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Abstract: Background/Objectives: Porcine epidemic diarrhea (PED) is a highly contagious
enteric infectious disease that causes severe morbidity and mortality in piglets, posing
significant economic losses to the swine industry worldwide. Oral vaccines based on
Lactococcus lactis offer a promising approach due to their safety and genetic manipulability.
This study aims to develop and evaluate an oral L. lactis-based vaccine expressing the
full-length PEDV S protein. Methods: A recombinant L. lactis strain expressing the PEDV S
protein was constructed and encapsulated in alginate-chitosan microcapsules. Vaccine sta-
bility was tested in simulated digestive fluids, and mice were orally immunized. Immune
responses were evaluated by measuring specific antibodies, cytokines, and lymphocyte
proliferation. Results: The recombinant L. lactis NZ3900/pNZ8149-S strain successfully
expressed the full-length PEDV S protein and maintained stable plasmid inheritance. Oral
immunization in mice induced detectable PEDV-specific immune responses. Both encapsu-
lated and non-encapsulated vaccines stimulated the production of IgG and sIgA antibodies,
as well as cytokines associated with Th1 and Th2 responses. Notably, encapsulation with
alginate—chitosan significantly enhanced bacterial survival in digestive conditions and
further amplified immune responses, including higher antibody titers, elevated levels of
IFN-y, IL-4, and IL-10, and greater lymphocyte proliferation, indicating improved immune
memory. Conclusions: The oral L. lactis NZ3900/pNZ8149-S vaccine expressing the PEDV
S protein effectively induced systemic and mucosal immunity in mice. Encapsulation with
alginate—chitosan further enhanced its immunogenicity and stability in gastrointestinal
conditions. These results suggest that both the engineered L. lactis strain and the encap-
sulation strategy contribute to the development of a promising oral vaccine platform for
controlling PEDV in swine populations.
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1. Introduction

Porcine epidemic diarrhea virus (PEDV) is the primary pathogen responsible for
porcine epidemic diarrhea (PED), a severe gastrointestinal disease marked by diarrhea,
vomiting, and dehydration, with mortality rates over 95% in neonatal piglets [1,2]. First de-
tected in Europe in the early 1970s [3], PEDV has since become a global concern, with highly
pathogenic PEDV variants emerging since 2010, leading to significant economic losses in
the swine industry [4]. Despite recent advancements in prevention, PEDV continues to pose
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a major challenge [5-7]. The spike (S) protein of PEDV plays a crucial role in the virus’s
ability to infect host cells, making it a key target for vaccine development. The S protein
is composed of two major domains, S1 and S2 [8]. The S1 domain mediates viral entry by
binding to host cell receptors and inducing neutralizing antibodies, while the S2 domain is
responsible for facilitating membrane fusion [9,10]. Within the S1 region, the C-terminal
domain (COE) and the N-terminal domain (NTD) are critical for inducing neutralizing
antibodies and may serve as key targets for vaccine development [11,12]. Consequently,
the full-length S protein, along with its subdomains (51 and COE), have been extensively
explored in the design of PEDV vaccines. Furthermore, studies comparing vaccines encod-
ing the full-length S protein versus its subunits have shown that the full-length S protein
induces significantly higher levels of neutralizing antibodies, suggesting its superiority
as a vaccine target [13,14]. The continuous evolution of PEDV has further complicated
vaccine development. Variants of PEDV have shown increased pathogenicity, enhanced
transmissibility, and altered antigenicity, making existing vaccines less effective against
emerging strains [2,4]. Vaccine strategies must, therefore, not only focus on inducing robust
immunity, but also account for the genetic diversity of PEDV. The inclusion of conserved
antigenic regions in vaccine design has been proposed as a potential approach to address
this challenge, as these regions are less likely to undergo significant mutations [15].

While traditional non-oral vaccines induce systemic immunity, they primarily stimu-
late IgG production in the bloodstream, an approach that is inadequate for neutralizing
PEDV in the intestines [3,16]. This stresses the need for oral vaccines, which can induce
both systemic IgG and mucosal immunity through the secretion of secretory IgA (SIgA)
in the intestinal mucosa, offering enhanced protection against infection [3,17,18]. The
induction of mucosal immunity is particularly important for combating PEDYV, as the virus
primarily infects the intestinal epithelial cells. SIgA, the predominant antibody in mucosal
secretions, plays a crucial role in neutralizing pathogens at mucosal surfaces and prevent-
ing their adhesion and invasion [3]. Despite their potential advantages, oral vaccines face
significant challenges in delivery and efficacy. The harsh conditions of the gastrointestinal
tract, including the low pH, digestive enzymes, and bile salts, can degrade the vaccine
components, reducing their stability and immunogenicity [19,20]. Additionally, achieving
a sufficient uptake of antigens by mucosal immune cells is a critical factor for the success of
oral vaccines. Strategies to enhance the stability and delivery of oral vaccines are, therefore,
essential for their effective application. Live vector vaccines have emerged as a promising
approach to address these challenges. These vaccines utilize live microorganisms, such as
bacteria or viruses, to deliver antigens to the host immune system. Among these, recom-
binant Lactococcus lactis has garnered significant attention due to its safety profile, ease of
genetic manipulation, and ability to survive transiently in the gastrointestinal tract [21,22].
L. lactis has been widely used as a live delivery vector for various antigens, demonstrating
its potential to induce robust mucosal and systemic immune responses [23-25].

The stability of live probiotic vaccines is a critical factor for ensuring effective anti-
gen delivery and immune response [26]. To improve antigen delivery to mucosal sur-
faces, encapsulating agents like sodium alginate and chitosan are often employed [27-30].
Sodium alginate, a natural material, can form hydrogels in the presence of divalent cations
like Ca®* [31,32]. Chitosan, a natural polysaccharide, offers excellent biocompatibility,
biodegradability, and adhesion, along with a protective barrier against environmental
stresses [33]. Chitosan has been widely studied for its potential to induce strong immune
responses, particularly in mucosal immunity. It has also been successfully tested in various
vaccine formulations [34]. Combining sodium alginate and chitosan into capsules has been
shown to provide protection and stability for probiotics during digestion. Encapsulation
technology has advanced significantly in recent years, offering innovative solutions for



Vaccines 2025, 13, 421

30f16

improving the delivery and efficacy of oral vaccines. Alginate—chitosan capsules have
been extensively studied for their ability to protect antigens from the harsh gastrointesti-
nal environment, ensuring their controlled release at the desired site of action [35]. The
incorporation of divalent cations, such as calcium ions, further enhances the structural
integrity of the capsules, preventing premature release of the encapsulated antigens [36].
Recent studies have demonstrated the efficacy of alginate—chitosan capsules in improving
the stability and immunogenicity of oral vaccines. The use of chitosan as an adjuvant has
also been reported to enhance the uptake of antigens by dendritic cells and other antigen-
presenting cells, further boosting the immunogenicity of the vaccine [37,38]. Compared to
other polymer-based vaccine delivery systems, such as poly (lactic-co-glycolic acid) (PLGA)
or liposome-based carriers, alginate—chitosan capsules offer several advantages, including
cost-effectiveness, non-toxicity, and efficient oral delivery [39]. These capsules also provide
a controlled release mechanism that ensures the gradual release of antigens in the intestine,
where mucosal immune responses are crucial [40,41]. In addition, the combination of
sodium alginate and chitosan overcomes the limitations of each individual polymer. For
instance, while sodium alginate protects antigens from gastric degradation [42], chitosan
enhances antigen uptake and facilitates stronger mucosal immunity [43,44].

In this study, alginate—chitosan capsules were developed to encapsulate recombinant
L. lactis expressing PEDV antigens. The stability of the encapsulated vaccine was eval-
uated under simulated digestive conditions, and its immunogenic efficacy in mice was
assessed. This study offers a promising strategy for PEDV prevention and could advance
the application of encapsulated recombinant L. lactis vaccines in the swine industry. By
leveraging the unique properties of alginate—chitosan capsules, this approach addresses
the challenges of oral vaccine delivery, providing a robust platform for inducing mucosal
and systemic immunity against PEDV. Moreover, the implications of this research extend
beyond PEDV. The development of effective oral vaccine delivery systems has broad appli-
cations for combating other gastrointestinal pathogens in both humans and animals. The
use of biocompatible and biodegradable materials, such as alginate and chitosan, empha-
sizes the potential for safe and scalable vaccine production. Future studies could explore
the incorporation of additional adjuvants or modifications to the capsule composition to
further enhance vaccine efficacy.

2. Materials and Methods

2.1. Construction of Recombinant L. lactis Strains

L. lactis NZ3900 and pNZ8149 were obtained from Honorgene (Changsha, China).
The S gene was synthesized by Sangon Biotech (Shanghai, China) based on a variant
PEDV strain (PEDV/CHN/SHANGHAI/2012 (SH 2012); GenBank: MG837011). Initially,
the sequence of the PEDV S gene was amplified using the primer pair PEDVS-F: 5'-
aaattataaggaggcactcaATGAAATCTTTAACATATTTTTGGTTATTTT-3" and PEDVS-R: 5'-
taattttggttcaaagaaag ITAATGGTGATGGTGATGGTGTTGAACATGAACTTTTTCAAAAA
CTTC-3'. Then, the expression vector pNZ8149 was digested using the primers pNZ8149_F:
5'-ctttctttgaaccaaaattagaaaacc-3’ and pNZ8149_R: 5'-tgagtgcctecttataatttattttgt-3', purified
with the Universal DNA Purification Kit (TTANGEN, Beijing, China) and ligated with the S
gene to generate the recombinant plasmid pNZ8149-S using the ClonExpress Ultra One
Step Cloning Kit (Vazyme Biotech, Nanjing, China) (Figure 1a).
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Figure 1. Construction, expression, and stability of the pNZ8149-S plasmid in L. lactis NZ3900. (a) The
construction of the pNZ8149-S plasmid is as described in the article. (b) The expression of the S
protein in L. lactis NZ3900 was analyzed by western blotting. Lane 1 shows NZ3900 with the plasmid
PNZ8149 with nisin induction; M represents the protein marker. Lane 2 shows NZ3900 with the
plasmid pNZ8149-S induced with nisin. (c¢) PCR detection of the S gene in various generations of
recombinant L. lactis NZ3900/pNZ8149-5.M: DNA marker; lanes 1-25: PCR products from different
generations of recombinant L. lactis NZ3900/ pNZ8149-S; N: PCR product of wild-type L. lactis
NZ3900/pNZ8149 (negative control).

The recombinant plasmid (pNZ8149-S) was transformed into L. lactis NZ3900 us-
ing electroporation based on previously established methods [45]. Electroporation was
performed using a Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA, USA). Positive clones
were identified through PCR amplification (PEDVS-F/R) and confirmed by sequenc-
ing. The resulting positive recombinant L. lactis bacterium was designated as L. lactis
NZ3900/pNZ8149-S, while the control strain carrying the empty plasmid was named
PNZ8149/NZ3900. To assess the stability of the recombinant plasmids in L. lactis NZ3900,
the transformed bacteria were passaged twenty times in GM17 broth without antibiotics.
Every fifth generation was monitored for stability using PCR with primers PEDVS_F and
PEDVS_R.

2.2. Preparation of Alginate-Chitosan Encapsulated L. lactis

The study used chitosan (degree of deacetylation > 90%) from Macklin (Shanghai,
China) and sodium alginate from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) at a 1% (wt/vol) concentration each to prepare alginate—chitosan-encapsulated L.
lactis following the method described by Rocha et al. [46], with slight modifications. The
recombinant Lactococcus strain L. lactis NZ3900/pNZ8149-S was cultured overnight in M17
broth at 30 °C under anaerobic conditions for 16 h, and then harvested by centrifugation
(4000 rpm, 10 min, 4 °C). The cell pellet was then gently mixed with an alginate and chitosan
mixture to a final concentration of 10! CFU/mL. Next, the resulting bacterial alginate—
chitosan solution was then dripped into a calcium chloride solution (8%, wt/vol) using a
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syringe, forming spherical capsules (Figure 2a). To evaluate tolerance to the intestinal fluid
environment, L. lactis NZ3900/pNZ8149-S was incubated in 5 mL of simulated intestinal
fluid (SIF) containing trypsin at 37 °C for 8 h, with measurements taken at 4 h intervals.
Additionally, the tolerance of L. lactis NZ3900/pNZ8149-S to gastric juice was assessed
in vitro. L. lactis NZ3900/pNZ8149-S was incubated in 5 mL of simulated gastric juice (SGF)
containing pepsin, adjusted to pH levels of 2.5, 3.5, or 4.5, and maintained at 37 °C for 3 h.
For comparison, an unencapsulated live recombinant strain, L. lactis NZ3900/pNZ8149-S,
served as the control. Each experiment was repeated three times, and viable bacterial
counts were determined using the plate count method.
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Figure 2. Characterization of encapsulated L. lactis NZ3900/pNZ8149-S capsules and evaluation of
their resistance to various digestive conditions. (a) Encapsulated L. lactis NZ3900/pNZ8149-S: the
image was captured using a camera. (b) Measurement of encapsulated L. lactis NZ3900/pNZ8149-S
diameter: the diameter of the capsules was measured by randomly selecting three fields. (c) Stability
of encapsulated L. lactis NZ3900/pNZ8149-S in simulated gastric fluid at pH levels 2.5, 3.5, and 4.5,
incubated at 37 °C for 3 h. (d) Stability of encapsulated L. lactis NZ3900/pNZ8149-S in simulated
intestinal fluid at time points 0 h, 4 h, and 8 h, incubated at 37 °C. Data are presented as the
mean + SD (n = 3). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p <0.001, and “ns” indicates
no significance.

2.3. Western Blotting

To assess the expression of the S protein, the bacteria were then washed with cold
PBS and lysed using a SCIENTZ-IID sonicator (Scientz Biotechnology, Ningbo, China).
Equal amounts of protein were separated by SDS-PAGE and transferred to a Sequi-Blot
polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The membranes were blocked
with 5% skimmed milk for 1 h at room temperature and subsequently incubated with
an anti-PEDV-S monoclonal antibody (Qianxun Biotech Company Co., Ltd., Guangzhou,
China). Following three washes with TBST, the membranes were incubated with an HRP-
conjugated goat anti-mouse secondary antibody (Beyotime, Beijing, China) for 1 h at room
temperature. After additional washing, protein bands were visualized using immobilon
western chemiluminescent HRP substrate (Merck Millipore, Billerica, MA, USA) for 5 min.
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2.4. Immunization Schedule and Samples Collection

The immunization schedule is shown in Figure 3a. One hundred two six-week-old
female BALB/c mice (SPF, Beijing Biotechnology Co., Ltd., Beijing, China) were randomly
divided into four groups, with 24 mice in each group, and the remaining six mice were
sampled as Day 0. The first group was orally immunized with capsules containing alginate—
chitosan-encapsulated L. lactis NZ3900/pNZ8149-S at a dose of 2 x 10'° CFU. The second
group received an oral suspension of 2 x 10'° CFU recombinant L. lactis NZ3900/pNZ8149-
S in 200 pL. The third group was orally administered a suspension of 2 x 10 CFU
recombinant L. lactis NZ3900/pNZ8149 in 200 uL. The final group received 200 pL of
sterile phosphate-buffered saline (PBS) orally. All mice were boosted on days 2 and 3 after
the initial immunization using the same methods. Blood samples were collected via tail
bleeding on days 4, 7, 14, and 42 post-immunization and stored at —20 °C until analysis.
Fecal and intestinal mucus samples were collected at the corresponding time points and
processed based on previously described methods, with minor modifications [47].
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Figure 3. Antibody response after oral vaccine immunization in mice. (a) Experimental strategy for
oral vaccination and monitoring of immune responses in mice. Samples were collected on days 0,
4,7,14, and 42 for analysis. (b) Levels of anti-PEDV IgG antibodies in groups of mice immunized
with PBS, L. lactis NZ3900/pNZ8149, oral vaccine L. lactis NZ3900/pNZ8149-S, and encapsulated L.
lactis NZ3900/pNZ8149-S, monitored at 0, 3, 7, 14, and 42 days post-immunization (dpi). The levels
of anti-PEDV SIgA antibodies in the same groups were assessed at 0, 3, 7, 14, and 42 dpi. Intestinal
mucus (c) and fecal (d) data are presented as the mean + SD (n = 6). * indicates p < 0.05, ** indicates
p <0.01, ** indicates p < 0.001, **** indicates p < 0.0001, and “ns” indicates no significance.

2.5. Antibody and Cytokine Assay by Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

Serum levels of antigen-specific IgG and sIgA were obtained from previously pub-
lished protocols [48]. The levels of IgG in serum and sIgA in the contents of the small
intestine and feces were determined using mouse-derived PEDV-IgG and PEDV-sIgA ELISA
kits, in accordance with the manufacturer’s instructions (Goybio, Shanghai, China). The
levels of IL-4, IL-10, and IFN-y in these samples were quantified using commercial ELISA
kits (Sangon, Shanghai, China), following the manufacturer’s guidelines. Cytokine con-
centrations were determined by referencing standard curves generated from the provided
reagents, and the optical density (OD) at 450 nm was measured using a TECAN Infinite
200 PRO microplate reader (TECAN, Méannedorf, Switzerland) to calculate cytokine levels.

2.6. Lymphocyte Proliferation Assay

As shown in Figure 3a, at 42 days post-vaccination, mice were harvested for the
proliferation assay. In brief, 100 pL of the cell suspension (containing 5 x 10° cells/mL)
was added to each well of a 96-well plate, followed by stimulation with 5 pg/mL of
recombinant PEDV-S protein. Six replicate wells were used for each sample. The plate was
then incubated at 37 °C in a 5% CO, atmosphere for approximately 72 h. To assess cell
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proliferation, 10 uL. of MTT solution (Beyotime, Beijing, China) was added to each well,
followed by incubation for an additional 2 h at 37 °C. Absorbance at 570 nm (ODs7g) was
measured, and the relative stimulation index (SI) was calculated by dividing the average
OD value of antigen-stimulated wells by that of unstimulated controls.

2.7. Statistical Analysis

Statistical analysis and figure creation were performed using GraphPad Prism 10.4
software. Data are presented as the mean + SD. Group differences were assessed for
statistical significance using a two-way ANOVA followed by Tukey’s multiple comparisons.
In the figures, significant differences are indicated by asterisks, with * indicating p < 0.05,
** indicating p < 0.01, *** indicating p <0.001, **** indicating p < 0.0001, and “ns” indicating
no significance, i.e., p > 0.05. The sample size (1) is provided in the respective figure legends.

3. Results
3.1. Identification of Recombinant L. lactis NZ3900

To develop the oral vaccine, full-length S protein was cloned into expression plas-
mid pNZ8149 (Figure 1a), the constructed plasmid was introduced into L. lactis NZ3900,
generating L. lactis NZ3900/pNZ8149-S. The strain cultures were collected and analyzed
using SDS-PAGE followed by immunoblotting. As anticipated, the recombinant S protein
(~153 kDa) was detected in the L. lactis NZ3900 strains carrying the recombinant plasmid
after induction with nisin (Figure 1b). In contrast, no protein bands were observed in the
nisin-uninduced L. lactis NZ3900 strains or in the nisin-induced L. lactis NZ3900 strains
containing the plasmid pNZ8149 (negative control lanes). To assess the stability of the
PNZ8149-S plasmid in the recombinant L. lactis NZ3900, the positive colonies were cultured
over 25 generations, followed by PCR analysis, confirming the presence of the expected
genes (Figure 1c). Agarose gel electrophoresis revealed 4219 bp bands, indicating that the
recombinant plasmid was stably inherited in L. lactis NZ3900 without the use of antibiotics
in the medium. Furthermore, stable expression of the S protein was observed across various
generations of recombinant L. lactis NZ3900/pNZ8149-S (Figure S1).

3.2. Characterization and Performance of Capsule Vaccine in Digestive Environments

Alginate—chitosan has proven to render probiotics stable, effectively supporting
probiotic colonization in the gastrointestinal tract [49,50]. Based on this, the L. lactis
NZ3900/pNZ8149-S vaccine was encapsulated using alginate—chitosan, producing L. lactis
NZ3900/pNZ8149-5S capsules designed for oral administration. An injector was employed
to regulate the average particle size. The liquid from the injector dripped into the calcium
chloride solution, forming spherical capsules that remained suspended in the solution. The
resulting capsules displayed a granular morphology with uniform particle distribution
and a consistent, homogenous structure. The microsphere membranes appeared smooth,
intact, and well-formed (Figure 2a). The particles, composed of alginate—chitosan, were
uniform in size, with an average diameter of approximately 3 mm (Figure 2b). Further-
more, the encapsulated live oral vaccine L. lactis NZ3900/pNZ8149-S was evaluated for
its resilience against various digestive stresses, including exposure to SIF and SGFE. The
findings demonstrated that the alginate—chitosan capsules provided effective protection for
the live probiotic vaccine under these harsh conditions. Specifically, for the encapsulated
L. lactis NZ3900/pNZ8149-S group, the viability release rate was around 50% after 3 h in
SGF at pH values of 2.5-4.5 (Figure 2c). In contrast, in SIF, the viability increased from
1.4 log CFU/mL to 2.8 log CFU/mL between 2 and 8 h (Figure 2d), indicating that the
alginate—chitosan capsules effectively shielded the probiotic vaccine from digestive stress.



Vaccines 2025, 13, 421

9o0f 16

Capsules protect lactic acid bacteria from the damaging effects of gastric acid, allowing for
slow release in the intestinal fluid.

3.3. Alginate—Chitosan L. lactis NZ3900/pNZ28149-S Vaccine Induced Higher PEDV-Specific IgG
and sIgA Antibodies in Mice

SIgA serves as the first line of defense in the immune response by blocking pathogens
from entering through mucosal surfaces [51]. Therefore, we evaluated the systemic and
mucosal antibody responses elicited by the candidate vaccines. IgG levels in serum and
sIgA levels in fecal and intestinal mucus were measured following vaccination (Figure 3a).
Starting on day 7, significantly higher specific anti-PEDV IgG antibody levels (p < 0.01)
were detected in mice vaccinated with L. lactis NZ3900/pNZ8149-S (Figure 3b). Further-
more, mice immunized with alginate—chitosan-encapsulated L. lactis NZ3900/pNZ8149-S
exhibited significantly higher systemic and mucosal antibody responses compared to those
receiving L. lactis NZ3900/pNZ8149-S alone. Notably, after continued immunization, mu-
cosal sIgA levels increased markedly in mice receiving either L. lactis NZ3900/pNZ8149-S or
alginate—chitosan-encapsulated L. lactis NZ3900/pNZ8149-S vaccines compared to both the
L. lactis NZ3900/pNZ8149 control group and the PBS mock group (Figure 3c,d). Moreover,
PEDV-specific sIgA levels in the alginate-chitosan-encapsulated L. lactis NZ3900/pNZ8149-
S group were significantly higher than those in the L. lactis NZ3900/pNZ8149-S group
14 days post-immunization, suggesting that the L. lactis NZ3900/pNZ8149-S vaccine effec-
tively induces mucosal immunity in mice. These findings indicate that oral recombinant L.
lactis NZ3900/pNZ8149-S vaccines promote both humoral and mucosal immunity, with
the alginate—chitosan formulation inducing higher antibody levels.

3.4. Alginate—Chitosan L. lactis NZ3900/pNZ8149-S Vaccine Induced Significantly Increased
IFN-r, IL-4, and IL-10 Cytokine in Vaccinated Mice

To further characterize the cellular immune responses induced by the oral vaccines,
cytokine production was assessed following immunization. We characterized the levels of
three cytokines (IFN-y, IL-4, and IL-10) in the serum of mice. Starting from day 4, both IL-4
and IL-10 levels were significantly higher in the orally vaccinated groups compared to both
the L. lactis NZ3900/pNZ8149 control group and the PBS mock group (Figure 4a,b). Starting
from day 7, IFN-y levels also exceeded those in both the L. lactis NZ3900/pNZ8149 control
group and the PBS mock group (Figure 4c). All cytokines peaked at day 14 and showed a
slight decline by day 42 (Figure 4). These data suggest that both L. lactis NZ3900/pNZ8149-
S capsules and L. lactis NZ3900/pNZ8149-5S vaccines are effective in inducing cytokine
responses in mice. Moreover, the cytokine analysis of blood samples collected on days
4,7, 14, and 42 post-immunization revealed distinct immune responses induced by the
recombinant L. lactis NZ3900/pNZ8149-S vaccines and the encapsulated version. The
recombinant L. lactis NZ3900/pNZ8149-S vaccines stimulated an early increase in the
Th2 cytokines IL-4 and IL-10, both of which peaked on day 14 and gradually declined by
day 42, suggesting a transient humoral response. In contrast, the encapsulated vaccine
induced a stronger and more sustained IFN-y response, indicative of a more prominent
Thl-type cellular immune response, with peak levels observed on day 14 and remaining
elevated through day 42. The enhanced IFN-y production in the encapsulated vaccine
group underscores the adjuvant potential of the alginate-chitosan capsule formulation in
promoting cellular immunity.
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Figure 4. Cytokine levels were measured in the serum of immunized mice in the groups of mice
immunized with PBS, L. lactis NZ3900/pNZ8149, the oral vaccine L. lactis NZ3900/pNZ8149-S, and
encapsulated L. lactis NZ3900/pNZ8149-S. IL-4 (a), IL-10 (b), and IFN-y (c) serum samples were
collected on days 0, 4, 7, 14, and 42, either before or after immunization. Data are presented as the
mean + SD (n = 6). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates
p <0.0001, and “ns” indicates no significance.

3.5. The Lymphocytes Proliferation

Lymphocyte proliferation plays a critical role in the immune response against PEDV, as
it enhances the ability of the immune system to recognize and combat the virus [52,53]. The
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proliferation of T lymphocytes (both CD4+ and CD8+ T cells) and B lymphocytes is central
to generating an adaptive immune response [54,55]. To further assess the impact of capsules
on cell-mediated immunity, splenocytes were isolated and re-stimulated in vitro to evaluate
cellular immune responses at 42 days post-immunization to assess immune memory in
relation to PEDV. As shown in Table 1, the stimulation indices of the encapsulated L.
lactis NZ3900/pNZ8149-S and L. lactis NZ3900/pNZ8149-S immunization groups were
significantly higher compared to both the L. lactis NZ3900/pNZ8149 control group and
the PBS mock group (p < 0.05), indicating that both the oral S vaccine and the chitosan-
based S vaccines elicited significantly higher lymphocyte proliferation. Among these, the
proliferative rate in the L. lactis NZ3900/pNZ8149-S capsules was notably greater than that
observed in the L. lactis NZ3900/pNZ8149-S group. These results suggest that the capsule
vaccine immunization strategy induces a stronger lymphocyte proliferation response in
mice, contributing to immune memory for the immune response against PEDV.

Table 1. Lymphocyte proliferation index.

Stimulation Index (SI)
Group
S ConA
Encapsulated L. lactis NZ3900/pNZ8149-S 240 £022c 279 £0.19c
L. lactis NZ3900/pNZ8149-S 192+ 023b 246 £0.31b
L. lactis NZ3900/pNZ8149 112+ 0.14a 1.08+0.12a
PBS 1.06 £ 0.09 a 097 £0.13a

Note: different lowercase letters represent differences among groups (p < 0.05) between the assays for the same
stimulation. Data are presented as the mean 4 SD (n = 6).

4. Discussion

PED is a highly contagious disease characterized by its preference for intestinal tis-
sues [56]. Lactococcus, as a naturally occurring intestinal bacterium that secretes proteins,
can be combined with immune adjuvants and target antigens to sustain immune stimula-
tion at the mucosal surface, offering a promising strategy for achieving mucosal immunity
against PEDV. However, some difficulties still remain with respect to developing an oral
vaccine against PEDV. For the development of oral vaccines, it is crucial to identify the
optimal protective antigen gene, which serves as the foundation for creating genetically
engineered vaccines. It has been established that the S protein of PEDV is a key target for
neutralizing antibodies, as it plays a crucial role in mediating the interaction between the
virus and host cell receptors, thereby facilitating viral entry into cells [57]. Moreover, the
use of adjuvants significantly enhances the efficacy of subunit protein vaccines by boosting
the immune response [58]. Alginate—chitosan capsules are increasingly recognized for
their low cytotoxicity and excellent biocompatibility, making them an ideal carrier for the
controlled release of vaccine antigens [59]. Chitosan, in particular, has demonstrated the
ability to stimulate robust immune responses, and its potential has been widely explored in
various vaccine formulations [60]. Here, we developed a capsule-based L. lactis oral vaccine
by constructing a Lactococcus expression plasmid for PEDV, which was created by inserting
the PEDV S protein gene (Figure 1). The recombinant Lactococcus strain expressing the
PEDV S protein was then mixed with sodium alginate and chitosan adjuvants to prepare
the L. lactis NZ3900/pNZ8149-S capsule vaccine (Figure 2).

In previous studies, oral lactis vaccines have been typically administered to mice
or pigs at two-week intervals, with antibodies against PEDV observed three weeks post-
immunization [48,61,62]. However, this immunization schedule poses challenges for com-
bating PEDV, particularly in neonatal pigs. PEDV is highly fatal in newborn piglets, often
causing death within a week of infection [2]. To address this urgent need for faster immu-
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nity, our study explored a more aggressive immunization protocol. We administered the
oral lactis vaccine expressing the full-length S protein of PEDV over three consecutive days.
This rapid, consecutive dosing schedule was designed to accelerate the immune response
compared to the standard two-week interval. Our findings showed that antibodies against
PEDV were observed after 7 days of the first vaccination (Figure 3), demonstrating that the
intensified vaccination schedule can provoke a quicker immune response. This accelerated
immune response is particularly crucial for applications in newborn piglets, where the
high mortality rate from PEDV makes rapid immunity essential. By generating protective
antibodies within a week, this approach has the potential to improve survival rates in
piglets. The lactis vaccine expressing the full-length S protein likely facilitated optimal
antigen presentation, enhancing the production of neutralizing antibodies at an accelerated
rate. Additionally, the lactis vector is known for its ability to effectively deliver antigens
and stimulate mucosal immunity, possibly further contributing to the rapid onset of im-
mune responses. In contrast to vaccination schedules in previous studies [48,61,62], our
study shows the potential benefits of more intensive immunization protocols in high-risk
scenarios like PEDV outbreaks. By increasing the frequency of vaccine doses, we may be
able to shorten the time required to generate protective immunity, potentially saving lives
in situations where a quick immune response is critical.

L. lactis is a promising mucosal delivery vector for vaccines due to its safety profile and
ability to express recombinant antigens [63]. However, its practical application is hindered
by poor intestinal colonization, which reduces antigen retention and consequently lowers
vaccine efficacy [23]. To overcome this limitation, our study encapsulated the recombinant
L. lactis NZ3900 strain, expressing the full-length S protein of PEDV, in an alginate—chitosan
matrix. The encapsulated vaccine demonstrated a greater ability to colonize the intestine
(Figure S2), as determined by PCR analysis using primers listed in Table S1, which may have
contributed to the significantly enhanced immune response—evidenced by higher levels of
PEDV-specific antibodies in mice immunized with the encapsulated vaccine compared to
those receiving the non-encapsulated formulation (Figure 3). The alginate—chitosan matrix
provides several advantages that address the challenges of L. lactis. First, it protects the live
bacterial vector and its expressed antigen from the harsh conditions of the gastrointestinal
tract, such as acidic pH and digestive enzymes, ensuring a higher survival rate of the bacte-
rial cells as they move from the stomach to the intestine. This protection allows the bacteria
to effectively initiate mucosal immune responses in the intestine. Second, the encapsulation
enhances the retention time of L. lactis within the intestinal environment by improving its
adherence to the mucosal lining [64,65]. This prolonged retention facilitates better antigen
presentation, stimulating a stronger immune response. Additionally, chitosan’s ability to
transiently open epithelial tight junctions promotes antigen translocation to the underlying
immune cells, thereby enhancing immune activation [66—-69]. Our results show that animals
immunized with the encapsulated recombinant L. lactis produced significantly higher levels
of PEDV-specific antibodies compared to those vaccinated with the non-encapsulated strain.
This enhancement is likely due to the improved stability and delivery efficiency provided
by the encapsulation [70,71]. By preserving the viability and bioavailability of L. lactis
cells, the encapsulation ensures a sustained release of the S protein antigen, crucial for
activating both mucosal and systemic immune responses. The rapid progression and high
mortality associated with PEDV infections in newborn piglets highlight the urgent need
for a fast and potent immune response. The encapsulated vaccine addresses this need by
optimizing the delivery and efficacy of L. lactis-based vaccines. By inducing higher levels
of PEDV-specific antibodies, this strategy enhances both mucosal and systemic immunity,
providing better protection against PEDV in a shorter time frame. Therefore, our findings
emphasize the potential of alginate—chitosan encapsulation in overcoming the limitations
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of L. lactis as a vaccine delivery vector. By improving the stability, intestinal retention, and
antigen delivery, this encapsulated recombinant L. lactis vaccine offers significant promise
for protecting against PEDV, particularly in high-risk populations like newborn piglets.
Moreover, this encapsulation approach could be a valuable enhancement for live bacterial
vaccines targeting other enteric pathogens. While our results indicate a promising immune
response, the actual protective efficacy of the vaccine prototype against PEDV infection
remains to be fully established. Further studies involving challenge experiments with
virulent PEDV strains in target animal models, such as piglets, are necessary to validate
its effectiveness in real-world scenarios. These experiments would provide more direct
evidence of the vaccine’s protective capacity and its potential applicability in the field.

5. Conclusions

In conclusion, this study investigates an oral vaccination strategy utilizing L. lactis
NZ3900 to deliver S epitopes of the PEDV spike protein, with the goal of developing an
effective, anti-PEDV oral vaccine. The encapsulated L. lactis NZ3900/pNZ8149-S vaccine
demonstrated the ability to effectively induce mucosal, humoral, and cellular immune
responses against PEDV, underlying its potential as a promising vaccine candidate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines13040421/s1, Table S1: Specific primers used in this study, Figure S1: The expression of
S protein in Various Generations of recombinant L. lactis NZ3900/pNZ8149-S, Figure S2: Evaluation
of L. lactis NZ3900/pNZ8149-S colonization in mouse gut after oral administration. Refs. [72,73] are
cited in Supplementary Materials.

Author Contributions: Conceptualization, experiments, data analysis, and draft writing, M.Y.; draft
revision, D.X., WJ]., Y.Z. and S.J.Z.; Resourcing, D.X. and Y.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All animal experiments were approved by the Institutional
Animal Care and Use Committee of Yunnan Biopharmaceutical Co., Ltd., China (permission number
SYXK (DIAN) K2019-0004).

Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: Authors Miaoyan Yang, Denglong Xie, Wei Ji, and Yongqi Zhou are employed
by Zhejiang Hisun Animal Healthcare Products Co., Ltd. Yongqi Zhou is also employed by Yunnan
Biopharmaceutical Co., Ltd., a subsidiary of Zhejiang Hisun Animal Healthcare Products Co., Ltd.
The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as potential conflicts of interest.

References

1. Jung, K, Saif, L.J. Porcine epidemic diarrhea virus infection: Etiology, epidemiology, pathogenesis and immunoprophylaxis. Vet.
J. 2015, 204, 134-143. [CrossRef] [PubMed]

2. Jung, K, Saif, L.].; Wang, Q. Porcine epidemic diarrhea virus (PEDV): An update on etiology, transmission, pathogenesis, and
prevention and control. Virus Res. 2020, 286, 198045. [CrossRef]

3. Langel, S.N.; Paim, EC.; Lager, KM.; Vlasova, A.N; Saif, L.J. Lactogenic immunity and vaccines for porcine epidemic diarrhea
virus (PEDV): Historical and current concepts. Virus Res. 2016, 226, 93-107. [CrossRef] [PubMed]

4. Lin, C.-M,; Saif, L.J.; Marthaler, D.; Wang, Q. Evolution, antigenicity and pathogenicity of global porcine epidemic diarrhea virus
strains. Virus Res. 2016, 226, 20-39. [CrossRef] [PubMed]

5. Lee, C. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. Virol. ]. 2015, 12, 193. [CrossRef]

6. Boniotti, M.B.; Papetti, A.; Bertasio, C.; Giacomini, E.; Lazzaro, M.; Cerioli, M.; Faccini, S.; Bonilauri, P.; Vezzoli, F.; Lavazza, A.;

et al. Porcine Epidemic Diarrhoea Virus in Italy: Disease spread and the role of transportation. Transbound. Emerg. Dis. 2018, 65,
1935-1942. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines13040421/s1
https://www.mdpi.com/article/10.3390/vaccines13040421/s1
https://doi.org/10.1016/j.tvjl.2015.02.017
https://www.ncbi.nlm.nih.gov/pubmed/25841898
https://doi.org/10.1016/j.virusres.2020.198045
https://doi.org/10.1016/j.virusres.2016.05.016
https://www.ncbi.nlm.nih.gov/pubmed/27212686
https://doi.org/10.1016/j.virusres.2016.05.023
https://www.ncbi.nlm.nih.gov/pubmed/27288724
https://doi.org/10.1186/s12985-015-0421-2
https://doi.org/10.1111/tbed.12974

Vaccines 2025, 13, 421 14 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

He, W.-T; Bollen, N.; Xu, Y.; Zhao, ].; Dellicour, S.; Yan, Z.; Gong, W.; Zhang, C.; Zhang, L.; Lu, M.; et al. Phylogeography reveals
association between swine trade and the spread of porcine epidemic diarrhea virus in china and across the world. Mol. Biol. Evol.
2021, 39, msab364. [CrossRef]

Hulswit, R.J.G.; de Haan, C.A.M.; Bosch, B.-J. Coronavirus spike protein and tropism changes. Adv. Virus Res. 2016, 96, 29-57.
Li, W,; van Kuppeveld, EJ.; He, Q.; Rottier, PJ.; Bosch, B.]. Cellular entry of the porcine epidemic diarrhea virus. Virus Res. 2016,
226,117-127. [CrossRef]

White, ].M.; Whittaker, G.R. Fusion of enveloped viruses in endosomes. Traffic 2016, 17, 593-614. [CrossRef]

Shi, D.; Shi, H.; Wang, X.; Chen, J.; Liu, J.; Ye, D.; Jing, Z.; Liu, Q.; Fan, Q.; Li, M.; et al. A porcine epidemic diarrhea virus strain
with distinct characteristics of four amino acid insertion in the COE region of spike protein. Vet. Microbiol. 2021, 253, 108955.
[CrossRef]

Yan, S.; Luo, Y.; Zhan, N.; Xu, H.; Yao, Y.; Liu, X,; Dong, X.; Kang, L.; Zhang, G.; Liu, P. Intranasal delivery of a recombinant
adenovirus vaccine encoding the PEDV COE elicits potent mucosal and systemic antibody responses in mice. Microbiol. Spectr.
2024, 12, €0069224. [CrossRef] [PubMed]

Guo, W.; Wang, C.; Song, X.; Xu, H.; Zhao, S.; Gu, J.; Zou, Z.; Li, ].; Qian, J.; Zhang, X.; et al. Immunogenicity and protective efficacy
of a trimeric full-length S protein subunit vaccine for porcine epidemic diarrhea virus. Vaccine 2024, 42, 828-839. [CrossRef]
Zhao, Y.; Fan, B.; Song, X.; Gao, ].; Guo, R.; Yi, C.; He, Z.; Hu, H.; Jiang, J.; Zhao, L.; et al. PEDV-spike-protein-expressing mRNA
vaccine protects piglets against PEDV challenge. mBio 2024, 15, e0295823. [CrossRef] [PubMed]

Jarvis, M.C.; Lam, H.C.; Zhang, Y.; Wang, L.; Hesse, R.A.; Hause, B.M.; Vlasova, A.; Wang, Q.; Zhang, ].; Nelson, M.I; et al.
Genomic and evolutionary inferences between American and global strains of porcine epidemic diarrhea virus. Prev. Vet. Med.
2016, 123, 175-184. [CrossRef]

Song, D.; Moon, H.; Kang, B. Porcine epidemic diarrhea: A review of current epidemiology and available vaccines. Clin. Exp.
Vaccine Res. 2015, 4, 166-176. [CrossRef]

Zhang, E.; Wang, J.; Li, Y.; Huang, L.; Wang, Y.; Yang, Q. Comparison of oral and nasal immunization with inactivated porcine
epidemic diarrhea virus on intestinal immunity in piglets. Exp. Ther. Med. 2020, 20, 1596-1606. [CrossRef]

Wang, J.; Huang, L.; Mou, C.; Zhang, E.; Wang, Y.; Cao, Y.; Yang, Q. Mucosal immune responses induced by oral administration
recombinant Bacillus subtilis expressing the COE antigen of PEDV in newborn piglets. Biosci. Rep. 2019, 39, BSR20182028.
[CrossRef]

Ramirez, J.E.V,; Sharpe, L.A.; Peppas, N.A. Current state and challenges in developing oral vaccines. Adv. Drug Del. Rev. 2017,
114,116-131. [CrossRef]

Zhang, Y,; Li, M,; Du, G.; Chen, X,; Sun, X. Advanced oral vaccine delivery strategies for improving the immunity. Adv. Drug
Deliv. Rev. 2021, 177, 113928. [CrossRef]

Graham, K ; Stack, H.; Rea, R. Safety, beneficial and technological properties of enterococci for use in functional food applications—
A review. Crit. Rev. Food Sci. Nutr. 2020, 60, 3836-3861. [CrossRef]

Riglar, D.T;; Silver, P.A. Silver Engineering bacteria for diagnostic and therapeutic applications. Nat. Rev. Microbiol. 2018, 16,
214-225. [CrossRef]

Chamcha, V.; Jones, A.; Quigley, B.R.; Scott, ].R.; Amara, R.R. Oral immunization with a recombinant Lactococcus lactis—-Expressing
HIV-1 antigen on group A Streptococcus pilus induces strong mucosal immunity in the gut. J. Immunol. 2015, 195, 5025-5034.
[CrossRef] [PubMed]

Chatel, J.-M.; Langella, P.; Adel-Patient, K.; Commissaire, J.; Wal, J.-M.; Corthier, G. Induction of mucosal immune response after
intranasal or oral inoculation of mice with Lactococcus lactis producing bovine beta-lactoglobulin. Clin. Diagn. Lab. Immunol. 2001,
8, 545-551. [CrossRef]

Cho, H.-J.; Shin, H.-J.; Han, 1.-K,; Jung, W.-W.; Kim, Y.B.; Sul, D.; Oh, Y.-K. Induction of mucosal and systemic immune responses
following oral immunization of mice with Lactococcus lactis expressing human papillomavirus type 16 L1. Vaccine 2007, 25,
8049-8057. [CrossRef]

Ding, C.; Ma, J.; Dong, Q.; Liu, Q. Live bacterial vaccine vector and delivery strategies of heterologous antigen: A review. Immunol.
Lett. 2018, 197, 70-77. [CrossRef] [PubMed]

Kang, H.-J.; Li, J.; Razzak, A.; Eom, G.-D.; Yoon, K.-W.; Mao, J.; Chu, K.-B; Jin, H.; Choi, S.S.; Quan, F-S. Chitosan-Alginate
Polymeric Nanocomposites as a Potential Oral Vaccine Carrier Against Influenza Virus Infection. ACS Appl. Mater. Interfaces 2023,
15, 50889-50897. [CrossRef]

Najafi, A.; Ghazvini, K.; Sankian, M.; Gholami, L.; Amini, Y.; Zare, S.; Khademi, F; Tafaghodi, M. T helper type 1 biased immune
responses by PPE17 loaded core-shell alginate-chitosan nanoparticles after subcutaneous and intranasal administration. Life Sci.
2021, 282, 119806. [CrossRef] [PubMed]

Rhee, J.H. Current and new approaches for mucosal vaccine delivery. Mucosal Vaccines 2020, 25, 325-356.

Yu, X.; Wen, T.; Cao, P; Shan, L.; Li, L. Alginate-chitosan coated layered double hydroxide nanocomposites for enhanced oral
vaccine delivery. J. Colloid Interface Sci. 2019, 556, 258-265. [CrossRef]


https://doi.org/10.1093/molbev/msab364
https://doi.org/10.1016/j.virusres.2016.05.031
https://doi.org/10.1111/tra.12389
https://doi.org/10.1016/j.vetmic.2020.108955
https://doi.org/10.1128/spectrum.00692-24
https://www.ncbi.nlm.nih.gov/pubmed/39145626
https://doi.org/10.1016/j.vaccine.2024.01.020
https://doi.org/10.1128/mbio.02958-23
https://www.ncbi.nlm.nih.gov/pubmed/38231557
https://doi.org/10.1016/j.prevetmed.2015.10.020
https://doi.org/10.7774/cevr.2015.4.2.166
https://doi.org/10.3892/etm.2020.8828
https://doi.org/10.1042/BSR20191126
https://doi.org/10.1016/j.addr.2017.04.008
https://doi.org/10.1016/j.addr.2021.113928
https://doi.org/10.1080/10408398.2019.1709800
https://doi.org/10.1038/nrmicro.2017.172
https://doi.org/10.4049/jimmunol.1501243
https://www.ncbi.nlm.nih.gov/pubmed/26482408
https://doi.org/10.1128/CDLI.8.3.545-551.2001
https://doi.org/10.1016/j.vaccine.2007.09.024
https://doi.org/10.1016/j.imlet.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29550258
https://doi.org/10.1021/acsami.3c11756
https://doi.org/10.1016/j.lfs.2021.119806
https://www.ncbi.nlm.nih.gov/pubmed/34252419
https://doi.org/10.1016/j.jcis.2019.08.027

Vaccines 2025, 13, 421 15 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kothale, D.; Verma, U.; Dewangan, N.; Jana, P; Jain, A ; Jain, D. Alginate as promising natural polymer for pharmaceutical, food,
and biomedical applications. Curr. Drug Deliv. 2020, 17, 755-775. [CrossRef] [PubMed]

Severino, P.; Da Silva, C.E; Andrade, L.N.; de Lima Oliveira, D.; Campos, J.; Souto, E.B. Alginate nanoparticles for drug delivery
and targeting. Curr. Pharm. Des. 2019, 25, 1312-1334. [CrossRef] [PubMed]

Khan, A.; Alamry, K.A. Recent advances of emerging green chitosan-based biomaterials with potential biomedical applications:
A review. Carbohydr. Res. 2021, 506, 108368. [CrossRef]

Dmour, I; Islam, N. Recent advances on chitosan as an adjuvant for vaccine delivery. Int. ]. Biol. Macromol. 2022, 200, 498-519.
[CrossRef]

Wani, S.U.D.; Ali, M.; Mehdi, S.; Masoodi, M.H.; Zargar, M.I; Shakeel, F. A review on chitosan and alginate-based microcapsules:
Mechanism and applications in drug delivery systems. Int. J. Biol. Macromol. 2023, 248, 125875. [CrossRef]

Li, X.; Kong, X; Shi, S.; Zheng, X.; Guo, G.; Wei, Y,; Qian, Z. Preparation of alginate coated chitosan microparticles for vaccine
delivery. BMC Biotechnol. 2008, 8, 89. [CrossRef]

Akerele, G.; Ramadan, N.; Renu, S.; Renukaradhya, G.J.; Shanmugasundaram, R.; Selvaraj, R.K. In Vitro characterization
and immunogenicity of chitosan nanoparticles loaded with native and inactivated extracellular proteins from a field strain of
Clostridium perfringens associated with necrotic enteritis. Vet. Immunol. Immunopathol. 2020, 224, 110059. [CrossRef] [PubMed]
Vasiliev, Y.M. Chitosan-based vaccine adjuvants: Incomplete characterization complicates preclinical and clinical evaluation.
Expert Rev. Vaccines 2014, 14, 37-53. [CrossRef]

Niculescu, A.G.; Grumezescu, A.M. Applications of Chitosan-Alginate-Based Nanoparticles—An Up-to-Date Review. Nanomaterials
2022, 12, 186. [CrossRef]

Zhao, B.; Alonso, N.F; Miras, J.; Vilchez, S.; Garcia-Celma, M.].; Morral, G.; Esquena, J. Triggered protein release from calcium
alginate/chitosan gastro-resistant capsules. Colloids Surf. Physicochem. Eng. Asp. 2024, 693, 133998. [CrossRef]

Jiang, T.; Singh, B.; Maharjan, S.; Li, H.-S.; Kang, S.-K.; Bok, J.-D.; Cho, C.-S.; Choi, Y.-J. Oral delivery of probiotic expressing
M cell homing peptide conjugated BmpB vaccine encapsulated into alginate/chitosan/alginate microcapsules. Eur. J. Pharm.
Biopharm 2014, 88, 768-777. [CrossRef] [PubMed]

Hariyadi, D.M.; Islam, N. Current Status of Alginate in Drug Delivery. Adv. Pharmacol. Pharm. Sci. 2020, 2020, 8886095. [CrossRef]
Saraf, S.; Jain, S.; Sahoo, R.N.; Mallick, S. Lipopolysaccharide derived alginate coated Hepatitis B antigen loaded chitosan
nanoparticles for oral mucosal immunization. Int. J. Biol. Macromol 2020, 154, 466—476. [CrossRef] [PubMed]

Jabbal-Gill, I.; Watts, P.; Smith, A. Chitosan-based delivery systems for mucosal vaccines. Expert Opin. Drug Deliv. 2012, 9,
1051-1067. [CrossRef] [PubMed]

Wells, ].M.; Wilson, PW.; Le Page, R W.E. Improved cloning vectors and transformation procedure for Lactococcus lactis. ]. Appl.
Microbiol. 1993, 74, 629-636. [CrossRef]

Rocha, C.E,; Silva, M.E; Guedes, A.C.; Carvalho, T.P,; Eckstein, C.; Ribeiro, N.Q.; Santos, D.A.; Melo, M.M.; Aratjo, M.S,;
Martins-Filho, O.A.; et al. Alginate-chitosan microcapsules improve vaccine potential of gamma-irradiated Listeria monocytogenes
against listeriosis in murine model. Int. J. Biol. Macromol. 2021, 176, 567-577. [CrossRef]

Liu, D.; Wang, X.; Ge, J; Liu, S.; Li, Y. Comparison of the immune responses induced by oral immunization of mice with
Lactobacillus casei—Expressing porcine parvovirus VP2 and VP2 fused to Escherichia coli heat-labile enterotoxin B subunit protein.
Comp. Immunol. Microbiol. Infect. Dis. 2011, 34, 73-81. [CrossRef]

Guo, M.; Yi, S,; Guo, Y,; Zhang, S.; Niu, J.; Wang, K.; Hu, G. Construction of a recombinant Lactococcus lactis strain expressing
a variant porcine epidemic diarrhea virus S1 gene and its immunogenicity analysis in mice. Viral Immunol. 2019, 32, 144-150.
[CrossRef]

Cook, M.T,; Tzortzis, G.; Charalampopoulos, D.; Khutoryanskiy, V.V. Production and evaluation of dry alginate-chitosan
microcapsules as an enteric delivery vehicle for probiotic bacteria. Biomacromolecules 2011, 12, 2834-2840. [CrossRef]

Uyanga, V.A.; Ejeromedoghene, O.; Lambo, M.T.; Alowakennu, M.; Alli, Y.A.; Ere-Richard, A.A.; Min, L.; Zhao, J.; Wang, X,;
Jiao, H.; et al. Chitosan and chitosan-based composites as beneficial compounds for animal health: Impact on gastrointestinal
functions and biocarrier application. J. Funct. Foods 2023, 104, 105520. [CrossRef]

Brandtzaeg, P. Mucosal immunity: Induction, dissemination, and effector functions. Scand. ]. Immunol. 2009, 70, 505-515.
[CrossRef] [PubMed]

Huang, L.; Wang, J.; Wang, Y.; Zhang, E.; Li, Y; Yu, Q.; Yang, Q. Upregulation of CD4+ CD8+ memory cells in the piglet intestine
following oral administration of Bacillus subtilis spores combined with PEDV whole inactivated virus. Vet. Microbiol. 2019, 235,
1-9. [CrossRef] [PubMed]

Yu, H.; Chen, G.; Zhang, T.; Huang, X,; Lu, Y.; Li, M,; Li, S.; Wang, C.; Li, B.; Zhang, Y.; et al. PEDV promotes the differentiation of
CD4+ T cells towards Th1, Tfh, and Treg cells via CD103+ DCs. Virology 2023, 587, 109880. [CrossRef]

Yuan, C,; Jin, Y;; Li, Y.; Zhang, E.; Zhang, P; Yang, Q. PEDV infection in neonatal piglets through the nasal cavity is mediated by
subepithelial CD3+ T cells. Vet. Res. 2021, 52, 26. [CrossRef]


https://doi.org/10.2174/1567201817666200810110226
https://www.ncbi.nlm.nih.gov/pubmed/32778024
https://doi.org/10.2174/1381612825666190425163424
https://www.ncbi.nlm.nih.gov/pubmed/31465282
https://doi.org/10.1016/j.carres.2021.108368
https://doi.org/10.1016/j.ijbiomac.2021.12.129
https://doi.org/10.1016/j.ijbiomac.2023.125875
https://doi.org/10.1186/1472-6750-8-89
https://doi.org/10.1016/j.vetimm.2020.110059
https://www.ncbi.nlm.nih.gov/pubmed/32408182
https://doi.org/10.1586/14760584.2015.956729
https://doi.org/10.3390/nano12020186
https://doi.org/10.1016/j.colsurfa.2024.133998
https://doi.org/10.1016/j.ejpb.2014.07.003
https://www.ncbi.nlm.nih.gov/pubmed/25016975
https://doi.org/10.1155/2020/8886095
https://doi.org/10.1016/j.ijbiomac.2020.03.124
https://www.ncbi.nlm.nih.gov/pubmed/32194106
https://doi.org/10.1517/17425247.2012.697455
https://www.ncbi.nlm.nih.gov/pubmed/22708875
https://doi.org/10.1111/j.1365-2672.1993.tb05195.x
https://doi.org/10.1016/j.ijbiomac.2021.02.056
https://doi.org/10.1016/j.cimid.2010.02.004
https://doi.org/10.1089/vim.2018.0108
https://doi.org/10.1021/bm200576h
https://doi.org/10.1016/j.jff.2023.105520
https://doi.org/10.1111/j.1365-3083.2009.02319.x
https://www.ncbi.nlm.nih.gov/pubmed/19906191
https://doi.org/10.1016/j.vetmic.2019.06.003
https://www.ncbi.nlm.nih.gov/pubmed/31282365
https://doi.org/10.1016/j.virol.2023.109880
https://doi.org/10.1186/s13567-020-00883-w

Vaccines 2025, 13, 421 16 of 16

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Zhou, Y.,; Chen, C.; Chen, Y,; Liu, Z.; Zheng, ].; Wang, T.; Luo, H.; Liu, Y.; Shan, Y.; Fang, W.; et al. Effect of route of inoculation on
innate and adaptive immune responses to porcine epidemic diarrhea virus infection in suckling pigs. Vet. Microbiol. 2019, 228,
83-92. [CrossRef]

Wang, D.; Fang, L.; Xiao, S. Porcine epidemic diarrhea in China. Virus Res. 2016, 226, 7-13. [CrossRef] [PubMed]

Sun, D.B.; Feng, L.; Shi, H.Y.; Chen, ].E; Liu, SSW.; Chen, H.Y.; Wang, Y.F. Spike protein region (aa 636789) of porcine epidemic
diarrhea virus is essential for induction of neutralizing antibodies. Acta Virol. 2007, 51, 149-156.

Bonam, S.R.; Partidos, C.D.; Halmuthur, S.K.M.; Muller, S. An overview of novel adjuvants designed for improving vaccine
efficacy. Trends Pharmacol. Sci. 2017, 38, 771-793. [CrossRef]

Patra, P.; Upadhyay, T.K.; Alshammari, N.; Saeed, M.; Kesari, K.K. Alginate-Chitosan Biodegradable and Biocompatible Based
Hydrogel for Breast Cancer Immunotherapy and Diagnosis: A Comprehensive Review. ACS Appl. Bio Mater. 2024, 7, 3515-3534.
[CrossRef]

Li, X,; Xing, R.; Xu, C,; Liu, S; Qin, Y;; Li, K; Yu, H.; Li, P. Immunostimulatory effect of chitosan and quaternary chitosan: A
review of potential vaccine adjuvants. Carbohydr. Polym. 2021, 264, 118050. [CrossRef]

Di-Qiu, L.; Jun-Wei, G.; Xin-Yuan, Q.; Yan-Ping, J.; Song-Mei, L.; Yi-Jing, L. High-level mucosal and systemic immune responses
induced by oral administration with Lactobacillus-expressed porcine epidemic diarrhea virus (PEDV) S1 region combined with
Lactobacillus-expressed N protein. Appl. Microbiol. Biotechnol. 2011, 93, 2437-2446. [CrossRef]

Wang, X.; Wang, L.; Huang, X.; Ma, S.; Yu, M.; Shi, W.; Qiao, X,; Tang, L.; Xu, Y.; Li, Y. Oral delivery of probiotics expressing
dendritic cell-targeting peptide fused with porcine epidemic diarrhea virus COE antigen: A promising vaccine strategy against
PEDV. Viruses 2017, 9, 312. [CrossRef] [PubMed]

Qiao, N.; Du, G.; Zhong, X.; Sun, X. Recombinant lactic acid bacteria as promising vectors for mucosal vaccination. Exploration
2021, 1, 20210026. [CrossRef] [PubMed]

Ahmad, K,; Zhang, Y.; Chen, P; Yang, X.; Hou, H. Chitosan interaction with stomach mucin layer to enhances gastric retention
and mucoadhesive properties. Carbohydr. Polym. 2024, 333, 121926. [CrossRef] [PubMed]

Huang, M.; Zhang, M.; Zhu, H.; Du, X.; Wang, J. Mucosal vaccine delivery: A focus on the breakthrough of specific barriers. Acta
Pharm. Sin. B 2022, 12, 3456-3474. [CrossRef]

das Neves, J.; Arzi, R.S.; Sosnik, A. Molecular and cellular cues governing nanomaterial-mucosae interactions: From
nanomedicine to nanotoxicology. Chem. Soc. Rev. 2020, 49, 5058-5100. [CrossRef]

Lang, X.; Wang, T.; Sun, M.; Chen, X.; Liu, Y. Advances and applications of chitosan-based nanomaterials as oral delivery carriers:
A review. Int. J. Biol. Macromol. 2020, 154, 433-445. [CrossRef]

Mohammadi, Z.; Eini, M.; Rastegari, A.; Tehrani, M.R. Chitosan as a machine for biomolecule delivery: A review. Carbohydr.
Polym. 2021, 256, 117414. [CrossRef]

Zhang, Y.; Xiong, G.M,; Ali, Y.; Boehm, B.O.; Huang, Y.Y.; Venkatraman, S. Layer-by-layer coated nanoliposomes for oral delivery
of insulin. Nanoscale 2020, 13, 776-789. [CrossRef]

Bekhit, M.; Sinchez-Gonzélez, L.; Ben Messaoud, G.; Desobry, S. Encapsulation of Lactococcus lactis subsp. lactis on alginate /pectin
composite microbeads: Effect of matrix composition on bacterial survival and nisin release. J. Food Eng. 2016, 180, 1-9. [CrossRef]
Maleki, G.; Woltering, E.J.; Mozafari, M.R. Applications of chitosan-based carrier as an encapsulating agent in food industry.
Trends Food Sci. Technol. 2022, 120, 88-99. [CrossRef]

Muyzer, G.; De WaalA, E.C. Uitterlinden, Profiling of complex microbial populations by denaturing gradient gel electrophoresis
analysis of polymerase chain reaction-amplified genes coding for 165 rRNA. Appl. Environ. Microbiol. 1993, 59, 695-700. [CrossRef]
Desfossés-Foucault, E.; Dussault-Lepage, V.; Le Boucher, C.; Savard, P.; LapointeD, G. Roy, Assessment of probiotic viability
during Cheddar cheese manufacture and ripening using propidium monoazide-PCR quantification. Front. Microbiol. 2012, 3, 350.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.vetmic.2018.11.019
https://doi.org/10.1016/j.virusres.2016.05.026
https://www.ncbi.nlm.nih.gov/pubmed/27261169
https://doi.org/10.1016/j.tips.2017.06.002
https://doi.org/10.1021/acsabm.3c00984
https://doi.org/10.1016/j.carbpol.2021.118050
https://doi.org/10.1007/s00253-011-3734-0
https://doi.org/10.3390/v9110312
https://www.ncbi.nlm.nih.gov/pubmed/29068402
https://doi.org/10.1002/EXP.20210026
https://www.ncbi.nlm.nih.gov/pubmed/37323212
https://doi.org/10.1016/j.carbpol.2024.121926
https://www.ncbi.nlm.nih.gov/pubmed/38494203
https://doi.org/10.1016/j.apsb.2022.07.002
https://doi.org/10.1039/C8CS00948A
https://doi.org/10.1016/j.ijbiomac.2020.03.148
https://doi.org/10.1016/j.carbpol.2020.117414
https://doi.org/10.1039/D0NR06104B
https://doi.org/10.1016/j.jfoodeng.2016.01.031
https://doi.org/10.1016/j.tifs.2022.01.001
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.3389/fmicb.2012.00350

	Introduction 
	Materials and Methods 
	Construction of Recombinant L. lactis Strains 
	Preparation of Alginate–Chitosan Encapsulated L. lactis 
	Western Blotting 
	Immunization Schedule and Samples Collection 
	Antibody and Cytokine Assay by Indirect Enzyme-Linked Immunosorbent Assay (ELISA) 
	Lymphocyte Proliferation Assay 
	Statistical Analysis 

	Results 
	Identification of Recombinant L. lactis NZ3900 
	Characterization and Performance of Capsule Vaccine in Digestive Environments 
	Alginate–Chitosan L. lactis NZ3900/pNZ8149-S Vaccine Induced Higher PEDV-Specific IgG and sIgA Antibodies in Mice 
	Alginate–Chitosan L. lactis NZ3900/pNZ8149-S Vaccine Induced Significantly Increased IFN-r, IL-4, and IL-10 Cytokine in Vaccinated Mice 
	The Lymphocytes Proliferation 

	Discussion 
	Conclusions 
	References

