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Abstract

A universal vaccine protecting against multiple serotypes of Streptococcus suis is urgently needed to improve animal
welfare and reduce the consumption of antibiotics. In this study, a dual antigen expression cassette consisting of
SS2-SaoA and SS9-Eno was delivered by a recombinant Salmonella Choleraesuis vector to form the vaccine candidate
rSCO016(pS-SE). SaoA and Eno were simultaneously synthesized in rSC0016(pS-SE) without affecting the colonization
of the recombinant vector in the lymphatic system. In addition, the antiserum of mice immunized with rSCO016(pS-
SE) produced a broader and potent opsonophagocytic response against multiple serotypes of S. suis. Finally,
rSCO016(pS-SE) provided mice with a 100% protection against a lethal dose of parent S. suis serotype 2 and serotype 9,
and provided 90% and 80% protection against heterologous S. suis serotype 7 or 1/2. These values were significantly
higher than those obtained with rSC0016(pS-SaoA) or rSC0016(pS-Eno). Together, this study serves as a foundation for
developing a universal vaccine against multiple serotypes of S. suis.
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Introduction

Streptococcus suis is an important zoonotic pathogen,
which causes substantial economic losses in the pig
industry worldwide and many infections in humans [1,
2]. There are 35 serotypes of S. suis; serotypes 1/2, 2, 3,
7, and 9 (SS1/2, SS2, SS3, SS7, and SS9) are by far the
most prevalent worldwide [2]. Vaccination is beneficial
in reducing antibiotics consumption and slowing down
antibiotic resistance development [3]. However, there are
bottlenecks in the development of a S. suis vaccine. The
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expanded culture of S. suis requires a financially costly
medium, which may render difficult the development
of inactivated vaccines in less developed regions [3]. In
addition, some vaccine candidates fail to induce opsoni-
cally active antibodies and thus fail to provide adequate
protection [4—6]. Most importantly, existing vaccines
lack cross-reactivity to ensure the protection against het-
erologous strains with multiple serotypes [7—10]. There-
fore, developing an economical and effective universal
vaccine is necessary to prevent disease with S. suis [1, 3].
An ideal S. suis vaccine should induce cross-protection
against multiple serotypes. Among the immunogenic
proteins tested as S. suis vaccine candidates, only Sao
[11, 12], Eno [13], and PrsA [14] have been reported for
their capacity to induce cross-protection. Conservative
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antigens among multiple serotypes are especially useful
in veterinary practice if they protect against challenges
by strains of heterologous serotypes. Sao is a highly con-
served antigen and provides cross-protection against
S. suis serotypes 1, 2, and 7 [6, 11, 12]. In addition, Sao
protected pigs against aerosol-challenge with S. suis
and induced opsonophagocytic activity (OPA) antibody
against S. suis [6]. OPA antibody has been shown to be
closely associated with protective immune responses
against S. suis [6, 11, 15]. Another protein, Enolase (Eno),
a 52-kDa surface fibronectin-binding protein [16], has
also been shown to provide protection against S. suis
serotypes 2 and 7 in a mouse model when mixed with
Freund’s Complete Adjuvant (FCA) [13]. These studies
have shown that Sao and Eno have high immunogenicity
and cross-reactivity. Both are potent candidates as S. suis
universal vaccine.

Vaccines containing multiple antigens confer better
protection than those containing a single antigen [17, 18].

A vaccine containing both muramidase-released pro-
tein (MRP) and extracellular factor (EF) protects pigs
against challenge with S. suis serotype 2 virulent strain,
while vaccines containing either MRP or EF alone were
not protective [19]. Antigen combinations from differ-
ent serotypes of BTV-Bluetongue virus not only provide
protection against the parental serotype but also provide
partial cross-protection against heterologous serotypes
[20]. The combination of multiple antigens may bring
about a synergistic effect. The multicomponent vaccine
5CVMB, which contains five serogroup B meningococcus
(MenB) antigens, formulated with aluminum hydroxide
induced strong immune responses. The bactericidal anti-
bodies induced by 5CVMB were more potent than those
induced by the individual antigen. The novel 5CVMB
vaccine expands the vaccine coverage and avoids the
selection of escape mutants [21].

Attenuated Salmonella vector as an antigen presen-
tation platform can induce superior mucosal antibody
response, which is critical against mucosal pathogens
[22, 23]. In addition, the Salmonella vector can colonize
the host lymphatic system, thereby continuously stimu-
lating immune cells and ultimately inducing a long-term
immune response [22-24]. Most importantly, attenu-
ated Salmonella has known adjuvant properties that can
enhance the humoral and cellular immune responses
induced by foreign antigens, making it an excellent vec-
tor for presenting heterologous antigens [25, 26]. In our
previous study, the attenuated S. Choleraesuis vector
delivering SaoA from S. suis serotype 2 provided heterol-
ogous protection against SS7 in mice or piglets. However,
it still could not induce protection against heterologous
serotypes [12]. In this study, a dual expression cassette
plasmid containing SS2-SaoA and SS9-Eno (pS-SE) was
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introduced into S. Choleraesuis rSC0016 to form the
recombinant S. Choleraesuis vector rSC0016(pS-SE).
The immunogenicity and the cross-protection efficiency
of rSC0016(pS-SE) against multiple heterologous S. suis
were evaluated in mice.

Materials and methods

Ethical statement

All animal experiments were authorized by the Depart-
ment of Science and Technology of Jiangsu Province with
a license number of SCXK(SU) 2018-0009. All experi-
mental procedures were approved by the Jiangsu Labora-
tory Animal Welfare and Ethics guidelines of the Jiangsu
Administrative Committee of Laboratory Animals to
minimize animal pain.

Bacterial strains, plasmids, and culture conditions
Bacterial strains and plasmids utilized in this study are
described in Table 1. S. suis serotype 7 (SS7) virulent
strain SH04805, S. Suis serotype 9 (SS9) virulent strain
GZ0565, and S. Suis serotype 1/2 (SS1/2) virulent strain
2651 were kindly provided by Professor Huochun Yao
(Nanjing Agricultural University). S. suis serotype 2
(SS2, CVCC3928) was purchased from China Veteri-
nary Culture Collection Center. Plasmid pYA3493 is an
Asd™ vector with a P, promoter. Plasmid pS-SE, derived
from pYA3493, carries a dual antigen expression cassette
consisting of SS2-SaoA and SS9-Eno. Plasmid pS-Eno,
derived from pYA3493, carries an SS9-Eno. Plasmid pS-
SaoA was described in our previous study [12]. S. Choler-
aesuis strains were prepared as previously described [12,
27]. The live attenuated S. Choleraesuis strain rSC0016
delivering plasmid pYA3493, pS-SaoA, pS-Eno, or pS-SE
were grown in LB broth with both 0.2% L-arabinose and
0.2% D-mannose. LB broth and tetrathionate medium
(BD Difco) were used for the enrichment of S. Chol-
eraesuis from mouse tissues. Nutrient Broth (NB) and
MacConkey agar (Difco) were used for phenotype char-
acterization. When required, media were supplemented
with 2,6-diaminopimelic acid (DAP; 50 pg/mL), L-arab-
inose (0.2% wt/vol), D-mannose (0.2% wt/vol) or sucrose
(5% wt/vol). Bacterial growth was monitored with a spec-
trophotometer at ODg, and by direct plating for colony
counts.

Construction and plasmid stability of the attenuated

S. Choleraesuis vector with plasmids pYA3493, pS-Eno

and pS-SE

S. Choleraesuis vector, rSC0016, was described in a pre-
viously study [12]. The codon-optimized SS9-eno was
synthesized by TaKaRa Bio and cloned into pYA3493
with Pst I and Hind III to generate pS-Eno. An OmpA
signal peptide was fused at the amino-terminal of Eno
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Table 1 Strains, plasmids and primers.
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Strain or plasmid or primer

Characteristics® or sequences®

Source, reference or function

Bacterial strains
BL21
7213
rSC0016

Streptococcus suis serotype 2

Streptococcus suis serotype 7

Streptococcus suis serotype 9

Streptococcus suis serotype 1/2
Plasmids

pYA3493

pS-SaocA
pS-Eno
pS-SE

pET28a-SaoA

pET28a-Eno
Primers

SS9-Eno-F

SS9-Eno-R

SE-F

SE-R

For expression the recombinant plasmids
thi-1 thr-1 leuB6 thuA21 lacY1 ginV44 asdA4 recA1 RP4 2-Tc:Mu pir; Km'

AP o507 1T araCPeapcrp Apmi-2426 ArelA199:araCPyyplaclTT AsopB1686
AasdA33

Wild type, virulent, CVCC3928
Wild type, virulent, SH04805
Wild type, virulent, GZ0565
Wild type, virulent, 2651

Asd*; pBR ori, P,,. promoter, B-lactamase signal sequence-based periplasmic
secretion plasmid

pYA3493 with SaoA, P, promoter
pYA3493 with Eno, P,,. promoter

pYA3493 with a dual antigen expression cassettes consisting of SS2-SaoA and
SS59-Eno, Py, promoter

SS2-SaoA expression vector, T7 promoter; Km'
SS9-Eno expression vector, T7 promoter; Km'

CGCTGCAGAGGACGCAAAAAATGAAAAAGACGGCTATCGC
GCAAGCTTTTACTTTTTCAAGTTATAGAAT
ATCCCGGGCAACCTGATGGGGGCCAGG
GCAAGCTTTTACTTTTTCAAGTTATAGAAT

Invitrogen
(48]
[29]

Lab stock

Provided by Professor Huochun Yao
Provided by Professor Huochun Yao
Provided by Professor Huochun Yao

[49]

[29]
This study
This study

[29]
This study

The ORF of SS9-Eno

The ORF of SaoA-Eno

9 Km' Kanamycin resistance. °Underlined nucleotides denote enzyme restriction sites.

in pS-Eno to replace the original Bla/ss signal peptide.
Similarly, the codon-optimized SE operon fusion of SS2-
saoA and SS9-enmo was synthesized by TaKaRa Bio and
cloned into pYA3493 with Sma I and Hind 111 to gener-
ate pS-SE. Bla/ss or OmpA signal peptides were fused
at the amino terminal of SaoA or Eno in pS-SE, respec-
tively. Subsequently, Asd+ plasmids pS-Eno and pS-SE
were transformed into a live attenuated S. Choleraesuis
vaccine strain, rSC0016, to generate rSC0016(pS-Eno)
and rSC0016(pS-SE). To investigate the stabilities of
recombinant plasmid pS-Eno and pS-SE in rSC0016, the
strains harboring pS-Eno or pS-SE were maintained in an
LB medium with 1:500 dilutions for 50 generations [27].
Plasmids pS-Eno and pS-SE were extracted at the 50th
generation and confirmed with double enzymatic diges-
tion. PCR verified mutations of the attenuated strain
rSC0016 with correspondent primers. Production of Eno
in rSC0016(pS-Eno) or SaoA and Eno in rSC0016 (pS-SE)
were finally tested by western blot with corresponding
antiserum [12, 28].

Western blot analysis of Lacl, SaoA, and Eno expression

To evaluate arabinose dependent regulation of SaoA and
Eno, rSC0016(pS-SE) were grown in NB medium with
0.2% L-arabinose (Sigma) at 37 °C. When the culture

reached an ODy, of 0.8, it was diluted 1:100 into fresh
NB without L-arabinose and grown to an ODg, of 0.8.
This process was repeated 5 times. One mL of culture was
collected from each passage and prepared for western
blot analysis [12]. Briefly, the total protein samples were
normalized and separated on a 10% (wt/vol) SDS-PAGE
gel and transferred onto nitrocellulose membranes.
Western blot analysis was performed using a rabbit anti-
Lacl, anti-SaoA and anti-Eno antisera, followed by HRP
conjugated goat anti-rabbit polyclonal antibody (Sigma)
[12, 28]. Densitometry was quantified using Image ]2
software [29].

S. Choleraesuis subcellular fractionation

To evaluate the subcellular localization of synthesized
SaoA and Eno in rSC0016(pS-SaoA), rSC0016(pS-Eno),
and rSC0016(pS-SE), mid-exponential growth phase cul-
tures of the corresponding strains were harvested by cen-
trifugation at 4 °C. Periplasmic fractions were prepared
by modifying the lysozyme-osmotic shock method as
previously described [30]. Briefly, cultures were grown in
NB medium to an ODyg, of 0.8 and induced with 0.5 mM
IPTG (isopropyl-d-thiogalactopyranoside) for 3 h. The
bacteria density was normalized by absorbance at ODg,
to ensure that the samples in each lane contained the
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same number of bacteria. One mL of culture was col-
lected for western blot analysis. The supernatant fluid
was filtered and saved for the analysis of secreted pro-
teins. Equal volumes of periplasmic, cytoplasmic, and
supernatant fractions and total protein lysate samples
were separated on a 10% SDS-PAGE gel and transferred
onto a nitrocellulose membrane for western blot analy-
sis. Densitometry was quantified using Image J2 software
[29].

Preparation of SaoA and Eno proteins

To obtain recombinant Eno from E. coli, the SS9-eno
gene was optimized for E. coli-preferred codon and syn-
thesized by TaKaRa Bio. SS9-eno gene was inserted into
the pET-28a vector using Pst I and Hind 111 restriction
enzymes. The pET-28a-Eno plasmid was transformed
into E. coli strain BL21(DE3) for expression.

His-tagged SaoA or Eno fusion proteins were pre-
pared as previously described [28]. Briefly, Escherichia
coli strain BL21 carrying pET28a-SaoA or pET28a-Eno
were grown to mid-log phase (ODyg, values of 0.6—0.9)
in LB medium with kanamycin at 30 °C and induced with
0.3 mM IPTG for 8 h. The recombinant SaoA or Eno pro-
teins were purified by Ni-chelating affinity gel (Sigma)
according to the instruction manual.

Distribution of S. Choleraesuis vector strains in BALB/c
mice

The S. Choleraesuis strains, rSC0016(pYA3493),
rSC0016(pS-SaoA), rSC0016(pS-Eno) and rSC0016(pS-
SE), were grown statically overnight in LB broth supple-
mented with 0.2% L-arabinose and D-mannose at 37 °C.
A 500 pL of overnight culture was inoculated into 50 mL
of LB broth containing the appropriate supplements and
grown with aeration to an ODg, of 0.85 to 0.9 at 37 °C.
Cells were pelleted by centrifugation at room tempera-
ture (8000 rpm for 10 min). The pellets were resuspended
in 300 puL of PBS. The colonization assay for recombi-
nation S. Choleraesuis vector strains was performed as
described previously [27]. Eighty mice were randomly
divided into 4 groups with 20 mice in each group. Groups
of mice were orally inoculated with 140.2 x 10° CFU
of S. Choleraesuis strains of rSC0016(pYA3493),
rSC0016(pS-SaoA), rSC0016(pS-Eno) or rSC0016(pS-
SE), respectively. Five mice in each group were eutha-
nized at each of the time points (days 3, 7, 14, and 21
post-inoculated). Subsequently, Peyer’s patches, spleen,
and liver of each mouse were collected and homogenized
in PBS after weighing. The CFUs of bacteria were deter-
mined using dilution plating on MacConkey agar plates
containing 0.2% L-arabinose (wt/vol), 0.2% D-man-
nose (wt/vol) and 1% D-lactose (wt/vol). The residual
900 mL of homogenized tissues were inoculated into
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5 mL tetrathionate medium for Salmonella enrichment
when no colonies were observed on the MacConkey agar
plates. Samples that were negative by direct plating and
positive by enrichment were recorded as 10 CFU/g, while
those negative were recorded as 0 CFU/g. The assay was
performed twice, and the data was similar and pooled for
analysis.

Mouse immunization

Six-week-old female BALB/c mice were deprived of
food and water for 4 h before oral administration of S.
Choleraesuis strains. Food and water were returned to
the animals 30 min later. To determine bacterial titers,
dilutions of S. Choleraesuis strains were plated onto
LB agar with 0.2% L-arabinose. Two hundred and fifty
mice were randomly divided into 5 groups, with 50
mice per group. Groups of mice were orally inoculated
with 14£0.2x10° CFU of S. Choleraesuis strains of
rSC0016(pYA3493), rSC0016(pS-SaoA), rSC0016(pS-
Eno), rSC0016(pS-SE) or an equal volume of PBS, respec-
tively. Mice were boosted with the same dose of the
same strain after three weeks. Blood and vaginal secre-
tion specimens from each mouse in a random subset (10
mice) in each group were collected 3 weeks after the first
immunization and 2 weeks after boosting. Serum frac-
tions were stored at —20 °C. Vaginal secretion specimens
were collected by washing with 50 uL of PBS before stor-
age at —20 °C.

Enzyme-linked immunosorbent assay (ELISA)

The procedures used for antibodies measurement were
described previously [12, 27]. Briefly, purified SaoA
(50 ng per well) or Eno (50 ng per well) in sodium car-
bonate-sodium bicarbonate buffer (pH9.6) were coated
in Nunc-Immuno MaxiSop 96-well plates (Corning, NY,
USA). Plates were incubated overnight at 4 °C. Free bind-
ing sites were blocked with 0.5% BSA. A 100 pL volume
of diluted serum was added to individual wells in dupli-
cate and incubated for 3 h at room temperature. Plates
were treated with Peroxidase-conjugated goat anti-mouse
IgG, IgG1, or IgG2a (Abcam) for sera and IgA (BD) for
vaginal secretions.

Opsonophagocytic assay

The OPA was performed as previously described [31].
Briefly, a random subset of 10 mice was selected from
each group on the 14th day after the booster. Subse-
quently, serum from each mouse of each subset was col-
lected and twofold serially diluted for opsonic killing
assay. Porcine polymorphonuclear leukocytes (PMNs)
were separated by Ficoll-Hypaque (Haoyang Biologi-
cal Manufacture Co. Ltd., Tian-jin, China). Cell viability
was evaluated higher than 90% by Trypan blue exclusion.
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Log-phase SS2, SS7, SS9, and SS1/2 were opsonized with
50 pL of the diluted serum samples at 37 °C for 15 min,
respectively. PMNs at a concentration of 1 x 10 cells/mL
were mixed with equal volume (100 uL) of 1 x 10" CFU/
mL opsonized bacteria. After incubation with PMNs for
1 h at 37 °C, serial dilutions of assay samples were plated
onto THB agar and then cultured overnight at 37 °C. Bac-
teria were enumerated the following day. The serum dilu-
tion that leaded to killing of 50% of the assay bacteria was
defined as the OPA titer. The mean of three independent
CFU counts for each sample was used to calculate the
survival ratio.

Mouse challenge with S. suis

On the 14™ day after the booster, 10 mice in each group
were challenged intraperitoneally with 10 x LDy, of
SS2, SS7, SS9 and SS1/2, respectively. Mouse survival
and health status were observed and recorded daily for
14 days. Tissue samples from the brain and lung were
fixed in 4% paraformaldehyde. After paraffin embedding,
tissue sections were cut and stained with hematoxylin
and eosin (H&E). The histological sections of each mouse
were scored pathologically as follows. For lung, 0: nor-
mal; 1: congestion; 2: interstitial thickening; 3: inflamma-
tory cell infiltration in bronchial submucosa; 4: a mass of
inflammatory cell infiltration in bronchial submucosa.
For brain, 0: normal; 1: congestion; 2: a few inflammatory
cells infiltrate the meninges; 3: a mass of inflammatory
cells meninges; 4: meningeal hemorrhage with exten-
sive inflammatory cell infiltration. This experiment was
performed twice, with each group (50 mice) receiving
approximately the same dose of vaccine. The results from
both experiments were similar, and the data were pooled
for analysis.

Statistical analysis

Statistical analyses on ELISA were presented as geo-
metric means and standard deviations for all assays. A
Mann-Whitney U Test (GraphPad Software, Inc.) was
applied to compare the distribution of the S. Choleraesuis
in tissues of mice and densitometric analysis. The log-
rank (Mantel-Cox) test was used to compare the survival
after the challenge. For all tests, a P<0.05 was considered
statistically significant.

Results

Construction of a dual expression cassette vector

SaoA protein homology among SS2, SS9, and SS1/2 sero-
types is over 94.2%. Eno protein homology among these
strains is over 99.8%. In addition, there was the same one
amino acid difference between SS9-Eno and SS2-Eno,
SS7-Eno, and SS1/2-Eno at position 250 (SS9-Eno: Phe-
nylalanine; SS2-Eno, SS7-Eno, and SS1/2-Eno: Tyrosine).
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To express SS2-saoA and SS9-eno on the same vector
without interference, operon fusion of saoA and eno
was separated by a ribosome binding sites (RBS) to form
two separate expression cassettes under the regulation
of the P, promoter (Figure 1A). Each gene has its own
secretion signal. The dual expression cassette fragment
was digested with Sma 1 and Hind 11l and cloned into
the prokaryotic expression vector pYA3493 to form the
expression plasmid pS-SE (SE represents for SaoA-Eno;
Figure 1B).

Regularly delayed synthesis of SaoA and Eno

in rSC0016(pS-SE)

Strain rSC0016 carries a ArelA199:araC Pyap lacl TT
mutation, in which an arabinose-regulated araC Pg,p
promoter controls the production of Lacl. Lacl inhibits
the P, promoter, which drives the expression of saoA
and eno. The combination of chromosomal lacl expres-
sion and P, transcriptional regulation of antigen gene
expression comprises the delayed antigen synthesis sys-
tem. To evaluate the delayed antigen synthesis regulated
by Lacl, the pS-SE plasmid was introduced into rSC0016.
After growing in the NB medium containing 0.2% arab-
inose, the strain rSC0016(pS-SE) was passaged 4 times
in the medium without arabinose. The equal loads of
the samples were confirmed by measuring GroEL as an
internal reference. As the number of passages increased,
arabinose was gradually diluted and the synthesis of Lacl
decreased, while the synthesis of SaoA or Eno in strain
rSC0016(pS-SE) gradually increased (Figure 1C). These
results showed that the synthesis of both SaoA and Eno
in the dual expression cassette was regulated by the
delayed antigen synthesis system.

Growth characteristics and genetic stability

of rSC0016(pS-SE)

The loading of foreign antigen may slow the vector
growth, which may decrease the immunogenicity of
the vectored antigen [22]. rSC0016(pS-SE) shared simi-
lar growth characteristics with rSC0016(pS-SaoA) or
rSC0016(pS-Eno), suggesting that the dual expression
cassette does not slow down the vector growth (Fig-
ure 1D). This result demonstrated that the dual expres-
sion cassette did not cause an obvious metabolic burden
on the growth of rSC0016. To measure the stability of
plasmid pS-SE in rSC0016, rSC0016 containing plasmid
pS-SE were cultured for 50 generations. By PCR or endo-
nuclease digestion, it was found that all rSC0016(pS-SE)
colonies (200 clones/generation) contained pS-SE plas-
mids, indicating that pS-SE could be stably maintained
in rSC0016 vaccine strains. The cells obtained from the
50th generation culture can synthesize similar amounts
of SaoA and Eno to the first generation (data not shown),
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rSC0016(pS-SaoA) or rSCO016(pS-Eno).

Figure 1 Design of a dual expression cassette for SaoA and Eno and phenotypic identification. A Schematic diagram of operon fusion of
saoA and eno dual expression cassette. A ribosomal binding site was added between the open reading frames of SaoA and Eno, and the nucleotide
sequence encoding OmpA secretion signal peptide was fused with the open reading frame of Eno. Both saoA and eno are regulated by the P,
promoter. B Plasmid maps of control vector plasmid pYA3493 and pS-SE (SaoA-Eno). C Regulated decreased synthesis of Lacl and regulated delayed
synthesis of SaoA or Eno proteins in rSC0016(pS-SE) containing ArelA:araC Pgap lacl TT mutation. Strain rSC0016(pS-SE) was grown in NB with
L-arabinose and D-mannose (Lane 1) and then diluted 1:10 into fresh NB without L-arabinose and D-mannose until ODgy, to 0.8. The process was
repeated four times (Lane 2-5). Each lane was loaded with around 2.5 x 10 CFU bacteria. Synthesis of Lacl, SaoA, Eno and GroEL were detected

by western blot using correspondent antibodies. D Growth of rSC0016(pYA3493), rSC0016(pS-SaoA), rSCO016(pS-Eno), and rSCO016(pS-SE) in
Nutrient broth with 0.2% L-arabinose and no 0.2% D-mannose. (ns) means that there is no significant difference between rSC0016(pS-SE) and

PYA3493
3113bp

5S TiT2

ns

rSC0016(pYA3493)
rSC0016(pS-SaoA)
rSC0016(pS-Eno)

rSC0016(pS-SE)

rmode

NB with 0.2% L-ara

0.0~

T T T T T
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suggesting that SaoA and Eno are stably synthesized in
rSC0016(pS-SE).

Expression levels of SaoA and Eno in rSC0016(pS-SE)
Transcription and translation efficiency of the open
reading frame at the far end of the operon in the dual
expression cassette may be reduced [32]. To explore the
expression of eno at the far end of the operon fusion in
pS-SE dual expression cassette, the levels of SaoA or Eno
production in the corresponding strains were compared
by western blot densitometry. Bands specifically bind-
ing to SaoA or Eno antiserum could be detected in the
cytoplasm, periplasm, and supernatant of rSC0016(pS-
SE) (Figures 2A and B), suggesting that both SaoA and
Eno can be synthesized simultaneously in rSC0016 and
secreted into the periplasm and extracellularly. In addi-
tion, the synthesis of either SaoA (Figure 2C) located at
the proximal end of the promoter or Eno (Figure 2D)
located at the distal end of the promoter was not signifi-
cantly different from SaoA or Eno with a single expres-
sion cassette.

Colonization of mouse tissues after oral immunization

with rSC0016(pS-SE)

Colonization reflects the interaction between live vec-
tor and lymphoid tissues, which is closely related to the
immunogenicity of the vector [33, 34]. To evaluate the
colonization of rSC0016(pS-SE) in systemic lymphoid
tissues, rSC0016 carrying empty vector pYA3493, single
expression cassette pS-SaoA, pS-Eno, and dual expres-
sion cassette pS-SE was orally given to mice at a dose
of 1x10° CFU. The bacterial colonization of Peyer’s
patches, spleen, and liver were counted at day 3, 7, 14,
and 21 after inoculation. There was no significant dif-
ference among the colonization levels of rSC0016(pS-
SaoA) or rSC0016(pS-Eno) with a single antigen and
rSC0016(pS-SE) with dual expression cassette in Peyer’s
patches, spleen, and liver (Figure 3). These results indi-
cate that the presentation of dual expression cassettes
did not damage the colonization of the recombinant
vector in mice.
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Serum IgG and mucosal IgA responses to SaoA or Eno

To evaluate the humoral and mucosal immune responses
induced by rSC0016(pS-SE), serum antibody IgG titers
or vaginal mucosal IgA titers of immunized mice were
measured 3 weeks after the first immunization and
2 weeks after boosting. Compared with the PBS group
or rSC0016(pYA3493) empty vector group, mice orally
immunized with rSC0016(pS-SaoA), rSC0016(pS-Eno)
and rSC0016(pS-SE) induced higher serum IgG and vagi-
nal IgA titers against SaoA or Eno. Three weeks after the
first immunization, the titers of serum IgG and mucosal
IgA specific to SaoA or Eno induced by rSC0016(pS-
SE) were similar to those of rSC0016(pS-SaoA) or

rSC0016(pS-Eno) presenting a single antigen. Two
weeks after the booster immunization, there was no sig-
nificant difference in the specific IgG and IgA titers of
SaoA between rSC0016(pS-SE) and rSC0016 (pS-SaoA)
(Figures 4A and C). However, the Eno-specific IgG and
IgA titers induced by rSC0016(pS-SE) were significantly
lower than those induced by rSC0016(pS-Eno) (Fig-
ures 4B and D; P<0.05).

IgG isotype analyses
The types of immune responses induced by
rSC0016(pS-SE) to SaoA or Eno were further evaluated
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Figure 4 Antibody responses in mice. Serum IgG responses to SaoA (A) or to Eno (B) and vaginal IgA responses to SaoA (C) or to Eno (D) were
measured by ELISA. The data represent reciprocal antibody titers in sera from ten mice orally immunized with attenuated Salmonella carrying either
pS-SaoA, pS-Eno, pS-SE, or pYA3493 (empty vector) and PBS 3 weeks after the first immunization and 2 weeks after boosting. Serum and vaginal
wash obtained from individual mice were serially diluted to obtain titers, starting from either 1:50 or 1:10. Error bars represent variation between
mice. ns not significant, *P < 0.05; ***P < 0.001. No antibody responses were detected to antigen tested in mice immunized with only PBS or in
pre-immune sera from vaccinated mice. ELISA was performed twice with identical results.

by measuring the levels of IgG isotype I[gG1 and IgG2a.
The levels of both SaoA-specific and Eno-specific IgG2a
were higher than those of IgG1 (Figure 5), suggesting
that both rSC0016(pS-SE) carrying a dual expression
cassette and rSC0016(pS-SaoA) or rSC0016(pS-Eno)
carrying a single expression cassette showed Thl-type
dominant immune responses to SaoA or Eno. After
booster immunization, there were no significant dif-
ferences between the Eno-specific IgGl and IgG2a
between rSC0016(pS-SE) and rSC0016(pS-Eno),
although rSC0016(pS-SE) induced slightly lower anti-
body titers than rSC0016(pS-Eno) did (Figure 5D).

Opsonophagocytic assays

The level of opsonizing antibodies, which can be meas-
ured by the in vitro OPA, is a better index than total
serum antibody titers to reflect the vaccine-induced
protection against S. suis [3, 35]. To further evaluate the
effectiveness of antibodies induced by the rSC0016(pS-
SE), the opsonizing activity of mouse serum was meas-
ured after booster immunization. The OPA antibody
titers induced by rSC0016(pS-SaoA) against SS2, SS9,
SS7, and SS1/2 were significantly higher than those of
the empty vector rSC0016(pYA3493) (Figures 6A-D).
There was no significant difference between rSC0016(pS-
Eno) and empty vector rSC0016(pYA3493) although Eno
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Figure 5 Serum IgG1 and IgG2a responses to SaoA or Eno.
Serum IgG2a and IgG1 responses to SaoA or Eno were measured by
ELISA. The data represent IgG2a and IgG1 subclass antibody titers

to SaoA or Eno in sera from ten mice orally immunized with the
indicated S. Choleraesuis strains 3 weeks after the first immunization
and 2 weeks after boosting. Serum from individual mice were serially
diluted to obtain titers, starting from 1:50. Error bars represent

variation between mice. ns not significant. *P<0.05; **P<0.01.

induced a slightly higher titer of OPA antibodies against
SS2, SS7 and SS1/2 than that of empty vector. However,
the OPA antibody titer induced by rSC0016(pS-Eno)
against SS9 was significantly higher than that of empty
vector rSC0016(pYA3493) (Figures 6A—D). For homolo-
gous strains, the OPA antibody titers against SS2 or SS9
induced by rSC0016(pS-SE) were significantly higher
than those of rSC0016(pS-Eno) (Figures 6A and B;
P<0.05). In addition, the OPA antibody titer against SS9
induced by rSC0016(pS-SE) was significantly higher than
that of rSC0016(pS-SaoA) (Figure 6B; P<0.05). For het-
erologous strains, the OPA antibody titers against SS7 or
SS1/2 of induced by rSC0016(pS-SE) were significantly
higher than those of rSC0016(pS-Eno) (Figures 6C and
D; P<0.05). In addition, the OPA antibody titer against
SS7 induced by rSC0016(pS-SE) was significantly higher
than that of rSC0016(pS-SaoA) (Figure 6C; P<0.05).
rSC0016(pS-SaoA) is better at inducing a broad OPA
reaction against heterologous strains than rSC0016(pS-
Eno) which can only induce OPA against homologous
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strain (Figures 6A—-C; P<0.05). In conclusion, a syner-
getic effect was observed when rSC0016 delivered the
dual-antigen expression cassette.

rSC0016(pS-SE) protects mice against SS2, SS7, SS9

and SS1/2 infection

To evaluate cross-protection against multiple serotypes
of S. suis conferred by rSC0016(pS-SE), immunized mice
were challenged with 10 x LD, SS2, SS7, SS9, and SS1/2,
respectively. Mice which were given PBS (blank control)
or empty vector rSC0016(pYA3493) all died within 6 days
after the challenge with different serotypes of S. suis. For
SS2 or SS7 challenge, the survival rate of mice immu-
nized with rSC0016(pS-SE) was significantly higher than
that with rSC0016(pS-Eno) (Figures 7A, C; P<0.001), but
similar to rSC0016(pS-SaoA). For SS9 challenge, the sur-
vival rate of mice immunized with strain rSC0016(pS-SE)
was significantly higher than that with strain rSC0016(pS-
SaoA) (Figure 7B; P<0.001), but similar to rSC0016(pS-
Eno). For the SS1/2 challenge, the survival rate of mice
immunized with strain rSC0016(pS-SE) was significantly
higher than that with either strain rSC0016(pS-SaoA)
or rSC0016(pS-Eno) (Figure 7D; P<0.05). These results
support the view that multiple antigens provide broader
protection than a single antigen. In addition, lung tissue
section analysis showed severe hyperemia and massive
inflammatory exudation in mice immunized with empty
vector rSC0016(pYA3493) or PBS, moderate hyper-
emia and a small amount of inflammatory exudation in
mice immunized with rSC0016(pS-Eno) or rSC0016(pS-
SaoA), and mild histopathological lesions in mice immu-
nized with rSC0016(pS-SE) (Figures 8A and B). The
analysis of brain sections showed that most of the mice
were immunized with rSC0016(pYA3493) and a few mice
were immunized with rSC0016(pS-Eno) or rSC0016(pS-
SaoA) showed meningeal hemorrhage and neutrophil
infiltration. The mice immunized with rSC0016(pS-SE)
showed mild histopathological lesions (Figures 8C and
D). To sum up, rSC0016(pS-SE) presenting dual expres-
sion cassette provides stronger and broader protection
than rSC0016(pS-SaoA) or rSC0016(pS-Eno) presenting
a single antigen.

Discussion
Vaccine strains with polyvalent antigens need to be
developed to cover multiple-serotype of S. suis epidemic
strains [2, 3, 18]. In this study, rSC0016(pS-SE), which
integrates a dual antigen expression cassette, induces
antibodies with cross-opsonophagocytic activity and
provides high protection against multiple serotypes of S.
suis.

For Salmonella vector, the metabolic pressure or vir-
ulence caused by foreign antigens, especially foreign
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Figure 6 Bactericidal assays. Bacterial killing by murine neutrophils under opsonizing conditions. The data represent OPA antibody titers against
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antigens with multiple expression cassettes, needs to be
accurately evaluated [33]. On the one hand, it is hard to
induce a robust immune response if the expression level
of the foreign protein is too low. On the other, it may also
cause metabolic pressure on the vector and affect the col-
onization of the vector in the host lymphatic system if the
foreign antigen is overexpressed, which impairs the abil-
ity of the vector to induce an effective immune response
[34]. Previously, we developed a regulated delayed anti-
gen synthesis and regulated delayed attenuated system
of S. Choleraesuis, which optimized the colonization
and the synthesis of foreign antigens [12, 27-29]. Those
studies tested the system with a single antigen. In this
study, the system was used to regulate two antigens as
an operon fusion. The synthesis of Lacl under the arab-
inose promoter gradually decreased with the decrease
of arabinose (Figure 1C). Correspondingly, the produc-
tion of SaoA and Eno under the P, promoter regulation

gradually increased (Figure 1C). The results demonstrate
that both SaoA and Eno were synthesized independently
in rSC0016(pS-SE). Both were under the strict control of
the delayed synthesis antigen system since the same pro-
moter regulated them. The growth rate and lymphatic
tissue distribution of rSC0016(pS-SaoA) are like that of
strain rSC0016(pS-SaoA) or rSC0016(pS-Eno), suggest-
ing that the metabolic pressure of the dual expression
cassette is not a concern for rSC0016(pS-SE). In sum-
mary, rSC0016(pS-SE) with an increased antigen produc-
tion still achieves a balance between antigen synthesis
and colonization, which could be attributed to the pres-
ence of the delayed antigen synthesis system.

The antibody titer reflects the degree to which the anti-
gen components in the vaccine are processed and pre-
sented. It is usually positively correlated with the antigen
concentration contained in the vaccine [36]. In this study,
the specific antibody titers (IgG or IgA) against SaoA or
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Figure 7 Survival of immunized mice challenged with wild-type Streptococcus suisstrains $S2, SS7, SS9, or SS1/2. Female BALB/c mice per
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Eno induced by rSC0016(pS-SE) strain were significantly
higher than those of the empty vector control group
(Figures 4A-D) at 3- and 5- weeks after the first immu-
nization, suggesting that rSC0016(pS-SE) strain deliver-
ing dual expression cassette could induce SaoA-specific
and Eno-specific antibody responses simultaneously.
Notably, the level of SaoA-specific antibody (IgG or IgA)
induced by rSC0016(pS-SE) in mice is equivalent to that
induced by rSC0016(pS-SaoA) (Figures 4A and C). This
result demonstrates that the SaoA in rSC0016(pS-SE)
retained similar immunogenicity to that in rSC0016(pS-
SaoA). In this study, we observed a decrease of Eno-spe-
cific antibodies induced by rSC0016(pS-SE) compared to
rSC0016(pS-Eno) at 2 weeks after the boost immuniza-
tion (Figure 4D).

The result may be due to the abundant antigen stimula-
tion brought by the dual expression cassette delivered by
rSC0016(pS-SE), which leads to slight immune tolerance
in the immune system of mice [37, 38]. Although it is not
a significant difference, the production of Eno is slightly
lower in rSC0016(pS-SE) than that in pS-Eno. This might

also contribute to the lower antibody responses against
Eno.

The level of opsonizing antibodies, which can be meas-
ured by the in vitro OPA, is one of the indexes to reflect
the vaccine-induced protection against S. suis [3, 35].
Sao formulated with Emulsigen-Plus® failed to induce
OPA antibody against SS2, or SS9 then failed to confer
protection but induced OPA antibody against SS2 and
conferred protection when formulated with Quil-A [5, 6].
Although antibody-mediated opsonophagocytosis is con-
sidered a good indicator of protection against S. suis [3,
4, 35], few vaccine candidates exhibit the OPA to heter-
ologous S. suis serotype. In this study, rSC0016(pS-SaoA)
not only induced OPA antibody against SS2 (Figure 6A),
but also induced OPA antibodies to heterologous sero-
types SS7, SS9 and SS1/2 (Figures 6B—D), demonstrat-
ing that rSC0016 is a suitable vector for SaoA, which is
beneficial to enhance the immunogenicity of SaoA. Pre-
vious studies have shown that Eno-antiserum from rab-
bits does not exhibit OPA [39]. However, we observed
in this study that rSC0016(pS-Eno) induced mice to
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produce OPA antibodies against SS9 (Figure 6B). This
result indicated that the opsonizing activity of antigen-
specific antibodies varied according to adjuvants or deliv-
ery systems [6, 40]. Animal species might also affect the
OPA induced by the same antigen. Although the protein
homology of Eno among these serotypes is high (Table 2),
rSC0016(pS-Eno) does not induce cross-OPA antibod-
ies against heterologous serotypes. This result indicated
that the cross-reactivity of OPA antibodies might not be
positively correlated with antigen conservation. The com-
pletion of detailed epitope information will allow a bet-
ter understanding of the mechanism by which antibodies
induce cross-OPA.

It is interesting to note that the antiserum of
rSC0016(pS-SE) has a broader and more effective
opsonophagocytic response than either rSC0016(pS-
SaoA) or rSC0016(pS-Eno) against multiple types of
S. suis (Figures 6A-D). These results may be due to
rSC0016(pS-SE) induced OPA antibodies that can target
two antigens. Host protection against highly encapsu-
lated S. suis is mainly mediated by opsonophagocytosis,
which is closely related to the function of IgG2a [41].
IgG2a, which marks Thl-dominant immune responses,
can effectively mediate bacterial lysis through bacterial
opsonophagocytosis by triggering the complement cas-
cade [42]. In contrast, IgG1 elicited during Th2-dominant
immune responses usually has a less protective potential
[41, 42]. In this study, rSC0016 confers a strong Thl-
dominant immune response to foreign antigens (Fig-
ures 5A-D), which may result in a broad and robust OPA
response against multiple serotypes of S. suis induced by
rSC0016(pS-SE).

In our previous study, high cross-protection against
SS7 (80%) and SS9 (100%) was observed in mice when
utilizing rSC0016 to deliver SS2-Eno [28]. In this study,
rSC0016 delivers SS9-Eno confer only 20% heteroprotec-
tion against SS7 challenges.

The type of signal peptide affects the synthesis and
secretion of the fusion protein [49]. Antigens secreted to
the extracellular of Salmonella vector are more readily
recognized by antigen-presenting cells to enhance adap-
tive immunity [30, 49]. Previous studies have shown that

Table 2 Amino acid homology of $S2-SaoA or SS9-Eno.

Homology strains Coverage (%)

SS2-SaoA VS SS9-SaoA 98.5
SS2-SaoA VS SS7-SaoA 94.2
SS2-SaoA VS SS1/2-SacA 100
SS9-Eno VS SS2-Eno 99.8
SS9-Eno VS SS7-Eno 99.8

SS9-Eno VS SS1/2-Eno 99.8
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the secretory effect of the OmpA signal peptide is weaker
than that of the Bla/ss signal peptide [30]. Therefore, we
reasonably speculate that the secretory level of SS9-Eno
fused with OmpA signal peptide is likely lower than that
of SS2-Eno fused with Bla/ss signal peptide, resulting
in lower immunogenicity of rSC0016 carrying SS9-Eno
than that of rSC0016 carrying SS2-Eno. Interestingly,
there is just one amino acid difference at position 250
between the SS2-Eno and the SS9-Eno. A polar amino
acid tyrosine is located at position 250 in SS2-Eno, while
a non-polar amino acid phenylalanine is at position 250
in SS9-Eno. Position 250 is within the plasminogen bind-
ing site [43]. The transition from polar amino acids to
non-polar amino acids often leads to a change in protein
conformation [44], which could lead to antigen diversity
[45]. Our results emphasize the need to test the immu-
nogenicity of homologous antigenic proteins from differ-
ent serotypes, even if they have very high homology. The
protection achieved by rSC0016(pS-SE) against homolo-
gous strains SS2 and SS9 atteined 100%, suggesting that
dual antigen-containing rSC0016(pS-SE) retained the
original immunogenicity of SaoA and Eno. Generally
speaking, the more conservative the antigen, the higher
the efficiency of heterogeneous protection [9, 12, 21, 28,
46, 47]. SaoA and Eno are highly conserved among the
heterologous SS prevalent strains used here (Table 2).
Our results showed that the combination of these two
conserved antigens improves heterologous protection
(Figure 7). It is possible that antigens cooperate with
each other to induce an effective immune response [21,
46], or the combination of antigens with different func-
tions provides broader protection [18, 20, 46]. The clini-
cal symptoms of S. suis in humans are mainly meningitis
[50]. In this study, we observed different degrees of hem-
orrhage and inflammatory cell infiltration in the brain
tissue of mice in the blank control group but not in the
rSC0016(pS-SE) immunized group after respectively
intraperitoneal injection of SS2, SS9, SS7, and SS9 (Fig-
ures 8C, D). This suggests that rSC0016(pS-SE) has a
potential against S. suis-causing meningitis. These results
show that our rSC0016(pS-SE) has the potential to resist
S. suis-causing meningitis, which provides a new idea for
the development of vaccines against S. suis-causing men-
ingitis in piglets and humans. Admittedly, mouse trials
can only suggest the efficacy of the vaccine to a certain
extent. Next step, we will carry out target animal experi-
ments in piglets to further verify the protective efficacy of
rSC0016(pS-SE). In conclusion, the recombinant attenu-
ated vector of S. Choleraesuis rSC0016 can be used as a
factory to produce multivalent antigens from different
serotypes of S. suis as a vaccine to broaden the cross-
protection against multiple serotypes of S. suis, which
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enables S. Choleraesuis vector as an effective platform to
develop a multivalent vaccine.
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OPA: opsonophagocytic activity.
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