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Abstract: F18 plays an important role in helping Enterotoxigenic Escherichia coli (ETEC)
binds to specific receptors on small intestinal enterocytes, followed by secreting of toxins
causing diarrhea in post-weaning piglets (post-weaning diarrhea, PWD). However, the F18
subunit vaccine is not sufficient to stimulate an immune response that can protect weaning
pigs from F18-positive ETEC (F18*ETEC). Recently, a body of evidence shows that flagellin
protein (FIiC) helps to increase the immunity of fused proteins. Therefore, in this study,
we combined FIliC with F18 to enhance the immune response of F18. The f18 gene was
obtained from F18*ETEC, then was fused with the fliC gene. The expression of recombinant
FIiC-F18 protein was induced by Isopropyl-beta-D-Thiogalactopyranoside (IPTG). The
purified protein was tested in vivo in mouse models to evaluate the immunostimulation.
Results showed that the fusion of FIiC and F18 protein increased the production of anti-F18
antibodies. Besides, the anti-F18 antibody in the collected antiserum specifically identified
F18*ETEC. This result provides proof-of-concept for the development of subunit vaccine to
prevent PWD using F18 antigen.
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INTRODUCTION

Post-weaning diarrhea (PWD) is one of the most common threats to the swine
industry worldwide (Rhouma et al. 2017). The cause of PWD is associated
with the proliferation of ETEC in the pig intestine. Most Escherichia coli strains
involved PWD express F4 (K88) or F18 fimbriae (Luise et al. 2019; Nagy & Fekete
1999), which are important virulence factors. They allow ETEC to bind to specific
receptors on small intestinal enterocytes, followed by colonisation and secretion
of enterotoxins causing diarrhea. Therefore, one of PWD prevention strategies
is using vaccines against F4*ETEC and F8*ETEC. Although vaccines against F4
provide good protection from the PWD caused by F4*ETEC, vaccines against F18
have not shown promising results due to poor immune response and difficulty
producing specific antibodies (Delisle et al. 2012; Melkebeek et al. 2013; Verdonck
et al. 2007). Hence, there is an unmet need for research on increasing the immune
response of F18 as well as providing complete protection from PWD. In different
researches, the immunogenicity of FliC protein was reported. In particular, FliC
can stimulate a humoral immune response against the fused protein (Tran et al.
2020). With that in mind, we speculated that if FIiC were an immuno-modulator,
it would enhance the immune response against F18 without a complete adjuvant.
Therefore, in this study, F18 had been fused with the FIiC protein to enhance
the immune response of F18. In particular, FliC was an expected protein-based
adjuvant to enhance the immune response of F18 in the host body. The results of
this study pave the way for the development of a preventive vaccine against PWD
caused by ETEC, especially antigens with low immunogenic properties like F18.

MATERIALS AND METHODS

Bacterial Strains, Plasmids and Growth Conditions

E. coli DH5a [F- endA1 hsdR17 (rk—/mk-) supE44 thi A-recA1 gyrA96 AlacU169
(¢80 lacZ AM15)] and E. coliBL21(DE3) (F+ ompT hsdSB (rB— mB-) gal dcm(DE3)
were used as host strains for cloning and protein expression, respectively. Both
were cultured in Luria-Bertani (LB) medium containing 30 pug/mL of ampicillin
at 37°C. F4 enterotoxigenic E. coli (F4*ETEC) and F18 enterotoxigenic E. coli
(F18*ETEC) were kindly provided by Dr. Eric Cox (Ghent University). F18*ETEC
and pET-22b/fliC plasmid (Tran et al. 2020) were used to obtain the genes
encoding for F18 and FIiC proteins, respectively. pET-22b was used as a cloning
vector for the 18 gene to produce pET-22b/f18 and pET22b/fliC-f18 recombinant
plasmids, and protein expression controlled by T7 promoter via the IPTG (Isopropyl
beta-D-1thiogalactopyranosie) inducer (Biobasic). F4A*ETEC was used in the
cross-reaction experiment.
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Construction of pET-22b/f18 Recombinant Plasmid

The f18 gene was obtained from the genome of F18*ETEC (GenBank:
GQ325633.1) (Barth et al. 2011) by polymerase chain reaction (PCR) with specific
primers F18F and F18R (Table 1). The pET22b plasmid was digested with Ndel and
Xhol (Thermo Scientific, USA) to create sticky ends, followed by a recombinase-
free cloning (RFC) protocol (Vo-Nguyen et al. 2022). The resulting mixture was
transformed into E. coli DH5a competent cells. The transformants were initially
screened on an ampicillin containing LB agar plate (LBAmp), then screened again
by colony PCR with primers F18F/F18R and T7pro/T7ter. Plasmids collected from
positive colonies were checked by the structure using digestion reaction with Ndel
and Xhol, before sending for sequencing.

Table 1: Primers used in this study.

Gene (bp) Sense Sequence (5-3’) Reference
18 (450) F18F  aactttaagaaggagatatacatatgcagcaaggggatgttaaa This study
F18R  cagtggtggtggtggtggtgctegagctigtaagtaaccgcgtaagee This study
F18fF  cgcggatccggtcagcaaggggatgttaaatt This study

Note: bold and underlined letters indicate restriction enzyme.

Construction of pET-22b/fliC-f18 Recombinant Plasmid

The f18 gene was obtained from the genome of F18*ETEC by PCR with specific
primers F18fF and F18R (Table 1). The f18 gene and pET-22b/fliCgfp plasmid (Tran
et al. 2015) were digested with BamHI and Xhol (Thermo Scientific). The digested
result of the pET22b/fliCgfp plasmid was separated by agarose electrophoresis,
followed by the collection of the gel band containing digested pET22b/fliC. The
gel was treated immediately after collection, then was ligated with digested 718
gene by T4 DNA Ligase (Thermo Scientific, US) to the Cterminal of FIiC. The
resulting mixture was transformed into competent E. coli DH5a. All the screening
steps were the same with the construction of pET-22b/f18 recombinant plasmid,
but replace primers F18F with F18fF, and replace Ndel with BamHI.

Expression of FliC-F18, FliC and F18 in E. coli BL21(DE3)

The protein expression was conducted as described with some modifications
(Ausubel 2003). pET22b/fliC-f18, pET22b/fliC and pET22b/f18 were transformed
into competent E. coli BL21(DE3). Colonies that grew on LBAmp agar plates were
re-screened by colony PCR with specific primers (F18F/F18R and F18fF/F18R).
After screening steps, positive colonies were inoculated in 5 ml LBAmp media
shaking tubes and allowed to grow at 37°C in 16 h, followed by sub-cultured at
1:10 (v/v). After OD,, reached 0.8-1.0, the cultures were induced with 0.1 mM of
IPTG. The protein expressions were performed overnight at 16°C. The expression
results were analysed by SDSPAGE and Coomassie Brilliant Blue stained, followed
by Western blot and probed with anti-His-tag antibody (Santa Cruz).
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SDS-PAGE and Western Blotting

SDSPAGE and Western blotting were performed as described with some
modifications (Ausubel 2003). The protein expression was confirmed by analysing
in 12.5% SDS-PAGE gel, followed by Western blotting. The proteins from the gel
were transferred to the nitrocellulose membrane before probing with mouse-anti-
His-tag antibody (Santa Cruz) and finally, detecting by rabbit-anti-mouse IgG-HRP
(Santa Cruz).

Purification of FliC-F18, F18 and FliC Proteins

FliC-F18, F18 and FIiC proteins were purified as described with some modification
(Ausubel 2003). The biomass of 100 mL E. coli BL21(DE3)/pET22b/f18
(or pET22b/fliC-f18 or pET-22b/fliC) was sonicated on ice to get the supernatant
containing soluble proteins that were used as raw material to purify F18 (or FIiCF 18,
or FIiC) by affinity chromatography with HP Hitrap column (GE Healthcare, USA).
After being equilibrated with a binding buffer (50 mM TrisHCI, 100 mM NacCl,
20 mM imidazole pH 8.0), the column was loaded with the soluble protein solution,
then equilibrated and washed with the binding buffer. After that, an elution buffer
(50 mM TrisHCI, 100 mM NacCl, 200 mM imidazole pH 8.0) was added to elute the
target protein.

The purity of F18 (or FliCF18, or FIiC) was tested by SDSPAGE, followed
by Coomassie Brilliant Blue stained and GelAnalyzer software. Finally, purified F18
(or FIiCF18, or FIiC) was dialysed, concentrated and measured by the Bradford
method.

Immunisation with FliC-F18, F18 and FIliC Proteins

Animals were maintained and performed in the experimental animal facility, and
experiments by the Directive 2010/63/EU guideline approved by The Animal Care
and Use Committee of University of Science, Vietnam. The total of 12 healthy
male white mice (Mus musculus var. Albino), 3-5 weeks old, 18 g—20 g on
average, were divided into four groups (3 mice/group). The blood of these mice
was collected two days before the first dose injection. Groups 1, 2, 3 and 4 were
injected with 25 ng FliC + 50 pL FCA (Freund’s Complete Adjuvant, Santa Cruz),
25 ng F18 + 50 yL FCA, 25 ng F18 + 50 uL FIA (Freund’s Incomplete Adjuvant,
Santa Cruz), and 25 ng FIiCF18 + 50 uL FIA, respectively. Booster doses were
injected after one week, then repeated every one week with half the amount of
antigen, but the same amounts of adjuvants. The amount of antigen protein used
for injection was calculated based on the purity of that protein. Five days after each
injection, 200 yL—300 pL of blood was obtained from the tail vein of each mouse;
particularly for the last blood collection, 300 yL—400 pL of blood was collected from
the orbital sinus of each mouse. The serum was collected and stored at —20°C for
later analysis.
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Evaluation of the Immune-Stimulatory Effect of F18 and FIiCF18 by Indirect
ELISA (Enzyme-Linked Immunosorbent Assay)

Specific antibody titers of four groups were determined by indirect ELISA as
described with some modifications (Ausubel 2003). Each well of the 96well
microtiter plate was coated with 20 ug/mL F18 in 100 pL coating buffer at room
temperature in 2 h, followed by blocking with 100 mL of 5% skim milk in PBST for 1
h at room temperature. After three times of washing with PBST, 100 uL of antisera
collected from the four groups, diluted in a 2-fold dilution manner from 1:200 to
1:25,600 were added and incubated at room temperature for 1 h. After removing
the solution, 100 uL/well of rabbitantimouse IgGHRP at 1:5,000 dilution was added
and incubated for 1 h atroom temperature. 100 pL of 3, 3’, 5, 5’'tetramethyl benzidine
(TMB) was added to each well and incubated for 8 min at room temperature. The
total of 50 uL of H,SO, 1 M was added to each well to stop the reaction. Finally, the
absorbance at 450 nm was measured on a microplate reader. Negative control was
performed in a completely similar manner but replaced with the serum collected
before the first injection.

Evaluation of the Interaction between Anti-F18 Antisera and ETECs

Dot blot was performed according to the Dot Blotter 48 Clever (CSL-D48 - Dot
Blotter, 48 Samples) protocol with some modifications. The total of 0.5 pL of
F18*ETEC was loaded on the nitrocellulose membrane of dots 1, 2 and 3, whereas
E. coliDH5a was loaded on the nitrocellulose membrane of dots 4 and 5. Then the
membranes were blocked with 5% skim milk at room temperature for 1 h. For the
primary antibody, dot 1 was loaded 50 puL antisera containing anti-F18 antibodies
collected from F18*ETEC infected pig (kindly provided by Professor Eric Cox,
Ghent University); dots 2 and 4 were loaded 50 pL of 1:200 diluted antisera which
were collected from FIiCF18 + FIA injected group (group 4); dots 3 and 5 were
loaded PBS buffer (1.42 g Na,HPO,; 0.24 g KH,PO,; 8 g NaCl; 0.2 g KCI; prepared
in 1L, pH 7.4). After incubating for 1 h at room temperature, the membranes
were washed five times with PBST before accordingly adding antimouse IgGHRP
(at 1/5,000 dilution in PBST), and goat antiswine IgGHRP (at 1/1,000 dilution in
PBST). These secondary antibodies were incubated for 1 h at room temperature
before washing five times with PBST. Finally, TMB substrate was added to observe
the signal. Also, the crossreaction experiment was performed similarly but using
F4*ETEC instead of F18*ETEC.
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RESULTS

Molecular Cloning of Recombinant pET-22b/f18

After PCR for collecting 18, there was one band between 400 bp and 500 bp on
the gel (lane 1, Fig. 1a), which was the predicted size of the f18 gene (450 bp).
Whereas there was no band on the negative control (PCR reaction without
F18*ETEC genome) (lane —, Fig. 1a), which shows that the PCR reactions were
not contaminated. Therefore, the f18 gene was successfully collected.

pET-22b plasmid after ligated with 18 gene were transformed into E. coli
DH5a. Five colonies grown on LBAmp medium were chosen to perform colony
PCR with F18F primer (which bind to 5’ end of f18 gene) and T7ter primer (which
bind to T7 terminator) to confirm the presence of pET22b/f18 plasmid. Three of five
colonies contained pET22b/f18 plasmid which showed as the bands approximately
582 bp (lanes 3, 5 and 6, Fig. 1b), including the f18 gene (450 bp) incorporated
with the length from T7 terminator to the recognition site of the Xhol enzyme on the
plasmid (132 bp). In contrast, there was no amplicon band in the negative control
(lane —, Fig. 1b). Therefore, the desired recombinant vector was confirmed.

M 1 - M - 2 3 4 5 6 7

(bp) (bp)

500
400

500
400

a b

Figure 1: f18 gene obtained from (a) F18*ETEC genome and (b) colony PCR E. coli DH5a/
pET22b/f18. M = DNA ladder; () = negative control; 1, 2 = f18; 3—7 = candidate colonies.

Molecular Cloning of Recombinant pET22b/fliCf18
The f18 gene after digested with BamH| and Xhol had only one band of

approximately 450 bp (lane 1, Fig. 2a), which was nearly the same size as a
positive control containing the 78 gene (lane +f, Fig. 2a). Also, pET22b/fliCgfp
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plasmid after digested with BamHI and Xhol showed 2 bands at approximately
6,800 bp and 700 bp, corresponding to linear pET22b/fliC plasmid (6,867 bp) and
gfp fragment (715 bp) (lane 2, Fig. 2a). pET22b/fliC linear plasmid was collected
from the gel, then was ligated with 178 gene by DNA T4 Ligase. The ligation
result was transformed into E. coli DH5a. Colonies that grew on LBAmp plate
were performed colony PCR with F18F primer (which bind to 5’ end of f78) and
T7ter primer (which bind to T7 terminator of plasmid pET22b/fliCf18) to confirm
the presence of pET22b/fliCf18. Amplicons were about 582 bp (lanes 3 and 7,
Fig. 2b), including the f18 gene (450 bp) and the fragment from the T7 terminator
to the restriction site of Xhol on the plasmid (132 bp). When PCR with T7pro
and T7ter primers, the resulting band was approximately 2,190 bp (lanes 8-9,
Fig. 2c), including fliC gene (1,515 bp), f18 gene (450 bp), the DNA fragment from
T7 promoter of the plasmid to the starting point of fliC gene (100 bp), and the DNA
fragment from the endpoint of f18 gene to T7 terminator of the plasmid (125 bp).
Therefore, the recombinant pET22b/fliCf18 was confirmed.

M - +# 1 +p 2

M - 4+p 8 9 10

(bp)

3000
2000

a b c

Figure 2: 18 and pET22b/fliCgfp after digesting with (a) BamHI and Xhol, (b) colony PCR
of E. coli DH5a/pET22b/fliCf18 with 18F/T7ter and (c) T7pro/T7ter primer. M = DNA ladder;
(=) = negative control; (+f) = f18; (+p) = pET22b/fliCgfp; 1 = digested f18; 2 = digested
pET22b/fliCgfp; 3—10 = candidate colonies.

Expression of FliC-F18, FIliC and F18

The pET22b/fliCf18, pET22b/fliC and pET22b/f18 plasmids were transformed
into E. coli BL21(DE3) competent cells. Positive clones were induced by IPTG to
produce target proteins. After verifying by SDSPAGE and Coomassie brilliant blue
staining (Fig. 3a), there were overexpression bands on the gel of about 67 kDa
(lanes 1, 2), 52 kDa (lanes 3, 4), and 15 kDa (lanes 5, 6), which were exactly the
predicted sizes of FIICF18, FliC, and F18, respectively. Besides, the recombinant
proteins were fused with 6xHis-tag, so the expression of these proteins could be
indirectly confirmed by Western blot with His-tag antibody (Figs. 3b and 3c). The
result showed that the over-expressed bands in the SDSPAGE gel were FIiCF18,
FliC and F18. Thus, FliCF18, FliC and F18 recombinant proteins had successfully
expressed in E. coli BL21(DE3).
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Figure 3: The expression of FIICF18, FliC and F18 was analysed by (a) SDSPAGE and
(b, c) Western blot with anti-His-tag antibody. M = protein ladder; 1, 2 = total protein and
soluble fraction of E. coli BL21(DE3)/pET22b/fliCf18 + IPTG; 3, 4 = total protein and soluble
fraction of E. coli BL21(DE3)/pET22b/fliC + IPTG; 5, 6 = total protein and soluble fraction
of E. coli BL21(DE3)/pET22b/f18 + IPTG; (=) = negative control (no anti-His-tag antibody);
7 =FIliC-F18; 8 = FIiC; 9 = F18.
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Purification of FlIiC-F18, FliC and F18 Proteins

With the fused His-tag, FIiCF18, FliC and F18 were purified using HisTrap column.
The protein purity was then evaluated by GelAnalyzer software. The results showed
that the purity of FIICF18, FIiC and F18 was 98%, 80% and 84.5%, respectively
(Fig. 4). Although the yield for FIICF18 was quite low compared to other two, the
target proteins were successfully purified and collected to use for immunological
evaluation. Besides, F18 purification efficiency was still low, further investigation
in purification protocol is necessary for the large amount production of this protein.
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Figure 4: Purity evaluation of (a) FIICF 18, (b) FIiC and (c) F18 by SDSPAGE and Coomassie
brilliant blue staining. M = protein ladder; 1 = total sample of FIICF18, FIiC, F18; 2 = purified
FIliCF18, FIiC, F18.

Evaluation of the Inmune-Stimulatory Effect of FIiC-F18

The F18 specific antibody titers in collected antisera from mice groups were
determined viaindirect ELISA to evaluate the ability of FIiC in enhancing the immune
response of the F18 antigen. The OD,,  of serum samples at the beginning of
this experiment were 0.065 + 0.005, which was similar to the background signal
(0.055 + 0.005) (control sample using PBST instead of antisera). This result meant
that there was no anti-F18 antibody before F18 antigen injection. In the antisera of
group 1 (FliC + FCA), there was no anti-F18 antibody as well (Fig. 5). The antibody
titer in group 4 (FIiCF18 + FIA) was five times higher than in group 3 (F18 + FIA),
and only 0.6 times lower than group 2 (F18 + FCA) (Fig. 5). This result indicated
that the fusion of F18 with FIiC had increased the anti-F18 antibody production
compared to F18 + FIA.
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Figure 5: Evaluation of anti-F18 antibody titers. FCA = Freund's Complete Adjuvant; FIA =
Freund’s Incomplete Adjuvant; nd = not detected; * p < 0.05; *** p < 0.001.

Evaluation of the Cross-reaction between Anti-F18 Antisera and ETECs

This experiment evaluated the reaction of the anti-F18 antibody in antisera
collected from FliC-F18+FIA injected group with F18*ETEC and tested the cross-
reactivity of the anti-F18 antibody with F4*ETEC as well. In the case of F18*ETEC,
the colourimetric signal generation was seen on dots 1 and 2 but did not appear
on the others (Fig. 6a). In contrast, there was no signal generation when testing
with F4*ETEC (Fig. 6b). This indicated that antisera collected from FIICF18+FIA
injected group did not have cross-reaction with FA*ETEC. In other words, antisera
collected from the FliC-F18+FIA injected group was specific to the F18 antigen.

1 2 3 4 5 1 2 3 4 5

® & . o
a b

Figure 6: Cross-reaction of collected anti-F18 antibodies with (a) F18*ETEC and (b)
F4*ETEC. 1 = F18*'ETEC (A)/F4'ETEC (B) + antisera containing anti-F18 antibodies
collected from F18*ETEC infected pig + anti-swine IgG-HRP; 2 = F18*ETEC (A)/F4'ETEC
(B) + antisera containing anti-F18 antibodies collected from FliC-F18+FIA injected mouse +
anti-mouse IgG-HRP; 3 = F18'ETEC (A)/F4*ETEC (B) + PBS + anti-swine IgG-HRP + anti-
mouse IgG-HRP; 4 = E. coli DH5a + antisera containing anti-F18 antibodies collected from
FliC-F18+FIA injected mouse + anti-mouse IgG-HRP; 5 = E. coli DH5a + PBS + anti-swine
IgG-HRP + anti-mouse IgG-HRP.
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DISCUSSION

Vaccines against F18 have not shown promising results due to poor immune
response and difficulty producing specific antibodies (Delisle et al. 2012;
Melkebeek et al. 2013; Verdonck et al. 2007). We found that FliC enhanced the
immune response of fused F18 protein. In detail, the antibody titers of (FIiC-F18 +
FIA) injected group was five times higher than (F18 + FIA) injected group. Other
researchers also confirm the stimulating effect of FIiC and its adjuvant activity in
the context of fusion proteins. Ruth Arnon’s group pointed out that heterologous
peptide sequences inserted into FliC induced humoral immunity in the absence of
an adjuvant (Ben-Yedidia et al. 1999; Jeon et al. 2002; Levi & Arnon 1996; McEwen
et al. 1992). Honko’s research remarked that FIiC dramatically increased anti-F1
plasma IgG titers while the nonFliC group had undetectable antibody responses
(Honko et al. 2006). Moreover, FliC was used in a broad range of recombinant
vaccines (Adar et al. 2009; Bargieri, Leite, et al. 2011; Bargieri, Rosa, et al. 2008;
Cuadros et al. 2004; das Gragas Luna et al. 2000; Delaney et al. 2010; Huleatt,
Jacobs, et al. 2007; Huleatt, Nakaar, et al. 2008; Mizel et al. 2009; Pereira et al.
2001; Song et al. 2009). The effectiveness of FliC could come from its ability to
promote the TLRS related innate-immune processes, such as induce lymphoid
and non-lymphoid cells to secrete pro-inflammatory cytokine and chemokines;
recruit T and B lymphocytes to secondary lymphoid sites; activate dendritic cells,
TLR5*CD11c* cells, and T lymphocytes (Mizel & Bates 2010).

Vaccination against F18*ETEC is an unsolved problem. All strategies
include oral live and subunit vaccines as well as encapsulated vaccines, or
parenteral vaccines stills had limited success until now (Felder et al. 2000; Verdonck
et al. 2007). Therefore, this result could be a promising strategy to use FliCF18 as
a parenteral vaccine for both pregnant sows and suckling pigs to protect neonates
and post-weaning pigs against F18*ETEC infection. However, the cause of PWD
is a non-invasive infection, thus mucosal immunity with F4/F18specific IgA plays
an important role in preventing this disease. Further researches could focus on
FliC-F18 based oral vaccines for post-weaning pigs because FIliC had the potential
to promote humoral immune response by oral immunisation (Salman et al. 2009;
Synnott et al. 2009). In summary, our results as well as those of other researchers
demonstrated that FIiC-F18 is a good strategy for immunoprophylaxis of PWD
caused by F18*ETEC.

CONCLUSION

The immunostimulation of F18 was robustly enhanced by fusing with FliC protein.
The anti-F18 antibodies in the immunised mice significantly increased and
specifically recognised the F18*ETEC. This study is a prototype of the F18 subunit
vaccine development to prevent PWD associated with F18*ETEC. However,
further research is needed to demonstrate the complete protection of FIiC-F18 in
the immunised mice and piglets.
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