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Introduction: The development of a hepatitis E virus (HEV) vaccine is critical, with 
ORF2 capsid protein as the main target. We previously demonstrated that oral 
coadministration of recombinant ORF2 with immunomodulatory bacterium-like-
particles (IBLP) induces a specific immune response in mice, particularly using IBLP 
derived from Lacticaseibacillus rhamnosus IBL027 (IBLP027), which was effective 
in eliciting a local humoral response. IBLP are non-live bacteria with adjuvant and 
carrier properties, serving as a platform for exposing proteins or antigens fused to 
LysM (lysine motif) domains, protein modules that bind to cell wall polysaccharides 
like peptidoglycan.

Materials: We cloned the most immunogenic domain of ORF2 (O2P2) fused to 
five LysM domains (LysM5O2P2) and displayed this chimeric protein on the surface 
of IBLP027 to create a prototype vaccine (IBLP027-LysM5O2P2). We evaluated its 
capacity to induce an immune response in vivo by immunizing mice with three 
doses of either the experimental vaccine or the chimeric protein alone, using 
an oral or a combined schedule with subcutaneous priming followed by oral 
boosting. Control groups received IBLP027. Sera and small intestine fluid were 
analyzed for humoral response, while Peyer’s patches and spleen immune cells 
were used for ex vivo stimulation with capsid protein to assess cellular response.

Results: The oral scheme failed to elicit an IgG response, but this was overcome 
by a subcutaneous priming dose followed by oral boosters, which led to 
increasing IgG titers in the combined scheme. The highest IgG titers were seen 
in the vaccine prototype group. Most groups produced significantly higher IgA 
levels in intestinal fluid, especially in those that received the oral scheme. Cellular 
response studies showed increased tumor necrosis factor (TNF)-α, interferon 
(IFN)-γ interleukin (IL)-4, and IL-17 levels in groups receiving the chimeric protein 
via oral or combined schedules.

Conclusion: Further and continuous research is needed to better understand 
both the needs and expectations of students and supervisors in different 
academic realities, including in Veterinary Medicine schools, from which the 
information available on the subject is scarce.
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1 Introduction

The hepatitis E virus (HEV) is a causative agent of hepatitis, 
responsible for 20 million infections and 44,000 deaths annually (Webb 
and Dalton, 2019; World Health Organization, 2023). HEV is a single-
stranded, positive-sense RNA virus with a genome comprising three open 
reading frames (ORFs). ORF1 encodes a non-structural polyprotein 
necessary for HEV replication, ORF2 the capsid protein, and ORF3 a 
small phosphoprotein involved in virion release (Sayed and Meuleman, 
2020; Wang et al., 2018). The main target for vaccine development is 
ORF2, which consists of three domains: S (shell, 129–319aa), M (middle, 
320–455aa), and P (protruding, 456–606aa) (Yin and Feng, 2019). The P 
domain within ORF2 is crucial for viral-host interactions and contains 
neutralizing epitopes (Zhao et al., 2015; Cancela et al., 2022).

Among the genotypes that primarily infect human beings, HEV 
genotype 1 (HEV-1) and HEV-2 are mainly transmitted through the fecal-
oral route, typically from consuming contaminated water (World Health 
Organization, 2023; Cancela et al., 2022). Additionally, cases of vertical 
transmission and transmission through blood transfusions have been 
documented (Sharma et al., 2017; Wu et al., 2020; Marion et al., 2019). 
HEV-3 and HEV-4 circulate in animals such as pigs, wild boars, and deer, 
but also infect humans. Swine serve as the main reservoir for HEV-3, and 
although the virus does not manifest clinically in swine, close contact with 
infected pigs or the consumption of meat derivatives increases the risks 
of infection. Reducing HEV infection rates in humans and swine is 
essential to limit zoonotic transmission and mitigate public health risks. 
By controlling the virus in swine, might be substantially reduced.

A recombinant vaccine, Hecolin®, based on the capsid protein 
ORF2 (368–606aa) of a Chinese HEV-1 strain, has been licensed in 
Pakistan and China (Zhang et al., 2016; Øverbø et al., 2023). This 
intramuscular vaccine has proven effective (Huang et al., 2024; Kao 
et al., 2024); therefore, the World Health Organization, during the latest 
SAGE (Strategic Advisory Group of Experts on Immunization) 
meeting, recommended vaccination for women of childbearing age, 
including pregnant women, during outbreaks (Strategic Advisory 
Group of Experts, 2024). In fact, the first ever mass vaccination 
campaign against hepatitis E in response to an outbreak was 
implemented in 2022  in South Sudan targeting 27,000 residents 
(Nesbitt et al., 2024). Nevertheless, the WHO also highlighted that, 
there is limited data regarding the vaccine safety in certain 
subpopulations such as pregnant women, pediatric subjects (<16 years 
of age) and individuals with underlying conditions such as 
immunosuppression (Strategic Advisory Group of Experts, 2024). 
Additionally, data on cross-protection against HEV-3 remain 
unavailable (World Health Organization, 2015). Recombinant vaccines 
are generally considered safe (Lenart et al., 2024). They have been 
successfully used for protection against several infectious diseases, such 
as those caused by Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), hepatitis B virus (HBV) and human papilloma virus 
(HPV) (Lenart et al., 2024; Fabrizi et al., 2020; Zaman et al., 2024). 
Nevertheless, a key limitation of recombinant vaccines is their reliance 
on adjuvants to enhance the immune response.

Lactic acid bacteria (LAB) have long been studied as potential 
delivery systems and/or adjuvants for mucosal vaccines due to their 

immunomodulatory properties and GRAS (generally regarded as safe) 
status. Recombinant LAB expressing pathogen antigens on their cell 
walls have been used as oral or nasal vaccines with the ability to induce 
specific mucosal and systemic immune responses in animal models 
(Villena et al., 2008; Bermúdez-Humarán et al., 2004). However, the 
administration of genetically modified organisms raises several 
concerns including environmental, health, and ethical considerations.

An alternative to genetically modified LAB is bacterium-like 
particles (BLPs), produced by treating LAB with hot acid to kill the 
bacteria, remove DNA and cytoplasmic proteins, and expose cell wall 
peptidoglycan (Raya Tonetti et al., 2020). Some BLPs, depending on the 
strain and administration route, act as adjuvants, modulating mucosal 
immune responses (Raya Tonetti et al., 2020; Villena and Kitazawa, 2020; 
Sudo et al., 2023). Their cost-effectiveness and ease of production have 
made them useful in developing mucosal vaccine candidates (Wang 
et al., 2022; Li et al., 2019; Liu et al., 2017). Further, our prior findings 
indicated that oral immunization with recombinant ORF2, 
co-administered with BLPs derived from immunobiotic lactobacilli 
(IBLP), elicits a specific immune response (Arce et al., 2020).

As HEV primarily enters through mucosal surfaces, an effective 
mucosal vaccine should block viral propagation at the entry point. 
Designing such vaccines requires strategies to protect antigens from the 
harsh mucosal environment, such as anchoring recombinant proteins to 
the surface of beneficial microorganisms like LAB (Michon et al., 2016).

The LysM motif, a cell wall binding domain, is an ubiquitous 
motif, spanning 42–65 amino acids, found in over 4,000 proteins 
across prokaryotes and eukaryotes. These motifs selectively attach to 
N-acetylglucosamine residues of peptidoglycan through non-covalent 
interactions (Desvaux et al., 2006; Bosma et al., 2006). In previous 
studies, LysM domains have been fused to antigens allowing the 
antigen to be exposed at the BLP surface. In this way, the BLP acts 
both as adjuvant and carrier (Li et al., 2019; Liu et al., 2017; Bosma 
et al., 2006; Raya-Tonetti et al., 2021). This binding is immediate and 
robust, as we have evidenced it before (Raya-Tonetti et al., 2021).

The goal of this study was to clone the protruding domain of HEV-3 
ORF2 (O2P2) as a chimeric protein fused to LysM motifs (LysM5O2P2) 
to expose it on the surface of Lacticaseibacillus rhamnosus IBL027 
derived IBLPs. Then, to evaluate the immunogenic properties of 
LysM5O2P2 alone or IBLP027-LysM5O2P2 complexes by administering 
them to BALB/c mice following two different administration schedules: 
a three-dose oral regimen or a combined regimen involving one 
subcutaneous dose followed by two oral boosters (Figure 1A).

2 Materials and methods

2.1 Construction of recombinant plasmids

O2P2 with attB sites was amplified by a nested PCR using the 
pMKORF2 GT-3 plasmid, a designed plasmid, as template. Briefly, the 
“first round PCR primer set” used was HEVORF2-452-608-Fw: 
5′-AAAAAGCAGGCTCCGCCATGCCTACCCCTTCCCCTGCT-3′ 
and HEVORF2-452-608-Rv: 5′-AGAAAGCTGGGTCAGCCAGA 
GCGGAGTGGGG-3′. The “second round PCR primer set” was Fw: 
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5′-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3′ and Rv: 
5′-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3′. The PCR 
product was gel purified using the Agarose gel DNA extraction Kit 2 
(Roche) and recombinantly cloned into containing the attP sites 
using the BP Clonase II enzyme mix (Invitrogen, Germany) 
according to the manufacturer’s instructions. BP reactions were 
incubated at room temperature overnight and subsequently 
transformed into chemically competent E. coli TOP10. Plasmidic 
DNA of individual colonies grown on LB plates supplemented with 
12.5 μg/mL gentamicin (Invitrogen, Germany) was isolated using 
the QIAprep Spin Miniprep Kit (Qiagen, Germany) (Vizoso Pinto 
et al., 2010). The pENTRO2P2 vector was verified by BanII (New 
England Biolabs, Germany) restriction analysis and forward 
sequencing (Macrogen).

LR recombination reactions using the LR Clonase II enzyme 
mix (Invitrogen, Germany) were performed according to the 
manufacturer’s instructions. The pENTRO2P2 vector containing 
the O2P2 sequence flanked by attL sites was recombinatorially 
cloned into the customized vector pENHAc[rfB] containing the 
attR sites. This vector allows the expression of chimeric proteins 
with a LysM5 anchor (Raya-Tonetti et  al., 2021). LR clonase 
reaction was incubated at 37°C for 2 h and subsequently 
transformed into chemically competent E. coli TOP10. Plasmid 
DNA of individual colonies grown on LB plates supplemented 
with 100 μg/mL ampicillin (Sigma-Aldrich, Germany) was isolated 
as described above. The integrity of the resulting pENHAcO2P2 

vector was verified by EcoRV (New England Biolabs, Germany) 
(Vizoso Pinto et al., 2010).

2.2 Expression and purification of ORF2 
and the chimeric protein LysM5O2P2

Chemical competent E. coli Rosetta cells were transformed by heat 
shock with pENHAcO2P2 or pETG-N-His-ORF2, and the positive 
clones were selected on plates with LB medium supplemented with 
100 μg/mL ampicillin and 17 μg/mL chloramphenicol. Individual 
colonies were selected, and the production of the recombinant protein 
was evaluated. The LB broth with corresponding antibiotics was 
inoculated with each clone, after growing to A600nm = 0.3 at 37°C with 
shaking, the protein expression was induced with 1 mM isopropyl-β-
d-thiogalactoside (IPTG), until an A600nm = 0.7–0.8 was reached. 
Bacterial lysis was performed as described by Raya-Tonetti et  al. 
(2021). The chimeric protein LysM5O2P2 was mainly found in the 
inclusion bodies, which were solubilized in a buffer containing 8 M 
urea obtaining a fraction called Sn2. ORF2 was mainly found in 
cytoplasm and purified under native conditions by affinity 
chromatography (NiNTA, Thermo Scientific). This protein was used 
for the ex  vivo stimulation assays and the ELISA assays. Protein 
expression was evaluated with SDS-PAGE followed by Coomassie 
Brilliant Blue’s staining and checked by western blotting using a mouse 
monoclonal anti-RGS-His antibody (Qiagen).

FIGURE 1

Schematic diagram of O2P2 protein, IBLP027 particle preparation and mice immunization. (A) pENHAcO2P2 is the expression plasmid used to 
generate the fusion protein. IBLP obtained by heat and acid treatment were mixed to obtained the LysM5O2P2-IBLP complexes for immunization of 
mice following either an oral or a combined schedule with subcutaneous + oral immunization of BALB/c mice. (B) The SDS-PAGE gel stained with 
Coomassie shows the IBLPs alone, and the complexes loaded with two different concentrations of LysM5O2P2, 5 and 40 μg, respectively.
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2.3 Preparation of IBLP027-LysM5O2P2 
complexes

L. rhamnosus IBL027 deposited in the Culture Collection of 
the Faculty of Biochemistry, Chemistry and Pharmacy of the 
National University of Tucumán (Tucumán, Argentina), was 
grown for 12 h at 37°C in Man-Rogosa-Sharpe (MRS) broth (final 
log phase). IBLP were prepared as described before and stored at 
−20°C until use (Arce et al., 2020). For protein purification, IBLP 
particles were used to bind LysM5-tagged proteins. Initially, a 
binding assay was performed by mixing two volumes of the Sn2 
fraction with one volume of 109 IBLP particles per mL, incubating 
the mixture for 3 min at room temperature. The mixture was then 
centrifuged at 7,500 rpm for 3 min, and the supernatant was 
discarded. The resulting pellet, containing IBLP027-LysM5O2P2 
complexes, was washed with PBS (pH 7.4), and resuspended in 
one volume of PBS. At this stage, the LysM-tagged proteins were 
strongly bound to the exposed peptidoglycan of the IBLP particles 
via non-covalent interactions. To eliminate non-specific binding 
of E. coli proteins, the chimeric protein was eluted in one volume 
of 8 M urea in PBS. Following centrifugation at 7,500 rpm for 
3 min, three eluates enriched with the chimeric protein were 
collected. The protein concentration was determined using the 
Bradford method (Bio-Rad), following the manufacturer’s 
instructions, and the purified protein was stored at −70°C until 
use. The control protein, LysM5O2P2, was dialyzed before 
immunization. For obtaining the IBLP027-LysM5O2P2 
complexes, the eluates, containing the purified protein, were 
diluted 1:100 in PBS and re-incubated with IBLP and were washed 
three times with PBS to get rid of urea traces. The final bound 
protein was assessed using SDS-PAGE, and band intensities were 
quantified using ImageJ by comparing them to an albumin 
standard curve. An in-house monocyte activation test was 
conducted to confirm that the products were free of endotoxins 
(Vipond et al., 2019).

2.4 Western blotting

To confirm the presence of the chimeric protein, the bacterial 
supernatant and the purified protein were subjected to SDS-PAGE, and 
subsequently transferred onto nitrocellulose using a Trans-Blot® 
Semi-Dry Transfer Cell (BioRad) at 22 V for 45 min. Initially, the 
membrane was blocked with 5% skimmed milk in PBS-T, a mouse anti-
RGS-His antibody (1:2,000, Qiagen) was applied. Subsequently, a second 
antibody, anti-mouse peroxidase-labeled (α-Mo Pox, 1:2,000, Dako), 
along with DAB as the substrate were used to reveal the specific band.

2.5 Experimental vaccines and mice 
immunization protocol

Forty μg of LysM5O2P2 alone or the same amount displayed 
on the surface of 2.5 × 108 IBLP were administered to six-week-old 
male Balb/c mice obtained from a closed colony kept at the 
National University of Rio Cuarto (Cordoba, Argentina). During 
the experiments, animals were fed with conventional balanced diet 
ad libitum. Mice were randomly divided into groups (n = 5) to 
receive three immunizations every 14 days with either the 
chimeric protein or the complexes IBLP027-LysM5O2P2 following 
either an oral route or a combined schedule in which the first dose 
was administered subcutaneously followed by two oral boosts. 
Immunizations with IBLP027 alone served as a negative control 
(Figure 2).

2.6 Tissue and fluids sampling

Blood samples were collected from the submandibular capillary 
plexus immediately before each immunization (t0, t1, t2). Seven days 
after the last dose, mice were euthanized, blood was obtained through 
cardiac puncture (t3) and intestinal fluid was collected by flushing the 

FIGURE 2

Immunization protocol: mice were divided into three groups (5 mice each) and subjected to two immunization schemes: three oral doses or one 
subcutaneous dose followed by two oral doses. Group 1 (IBLP027): control group receiving only IBLP027. Group 2 (LysM5O2P2): immunized with the 
chimeric protein LysM5O2P2 without adjuvant. Group 3 (IBLP027-LysM5O2P2): immunized with LysM5O2P2 displayed on the surface of IBLP027.
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small intestine with PBS supplemented with a protease inhibitor 
cocktail (Complete, Roche). Sera and fluids were frozen at −70°C 
until use.

Mononuclear cells from Peyer’s patches (PP) and spleen were 
isolated following standard methodologies. Briefly, PP or spleen cell 
suspensions were obtained by mechanical disaggregation. After lysing 
the erythrocytes by a 10 s incubation in distilled water and five washes 
in cold PBS, the cells were resuspended in PBS and quantified in a 
Neubauer chamber. Viability was determined by trypan blue exclusion.

2.7 Specific antibodies determination

Anti-HEV ORF2 specific antibodies in serum and intestinal fluid 
were determined using enzyme-linked immunosorbent assays 
(ELISA) as reported by Arce et  al. (2020), with minor changes 
(Zhang et al., 2016). Purified native HEV GT3 ORF2 was coated 
(1 μg/mL) onto 96-well high-binding microtiter plates and blocked 
with 1% gelatine. Gut fluid (diluted 1:2) and serial serum dilutions 
were incubated for 1 h at 37°C. Anti-ORF2 specific mouse antibodies 
were detected using HRP-conjugated antibodies directed to mouse 
IgG-Fc (MP Biomedicals, Inc.) (1:1,000) or biotin-conjugated 
antibodies against IgA-Fc (1:250) (Sigma-Aldrich, St. Louis, MO, 
United States) followed by streptavidin-HRP conjugated (1:1,000) 
(Sigma-Aldrich, St. Louis, MO, United  States). The endpoint 
enzymatic activity was detected with TMB (Sigma-Aldrich) as 
substrate. The reaction was stopped with 0.1 M H3PO4 and measured 
at 450 nm in a microplate reader. When possible, the specific IgG 
titer was obtained as GMT. The cutoff value was determined as the 
mean absorbance plus 3 standard deviations of a panel of sera from 
naïve mice (t0).

2.8 Cytokine measurement procedures

To investigate both local and systemic cellular immune responses, 
mononuclear cells obtained from PP and spleen were individually 
subjected to ex vivo stimulation with the HEV capsid protein (0.5 μg/
well) in 24 well plates seeded with 4 × 106 cells/well. Subsequently, the 
levels of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, 
interleukin (IL)-4, and IL-17 were quantified from the culture 
supernatants after a 24-h stimulation with the native ORF2. This 
measurement was conducted using commercially available enzyme-
linked immunosorbent assay (ELISA) kits, adhering to the 
manufacturer’s recommendations (R&D Systems, MN, United States).

2.9 Evaluation of resistance to 
gastrointestinal conditions in vitro

To evaluate the stability of IBLP027-LysM5O2P2 complexes 
under gastrointestinal conditions, a volume of freshly formed 
complexes was mixed and incubated at 37°C with an equal volume 
of buffers mimicking saliva (NaCl 6.2 g/L; KCl 2.2 g/L; CaCl2 
0.22 g/L; NaHCO3 1.2 g/L pH 7.2), gastric fluid (NaCl 6.2 g/L; KCl 
2.2 g/L; CaCl2 0.22 g/L; NaHCO3 1.2 g/L pH 2.5) or intestinal fluid 
(NaHCO3 6.4 g/L; KCl 0.239 g/L; NaCl 1.28 g/L; sodium deoxycholate 
monohydrate 0.5%, pancreatin protease >1,900 USP). Incubations 

were performed with shaking for 5, 60 and 120 min to simulate 
digestion in saliva, gastric fluids and intestinal fluids, respectively. 
Incubation with PBS for 120 min acted as control. The assay was done 
in duplicate. After each incubation period, samples were examined 
using SDS-PAGE.

2.10 Statistical analysis

Experiments were performed in duplicates and results were 
expressed as mean ± standard deviation (SD). After verification of the 
normal distribution of data one-way ANOVA was used. Tukey’s test 
(for pairwise comparisons of the means) was used to test differences 
between the groups. Differences were considered significant at 
p < 0.05.

Graphics were prepared using BioRender.

2.11 Ethical statement

All methods were carried out in accordance with relevant 
guidelines and regulations. All experiments were approved by the 
Ethical Committee of Animal Care CONICET (Research protocol 
025/2019).

3 Results

3.1 Identification of recombinant 
expression plasmid

A nested PCR product of 552 bp was checked in agarose gel 
electrophoresis (Supplementary Figure S1A). The entry plasmid 
pENTR-O2P2 (Supplementary Figure S1B) and the expression 
plasmid, pENHAc-O2P2 (Supplementary Figure S1C), were 
confirmed using restriction endonuclease digestion with BanII and 
EcoRV, respectively. Agarose gel electrophoresis revealed the backbone 
matching the expected sizes (Supplementary Figure S1C). The 
sequencing results aligned with the reference sequences.

3.2 Expression and purification of chimeric 
protein LysM5O2P2

We produced a recombinant protein that includes the ORF2 P 
domain, the most immunogenic domain of HEV-3 ORF2 and five 
LysM domains, enabling its attachment to the cell wall of 
immunomodulatory lactobacilli. The recombinant protein, 
LysM5O2P2 (55 kDa), was expressed in E. coli Rosetta transformed 
with pENHAcO2P2. The protein was present mainly in the 
inclusion bodies which, after being solubilized, kept the 
peptidoglycan binding properties suggesting a proper refolding of 
the LysM domains. The protein’s identity was confirmed by 
SDS-PAGE and western blotting (Supplementary Figure S2). For 
purification, we  captured the chimeric protein from the 
supernatant to the IBLP surface by its peptidoglycan affinity and 
subsequently released it using urea. The purified protein was used 
to generate the IBLP027-LysM5O2P2 complexes (Figure 1).

https://doi.org/10.3389/fmicb.2024.1512018
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.biorender.com/


Müller et al. 10.3389/fmicb.2024.1512018

Frontiers in Microbiology 06 frontiersin.org

3.3 Efficacy of oral IBLP027-LysM5O2P2 
complexes administration at inducing local 
but not systemic humoral response

To evaluate the immunogenicity elicited by the vaccine prototype, 
mice received LysM5O2P2 alone or displayed on the surface of 
IBLP027 following a three-dose oral or combined immunization 
schedule. When following the oral scheme, LysM5O2P2 was able to 
induce specific anti-ORF2 IgA antibodies in the gut, and more 
importantly, the administration of the complexes induced a 
significantly (p < 0.05) higher level of anti-ORF2 IgA antibodies 
response as it is shown in Figure 3A, demonstrating once more the 
adjuvant activity of IBLP027. On the other hand, no specific anti-
ORF2 IgG antibodies were detected in the groups immunized with 
LysM5O2P2 or the complexes (Figure 3B).

3.4 A combined administration schedule 
with IBLP027-LysM5O2P2 complexes was 
efficient at inducing mucosal and systemic 
immune responses

As it is shown in Figure 4A, when evaluating humoral responses, 
only the group of mice that were immunized with IBLP027-
LysM5O2P2 complexes were able to induce specific anti-ORF2 IgA 
antibodies. Regarding the systemic immune response, after the first 
dose, the group receiving only LysM5O2P2 achieved a geometric mean 
titer of 3,851 anti-ORF2 antibodies while the mice that were 
immunized with the complexes elicited a titer of 9,502. The second 
immunization elicited higher titers anti-ORF2 (15,975 and 15,879), 
but no significant difference was found between these two groups. 

When the combined scheme was finished, mice receiving the chimeric 
protein reached a final titer of 28,354 average while the ones that 
received LysM5O2P2 displayed on the surface of IBLP027 obtained a 
titer of 37,910 anti-ORF2 antibodies (Figure  4B). Hence, 
we demonstrated that co-administration with IBLP027 significantly 
enhances the specific humoral response elicited by LysM5O2P2, 
underscoring the immuno-enhancing effect of IBLP027. Notably, our 
results indicate that a single subcutaneous dose was enough to initiate 
a systemic humoral response, with subsequent oral doses further 
amplifying this response.

Ex vivo stimulation of PP and spleen mononuclear cells with the 
antigen was performed to assess the specific cellular immune response. 
Following this stimulation, elevated levels of TNF-α, IFN-γ, and IL-4 
were observed in groups immunized with either the chimeric protein 
or the IBLP027-LysM5O2P2 complexes compared to the control group 
(Figure 5). Notably, the highest concentrations of these cytokines were 
detected in the group receiving IBLP027-LysM5O2P2 complexes. In 
contrast, enhanced IL-17 responses were observed only in splenocytes 
obtained from mice immunized with IBLP027-LysM5O2P2 complexes 
(Figure 5B).

3.5 LysM5O2P2 does not fully resists the 
gastrointestinal conditions

Due to the differences observed in the IgG response elicited by the 
mice following the two immunization schemes, we  conducted an 
in vitro gastrointestinal stability assay to assess the integrity of the 
chimeric protein. The assay involved incubating the IBLP027-
LysM5O2P2 complexes in buffers simulating saliva, gastric, and 
intestinal fluids. As shown in Figure 6 the lysozyme in the saliva buffer 

FIGURE 3

Evaluation of the humoral immune response in mice following the oral immunization schedule. Mice were immunized orally with either IBLP027 
(control group), the chimeric protein alone (LysM5O2P2) or the IBLP027-LysM5O2P2 complexes. (A) Specific anti-ORF2 IgA was determined by ELISA in 
gut fluids obtained from mice at day 35. (B) Specific anti-ORF2 IgG was determined by ELISA in sera obtained from mice after 14 (t1), 21 (t2) or 35 (t3) 
days after the 1st immunization. The cut-off value was set as the mean absorbance ±3 SD from a panel of negative sera (t0). ANOVA was followed by 
Tukey’s test (for pairwise comparisons of the means) to evaluate the differences between the groups. **p < 0.01, and ****p < 0.0001.
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and the extreme pH of the gastric fluid did not compromise the 
integrity of the protein attached to the surface of IBLP027. However, 
the chimeric protein underwent significant proteolysis when exposed 
to pancreatin in the intestinal fluid. Thus, we hypothesize that during 
priming, the protein levels were below the threshold needed to trigger 
an IgG response. This degradation likely explains the absence of IgG 
antibodies in mice following the oral immunization schedule.

4 Discussion

Mucosal vaccines administered orally face numerous challenges, 
such as digestive enzymes and extreme pH (Kiyono et  al., 2021), 
which must be overcome to deliver antigens to intestinal epithelium 
to be processed by M cells to reach the antigen presenting cells (APCs) 
(Snapper, 2018). Additionally, reaching the inductive site with the 
appropriate concentration is essential for triggering an immune 
response (Snapper, 2018), since there is a high probability of 
proteolytic degradation of antigens on mucosal surfaces, may require 
larger amounts of antigens, potentially risking oral tolerance 
(Mestecky et al., 2007).

LAB have been widely studied as platforms for mucosal vaccines, 
including recombinant lactobacilli and lactococci expressing surface 
antigens. Oral immunization with recombinant Lactococcus lactis 
expressing the protective P protein of Streptococcus pneumoniae 

induced protective immunity in mice, eliciting specific IgG and IgA 
in gut fluids and increasing IFN-γ and IL-4 production in splenocytes 
(Villena et al., 2008). Similarly, intranasal delivery of recombinant 
L. lactis expressing the HPV E7 oncoprotein anchored to its cell wall 
boosted IFN-γ and IL-2 production in splenocytes (Bermúdez-
Humarán et al., 2004). These findings highlight LAB’s potential as 
adjuvants for mucosal vaccines and suggest postbiotic IBLPs as 
promising platforms for presenting recombinant antigens.

The chimeric protein LysM5O2P2 (Supplementary Figures S1, S2) 
obtained in this work exhibits a strong binding affinity to the 
peptidoglycan, leading to the formation of IBLP027-LysM5O2P2 
complexes (Figure  1). Oral immunization with the complexes 
following either immunization schedule, induced specific anti-ORF2 
IgA antibodies (Figures 3A, 4A), which may provide protection at the 
port of entry. However, beyond a local response, the development of 
a systemic response is crucial. Indeed, the antibody response in serum 
represents the most extensively studied immune response to HEV 
(Walker, 2019; Bryan et al., 1994; Huang et al., 2010). Some studies 
suggest that reinfections may occur in individuals immunized with 
low preexisting antibody titers (Bryan et al., 1994), and it has been 
observed that immunocompromised patients with low IgG levels tend 
to develop chronic hepatitis (Pas et al., 2012; Dalton et al., 2009). 
Notably, the oral schedule failed to elicit anti-ORF2 IgG antibodies 
(Figure  3B), whereas the combined regimen did (Figure  4B). 
Therefore, the initial subcutaneous dose was necessary to elicit a 

FIGURE 4

Evaluation of the humoral immune response in mice following the combined immunization schedule. Mice were immunized with a first subcutaneous 
dose, followed by two nasal boosters with either IBLP027 (control group), the chimeric protein alone (LysM5O2P2) or the IBLP027-LysM5O2P2 
complexes. (A) Specific anti-ORF2 IgA was determined by ELISA in gut fluids obtained from mice at day 35. (B) Specific anti-ORF2 IgG was determined 
by ELISA in sera obtained from mice after 14 (t1), 21 (t2) or 35 (t3) days after the 1st immunization. The cut-off value was set as the mean absorbance 
±3 SD from a panel of negative sera (t0). ANOVA was followed by Tukey’s test (for pairwise comparisons of the means) to evaluate the differences 
between the groups. ***p < 0.001, and ****p < 0.0001.
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systemic humoral response, which further induced increasing titers 
with each subsequent booster dose.

The cellular response was further studied in mice following the 
combined scheme only. When using PP ex vivo, the APCs in the 
tissue (especially dendritic cells) can still process antigens and 
present them to T cells, as these cells are already part of this tissue 
(Yoshida et al., 2002). This model is particularly useful for studying 
mucosal immune responses. Spleen is a major organ involved in 
systemic immune responses. Splenocytes, a mix of immune cells 
including T cells, B cells, and APCs can be isolated, cultured and 
stimulated with antigens to assess systemic cellular responses. In 
this study, the ex  vivo stimulation of primary cultures of 
splenocytes and mononuclear cells from PP with the antigen ORF2 
led to an increased production of IFN-γ, TNF-α, and IL-4 
compared to the group immunized with the chimeric protein 
alone, demonstrating the adjuvant effect of IBLP027 (Figure 5). 
This suggests that complexes elicit a Th1/Th2 mixed response, 
consistent with a previous study where oral immunization with 
recombinant ORF2 protein with either IBLP1505 or IBLP027 

resulted in a comparable immune response profile (Arce et al., 
2020). Remarkably, IL-17 only increased in mice immunized with 
the IBLP027-LysM5O2P2 complexes (Figure  5). This cytokine 
influences cell recruitment and plays an important role in 
establishing long lasting vaccine-induced immunity against viral 
infections, as shown in a mouse model for rotavirus infection (Lin 
et al., 2010). Peptidoglycan, the main component of the IBLP, can 
activate dendritic cells via TLR2 promoting IL-17 production (van 
Beelen et al., 2007), further supporting IBLP027’s potential as a 
mucosal adjuvant.

Orally transmitted viruses have evolved to resist the harsh 
conditions of the host’s gastrointestinal environment, particularly 
concerning structural proteins. The in  vitro experiment on 
gastrointestinal stability showed that a significant amount of 
LysM5O2P2 undergoes proteolysis by intestinal juice enzymes 
(Figure  6). The ORF2 aa455–602 sequence corresponding to P2 
contains 3 trypsin cleavage sites (Wei et al., 2018), typically protected 
by dimerization. The LysM5O2P2 complexes expose the P2 domain on 
their surfaces. The partial digestion observed in the in vitro assay 

FIGURE 5

Evaluation of the cellular immune response in mice following the combined immunization schedule. Mice were immunized with a first subcutaneous 
dose, followed by two nasal boosters with either IBLP027 (control group), the chimeric protein alone (LysM5O2P2) or the IBLP027-LysM5O2P2 
complexes. Peyer’s patches (A) or spleens (B) were taken at day 35. Cultured immune cells were challenged ex vivo with HEV ORF2 and the 
concentration of TNF-α, IFN-γ, IL-4 and IL-17 were determined in cell culture supernatants after 24 h of antigen stimulation. ANOVA was followed by 
Tukey’s test (for pairwise comparisons of the means) to evaluate the differences between the groups. ***p < 0.001, and ****p < 0.0001.
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suggests that the trypsin sites are exposed, thus, the protein fails to 
dimerize, possibly due to the size hindrance of the LysM5 anchor or 
due to the protein being immobilized when bound to the IBLP027 
surface. This finding suggests that the partial proteolysis of the 
LysM5O2P2 reduces the final concentration reaching the intestinal 
epithelium. This may explain why the complexes induce IgA but not 
systemic IgG in the oral regimen. Predominantly IgA-type humoral 
response with weak or absent IgG response has been reported in prior 
studies: in a human trial, intranasal immunization with a measles 
vaccine in previously immunized individuals elicited a strong IgA 
response in nasal washes but no serum IgG response was recorded 
(Simon et al., 2011). One hypothesis is that the vaccine cannot reach 
the systemic lymphoid tissue, limiting the response to local mucosal 
antibody production (Simon et al., 2011). Another example is the oral 
poliovirus vaccine, which predominantly induces local immunity with 
a strong cellular response and secretory IgA production (Parker and 
Grassly, 2016; Wahid et al., 2005).

In 2015, the immunogenicity of a recombinant strain of L. lactis 
expressing the C-terminal of ORF2 (spanning 459–606 aa) on its 
surface was evaluated (Gao et al., 2015). Mice were immunized with 
three oral doses, which induced a specific mucosal humoral response 
comparable to that observed in our study using the IBLP027-
LysM5O2P2 complexes, regardless of the immunization schedule 
(Figures 3A, 4A). However, unlike the findings reported by Gao et al. 
(2015), which reported a slight IgG response, mice immunized with 
the IBLP027-LysM5O2P2 complexes via the oral route only did not 
exhibit a detectable IgG response (Figure  3B). In contrast, mice 
immunized using the combined regimen showed progressively 
increasing specific IgG serum titers with each immunization 
(Figure 4B). Regarding the cellular response, ex vivo stimulation of 
splenocytes from mice immunized with L. lactis expressing ORF2 led 
to increased IL-4 production, with no significant changes in IFN-γ 
levels indicating a Th2-skewed immune response (Gao et al., 2015). 
Notably, our results demonstrated that administering IBLP027-
LysM5O2P2 complexes under the combined regimen induced elevated 
production of both IL-4 and IFN-γ, consistent with a more desirable 
mixed Th1/Th2 response (Figure 5).

The combination of subcutaneous and oral vaccines effectively 
induces both systemic and mucosal immune responses. Evidence 
suggests that mucosal vaccines as boosters after parenteral priming 
enhance protection against reinfections. For example, in rats, oral 

boosts following subcutaneous SARS-CoV-2 vaccination significantly 
increased neutralizing antibody levels, with one oral boost achieving 
serum IgG and mucosal IgA levels comparable to three subcutaneous 
doses (Pitcovski et al., 2022). Similarly, an oral vaccine followed by a 
subcutaneous boost using a Helicobacter pylori fusion protein 
enhanced serum IgG levels, specific IgG subtypes, and CD4+ T cell 
responses, including IFN-γ and IL-17A secretion (Zhang et al., 2022).

In conclusion, we  developed a promising subunit vaccine 
candidate against HEV using IBLP027 as both a carrier and adjuvant. 
The combined immunization regimen with IBLP027-LysM5O2P2 
complexes successfully induced systemic and mucosal immune 
responses. The vaccine elicited specific IgA for mucosal immunity, 
crucial at the site of viral entry, and IgG for systemic protection, 
comparable to the commercial Hecolin® vaccine. This dual immune 
activation makes the vaccine a compelling candidate, especially for 
swine vaccination targeting a major zoonotic reservoir and with the 
potential of reducing HEV transmission risk. Animal HEV infection 
models are limited, especially because mice are not susceptible to 
infection and models like swine are costly to maintain and challenging 
to handle. Nonetheless, a virus infection trial is necessary to confirm 
the potential of the proposed experimental vaccine and the combined 
administration schedule.
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SUPPLEMENTARY FIGURE S1

Construction of recombinant plasmids. (A) The O2P2 PCR product was 
obtained from a nested-PCR where the sequence corresponding to ORF2 
GT3 aa 452–608 was amplified with the corresponding att sites. 
(B) Enzymatic restriction of pENTRO2P2 plasmid with BanII. (C) The 
expression plasmid pENHAcO2P2 was constructed after a LR recombination. 
The empty destination plasmid pENHAc[rfB] and the constructed 
pENHAcO2P2 were digested by EcoRV and checked by 
agarose electrophoresis.

SUPPLEMENTARY FIGURE S2

SDS-PAGE and western blot. Expression, purification and confirmation of 
LysM5O2P2 identity by (A) SDS-PAGE followed by Coomassie staining. Line 
1: Molecular marker, line 2: purified chimeric LysM5O2P2 protein obtained by 
eluting the protein from the complexes using 8 M urea. (B) Western blotting 
using mouse anti-His as a primary antibody and anti-mouse IgG labeled with 
horseradish peroxidase as secondary antibody. Lines 2 and 3: Complexes 
with a low and high amount of bound chimeric protein, respectively. Arrow 
heads indicate the band corresponding to O2P2.
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