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Abstract

A Salmonella Typhimurium ghost vaccine was constructed with the use of a recombinant fusion protein consisting of lysozyme
and porcine myeloid antimicrobial peptide 36 expressed by the Escherichia coli overexpression system. After confirmation of its
effectiveness by transmission electron microscopy the vaccine was evaluated in a murine model. Of the 60 BALB/c mice equally
divided into 4 groups, group A mice were intramuscularly inoculated with 100 pL of sterile phosphate-buffered saline, and the
mice in groups B, C, and D were intramuscularly inoculated with approximately 1.0 X 10%, 1.0 X 105, or 1.0 X 10° cells of the
S. Typhimurium ghost vaccine, respectively, in 100-wL amounts. The serum IgG titers against S. Typhimurium outer membrane
proteins were significantly higher in groups B to D than in group A, as were the concentrations of interleukin-10 and interferon
gamma in supernatants of harvested splenocytes. After challenge with wild-type S. Typhimurium, all the vaccinated groups
showed significant protection compared with group A, notably perfect protection in groups C and D. Overall, these results
show that intramuscular vaccination with 1.0 X 10° cells of this ghost vaccine candidate provided efficient protection against
systemic infection with virulent S. Typhimurium.

Résumeé

Un vaccin fantéme dirigé contre Salmonella Typhimurium a été construit en utilisant une protéine de fusion recombinante composée
de lysozyme et du peptide myéloide antimicrobien 36 d’origine porcine exprimée par le systéme de surexpression d’Escherichia coli.
Apres confirmation de son efficacité par microscopie électronique a transmission, le vaccin a été évalué dans un modéle murin. Soixante
souris BALB/c ont été séparées en quatre groupes. Les souris du groupe A ont été inoculées par voie intramusculaire (IM) avec 100 L de
saline tamponnée stérile, alors que les souris des groupes B, C, et D ont été inoculées IM avec approximativement 1,0 X 10%,1,0 X 10°, ou
1,0 X 10° cellules du vaccin fantome S. Typhimurium, respectivement, dans des volumes de 100 pL. Les titres d'IgG sériques contre les
protéines de la membrane externe de S. Typhimurium étaient significativement plus élevés dans les groupes B a D que dans le groupe A,
de méme que les concentrations d'interleukine-10 et d"interféron gamma dans les surnageants de splénocytes récoltés. Suite a une infection
défi avec une souche sauvage de S. Typhimurium, les animaux de tous les groupes vaccinés étaient protégés de maniére significative
comparativement a ceux du groupe A, notamment une protection parfaite pour les groupes C et D. De maniére générale, ces résultats
montrent que la vaccination IM avec 1,0 X 10° de ce vaccin fantome candidat fourni une protection efficace contre une infection systémique
par une souche virulente de S. Typhimurium.

(Traduit par Docteur Serge Messier)

known to contribute to the clearing of Salmonella under some cir-

Introduction

Salmonella enterica subsp. enterica serovar Typhimurium
(S. Typhimurium) mainly causes gastroenteritis in domestic ani-
mals and humans (1,2). In addition, in mice it can cause enteric fever
with symptoms similar to those observed in humans after S. Typhi
infection (1). An effective means of preventing salmonellosis is
vaccination against S. Typhimurium infection (2—-4). Cell-mediated
immunity (CMI) is crucial (5,6), and a humoral immune response,
such as the production of serum IgG and secretory IgA, is also

cumstances (3,6). Protection against virulent bacterial infection can
be induced through vaccination with killed or attenuated Salmonella
or Salmonella ghost cells (5-14).

Use of a vaccine with live, attenuated Salmonella is a general pro-
tocol for protection against Salmonella infections, but it is risky given
the potential for reversion to a virulent strain. Many live, attenu-
ated Salmonella vaccine strains have been generated by mutating or
deleting metabolism- or virulence-associated genes (4,9,10,15-17).
Hence, many different approaches, including killed vaccine, subunit
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Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Description Source
Escherichia coli
BL21(DE3) F~, ompT, hstB(rB*,mB*), dem, gal, \ (DE3) Invitrogen
HJL505 BL21(DE3) with pET30a containing gene for Lab stock
lysozyme-PMAP36 fusion protein
Salmonella Typhimurium
HJL456 Isolate from broiler chicken in Korea Lab stock
Plasmid
pET30a Expression vector inducible by IPTG; Km' Novagen

PMAP36 — porcine myeloid antimicrobial peptide 36; IPTG — isopropyl -D-1-thiogalactopyranoside;

Km" — kanamycin resistance.

vaccines, and vector vaccines, have been tried for protection against
Salmonella infection, with varying success (6,14,18,19).

Recently, bacterial ghost cells have emerged as an effective inac-
tivated vaccine candidate for protection against various Gram-
negative bacterial infections. Antimicrobial peptide (AMP), or host
defence peptide, is a part of the innate immune system (20,21).
Peptides work by disrupting the barrier function of the cell mem-
brane, forming pores or inducing membrane permeability without
disturbing the integrity of the membrane (22-24). Porcine myeloid
antimicrobial peptide 36 (PMAP36) has the highest reported positive
charge among porcine AMPs (25). Some bacteriophage endolysins,
such as the lysozyme of Salmonella phage P22, have been known
to act as antimicrobials by disrupting the activity of the bacterial
cell wall (26). The enzymes attack the cell walls of Gram-negative
bacteria, eventually resulting in cell wall lysis (27).

The objective of this study was to express and purify a recombi-
nant lysozyme-PMAP36 fusion protein by means of the Escherichia
coli overexpression system with a pET expression vector, use the
recombinant protein along with S. Typhimurium to construct an
S. Typhimurium ghost vaccine candidate, and investigate the efficacy
of the ghost vaccine’s protection in a mouse model.

Materials and methods

Bacterial strains and growth conditions

Salmonella Typhimurium isolate HJL456, from a broiler chicken
in Korea, was used for vaccine construction with the recombinant
lysozyme-PMAP36 fusion protein and was also used as the challenge
strain. Escherichia coli isolates HJL505 and BL21(DE3) (Invitrogen,
Carlsbad, California, USA) with the pET30a plasmid (an expres-
sion vector inducible by isopropyl B-D-1-thiogalactopyranoside)
(Novagen, Temecula, California, USA) containing the genes for
the recombinant fusion protein were used in overexpression of the
fusion protein (Table I). These strains were grown in Luria-Bertani
(LB) broth and on LB agar (Becton Dickinson, Sparks, Maryland,
USA) at 37°C.

Preparation of the recombinant fusion protein

The modified fusion gene for the lysozyme (containing restriction
enzyme and HIS-tag) — PMAP36 (including restriction enzyme)

fusion protein was synthesized at Bioneer, Daejeon, Republic of Korea
(Table II) (28,29). The gene was inserted into restriction sites Ndel and
Not I of the pET30a plasmid (Novagen) and the plasmid introduced
into E. coli BL21(DE3) (Invitrogen) and designated as HJL505. The
recombinant fusion protein was expressed in HJL505 and purified
according to a previously reported method (11). All purified antigens
were mixed with 50% glycerol and stored at —70°C until further used.

Construction of the ghost vaccine candidate

A single colony of S. Typhimurium HJL456 was inoculated into
200 mL of LB broth and incubated at 37°C with slow agitation to an
optical density of 0.3 at 600 nm. The fusion protein, 40 pg/mL, was
added into the cultured broth and the mixture incubated at 37°C
to induce the ghost isolates (30). After 16 h, induction of the ghost
isolates against all cells was confirmed by counting the number of
viable bacteria after incubation on LB agar for 72 h at 37°C.

Transmission electron microscopy (TEM)

The ghost samples underwent TEM with a transmission electron
microscope (H-7600; Hitachi High-Technologies Corporation, Tokyo,
Japan) according to a previously described method (25) for observa-
tion of intracellular alteration of the S. Typhimurium vaccine candi-
date before and after addition of the recombinant fusion protein. The
samples had been prepared in the same manner as for construction
of the S. Typhimurium ghost vaccine candidate.

Vaccination and sample collection

Four groups of BALB/c female mice, each group containing
15 mice, were inoculated intramuscularly (IM) at 6 wk of age (0 wk
after primary vaccination) and given a booster IM at 8 wk of age
(2 wk after primary vaccination). All 15 mice forming group A were
injected with sterile phosphate-buffered saline (PBS) and acted
as the controls. The mice in groups B, C, and D were inoculated
with approximately 1.0 X 10* cells, 1.0 X 10° cells, and 1.0 X 10°
cells, respectively, of the Salmonella ghost vaccine strain in 100-pL
amounts. Blood and fecal samples were collected at 0, 2, and 4 wk
after primary vaccination to evaluate the immune response. All
the animal experiments were conducted with ethics approval
(CBU 2012-0017) of the Animal Ethics Committee of Chonbuk
National University, Iksan, Republic of Korea, in accordance with
the guidelines of the Korean Council on Animal Care.
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Table Il. Genes used in this study (28,29).

Size
Gene (number of Restriction Gene Accession
product Nucleotide sequence? base pairs) enzyme coordinates number
Lysozyme CATATGcaccatcatcaccatcacATGCAAATCAGCAGTAACGGAA 435 Ndel 366-800 M10997.1
TCACCAGATTAAAACGTGAAGAAGGTGAGAGACTAAAAGC
CTATTCAGATAGCAGGGGGATACCAACCATTGGGGTTGGG
CATACCGGAAAAGTGGATGGTAATTCTGTCGCATCAGGGA ATGCAAATCAGCAGTAACGGAATCACCAGATTAAAAC
TGACAATCACCGCCGAAAAATCTTCTGAACTGCTTAAAGA GTGAAGAAGGTGAGAGACTAAAAGCCTATTCAGATAG
GGATTTGCAGTGGGTTGAAGATGCGATAAGTAGTCTTGTT CAGGGGGATACCAACCATTGGGGTTGGGCATACCGG
CGCGTCCCGCTAAATCAGAACCAGTATGATGCGCTATGTA AAAAGTGGATGGTAATTCTGTCGCATCAGGGATGACA
GCCTGATATTCAACATAGGTAAATCAGCATTTGCCGGCTCT ATCACCGCCGAAAAATCTTCTGAACTGCTTAAAGAGG
ACCGTTCTTCGCCAGTTGAATTTAAAGAATTACCAGGCAG ATTTGCAGTGGGTTGAAGATGCGATAAGTAGTCTTGT
CAGCAGATGCTTTCCTGTTATGGAAAAAAGCTGGTAAAGA TCGCGTCCCGCTAAATCAGAACCAGTATGATGCGCTA
CCCTGATATTCTCCTTCCACGGAGGCGGCGAGAAAGAGC TGTAGCCTGATATTCAACATAGGTAAATCAGCATTTGC
GCTGTTCTTATCG CGGCTCTACCGTTCTTCGCCAGTTGAATTTAAAGAAT
TACCAGGCAGCAGCAGATGCTTTCCTGTTATGGAAAA
AAGCTGGTAAAGACCCTGATATTCTCCTTCCACGGAG
GCGGCGAGAAAGAGCGCTGTTCTTATCG
Thrombin CTGGTTCCGCGTGGATCC 18 CTGGTGCCACGCGGTTCT
PMAP36 108 to 111 Notl 404 to 514 NM_0011
GGACGATTTAGACGTTTACGTAAAAAAACCCGGAAACGT 29965.1

CTGAAAAAGATTGGGAAAGTGTTGAAATGGATTCCTCCTA
TTGTCGGTTCAATACCCTTAGGTTGTGGATAAGCGGCCG
C

GGACGATTTAGACGGTTGCGTAAGAAGACCCGAAAA
CGTTTGAAGAAGATCGGGAAGGTTTTGAAGTGGATT
CCTCCCATTGTCGGCTCAATACCCTTGGGTTGTGGG
TAA

@ Underlining indicates the sites at which the restriction enzymes acted.

Lower-case letters indicate His-tag.

Evaluation of immune response

The serum and fecal titers, respectively, of IgG and IgA specific for
S. Typhimurium outer membrane proteins (OMPs) were determined
according to previously described methods (12) of enzyme-linked
immunosorbent assay (ELISA). Briefly, 96-well, flat-bottom ELISA
plates (Microlon; Greiner Bio-One, Frickenhausen, Germany) were
coated with the OMPs (500 ng/well) and incubated overnight at 4°C.
Serum was diluted 1:200 in PBS, and feces were diluted 1:3. The plates
were treated with goat IgG or IgA against mouse antigen conjugated
with horseradish peroxidase (Southern Biotechnology Associates,
Birmingham, Alabama, USA). Enzymatic reactions were produced
through the addition of substrate containing o-phenylenediamine
(Sigma-Aldrich, St. Louis, Missouri, USA) and were measured with an
automated ELISA spectrophotometer (TECAN, Salzburg, Austria) at
492 nm. In addition, ELISA was used to measure the concentration of
interleukin (IL)-10 and interferon gamma (IFN-vy) in the supernatants
with the mouse cytokine ELISA Ready-SET-Go! reagent kit (eBiosci-
ence, San Diego, California, USA). The ELISA results were expressed
as the mean concentration * standard deviation.

Cytokine quantitation in splenocytes

Five mice from each group were euthanized and their spleens
removed aseptically at 4 wk after primary vaccination. Splenocytes
were prepared according to methods described previously (30-32)

and seeded in 24-well tissue culture plates, 2 X 10°/well. The spleno-
cytes were stimulated in vitro with the Salmonella vaccine candidate
(108 cells/well), concanavalin A (0.5 p.g/well) as a positive control,
or the medium as an unstimulated control, and incubated at 37°C
in 5% CO, at 95% humidity. Culture supernatants were collected
after 48 h and stored at —70°C until used for cytokine quantification.

Challenge experiments

Challenge strain HJL456 was prepared according to a previously
described method (9). The remaining 40 mice were orally admin-
istered 2 X 10% colony-forming units of HJL456 in 20 pL of sterile
PBS at 4 wk after primary vaccination and monitored for up to 14 d.

Statistical analysis

To test for differences in absorbance between the various vacci-
nated groups, data from the ELISA results were compared by analy-
sis of variance with a post hoc Tukey's test for pairwise comparisons
and calculated with SPSS version 16.0 (SPSS, Chicago, Illinois, USA).
Statistical significance was set at P < 0.01.

No colony of ghost cells was observed on LB agar after incuba-
tion. The ghost cells were harvested by centrifugation at 4000 X g
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for 30 min, washed thrice, and resuspended in sterile PBS to a con-
centration of approximately 1 X 107 cells/mL. This suspension was
used as the S. Typhimurium ghost vaccine candidate.

A complete cell membrane and full intracellular contents were
observed by TEM in the untreated S. Typhimurium cells (Figure 1A),
whereas after treatment with the fusion protein the cells exhibited
obvious cytoplasmic clear zones and disruption of the cell mem-
brane, with visible pores (Figure 1B).

Serum titers of IgG against the OMPs of S. Typhimurium in mouse
groups B, C, and D increased gradually from 2 wk after primary
vaccination and were 2.1, 2.4, and 2.9 times higher, respectively,
than those in group A at 4 wk (P < 0.05). In addition, the fecal
titers of IgA against the OMPs in groups B, C, and D were 1.6, 2.0,
and 2.2 times higher, respectively, than those in group A at 4 wk
(P < 0.01) (Figure 2).

As shown in Figure 3, the mean concentrations of IL-10 against the
S. Typhimurium ghost cells in the splenocytes harvested from mice
in groups B, C, and D, respectively, at 4 wk after primary vaccina-
tion were 1.26, 1.29, and 1.46 times the mean for group A (P < 0.05).
The mean concentrations of IFN-vy in the harvested splenocytes of
groups B, C, and D, respectively, were 2.5, 3.1, and 4.2 times the
mean for group A (P < 0.05).

As shown in Figure 4, all the mice in groups C and D survived
until the end of the study; however, the mice in the control group
started dying 7 d after the challenge with strain HJL456 and were
all dead by day 11, 2 mice having died between 8 and 9 d after the
challenge.

Salmonella Typhimurium affects different organ systems as it
penetrates the mucosal barrier and spreads to the phagocytic system
(5,33-36). Therefore, an efficient salmonellosis vaccine must produce
CMI (34,35). Several research teams have used live, attenuated
S. Typhimurium strains as vaccine candidates (9,10,37-39); however,
inherent safety risks such as reversion to virulence may obstruct
the use of these strains for humans. Similar to S. Typhimurium,
S. Gallinarum affects different organs and causes a well-recognized
septicemic disease of poultry, called fowl typhoid (40,41). An effi-
cient S. Gallinarum vaccine must produce CMI (41). A commercial
live vaccine has been used to prevent fowl typhoid; however, again,
reversion to virulence may occur (42). Recently, some researchers
reported that an S. Gallinarum ghost vaccine candidate could induce
CMI and protective antibody in chickens inoculated via an intra-
muscular, oral, or intraperitoneal route (14,43). The methodology
represents a comparatively innovative approach to the improvement
of vaccine technology but has seldom been used for S. Typhimurium.
Construction of this S. Gallinarum ghost vaccine candidate was
complex. Briefly, at least 1 essential gene from the bacterium had to
be deleted to maintain the plasmid containing the E-lyse gene for
inducing the ghost vaccine, and 2-step culture was necessary
for induction (14,43).

Our new method of producing an S. Typhimurium ghost vaccine
was based on S. Typhimurium lysis by means of a recombinant
lysozyme-PMAP36 fusion protein, the lysozyme being derived from
Salmonella bacteriophage p22 and an AMP for the formation of pores
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Figure 1. Transmission electron micrographs of Salmonella Typhimurium
before (A) and after (B) treatment with a recombinant fusion protein
consisting of lysozyme and porcine myeloid antimicrobial peptide 36.
The bacterial cells were incubated with 40 pg/mL of the fusion protein
for 16 h at 37°C. The arrows indicate a complete cell membrane (A) or a
disrupted membrane with pores (B).

in cell envelopes. Therefore, the fusion protein was used to improve
the lysis of S. Typhimurium. The bacterial ghost vaccine lacked all
Cytoplasmic contents; however, its outer membrane structure was
preserved, and therefore the vaccine had high immunogenicity. The
effectiveness of the ghost vaccine was demonstrated by TEM.

Live, attenuated S. Typhimurium as well some of its recombinant
proteins have been studied as potential candidate vaccines to pre-
vent salmonellosis (19,44-47). Recombinant proteins and inactivated
vaccine candidates usually require multiple doses and the use of an
effective adjuvant to induce efficient protective immune responses
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Figure 2. Titers in mice of serum IgG and fecal IgA against outer membrane proteins of S. Typhimurium at various times after primary vaccination with
sterile phosphate-buffered saline (group A) or the S. Typhimurium ghost vaccine, at doses of approximately 1.0 x 104, 1.0 x 105, and 1.0 x 106 cells in
groups B, C, and D, respectively. Shown are the means for the 15 mice in each group and the standard deviations (SDs). Asterisks indicate a significant
difference (P < 0.05) between the values for the vaccinated groups compared with the control group. OD — optical density.
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Figure 3. Concentrations of interleukin (IL)-10 and interferon gamma (IFN-vy) in the supernatants of splenocytes harvested 4 wk after primary vaccina-
tion from 5 mice in each group and stimulated with the ghost vaccine. Means, SDs, and asterisks as for Figure 2.
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Figure 4. Survival rates after challenge with S. Typhimurium strain HIL456
in the same 4 groups of mice 4 wk after primary vaccination.

against Salmonella (19,46). Live, attenuated vaccine candidates have
the risk of reverting to a virulent strain, although they can induce
strong protective immune responses (41,42). In this study, we inves-
tigated whether IM vaccination with only the S. Typhimurium ghost
vaccine induced with the recombinant fusion protein could protect
mice against challenge with virulent S. Typhimurium. At the muco-
sal surface a vaccine producing a protective immune response can
inhibit the entry and colonization of pathogens (19,48). In our study
the serum IgG and fecal IgA titers were significantly higher in the

vaccinated mice than in the control group. These results show that
IM vaccination with the ghost vaccine powerfully enhanced humoral
immune responses.

Because Salmonella is a facultative intracellular bacterium that
survives in macrophages, CMI is vital for clearance (34,35,41). In our
study, CMI was analyzed by ELISA evaluation of induced cytokines
prepared from splenocytes collected from mice inoculated with the
ghost vaccine and restimulated in vitro with the ghost vaccine. In
general, mucosal IgA is strongly induced by Th2-type immunity.
In particular, IL-10 is one of the main cytokines that enhances IgA
production (48,49). Our results demonstrate that cytokine secre-
tions, which are associated with an enhanced IgA response, were
powerfully strengthened by our vaccine candidate. In addition,
the splenocytes displayed high IFN-y concentrations, providing
an indication of Thl-type immunity. Thus, IM vaccination with an
S. Typhimurium ghost vaccine produces sufficient cytokines, which
are associated with CMI. In accordance with our original hypoth-
esis, the antibody titers and CMI responses of the mice vaccinated
with the ghost vaccine were significantly greater than those of the
unvaccinated mice.

All the mice in groups C and D were completely protected
against salmonellosis after challenge with a virulent wild-type
S. Typhimurium strain, whereas all the control mice and 80% of the
mice in groups A and B died after the challenge. This result suggests
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that IM vaccination with the S. Typhimurium ghost vaccine can
elicit both types of immune response and effectively protect against
salmonellosis in mouse models.

In this study S. Typhimurium was lysed by the recombinant
lysozyme-PMAP36 fusion protein, to be used as a ghost vaccine.
The vaccine, at doses of approximately 1 X 10% 1 X 10% and 1 X 10°
cells, induced robust humoral and cell-mediated immune responses
in mice and conferred protection against virulent S. Typhimurium
infection in all the mice vaccinated with 1 X 10° or 1.0 X 10° cells and
20% of those vaccinated with 1 X 10 cells. Therefore, we conclude
that IM vaccination with 1 X 10° cells of the ghost vaccine is effective
against salmonellosis in a murine model.
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