Zhou et al. BMC Veterinary Research (2023) 19:128 BMC Veterinary Research
https://doi.org/10.1186/512917-023-03679-0

Check for
updates

Recombinant-attenuated Salmonella enterica
serovar Choleraesuis vector expressing the
PIpE protein of Pasteurella multocida protects
mice from lethal challenge

Guodong Zhou'?", Jiashuo Tian"?, Yichen Tian'?, Qifeng Ma'?, Quan Li'?, Shifeng Wang® and Huoying Shi'#*"

Abstract

Background Bacterial surface proteins play key roles in pathogenicity and often contribute to microbial adhesion
and invasion. Pasteurella lipoprotein E (PIpE), a Pasteurella multocida (P multocida) surface protein, has recently been
identified as a potential vaccine candidate. Live attenuated Salmonella strains have a number of potential advantages
as vaccine vectors, including immunization with live vector can mimic natural infections by organisms, lead to the
induction of mucosal, humoral, and cellular immune responses. In this study, a previously constructed recombinant
attenuated Salmonella Choleraesuis (S. Choleraesuis) vector rSC0016 was used to synthesize and secrete the surface
protein PIpE of P. multocida to form the vaccine candidate rSC0016(pS-PlpE). Subsequently, the immunogenicity of

S. Choleraesuis rSC0016(pS-PlpE) as an oral vaccine to induce protective immunity against P. multocida in mice was
evaluated.

Results After immunization, the recombinant attenuated S. Choleraesuis vector can efficiently delivered P
multocida PIpE protein in vivo and induced a specific immune response against this heterologous antigen in mice.
In addition, compared with the inactivated vaccine, empty vector (rSC0016(pYA3493)) and PBS immunized groups,
the rSC0016(pS-PlpE) vaccine candidate group induced higher antigen-specific mucosal, humoral and mixed Th1/
Th2 cellularimmune responses. After intraperitoneal challenge, the rSC0016(pS-PIpE) immunized group had a
markedly enhanced survival rate (80%), a better protection efficiency than 60% of the inactivated vaccine group, and
significantly reduced tissue damage.

Conclusions In conclusion, our study found that the rSC0016(pS-PlpE) vaccine candidate provided good protection
against challenge with wild-type P. multocida serotype A in a mouse infection model, and may potentially be
considered for use as a universal vaccine against multiple serotypes of P. multocida in livestock, including pigs.
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Background
Pasteurella multocida (P. multocida) is an important
opportunistic bacteria that causes a wide range of infec-
tions including fowl cholera, bovine haemorrhagic sep-
ticaemia, rabbit pasteurellosis, swine atrophic rhinitis
[1]. At the same time, it is also an important zoonotic
pathogen that can cause serious abscess formation, men-
ingitis, and leading to significantly harmful impacts on
human health [1, 2]. Based on its capsular composition,
the P. multocida is divided into A, B, D, E and F capsu-
lar serogroups and further classified into 16 serotypes
(1-16) based on distinct lipopolysaccharide structures
[3, 4]. Progressive atrophic rhinitis (PAR) and pneumonic
pasteurellosis (PN) in pigs are the main diseases caused
by toxigenic and nontoxigenic strains of types A and D
P. multocida [1, 5]. As an important pathogen of pigs, P.
multocida can coinfect with other pathogens including
porcine reproductive and respiratory syndrome, porcine
circovirus and Mycoplasma hyopneumoniae [6, 7]. This
coinfection may cause immunosuppression to reduce the
host’s immunity and resistance to other diseases.
Antibiotics therapy is usually used for the treatment
of P. multocida infection [1, 8]. However, under inten-
sive feeding conditions, the extensive use and misuse
of antibiotics has led to the increasing resistance of P.
multocida, which eventually has led to treatment failure
[8]. Previous outcome studies also indicate that antibi-
otic resistant bacteria may also increases the potential
risk of gene transfer to non-resistant bacteria and there-
fore may pose a risk to human health [9]. Vaccination
is currently the most effective measure to prevent of P.
multocida infection and disease [10]. Conventional inac-
tivated P. multocida vaccine has been widely used and
has played a crucial role in control and prevention of
diseases caused by P. multocida globally [11]. However,
traditional inactivated vaccines have many shortcomings,
including thermal instability, short duration of immuni-
zation, weakly immunogenic, poor cross-protection, and
inflammation at the injection site [10, 11]. The applica-
tion of live attenuated vaccines, although showed a better
protective efficacy, carries the risk of systemic infections
after immunization as a result of potential reversion to
virulence [10]. At present, inactivated vaccine (C44-1
strain) and live attenuated vaccine (EO630 strain) are two
traditional vaccines commonly used in China. Immune
responses and the protection in a mouse model were
evaluated and found that both live attenuated vaccines
(71%) and inactivated vaccines (51%) could not provide
complete protection against homologous serotypes and
did not protect against heterologous serotypes [11]. To
address the above research questions, researchers have
evaluated new types of vaccine such as subunit vaccines
and DNA vaccines [12-15]. However, the correct fold-
ing, post-translational modification of proteins and harsh
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storage conditions still limit the development of related
vaccines.

P. multocida exhibits its pathogenicity via numerous
virulence factors, including adhesins, toxins, and outer
membrane proteins [2, 4]. At the same time, these pro-
teins are an ideal target antigen for a P. multocida protec-
tive vaccine. The PIpE protein is a surface protein and is
considered as one of the major antigens among P. multo-
cida for vaccine development [16]. After immunization,
recombinant protein PIpE provided 80-100% protection
in mice and induced cross-serotype protective immunity
[13, 14, 17]. It also protected chickens against fowl chol-
era challenge [17]. Importantly, this protein was present
in all P. multocida serotypes with the sequence identity
over 90% [17]. These findings suggested that PIpE is an
ideal target antigen for the development of anti-P. mul-
tocida vaccines. Of note, the recombinant protein-based
vaccines often require different types of adjuvants to elicit
a high levels of protective immune [18]. Live attenuated
Salmonella, as an immune modulator and vaccine adju-
vant, induces strong mucosal antibody and cell-mediated
immune responses, has been successfully developed and
used as a vaccine vector, and is an attractive platform for
delivering various heterologous antigens to the immune
system [19]. Over the years, achieving a balance between
attenuation and immunogenicity has proved remarkably
difficult: some live attenuated Salmonella vaccine vectors
have been insufficiently attenuated, whereas others were
over-attenuated but insufficiently immunogenic [20]. In
order to address these questions, Roy Curtiss and col-
leagues have described a variety of novel strategies for
the construction of attenuated vector, including regulated
delayed attenuation, regulated delayed antigen synthesis,
and regulated delayed lysis (for balance between safety
and immunogenicity) [21-23]. At the same time, by con-
structing a balanced lethal system using complementa-
tion of the asd (aspartate semialdehyde dehydrogenase)
gene in trans, to ensure the stability of the plasmid and
the synthesis of heterologous antigens [22]. The Salmo-
nella vector modified by the above system has been veri-
fied to deliver antigen proteins of different pathogens and
to strengthen the antigen-specific antibody and T-cell
immune responses, which can provide the host with
more effective and durable immune protection [24-27].
These studies fully demonstrate that the attenuated Sal-
monella vector vaccine has great potential as a novel vac-
cine for protection against heterologous pathogens.

In previous research, our laboratory constructed a
recombinant attenuated S. Choleraesuis vector contain-
ing the regulated delayed attenuation system and regu-
lated delayed exogenous synthesis system, which we
have named rSCO0016 [27]. At the same time, its sopB
gene was also knocked out to reduce the host intestinal
inflammatory response induced by the Salmonella vector
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itself [26]. In this study, we constructed a recombinant
plasmid based on the recombinant attenuated S. Chol-
eraesuis vector expressing heterologous antigen PIpE,
and assessed its immunogenicity and protective effect in
mice. The results serve as a solid foundation for further
development of an efficient and inexpensive universal
vaccine against P. multocida disease for livestock, includ-

ing pigs.

Results

Identification of P. multocida serotype A and LD, results
Amplification with species-specific PCR successfully
confirmed the isolate as P. multocida by amplification
of DNA fragments (KMT; ~ 460 bp) (Fig. 1A). P. mul-
tocida capsular typing proven by the presence of the
hyaD-hyaC gene of serotypes-A specific and amplified
product, showed a fragment size of ~1044 bp (Fig. 1B).
These results demonstrated that the isolate from diseased
pigs was confirmed as P multocida serotype A. Both
primers failed to amplify the expected size bands in Sal-
monella and E. coli, indicating the specificity of the prim-
ers. To determine whether the P. multocida field strain
was lethal to BALB/c mice and to measure the LDg, of
the strain, six-week-old mice were intraperitoneally (i.p.)
injected with serial dilutions of inocula of the bacterial
strain. The test results indicated the LDy, of P. multocida
serotype A field strain in BALB/c mice was 1.6x10?> CFU
by i.p. administration (Fig. 1C). Our results showed that
the P. multocida serotype A field strain was classified as
highly virulent.

Construction of rSC0016(pS-PIpE) and preparation of

the inactivated P. multocida serotype A vaccine and
phenotypic analyses

The maps of the plasmids employed in the present study
are presented in Fig. 2A. Successful construction of the
plasmid pS-PIpE was confirmed by PCR amplification,
EcoR I and Sal I digestion (Fig. 2B). The plasmid pS-
PIpE that was constructed was further verified by DNA

A B

4 M1 2
2000bp

1500bp
1000bp
750bp

M 1 2 3
2000bp

1500bp
1000bp

750bp
500bp
250bp
100bp

500bp
250bp
100bp

Page 3 of 13

sequencing (data not shown), and the protein expression
in the candidate vaccine strain was verified using poly-
clonal antiserum prepared as described in Methods. The
expression of PIpE in the attenuated S. Choleraesuis vec-
tor is the basis for inducing protective immunity against
P. multocida infections using the mouse infection model.
As shown in Fig. 2C, a band of 40 kDa of the expected
size of the recombinant protein could be detected in
rSC0016(pS-PIpE), but not in rSC0016(pYA3493), the
empty vector strain. To determine the stability of our
plasmids upon serial passage over time, individual trans-
formants were picked into LB medium and transferred
into fresh medium every 12 h for 50 passages. At pas-
sages 10, 20, 30, 40 and 50, the plasmids were extracted
and identified by double enzyme digestion (Fig. 2D). Our
results demonstrated that the use of Asd as a plasmid
retention system (balanced lethal system) was adequate
to enable plasmid retention in the Asd™ strain, rSC0016.
The growth curve of the rSC0016(pS-PIpE) strain was
also determined parallel to the rSC0016(pYA3493) strain
and the wild-type S. Choleraesuis strain, C78-3. As
revealed in Fig. 2E, the growth rate of wild-type strain
C78-3 was significantly higher between 6 and 8 h when
compared to other strains. It appears that rSC0016(pS-
PIpE) grew somewhat slower than the rSC0016(pYA3493)
between 6 and 8 h. However, the growth capacity was sig-
nificantly higher in the rSC0016(pYA3493) compared to
the rSC0016(pS-PIpE) strain at 10 h, the last time point.
This indicates that foreign antigen expression may influ-
ence the growth capacity of the rSC0016 vector. After
the inactivated vaccine was prepared from the wild type
P. multocida serotype A strain, it was coated onto TSA
solid medium containing 5% fetal bovine serum, and the
results showed that no colonies grew (data not shown).
The lack of colony growth on the solid media confirmed
that the inactivation was sufficient, and the P. multocida
inactivated vaccine was successfully prepared.
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Fig. 1 Identification results of strain species and serotypes. (A) P multocida species-specific polymerase chain reaction for the detection of KMT gene
(~460 bp). M: DL2000 DNA marker; lane 1: DNA of P multocida serotype A field strain; lane 2: no DNA (negative control); lane 3: C78-3 DNA (S. Choleraesuis
wild-type control); lane 4: DH5a DNA (E. coli control). (B) Amplification of hyaD-hyaC gene (~ 1044 bp) specific to P multocida serotype A. M: DL2000 DNA
marker; lane 1: DNA of P multocida field strain; lane 2: no DNA (negative control); lane 3: C78-3 DNA (S. Choleraesuis wild-type control); lane 4: DH5a DNA
(E. coli control). (C) Survival rate of mice (n=5) challenged with different doses of P multocida serotype A
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Fig. 2 Plasmid maps and construction results, phenotypic characteristics of vaccine candidate strains. (A) Plasmid maps of pYA3493 and pS-PIpE. (B)
Identification of recombinant plasmid pS-PIpE by PCR and restriction enzyme digestion. M: DL2000 or DL5000 DNA marker; Lane 1, 2, 3: EcoR | and Sal
| digested pS-PIpE (different clones). (C) The expression of PIpE in rSC0016 was analyzed by WB. Lane 1: purified PIpE protein; lane 2: BL21(pET-28a). (D)
Plasmid stability of pS-PIpE during passage. M: DL5000 DNA marker; Lane 1: 10 passages; lane 2: 20 passages; lane 3: 30 passages; lane 4: 40 passages; lane
5: 50 passages. (E) Growth curves of the rSC0016(pS-PIpE), rSCO016(pYA3493), C78-3 strains in the LB medium

High levels of antigen-specific antibodies were elicited by
immunization with rSC0016(pS-PlpE)

Specific antibody responses elicited in different immune
groups were measured by titrating the serum and vagi-
nal lavages of vaccinated and control mice against the
PIpE protein. Compared with the PBS group or the
rSC0016(pYA3493) empty vector group, mice orally
immunized with rSC0016(pS-PlpE) and inoculated sub-
cutaneously with the inactivated vaccine induced higher
serum IgG titers against PIpE (Fig. 3A). Also, these lev-
els were significantly higher in serum of mice after the
booster immunization compared to those immunized
with PBS or empty vector group. However, there was no
significant difference between the rSC0016(pS-PlpE) and
inactivated vaccine immunized groups. sIgA antibodies
plays a critical role in mucosal immunity against P. mul-
tocida infection, so levels of sIgA were analyzed in vagi-
nal lavage fluid collected from mice. As shown in Fig. 3B,
both attenuated rSC0016 (pS-PIpE) and inactivated vac-
cine immunizations induced significantly higher levels
of sIgA titers in mice than in the PBS and empty vector
control groups. Although the mucosal immune response
induced by rSCO0016(pS-PIpE) strain was marginally
higher than that of the inactivated vaccine immunization
group, there was no significant difference. These data
suggest that the rSC0016 (pS-PIpE) strain elicited signifi-
cant specific humoral and mucosal immune responses,

and the levels were comparable to those of the inacti-
vated vaccines.

In mice, IgG2a is associated with the Th1-like immune
response, while IgG1 is related to the Th2-like immune
response. To further assess the types of immune
responses in immunized mice, we examined IgG1l and
IgG2a antibody subclass levels in the different groups
(Fig. 3C, D). The results showed that mice immunized
with rSC0016(pS-PIpE) and the inactivated vaccine
induced increased levels of IgG1 and IgG2a, which were
significantly higher than those immunized with PBS and
empty vector. The inactivated vaccine induced higher, but
not significant, IgG1 levels than rSC0016(pS-PIpE), while
rSC0016(pS-PIpE) induced significantly higher IgG2a
levels compared to the inactivated vaccinated group. The
above results indicate that significant Th1- and Th2-type
immune responses were induced in both the rSC0016
(pS-PIpE) and inactivated vaccine groups compared to
the PBS and empty vector control groups.

rSC0016(pS-PlpE) induced Th-1 and Th-2 responses

Assessment of cell-mediated immune responses was
done through measuring the IFN-y and IL-4 cytokines by
ELISA in culture supernatants fluid of splenic lympho-
cytes stimulated with PIpE (Fig. 4). The results revealed
that the levels of IFN-y and IL-4 in both the rSC0016(pS-
PIpE) group and inactivated vaccine group were sig-
nificantly higher compared with PBS and empty vector
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Fig. 3 Detection of antibody titer in the immunized mice (n=30). (A) PlpE-specific IgG antibody titer in serum determined by iELISA. (B) IgA titers de-
tected by iELISA in vaginal lavage fluids. Specific anti-PIpE serum IgG1 (C) and IgG2a (D) titers. The results are expressed as the mean+SD. Degrees of
significance are indicated as follows: *P <0.05; **P<0.01; n.s,, nonsignificant (P>0.05)
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Fig. 4 Levels of secreted IL-4 and IFN-y were assayed by ELISA (n=15). Splenic lymphocytes were used to evaluate cytokine secretion in vitro following
re-stimulation with purified PIpE protein. The results are expressed as the mean + SD. Degrees of significance are indicated as follows: *P < 0.05; **P < 0.01;
n.s., nonsignificant (P> 0.05)
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controls. These results show that both rSC0016(pS-PIpE)
and inactivated vaccine immunization groups induced
robust Thl and Th2 type immune responses. A highly
significant Th-1 response was observed, evident by the
higher IFN-y levels induced, in the rSC0016(pS-PIpE)
group compared to the inactivated vaccine group’s
response, while the inactivated vaccine group responded
with a significant Th-2 response, shown by the higher
IL-4 concentration, compared to the rSC0016(pS-PlpE)
group, which would be expected for a parenterally
administered antigen.

Oral immunization with rSC0016(pS-PIpE) vaccine
candidate strain increased survival and reduced
pathological lung lesions in mice

Mice of each immunized group were intraperitoneally
challenged with the isolated P. multocida serotype A
three weeks after the second booster vaccination to ver-
ify the protective effect of the rSC0016(pS-PIpE) vaccine
candidate strain. As shown in Fig. 5A, the results indi-
cated that the survival rate was 80% in the rSC0016(pS-
PIpE) group and 60% in the inactivated vaccine group.
All mice in the control (empty vector-vaccinated and
PBS-treated) groups died within 48 h after challenge.
Pulmonary histopathologic changes upon P. multocida
infection were assessed to further characterize the pro-
tective efficacy of the different vaccines compared to
the PBS and empty vector control groups (Fig. 5B). His-
tological analysis of the lungs revealed that those in the
rSC0016(pS-PIpE) and inactivated vaccine groups were
similar to the non-infected blank control, with no obvi-
ous pathologic changes observed. In addition, the pathol-
ogy scores for both the rSC0016(pS-PIpE) and inactivated
vaccine groups were not significantly different from
that of the non-infected blank control group (Fig. 5C).
In contrast, compared with the blank control group, the
lungs of mice in the PBS and empty vector groups chal-
lenged with the wild-type P multocida strain displayed
severe tissue injury, which mainly presented as mild
inflammatory cell infiltration (red arrow), hyperemia
(yellow arrow), and thickening of alveolar wall (black
arrow) (Fig. 5B). Consistent with these histopathological
changes, the lung lesion scores in the PBS and empty vec-
tor groups were significantly higher compared to those
of the blank control group, rSC0016(pS-PIpE) group and
inactivated vaccine group (Fig. 5C). These results suggest
that rSC0016(pS-PIpE) vaccine may have protected mice
against an i.p. challenge with wild-type P. multocida by
preventing severe injury to the lungs.

Discussion

P. multocida is an important zoonotic pathogen that has
caused severe economic losses in the global swine indus-
try and endangered public health around the world [28].
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As with other opportunistic pathogens, P. multocida has
the potential to proliferate and infect the lungs when host
immunity is compromised due to stress or other patho-
gens infections [6, 7]. Because P. multocida can infect the
host through mucosal tissues, the induction of protective
immunity at mucosal tissues plays an important role in
defense against pathogens [29]. At the same time, both
cellular and humoral immune responses also play impor-
tant roles in the host’s defense against P. multocida infec-
tions, which may be helpful to reduce the lungs damage
and prompt their recovery [30]. In brief, the simultane-
ous induction of strong mucosal, humoral and cellular
immune responses by vaccination against P. multocida
colonization and infection is the goal for the develop-
ment of a new vaccine.

Recently, numerous studies have shown that several P.
multocida outer membrane proteins (OMPs) contribute
to the pathogenicity and possess immunogenic and bac-
tericidal properties [31, 32]. PIpE is an antigenic, surface-
exposed and conserved OMP that is detected among the
diverse serotypes of P. multocida investigated and has
been mooted as a potential candidate for vaccine devel-
opment [16, 33]. The use of attenuated Salmonella as a
vector carrying heterologous antigen represents a novel
strategy to preventing and controlling infectious dis-
eases of humans and animals [24—-27, 34]. In this study,
a recombinant-attenuated S. Choleraesuis strain carry-
ing the plpE gene inserted into the pYA3943 plasmid was
constructed, and the expression and secretion of the PIpE
protein from the rSC0016 strain carrying the plpE gene in
the pYA3943 plasmid was demonstrated by WB analysis.
The pYA3943 prokaryotic plasmid contains the pBR ori
and asd genes, which produce a balanced lethal system
to complement the chromosomal asd mutation strain.
Our results show that the pS-PIpE plasmid can be stably
maintained for over 50 passages in the rSC0016 vaccine
candidate strain. These results to construct and charac-
terize rSC0016(pS-PIpE) are consistent with results from
previously reported literature [24, 27].

Besides expressing the target protein, the ability of the
candidate vaccine strain to induce the antigen-specific
antibody is equally important. In this study, mice orally
inoculated with rSC0016(pS-PIpE) and administered the
inactivated vaccine subcutaneously induced significantly
higher levels of PIpE-specific IgG antibodies, while mice
that received the empty vector, or PBS orally had no
detectable specific antibodies. It is now widely accepted
that clearance of pathogens is mediated by IgG that pro-
mote uptake and Kkilling by professional phagocytes,
mainly activated macrophages [35]. However, previous
studies reported that the capsule of P multocida is an
important physical barrier that protects the bacteria to
escape from the killing system of macrophages [36, 37].
Additionally, a previous study demonstrated that IgG
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Fig. 5 Protective efficacy of developed vaccine. (A) Survival rates of mice after P multocida challenge were determined (n=30). (B) Histological changes
of lung tissue in mice (n=15). HE staining revealed that mild inflammatory cell infiltration (red arrow), hyperemia (yellow arrow), and thickening of alveolar
wall (black arrow) were observed in the lung tissues of PBS and rSC0016(pYA3493) immunized mice, compared with the blank control group. As expected,
there were no obvious differences in the pathological changes among the rSC0016(pS-PIpE), the inactivated vaccine, and the blank control groups. (C)

Histological scores of mice lungs in each group
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levels against the PIpE protein are not indicative of pro-
tection, so the production of other antibody types should
be further evaluated [13]. sIgA is the predominant immu-
noglobulin secreted at the mucosal surfaces and is the
central aim of mucosal immune response [38]. Several
studies have shown that sIgA can bind to pathogens and
prevent them from attaching to or penetrating super-
ficial mucosa layer, such as Streptococcus pneumoniae,
Neisseria meningitidis, and Bordetella pertussis [39—41].
Moreover, enhanced mucosal immunity also resulted
in higher protection against P. multocida [29, 42]. Our
results revealed that after immunization, the level of sIgA
measured from the rSC0016(pS-PIpE) group was slightly
higher than levels in mice subcutaneously provided the
inactivated vaccine, and was significantly higher than that
of the empty vector or PBS groups. The increased level of
sIgA in the rSC0016(pS-PIpE) group may be due to the
method of immunizing by the oral route. Accumulating
evidences suggests that oral vaccines can induce a more
robust mucosal immunity than parenteral immunization
[19]. However, the present study showed that the level
of IgG, IgA, and IgG1 antibodies produced after subcu-
taneous immunization of mice with inactivated vaccine
was comparable to the rSC0016(pS-PIpE) group, and the
IgG2a level was significantly higher in the rSC0016(pS-
PIpE) group at 5-weeks post oral vaccination. The signifi-
cantly increased level of IgG2a for the rSC0016(pS-PIpE)
group may be associated with the fact that the PIpE
protein expressed by the recombinant vaccine is a very
potent surface-exposed and secreted lipoprotein making
it readily available to the host immune system. Previous
studies have shown that lipoproteins serve as good muco-
sal adjuvants, stimulating high levels of IgG and secretory
IgA production without additional adjuvants [43—46].
Cellular immune responses also play an important role
in mitigating P. multocida infections [30]. IgG2a and
IgG1 are used as indicators for Thl and Th2 responses,
respectively, thus the vaccine-induced T-cell phenotype
can be evaluated by the levels of both IgG1 and IgG2a
isotypes [47]. We observed the production of IgG1 and
IgG2a isotypes in both rSC0016 (pS-PlpE) and inacti-
vated vaccine immunized groups. These results sug-
gest that both vaccines induced the Thl- and Th2-type
immune responses against the PIpE antigen. Stud-
ies show that the generation of immune types may be
related to the vaccination route and the formulation of
the vaccine (live vs. inactivated) [48]. In previous studies,
recombinant attenuated Salmonella vectors were more
likely to induce Thl immune types [24, 27]. IFN-y and
IL-2 are generally related to Thl-type cellular immune
responses and can induce IgG2a production [49, 50]. IL-4
levels are generally related to Th2 type cellular immune
responses and can stimulate IgG1 production [51, 52].
Similarly, both the rSC0016 (pS-PlpE) and inactivated
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vaccine immunization groups induced high levels of
IFN-y and IL-4 production. These results show that the
rSC0016(pS-PIpE) recombinant vaccine induced potent,
mixed Th1/Th2 cellular immune responses. In a previous
study, the immunogenicity and protective effects of a P
multocida ghost vaccine was investigated, and the results
showed that the ghost vaccine induced a higher level of
cellular immune response compared to inactivated vac-
cines, which, in turn, protected mice against 2. multocida
infection, decreased tissue lesions and lowered bacte-
rial loads [53]. Therefore, high levels of cellular immune
response may also contribute to protection against P
multocida infection.

To assess whether the immune response induced by the
vaccine candidate strain rSC0016 (pS-PlpE) was protec-
tive, mice were challenged with wild-type P multocida
by intraperitoneal injection three weeks post booster
vaccination. Our data demonstrated that immunization
with the rSC0016(pS-PlpE) vaccine twice provided 80%
protection, compared with 60% protection provided by
the inactivated vaccine. This is consistent with a previous
study that parenteral inactivated vaccines only provide
partial protection compared to live attenuated vaccines
against P multocida infection in mice [11]. In addi-
tion, compared with the inactivated vaccine group, the
rSC0016(pS-PIpE) vaccine candidate strain also delayed
the time to death in mice. This agrees with data from
other studies, suggesting that formalin can destroy subtle
antigenic structure on the outer-membrane of P. multo-
cida, which leads to a lower immunogenic response [10,
18]. We further investigated pulmonary histopathology
upon P. multocida infection for assessing the efficacy
of rSC0016(pS-PIpE) to reduce lung tissue damage. The
results showed that mice in the rSC0016(pS-PIpE) vac-
cine and the inactivated vaccine immunization groups
had significantly reduced lung lesions and lung inflamma-
tion compared to the empty vector- and PBS-inoculated
groups. These results were further validated by an evalua-
tion of the pathology scores. In contrast to the blank con-
trol group, no significant changes of alveolar structural
damage were observed in both the rSC0016(pS-PlpE)
and inactivated vaccine groups. However, inflammatory
cell infiltration, hyperemia, and alveolar wall thickening
were observed in the PBS and empty vehicle immuniza-
tion groups. Histopathological results showed that the
rSC0016(pS-PIpE) vaccine candidate immunized group
significantly reduced the pathological damage to the
lungs of mice after challenge, which may be related to the
high survival rate after P. multocida challenge.

Conclusions

In summary, we constructed a novel live vector vaccine
strain of S. Choleraesuis expressing PIpE of P. multocida
and explored its potential application as a live vaccine in a
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mouse infection model. Oral inoculation of rSC0016(pS-
PIpE) induced good induction of humoral immune
responses, mixed Thl and Th2 immune responses, and
most importantly, mucosal immune responses in mice
vaccinated twice with the live recombinant vaccine. Fur-
thermore, immunized mice in the rSC0016(pS-PIpE)
group exhibited significantly fewer lung lesions and 80%
survival against lethal challenge with the wild-type P.
multocida strain. These results suggest that attenuated
Salmonella Choleraesuis may represent a valuable plat-
form for the development of an oral vaccine for P. multo-
cida infections, and for use as an effective strategy against
multiple serotypes. Nonetheless, it is crucial to note that
the outcomes observed in mice cannot be extrapolated
to pigs [54, 55]. Hence, further studies are necessary to
verify the protective efficacy of rSC0016(pS-PIpE) in pigs.

Methods

Mice and ethics statement

Female Balb/c mice were purchased from Yangzhou Uni-
versity Comparative Medicine Centre (Jiangsu, China).
All animal experiments were performed in strict accor-
dance with the animal welfare standards of the Animal
Research Committee Guidelines of Jiangsu Province
(License Number: SYXK (SU) 2017-0007), and approved
by the Ethics Committee for Animal Experimentation of
Yangzhou University. The mice were euthanized by CO,
method when necessary. For the animal experiments, all
efforts were taken to minimize the suffering of the ani-
mals. All experiments with animals were performed in
accordance with the ARRIVE guidelines.

Table 1 Bacterial strains and plasmids used in this study
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Bacterial strains, plasmids, and culture conditions

The strains and plasmids used in this work are listed in
Table 1. Escherichia coli (E. coli) DH5a competent cells
were used for subcloning experiments. Bacterial strains
E. coli X7213 and plasmids pYA3493 were kindly pro-
vided by R. Curtiss III (The Biodesign Institute, Arizona
State University, Tempe, AZ). This plasmid encodes
B-lactamase type II signals that, when fused in frame
to an antigen gene of interest, directs antigen secretion
to the periplasm and culture supernatant. P. multocida
serotype A wild-type clinical strain separated in our
laboratory were used as templates with full length prim-
ers of plpE-F and plpE-R (Table 2) to amplify plpE gene.
Trypticase Soy Agar (TSA) or Trypicase Soy Broth (TSB)
with 5% (v/v) fetal bovine serum was used for P. multo-
cida strain cultivation. The S. Choleraesuis strain C78-3
(CVCC79103) was purchased from China Veterinary
Culture Collection Center (CVCC, Beijing, China). E. coli
and S. Choleraesuis strain C78-3 were cultured in Luria-
Bertani (LB) liquid media or on LB agar (1.5% agar). In
the case of rSC0016 strain, 2,6-diaminopimelic acid
(DAP; 50 pg/mL) was added to the LB medium. When
required, antibiotics and supplements were used at the
following concentrations: Ampicillin (Amp; 50 pg/mL),
Chloramphenicol (Cm; 50 pg/mL), Kanamycin (Kan;
50 pg/mL), D-mannose (0.2% wt/vol), L-arabinose (0.2%
wt/vol) and D-lactose (1% wt/vol).

Bacterial identification, genotyping and virulence assay

P. multocida serotype A field strain was isolated from
diseased pigs in Jiangsu Province, China. The genomic
DNA of bacteria was extracted from overnight cultures

Strains and plasmid Characteristics

Sources, references, or function

E. coli strains

BL21 For expression the recombinant plasmids

X7213 thi-1thr-1leuB6 thuA21 lacY'1 ginV44 asdA4 recA1 RP4 2-Tc:Mu pir
S. Choleraesuis

C78-3 Wild type, virulent, CVCC79103

rSC0016

AsopB1686 NasdA33
Pasteurella multocida
Pasteurella multocida isolate

Wild-type, serotype A, field strain, virulent

Invitrogen
Provided by Dr. Roy Curtiss Ill

China Institute of Veterinary
Drugs Control

AP 527 2 TT araC Pyapcrp Apmi-2426 ArelA199:araC Pyplacl TT [27]

Field isolate (stored in our lab),
preparation of inactivated vaccine
and challenge test in mice

Plasmids
pYA3493 Plasmid Asd+; pBR ori, B-lactamase signal sequence-based periplasmic  [22]
secretion plasmid
pET-28a Expression vector, Kan' Novagen
pMD19-T Cloning vector; Amp" TaKaRa
pET-28a-PIpE A recombinant expression vector containing PIpE; Kan' This study
pS-PlpE pYA3493 with PlpE This study

Kan', Kanamycin resistance; Amp', Ampicillin resistance
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Table 2 The primers information
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Primers Sequences (5'-3’) References
plpE-F CCGGAATTCTGTAGCGGTGGTGGCGGTAGCGCTG This study
plpE-R ACGCGTCGACTTATTGTGCTTGGTGACTTTT

pYA3493-F AACGCTGGTGAAAGTAAAAGATG This study
pYA3493-R CAGACCGCTTCTGCGTTCT

pET-28a-F TAATACGACTCACTATAGGG This study
pET-28a-R GCTAGTTATTGCTCAGCGG

KMT-F ATCCGCTATTTACCCAGTGG [57]
KMT-R GCTGTAAACGAACTCGCCAC

hyaD-hyaC-F TGCCAAAATCGCAGTCAG [57]
hyaD-hyaC-R TTGCCATCATTGTCAGTG

Underlined nucleotides denote enzyme restriction sites

of P. multocida isolate using the boiling method [56].
Serotype-specific primers or capsular typing primers
were synthesized via referring to previous literature to
identify P. multocida clinical strain [57]. The CFU of P.
multocida field strain was calculated and then subjected
to 10-fold dilution from 5.0x10* to 5.6x10° CFU. Six-
week-old female BALB/c mice were randomly divided
into 5 groups and mice (n=5) in each group were chal-
lenged intraperitoneally (i.p.) with 0.1 mL of various
dose of bacteria, and survival was recorded over a 14-day
period. The 50% lethal doses (LDj;) of the challenge
strains were calculated according to the method of Reed
and Muench [58].

Protein expression, purification and polyclonal antibodies
The target gene plpE was subcloned into the pET-28a
plasmid (Novagen) to generate the recombinant plas-
mid pET-28a-PIpE. The recombinant plasmid was then
confirmed by restriction analysis using EcoR I and Sal
I (Takara), PCR and sequencing by TsingKe Biological
Technology. Next, BL21 (DE3) (Invitrogen) was trans-
formed with pET-28a-PIpE, which was cultured at 37 °C
until the ODg, reached 0.5, and IPTG (Sangon) was
added to a final concentration of 0.5 mM to induce PIpE
expression. The PIpE protein was affinity purified by Ni-
affinity chromatography on Ni-NTA matrix as described
previously [24]. Protein concentration was estimated
using the BCA Protein Assay Kit (Thermofisher) and
confirmed by Western Blotting (WB) with anti-His mAb
(GenScript). Polyclonal antiserums of PIpE were pre-
pared by injecting six-week-old female BALB/c mice
intramuscularly with purified PIpE protein. Each injec-
tion contained 50 pg protein mixed 1:1 (V/V) with the
Quick Antibody-Mouse 3 W adjuvant (Biodragon Immu-
notechnologies) as recommended by the producers and
booster doses with the same formulated PIpE were given
at two weeks later. After a week of the boost immuniza-
tion, blood was collected through submandibular vein
puncture for serum preparation and tested by iELISA.

Construction of candidate vaccine strain and phenotyping
properties

The plpE gene was amplified by PCR using primers
that introduced EcoR I and Sal I restriction sites at the
ends of the fragment. The resulting gene fragment was
then inserted into the pYA3493 prokaryotic expression
plasmid in the proper multiple cloning site to fuse PIpE
with the B-lactamase type II secretion signal sequence,
enabling PIpE expression. The success of the construc-
tion of pS-PIpE (pYA3493-PIpE) plasmid was verified by
PCR, enzyme digestion, and sequencing. Upon confirma-
tion, recombinant pS-PIpE plasmid and empty plasmid
PYA3493 were introduced into rSC0016 strain by elec-
troporation and Asd® transformants were selected on
LB plates. Expression of recombinant PIpE protein in the
vaccine vector was verified by Western blotting. The plas-
mid stability of the rSC0016(pS-PlpE) was determined
by a continuous passage experiment (one passage every
12 h) as described previously [27]. rSC0016(pYA3493)
and C78-3 were used as control strains. Growth curves
results were averaged across the three trials.

Vaccine preparation

The vaccine strains used in this study were prepared as
the method described in previous studies [24, 27]. Briefly,
rSC0016(pS-PIpE), rSC0016(pYA3493) were grown in
LB broth to a cell density of approximately 1x10° CFU/
mL (late log phase). The growth culture for the vaccine
strains were supplemented with 0.2% arabinose and 0.2%
mannose (Sigma). Bacterial cells were harvested by cen-
trifugation at 7,000 x g for 10 min at 25 °C, and the pellet
was resuspended in 300 pL of phosphate-buffered saline
(PBS). The number of CFU were determined by plat-
ing serial dilutions onto solidified LB medium. Mean-
while, The P. multocida inactivated vaccine was prepared
according to a published protocol as a control [53]. The
P. multocida serotype A wild-type strain was incubated
for 12 h at 37 °C in 5 mL TSB medium containing 5%
(v/v) fetal bovine serum (Gibco). The revived culture
was then added to same media as described above and
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incubated for 24 h at 37 °C. the bacterial suspension was
then enumerated and the suspension adjusted, such that
it contained 2x10° CFU/mL. The bacterial suspension
was inactivated by incubation with 0.4% formaldehyde
(v/v) at 37 °C for 24 h. The inactivated bacterial pellet was
mixed with an equal volume of oil/water adjuvant and
emulsified by using emulsification mixer (Fluko, China)
to generate the inactivated P. multocida vaccine. The ste-
rility test was also qualified to ensure that the inactivated
vaccine did not contain live bacteria.

Vaccination and challenge procedure

The 195 female BALB/c mice at six-week-old were ran-
domly divided into 5 groups. Group 1 (n=45) and 2
(n=45) were orally inoculated with 1x10° CFU of
rSC0016(pS-PIpE) or rSCO0016(pYA3493), respectively,
and group 3 (n=45) was oral immunization with PBS as
an infected control [59]. The Group 4 (n=45) of mice
were inoculated subcutaneously with 0.2 mL of P. mul-
tocida vaccine as a control vaccine [60]. Finally, Group
5 serves as a blank control (without any interventions,
mainly for pathological histological analysis). Booster
immunization was carried out three weeks after the pri-
mary immunization following the same vaccine formu-
lation and methods as with primary inoculation. Three
weeks after the boost immunization, the immunized
BALB/c mice in different groups were infected by intra-
peritoneal injection with the virulent strain of P. mul-
tocida serotype A [60]. All animal experiments were
repeated at least three times, and the data were pooled
and analyzed together.

Measuring antibody responses

To measure humoral and mucosal immune responses to
vaccination, sera and vaginal lavages were collected seven
days post-immunization (primary and boost immuni-
zation) for iELISA [24, 27]. To this end, 100 pL of puri-
fied PIpE proteins (1 ug/ml) as a capture molecule was
coated in 96-well ELISA plates at 4 °C overnight. The
ELISA plates were washed five times with PBST (350
uL/well) and blocked with 100 pL/well 5% skim milk for
2 h at room temperature. Test samples (serum or vagi-
nal lavages) were twofold diluted in PBST (350 pL/well),
added in duplicate, and incubated for 2 h at 37 °C. Fol-
lowing incubation, the plates were washed with PBST
(350 uL/well), and HRP-conjugated goat anti-mouse
IgG, IgG1, IgG2a, and IgA (Sigma, St. Louis, MO, USA)
were added into the plates (100 uL/well) followed by
2 h incubation at 37 °C. The plates were visualized with
3,3',5,5'-tetramethyl benzidine (TMB) (Solarbio, Beijing,
China) in the dark for 15 min at 37 °C, and the reaction
was stopped with 2 M H,SO,. The antibody titre was
expressed as the greatest serum dilution where OD,g,

Page 11 of 13

was at least twice that of control sample at the same
dilution.

Cytokine assays

The spleens from each group of mice were collected one
week after the boost immunization, and the spleen lym-
phocytes were isolated according to the instructions of
the mouse spleen lymphocyte separation kit (Dakewe
Biotech, China). Next, spleen lymphocytes were seeded
into 96-well plates at a density of 5x10° cells, and cul-
tured with recombinant PIpE proteins (5 pg/mL) for 48 h.
The concentration of IFN-y and IL-4 in the culture super-
natants was measured by Mouse IFN-y and IL-4 ELISA
kits (Solarbio, Beijing, China) following the manufacturer
instructions. All assays were performed in triplicate.

Pathological examination

Histopathological examination (n=15) was performed
as previously described [24, 27]. The lung tissues from
the mice were fixed in 4% paraformaldehyde, and then
dehydrated, embedded in paraffin and sectioned. Even-
tually, the sections were stained with Hematoxylin and
Eosin (HE). The representative sections of lung were
examined and scored to assess tissue pathology, as pre-
viously described [61]. In brief, histopathological scores
were mainly based on interstitial inflammation, vascu-
lar endotheliitis, bronchitis, edema, serous effusion and
thrombosis. All parameters were scored separately from
0 (absence of lesions) to 3 (severe lesions).

Statistical analysis

Statistical comparisons among multiple groups were per-
formed by one-way analysis variance (ANOVA). Analy-
ses were conducted using Graph Pad Prism 8.0 software
(Graph Pad Software Inc., CA, USA). A P-value of less
than or equal to 0.05 (*) were considered significant dif-
ference, and a P-value of less than or equal to 0.01 (**)
represents a highly significant difference. P-values larger
than 0.05 were considered to be not significant (n.s.).
Abbreviations

P. multocida
S. Choleraesuis

Pasteurella multocida
Salmonella Choleraesuis

CFU Colony-forming units

HE Hematoxylin and Eosin

i.p. Intraperitoneally

iELISA Indirect enzyme-linked immunosorbent assay
IPTG Isopropyl-p-d-thiogalactoside
LB Luria-Bertani broth

LDs, 50% lethal dose

Ni-NTA Nickel-nitrilotriacetic acid
OMPs Outer membrane proteins
PAR Progressive atrophic rhinitis
PN pneumonic pasteurellosis
PIpE Pasteurella lipoprotein E

s.C Subcutaneously

Thi Type 1T helper

Th2 Type 2T helper

TSA Trypticase Soy Agar
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TSB Trypicase Soy Broth
WB Western Blot
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