

[image: Probiotics Surface-Delivering Fiber2 Protein of Fowl Adenovirus 4 Stimulate Protective Immunity Against Hepatitis-Hydropericardium Syndrome in Chickens]
Probiotics Surface-Delivering Fiber2 Protein of Fowl Adenovirus 4 Stimulate Protective Immunity Against Hepatitis-Hydropericardium Syndrome in Chickens





ORIGINAL RESEARCH

published: 28 June 2022

doi: 10.3389/fimmu.2022.919100

[image: image2]


Probiotics Surface-Delivering Fiber2 Protein of Fowl Adenovirus 4 Stimulate Protective Immunity Against Hepatitis-Hydropericardium Syndrome in Chickens


Zhipeng Jia 1, Xinghui Pan 1, Wenjing Zhi 1, Hang Chen 1, Bingrong Bai 1, Chunli Ma 2* and Dexing Ma 1,3*


1 College of Veterinary Medicine, Northeast Agricultural University, Harbin, China, 2 College of Food Science, Northeast Agricultural University, Harbin, China, 3 Heilongjiang Key  Laboratory for Experimental Animals and Comparative Medicine, Northeast Agricultural University, Harbin, China




Edited by: 

Yigang Xu, Zhejiang A&F University, China

Reviewed by: 

Jiyuan Yin, Chinese Academy of Fishery Sciences, China

Xiaomin Zhao, Northwest A&F University, China

*Correspondence: 

Chunli Ma
 machunli8@163.com

Dexing Ma
 madexing@neau.edu.cn

Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 13 April 2022

Accepted: 27 May 2022

Published: 28 June 2022

Citation:
Jia Z, Pan X, Zhi W, Chen H, Bai B, Ma C and Ma D (2022) Probiotics Surface-Delivering Fiber2 Protein of Fowl Adenovirus 4 Stimulate Protective Immunity Against Hepatitis-Hydropericardium Syndrome in Chickens. Front. Immunol. 13:919100. doi: 10.3389/fimmu.2022.919100




Background and Objectives

Hepatitis-hydropericardium syndrome (HHS) caused by Fowl adenoviruses serotype 4 (FAdV-4) leads to severe economic losses to the poultry industry. Although various vaccines are available, vaccines that effectively stimulate intestinal mucosal immunity are still deficient. In the present study, novel probiotics that surface-deliver Fiber2 protein, the major virulence determiner and efficient immunogen for FAdV-4, were explored to prevent this fecal–oral-transmitted virus, and the induced protective immunity was evaluated after oral immunization.



Methods

The probiotic Enterococcus faecalis strain MDXEF-1 and Lactococcus lactis NZ9000 were used as host strains to deliver surface-anchoring Fiber2 protein of FAdV-4. Then the constructed live recombinant bacteria were orally vaccinated thrice with chickens at intervals of 2 weeks. Following each immunization, immunoglobulin G (IgG) in sera, secretory immunoglobulin A (sIgA) in jejunum lavage, immune-related cytokines, and T-cell proliferation were detected. Following challenge with the highly virulent FAdV-4, the protective effects of the probiotics surface-delivering Fiber2 protein were evaluated by verifying inflammatory factors, viral load, liver function, and survival rate.



Results

The results demonstrated that probiotics surface-delivering Fiber2 protein stimulated humoral and intestinal mucosal immune responses in chickens, shown by high levels of sIgA and IgG antibodies, substantial rise in mRNA levels of cytokines, increased proliferative ability of T cells in peripheral blood, improved liver function, and reduced viral load in liver. Accordingly, adequate protection against homologous challenges and a significant increase in the overall survival rate were observed. Notably, chickens orally immunized with E. faecalis/DCpep-Fiber2-CWA were completely protected from the FAdV-4 challenge, which is better than L. lactis/DCpep-Fiber2-CWA.



Conclusion

The recombinant probiotics surface-expressing Fiber2 protein could evoke remarkable humoral and cellular immune responses, relieve injury, and functionally damage target organs. The current study indicates a promising method used for preventing FAdV-4 infection in chickens.
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Introduction

Hydropericardium syndrome (HHS), gizzard erosion, and inclusion body hepatitis (IBH) which were previously reported to be associated with fowl adenovirus (FAdV) infection have reemerged in recent years, which has already caused substantial economic losses to the poultry industry worldwide (1, 2). Since 2015, HHS has been commonly reported to be caused by novel fowl adenoviruses serotype 4 (FAdV-4) in China (3–7). The main pathological changes for the reemerged HHS are the accumulation of clear straw-colored fluid in the pericardial sac, synergistic hepatitis, and nephritis (8, 9). HHS is transmitted vertically and horizontally and is characterized by the sudden death of broiler chickens, with mortality rates ranging from 20% to 80% (10, 11). Currently, vaccination remains the most effective measure to prevent and control this infectious disease (12). Routine vaccines have been developed against FAdV-4 infection, including formalin-inactivated infected liver homogenates and inactivated or live attenuated vaccines (13). However, there are still many risks of active infection for applying live, attenuated, and even inactivated vaccines (14). Furthermore, vaccines that effectively stimulate intestinal mucosal immunity are not commercially available. Thus, there is a need for exploring novel vaccines. Mucosal immunity is the first line of defense against pathogenic microorganisms in the intestine, where most immunoglobulin-producing cells are concentrated (15, 16). In recent years, the development of intestinal mucosal vaccines has been increasingly explored. Generally, vaccination aims to generate immunological memory that responds faster upon reexposure to the pathogen before disease symptoms appear (17). Nevertheless, secretory IgA (sIgA) is not only an essential effector molecule for intestinal mucosal immune responses but also associated with immune memory.

Lactic acid bacteria (LAB) are becoming attractive for use as a food additive and vaccine development platform for its classification as generally recognized as safe (GRAS) (18–20). Increasing investigations have shown that probiotics that deliver antigens of zoonotic pathogens, for example, the circumsporozoite protein of Plasmodium falciparum delivered by L. lactis MG1363 (21) and the spike (S) protein receptor-binding domain (RBD) S1 subunit of SARS-CoV-2 delivered by Lactococcus lactis IL1403 (22), induced strong mucosal immune responses. Likewise, probiotics L. plantarum that display avian pathogen antigenic proteins, such as gp85 of subgroup J avian leukosis virus (ALV-J) (23), L. lactis that express ORF2 of avian hepatitis E virus (aHEV) (24), E. faecalis that express 3-1E, and L. plantarum that deliver MIC2 of Eimeria tenella (25, 26), have shown protective efficacies against poultry diseases. Meanwhile, our previous studies demonstrated that intestinal mucosal and humoral immune responses elicited by oral immunization with a probiotic vaccine expressing ΔHexon protein provided partial protection against FAdV-4 (27). FAdV-4 has a typical structure that consists of four structural proteins, namely, Hexon, Penton, Fiber1, and Fiber2 (28). Several latest studies have shown that the pathogenicity of China’s newly emerged highly pathogenic FAdV-4 is closely related to the Fiber2 gene (29–31). The Fiber2 protein-based subunit vaccine offered protection against the FAdV-4 challenge (32).

Given the high pathogenicity of FAdV-4 and the lack of intestinal mucosal immune activation stimulated by traditional vaccines, the development of probiotic vaccines delivering Fiber2 and its role in fighting against FAdV-4 infection are worth exploring. Dendritic cells (DCs) are known to be the primary antigen-presenting cells (APCs) and play an essential role in modulating innate and adaptive immunity (33). After contacting antigens, DCs take up antigens and deliver them to immune effector cells to generate an immune response (34). Previous findings demonstrated that lactic acid bacteria (LAB) delivering DC-targeting peptides (DCpep) enhanced antigen-specific sIgA production by activating the immune responses of DCs (35–37). Hence, in the present study, the fusion protein DCpe-Fiber2 was displayed on the surface of L. lactis NZ9000 and E. faecalis MDXEF-1 to enhance the Fiber2-specific intestinal mucosal and adaptive immune responses in chickens by targeting DCs, and also the antiviral effects provided by the two live recombinant bacteria were evaluated.



Materials and Methods


Bacteria, Virus, and Animals

Recombinant Fiber2 (rFiber2) protein was expressed in Escherichia coli (DE3) and purified with BeyoGold™ His-tag Purification Resin (Beyotime, Shanghai). Preparation of ant-rFiber2 polyclonal antibody was performed as described in the previous report (38). rFiber2 protein and ant-rFiber2 polyclonal antibody were characterized and then stored in our laboratory till use. Bacterial strains L. lactis NZ9000, E. faecalis MDXEF-1, and modified strains were cultured in M17 broth (Luqiao, Beijing, China) with 0.5% glucose (GM17) or GM17 plates at 30°C without shaking (25). Details of the used bacterial strains and plasmids are given in Table S1. A chicken hepatoma cell line (LMH) was cultured in a DMEM medium with 10% final fetal bovine serum (Biological Industries, Beit HaEmek, Israel) at 37°C and 5% CO2. FAdV-4 strain GS01 (FAdV-4/GS01), a highly virulent strain isolated from natural cases in a chicken farm in Gansu Province, was characterized, purified, and propagated in LMH cells. The specific pathogen-free (SPF) chickens and fertilized SPF chicken eggs were purchased from Harbin Veterinary Research Institute (Heilongjiang, China). Serial 10-fold dilutions of FAdV-4/GS01 were used to infect LMH cells by incubating at 37°C for 3 days to determine TCID50 (50% tissue culture infective dose). Then, the formula described by Reed and Muench (39) was applied to calculate it. All chickens were fed with complete formula feed and free access to drinking water in a 12-h light–dark circle environment. Animal experiments were performed according to Ethics Committee for Animal Sciences regulations at Northeast Agricultural University, Heilongjiang Province, China (NEAUEC20210332).



Preparation of Recombinant Probiotics

The gene encoding Fiber2 protein was synthesized according to codons optimized for lactic acid bacteria and subcloned into pUC57 by Sangon Biotech Co., Ltd. (Shanghai, China). Plasmid pUC57-Fiber2, pTX8048-CWA (surface-anchoring expression vector) (40), and pTX8048-DCpep-CWA plasmid (surface-anchoring expression vector, fusion with DCpep) (40) were digested with restriction enzymes BamH I and Kpn I (TaKaRa, Dalian, China) to release the target Fiber 2 fragment and linearized vector. After ligation using T4 ligase (TaKaRa, Dalian, China), the gene fragment Fiber2 was inserted into the corresponding sites in pTX8048-CWA or pTX8048-DCpep-CWA to produce plasmid pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA (Figure 1). Plasmids pTX8048-CWA and pTX8048-DCpep-CWA were designed as control. The two plasmids, pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA, were characterized by sequencing and then electrotransformed (2,000 V, 400 Ω, 25 μF) into host strains L. lactis NZ9000 and E. faecalis MDXEF-1, respectively. The recombinant bacteria were screened on the plate containing chloramphenicol with a final concentration of 10 μg/ml. After identification by restriction enzyme digestion, the positive recombinant bacteria were named L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, respectively.




Figure 1 | Plasmid schematic of pTX8048-Fiber2-CWA and pTX8048-DCpep-Fiber2-CWA. Both plasmids contain the nisin-inducible promoter and CWA (cell wall anchor) that was fused to the C-terminal of Fiber2 protein. Plasmids pTX8048-DCpep-Fiber2-CWA contained a fused dendritic cell targeting peptide (DCpep) at the N-terminal of Fiber2.





Detection of Target Proteins

Four recombinant DNA-positive bacteria were seeded on the plate, and the single colony was transferred to a liquid medium. When the value of OD600 reached 0.5, 5 ng/ml of nisin (Sigma-Aldrich, USA) was added into the medium for induction for 4 h. Bacterial proteins were prepared according to procedures previously developed in our laboratory (40). Ten percent of SDS-PAGE was applied to separate the bacterial proteins to confirm the expression of the Fiber2 protein in recombinant positive bacteria. The target protein was then electrophoretically transferred to nitrocellulose membranes. The membranes were incubated with rabbit anti-rFiber2 polyclonal antisera (1:2,000, prepared in our laboratory) for 2 h, and horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG antibody (1:2,500) (Sigma, USA) was used as a secondary antibody. After washing, the immunoreactive bands on the membrane were visualized using ECL Chemiluminescence Detection Kit (P0018S) (Beyotime, Shanghai, China) according to the manufacturer’s instructions. To further demonstrate that Fiber2 protein was displayed on the surface of recombinant probiotics, an indirect immunofluorescence assay (IFA) was carried out as described previously (27). In short, the probiotics were cultured and induced with nisin (5 ng/ml), and then the bacterial pellets were harvested by centrifugation. Following three washes with PBS (pH 7.2), the pellets were incubated with rabbit anti-rFiber2 polyclonal sera (1:200) and then with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:50) (Solarbio, Beijing, China). The fluorescence images were obtained with a Leica DM2000 fluorescence microscope (Leica, Germany).



Immunization and Challenge Experiment

Grouping, immunizations, and challenges were carried out according to the diagram shown in Figure 2. In short, 220 SPF chickens were randomly divided into negative control, L. lactis/pTX8048, E. faecalis/pTX8048, L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, and infection control groups for a total of eight groups. All chickens were orally gavaged with recombinant bacteria thrice 2 weeks apart, 3 days in a row (Table 1). Samples (sera, liver, and jejunal lavage fluid) collected from chickens (n = 5) in each group at each time point were stored at -80℃ before assays (Figure 2). All groups (except the negative control group) were challenged with 200 µl 105.52 TCID50 FAdV-4/GS01 (stored in our lab) (Table 1).




Figure 2 | Schematic diagram of immune, sampling, and challenge procedure. Oral immunization with recombinant probiotics L. lactis and E. faecalis at 7, 8, and 9, 21, 22, and 23, 35, 36, and 37 days of age. Infection experiments were carried out at 49 days of age. Sera and jejunal lavage fluid samples were collected at 7, 21, 35 (before vaccination), and 49 (before challenging). Sera from chickens in each group were collected on day 5 postinfection (dpi) to detect the liver function indicators. Liver samples were collected at 5 dpi to detect inflammatory factors and viral load. Euthanasia and autopsy were performed on 3 dpi to observe gross pathological lesions and histopathological changes.




Table 1 | Experimental design of immunizations and challenge.





Detection of IgG and sIgA

Sera and jejunal lavage fluid were prepared at weeks 1, 3, 5, and 7 (before immunizations), as shown in Figure 2, and used to detect levels of Fiber2-specific sIgA or IgG antibodies using enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates were coated overnight at 4°C with purified 10 μg of rFiber2 proteins (200 μl) as mentioned above. Next, the plates were washed three times with PBST (PBS containing 1% Tween-20) and then saturated with a 100-μl blocking solution that consists of PBS (pH7.2) and 2% BSA at 37°C for 2 h. The sera (1:100 dilution) and jejunal lavage fluid (1:50 dilution) were used as the primary antibody, and HRP-conjugated goat anti-chicken IgG or IgA (Abcam, Cambridge, UK) was used as the secondary antibody, respectively. The reaction was terminated by adding 50 μl of H2SO4 at a final concentration of 2 M to each well followed by color development by using tetramethylbenzidine (TMB) (Sigma-Aldrich, St. Louis, MO, USA) as the substrate. The absorbance was then measured at 450 nm.



Measurement of Cytokine Levels After Immunizations

At 2 weeks after the third immunization, the mRNA levels of cytokines in spleen tissues (n = 5) from each group, including chicken interleukin 2 (ChIL-2), ChIL-4, ChIL-6, ChIL-10, ChIL-17, chicken interferon-gamma (ChIFN-γ), and housekeeping gene β-actin, were quantified using real-time PCR, and primers used for real-time PCR are shown in Table S2. Total RNA was extracted by applying TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions and was then subjected to reverse transcription by using the PrimeScript RT Kit (RR037A) (TaKaRa, Dalian, China). The ΔΔ-Ct method was used to assess levels of gene expression by using SYBR Premix Ex Taq II Reagent Kit (TB Green® Premix Ex Taq™ II) (RR820A) (Takara, Dalian, China).



Measurement of T-Cell Proliferation After Immunizations

At 2 weeks after the final vaccination, the proliferative activity of peripheral blood lymphocytes (PBMCs) was assayed using the Cell Counting Kit-8 (CCK-8) method (41). PBMCs were obtained using a peripheral blood mononuclear cell isolate kit (P5250) from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). PBMCs prepared from chickens (n = 5) in each group were harvested and diluted to a final concentration of 1.0 × 106 cells/ml with RPMI 1640 (containing 10% fetal bovine serum). Then, 2.0 × 105 cells (200 µl) were transferred to a 96-well culture plate, and ConA (10 µg/ml) (Biotopped, Shanghai, China) and rFiber2 proteins (25 µg/ml) were added and incubated at 37°C for 48 h, respectively. Subsequently, 10 μl of CCK-8 solution (Bimake, Houston, TX, USA) was added and incubated for another 4 h, and the value of OD450 nm in each well was recorded. Each sample was tested in triplicate.



Detection of Hepatic Function

According to the manufacturer’s protocol, the serum activities of alanine transaminase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), albumin (ALB), and total protein (TP) were measured at 5 days postinfection (dpi) using commercialized kits purchased from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China).



Detection of Viral Load in the Liver

At 5 dpi, total DNA was directly extracted from liver samples (n = 5) in each group using TaKaRa MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0 (Takara, Beijing, China). FAdV DNA in liver samples was detected using SYBR Green reagent by real-time PCR as previously described (42). The primer pairs 52K-F/52K-R used are listed in Table S2. Furthermore, protein extraction of liver samples was performed using precooled RIPA lysis buffer containing protease inhibitors and PMSF (Solarbio, Beijing, China).



Detection of Inflammatory Factors Postinfection

The levels of inflammatory factors IL-1β, IL-6, IL-8, and TNF-α in the liver tissues of chickens (n = 3) from each group were detected using ELISA Kit from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China), according to the provided instructions at 5 dpi. The cytokine concentration was calculated based on the constructed standard curve.



Gross Pathological Changes and Histopathology

Body weights of chickens (n = 10) from each group were recorded at each time point, and body weight gain was calculated. From 3 to 14 dpi, all the chickens from each group were euthanized and autopsied in succession. Gross pathological lesions present on target organs were observed and recorded. The weight of organs, including hearts, livers, kidneys, and spleens, were weighed, and the percentage of organ weight to body weight was calculated. The tissue samples from each group, including livers, hearts, kidneys, and spleens, were fixed in 4% paraformaldehyde solution for 48 h, paraffin-embedded, and cut in slices (5 μm). The slides were then stained with hematoxylin and eosin (HE) staining solution.



Statistical Analysis

SPSS26 (SPSS/IBM, Chicago, IL, USA), Prism 9.0 (GraphPad Software, La Jolla, CA, USA), and Origin Pro 8 (OriginLab Corporation, Northampton, MA, USA) were used for one-way ANOVA and Duncan’s multiple-comparison analysis of the data. All data were expressed as mean± standard deviation. Differences were considered to be significant at p < 0.05 and highly significant at p < 0.01.




Results


Expression of Fiber2 Protein in Probiotics L. lactis and E. faecalis

Recombinant probiotics L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis MDXEF-1/pTX8048-Fiber2-CWA, and E. faecalis MDXEF-1/pTX8048-DCpep-Fiber2-CWA were screened and identified. The cell wall-anchored protein fusion with DC target peptide (DCpep) (73 kDa) or without fusion (71 kDa) in L. lactis NZ9000 and E. faecalis MDXEF-1 was detected by Western blot (Figure 3A). Indirect immunofluorescence experiments also proved that Fiber2 protein was successfully expressed on the surface of the four recombinant probiotics and showed a strong positive fluorescence (Figure 3B).




Figure 3 | Detection of Fiber2 protein expressed on the surface of probiotics. (A) Western blot detection of Fiber2 protein expression on the surface of probiotics L. lactis and E. faecalis induced with 5 ng/ml nisin using rabbit anti-Fiber2 polyclonal antisera as primary antibody. (B) Indirect immunofluorescence detection of Fiber2 protein displayed on the surface of bacteria using rabbit anti-Fiber2 polyclonal antisera as primary antibody and FITC-conjugated goat anti-rabbit IgG as the secondary antibody.





Fiber2-Expressing Probiotics Induced Humoral Immune Responses

As shown in Figure 4, the levels of serum IgG and jejunal lavage sIgA did not show a statistical difference among the seven groups before the primary immunization (p > 0.05). At 2 weeks after the primary, secondary, and third immunizations, the higher IgG and sIgA levels in the four groups with Fiber2-expressing probiotics gradually increased and were all higher than the L. lactis/pTX8048, E. faecalis/pTX8048, and negative control groups (p < 0.01). Fiber2-specific IgG and sIgA in the two DCpep-fusing groups, L. lactis/pTX8048-DCpep-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA, were significantly higher than in other groups (p < 0.01). Notably, Fiber2-expressing E. faecalis/pTX8048-DCpep-Fiber2-CWA showed the highest humoral immune responses among all the groups (p < 0.01). The results demonstrate that probiotics surface-anchoring the target protein and DCpep stimulated more robust humoral immune responses than those expressing a single antigen.




Figure 4 | The levels of IgG and sIgA evoked by live recombinant probiotics at each time point. Before the first immunization and at 2 weeks after each immunization, serum samples from chickens (n = 5) in each group were prepared. rFiber2 protein was used to coat the 96-well plate. One hundred-fold diluted experimental chicken sera or 50-fold diluted jejunal lavage fluid was applied as primary antibody to react with coated rFiber2 protein, respectively. The IgG antibody level in sera (A) and sIgA antibody level in jejunal lavage fluid (B) were analyzed. Data are expressed as mean ± SD. ns means p > 0.05, ***p < 0.001.





mRNA Levels of Cytokines in the Spleen After Immunization

Real-time PCR was applied to determine the mRNA levels of cytokines IL-2, IFN-γ, IL-4, IL-10, IL-6, and IL-17 in spleens from immunized chickens. As shown in Figure 5, at 2 weeks after the secondary and third immunizations, the four Fiber2-expressing probiotics groups except for L. lactis/pTX8048-Fiber2-CWA displayed significantly higher mRNA levels of IL-2, IFN-γ, IL-4, IL-10, IL-6, and IL-17 compared to the L. lactis/pTX8048, E. faecalis/pTX8048, and negative control groups (p < 0.001). Besides, significant differences were also observed among the four Fiber2-expressing probiotics groups, and the mRNA levels of those cytokines in the E. faecalis/pTX8048-Fiber2-CWA group and E. faecalis/pTX8048-DCpep-Fiber2-CWA groups were higher than those in the L. lactis/pTX8048-Fiber2-CWA and L. lactis/pTX8048-DCpep-Fiber2-CWA groups, respectively. The above results indicated that Fiber2-expressing E. faecalis stimulated higher levels of cytokines than Fiber2-expressing L. Lactis. As shown in the cluster heatmap (Figure 5G), IL-4 and IL-10 cluster in one branch; IFN-γ, IL-6, and IL-17 cluster in another branch; and IL-2 clusters under one branch alone.




Figure 5 | Immune-related cytokine mRNA levels in spleens. The relative mRNA levels of IL-2 (A), IL-4 (B), IL-6 (C), IFN-γ (D), IL-10 (E), and IL-17A (F) in spleens of chickens (n = 5) in each group were quantified by real-time PCR and normalized by mRNA levels of reference gene β-actin from the same sample. The values represent mean ± SD. **p < 0.01, ***p < 0.001. (G) Heat map depicting the cluster analysis of mean values of ChIL-2, ChIL-4, ChIL-6, ChIFN-γ, ChIL-10, and ChIL-17A in spleens after three immunizations.





Proliferation of Lymphocytes in Peripheral Blood

At 2 weeks after the third immunization, peripheral blood lymphocytes (PBLs) from chickens immunized with four Fiber2-expressing probiotics showed significant responses to rFiber2 protein compared with the L. lactis/pTX8048, E. faecalis/pTX8048, and PBS groups (p < 0.01). Among the four Fiber2-expressing probiotics, E. faecalis/pTX8048-DCpep-Fiber2-CWA displayed the highest capability to induce PBLs to proliferate under stimulation with rFiber2 (p < 0.01). Meanwhile, two Fiber2-expressing E. faecalis showed a higher capability to induce the proliferative activity of PBLs than the two Fiber2-expressing L. lactis under stimulation with ConA (p < 0.001, Figure 6).




Figure 6 | Detection of T lymphocyte proliferation. At 2 weeks after the third immunization, T lymphocytes were isolated from the peripheral blood of five chickens (n = 5) from each group. The proliferation of isolated T lymphocytes was assessed using a CCK-8 assay kit, and rFiber2 protein and ConA were selected as stimuli, respectively. Data are presented as mean ± SD. ***p < 0.001.





Levels of Inflammatory Factors in Liver After Challenge

The levels of inflammatory factors in livers were detected to assess the level of inflammation in the livers. The abovementioned inflammatory factors increased dramatically in the L. lactis/pTX8048, E. faecalis/pTX8048, and infection control groups at 5 dpi compared with the negative control group (Figure 7) (p < 0.05). On the contrary, the four Fiber2-expressing probiotics groups, especially E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA, increased less (p < 0.01 or p < 0.001), although significantly higher than the negative control group.




Figure 7 | Detection of inflammatory factors in livers of chickens at 5 days postinfection. The levels of inflammatory factors IL-1β (A), IL-6 (B), TNF-α (C), and IL-8 (D) in the livers of chickens (n = 3) from each group were determined by ELISA. Each sample was tested in triplicate. Different small letters denote significant differences among groups (p < 0.05).





Detection of Function Indexes

The liver function of experimental chickens in each group was evaluated based on widely used biochemical markers TP, ALB, AST, ALT, and LDH. As displayed in Figures 8A–E, significant differences were observed between the four Fiber2-expressing probiotics groups and the other four control groups, including infection control, vector control (L. lactis/pTX8048, E. faecalis/pTX8048), and negative control. Compared with the negative control group, the levels of ALB and TP in sera of chickens in the infection control and vector control groups (L. lactis/pTX8048, E. faecalis/pTX8048) decreased significantly (p < 0.01). In contrast, AST, ALT, and LDH in the four Fiber2-expressing probiotics groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA did not change significantly but displayed to be close to the negative control group (p < 0.001).




Figure 8 | Determination of alanine transaminase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), albumin (ALB), and total protein (TP) in sera. At 5 dpi, levels of liver function indexes including TP (A), ALB (B), ALT (C), AST (D), and LDH (E) in sera of chickens (n = 5) from each group were detected using the purchased kit (Nanjing Jiancheng Bioengineering Institute) referencing provided protocols. At 5 dpi, liver tissues were collected from chickens in each group, and total DNA was extracted using a DNA extraction kit (Takara, Beijing, China). A standard curve was established based on the pMD-18T-52K plasmid. Real-time PCR was used to detect numbers of FAdV DNA copies in livers (F). Each value represents mean ± SD. ***p < 0.001.





Virus Load in the Liver

At 5 dpi, the average numbers of FAdV copies in livers of chickens in the infection control group (1.3 × 107 copies/mg), L. lactis/pTX8048 group (8.6 × 106 copies/mg), and E. faecalis/pTX8048 group (8.2 × 106 copies/mg) were significantly higher than those of chickens immunized with the four Fiber2-expressing probiotics, L. lactis/pTX8048-Fiber2-CWA (1.4 × 105 copies/mg), L. lactis/pTX8048-DCpep-Fiber2-CWA (4.8 × 104 copies/mg), E. faecalis/pTX8048-Fiber2-CWA (9.0 × 103 copies/mg), and E. faecalis/pTX8048-DCpep-Fiber2-CWA (1.5 × 103 copies/mg) (p < 0.01) (Figure 8F). Similar results were also observed in the detection of viral proteins. The content of viral proteins in livers of chickens immunized with the four Fiber2-expressing recombinant lactic acid bacteria was lower than that in the infection control group (Figure S1).



Survival Rate, Body Weight Gain, and Organ Index

On the third day after challenge with FAdV-4/GS01, chickens in the infection control, L. lactis/pTX8048, and E. faecalis/pTX8048 groups showed clinical signs of depression and achieved 100% mortality at 6 dpi. Chickens in the four groups immunized with Fiber2-expressing probiotics were to some extent protected against FAdV challenge at a 100% lethal dose (Figure 9A), displaying the survival rates of 60%, 80%, 90%, and 100% in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, respectively. Notably, the time of death for the challenged chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were to some extent delayed compared to the two vector control groups, indicating that the four recombinant live probiotics exhibited more protective efficacy against FAdV-4/GS01 challenge than L. lactis/pTX8048 and E. faecalis/pTX8048.




Figure 9 | Survival rate, body weight, and relative organ index of chickens. The survival rate (A) of chickens in each group was recorded within 2 weeks after the challenge with the highly virulent strain FAdV-4/GS01. Colored lines (A) represent groups immunized with live recombinant probiotics. The body weight gain of chickens (n = 10) in each group at each stage was shown by different colors, and the numbers at the top of the columns indicated each final average body weight in each group (B). The organ index of hearts, livers, spleens, and kidneys of chickens from each group was calculated (C). *p < 0.05, **p < 0.01.



Not only is the survival rate an essential criterion for evaluating protection against virus challenge, but also the body weight and relative organ weight are influential factors. Statistics found that the average body weight of chickens in the groups orally immunized with probiotics was higher than that in the infection control group (Figure 9B). On the contrary, the organ indexes of hearts, livers, spleens, and kidneys of chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were significantly lower than those in the infection control group (Figure 9C) (p < 0.05).



Pathological Lesions

Three days after challenge, typical clinical symptoms including weakness, depression, anorexia, and decreased body weight gain were observed in the infection control group. Accordingly, gross pathological changes found in the infection control group revealed splenomegaly, hepatomegaly, hepatitis, splenitis, and myocarditis. On the contrary, the above symptoms and gross pathological changes in the four groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were relatively milder. The lesions in the target organ livers are shown in Figure 10. Compared with the negative control group, swelling and inflammation in livers of chickens in the L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA groups displayed significant reduction. Also, inflammatory lesions in the hearts and kidneys of chickens in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA were significantly alleviated compared with the infection control group (Figure S1).




Figure 10 | Gross pathological changes in livers of chickens from each group. The livers of chickens in negative control group were normal (A). Pathological changes in infection control (B), L. lactis/pTX8048 (C), and E. faecalis/pTX8048 (D) groups were noticeable, showing swollen and friable, with multifocal areas of necrosis. Only slight pathological lesions were observed in groups L. lactis/pTX8048-Fiber2-CWA (E), L. lactis/pTX8048-DCpep-Fiber2-CWA (F), E. faecalis/pTX8048-Fiber2-CWA, (G) and E. faecalis/pTX8048-DCpep-Fiber2-CWA (H).



On 5 dpi, tissues of hearts, livers, spleens, and kidneys of chickens in each group were fixed in 10% formalin, and histopathological slides were prepared. As shown in Figure 11, the noticeable and severe histopathological lesions in tissues of chickens in the infection control group were observed, including myocardial fiber rupture in heart tissues (Figures 11B1–D1), vacuolar degeneration and necrosis in liver cells (Figures 11B2–D2), necrotic foci and lymphopenia in spleen tissues (Figures 11B3–D3), and glomerulonephritis, vasculitis, interstitial congestion, and cortical necrosis in renal tissues (Figures 11B4–D4). However, chickens from the four Fiber2-expressing probiotics-vaccinated groups, especially group E. faecalis/pTX8048-DCpep-Fiber2-CWA, displayed mild histopathological changes (Figures 11E–H).




Figure 11 | Microscopic histopathological changes in chickens heart, liver, kidney, and spleen tissues from each group. Tissues of hearts, livers, spleens and kidneys from experimental chickens were collected and used to prepare histopathological slides. There are no apparent lesions in the heart, liver, spleen, and kidney in negative control (A1–A4). On the contrary, in infection control, L. lactis/pTX8048 and E. faecalis/pTX8048 groups showed noticeable lesions. These lesions involve myocardial fiber rupture in cardiac tissue as indicated by arrows, hepatocyte necrosis and inflammatory cell infiltration in liver tissue (arrows), focal necrosis of splenocytes (arrows), tubular epithelial cell shedding, and interstitial congestion (arrows) in renal tissue (B–D). Compared with the control group, the other four challenged groups had relatively fewer lesions (E–H).






Discussion

Hepatitis-hydropericardium syndrome (HHS) is a typical gross pathological change which could be caused by Fowl adenoviruses serotype 4 (FAdV-4). HHS is characterized by a sudden onset and mortality rates ranging from 20% to 80%, which leads to substantial economic losses to the global poultry industry (43). Currently, vaccination is the primary strategy for preventing and controlling HHS. Immunization with inactivated liver homogenate (14, 44), attenuated vaccines (32), live vaccines (45), and recombinant antigen vaccines (46) protects against infection. Inactivated vaccines have a lower risk of virulence reversion than live vaccines. Other research on FAdV also emphasized the risk of incomplete inactivation or reduced efficacy (47, 48). As mentioned before, intramuscular injections of inactivated vaccines or attenuated vaccines failed to activate intestinal mucosal immunity. Recently, subunit vaccines have been reported to be similar to inactivated vaccines and have displayed the characteristics of stability and safety (46, 49). Theoretically, vaccination that evokes effective intestinal mucosal immune responses is a feasible way to prevent pathogens transmitted via an oral route (49). Therefore, novel vaccines that can activate intestinal mucosal immunity against FadV-4 infection are still attractive.

Our previous results showed that the oral administration of lactic acid bacteria expressing truncated Hexon proteins could offer protection against FAdV-4 to some extent (26). Recently, Fiber2 protein has been proved to offer better protection than Hexon protein in vaccines prepared using the baculovirus expression system (50) and E. coli expression system (51), although this is not a comparison between Fiber2 and intact Hexon protein. The increased virulence of hypervirulent FAdV-4 was reported to be independent of fiber-1 and penton (52). The study on infectious clones of FAdV-4 displayed that fiber 2 protein plays a greater role in FAdV-4 pathogenicity than Hexon protein (29). Moreover, it was reported that adenovirus was located in the intestinal epithelium at 12 h post-oral infection, and the virus was detected in blood at 24 h postinfection (53). Considering the above facts, we hypothesize that Fiber2-specific sIgA secreted on the surface of intestinal epithelium could bind to FAdV-4 at the local sites and hence intercept virus invasion upon initial infection. Therefore, in the current study, probiotics that surface-deliver Fiber2 protein were prepared, and the protective immunity against FAdV-4 infection was evaluated.

The ability to activate an effective immune response is an essential feature of a successful vaccine. The levels of IgG in serum and sIgA in jejunal lavage fluid are an indicator of humoral and intestinal mucosal immunity, respectively. In the present study, the levels of Fiber2-specific IgG in sera and sIgA in the intestinal mucosa were significantly increased, suggesting that the Fiber2 protein delivered in surface-anchoring by the four recombinant probiotics effectively induced humoral and intestinal mucosal immune responses in all immunized chickens and hence provided immune protection. The above results are consistent with the previous report that recombinant subunit vaccines based on Fiber2 protein provided more comprehensive protection against FAdV-4 infection than inactivated oil emulsion vaccines (54).

Moreover, the immune protective effects provided by recombinant probiotics L. lactis/pTX8048-DCpep-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA) were better than those by L. lactis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-Fiber2-CWA, respectively (Figure 4). A possible derivation for these results is that dendritic cells in the intestinal lamina propria were effectively activated by DCpep, which enhanced the antigenic uptake and the subsequent delivery to immune cells. The immune enhancer DCpep is unanimous to other previous reports (25, 55). In addition, recombinant live bacteria E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA induced more obvious immune responses and provided more protective effects than L. lactis/pTX8048-Fiber2-CWA and L. lactis/pTX8048-DCpep-Fiber2-CWA (p < 0.05), respectively. The possible explanation for this result is that recombinant bacteria E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA sustainably evoked Fiber2-specific immune responses. The supported findings for the above explanation are that E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA can express the Fiber2 protein on the surface of probiotic bacteria without nisin induction (Figure 2A). The potential reason for this is that E. faecalis MDXEF-1 produces nisin or similar ingredients (data not published), which act as an inducer to initiate transcription and translation of the target gene located downstream of the nisA promoter in the positive plasmids.

The previous reports demonstrated that cellular immunity played an important role in antiviral immunity, especially in preventing FAdV-4, a virus with immunosuppressive potential (56). ChIL-2 and ChIFN-γ are generally produced by Th1 cells and have multiple functions (57). The above two cytokines activate transcription factors that regulate the production of several defense molecules by natural killer cells, cytotoxic T cells, and macrophages (58–60). In addition, IFN-γ cooperates with other factors, such as ChIL-17, to activate macrophages to kill phagocytized pathogens and infected cells (61) and promote immunoglobulin production. ChIFN-γ also effectively induces, maintains, and links innate immunity to adaptive immune responses (62). In the present study, the proliferative responses of PBLs were more efficient in the groups immunized with Fiber2-expressing probiotics (Figure 6). Moreover, the mRNA levels of ChIL-2, ChIFN-γ, ChIL-4, ChIL-10, ChIL-6, and ChIL-17 in spleens of chickens immunized with the four Fiber2-expressing probiotics were significantly higher, which suggests that Th10-, Th2-, and Th17-type responses contribute to the strengthened immunity and resistance to virus infection (Figure 5). Previous studies also reported similar results showing that the expression of several inflammatory factors such as ChIFN-γ, ChIL-2, ChIL-4, ChIL-6, and ChIL-10 increased during FAdV-4 infection (63, 64). The above results could be supported by the following analysis that on 5 dpi, the number of FadV copies in the livers of chickens from the four groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-Dcpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-Dcpep-Fiber2-CWA, especially the two groups of Fiber2-expressing E. faecalis, was significantly lower than that in the two groups immunized with L. lactis/pTX8048 and E. faecalis/pTX8048 (Figure 8F). The necrotic foci in the spleens from the two Fiber2-expressing E. faecalis groups were significantly reduced after the challenge (Figure 10 A3-H3), which also supports our previous analysis. Collectively, all these results suggest that Fiber2-expressing probiotics L. lactis and E. faecalis could stimulate robust humoral and cellular immune responses which activate antiviral protection by moderately enhancing the expression of inflammatory factors.

The liver is generally accepted to be the primary target organ for FAdV-4. The liver injury caused by FAdV-4 could be ascribed to the increased permeability of the hepatocyte membrane, which leads to the release of the intracellular substances into the blood, therefore resulting in a dramatic increase in ALT and AST (65). In this study, AST, ALT, and LDH levels in sera in the probiotic-treated groups, including L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA, were significantly lower than in the infection control group, which suggested that probiotics surface-expressing Fiber2 protein can alleviate the liver injury to some extent. The decreased levels of TP and ALB in sera indirectly reflected the diminished FAdV-4 synthesis in the target organ livers (66). Moreover, the slightly changed TP and ALB in the four groups immunized with Fiber2-expressing probiotics also indicated the protective effects against FAdV infection.

It has been reported that the critical inflammatory factors IL-1β, IL-6, IL-8, and TNF-α were significantly increased after FAdV infection (67). In the present study, as shown in Figure 7, a significant reduction of IL-1β, IL-6, IL-8, and TNF-α in the groups immunized with L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA, and E. faecalis/pTX8048-DCpep-Fiber2-CWA was observed compared with the infection control group. Accordingly, the typical gross pathological and histopathological changes were observed in the infection control group, L. lactis/pTX8048, and E. faecalis/pTX8048, but not in the groups immunized with the four Fiber2-expressing probiotics. The above results indicated that the virus load in livers of chickens vaccinated with Fiber2-expressing L. lactis or E. faecalis was significantly reduced.

The survival rate is considered to be a central factor in measuring vaccine efficacy. The present results of survival rate showed that chickens immunized with E. faecalis/pTX8048-DCpep-Fiber2-CWA exhibited a 100% protection rate. At the same time, the protection rates for live bacteria L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, and E. faecalis/pTX8048-Fiber2-CWA were 60%, 80%, and 90%, respectively. The above results strongly indicated that the live recombinant probiotics that deliver surface-anchored Fiber2 protein showed excellent protective efficacy. In addition, in poultry farming, body weight gain and daily weight gain are both vital factors from an economic point of view. The body weights of chickens from the four Fiber2-expressing probiotics groups were all higher than those in the infection control group. The above results indicated that different Fiber2-delivering probiotics provided different immune protective effects and survival rates.



Conclusion

This study shows that our experiments validated the initial assumption and achieved the desired results showing that recombinant probiotics surface-expressing the Fiber2 protein could evoke remarkable humoral and cellular immune responses, relieve injury, and functionally damage target organs. This knowledge has provided a valuable reference for developing potential vaccines to protect against FAdV-4 infection.
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Supplementary Figure 1 | Western blot detection of viral proteins. Detection of viral protein in liver tissues from each group on the 5dpi. Fiber2 polyclonal antibody (1:2000) and HRP-labeled goat anti-rabbit secondary antibody (1:2000) were used for detection. β-actin was used as an internal reference for detection. The amount of viral protein in the four recombinant lactic acid bacteria immunization groups was lower than that in the control group.

Supplementary Figure 2 | Gross examination of heart, spleen, and kidney from chickens. The gross pathological changes in infection control, L. lactis/pTX8048, and E. faecalis/pTX8048Groups were obvious. Their heart and kidneys were significantly enlarged, and the spleen had congestion and enlargement simultaneously. The pathological lesions in groups L. lactis/pTX8048-Fiber2-CWA, L. lactis/pTX8048-DCpep-Fiber2-CWA, E. faecalis/pTX8048-Fiber2-CWA and E. faecalis/pTX8048-DCpep-Fiber2-CWA were relatively mild.



References

1. Sohaimi, NM, and Hair-Bejo, M. A Recent Perspective on Fiber and Hexon Genes Proteins Analyses of Fowl Adenovirus Toward Virus Infectivity-A Review. Open Vet J (2021) 11(4):569–80. doi: 10.5455/OVJ.2021.v11.i4.6

2. Zhao, W, Li, X, Li, H, Han, Z, Wang, F, Liu, C, et al. Fowl Adenoviruse-4 Infection Induces Strong Innate Immune Responses in Chicken. Comp Immunol Microbiol Infect Dis (2020) 68:101404. doi: 10.1016/j.cimid.2019.101404

3. Pan, Q, Zhang, Y, Liu, A, Cui, H, Gao, Y, Qi, X, et al. Development of a Novel Avian Vaccine Vector Derived From the Emerging Fowl Adenovirus 4. Front Microbiol (2021) 12:780978. doi: 10.3389/fmicb.2021.780978

4. Chen, L, Yin, L, Zhou, Q, Peng, P, Du, Y, Liu, L, et al. Epidemiological Investigation of Fowl Adenovirus Infections in Poultry in China During 2015-2018. BMC Vet Res (2019) 15(1):271. doi: 10.1186/s12917-019-1969-7

5. Jiang, Z, Liu, M, Wang, C, Zhou, X, Li, F, Song, J, et al. Characterization of Fowl Adenovirus Serotype 4 Circulating in Chickens in China. Vet Microbiol (2019) 238:108427. doi: 10.1016/j.vetmic.2019.108427

6. Shen, Z, Xiang, B, Li, S, Ren, X, Hong, Y, Liao, J, et al. Genetic Characterization of Fowl Adenovirus Serotype 4 Isolates in Southern China Reveals Potential Cross-Species Transmission. Infect Genet Evol (2019) 75:103928. doi: 10.1016/j.meegid.2019.103928

7. Rashid, F, Xie, Z, Zhang, L, Luan, Y, Luo, S, Deng, X, et al. Genetic Characterization of Fowl Aviadenovirus 4 Isolates From Guangxi, China, During 2017-2019. Poult Sci (2020) 99(9):4166–73. doi: 10.1016/j.psj.2020.06.003

8. Abdul-Aziz, TA, and al-Attar, MA. New Syndrome in Iraqi Chicks. Vet Rec (1991) 129(12):272. doi: 10.1136/vr.129.12.272

9. Abdul-Aziz, TA, and Hasan, SY. Hydropericardium Syndrome in Broiler Chickens: Its Contagious Nature and Pathology. Res Vet Sci (1995) 59(3):219–21. doi: 10.1016/0034-5288(95)90005-5

10. Liu, Y, Wan, W, Gao, D, Li, Y, Yang, X, Liu, H, et al. Genetic Characterization of Novel Fowl Aviadenovirus 4 Isolates From Outbreaks of Hepatitis-Hydropericardium Syndrome in Broiler Chickens in China. Emerg Microbes Infect (2016) 5(11):e117. doi: 10.1038/emi.2016.115

11. Balamurugan, V, and Kataria, JM. The Hydropericardium Syndrome in Poultry–a Current Scenario. Vet Res Commun (2004) 28(2):127–48. doi: 10.1023/b:verc.0000012115.86894.1e

12. Soleymani, S, Tavassoli, A, and Housaindokht, MR. An Overview of Progress From Empirical to Rational Design in Modern Vaccine Development, With an Emphasis on Computational Tools and Immunoinformatics Approaches. Comput Biol Med (2022) 140:105057. doi: 10.1016/j.compbiomed.2021.105057

13. Schachner, A, Matos, M, Grafl, B, and Hess, M. Fowl Adenovirus-Induced Diseases and Strategies for Their Control - a Review on the Current Global Situation. Avian Pathol (2018) 47(2):111–26. doi: 10.1080/03079457.2017.1385724

14. Li, PH, Zheng, PP, Zhang, TF, Wen, GY, Shao, HB, and Luo, QP. Fowl Adenovirus Serotype 4: Epidemiology, Pathogenesis, Diagnostic Detection, and Vaccine Strategies. Poult Sci (2017) 96(8):2630–40. doi: 10.3382/ps/pex087

15. Yu, D, Zhang, J, and Wang, S. Trained Immunity in the Mucosal Diseases. WIREs Mech Dis (2022) 14(2):e1543. doi: 10.1002/wsbm.1543

16. Pabst, R, Russell, MW, and Brandtzaeg, P. Tissue Distribution of Lymphocytes and Plasma Cells and the Role of the Gut. Trends Immunol (2008) 29(5):206–8. doi: 10.1016/j.it.2008.02.006

17. Ganusov, VV, Pilyugin, SS, Ahmed, R, and Antia, R. How Does Cross-Reactive Stimulation Affect the Longevity of Cd8+ T Cell Memory? PloS Comput Biol (2006) 2(6):e55. doi: 10.1371/journal.pcbi.0020055

18. LeCureux, JS, and Dean, GA. Lactobacillus Mucosal Vaccine Vectors: Immune Responses Against Bacterial and Viral Antigens. Msphere (2018) 3(3):e00061–18. doi: 10.1128/mSphere.00061-18

19. Szatraj, K, Szczepankowska, AK, and Chmielewska-Jeznach, M. Lactic Acid Bacteria Promising Vaccine Vectors: Possibilities, Limitations, Doubts. J Appl Microbiol (2017) 123(2):325–39. doi: 10.1111/jam.13446

20. Nasrollahzadeh, A, Mokhtari, S, Khomeiri, M, and Saris, PEJ. Antifungal Preservation of Food by Lactic Acid Bacteria. Foods (2022) 11(3):395. doi: 10.3390/foods11030395

21. Singh, SK, Plieskatt, J, Chourasia, BK, Singh, V, Bolscher, JM, Dechering, KJ, et al. The Plasmodium Falciparum Circumsporozoite Protein Produced in Lactococcus Lactis Is Pure and Stable. J Biol Chem (2020) 295(2):403–14. doi: 10.1074/jbc.RA119.011268

22. Wang, S, Geng, N, Zhou, D, Qu, Y, Shi, M, Xu, Y, et al. Oral Immunization of Chickens With Recombinant Lactobacillus plantarum Vaccine Against Early ALV-J Infection. Front Immunol (2019) 10:2299. doi: 10.3389/fimmu.2019.02299

23. Wang, M, Fu, T, Hao, J, Li, L, Tian, M, Jin, N, et al. A Recombinant Lactobacillus Plantarum Strain Expressing the Spike Protein of Sars-Cov-2. Int J Biol Macromol (2020) 160:736–40. doi: 10.1016/j.ijbiomac.2020.05.239

24. Wang, D, Zhang, Y, Ma, C, Ma, D, Zhao, Q, Wang, F, et al. Live Recombinant Lactococcus Lactis Expressing Avian Hepatitis Virus Orf2 Protein: Immunoprotection Against Homologous Virus Challenge in Chickens. Vaccine (2018) 36(8):1108–15. doi: 10.1016/j.vaccine.2018.01.003

25. Chen, W, Ma, C, Wang, D, Li, G, and Ma, D. Immune Response and Protective Efficacy of Recombinant Enterococcus Faecalis Displaying Dendritic Cell-Targeting Peptide Fused With Eimeria Tenella 3-1e Protein. Poul Sci (2020) 99(6):2967–75. doi: 10.1016/j.psj.2020.03.014

26. Huang, H, Jiang, Y, Zhou, F, Shi, C, Yang, W, Wang, J, et al. A Potential Vaccine Candidate Towards Chicken Coccidiosis Mediated by Recombinant Lactobacillus Plantarum With Surface Displayed EMIC2 Protein. Exp Parasitol (2020) 215:107901. doi: 10.1016/j.exppara.2020.107901

27. Jia, Z, Ma, C, Yang, X, Pan, X, Li, G, and Ma, D. Oral Immunization of Recombinant Lactococcus Lactis and Enterococcus Faecalis Expressing Dendritic Cell Targeting Peptide and Hexon Protein of Fowl Adenovirus 4 Induces Protective Immunity Against Homologous Infection. Front Vet Sci (2021) 8:632218. doi: 10.3389/fvets.2021.632218

28. Wang, Z, and Zhao, J. Pathogenesis of Hypervirulent Fowl Adenovirus Serotype 4: The Contributions of Viral and Host Factors. Viruses (2019) 11(8):741. doi: 10.3390/v11080741

29. Zhang, Y, Liu, R, Tian, K, Wang, Z, Yang, X, Gao, D, et al. Fiber2 and Hexon Genes Are Closely Associated With the Virulence of the Emerging and Highly Pathogenic Fowl Adenovirus 4. Emerg Microbes Infect (2018) 7(1):199. doi: 10.1038/s41426-018-0203-1

30. Xie, Q, Wang, W, Li, L, Kan, Q, Fu, H, Geng, T, et al. Domain in Fiber-2 Interacted With Kpna3/4 Significantly Affects the Replication and Pathogenicity of the Highly Pathogenic Fadv-4. Virulence (2021) 12(1):754–65. doi: 10.1080/21505594.2021.1888458

31. Xie, Q, Wang, W, Kan, Q, Mu, Y, Zhang, W, Chen, J, et al. Fadv-4 Without Fiber-2 Is a Highly Attenuated and Protective Vaccine Candidate. Microbiol Spectr (2022) 10(1):e0143621. doi: 10.1128/spectrum.01436-21

32. Yin, D, He, L, Zhu, E, Fang, T, Yue, J, Wen, M, et al. A Fowl Adenovirus Serotype 4 (Fadv-4) Fiber2 Subunit Vaccine Candidate Provides Complete Protection Against Challenge With Virulent Fadv-4 Strain in Chickens. Vet Microbiol (2021) 263:109250. doi: 10.1016/j.vetmic.2021.109250

33. Li, C, Bi, Y, Li, Y, Yang, H, Yu, Q, Wang, J, et al. Dendritic Cell Mst1 Inhibits Th17 Differentiation. Nat Commun (2017) 8:14275. doi: 10.1038/ncomms14275

34. Bemark, M, Boysen, P, and Lycke, NY. Induction of Gut Iga Production Through T Cell-Dependent and T Cell-Independent Pathways. Ann N Y Acad Sci (2012) 1247:97–116. doi: 10.1111/j.1749-6632.2011.06378.x

35. Mohamadzadeh, M, Duong, T, Sandwick, SJ, Hoover, T, and Klaenhammer, TR. Dendritic Cell Targeting of Bacillus Anthracis Protective Antigen Expressed by Lactobacillus Acidophilus Protects Mice From Lethal Challenge. Proc Natl Acad Sci U.S.A. (2009) 106(11):4331–6. doi: 10.1073/pnas.0900029106

36. Niu, H, Xing, JH, Zou, BS, Shi, CW, Huang, HB, Jiang, YL, et al. Immune Evaluation of Recombinant Lactobacillus Plantarum With Surface Display of Ha1-Dcpep in Mice. Front Immunol (2021) 12:800965. doi: 10.3389/fimmu.2021.800965

37. Owen, JL, Sahay, B, and Mohamadzadeh, M. New Generation of Oral Mucosal Vaccines Targeting Dendritic Cells. Curr Opin Chem Biol (2013) 17(6):918–24. doi: 10.1016/j.cbpa.2013.06.013

38. Cheng, C, Dong, Z, Han, X, Wang, H, Jiang, L, Sun, J, et al. Thioredoxin A Is Essential for Motility and Contributes to Host Infection of Listeria Monocytogenes Via Redox Interactions. Front Cell Infect Microbiol (2017) 7:287. doi: 10.3389/fcimb.2017.00287

39. Reed, LJ, and Muench, H. A Simple Method of Estimating Fifty Per Cent Endpoints12. Am J Epidemiol (1938) 27(3):493–7. doi: 10.1093/oxfordjournals.aje.a118408

40. Ma, C, Zhang, L, Gao, M, and Ma, D. Construction of Lactococcus Lactis Expressing Secreted and Anchored Eimeria Tenella 3-1e Protein and Comparison of Protective Immunity Against Homologous Challenge. Exp Parasitol (2017) 178:14–20. doi: 10.1016/j.exppara.2017.05.001

41. Miyamoto, T, Min, W, and Lillehoj, HS. Lymphocyte Proliferation Response During Eimeria Tenella Infection Assessed by a New, Reliable, Nonradioactive Colorimetric Assay. Avian Dis (2002) 46(1):10–6. doi: 10.1637/0005-2086(2002)046[0010:Lprdet]2.0.Co;2

42. Gunes, A, Marek, A, Grafl, B, Berger, E, and Hess, M. Real-Time PCR Assay for Universal Detection and Quantitation of All Five Species of Fowl Adenoviruses (Fadv-A to Fadv-E). J Virol Methods (2012) 183(2):147–53. doi: 10.1016/j.jviromet.2012.04.005

43. Shah, MS, Ashraf, A, Khan, MI, Rahman, M, Habib, M, Chughtai, MI, et al. Fowl Adenovirus: History, Emergence, Biology and Development of a Vaccine Against Hydropericardium Syndrome. Arch Virol (2017) 162(7):1833–43. doi: 10.1007/s00705-017-3313-5

44. Zhang, Y, Liu, A, Jiang, N, Qi, X, Gao, Y, Cui, H, et al. A Novel Inactivated Bivalent Vaccine for Chickens Against Emerging Hepatitis-Hydropericardium Syndrome and Infectious Bursal Disease. Vet Microbiol (2022) 266:109375. doi: 10.1016/j.vetmic.2022.109375

45. Zhang, Y, Pan, Q, Guo, R, Liu, A, Xu, Z, Gao, Y, et al. Immunogenicity of Novel Live Vaccine Based on an Artificial Rhn20 Strain Against Emerging Fowl Adenovirus 4. Viruses (2021) 13(11):2153. doi: 10.3390/v13112153

46. Entrican, G, and Francis, MJ. Applications of Platform Technologies in Veterinary Vaccinology and the Benefits for One Health. Vaccine (2022) 40(20):2833–40. doi: 10.1016/j.vaccine.2022.03.059

47. Shah, MA, Ullah, R, March, MD, Shah, MS, Ismat, F, Habib, M, et al. Overexpression and Characterization of the 100k Protein of Fowl Adenovirus-4 as an Antiviral Target. Virus Res (2017) 238:218–25. doi: 10.1016/j.virusres.2017.06.024

48. Trovato, M, and De Berardinis, P. Novel Antigen Delivery Systems. World J Virol (2015) 4(3):156–68. doi: 10.5501/wjv.v4.i3.156

49. Rodrigues, AF, Soares, HR, Guerreiro, MR, Alves, PM, and Coroadinha, AS. Viral Vaccines and Their Manufacturing Cell Substrates: New Trends and Designs in Modern Vaccinology. Biotechnol J (2015) 10(9):1329–44. doi: 10.1002/biot.201400387

50. Schachner, A, Marek, A, Jaskulska, B, Bilic, I, and Hess, M. Recombinant FAdV-4 Fiber-2 Protein Protects Chickens Against Hepatitis-Hydropericardium Syndrome (HHS). Vaccine (2014) 32(9):1086–92. doi: 10.1016/j.vaccine.2013.12.056

51. Wang, X, Tang, Q, Chu, Z, Wang, P, Luo, C, Zhang, Y, et al. Immune Protection Efficacy of FAdV-4 Surface Proteins Fiber-1, Fiber-2, Hexon and Penton Base. Virus Res (2018) 245:1–6. doi: 10.1016/j.virusres.2017.12.003

52. Liu, R, Zhang, Y, Guo, H, Li, N, Wang, B, Tian, K, et al. The Increased Virulence of Hypervirulent Fowl Adenovirus 4 Is Independent of Fiber-1 and Penton. Res Vet Sci (2020) 131:31–7. doi: 10.1016/j.rvsc.2020.04.005

53. Cook, JKA. Fowl Adenoviruses: Studies on Aspects of the Pathogenicity of Six Strains for 1-Day-Old Chicks. Avian Pathol (1983) 12(1):35–43. doi: 10.1080/03079458308436147

54. Ruan, S, Zhao, J, Yin, X, He, Z, and Zhang, G. A Subunit Vaccine Based on Fiber-2 Protein Provides Full Protection Against Fowl Adenovirus Serotype 4 and Induces Quicker and Stronger Immune Responses Than an Inactivated Oil-Emulsion Vaccine. Infect Genet Evol (2018) 61:145–50. doi: 10.1016/j.meegid.2018.03.031

55. Xu, X, Qian, J, Qin, L, Li, J, Xue, C, Ding, J, et al. Chimeric Newcastle Disease Virus-Like Particles Containing Dc-Binding Peptide-Fused Haemagglutinin Protect Chickens From Virulent Newcastle Disease Virus and H9n2 Avian Influenza Virus Challenge. Virol Sin (2020) 35(4):455–67. doi: 10.1007/s12250-020-00199-1

56. Niu, Y, Sun, Q, Shi, Y, Ding, Y, Li, Z, Sun, Y, et al. Immunosuppressive Potential of Fowl Adenovirus Serotype 4. Poult Sci (2019) 98(9):3514–22. doi: 10.3382/ps/pez179

57. Foulds, KE, Wu, CY, and Seder, RA. Th1 Memory: Implications for Vaccine Development. Immunol Rev (2006) 211:58–66. doi: 10.1111/j.0105-2896.2006.00400.x

58. Aricò, E, and Belardelli, F. Interferon-A as Antiviral and Antitumor Vaccine Adjuvants: Mechanisms of Action and Response Signature. J Interferon Cytokine Res (2012) 32(6):235–47. doi: 10.1089/jir.2011.0077

59. Olson, MR, Ulrich, BJ, Hummel, SA, Khan, I, Meuris, B, Cherukuri, Y, et al. Paracrine Il-2 Is Required for Optimal Type 2 Effector Cytokine Production. J Immunol (2017) 198(11):4352–9. doi: 10.4049/jimmunol.1601792

60. Walch, M, Rampini, SK, Stoeckli, I, Latinovic-Golic, S, Dumrese, C, Sundstrom, H, et al. Involvement of Cd252 (Cd134l) and Il-2 in the Expression of Cytotoxic Proteins in Bacterial- or Viral-Activated Human T Cells. J Immunol (2009) 182(12):7569–79. doi: 10.4049/jimmunol.0800296

61. Wang, SH, Yang, GH, Nie, JW, Wang, J, Wang, YX, Du, MZ, et al. Immunization With Recombinant E(Rns)-Ltb Fusion Protein Elicits Protective Immune Responses Against Bovine Viral Diarrhea Virus. Vet Microbiol (2021) 259:109084. doi: 10.1016/j.vetmic.2021.109084

62. Lexberg, MH, Taubner, A, Albrecht, I, Lepenies, I, Richter, A, Kamradt, T, et al. IFN-γ and Il-12 Synergize to Convert in Vivo Generated Th17 Into Th1/Th17 Cells. Eur J Immunol (2010) 40(11):3017–27. doi: 10.1002/eji.201040539

63. Grgic, H, Poljak, Z, Sharif, S, and Nagy, E. Pathogenicity and Cytokine Gene Expression Pattern of a Serotype 4 Fowl Adenovirus Isolate. PloS One (2013) 8(10):e77601. doi: 10.1371/journal.pone.0077601

64. Li, R, Li, G, Lin, J, Han, SJ, Hou, XL, Weng, HY, et al. Fowl Adenovirus Serotype 4 Sd0828 Infections Causes High Mortality Rate and Cytokine Levels in Specific Pathogen-Free Chickens Compared to Ducks. Front Immunol (2018) 9:49. doi: 10.3389/fimmu.2018.00049

65. Matos, M, Grafl, B, Liebhart, D, Schwendenwein, I, and Hess, M. Selected Clinical Chemistry Analytes Correlate With the Pathogenesis of Inclusion Body Hepatitis Experimentally Induced by Fowl Aviadenoviruses. Avian Pathol (2016) 45(5):520–9. doi: 10.1080/03079457.2016.1168513

66. Niu, Y, Sun, Q, Liu, X, and Liu, S. Mechanism of Fowl Adenovirus Serotype 4-Induced Heart Damage and Formation of Pericardial Effusion. Poul Sci (2019) 98(3):1134–45. doi: 10.3382/ps/pey485

67. Meng, K, Yuan, X, Yu, J, Zhang, Y, Ai, W, and Wang, Y. Identification, Pathogenicity of Novel Fowl Adenovirus Serotype 4 Sdjn0105 in Shandong, China and Immunoprotective Evaluation of the Newly Developed Inactivated Oil-Emulsion Fadv-4 Vaccine. Viruses (2019) 11(7):627. doi: 10.3390/v11070627




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jia, Pan, Zhi, Chen, Bai, Ma and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-919100-g011.jpg
Negative control

Infection Control

L. lactis/pTX8048

E. facecalis/pTX8048

L. lactis/pTX8048- Fiber2-CWA

L. lactis/pTX8048-DCpep-Fiber2-CWA

E. faecalis/pTX8048- Fiber2-CWA

E. faecalis/pTX8048-DCpep-Fiber2-CWA






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Probiotics Surface-Delivering Fiber2 Protein of Fowl Adenovirus 4 Stimulate Protective Immunity Against Hepatitis-Hydropericardium Syndrome in Chickens

      

        		

          Background and Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Bacteria, Virus, and Animals

          



          		

            Preparation of Recombinant Probiotics

          



          		

            Detection of Target Proteins

          



          		

            Immunization and Challenge Experiment

          



          		

            Detection of IgG and sIgA

          



          		

            Measurement of Cytokine Levels After Immunizations

          



          		

            Measurement of T-Cell Proliferation After Immunizations

          



          		

            Detection of Hepatic Function

          



          		

            Detection of Viral Load in the Liver

          



          		

            Detection of Inflammatory Factors Postinfection

          



          		

            Gross Pathological Changes and Histopathology

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression of Fiber2 Protein in Probiotics L. lactis and E. faecalis

          



          		

            Fiber2-Expressing Probiotics Induced Humoral Immune Responses

          



          		

            mRNA Levels of Cytokines in the Spleen After Immunization

          



          		

            Proliferation of Lymphocytes in Peripheral Blood

          



          		

            Levels of Inflammatory Factors in Liver After Challenge

          



          		

            Detection of Function Indexes

          



          		

            Virus Load in the Liver

          



          		

            Survival Rate, Body Weight Gain, and Organ Index

          



          		

            Pathological Lesions

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-919100-g008.jpg
A B (o]

60 ok k. : 3
2 50 K} =)
= = =
& 40 2 2
G o =
15} 5 5
= 30 s E
> g %
) > 3
E 20 5 -
£ 10 S g
a 3 g

&
%?ﬁébf\z‘o
S
D
g S
v v
F
P 8
350 B
< 300 i T
=) £ 6
[}
5 250 -g .
< 200 2 4
B 150 £s
5 >
— 100 22
g 5
E 50 8
[75]
0 0

Q
> & [N N S
P N P S oS NS &
shfe \\ng@ Z@i@é@é & .;&tg\s\‘;\-\sﬁ T S
é’{é&\o ST K \k@%\éi;.\o‘\o CQDSOQQZ‘Q;@‘QQ& SES
VRS RIS
SIS A
00\\ > C})\\ "‘3’ \00 ,{'&' ec°&+
NOLAS VR e i
A% -\s\ Q»\ \\$\ S
00\ (f> AN e
v v v






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-919100-g002.jpg
Immunization/Challenge/Sample Collection =~ Days

Oral immunization

Challenge

Sampling jejunal lavage fluid and test sIgA
Sampling sera and test [gG

0

Sampling PBMCs and detecting T lymphocyte proliferation

Sampling spleen and detecting immune-related cytokines
Sampling sera and detecting the liver function indicators
Liver samples collect and checked for viral load.

Tissue collect and observe pathological changes

{

7

AdA
®
®

VANV

AdA Add
® ®
? ®

L a4 2 2 =

63

®
t
e





OEBPS/Images/fimmu-13-919100-g004.jpg
A

2.0
<
8 15
g ~
o E
% 3
%‘Dv 1.0
» Q
2
9 0.5
—

poooomn

E. faecalis/pTX8048-DCpep-Fiber2-CWA
E. faecalis/pTX8048-Fiber2-CWA

L. lactis/pTX8048-DCpep-Fiber2-CWA

L. lactis/pTX8048-Fiber2-CWA

E. faecalislpTX8048

L. lactis/pTX8048

Negative control

kkk

@

Levels of sIgA in jejunal lavage fluid

(0 D450nm)

poooomn

E. faecalis/pTX8048-DCpep-Fiber2-CWA
E. lis/pTX8048-Fiber2-CWA
/pTX8048-DCpep-Fiber2-CWA
/pTX8048-Fiber2-CWA
s/pTX8048 dek ok
-1is/pTX8048
Negative control






OEBPS/Images/fimmu-13-919100-g006.jpg
Absorbance(OD4504m)

T-lymphocyte proliferation

BIO0000

Negative control

L. lactis/pTX8048

E. faecalis/pTX8048

L. lactis/pTX8048-Fiber2-CWA

L. lactis/pTX8048-DCpep-Fiber2-CWA
E. faecalis/pTX8048-Fiber2-CWA

E. faecalis/pTX8048-DCpep-Fiber2-CW A





OEBPS/Images/fimmu-13-919100-g001.jpg
bamH1  Kpnl bamH1  Kpnl
¥ { ¥ \

PnisA RBS SP TrxA 6x<His| Fiber2 CWA Term

RBS SP DCpep TrxA 6xHis| Fiber2 CWA Term

pTX8048-Fiber2-CWA pTX8048-DCpep-Fiber2-CWA






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-919100-g010.jpg





OEBPS/Images/fimmu-13-919100-g003.jpg
A s & & s & &
s &S & s S & F
& & & ¢ Fele e &

wa ¥ S ¥ & o kDa a Da W P & ¥ N ¥ N
130—[F . 130_|
10— & :68_ 100—

o ; - 70 — 71kDa
55 B 11Da 70 — 73kDa 55 — :
- 55 — 40 —|
10— 40 — 35

= 35 — Nisn - - - - + + Nisin - - - = + +
Nisin - -+ * Nisin -~ o+ o+ — —-
[ Jactis/pTX8048-Fiber2 L. lactis/pTX8048-DCpep-Fiber2 Efaecalis E faecalis/pTX8048-Fiber2 E faecalis F.faecalis/yTX8048-DCpep-Fiber2

B

L. lactis/pTX8048 L. lactis/pTX8048-Fiber2-CW, L. lactis/pTX8048-DCpep-Fibe

2. faecalis/pTX8048-Fiber2:CWA E. faecalis/pTX8048-DCpep-Fiber2.






OEBPS/Images/fimmu-13-919100-g009.jpg
>
@

100 1.50
80 -
§ %n day 50-63
= £
S 60 g day 36-49
: 40 ; day 22-35
=
g z
S 20 2 day 8-21
0 day 0-7
0.00
> 3
0 2 4 6 8 1012 14 SR P T TP S
Day post infection 00043’4;5 OO0 0 00‘\
-6~ Negative control &R \é & & zz&-o“
1 X AT (PO
=~ Infection control & (bfi 3 S &8
-~ L. lactis/pTX8048 ARSI T
-9~ E. faecalislpTX8048 O FLOF <5
- L. lactis/pTX8048-Fiber2-CWA RN AR
-@ L. lactis/pTX8048-DCpep-Fiber2-CWA WE & <
-® E. faecalis/pTX8048-Fiber2-CWA AR
@ E. faecalis/pTX8048-DCpep-Fiber2-CWA \)\& \&c"
C ¥
50
40
gg =3 Negative control
2 12 L. lactis/pTX8048
? ¥ =3 £, faccalis/yTX8048
z : D=3 L. lactis/pTX8048-Fiber2-CWA
g 6 == L. lactis/pTX8048-DCpep-Fiber2-CWA
-
S 6 == £ fuecalislpTX8048-Fiber2-CWA
: mm  E. fuccalis/pTX8048-DCpep-Fiber2-CWA
0 == [nfection control





OEBPS/Images/fimmu-13-919100-g007.jpg
>

Content of IL-1p (pg/ml)

(o]

Content of TNF-a (pg/ml)

80

60

30

TNF-a

B

Content of IL-6 (pg/ml)

o

Content of IL-8 (pg/ml)






OEBPS/Images/table1.jpg
Groups Numbers of chicken

Negative control 40
L. lactis/pTX8048 30
E. faecalis/pTX8048 30
L. lactis/pTX8048- Fiber2-CWA 30
L. lactis/pTX8048-DCpep-Fiber2-CWA 30
E. faecalis/pTX8048- Fiber2-CWA 30
E. faecalis/pTX8048-DCpep-Fiber2-CWA 30
Infection Control 10

Immunizations at days of age

Primary Secondary Third
7,8,and 9 21,22, and 23 35, 36, and 37
PBS (pH 7.2)

L. lactis NZ9000/pTX8048, 1.0 x 10'°CFU

E. faecalis MDXEF-1/pTX8048, 5.0 x 10°CFU

L. lactis NZ9000/pTX8048-Fiber2-CWA, 1.0 x 10'°CFU

L. lactis NZ9000/pTX8048-DCpep-Fiber2-CWA, 1.0 x 10'°CFU

E. faecalis MDXEF-1/pTX8048-Fiber2-CWA, 5.0 x 10° CFU

E. faecalis MDXEF-1/pTX8048-DCpep-Fiber2-CWA, 5.0 x 1.0 x 10°
CFU

PBS (pH 7.2)

At 49 days of age, 10 chickens were randomly selected from the negative control group to form the infection control group before challenge.

Challenge at days of age

a9
/
10%%2 TCIDso
10552 TCIDso
10552 TCIDgo
10552 TCIDso
10%%2 TCIDso
1092 TCIDsp

10%%2 TCIDso





OEBPS/Images/fimmu.2022.919100_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Probiotics Surface-Delivering Fiber2
Protein of Fowl Adenovirus 4
Stimulate Protective Immunity
Against Hepatitis-Hydropericardium
Syndrome in Chickens





OEBPS/Images/fimmu-13-919100-g005.jpg
:
<
= Q
%, PR
P D
%, A5 2
%, Y, <58
v 4, 2297
% % OEQ &
&) h 89 S
e, % Q08 Q
% g air X
A %, = ®ERL D
= Y, i) FEARY
= 2, = ~22 L 28
ONRCN PO XS ON N
7 %, ERLERRED
%, % ExERR
5 Yo, SR & &8
B . SEEEBESS
e < 2SS EESS
% 2535588
g2 58SS83Sss
4 %, FINI IV
%@ %, ZNH S NHR
% %
B pooooma
v - =} Q 7 O v+ e A - O
(8] 91130 [A] VNYW 2ANR[Y [TH LI-T1JO [9A9] VNYW dANR[Y
299 888888 8 8
"3 a3 333333
S = = d @ ¥ 1w 8 & B &
-1 s g o
- = = 3 2 a £ 2
Al s = 2 ] = ] =
= = E. faccalis/pTX8048-DCpep-Fiber2-CWA
E. faccalis/pTX8048-Fiber2-CWA £
/pTX8048-DCpep-Fiber2-CWA =
/pTX8048-Fiber2-CWA £
E. facealis/pTX8048 =
PTX8048 z
L Negative control
3 © < a =3 K2 © LY IS = ’ E. faccalis/pTX8048-DCpep-Fiber2-CWA =
m =T1J0 [PA] VNYW dATE[Y w 01-"11J0 [9A9] VN YW dANR[Y E. faccalis/pTX8048-Fiber2-CWA 3
L. lactis/pTX8048-Fiber2-CWA £
E. faccalis/pTX8048
% g
“,, ]
2
.\,_.oQ. oo& .- faccalispTX8048-DCpep-Fiber2-CWA o
% E. faccalis/pTX8048-Fiber2-CWA -
B Py E
- o« L. Iactis/pTX8048-DCpep-Fiber2-CWA =
a4 A\e\\ L. lactis/pTX8048-Fiber2-CWA m
o m..wso E. faccalis/pTX8048 =
S0 %, H
7 4, £
%, %, £
7, Negative control
Q <
%
“
%5 S,
OQ 0&
%
=) ) © <+ o~ o *90. ,\%\

-4 T-T1 JO [9A9] YN W 2A1IR[Y [a) A-NLAT JO [9A9] VN YW dATIR[Y (]





