al./Vaccine 37 (2019) 1340-1349 1349

[41] Dong B, Silverman RH. A bipartite model of 2-5A-dependent RNase L. ] Biol [43] Mcorist S, Lawson GHK, Rowland AC, Macintyre N. Early lesions of proliferative

Chem 1997;272:22236-42. enteritis in pigs and hamsters. Vet Pathol 1989;26:260-4.

[42] McCluskey ], Hannigan ], Harris JD, Wren B, Smith DGE. LsaA, an antigen [44] MacIntyre N, Smith DGE, Shaw DJ, Thomson JR, Rhind SM.
involved in cell attachment and invasion, is expressed by Lawsonia Immunopathogenesis of experimentally induced proliferative enteropathy in
intracellularis during infection in vitro and in vivo. Infect Immun pigs. Vet Pathol 2003;40:421-32.

2002;70:2899-907.


http://refhub.elsevier.com/S0264-410X(19)30092-1/h0205
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0205
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0210
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0210
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0210
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0210
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0215
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0215
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0220
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0220
http://refhub.elsevier.com/S0264-410X(19)30092-1/h0220

	Multi-antigenic recombinant subunit vaccine against Lawsonia intracellularis: The etiological agent of porcine proliferative enteropathy
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains, restriction endonucleases and animals
	2.2 Bioinformatic prediction of potential antigens
	2.3 Expression of recombinant antigens
	2.4 Extraction of inclusion bodies
	2.5 SDS-PAGE and western blotting
	2.6 Immunization and challenge experiments
	2.6.1 Immunization assay in mice
	2.6.2 Immunization and challenge assay in pigs

	2.7 Immune response evaluation by ELISA assays
	2.7.1 Mice and pigs sera evaluation by indirect ELISA
	2.7.2 Competitive ELISA assay

	2.8 RNA extraction and real time qPCR
	2.9 Histopathological analysis
	2.10 Statistical analysis

	3 Results
	3.1 Identification of potential antigens from the genome of L. intracellularis
	3.2 Expression and characterization of chimeric antigens
	3.3 Chimeric antigens from L. intracellularis are highly immunogenic in mice and preserve epitopes from native proteins
	3.4 Immune responses against chimeric antigens from L. intracellularis in piglets
	3.5 Histopatological analysis of intestinal epithelial tissue

	4 Discussion
	ack25
	Acknowledgments
	Conflict of interest
	Appendix A Supplementary material
	References


