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Editorial on the Research Topic 


New-generation vaccines and novel vaccinal strategies against infectious diseases of livestock, wild and companion animals


Vaccination against infectious disease is an invaluable tool to protect humans against severe morbidity and mortality. For this reason, significant advances in human vaccines have propelled the field of vaccinology forward. Emerging and neglected diseases still pose an important challenge (1); fortunately, the evolution of technology in the vaccinology field is providing modern options to successfully prevent viral and non-viral human infections (2, 3). In contrast, the development of animal vaccines has lagged, although their importance is just as critical to the health and welfare of wild, domestic, and companion animals. In addition to the zoonotic risk it poses to public health, infectious animal diseases have accounted for more than 20 billion euros in direct losses over the last decade, and more than ten times that amount in indirect costs (4). This Research Topic “New-generation vaccines and novel vaccinal strategies against infectious diseases of livestock, wild and companion animals” highlights advances and innovations in animal vaccines.

Within this Research Topic, both original research and review articles are presented. The original article “Targeted delivery of oral vaccine antigens to aminopeptidase N (APN) protects pigs against pathogenic Escherichia coli challenge infection” describes the complications of oral subunit vaccines and the significant hurdles in overcoming the barriers of the gastrointestinal tract, limiting their development and efficacy. However, by utilizing APN-specific antibody-antigen fusion constructs, researchers have demonstrated the induction of both mucosal and systemic immune responses in a piglet model of bacterial infection, providing a stepping stone toward the realization of an effective and protective oral subunit vaccine targeting APN. The manuscript by Souto et al. provides data to support the development of a bivalent vaccine candidate to protect fish from viral hemorrhagic septicemia (VHS) and viral encephalopathy and retinopathy (VER), major threats in aquaculture. By modifying the genome of viral hemorrhagic septicemia virus (VHSV) and introducing an expression cassette encoding the protective antigen domain of nervous necrosis virus (NNV) capsid protein, the authors successfully demonstrated the safety, immunogenicity, and protective efficacy of the recombinant VHSVs (rVHSV) in trout and sole. These findings hold promise for the development of a valuable bivalent live attenuated vaccine for commercially valuable fish species. Anotherstudy assessed the immune responses in calves to vaccines targeting Mycobacterium avium subspecies paratuberculosis (MAP), a cause of chronic enteritis in ruminants. Here, the authors analyzed the immune response induced by truncated MAP antigens as a fusion either on protein particles or as a soluble recombinant MAP (rMAP) fusion protein and compared this to a commercial vaccine. The rMAP fusion protein vaccine displayed the strongest immune response and showed promise in providing protective immunity against MAP infection while avoiding interference with bovine tuberculosis diagnostic tests. In another article, the authors describe a promising vaccination strategy for East Coast fever, a prevalent bovine disease in Africa caused by Theileria parva. In this study, using a recombinant lumpy skin disease virus (LSDV), the authors engineered virus-like particles (VLPs) containing a modified form of the T. parva p67 surface antigen and the bovine leukemia virus (BLV) gag gene. Studies in mice demonstrated the vaccine’s immunogenicity, showing higher antibody titers in the group vaccinated with the recombinant LSDV. This encouraging progress paves the way for further investigations and potential applications of this dual vaccine candidate in cattle. Using recombinant bovine herpesvirus (BHV)-4 expressing nonstructural protein 5 (NSP5) and M fusion protein of porcine reproductive and respiratory syndrome virus (PRRSV), a study suggested that a T cell response induced in recombinant viral vector primed pigs can help in reducing PRRSV-1–associated tissue damage without reducing the viral load. A separate study explored the potential of an adenoviral-vectored Epigraph vaccine as a promising alternative to current Swine Influenza A Virus (IAV-S) vaccines. Their findings demonstrated encouraging results, with the vaccine inducing robust and durable antibody responses in vaccinated pigs, as well as significant protection against viral challenge 6 months after initial vaccination.

To complement the original research outlined above, this Research Topic also delves into important questions regarding new vaccine strategies and considerations for future approaches in detailed reviews. “Recent advances in antigen targeting to antigen-presenting cells in veterinary medicine” outlines the dynamic field of veterinary medicine, where the quest for innovative strategies to combat challenging diseases has gained considerable momentum. Notably, groundbreaking advancements in antigen targeting, with a particular focus on antigen-presenting cells such as dendritic cells, through the use of DC peptides and MHC-II, have emerged as a beacon of hope. Moreover, another review describes the complications of vaccination in wildlife animals. Prion diseases, such as chronic wasting disease (CWD), pose significant challenges due to their unique biology and potential zoonotic risks. Current efforts to manage CWD have been largely ineffective, emphasizing the need for new tools such as vaccines. Despite the hurdles of overcoming immune tolerance and vaccinating wild animals, progress has been made in identifying safe antigens and effective strategies for formulation and delivery, including oral delivery to wild cervids.

The intricate immune system of the upper reproductive tract (URT) serves a remarkable purpose: shielding against sexually transmitted pathogens while simultaneously embracing immune tolerance toward sperm and the developing fetus. The review “Immune responses in the uterine mucosa: clues for vaccine development in pigs” explores the pursuit of effective strategies, with intrauterine immunization emerging as a promising approach, aiming to elicit localized or systemic immunity that safeguards against potential threats. Finally, Type I interferons (IFNs-α/β) are vital components of the innate immune response against viral infections. However, viruses have developed clever strategies to evade the antiviral effects of IFNs, compromising the efficiency of the immune system and vaccines. Understanding these evasion mechanisms can pave the way for the development of innovative vaccines that counteract viral IFN antagonism and induce robust immune responses for enhanced protection against a wide range of pathogens. The review article “Reprogramming viral immune evasion for a rational design of next-generation vaccines for RNA viruses” explores advances in developing IFN antagonism-deficient viruses, their immune evasion, and attenuated phenotypes in natural host animal species.

This Research Topic brings a diverse selection of topics outlining advances in the field of veterinary vaccinology. The importance of generating protective vaccines against disease in animals is critical to ensuring their health and wellness, thus favoring production systems and reducing zoonotic disease risk (5).
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Mycobacterium avium subspecies paratuberculosis (MAP) causes chronic progressive granulomatous enteritis leading to diarrhea, weight-loss, and eventual death in ruminants. Commercially available vaccine provides only partial protection against MAP infection and can interfere with the use of current diagnostic tests for bovine tuberculosis in cattle. Here, we characterized immune responses in calves to vaccines containing four truncated MAP antigens as a fusion (Ag85A202-347-SOD1-72-Ag85B173-330-74F1-148+669-786), either displayed on protein particles, or expressed as a soluble recombinant MAP (rMAP) fusion protein as well as to commercially available Silirum® vaccine. The rMAP fusion protein elicited the strongest antigen-specific antibody responses to both PPDA and recombinant antigen and strong and long-lasting T-cell immune responses to these antigens, as indicated by increased production of IFN-γ and IL-17A in antigen-stimulated whole blood cultures. The MAP fusion protein particle vaccine induced minimal antibody responses and weak IFN-γ responses but stimulated IL-17A responses to recombinant antigen. The immune response profile of Silirum® vaccine was characterized by weak antibodies and strong IFN-γ and IL-17A responses to PPDA. Transcription analysis on antigen-stimulated leukocytes from cattle vaccinated with rMAP fusion protein showed differential expression of several immune response genes and genes involved in costimulatory signaling, TLR4, TLR2, PTX3, PTGS2, PD-L1, IL1B, IL2, IL6, IL12B, IL17A, IL22, IFNG, CD40, and CD86. Moreover, the expression of several genes of immune pathways correlated with cellular immune responses in the rMAP fusion protein vaccinated group. These genes have key roles in pathways of mycobacterial immunity, including autophagy, manipulation of macrophage-mediated killing, Th17- and regulatory T cells- (Treg) mediated responses. Calves vaccinated with either the rMAP fusion protein or MAP fusion protein particle vaccine did not induce reactivity to PPDA and PPDB in a comparative cervical skin test, whereas Silirum® induced reactivity to these tuberculins in most of the vaccinated animals. Overall, our results suggest that a combination of recombinant MAP antigens in the form of a soluble fusion protein vaccine are capable of inducing strong antigen-specific humoral and a balanced Th1/Th17-cell immune response. These findings, together with the absence of reactivity to tuberculin, suggest this subunit vaccine could provide protective immunity against intracellular MAP infection in cattle without compromising the use of current bovine tuberculosis surveillance test.




Keywords: Mycobacterium avium subspecies paratuberculosis, Johne’s disease, recombinant MAP fusion protein particle vaccine, IFN-γ, IL-17, nanostring, gene expression, tuberculin skin test



Introduction

Johne’s disease (JD) or paratuberculosis is caused by Mycobacterium avium subspecies paratuberculosis (MAP), and results in chronic progressive granulomatous enteritis affecting ruminants (1, 2). Animals with clinical infection are often culled due to chronic diarrhea, gradual weight loss, and reduced milk production, resulting in considerable economic losses to the livestock industry worldwide (3, 4). The only commercially available vaccine for cattle, Silirum® (Zoetis, NSW, Australia), provides partial protection by reducing bacterial shedding in feces and the severity of JD (5). The vaccine is comprised of heat-killed MAP and interferes with the use of the tuberculin skin test for bovine tuberculosis (6, 7). A more effective vaccine against MAP infection without sensitizing animals to tuberculin is required.

New approaches of developing a vaccine against MAP infection have been proposed including, protein-based subunit vaccines, DNA vaccines and live vector vaccines (8–10). However, the level of protection induced by these types of vaccines has not exceeded the levels conferred by live attenuated or killed MAP vaccines (11). Efficient and targeted delivery of antigens to antigen-presenting cells (APCs) is crucial to induce effective protective immune responses (12–14). Advances in particulate-type vaccines hold promise for improved vaccines due to their efficient uptake by APCs (12–14). A wide range of approaches are being used for enhanced antigen delivery, including formulation of antigens in particulate adjuvants, such as liposomes and microparticles as well as particles displaying antigens such as virus-like particles, bacteria-based vectors, liposomes, immune-stimulating complexes, inclusion bodies, and protein particles (15–17).

Protein particles have several advantages for vaccine antigen delivery. The large surface area of protein particles, along with the co-delivery of multiple antigens on the same particle leads to better activation of APCs (18–20). In addition, their low production cost and ease of manufacture process have made protein particles an attractive choice for use in vaccine formulation (21–23).

Studies have demonstrated that MAP antigens including antigen complex 85A (Ag85A), Ag85B, Ag85C, and superoxide dismutase (SOD) and a polyprotein 74F produced as recombinant soluble proteins in E. coli (24, 25) or truncated fusion secretory proteins (Ag85A202-347-SOD1-72-Ag85B173-330 and 74F1-148+669-786) in two Salmonella vectors (26) can induce protective immunity against MAP infection in mice. In a previous study, we demonstrated that protein particles displaying different regions of MAP antigens Ag85A, Ag85B, SOD and 74F as well as soluble form of these antigens induced strong antigen-specific T-cell immune responses and provided protection against MAP challenge in mice (27). In the current study in cattle, we investigated the ability of protein particles displaying Ag85A, SOD, Ag85B and 74F to induce antibody and cellular immune responses and compared them to the MAP antigens expressed as a single fusion soluble recombinant protein and the commercial vaccine Silirum®. We also tested the reactivity of the vaccinated animals to bovine purified protein derivatives in the intradermal tuberculin skin test.



Materials and methods


Animals

Thirty-two Holstein-Friesian cattle, 2-3 months old were sourced from a commercial farm with no history of JD. Prior to the trial, the cattle (n = 32) tested negative for reactivity to protein purified derivative from Mycobacterum avium (PPDA) (Prionics, Schlieren-Zurich, Switzerland) in the whole-blood interferon-γ (IFN-γ) assay and were selected from a larger group of animals (n = 45). The cattle were grazed on pasture in a separate paddock during the trial.



Production and purification of protein particle and recombinant protein

Protein particles displaying MAP fusion antigen were produced as described previously (27). The coding sequence for truncated MAP fusion antigens (Ag85A202-347-SOD1-72-Ag85B173-330-74F1-148+669-786) was fused to the N-terminal of PhaC protein coding sequence in pPolyN plasmid using the strategy as described previously (27). The resultant plasmid was transformed into E. coli BL21 (DE3) cells (ThermoFisher Scientific, New Zealand) to produce protein particles displaying MAP fusion antigen fused to PhaC. Briefly, transformed Escherichia coli BL21 (DE3) cells were grown in Luria Broth supplemented with 75 µg/mL ampicillin (Sigma, St. Louis, MO) in a shaking incubator at 37°C. The cultures were induced with 0.5 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma, St. Louis, MO) until an OD600 of 0.5 was reached, and the cultures were further incubated for 48 h at 25°C with shaking at 200 rpm. The cells were lysed using a microfluidizer and the lysate was centrifuged at 8,000 × g for 15 min at 4°C to purify the protein particles. The purified protein particles were treated with 70% ethanol for 1 h to kill any residual bacteria. The protein particles were washed twice in cold phosphate-buffered saline (PBS), 10 mM, pH 7.3 and re-suspended in PBS as a 20% slurry. Sterility of the protein particles was confirmed by plating an aliquot of the slurry onto LB and incubating for 2 days at 37°C.

The coding sequence for the MAP fusion antigen was cloned into the pET151 expression vector and used to produce MAP fusion protein as a recombinant protein with a 6x histidine tag in E. coli BL21 (DE3) cells as described previously (27). The his-tagged protein was purified using a gravity flow nickel-chelate (Ni-NTA) column (Takara Bio, CA, USA) and treated with Triton X-114 to reduce endotoxin contamination (28, 29).



Vaccine preparation

Vaccines were prepared as previously reported (27). Briefly, vaccines were prepared by formulating either PBS alone, recombinant MAP (rMAP) fusion protein or protein particles displaying MAP fusion antigen (300 µg per vaccine dose) with Emulsigen-D (20%, vol/vol, MVP Laboratories, Omaha, NE). The concentration of MAP fusion antigen in protein particles was calculated (Table 1 and Figure S1) according to a previously published method (30). Silirum® vaccine containing heat-inactivated MAP strain 316F was purchased from Zoetis, NSW, Australia.


Table 1 | Concentration of MAP fusion antigen in protein particles.





Vaccination

Thirty-two calves were divided randomly into 4 vaccine groups of 8 animals as shown in Table 2. Calves in groups 1, 3 and 4 were vaccinated subcutaneously with 2 mL vaccine in the anterior region of the neck (week 0). Animals were re-vaccinated with the same vaccine 3 weeks after the first vaccination. Calves in group 2 were vaccinated in the same manner as the other groups, but only once with 1 mL Silirum® vaccine.


Table 2 | Vaccine groups.



Blood samples were collected by jugular venipuncture using blood tubes with no anti-coagulant and heparinized blood tubes (Vacutainer, Becton Dickinson, NZ) before vaccination (week 0) and after vaccination at weeks 3, 6, 9, and 12 to measure antibody titers. For serology, blood was centrifuged at 2,500 × g for 10 min at room temperature and serum was aspirated and stored at –20°C. Heparinized blood samples were used to measure IFN-γ, IL-17A and gene expression in antigen-stimulated leukocytes.



Antibody ELISA

Serum IgG antibody responses to PPDA and rMAP fusion protein (referred to as recombinant antigen (RA) when used to measure immune responses) were measured by ELISA using a previously described method with some modifications (27). Briefly, Microlon high-binding capacity 96 well ELISA plates (Greiner Bio-One, Germany) were coated overnight at 4°C with 50 µL/well of PPDA or rMAP fusion protein (4 µg/mL) in 50 mM sodium carbonate buffer, pH 9.6. The following day, the plates were washed with PBS + Tween-20 (0.5%) (PBST) and blocked for 1 h at room temperature with 100 µL/well of blocking buffer (PBS containing 1% (w/v) casein). After incubation, the plates were washed with PBST, and 2-fold serial dilutions of sera (range 1:200 – 1:204,800 diluted in blocking buffer) were added (50 µL/well). The pre-vaccination (week 0) and post-vaccination sera (week 3, 6, 9, and 12) of an animal were tested on the same plate. The plates were incubated for 1 h at room temperature, washed with PBST, then incubated for 1 h at room temperature with HRP-conjugated donkey anti-bovine IgG (BioRad, CA, USA) diluted at 1:6,000 in blocking buffer (50 µL/well). Following washing with PBST, 50 µL/well of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (BD Biosciences) was added, and the plates incubated for 20 min at room temperature in the dark. The reactions were stopped with the addition of 50 µL/well of 0.5 M H2SO4 and the absorbance read at 450 nm using a microplate reader (VERSAmax, Molecular Devices). For each animal, the antibody titer of each post-vaccination serum was calculated from the reciprocal of the highest dilution showing an OD450 value greater than the OD450 value of a 1:200 dilution of pre-vaccination serum.



IFN-γ and IL-17 assays

Heparinized blood samples were obtained from the calves and within 6 h of collection, aliquots (1 mL) were dispersed into wells of a 48-well plate and either PBS (negative control), pokeweed mitogen (positive control, 2.5 µg/mL final concentration), PPDA (24 μg/mL final concentration; Prionics, Schlieren-Zurich, Switzerland), or RA (10 µg/mL final concentration) was added for IFN-γ and IL-17A whole blood assays. After incubation at 37°C for 24 h, the plasma supernatants were harvested (400 × g for 10 min). IFN-γ levels were measured using a sandwich ELISA kit (Prionics, Thermo Fisher Scientific) and bovine IFN-γ standard (Kingfisher Biotech, St. Paul, USA) was titrated to calculate the concentration of IFN-γ (pg/mL) in each sample and results were expressed using the standard curve.

An ELISA for bovine-specific IL-17A was developed and optimized in-house using capture, detection antibodies and recombinant bovine IL-17A as standards (Kingfisher Biotech, MN, USA) according to the manufacturer’s instructions. The optimized conditions were used to measure IL-17A levels in plasmas from antigen-stimulated whole blood of the animals prior to vaccination (week 0) and at weeks 3, 6, 9, and 12 post-vaccination. Briefly, MaxiSorp high protein-binding capacity 96 well ELISA plates (Nunc™) were coated overnight at room temperature with 50 µL/well of capture antibody (2 µg/mL protein) in PBS. The plates were washed with PBST and blocked for 1 h with 100 µL/well of blocking buffer (PBS containing 4% (w/v) BSA) at 37°C with shaking. Following blocking, the plates were washed again with PBST. Bovine IL-17A standards and undiluted plasma samples (50 µL/well) were added to the plates and the plates were incubated for 1 h at 37°C. Following the incubation, the plates were washed with PBST and incubated for 1 h at 37°C with biotin-conjugated detection antibody (Kingfisher Biotech, MN, USA) diluted at 1:4,000 in blocking buffer (50 µL/well). After incubation, the plates were washed with PBST, and then incubated for 30 min at 37°C with streptavidin-HRP (Kingfisher Biotech, MN, USA) diluted at 1:500 in blocking buffer (50 µL/well). After the incubation, the plates were washed with PBST, and 50 µL/well of TMB substrate (BD Biosciences) was added, and the plates were incubated 20 min at room temperature in the dark. The reactions were stopped by the addition of 50 µL/well of 0.5 M H2SO4 and absorbance read at 450 nm using a microplate reader (VERSAmax, Molecular Devices). The concentration of IL-17A (pg/mL) for each sample was calculated from the standard curve.



Measurement of gene expression in antigen-stimulated leukocytes

Leukocytes were prepared from heparinized blood samples using a method previously described with some modifications (31). Briefly, 3 mL of blood was transferred into a 50 mL falcon tube and 13.5 mL of chilled water was added (4.5 mL/ml of blood) to lyse the red blood cells. The tubes were quickly mixed for 15 sec, and 1.5 mL of 10X DPBS (500 µL/mL of blood) (Thermo Fisher Scientific, New Zealand) was added to equilibrate the sample. Subsequently, the cells were centrifuged at 250 × g for 10 min at 4°C, washed with PBS (10 mM, pH-7.3) and re-suspended in 0.5 mL of RPMI-1640 containing 10% fetal bovine serum (Thermo Fisher Scientific, New Zealand). Cell number and viability was measured by trypan blue exclusion method using TC20 cell counter (BioRad). A total of 2x106 cells were added to each well in a U-bottom 96-well tissue culture plate (Nunc™) and stimulated with either media alone (un-stimulated), PPDA (24 μg/mL) or RA (10 µg/mL) at 37°C for 24 h. After incubation, plates were centrifuged in a swing out rotor at 350 × g for 10 min at room temperature. The supernatant was removed and 150 µL of a commercial lysis buffer for RNA preparation was added (RLT buffer, Qiagen, Hilden, Germany) to the samples and the plates were stored at –80°C until RNA isolation. Total RNA was isolated from the samples using RNeasy kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany).



nCounter analysis of gene expression

Gene expression analysis was performed using the nCounter Analysis System (Nanostring Technologies Inc., Seattle, WA) as previously described (32). The use of NanoString technology enables RNA expression analysis from either purified RNA or directly from cell lysates without further RNA purification or amplification (33). The method uses molecular barcodes on gene-sequence-specific probes and single molecule imaging to count RNA copies (34). RNA was prepared from the antigen-stimulated leukocytes before vaccination (week 0) and after vaccination (weeks 6, 9 and 12) and analyzed using PlexSet-24 consisting of probes specific to 21 immune response genes and 3 reference genes (Table 3).


Table 3 | List of genes analyzed by nCounter.



A titration was performed using bovine-specific ProbeSets (Supplementary Data Sheet) and a PlexSet-24 titration kit according to the manufacturer’s instructions (NanoString Technologies) to optimize the input RNA concentration of each sample in the final PlexSet-24 analyses (data not shown). As a result, a total of 1.1 µg of purified RNA was used to measure the expression of various immune response genes (Table 2) using bovine specific PlexSet-24.

For analysis, background subtraction was performed by subtracting the geometric mean of 8 internal negative controls from each sample. Positive control normalization was performed using the geometric mean of 6 internal positive controls to compute the normalization factor. The normalization factor of all samples was inside the 0.65 to 1.67 range.

The geometric mean of counts of the three reference genes included in the ProbeSet was used for gene normalization. The average of these geometric means across all lanes was used as the reference against which each lane is normalized. A normalization factor was then calculated for each of the lanes based on the geometric mean of counts for the reference genes in each lane relative to the average geometric mean of counts for the reference genes across all lanes. This normalization factor was then used to adjust the counts for each gene target and controls in the associated lane. The normalization factor of all samples was inside the 0.5 to 21 range.

Fold-change was calculated by dividing normalized RNA counts for each gene of antigen-stimulated blood leukocytes over media alone stimulated cells at weeks 0, 6, 9, and 12. Ratios were calculated for each gene at weeks 6, 9, and 12 by dividing fold-change (antigen stimulation/media alone) values at weeks 6, 9, and 12 over fold-change expression at week 0. The data were log2 transformed prior to statistical analysis.



Intradermal tuberculin test

A comparative cervical tuberculin intradermal test was conducted at week 12. For this test, the cattle were inoculated intradermally with 0.1 mL volumes containing either 2,500 IU of PPDA or 5,000 IU of purified protein derivative from Mycobacterium bovis (PPDB) (AsureQuality, Upper Hutt, New Zealand) at separate sides on the right side of the neck. The skin fold thicknesses were measured with Calipers prior to and 72 h after injection of the PPDs. Positive skin test responses to PPD were defined as increases in skin thickness prior to injection and 3 days later of ≥ 2 mm and ≥ 4 mm and the differential increase, PPDB-PPDA of ≥ 2 mm and ≥ 4 mm.



Statistical analysis

The statistical analysis of fold-change of antibodies, cytokine responses and gene expression values was performed using R software version 4.1.1 (35). For each gene, permutation ANOVAs as implemented in the lmPerm R package version 2.1.0 (36) were used to evaluate the significance of timepoint and vaccine. Post-hoc testing and calculation of predicted means and 95% confidence intervals were calculated using the predictmeans R package version 1.0.6 (37). P-values < 0.05 were considered statistically significant. The “pca” function within the mixOmics R package version 6.12.1 (38) was used to perform PCA on the gene expression values. The mixomics R package was also used to perform canonical correlation analysis with the shrinkage method to account for a large amount of co-correlation between the gene expression and immunology data. The canonical correlation analysis results, along with Pearson correlations were displayed in a network plot were prepared using Cytoscape version 3.8.2 (39).




Results


Recombinant MAP fusion protein induces long lasting antibody responses

Serum antibody responses to RA and PPDA were measured in the vaccinated animals. Antibody levels to RA and PPDA were significantly higher in the animals vaccinated with rMAP fusion protein at 3, 6, 9 and 12 weeks compared to animals vaccinated with PBS, Silirum® or the protein particles (P < 0.05, Figure 1). The strong antibody responses induced by the rMAP fusion protein vaccine were long-lasting with peak responses at week 6 and antibody responses still higher than the other groups at week 12 (P <0.05). In comparison, calves vaccinated with the protein particles or given Silirum® produced no significant antibody responses to both RA and PPDA.




Figure 1 | Antibody responses to recombinant antigen and PPDA in different vaccine groups. Mean serum antibody responses to (A), recombinant antigen (RA); and (B), PPDA in calves vaccinated with PBS, Silirum®, rMAP fusion protein (Rec protein) and protein particles displaying MAP fusion protein (Protein particles) vaccines at weeks 0 and 3. Timing of vaccinations is indicated by arrows. Antibody titers were measured in sera before vaccination and after vaccination at weeks 3, 6, 9, and 12 using ELISA. Significance differences (P < 0.05) in antibody responses between different vaccine groups are indicated by different letters, while the same letter indicates no significant differences.





Recombinant MAP fusion protein induces cell-mediated immune responses

The ability of the vaccines to induce T-cell immune responses was evaluated by measuring antigen-specific IFN-γ and IL-17A responses in the vaccinated animals. Calves vaccinated with rMAP fusion protein vaccine elicited antigen-specific cell-mediated immune responses as indicated by increases in IFN-γ levels in blood stimulated in vitro with PPDA or RA (Figures 2A, B). These responses were significantly higher compared to the PBS vaccinated animals after vaccination at weeks 3, 6, 9 and 12 (P < 0.05, Figures 2A, B). IL-17A cytokine levels were also increased significantly at weeks 3, 6, 9, and 12 after stimulation with RA and only at week 9 with PPDA stimulation in the blood of the rMAP fusion protein vaccinated animals compared to the PBS group. In comparison, the MAP fusion protein particle vaccine induced weaker responses with significant increase in IL-17A levels in response to RA observed at weeks 3, 6 and 12 compared to the PBS group (P < 0.05, Figure 2B). There were no differences in IFN-γ levels between the MAP fusion protein particle group and the PBS group. The animals vaccinated with Silirum® vaccine also produced significantly higher levels of IFN-γ and IL-17A at weeks 3-12 in response to PPDA but not to RA compared to the PBS group (P < 0.05, Figures 2A, B). The range of IFN-γ levels in the pokeweed mitogen stimulated whole blood cells was 1093 pg/mL to 10767 pg/mL indicating responsiveness of the cells (data not shown).




Figure 2 | Antigen-specific cell-mediated immune responses in the vaccinated animals. Mean (+ SE) (A), IFN-γ and (B), IL-17A responses in the animals vaccinated with PBS; Silirum®; recombinant MAP fusion protein (Rec protein); and protein particles displaying MAP fusion protein (Protein particles). Whole blood from the vaccinated calves at weeks 0, 3, 6, 9 and 12 were stimulated in vitro with PBS, PPDA, or RA. IFN-γ and IL-17 levels were measured by ELISA. Results for IFN-γ and IL-17A cytokine levels are presented as difference obtained by subtracting values of PBS- from PPDA- or RA-induced IFN-γ and IL-17A cytokines. Significance indicated as *, P < 0.05 compared with the respective treatment in the PBS vaccinated animals.





Recombinant MAP fusion protein induces expression of key genes of various immune pathways

The ability of the vaccines to stimulate various immune pathways was evaluated in antigen-stimulated leukocytes prepared from blood of the immunized animals. Purified leukocytes were stimulated in-vitro with PPDA or RA for 24 h and expression of immune response genes was measured using NanoString.

Transcription analysis revealed that several immune response genes were significantly upregulated upon re-stimulation of leukocytes from calves vaccinated with rMAP fusion protein compared to animals administered PBS alone. Genes for TLR4, TLR2, PTX3, PTGS2, PDL1, IL22, IL2, IL1B, IL17A, IL12B, IFNG, CD40 were upregulated after stimulation with RA at weeks 6, 9 and 12; IL6 at weeks 9 and 12; and PDCD1 expression at week 6 (Figure 3). Expression of CD86 was downregulated at weeks 6, 9, and 12 and ITGAM expression was downregulated at weeks 12. Blood leukocytes stimulated with PPDA showed upregulation of IL22 and IFNG genes at weeks 6, 9 and 12; ITGAM at weeks 6 and 9; PDCD1 at week 6; and CD40LG at week 12 (Figure 3). Pathway analysis revealed that several of these genes participate in T-cell receptor and IL-17A signaling pathways (Figures S2, S3).




Figure 3 | Expression of immune responsive genes in animal vaccinated with PBS (P), Silirum® (S), recombinant MAP protein (RP), and MAP fusion protein particles (PP). Leukocytes were stimulated in vitro with either media alone, PPDA or RA at a final concentration of 10 μg/mL for 24 h. Results are presented as ratios of fold-change (antigen stimulation/media alone) for each gene at weeks 6, 9 and 12 over expression at week 0. The data was log2 transformed for statistical analysis and statistical significance was calculated by comparing ratios of antigen stimulation/media alone of all the vaccine groups and week 0 expression of the PBS control group. Statistical significance was calculated compared with the PBS group (* = P < 0.05; ** = P < 0.01; *** = P < 0.001). Note: No responses were measured in Silirum®-vaccinated animals at week 12 due to RNA being lost during sample preparation.



In the animals vaccinated with the MAP fusion protein particle vaccine, the expression of only a few genes were found to be modulated in antigen-stimulated leukocytes. The expression of IL12B and PTX3 were increased at week 9 in RA and PPDA stimulated leukocytes, respectively, while IL10 was upregulated at 12 weeks after PPDA stimulation compared to the PBS group.

In the Silirum®-vaccinated animals, expression of PDL1, PDCD1, IFNG and TGFb, PTGS2, PDL1, IL22, IL2, IL12B, IFNG, CD40LG, and CD40 were upregulated in blood leukocytes stimulated with PPDA at weeks 6 and 9, respectively compared to the PBS group. Leukocytes from these animals stimulated with RA had increases in expression of TLR4, TLR2, PDL1, PDCD1, CD40 and IL22 genes at weeks 6 and 9, respectively. No samples were analyzed for gene expression at week 12 due to loss of mRNA during sample preparation.



Correlation between gene expression and cellular immune responses in recombinant MAP vaccinated animals

We performed network plot analysis to identify correlations between expression of 21 genes in RA-stimulated leukocytes and antigen-specific immune responses (antibody, IFN-γ and IL-17A cytokines) in cattle vaccinated with rMAP fusion protein at various time points (weeks 0, 6, 9 and 12). The analysis revealed expression of several genes involved in various immune pathways were highly correlated with humoral- and cell-mediated immune responses (Cor > 0.6) (Figure 4). For example, expression of pro-inflammatory cytokines and innate immune receptors genes including IL1B, IL12B, PTGS2, TLR4, and PTX3 strongly correlated with antigen-specific cellular responses. In addition, T-cell activation and adaptive immunity cytokines genes including PDL1, CD40, IL17A, IFNG, and IL22 highly correlated with antibody responses, IFN-γ and IL-17A cytokines. A few T-cell activation markers including ITGAM, PDCD1, and CD86 were negatively correlated with RA-specific antibody, IFN-γ and IL-17A cytokines. Positive and negative correlations between the genes of various pathways were also observed as indicated by light red and light blue lines, respectively (Figure 4).




Figure 4 | Network plot showing Pearson correlations and canonical correlations between differentially expressed genes, antibody levels and T cell-mediated cytokine responses in cattle vaccinated with rMAP fusion protein at weeks 0, 6, 9 and 12. Genes are displayed as grey circles, gene categories are displayed as green rectangles and the three central circles colored pink, yellow and orange are, antibody, IL-17A (pg/mL), and IFN-γ (pg/mL) responses to RA, respectively. Thick black lines indicate the functional group that the genes belong to. Thick red and blue lines indicate canonical correlations above |0.6| and thin red lines indicate significant (P < 0.05) Pearson correlations between genes. Red lines indicate positive associations and correlations, while blue lines indicate negative associations and correlations. Darker line colors indicate stronger associations and correlations.





Recombinant MAP fusion protein does not compromise intradermal skin tests

A comparative cervical skin test was performed in the vaccinated animals to determine if vaccination of calves with the rMAP fusion protein or MAP fusion protein particle vaccines interfered with bovine tuberculosis diagnostic skin tests. Vaccination of calves with either the rMAP fusion protein or MAP fusion protein particle vaccine produced negative responses for both PPDB and PPDB-PPDA as indicated by no significant increase in skin thickness (Figure 5). In contrast, seven Silirum®-vaccinated calves were positive for PPDB with increase in skin thickness of ≥ 2 mm and six animals had increases of ≥ 4 mm (Figure 5). All these calves had a response to PPDA of 3 ≥mm. The differential skin test responses, PPDB-PPDA for the Silirum® group were all negative values (data not shown). Two animals given PBS showed weak reactivity (2- and 3-mm increase in skin thickness) to PPDA, likely reflecting exposure of calves to environment mycobacteria during the time course of the trial.




Figure 5 | Comparative cervical tuberculin skin test in vaccinated animals. Skin thickness was measured before and at 72 h after injecting 0.1 mL of PPDA or PPDB intradermally at the side of the neck. Mean is represented by ‘─’ for each group. Significance is represented by between different groups. Statistical significance was calculated compared with the PBS control group (* = P < 0.05; ** = P < 0.01).






Discussion

Johne’s disease (JD) is a severe intestinal disease of ruminants with considerable economic impacts. The currently available commercial vaccine Silirum® can offer some degree of protection to cattle against MAP infection by reducing MAP shedding. But the vaccine interferes with surveillance of bovine tuberculosis by causing reactivity to the tuberculin skin test. In the current study, the immunogenicity of a recombinant MAP (rMAP) fusion protein and a protein particle vaccine displaying the rMAP fusion protein was determined in cattle and compared with immune responses induced by Silirum®. Both the rMAP fusion protein and the protein particle vaccines induced antigen-specific T-cell immune responses in cattle, but responses to the particle vaccine were weaker than those generated by the rMAP fusion protein vaccine. These results in cattle did not confirm our previous results in mice, which demonstrated that the protein particle vaccine induced comparable Th1/Th17 cell-mediated immune responses to the rMAP fusion protein vaccine (27). In addition, only the rMAP fusion protein vaccine in the current study induced significant antibody responses to RA and PPDA. In contrast to vaccination with Silirum®, vaccination with rMAP fusion protein and protein particles did not compromise the bovine tuberculosis skin test.

The classical Th1 cell-mediated cytokine IFN-γ was significantly upregulated (both at the protein and mRNA levels) in blood cultures from the rMAP fusion protein group after stimulation with PPDA and RA. IFN-γ secreted by T cells (CD4+ and γδ) leads to the activation of antimycobacterial pathways and inhibiting intracellular bacterial growth (40–42). In addition, IL-12 is critical for induction of IFN-γ mediated Th1 protective immune responses (43, 44). In the current study, expression of genes of both these cytokines (IL12 and IFNG) was also upregulated in the rMAP fusion protein vaccinated animals. While IFN-γ has long been considered as a hallmark cytokine in providing protection against mycobacterial intracellular pathogens (45), its role as a sole cytokine in providing protection against mycobacterial pathogens has been challenged (46, 47). Recent evidence indicates that Th17-mediated immune responses also contribute to the early inflammatory responses to mycobacterial infection, thus potentially play a crucial role in providing protective immunity against M. tuberculosis and MAP (46, 48–50). The current results demonstrated that antigen-specific IL-17A levels (both at the protein and mRNA levels) were significantly upregulated in animals vaccinated with the rMAP fusion protein. These responses were broadly comparable to responses induced by Silirum® vaccine. These data indicate the ability of rMAP fusion protein vaccine to stimulate both Th1- and Th17-mediated immune responses in cattle, which could provide protective immunity against MAP infection in ruminants.

A balance of Th1/Th17 responses is thought to be important in inducing protective immunity against mycobacteria (51–53). Transcription analysis using NanoString nCounter demonstrated that the expression of several Th1/Th17 immune response genes was upregulated in the vaccinated animals. The results demonstrated that key regulators of Th17 immune responses, including IL1B, IL6, IL12B, IL17A, IL22, and TGFB were upregulated in the rMAP fusion protein vaccine group. Cytokines including IL-1β, IL-6 and TGF-β1 are secreted by the macrophages and/or APCs after antigen stimulation (54, 55), resulting in IL-17 and IL-22 production, which then leads to differentiation of naïve T cell to Th17-like cells (56, 57). In addition, IL-1β and IL-6 cytokines are thought to act in a positive feedback loop on the γδ T cells and on differentiating Th17 cells (57). In our study, increased mRNA levels of IL1B,IL22 (week 6, 9 and 12) and IL6 (week 9 and 12) along with increased expression of IL-17A (both protein and mRNA) were observed in the rMAP fusion protein vaccinated animals. Although specific cell types were not characterized in the current study, increased expression of these cytokines as well as CD40, a co-stimulatory protein expressed on dendritic cells (DCs) with an essential role in APC activation and Th17 cells differentiation (27, 58, 59), clearly suggest that the rMAP fusion protein vaccine induced Th17 cell-mediated responses in the vaccinated animals. In addition, the expression of IFN-γ (both protein and mRNA) was increased in the rMAP fusion protein vaccinated animals. IFN-γ along with other Th1 cytokines such as IL-1β, IL-2, IL-12 and TNF-α are thought to orchestrate complex immune responses during mycobacterial infection to mount Th1/Th17 balanced immune responses (52, 53). Significantly high levels of mRNA of these cytokines were produced in the rMAP fusion protein vaccinated animals upon stimulation with RA, indicating that balanced Th1/Th17 responses were induced in these animals.

The underlying molecular mechanisms of the host-pathogen interactions are complex in mycobacterial infection. Studies indicate that autophagy, a cell-autonomous host defense against intracellular pathogen, is one of the mechanisms in the host defense against intracellular mycobacterial infection (60, 61). Immune cells including monocytes, macrophages, and DCs recognize mycobacterial molecules via TLRs and NLRs to produce cytokines such as IL-1β, IL-12p70, and TNF-α (62–65) and are important regulators of autophagy-mediated host defense against mycobacterial pathogens (66, 67). Therefore, it has been emphasized that vaccines activating autophagy in immune cells will elicit robust innate as well as adaptive immune responses to effectively clear intracellular mycobacterial infection (68–70). There was increased mRNA expression of some of the cytokine genes that participate in autophagy including IL1B, IL6 and IL12B in both RA and PPDA re-stimulated leukocytes from both the rMAP fusion protein and Silirum® vaccinated animals. These findings provide some indirect evidence for activation of the autophagy pathway, which could be TLR-dependent as indicated by the increased expression of TLR2 and TLR4 in the vaccinated animals. TLR-mediated stimulation and maturation of APCs is essential for T-cell expansion (71) and their role in bridging innate and adaptive immune responses in mycobacterial infection is very well documented (72–74). Studies have demonstrated that mycobacterial antigens activate immune cells including APCs and DCs in TLR2- (63, 75–77) and TLR4-dependent manner (78) to elicit strong Th1 immune responses. Increased expression of TLR2 and TLR4 was observed in the animals vaccinated with the rMAP fusion protein and the MAP fusion protein particle vaccine, suggesting potential activation of TLR-signaling in these animals. Further studies will be needed to investigate if the rMAP fusion protein vaccine can provide protective immunity against MAP infection in ruminants.

Additionally, mycobacterial intracellular pathogens can manipulate cell death pathways in infected macrophages, which is another virulence mechanisms of mycobacterial defense against the host (79). Programmed death-1 (PD-1) receptor and its ligand, programmed death-ligand 1 (PDL1), which is expressed on DCs and APCs, play crucial roles in T cell receptor signaling (80, 81). However, the role of PD-1/PDL1 mechanism in mycobacterial immunity is controversial (82–84). Accumulating evidence suggests that PDL1 expression on APCs increases during mycobacterial infection (85, 86), leading to the induction of regulatory T cell (Treg) responses (87). Studies on human DCs have demonstrated infection-induced PDL1 was essential for the expansion of Treg (88, 89). Conversely, PDL1 deficient mice were increasingly sensitive to tuberculosis infection (83, 90). In the current study, the expression of PDL1 was induced in the animals vaccinated with rMAP fusion protein (weeks 6, 9 and 12) and Silirum® (weeks 6 and 9), suggesting that these vaccines may be contributing to T cell-mediated immune responses in the vaccinated animals. This observation is in line with a previous study which demonstrated that Bacillus Calmette-Guérin vaccine can induce PDL1 expression on APCs (85). In addition, prostaglandin-endoperoxide synthase 2 (PTGS2), also known as cyclooxygenase-2 (COX-2) was upregulated in the animals vaccinated with rMAP fusion protein and Silirum®. Like PDL1, PTGS2 has also been associated with Treg-mediated immune responses during mycobacterial infection (87, 91). Overall, the data indicate that the rMAP fusion protein and Silirum® vaccines can induce T cell-mediated immune responses, possibly by activating Treg responses in the vaccinated animals. Further studies are required to characterize functional immune cells in the vaccinated animals and confirm the ability of the vaccine to generate cell-mediated protective immunity.

The role of humoral responses against intracellular pathogens might be undervalued. Antibody-mediated immune responses induced by vaccination could be essential in controlling MAP infection (42, 92–94). In our study, strong antibody responses were observed in the calves administered with rMAP fusion protein vaccine. The increased expression of CD40 in these animals, which has been implicated in the generation of high titers of class switched and high affinity antibodies (95, 96), suggest that the rMAP fusion protein vaccine-induced antibody responses could provide protective immunity against MAP infection. Furthermore, the expression of pentraxin (PTX3) was also increased in the rMAP fusion protein vaccinated animals. PTX3, a soluble pattern recognition receptor, is a key component of the humoral arm of the innate immune system and has been suggested as the ancestor of antibodies and the complement cascade (97). These results concur with previous studies, which demonstrated increased expression of PTX3 in human and bovine macrophages in response to M. bovis and MAP, respectively (63, 98). Moreover, studies have demonstrated increased expression of PTX3 in TLR4-dependent manner and it exhibits opsonizing activity via TLR4 pathway during infection (99, 100). In the present study, increased expression of TLR4 was also observed in the rMAP fusion protein group. While the role of PTX3 in mycobacterial infection is unclear, it is possible that TLR-mediated opsonizing activity of PTX3 could potentially promote phagocytosis of mycobacterial pathogens at early stages of infection by the tissue resident macrophages and thus contribute to the innate immune responses during mycobacterial infection.

Often mice are used as the initial model to measure vaccine efficacy, but the immunological responses observed in mice do not always correlate well with the responses observed in large animals (such as cattle, goats, and sheep) (26, 101). This was evident in our two independent studies conducted in mice and cattle. In the current study, the MAP fusion protein particle induced weaker cellular responses compared to the rMAP fusion protein vaccine in cattle, while the protein particle vaccine induced Th1/Th17 cell-mediated immune responses and reduced MAP burden in mice (27). Various studies have demonstrated that different immune responses can be generated for the same antigen when administered as a soluble antigen compared to delivery as a particulate vaccine (102, 103). Several reasons have been proposed for this, such as exposure of different immunostimulatory epitopes on antigens (104, 105), kinetics of soluble and particulate antigen trafficking into lymph nodes (106), processing and presentation of soluble proteins by different mechanisms compared to particulate antigens (14). Due to these possible differences in immune responses, a sequential approach to testing new vaccines is often adopted with large animals such as domestic livestock animals by firstly performing preliminary trials to evaluate their immune responses to the antigens. In the current study, the observed differences in cellular immune responses to protein particles in cattle compared to mice further supports the necessity of firstly performing immunological studies in the target species before proceeding to conduct large, long-duration and expensive MAP vaccine efficacy studies. Therefore, the current study focused on evaluating and reporting the immunogenicity of MAP antigens in two different forms (soluble and protein particles) by determining their ability to induce cellular immune responses in calves.

An important consideration in developing improved vaccines against MAP is the requirement to not interfere with the current on-farm bovine tuberculosis surveillance programme and allow differentiation of infected and vaccinated animals (DIVA). Animals vaccinated with Silirum® vaccine which contains an attenuated MAP strain generated immune responses against both cellular and secreted proteins of MAP, resulting in animals being susceptible to cross-reacting with mycobacterial antigens in PPDA and PPDB. This was evident as the Silirum® vaccinated animals produced positive responses to PPDB. Vaccination with the rMAP fusion protein or protein particles did not induce positive responses to PPDB or to the differential, PPDB-PPDA, in the intradermal skin test, indicating the advantage of using subunit vaccines containing defined mycobacterial antigens with the absence of cross-reactivity to tuberculin. The ability of rMAP fusion protein vaccine to induce strong humoral- and cell-mediated immune responses in the vaccinated animals, has the potential to provide protective immunity against MAP infection without interference with the current bovine tuberculosis skin test.

In summary the ability of two sub-unit vaccines, a soluble recombinant fusion protein of four different antigens of MAP and a protein particle vaccine displaying the same antigens was evaluated to induce antibody- and T-cell-mediated immune responses in cattle. The rMAP fusion protein vaccine induced antigen-specific antibodies as well as IFN-γ and IL-17A cytokines, indicating induction of Th2- and Th1/Th17-mediated immune responses in the vaccinated animals without cross-reactivity to the tuberculin skin test. Notably, transcription analysis of the vaccinated animals indicated upregulation of various genes including TLR4, TLR2, PTX3, PTGS2, PDL1, IL1B, IL2, IL6, IL12B, IL17A, IL22, IFNG, CD40, CD86, which are important regulators of several immune pathways during mycobacterial host-defense such as autophagy, antigen-presentation, manipulation of macrophage-mediated killing, Th17- and Treg-mediated responses. Taken together, these results indicate that the rMAP fusion protein vaccine induces strong humoral- and cell-mediated immune responses, which could protect cattle against MAP infection without compromising the diagnosis of bovine tuberculosis using the current skin test. These findings provide impetus to evaluate the efficacy of the vaccine in calves experimentally or naturally infected with MAP.
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Advances in antigen targeting in veterinary medicine have gained traction over the years as an alternative approach for diseases that remain a challenge for traditional vaccines. In addition to the nature of the immunogen, antigen-targeting success relies heavily on the chosen receptor for its direct influence on the elicited response that will ensue after antigen uptake. Different approaches using antibodies, natural or synthetic ligands, fused proteins, and DNA vaccines have been explored in various veterinary species, with pigs, cattle, sheep, and poultry as the most frequent models. Antigen-presenting cells can be targeted using a generic approach, such as broadly expressed receptors such as MHC-II, CD80/86, CD40, CD83, etc., or focused on specific cell populations such as dendritic cells or macrophages (Langerin, DC-SIGN, XCR1, DC peptides, sialoadhesin, mannose receptors, etc.) with contrasting results. Interestingly, DC peptides show high specificity to DCs, boosting activation, stimulating cellular and humoral responses, and a higher rate of clinical protection. Likewise, MHC-II targeting shows consistent results in enhancing both immune responses; an example of this strategy of targeting is the approved vaccine against the bovine viral diarrhea virus in South America. This significant milestone opens the door to continuing efforts toward antigen-targeting vaccines to benefit animal health. This review discusses the recent advances in antigen targeting to antigen-presenting cells in veterinary medicine, with a special interest in pigs, sheep, cattle, poultry, and dogs.
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1 Introduction

Antigen-presenting cells (APCs), such as macrophages, dendritic cells (DCs), and B lymphocytes, are a fundamental part of the innate immune system and play essential roles in initiating and regulating the adaptive response (1, 2). Its main function is recognizing, capturing, and processing antigens and presenting immunogenic peptides to naïve T lymphocytes to initiate the adaptive cellular immune response (3–6). Antigen recognition and internalization are mediated by receptors on the surface of APCs. Through this mechanism of antigen capture, antigen-targeting strategies have been developed to enhance vaccine efficiency and have been widely explored for the last two decades as prophylactic and therapeutic tools for infectious diseases, autoimmunity and cancer (7–15).

The success of antigen-targeting strategies heavily relies on selecting the target receptor, the antigen being delivered, and the antigen carrier. Along with choosing a specific target receptor, the combination of the APC target and adjuvant utilized contributes to the polarization of the CD4+ T lymphocyte response toward the Th1, Th2, Th17, or Treg profile (16–22). These characteristics play a key role in the immune response for future pathogen clearance. Several types of surface receptors are the focus of antigen-targeting research. Pattern-recognizing receptors, chemokine receptors, costimulatory molecules, and cell adhesion receptors are the most common. Interestingly, only a few receptors are known to be highly expressed or almost exclusive to a cell type, such as XCR1, Langerin, DEC205, and DC-SIGN for DCs or CD169, MMR, and CD163 for macrophages. Other molecules, such as MHC-II, CD80/86, CD40, CD83, and CD11c, are widely expressed by a variety of APCs. Among the most popular strategies to shape immune responses is using natural ligands such as glycans to target C-type lectin receptors or proteins (recombinant ligands or antibodies) that recognize surface receptors on APCs (Figure 1). DNA vaccines codifying recombinant proteins fused to the antigen of interest have also been evaluated (23–29). Likewise, the route of administration greatly impacts the development of systemic or mucosal responses, where intradermal, subcutaneous, intramuscular, and oral are the most common immunization routes (30–33).




Figure 1 | Strategies explored for antigen targeting to different APC populations. Target surface receptors on APCs and M cells evaluated in antigen targeting. Different colors represent the clusters of carriers such as nanoparticles, mannan, ligands, antibodies, DNA vaccines, proteins, virus-like particles, and viral and bacterial vectors used to target specific surface receptors.



The diversity of target receptors, antigens, carriers, adjuvants, and administration routes allows for the customization of targeting vaccine strategies to stimulate different aspects of the immune response and will directly impact the level of protection in the different animal species (Supplementary Table 1). However, to date, most evidence supporting antigen targeting has been produced using mice and guinea pigs as transitory models for humans. For this reason, the present review aimed to explore the different approaches and strategies reported encompassing the evaluation of antigen targeting as an immunoprophylactic tool in species of veterinary importance (Table 1) and not just animal models used as surrogates in human medical research.


Table 1 | Reports of antigen targeting evaluations in common veterinary species.






2 Targeting using the C-type lectin receptor family



2.1 CLRs type I



2.1.1 DEC205

This endocytic receptor is predominantly expressed in dendritic cells, although it has also been reported in various cell types, such as macrophages, T lymphocytes, and B lymphocytes, with differential expression between species (101–104). In addition, it has been characterized in species such as mice, humans, sheep, cattle, and pigs (105–108). DEC205 can promote cross-presentation (the ability to capture, process, and present extracellular antigens with MHC-I to CD8+ T cells) and is capable of being recycled, although the coupling of a ligand or antibody does not guarantee the activation or maturation of DCs (105, 109, 110).

Due to its impact on the poultry industry, avian influenza virus (AIV) antigens were targeted to DEC205 to promote an effective immune response in chickens. The targeting strategy consisted of subcutaneous immunization using an anti-DEC205 antibody to target AIV hemagglutinin protein (HA) to DEC205+ cells. The results showed a significant improvement in the humoral response, evidenced by early production and higher levels of total and neutralizing antibodies (NAbs) in sera (49, 78). No effect on proinflammatory cytokines such as IFN-γ, IL-6, and IL-1β was observed. Following a similar strategy, the HN antigen of the Newcastle disease virus (NDV) was targeted to DEC205+ cells, resulting in enhanced production of total and NAbs compared with the nontargeted group (79). On the other hand, in a tumoral model induced by Rous sarcoma virus (RSV), subcutaneous targeting to DEC205 skewed the cytokine profile toward the Th1 response, as evidenced by an increase in IL-12, IL-2, and IFN-γ triggering the cellular immune response against the tumor (80).

In sheep, the intradermal injection of a DNA vaccine encoding an anti-DEC205 scFv fused with the Gn and Gc antigens of Rift Valley fever (RVFV) along with granulocyte-macrophage colony-stimulating factor (GM-CSF) promoted a higher frequency of IFN-γ+ T lymphocytes and lower antibody titers compared to the nontargeted antigens (46). Contrary to the results in sheep, the murine counterpart for this study showed no improvement in the humoral response against RVFV, nor had any effect on the cellular response (75). Therefore, even though the strategy was the same, antigen targeting can differ between species, resulting in unpredictable immune responses. In cattle, the intradermal application of a DNA vaccine encoding an anti-DEC205, coupled with the CD40L activation domain and B and T-cell epitopes of Anaplasma marginale Merozoite Surface Protein-1 (MSP1), showed promising results. The proliferative response of CD4+ T cells, IFN-γ production, and total IgG titers were significantly increased after a single application and increased after a second exposure (25).

In swine, there are limited and contrasting reports about the efficacy of DEC205+ DC targeting. Evaluating the targeting of GP3, GP4, GP5, and M from PRRSV toward DCs through the intramuscular route promotes the response of CD4+CD8+ T lymphocytes positive for IFN-γ and IL-4, although it failed to stimulate the humoral response. These results were not significantly different from the nontargeting antigen group. As the authors mentioned, the immunization route could not be appropriate to target DCs because their presence in this tissue might be scarce (73). Afterward, Bustamante-Córdova et al. (76) evaluated the effect of targeting immunogenic peptides from PRRSV to intradermal DEC205+ DCs. They found a higher antigen-specific IgG response compared to the control group but with no differences in T lymphocytes IFN-γ+ (76). These results suggest that the route of administration can affect the induction of humoral or cellular immune responses. As a follow-up study, Melgoza-González et al. (77) evaluated antigen targeting using porcine circovirus 2 (PCV2) capsid protein (Cap). The cellular response of IFN-γ+ CD4+CD8+ lymphocytes was enhanced compared to the control group, with a discrete effect on the humoral response (77). These results also suggest that antigen targeting using DEC-205 can stimulate a differential response according to the antigen used, highlighting the importance of the antigen in this kind of immunization system.




2.1.2 Macrophage mannose receptor

MMR is a surface endocytic and phagocytic receptor expressed on macrophages and some myeloid DC subsets (111). This receptor possesses multiple carbohydrate recognition domains that can bind to mannan and fucose from exogenous antigens, playing a crucial role in the innate immune response (112).

To enhance antigen uptake by APCs, antigens targeting the mannose receptor have been explored in various studies. Mice immunized intradermally with mannosylated PCV2 nanoparticles presented higher levels of IgG, IL-4, and IL-2 than the nontargeted group, even in the absence of other adjuvants. Additionally, the study showed that the mannosylated protein presented a slow release when exposed to low pH in vitro, simulating lysosome conditions and furthering the potential of using mannosylation as a controlled-release tool for drugs (85).

In addition, the mannosylation of gelatin nanoparticles (MnGNPs) encapsulating inactivated PRRSV significantly improved antigen uptake compared with nonmannosylated gelatin particles by up to 15 times. Additionally, MnGNPs were capable of boosting the expression of SWC-3a, CD80, CD1, SLA-I, and SLA-II markers in monocyte-derived DCs (moDCs). The production levels of IL-1β, IL-6, IL-10, and IL-12 were significantly enhanced by MnGNPs, as was the specific cytotoxic T-cell activity. Further exploration of this strategy in vivo studies could position mannose receptor targeting as a prime candidate to aid vaccination efforts against otherwise difficult pathogens (86).

In addition to uptake enhancement, mannose receptor targeting through mannosylation of antigens has been proposed to be able to circumvent the detrimental effect of maternal-derived antibodies (MDA) in the vaccination of young animals (87). For this, mannosylated chitosan-based nanoparticles encapsulating swine influenza virus (SIV) antigens were administered intranasally in piglets following a prime-boost regimen. The strategy successfully enhanced heterologous and homologous IgA responses in the nasal mucosa and the respiratory system. Moreover, the mannosylated vaccine induced higher antigen-specific cell proliferation and IFN-γ expression than the commercial vaccine. In addition, significantly lower viral shedding, lower viral load in bronchoalveolar fluid and lung lysate along with fewer lung lesions were observed (87). In conclusion, the mannosylation of SIV antigens effectively elicited a robust and protective immune response in piglets despite the presence of MDA, highlighting its potential as a valuable vaccination strategy.





2.2 Type II CLRs



2.2.1 DC-SIGN (CD209)

This receptor can bind to mannose and fucose residues and is capable of not only recognizing but also internalizing several pathogens, such as Mycobacterium tuberculosis, Candida albicans and Leishmania spp., among others (113–115). Although DC-SIGN expression is believed to be restricted to DCs, it is also expressed by macrophages (116, 117). Interestingly, as with other receptors from the CLR family, DC-SIGN enables cross-presentation (118, 119). The efficacy of antigen targeting to the porcine DC-SIGN receptor was first evaluated using a chimeric mouse x pig mAb anti-DC-SIGN fused to antigenic peptides from PRRSV using monophosphoryl-lipid A (MPLA) as an adjuvant and administered intradermally in a prime-boost approach. In this instance, a significant increase in IFN-γ-secreting CD4+ and CD4+CD8+ T cells was observed in the targeted group in comparison with the nontargeted group. Unfortunately, there was no detectable effect on the humoral immune response in immunized pigs (74).

In a follow-up study, the PRRSV-antigenized chimeric mAb was injected intramuscularly and in the presence of Poly I:C as an adjuvant, an agonist of TLR3. This resulted in a modest stimulation of IFN-γ-secreting CD4+CD8+, IL-4+ CD4+CD8+ T, and IL-4+CD8+ T cells at 42 days postvaccination compared to the negative control injected with PBS, but no difference was found when compared to the nontargeted group injected with antigens only. Again, no effect was found in the humoral immune response (73). Under the conditions evaluated, intramuscular targeting failed to induce an enhanced IL-4+ and IFN-γ+ T-cell response over the non-targeting group. The use of other routes of administration could improve the effects of targeting using DC-SIGN, such as the intradermal route due to the abundance of DCs present in the dermis (120), where several subpopulations of DC-SIGN+ cells have been previously described in swine (121, 122). In this way, targeting DCs could be enhanced with the possibility of a higher effect of delivering antigens to skin DCs.




2.2.2 Langerin

CD207, also known as Langerin, is a receptor expressed in skin-resident APCs, such as epidermal Langerhans cells, and at lower levels in dermal Langerin+ DCs and CD8α+ DCs in lymph nodes (123–125). This endocytic receptor recognizes mannose, fucose, N-acetyl mannosamine, etc., via its carbohydrate recognition domain, mediating internalization, antigen processing, and cross-presentation (126–129). In mice, targeting Langerin+ DCs triggers a Th1 immune response (101). Intradermal targeting of porcine epidemic diarrhea virus (PEDV) antigens to langerin receptors using cholera toxin as an adjuvant resulted in a significant increase in IFN-γ-secreting CD4+CD8+ T cells 7 days after vaccination. On the other hand, when administered intramuscularly, the humoral immune response was better stimulated, with higher production of IgG and IgA at 35 and 42 days postvaccination, respectively (82). In line with this, a similar strategy was applied to evaluate whether sow vaccination with targeted PEDV antigens could offer protection to piglets through maternal antibody transfer. In this case, a commercial nondisclosed adjuvant was utilized. While the humoral immune response was not greatly stimulated by antigen targeting, there was an increase in IFN-γ secreting T cells (CD4+, CD8+, and CD4+CD8+), IL-4+CD4+ and IL-4+CD4+CD8+ cells at 7 days postvaccination compared to the commercial vaccine. Unfortunately, these results did not translate into protection for the piglets where clinical signs were similar in all challenged groups regardless of vaccine type (83).

Targeting PRRSV antigens to langerin receptors intramuscularly and in the presence of Poly I:C resulted in poor stimulation of the cellular and humoral immune responses with a slight increase in IL-4+ CD8+ T cells. Targeting the same antigenic peptides to other C-type receptors, such as DEC-205 and DC-SIGN, was able to better stimulate IFN-γ and IL-4 responses. Moreover, the langerin-targeted group presented higher levels of viremia than the challenged control group in this study (73). Overall, langerin targeting failed to induce robust cellular and humoral responses, providing poor results regarding clinical signs and protection.






3 Targeting major histocompatibility class II

MHC-II is expressed on the surface of APCs, displaying exogenous antigens for antigen presentation to CD4+ T lymphocytes (130, 131). MHC-II can be recycled from the cell surface and tagged for degradation into early endosomes with the possibility of promoting cross-presentation by CD8a+ DCs (132–134).

Intradermal targeting of bovine MHC-II using an invariant chain motif coupled to MSP1 antigen along with the molecular adjuvants FLT3L and GM-CSF was evaluated in calves. The strategy resulted in enhanced proliferation of CD4+ lymphocytes, a higher frequency of IFN-γ-secreting cells, and higher antibody IgG levels with a fast and robust recall response (90). This approach aimed to target intracellular MHC-II molecules in the endosome-lysosome stage during the antigen processing pathway.

Similarly, the APCH1 single chain fragment variable (scFv) antibody has been considered a molecular adjuvant that recognizes an invariant epitope of MHC class II-DR in several species. In swine, APCH1 joined to immunodominant antigens of the African swine fever virus (ASFV) were codified into a DNA vaccine and applied using an intramuscular-subcutaneous prime-boost strategy. Although targeting SLA-II elicited the proliferation of CD4+ T cells, IFN-γ-secreting cells, and humoral responses, the latter lacked neutralizing activity and protective immunity against a lethal viral challenge with heterologous strains (88).

Intramuscular targeting of B and T-cell epitopes (BTTs) from foot and mouth disease virus (FMDV) to MHC-II-DR, without additional adjuvants, increased the frequency of IFN-γ secreting cells but did not stimulate the humoral immune response. Nonetheless, after a viral challenge, half of the pigs were partially protected, while the other half had complete protection against clinical signs of disease (89). Additionally, in swine, MHC-II targeting with HA of SIV was enough to stimulate significantly higher IgG and NAbs, while the nontargeting vaccine failed to elicit a humoral response (24).

MHC-II-targeting of enveloping E2 antigen from bovine viral diarrhea virus (BVDV) intramuscularly in guinea pigs and cattle promoted higher NAb titers. This humoral immune response was sufficient to promote total protection against a viral challenge, preventing the development of clinical signs (91). Moreover, the enhanced levels of NAbs in response to the targeted group were similar in titer and protection efficacy to the inactivated vaccine, even under field conditions. This strategy was approved as the first antigen-targeting vaccine commercially available in Peru and Argentina (92, 93). Later, VP2 of the Bluetongue virus (BTV) was coupled to APCH1 and used for intramuscular vaccination in guinea pigs, cattle, and mice. Four times lower amounts of antigens targeted through APCH1 elicited similar NAbs titers than the free VP2 antigen group in guinea pigs and cattle (94). In rabbits and mice, intramuscular targeting of VP60 from rabbit hemorrhagic disease virus (RHDV) mediated by APCH1 fusion protein provided protection after a viral challenge, allowing postchallenge survival (95). Clearly, targeting MHC-II in APCs, independent of the cell type and antigen delivered, seems to be an efficient strategy for the induction of humoral and cellular immune responses, promoting partial to complete protection after a challenge. It is worth mentioning that antigen targeting to MHC-II allows not only DCs to gain access to the antigen but also stimulates B lymphocytes, thus effectively activating cellular and humoral immune responses. These promising results and an approved vaccine in the market put this strategy at the forefront of antigen-targeting-based immunoprophylactic tools.




4 Targeting activation markers



4.1 CD40

CD40 is a surface costimulatory receptor from the tumor necrosis factor receptor family. It is expressed in monocytes, macrophages, B-lymphocytes, dendritic cells, and endothelial and epithelial cells (135). The interaction of CD40 and CD40L (expressed on CD4+ helper T lymphocytes) regulates the expression of costimulatory molecules and the maturation of APCs (136) and triggers the process of DC-licensing. The latter empowers APCs for the activation and maintenance of cytotoxic T lymphocyte responses, increasing the levels of CD80/86 and interleukin-12 (137–139). The process also promotes B lymphocyte survival, class-switching, and antibody secretion, highlighting the role of DC-licensing in the regulation of B-cell responses in a T-cell independent way (140–142). Therefore, DC-licensing using CD40L or an anti-CD40 antibody for antigen delivery potentiates the APC to activate cytotoxic and humoral responses, independent of CD4+ T lymphocyte cooperation. Additionally, using mAbs as agonists to CD40 enables efficient antigen cross-presentation (143, 144).

To evaluate CD40 targeting potential, a DNA vaccine based on bovine CD154 (CD40L) fused with bovine herpesvirus 1 (BHV-1) glycoprotein D (gD) was developed. CD154-gD was capable of binding bovine and ovine lymphocytes, and thus, sheep was used as the model for in vivo assays. Here, the targeted group showed antigen-specific IL-4-dependent lymphocyte proliferation, increased antibody levels, and high NAb titers after boosting (51). When tested in calves, similar antibody production was observed between calves and sheep. In calves, no effect was observed when targeting the gD antigen to the CD40 receptor regarding IFN-γ secreting cells, while the nontargeted group showed increased IFN-γ secreting cells at day 8 postchallenge. Moreover, no significant differences were found in clinical signs between targeted and nontargeted calves. These studies clearly show the different responses between species when a one-size-fits-all approach is applied (53).

A DNA vaccine encoding bovine CD154 protein fused to antigens of Toxoplasma gondii, specifically rhoptry protein 1 (ROP1), which participates in the initial stages of invasion. The vaccine was evaluated in sheep, where a strong IgG1 response was observed after 1 week of immunization, while IgG2 values were modest. Similarly, IFN-γ levels increased significantly after the first week postimmunization compared to the nontargeted group (52). Exploiting the benefits of viral vectors and antigen targeting, Thacker et al. (57) developed adenovirus 5 (Ad5) encoding CD40L fused to tumor-associated antigens using carcinoembryonic antigen as a model to elicit an antitumoral response in dogs. The strategy resulted in the activation of T lymphocytes in 3 out of the 5 immunized dogs, although a lower anti-CEA antibody response was observed in the targeted group than in the nontargeted group (57).

In a proof-of-concept report, Chen et al. (54) evaluated the ability of a previously developed mAb, anti-chicken CD40, to induce antigen-specific antibody responses using a peptide from the ectodomain of influenza virus matrix protein 2 (M2e) as a model antigen. Four days after a single immunization, a significant increase in antigen-specific IgG antibody levels was observed in the targeted group regardless of the dose (10, 30, and 90 µg). By day 14, doses of 30 and 90 µg still presented high levels of antigen-specific antibody response in the targeted group (54). Following this, the aforementioned Me2-antigenized antibody was used to stimulate mucosal antibody responses by exploring different administration routes: cloacal drinking, oculonasal administration, and oral immunization using an alginate sphere suspension. Similar to previous findings, antigen targeting to CD40 resulted in an early antigen-specific antibody response after a single dose at 7 days postimmunization. Interestingly, all routes, including subcutaneous routes, proved capable of inducing mucosal responses, as evidenced by high IgA levels in the trachea (55). Once its capacity to induce rapid antibody production was established, this antibody served as the basis for the development of a bispecific antibody that binds CD40 and the M2e peptide of the AIV (56). The bispecific antibody would then capture the M2e+ viral particles in circulation and deliver them to CD40+ APCs, potentiating antigen uptake and response, doubling as antigen carrier and adjuvant. High hemagglutination titers were observed when applied subcutaneously, in comparison with oral and ocular-nasal routes. A prime-boost strategy using a subcutaneous route of administration was capable of inducing complete protection against lethal H5N1 highly pathogenic AIV challenge. The proposed strategy is very promising for enhancing vaccine efficacy in chickens and could be adjusted into a more cost-effective tool in the future.




4.2 B7 (CD80/86)

CD80 and CD86, also known as B7, are both coreceptors expressed on all APCs, such as DCs, B lymphocytes, and macrophages, and play an essential role in T-cell activation (145, 146). Their ligands are CD28, which activates T lymphocytes, and CTLA-4 (CD152), which represses cell activation (147). Thus, antigen targeting to B7 through CTLA-4 has been explored as a strategy for reaching all subpopulations of APCs.

In sheep, phospholipase D (PLD) antigen from Corynebacterium pseudotuberculosis was bound to bovine CTLA-4 and used to evaluate APC targeting by intramuscular DNA vaccination. When evaluating the humoral response, the total titers of PLD-specific antibodies were higher in the targeting group, allowing for enhanced clinical protection after C. pseudotuberculosis challenge (34). When the 45TR antigen from Taenia ovis was targeted using CTLA-4 in mice and sheep, an increased humoral response was observed in mice, specifically IgG1, but no positive effect on the humoral response was observed in sheep. Targeting the B7 coreceptor did not promote a protective effect against a T. ovis challenge in either species (35).

Fasciola hepatica has been described as a protozoan of importance in the livestock industry. In sheep, CatB from F. hepatica was targeted to APCs through CTLA-4 using a DNA prime/protein boost strategy. Immunized animals produced higher total IgG titers and lymphocyte proliferative responses than the nontargeted group (36, 42). However, when targeting the FhPGK antigen from F. hepatica, following a DNA prime/protein boost scheme, sheep were not protected against F. hepatica challenge, echoed by a failure to stimulate humoral and cellular immune responses (37).

In swine, a DNA vaccine encoding CTLA-4 and OVA as antigens augmented IgG1, IgG2, and IgA antibodies followed by 100% seroconversion after a complete immunization schedule (38). Likewise, an intradermal DNA vaccine consisting of the HANG34 peptide from SIV fused to CTLA-4 increased the total and NAbs reflected in a reduction in viral load and virus spread. However, there were no differences in pathological lesions compared with the nontargeted group (39).

Targeting GP5 protein from PRRSV via a DNA vaccine in mice favored an increase in total and NAbs along with higher IFN-γ expression in the targeted group (40). Additionally, using a tumor-induced swine model, targeting APCs using porcine CTLA-4 combined with a truncated diphtheria toxin fusion protein triggered the depletion of tumoral cells in vivo (43). On the other hand, targeting β-galactosidase (β-gal) from Escherichia coli (E. coli) to CTLA-4 on cattle through a DNA vaccine failed to stimulate the humoral and cellular immune response, even when trying different routes of immunization (41).




4.3 CD83

An early activation marker predominantly expressed in DCs and other APCs. Recent publications have just begun exploring CD83’s potential for antigen targeting. Using scFv as a delivery system, an antigenic region of the hemagglutinin protein of H9N2 (HAH9) AIV was targeted toward the avian CD83 receptor. This approach significantly increased the expression of IFN-γ, IL-6, IL-1β, IL-4, and CXCL12 in stimulated splenocytes from immunized birds. Likewise, early antibody production, virus neutralization, and hemagglutination inhibition titers were significantly enhanced by CD83 targeting. In line with this, the targeted group showed lower levels of viral shedding and high survival in challenged animals. Overall, this strategy seems to strongly induce a robust immune response capable of providing sufficient levels of protection in this model, comparable to traditional inactivated vaccines (58).

Shrestha et al. (2022) also evaluated the efficacy of the CD83 antigen-targeting strategy to circumvent the negative effects of MDA in traditional vaccines by immunizing progeny chickens after hatching (day 1 or 14). The antibody response to the targeted antigen was able to thrive with a steady and significant increase until the end of the evaluation at 84 days postvaccination; meanwhile, MDA levels started to decrease to marginal levels by days 28-35. The antibody levels and hemagglutination titers of the targeted group far surpassed those in the nontargeted group and traditional vaccine group, positioning the CD83 targeting strategy as an excellent candidate for next-generation vaccine development (59).





5 Targeting Dendritic cells (DC-peptides)

DC-peptides (DC-pep) are peptides obtained through phage display technologies with the ability to recognize DCs from other leucocyte populations, although their mechanism of action is unclear (148, 149). This approach has been widely studied to develop oral vaccines carried by lactic acid bacilli, thus eliciting mucosal immunity even without additional adjuvants (150). The most common bacteria used in DC-peptide targeting is Lactobacillus plantarum. In poultry, L. plantarum coated with 12-mer DC-pep and HN antigen from NDV enhanced the expression of mucosal secretory IgA (SIgA) as well as a higher frequency of splenic CD4+ T cells. However, the hemagglutination inhibition titers and survival postchallenge were not improved (67). Targeting L. plantarum with HA from AIV H9N2 enhanced the expression of activation markers such as MHC-II and CD80/86. Additionally, obtaining a robust increase in mucosal SIgA, IgG, and the expression of IFN-γ, TNF-α, IL-6, IL-10, IL-12p70, and IL-4 reduced the tissue viral load, thus allowing for better clinical protection (68, 69). When Enterococcus faecalis expressing DC-pep carrying the 3-1E antigen from Eimeria tenella, causative of avian coccidiosis, was evaluated through oral vaccination, immunized chickens presented higher IgA and IgG titers as well as a higher frequency of CD4+ T cells and expression of IFN-γ. However, the response was insufficient to provide protection after an experimental challenge (70).

Lactobacilli expressing DC-pep carrying different PEDV antigens, such as core neutralizing epitope (COE) or S, have been evaluated on swine DCs. The main results show enhanced activation markers such as CD80, CD86, and MHC-II on CD11c DCs and higher serum antibodies compared with the nontargeted group. In the same manner, the response of mucosal IgA was improved along with IL-4, IFN-γ, and the proliferative response (60). When evaluating the same strategy on swine, a biased reinforcement of the Th1 over Th2 profile was observed, as evidenced by a higher presence of CD4+IFN-γ+ cells than the presence of CD4+IL-4+ cells. Moreover, the probiotic/vaccine-targeted group presented a higher survival rate after a viral challenge with reduced viral load and symptom severity (61). Finally, targeting COE antigens in swine resulted in increased maturation of swine moDCs and DCs in situ by CD40, CD80, and CD86 expression, enhanced phagocytic activity, and TLR-2, TLR-6, and TLR-9 expression. The cellular immune response was also boosted by stimulating the expression of the Th1 cytokines IFN-γ, IL-12, and IL-17 (62). In mice, targeting L. plantarum DC-pep with the S antigen from PEDV enhanced the expression of CD80 in CD11c DCs and increased the titers of mucosal IgA and serum IgG along with IL-17 and IFN-γ expression. In addition, the targeting group presented higher virus neutralization up to 42 dpv (63).

Targeting E2 from BVDV in a murine model resulted in higher expression of CD40 on DCs without changes in CD86 expression. The humoral and cellular responses were significantly improved, as evidenced by a higher titer of IgG NAbs and mucosal IgA compared with the nontargeted group and lymphoproliferation in response to E2 stimuli (66). Similar results have been observed when targeting the S antigen from transmissible gastroenteritis virus (TGEV) in swine, with overexpression of the activation markers CD80/86, CD40 and MHC-II, TLR-2, and TLR-9 as well as IgG and mucosal antibodies. Additionally, the frequency of CD4 T lymphocytes IFN-γ+, IL-4, IL-17, IFN-γ, and TGF-β levels were increased in mucosal-associated lymph tissue (64).

On the other hand, virus-like particles (VLPs) are commonly chosen platforms for vaccine design and development. Hence, VLPs were used and coated with DC-pep, carrying HN and M antigens from NDV but also HA from AIV as a bivalent vaccine candidate. The VLP-DC-pep targeting system enhanced the expression of the activation marker MHC-II on DCs, titers of mucosal IgA, and a higher frequency of splenic CD4+ T cells, leading to a reduction in viral load (71).

VLPs from the PCV2 capsid carry DC-binding peptides to mouse DCs to improve both humoral and cellular immune responses. These resulted in higher activation marker expression of MHC-II, CD80, CD86, expression of IL-6, IL-10, IFN-γ lymphoproliferation, and anti-Cap IgG1 and IgG2a NAbs levels (65). In mice, targeting G antigen from rabies virus (RABV) showed a similar effect, increasing activation markers, total IgG antibodies, and both Th1 and Th2 mediated by CD4+ IFN-γ+ T and CD4+IL-4+ T cells with a skew to Th1 profile polarization. This humoral and cellular immune response provided approximately 60% of clinical protection after a viral challenge (72). It is interesting to highlight that although the targeting mechanism is not clearly defined, the approach using DC-pep targeting is undoubtedly highly efficient in promoting DC maturation, triggering the cellular response, especially Th1 cytokines, and enhancing the production of IgG and IgA antibodies. Therefore, the use of DC-pep is a promising strategy for developing new oral vaccines to control diseases affecting domestic animals by activating systemic and mucosal responses.




6 Targeting CD11c

The CD11c receptor belongs to the integrin family and is mostly expressed, but not restricted, by macrophages, DCs, and other myeloid cells (151, 152). CD11c is considered a DC marker in mice (153). The receptor participates in cell-to-cell adhesion but also mediates phagocytosis of extracellular material such as lipopolysaccharide, fibrinogen, collagen, etc. (154–156). In mice, CD11c is expressed at high levels on conventional DCs with the potential for cross-presentation when used in antigen targeting (157, 158). In chickens, an anti-CD11c scFv fused with the ectodomain of H9N2 influenza hemagglutinin induced prompt and effective antibody responses, with higher neutralization and hemagglutination inhibition titers than nontargeted vaccination. Additionally, CD11c targeting resulted in increased cellular responses with significantly higher cytokine production of IFN-γ, IL-6, IL-1β, and IL-4 compared to the DEC205 targeted group, which may be related to a greater expression of CD11c than DEC205 in chickens (49).

In sheep, the targeting of the Gn antigen peptide from RVFV to CD11c using a DNA vaccine resulted in poor production of antigen-specific antibodies in comparison with the nontargeted DNA vaccine group, which had higher mRNA expression levels than the targeted group. In any case, IFN-γ levels were not successfully stimulated by either DNA vaccine. Clinical scores were also lower in the nontargeted group, with CD11c targeting having almost double the score in immunized sheep (46).

SIV antigens have also been targeted to CD11c receptors using a mAb fused to target conserved antigens HA2, M2e, and NP. In this case, two routes were evaluated: intramuscular and intradermal. When applied intramuscularly, antigen targeting to porcine CD11c has been shown to significantly stimulate the IFN-γ T-cell response. Interestingly, the site of immunization appeared to have a greater effect on the elicited immune responses than the targeting itself. Intramuscular application was more effective overall, and intradermal immunization resulted in exacerbated clinical signs and viral shedding in challenged pigs, implying the significance of the delivery route along with the delivery vehicle (47). Finally, a combination of a DNA vaccine encoding a scFv anti-CD11c fused with various T-cell epitopes of PRRSV and a modified live virus (MLV) vaccine in a prime-boost strategy resulted in an increase in antigen-specific IFN-γ secreting cells (98).




7 Targeting sialoadhesins (Siglec and CD169)

Sialodhesin (Sn), CD169, or Siglec-1 is recognized as the sialic acid binding receptor and is well known as a highly expressed macrophage marker on tissue and secondary lymphoid organs (6, 159, 160). CD169 plays an important role in cell-to-cell adhesion and CD169+ macrophage-mediated antigen delivery to lymphatic resident DCs, enabling cross-presentation (161–163). CD169 macrophages by themselves cannot cross-present antigens, but they are able to transfer antigens to DCs, enabling cross-presentation (162, 164).

As an endocytic receptor in APCs, the Sn receptor has been proposed as a tool to improve antigen uptake and enhance T-cell responses. Using a mouse mAb to target porcine Sn, Revilla et al. (96) were able to induce potent T proliferative responses in IFN-α-treated monocytes and moDCs, up to 100 times more than when an irrelevant isotype control mAb was administered (96). A follow-up study by this group evaluated the proficiency of this and other mouse mAb anti-Sn to induce antigen-specific proliferation in peripheral blood mononuclear cells (PBMCs) and antibody production following a prime and boost strategy. All three of the targeting mAbs tested were capable of significantly increasing antigen-specific IgG levels in sera, with IgG1 and IgG2 profiles very similar in proportion, and once more improving proliferative responses as previously observed (50).

Likewise, antigen-specific IgG and IgM production were also observed as a response to targeting human serum album chemically linked to mAb anti-Sn receptors in the absence of adjuvants when administered in pigs. Following this study, a recombinant mAb, anti-Sn, was used to deliver PRRSV GP4 to porcine macrophages by immunizing pigs intramuscularly and challenging them seven weeks postimmunization. The strategy resulted in an increase in antigen-specific IgG and NAbs titers in sera in a dose-dependent manner, as well as rapid virus clearance (97).




8 Targeting chemokine receptors



8.1 XCR1

XCR1 is a chemokine receptor whose unique ligand is the chemokine XCL1 and specifically chemoattracts the equivalent cDC1 population in mice and humans (165, 166). In many species, this chemokine receptor is considered a conserved marker on the subset of highly efficient cross-presenting cDC1 (167–169). Therefore, targeting XCR1 seems to be a highly specific strategy to deliver antigens to the cDC1 subset.

In swine, targeting intradermal XCR1+ cDC1 with dimeric ligand XCL1 joined to M2e antigens from SIV resulted in higher total IgG anti-M2e antibodies. Additionally, targeting XCL1 enhances the IgG2 response in influenza-seronegative pigs and IgG1 in seropositive pigs, without a skewed effect by either CpG or MPLA adjuvants (99). Additionally, a DNA vaccine encoding the XCR1 ligand fused to B and T epitopes of the N antigen from PRRSV was used in a DNA-MLV prime-boost strategy in pigs. The DNA vaccine was combined with cationic polylactoglycolide acid (PLGA) nanoparticles. DNA vaccine alone failed to elicit humoral and cellular immune responses but, under a DNA-MLV prime-boost schedule, achieved enhancement of the anti-N IgG response (98). The authors discuss the possibility that nanoparticles affected the efficacy of the DNA vaccine and therefore, they restructured the strategy, employing naked DNA to deliver N, NSP1β, and pGP4GP5 M from PRSSV toward XCR1+ DC, followed by a boost with an MLV. The XCR1 targeting-MVL boost allowed for a higher S/P ratio against the N antigen at 58 dpv; nonetheless, it was not possible to find significant levels of IFN-γ secreting cells after in vitro restimulation or clinical protection after heterologous PRRSV challenge (48). It is important to highlight that in these last two PRRSV antigen-targeting studies, the authors used DNA vaccines without additional adjuvants or immunostimulants, which may be necessary for proper stimulation of the cellular response. In cattle, targeting XCR1 cDC1 with the XCL1 fusion protein carrying the multiepitope OB7 antigen of FMDV was applied intramuscularly alone or with oil adjuvant or poly I:C. XCR1 targeting allowed for higher total and NAbs compared to the nontargeted group, eliciting better clinical protection against viral challenges with FMDV. Interestingly, poly I:C weakened the humoral response (100).

Notably, since the cDC1 population is well known to skew toward the Th1 cytokine profile and XCR1 is highly conserved in this population, an increased cellular response would be expected as a result of XCR1 targeting (13, 170); nevertheless, this has not been evidenced by the reports mentioned above. In summary, these findings highlight the different outcomes for XCR1 targeting regarding the species, type of targeted vaccine, and type of adjuvant involved.




8.2 CCR1, CCR3, CCR5

Chemokine receptors, which are expressed in many cells, can effectively facilitate antigen uptake, processing, and presentation in APCs (171). In mice, targeting low immunogenic tumoral antigens to chemokine receptors successfully activated the adaptive immune response and protected against a lethal challenge without the need for adjuvants (172).

DNA vaccines containing either the gene for MIP1α chemokine, targeting CCR1/3/5 chemokine receptors or a scFv anti-MHC-II along with fused HA antigen of H7N1 AIV were developed to stimulate APC-specific responses. When tested in mice, CCR1/3/5 and MHC-II targeting resulted in slightly higher IFN-γ T-cell responses than CCR1/3/5 targeting (45).

A similar approach was evaluated in pigs using a DNA vaccine encoding the MIP1α chemokine fused to HA antigen from the H1N1 influenza virus. The antibody response favored the IgG2 isotype over IgG1, while virus neutralization titers appeared higher in the CCR1/3/5 targeted group than in the antigen-only group. In addition, T-cell responses were significantly enhanced in the targeted group in a cross-reactive manner, responding to H1, H5, and H13 influenza subtypes, 28 days postimmunization (44). These findings suggest a notably efficient cellular immune response elicited in pigs by this targeting strategy.





9 Others



9.1 CD163 (scavenger receptor)

The scavenger receptor, also known as the CD163 receptor, contains nine scavenger cysteine-rich domains and is restricted to cells of the monocytic lineage (173). It is expressed at high levels in mature macrophages and low levels in moDCs (174, 175). This endocytic receptor has been characterized in several species, although there is no evidence that targeting CD163 can allow for cross-presentation (176). Although CD163 has been widely studied concerning its participation in infectious diseases in pigs, its antigen-targeting potential has not been equally explored. A report from Poderoso et al. (50) showed that targeting mouse IgG as an immunogen to CD163 following a prime-boost strategy resulted in the stimulation of the proliferative response in PBMCs. Additionally, the humoral response was greatly enhanced compared to the isotype control as early as 2 weeks postimmunization and increased with a booster dose at 6 weeks post-priming. This humoral response was particularly skewed to the IgG2 subclass and remained significantly higher than the negative control until 17 weeks after immunization (50).




9.2 Fcγ-receptor

Fc-γ receptors (Fc-γR) are distributed ubiquitously in endothelial, myeloid, and lymphoid cells and perform an essential function in the immune system by recognizing antigen-antibody complexes, thus improving antigen capture and processing (177–179). It is well known that antigens fused to IgG-Fc domains significantly enhance the immunogenicity of the antigen due to increased uptake through Fc-g receptors (180–182).

In vitro studies have evaluated the potential of using Fc receptors for antigen targeting by using porcine moDCs. Immuno-complexes (ICs) composed of F4 fimbriae from enterotoxigenic E. coli and anti-F4 polyclonal antibodies were incubated with porcine monocytes and respective cytokines to stimulate the generation of moDCs. F4-IC was internalized and enhanced the upregulation of the DC activation markers MHC-II, CD40, and CD80/86. Subsequently, activated moDCs could induce robust lymphocyte proliferation compared with F4 antigen- or IgG-only treated moDCs. Moreover, stimulated moDCs enhanced their production of IL-1β, IL-6, IL-8, and TNF-α, similar to a flagellin control but higher than F4 antigen or IgG-only treated moDCs. These findings demonstrate the maturation of moDCs induced by targeting Fc receptors and their potential use in antigen-targeting-based vaccines (81).




9.3 M-cells

In hopes of enhancing mucosal immune responses against pathogens, M-cell targeting was evaluated using a targeted unit named ligand Co-1 coupled with TB1 protein of FMDV and displayed in Lactococcus lactis (L. lactis-TB1-Co1) for increased stimulation. Mice and guinea pigs were orally immunized with L. lactis-TB1-Co1 and subsequently challenged 30 days postvaccination. In mice, the results showed increased antigen-specific IgA levels in sera, intestinal, and lung lavage fluids in the targeted group in comparison to the nontargeted and inactivated vaccine groups. Regarding cellular immune stimulation, mice in the targeted group presented higher T-cell proliferation and appeared to have enhanced IFN-γ and IL-2 production than the nontargeted group. The effect on humoral and cellular immune responses in guinea pigs was not as evident as in mice, although 60% protection was observed when animals were challenged. Once more, these findings highlight the different responses between species to a single targeting strategy (84).





10 Conclusions and future directions

The use of antigen-targeting strategies in the field of veterinary medicine has been evaluated in several species; swine is the most scrutinized specie, followed by chickens, cattle, and sheep. The available information shows highly heterogeneous responses according to the type of APC receptors targeted pertaining to humoral, cellular, and clinical protection. Most studies that determined clinical protection were evaluated under controlled experimental conditions; however, their efficacy under field conditions remains unknown. Remarkably, among all the vaccination routes evaluated in antigen targeting, oral vaccination with DC-pep-expressing lactobacillus seems to be a very promising strategy, showing high consistency in the induction of both mucosal and systemic responses. On the other hand, parenteral targeting with MHC-II-DR has also been widely successful, culminating in the approval of a commercial vaccine in South America.

It is important to continue with the development and evaluation of APC-targeting vaccines and generate knowledge that undoubtedly could help to modify conditions to redefine current vaccine trends and improve animal health. It is important to explore several routes of administration, antigens, and adjuvants since a one-size-fits-all strategy is very unlikely to work for all species and diseases. When the target receptor is mainly expressed on DCs, the intradermal or dermal route must be elected over the intramuscular route. Additionally, it is important to explore the nasal or intrauterine route due to the abundance of DCs in these sites. In this line, when the target receptor is mainly expressed on macrophages, the intramuscular route or oral route could be priorities. It is also important to keep in mind the use of new technologies, such as mRNA. This technology could be an interesting option to improve the benefits of antigen targeting for the control of diseases affecting veterinary medicine.
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In the published article, there was an error in Figure 1 as published. We noticed an error in Figure 1 related to the structure of one of the receptors (Langerin). The corrected Figure 1 and its caption appear below.




Figure 1 | Strategies explored for antigen targeting to different APC populations. Target surface receptors on APCs and M cells evaluated in antigen targeting. Different colors represent the clusters of carriers such as nanoparticles, mannan, ligands, antibodies, DNA vaccines, proteins, virus-like particles, and viral and bacterial vectors used to target specific surface receptors.



Strategies explored for antigen targeting to different APC populations. Target surface receptors on APCs and M cells evaluated in antigen targeting. Different colors represent the clusters of carriers such as nanoparticles, mannan, ligands, antibodies, DNA vaccines, proteins, virus-like particles, and viral and bacterial vectors used to target specific surface receptors.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The outbreaks of viral hemorrhagic septicemia (VHS) and viral encephalopathy and retinopathy (VER) caused by the enveloped novirhabdovirus VHSV, and the non-enveloped betanodavirus nervous necrosis virus (NNV), respectively, represent two of the main viral infectious threats for aquaculture worldwide. Non-segmented negative-strand RNA viruses such as VHSV are subject to a transcription gradient dictated by the order of the genes in their genomes. With the goal of developing a bivalent vaccine against VHSV and NNV infection, the genome of VHSV has been engineered to modify the gene order and to introduce an expression cassette encoding the major protective antigen domain of NNV capsid protein. The NNV Linker-P specific domain was duplicated and fused to the signal peptide (SP) and the transmembrane domain (TM) derived from novirhabdovirus glycoprotein to obtain expression of antigen at the surface of infected cells and its incorporation into viral particles. By reverse genetics, eight recombinant VHSVs (rVHSV), termed NxGyCz according to the respective positions of the genes encoding the nucleoprotein (N) and glycoprotein (G) as well as the expression cassette (C) along the genome, have been successfully recovered. All rVHSVs have been fully characterized in vitro for NNV epitope expression in fish cells and incorporation into VHSV virions. Safety, immunogenicity and protective efficacy of rVHSVs has been tested in vivo in trout (Oncorhynchus mykiss) and sole (Solea senegalensis). Following bath immersion administration of the various rVHSVs to juvenile trout, some of the rVHSVs were attenuated and protective against a lethal VHSV challenge. Results indicate that rVHSV N2G1C4 is safe and protective against VHSV challenge in trout. In parallel, juvenile sole were injected with rVHSVs and challenged with NNV. The rVHSV N2G1C4 is also safe, immunogenic and efficiently protects sole against a lethal NNV challenge, thus presenting a promising starting point for the development of a bivalent live attenuated vaccine candidate for the protection of these two commercially valuable fish species against two major diseases in aquaculture.
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Introduction

Nervous necrosis virus (NNV) is the causative agent of viral nervous necrosis (VNN), a devastating neurological disease, also known as viral encephalopathy and retinopathy (VER). The most common clinical signs of NNV infection are abnormal swimming behavior, loss of appetite and changes in fish coloration. Lesions observed in NNV-infected fish clearly demonstrate its marked neurotropism, the virus preferentially infects nerve cells, especially those of the central nervous system and retina (1). NNV has been isolated from a wide range of both marine and freshwater fish species and is responsible for significant losses in aquaculture industry as mortality rates of up to 100% are observed in larvae and juveniles infected by the virus (2). This small (~30 nm diameter), spherical, non-enveloped virus belongs to the Betanodavirus genus in the Nodaviridae family (3). Its genome contains two single-stranded positive-sense RNA molecules of approximately 3.1 kb (RNA1) and 1.4 kb (RNA2). An additional nonencapsidated subgenomic RNA coterminal with the 3’ end of RNA1 (RNA3, ~0.4 kb) is transcribed during virus replication. The three RNAs are capped at their 5’ ends but lack poly(A) tails at their 3’ ends (4). RNA1 encodes the viral RNA-dependent RNA polymerase (RdRp, 110 kDa), whereas RNA2 encodes the capsid protein (40-42 kDa) and RNA3 encodes two small non-structural proteins B1 and B2, which have antagonistic effects on cell survival (5).

The NNV isolates have been classified into four genotypes: striped jack nervous necrosis virus (SJNNV), tiger puffer nervous necrosis virus (TPNNV), redspotted grouper nervous necrosis virus (RGNNV) and barfin flounder nervous necrosis virus (BFNNV), based on a small highly variable sequence of RNA2, the so-called T4 region (6). Furthermore, these four genotypes group into three distinct serotypes A, B, and C with RGNNV belonging to serotype C (7). RGNNV has been the predominant genotype in Europe, although the emergence of reassortant strains, between the RGNNV and SJNNV genotypes, has undergone a dramatic expansion in the past few decades in the South of Europe (8–10) posing a significant risk to the cultivation of species of great economic importance such as gilthead sea bream (Sparus aurata), turbot (Scophthalmus maximus), European sea bass (Dicentrarchus labrax) and Senegalese sole (Solea senegalensis) (11–13). Vaccination is considered crucial for VER prevention and control since no effective treatments are available for this disease in aquaculture. A significant number of new experimental vaccines for this virus have been described in recent years, yet only two are commercialized in Europe, based on an inactivated RGNNV strain delivered by injection. Thus, both vaccines are restricted to the RGNNV genotype and one fish species (European sea bass). Therefore, the search for a more effective immunization system that covers a wider number of species and genotypes is still pending.

Vaccines based on inactivated viruses are usually very safe, but immune responses elicited are generally different from that produced by the live pathogen. In contrast, the use of attenuated live viruses has led to better responses but has raised safety concerns about the possibility of reversion to a virulent phenotype. Viruses from different families have been genetically engineered to develop vector-based vaccines aimed at protecting against viral diseases. The viral vectors frequently used include vaccinia virus (Poxviridae), Venezuelan equine encephalitis virus (Togaviridae), human adenovirus (Adenoviridae), Sendai virus (Paramyxoviridae), and vesicular stomatitis virus (Rhabdoviridae). Rhabdoviruses (14) represent promising platforms for developing novel vaccines (15–19) because they have been shown to be an effective means for heterologous antigen expression in vivo due to their high carrying capacity and genomic stability (20). A member of this family, the viral hemorrhagic septicemia virus (VHSV), is the causative agent of a very contagious and acute systemic disease leading to high mortality in a large panel of wild and commercial fish species worldwide (21). VHSV is listed as notifiable by the World Organization for Animal Health (WOAH/OIE). VHSV is considered as a serious economic and social threat for fish farms with significant environmental impact on natural resources. VHSV has been isolated from more than 82 different freshwater and marine species throughout the Northern Hemisphere, including North America, Asia, and Europe, including rainbow trout (Oncorhynchus mykiss), turbot, sea bass and sole (22). This virus is enveloped and its genome consists of a non-segmented negative-sense single-stranded RNA molecule of about 11 kilobases which encode six proteins in the order 3’-N-P-M-G-NV-L-5’ (23, 24). The viral RNA encodes five structural proteins. A nucleoprotein (N) which tightly encapsidates viral genome and antigenome RNAs together with a polymerase-associated phosphoprotein (P) and the large RNA-dependent RNA polymerase (L), hence forming a helical ribonucleoprotein complex (RNP). The matrix protein (M) interacts with the RNP and the viral envelope where the unique viral surface glycoprotein (G) is inserted by its transmembrane (TM) domain. In contrast to other rhabdoviruses, the VHSV genome possesses an additional gene, located between the G and L genes, that encodes a small non-structural NV protein essential for host innate immunity evasion (25–28). Due to the presence of the NV gene, VHSV is classified together with infectious hematopoietic necrosis virus (IHNV) in the genus Novirhabdovirus.

For Rhabdoviruses, the gene order is crucial for virus replication due to a decreasing gradient of transcription from the 3’ to the 5’ end. The viral polymerase binds to the 3’ end of the genome and starts transcription in a sequential gene-start-gene-end mechanism resulting in one mRNA species for each viral gene (29–32). Between each gene, the polymerase can dissociate from the genome, resulting in a gradient of expression in which the 3’ proximal genes are more transcribed than those located at the 5’ end. The modification of the gene order has an important impact on virus replication and pathogenicity as demonstrated by Wertz and colleagues on vesicular stomatitis virus (VSV) (33, 34) and our group on IHNV (19). In both cases, the N gene position seems to be one of the most critical factors for viral pathogenicity. Indeed, decreasing the amount of N protein by moving N gene downstream along the genome delayed the kinetics of replication and increased interferon expression leading to an attenuated phenotype (19, 35). These recombinant viruses were less pathogenic but maintained their immunogenicity in vivo due in part to the concomitant upstream displacement of the G gene within the genome allowing for increased expression of the G protein, the main target for neutralizing antibodies (19, 33–37). These data demonstrate that moving the N and G genes along the rhabdovirus genome is a promising approach for vaccine development in fish and mammals.

In this study, we develop a strategy to produce a live-attenuated vaccine against both VHS and VER by engineering the genome of VHSV to modify the gene order and to introduce an expression cassette encoding the major protective antigenic domain of NNV capsid protein allowing its incorporation into VHSV virions. Eight recombinant VHSVs (rVHSV), termed NxGyCz according to the respective positions of the genes encoding the nucleoprotein (N) and glycoprotein (G) as well as the expression cassette (C) along the genome, have been produced and tested for their safety, immunogenicity and protective efficacy in two fish species.





Results




Characterization of recombinant VHSVs expressing NNV epitopes

Recombinant rVHSVs expressing NNV capsid or capsid domains were generated as described previously (18, 38), using the expression cassette inserted in the non-coding region between N and P genes. The encoding nucleotide sequences of the full-length NNV capsid or derived domains, which are known to be highly immunogenic (7) were cloned in this expression cassette in fusion with the signal peptide (SP) sequence derived from the IHNV glycoprotein G gene, and the transmembrane sequence (TM) from VHSV G gene. The expression cassettes were flanked with the gene start and gene end signals of VHSV in order to be recognized by the viral polymerase and to direct the efficient expression of heterologous genes (Figure 1A). Four recombinant viruses were produced expressing a membrane-targeted capsid protein (CP), a secreted form of the capsid protein (CAP), the linker region and the protruding domain (LP), which contained the major protective epitopes against NNV (39, 40) or a duplication of this LP domain (LP2) (Figures 1A, B). All recombinant viruses were readily recovered using the established reverse genetics system for VHSV (27). Recombinant viruses were amplified through 2 passages in fish EPC cells. Titers reached 2 × 108 PFU/mL for rVHSV-CP, 2.5 × 108 PFU/mL for rVHSV-CAP and 1 × 108 PFU/mL for both rVHSV-LP and rVHSV-LP2 (Figure 1A).




Figure 1 | Construction of recombinant VHSV vectors expressing NNV capsid or capsid domains. (A) Schematic representation of NNV epitopes inserted in VHSV expression cassette driving antigen expression at the cell surface and incorporation in recombinant virus particles. The cassette is located between N and P genes in the VHSV genome. GS; gene start, GE; gene end, SP; signal peptide and TM; transmembrane domain (both SP and TM are derived from VHSV G). Full-length NNV capsid (CP or CAP including the stop codon TAG) or domains of CP (LP and LP2; P-domain plus linker region in single copy or in duplicate, respectively) were cloned in VHSV expression cassette. Unique enzyme restriction sites used in those constructs are indicated. (B) Structure of nervous necrosis virus (NNV) capsid protein. Ribbon diagram with surfaces displayed of a capsid subunit based on the PDB structure 4WIZ. Molecular visualizations were performed using Chimera X. Each capsid subunit is composed of three main domains: the N-terminal arm (N-arm), shown in purple (residues at the N-terminal extremity of the N-arm are not shown since they were found to be disordered), the shell domain (S-domain), shown in red, and the protrusion domain (P-domain), shown in light blue. The linker region, shown in blue, connects the S-domain with the P-domain. Below is a representation of the NNV genomic RNA2 with the regions encoding the different domains of the capsid.



To assess the expression of NNV antigens by rVHSVs, EPC cells were infected with each recombinant virus at a multiplicity of infection (MOI) of 0.01. At 24 h post-infection, the expression of the NNV capsid protein or capsid domains was evaluated by indirect immunofluorescence on fixed or live infected cells (Figure 2). All recombinant viruses enabled the expression of the capsid protein or capsid domains in the cytoplasm of infected EPC cells, as shown by the co-labelling with anti-VHSV G mAb and anti-NNV pAb (Figure 2A). Next, we analyzed the expression of NNV capsid in live infected EPC cells to ensure the correct routing of the antigen along the secretory pathway towards the plasma membrane (Figure 2B). All recombinant viruses expressed and correctly addressed NNV capsid or capsid domains at the surface of infected EPC cells, a pattern of expression similar to that observed for VHSV G. The secreted form of the NNV capsid protein was also detected at the surface of the infected cells probably due to its propensity to interact with lipid bilayers (41).




Figure 2 | Expression of NNV antigens in rVHSVs infected cells. The expression of NNV antigens was assessed by indirect immunofluorescence assays on EPC cells. The cells were infected with rVHSV-CP, rVHSV-CAP, rVHSV-LP or rVHSV-LP2 at an MOI of 0.01 and incubated at 14 ˚C. (A) At 24 h post-infection, cells were fixed and permeabilized with alcohol/acetone and NNV and VHSV G expression were detected using a pAb against NNV (red) and a mAb against VHSV G (green), respectively. (B) At 24 h post-infection, membrane expression of NNV antigens was visualized on live cells in PBS using the same antibodies. Nuclei were stained with Hoechst (blue). Bars, 10 µm.



The incorporation efficiency of heterologous antigens at the surface of recombinant Novirhabdoviruses with an expression cassette inserted between N and P genes has been previously demonstrated in the laboratory (18, 38). The NNV antigen could not be clearly visualized on SDS-PAGE after Coomassie blue staining as it co-migrated with the N of VHSV (Figure 3A). We therefore validated the expression of the NNV antigen at the surface of the VHSV platforms by Western-blot assay on sucrose-purified viruses. Figure 3B shows that rVHSV-CP and rVHSV-LP2 both express the NNV antigen at the expected size (43 kDa and 35 kDa, respectively). Other forms of LP2 antigens (around 40 and 30 kDa) were also detected and are likely due to as yet uncharacterized post-translational modifications of this domain. In contrast, no NNV antigen was detected in rVHSV-CAP virions which express a secreted form of NNV capsid without VHSV G-derived TM domain, thus demonstrating the specificity of the NNV antigen incorporation into rVHSV particles.




Figure 3 | Analysis of NNV antigens incorporation in recombinant virus particles. (A) Six micrograms of sucrose-purified viral proteins were separated on a 4-12% polyacrylamide gel and stained by Coomassie blue. (B) Two micrograms of sucrose-purified viral proteins were denatured, loaded and migrated on an SDS page gel. The gel was electrotransferred onto a PVDF membrane and NNV antigens were detected with a rabbit pAb directed against NNV.







Recovery of rVHSVs with rearranged gene order

Unique restriction enzyme sites were introduced by site-directed mutagenesis immediately upstream and downstream of the start and the stop codons of each ORF in the VHSV genome. Restriction enzyme sites were HpaI for N gene, PmlI for P gene, SnaBI for M gene, BstZ17I for G gene and PmeI for the NV gene, respectively (Figure 4A). The recombinant viruses were readily recovered as previously described (19, 27). Recombinant viruses with rearranged gene order were named according to their respective N and G gene position: N1G4 (3’-N-P-M-G-NV-L-5’) which corresponds to the recombinant virus that contains additional restriction enzyme sites introduced to each ORF (designated RES) or the wild-type virus (wt), N2G3 (3’-P-N-G-M-NV-L-5’) and N2G4 (3’-P-N-M-G-NV-L-5’), (Figure 4A). Based on the data obtained for IHNV (19), two gene orders were directly tested for VHSV, N2G3 and N2G4, for which the balance between attenuation and immunogenicity was optimal for IHNV, in order to evaluate the effect of such approach for VHSV attenuation.




Figure 4 | VHSV genome rearrangement. (A) Schematic representation of the engineered rVHSV genomes with rearranged gene order. Restriction enzyme sites inserted by site-directed mutagenesis at the beginning and the end of the N, P, M, G and NV ORF are indicated on the N1G4-RES genome. (B) INRA synthetic strain virus-free juvenile rainbow trout (n = 50 per group, mean weight 1.8 g) were infected by bath immersion with rVHSVs as indicated (final titer, 5 × 104 PFU/mL) for 2 h at 10°C. Mortality rates were recorded daily and is presented as percent of survival.



The pathogenicity of the rVHSV was assessed by infecting juvenile rainbow trout (mean weight of 1.8 g) with the selected viruses and mortality rates were recorded daily for up to 21 days. As shown in Figure 4B, a similar fish mortality rate was observed between N1G4(wt) and N1G4-RES. For both viruses, the mortality started at day 5-6 post infection and reached 82% to 92% of cumulative mortality, respectively, at day 21. These data indicated that the addition of 10 restriction enzyme sites in the VHSV genome has a limited effect on virus pathogenicity. In contrast, N2G4 and N2G3 were attenuated in vivo inducing only 57% and 45% of cumulative mortality, respectively, at day 21. This confirms that changing the gene order impacts pathogenicity.





Characterization of rVHSVs expressing a duplication of NNV LP domain in a gene order attenuated backbone

Based on above results, the position of N and G genes along the VHSV genome has a great effect on VHSV virulence in trout. Therefore, N gene was kept at position 2 in order to maintain a basal level of attenuation. In parallel, the G gene and the NNV epitope expressing cassette were inserted at different positions along the VHSV genome to balance their levels of expression and thus their potential immunogenicity in vivo. Seven cDNA constructs were designed and termed NxGyCz according to the respective positions of N and G genes as well as the expression cassette C along the genome: N2G5C3, N2G4C3, N2G3C4, N2G3C5, N2G5C1, N2G1C4 and N2G1C5 (Figure 5). Based on three criteria: level of expression, level of incorporation in VHSV virion and high immunogenicity as duplication of NNV major epitope domain, the LP2 antigen was selected and inserted in these constructs. The recombinant viruses, rVHSVGO-NNV (with GO for modified gene order), were successfully recovered by reverse genetics and amplified in fish cells, except for N2G3C5 for which a total cytopathic effect (CPE) was never achieved. They reached titers ranging between 1.5 × 106 PFU/mL to 2 × 107 PFU/mL, but somewhat attenuated compared to the rVHSV N1G5C2 with the N gene in first position (2.5 × 108 PFU/mL).




Figure 5 | Recombinant VHSV expressing NNV epitopes with rearranged genome. Schematic representation of the engineered rVHSV genomes expressing NNV epitopes with rearranged gene order. Nine rVHSV, termed NxGyCz according to the respective positions of the genes encoding the nucleoprotein (N) and glycoprotein (G) as well as the expression cassette (C) along the genome. Viral titers (PFU/mL) obtained after two passages in EPC cells are indicated on the right.



The expression of NNV LP2 antigen by rVHSVGO-NNV was assessed in EPC cells. At 24 h post-infection, the expression of the LP2 antigen was evaluated by indirect immunofluorescence on fixed cells (Figure 6A). All recombinant viruses expressed the LP2 antigen in infected EPC cells, as shown by the co-labelling with anti-VHSV G mAb and anti-NNV pAb. The incorporation efficiency of the LP2 antigens at the surface of rVHSVGO-NNV virions was verified by Western-blot assay on sucrose-purified viruses. Figure 6B shows that all rVHSVGO-NNV expressed the LP2 antigen at the expected size.




Figure 6 | Characterization of rVHSVGO-NNV in vitro in fish cells and validation of NNV epitope incorporation in recombinant virus particles. (A) The expression of NNV antigens was assessed by indirect immunofluorescence assays on EPC cells. The cells were infected with rVHSVGO-NNV at an MOI of 0.1 and incubated at 14 ˚C. At 72 h post-infection, cells were fixed and permeabilized with alcohol/acetone and NNV and VHSV G expression were detected using a pAb against NNV (red) and a mAb against VHSV G (green), respectively. Nuclei were stained with Hoechst (blue). Bars, 10 µm. (B) Two micrograms of sucrose-purified viruses were denatured, loaded and migrated on an SDS page gel. NNV LP2 antigen was detected with a rabbit pAb directed against NNV.







Safety and protective efficacy of rVHSVGO-NNV in rainbow trout

The safety and protective efficacy of the rVHSVGO-NNV was assessed by infecting highly sensitive juvenile rainbow trout (mean weight of 0.8 g) and recording mortality rates daily for up to 35 days (Figure 7). As shown in Figure 8, rVHSVGO-NNV were almost completely attenuated. The mortality started at day 11, day 16 and day 18 post infection for N2G5C1, N2G1C5 and N2G4C3, respectively. The residual virulence for these three viruses at day 35 was ranging around 2 to 8% of cumulative mortality. N2G5C3 and N2G1C4 were completely attenuated in juvenile trout. No mortality was recorded for both viruses during the 35-day period, similarly to what is observed with the mock-infected fish control condition.




Figure 7 | Experimental setup. Three different fish experiments were performed. The first on trout was designed to test the attenuation provided by the gene order rearrangement of the VHSV genome. The second on trout was conducted to test the safety and the protective efficacy of rVHSVGO-NNV against a lethal VHSV challenge. All trout infections were performed by bath immersion with a viral load of 5 × 104 PFU/mL in 3 L of water. The third was conducted on sole to test the safety, the immunogenicity and the protective efficacy of rVHSVGO-NNV against a lethal NNV challenge. The immunizations and the lethal NNV challenge were performed by injecting 1 × 105 PFU of rVHSVGO-NNV per fish and bath immersion with 1 × 105 TCID50/mL of NNV, respectively.






Figure 8 | Fish survival curves following infection of trout by bath immersion with rVHSVGO-NNV. Fifty virus-free juvenile rainbow trout (mean weight of 0.8 g) were infected with 6 rVHSVGO-NNV as described in materials and methods. Fish mortality rates were recorded every day for 35 days. Then, rVHSVGO-NNV-immunized fish were challenged with wtVHSV. Fish mortality rates were recorded every day for 30 additional days.



At 35 days post-immunization, the potential of rVHSVGO-NNV as live vaccine was tested by challenging the surviving trout by bath immersion with a lethal dose of wild-type VHSV (Figure 7). As shown in Figure 8, the mortality in the mock-vaccinated group reached 98% whereas it reached 82% for both N2G5C3 and N2G3C4 groups, 54% for N2G4C3 group, 48% for N2G1C5 group, 22% for N2G1C4 group and 12% for N2G5C1 group. The highest calculated Relative Percent of Survival (RPS) were 78% and 80% for N2G1C4 and N2G5C1, respectively (Table 1). In contrast to N2G5C1 inducing 8% of mortality during the immunization step, no mortality was recorded during the immunization for N2G1C4 immunized group. Thus, the overall protection of 78% induced upon vaccination with N2G1C4 by bath immersion makes this virus a promising vaccine candidate.


Table 1 | Summary of percent cumulative mortality observed in trout infected by rVHSVGO-LinkerP2NNV and challenged by VHSV.







Safety, immunogenicity and protective efficacy of rVHSVGO-NNV in Senegalese sole

The safety and immunogenicity of the rVHSVGO-NNV was assessed by infecting juvenile sole. Fifty sole (mean weight of 4 g) per group were acclimated at 13°C, the optimal temperature for VHSV replication, and then injected by intra-peritoneal route with 1 × 105 PFU of rVHSVGO-NNV per fish (Figure 7). 7 days later, the temperature of water in tanks was progressively increased to 22°C, the optimal temperature for NNV replication. After 21 days, six fish per group were sacrificed and blood samples were taken. The levels of anti-NNV antibodies in sera from immunized sole was evaluated by ELISA. As shown in Figure 9A, specific and significant antibody responses were detected for two immunized groups: N2G5C1 and N2G1C4. In parallel, the mortality rates were recorded daily for up to 25 days. As shown in Figure 9B, rVHSVGO-NNV were completely attenuated and safe in sole. No mortality was recorded for all viruses during the 25-day period as for the mock-infected fish.




Figure 9 | Fish survival curves following immunization by injection of sole with rVHSVGO-NNV and challenge with NNV by bath immersion. Fifty virus-free juvenile sole (mean weight of 4 g) were injected with 6 rVHSVGO-NNV as described in materials and methods. (A) Twenty-one days post infection, six fish per group were sacrificed and blood samples were taken. The levels of anti-NNV antibodies in sera from immunized sole was evaluated by ELISA. (B) Fish mortality rates were recorded every day for 25 days. Then, rVHSVGO-NNV-immunized fish were challenged with NNV by bath immersion. Fish mortality rates were recorded every day for 31 additional days. (C) NNV replication in brain tissues of immunized fish. Six dead fish and six surviving fish randomly harvested at day 30 post-challenge in the indicated groups were analyzed by RT-qPCR. Virus loads are expressed as RNA1 copy per gram of brain. Number of positive fish are indicated above each histogram. For statistical analysis, a comparison between groups was performed with a one-way ANOVA and Tukey’s multiple comparison tests using GraphPad Prism (GraphPad, San Diego, CA). Groups that are significantly different are denoted *(p < 0.05), **(p < 0.01), ***(p < 0.001).



At 25 days post-immunization when the water temperature in the tanks reached 22°C, the protective efficacy of rVHSVGO-NNV was tested by challenging the sole with the wild-type NNV by bath immersion (1 × 105 TCID50/mL) (Figure 7). As shown in Figure 9B, the mortality in the mock-vaccinated group reached 88% whereas it reached 68% for both N2G5C3 and N2G3C4 groups, 52% for N2G1C5 group, 48% for N2G4C3 group, 32% for N2G5C1 group and 26% for N2G1C4 group. The highest calculated RPS were 64% and 70% for N2G5C1 and N2G1C4, respectively (Table 2). Both recombinant viruses are associated with considerably reduced NNV load in the brain tissues of surviving fish by almost 10,000-fold compared to non-immunized fish as measured by RT-qPCR (Figure 9C) and some of the fish in both groups have no detectable amount of NNV. A significant reduction of NNV load in brain (100-fold compared to control fish) was also observed in dead fish immunized by N2G1C4. The efficient protection induced by these two rVHSVGO-NNV was in accordance with the significant antibody titers measured in both immunized groups (Figure 9A). Thus, the overall protections of 78% in trout and 70% in sole induced upon vaccination with N2G1C4 make this recombinant and attenuated virus a promising vaccine candidate.


Table 2 | Summary of percent cumulative mortality observed in sole injected with rVHSVGO-LinkerP2NNV and challenged by NNV.



To gain structural insights into the LP2 construct used in our study, we generated a structural model using AlphaFold 2 based on the protein sequence of the SpSsIAusc16003 isolate, which is a RGNNV/SJNNV reassortant with a capsid protein related to SJNNV (serotype A) (Figure 10). The LP2 construct consists of a tandem repeat of the linker (L) and protrusion (P) domains located at the external tip of the viral capsid protein (Figures 10A, B). AlphaFold 2 is a powerful deep learning algorithm providing a breakthrough in structural prediction for proteins (43). AlphaFold 2 readily predicts protein structures with atomic accuracy without the need for structural templates, as long as enough orthologs are available for generating multiple sequence alignments enabling covariance evaluation. AlphaFold 2 was able to generate an accurate model of LP2 with an overall confidence score (pLDDT) of 88.2 out of 100, close to the score of 90 corresponding to models with highly confident predictions of both backbone and residue side chain orientations. Viewed from the side, the LP2 model presents a bi-lobed “butterfly” structure of the LP dimer with each lobe consisting of a monomer of the pyramidal protrusion domain connected via the linker domain (Figure 10B). In the side view, the C-terminus of LP2 is shown to indicate where the VHSV TM domain connects (not modeled). Previous serological analyses of chimeric capsid proteins have shown that the region determining antigenic diversity spans residues 257-341 for the capsid of SJNNV (serotype A) (7). These residues are color-coded onto the modeled structure in magenta (Figure 10B). Both side and top views show that the repeated 257-341 region of the protrusion domains are clearly surface-exposed, suggesting that they are readily accessible to neutralizing antibodies (Figure 10B). We further mapped onto the LP2 structural model confirmed or predicted protrusion domain neutralizing epitopes (Figure 10C). The amino acids (aa) corresponding to the following epitopes were highlighted as red spheres in the LP2 model: aa 227-233 (44); aa 249-258 (45); aa 252-254 (40); and aa 296-304 (46). The mapping suggests that the LP2 construct correctly presents these epitopes at the surface of each LP monomer and would thus allow for antibody binding at these sites.




Figure 10 | Structural model of the LP2 antigen using AlphaFold 2. (A) Structure of nervous necrosis virus (NNV) full-length capsid and Linker-Protrusion (LP) construct. Ribbon diagram with surfaces displayed of NNV capsid subunit and LP construct based on the PDB structure 4WIZ. Molecular visualizations were performed using Chimera X. (B) AlphaFold 2 structural model of LP2 construct. The capsid protein sequence (accession no. NC_024493.1) of the betanodavirus isolate SpSsIAusc16003 (related to serotype A SJNNV) was used to generate an AlphaFold 2 structural model using ColabFold. Molecular visualization was performed using UCSF ChimeraX. The structural prediction with highest confidence score (pLDDT of 88.2/100) is shown. The C-terminus of the LP2 construct is shown in the side view to indicate where the TM domain of VHSV is connected (not modeled). The sub-regions of the Linker (L) and Protrusion (P domains) are color-coded according to the color legend on the figure. (C) Mapping of known neutralizing epitopes onto LP2 structural model. Confirmed or predicted protrusion domain neutralizing epitopes corresponding to amino acids 227-233, 249-258, 252-254, and 296-304 are highlighted as red spheres. See text for the references describing each epitope.








Discussion

In the current study, we aimed to generate live-attenuated VHSV vectors expressing NNV major protective antigen in order to characterize their safety, immunogenicity and protective efficacy against these two major diseases for trout and sole aquaculture. Therefore, the VHSV infectious cDNA (27) was modified by rearranging the gene order as a stable attenuation strategy (19, 35, 47) and the addition of an expression cassette driving the insertion of the antigen of interest at the plasma membrane of the infected cells and its incorporation in the newly formed virion (18, 38). Both modifications of the viral genome intrinsically lead to virus attenuation by changing the gradient of viral gene expression, thus several positions of N and G genes together with the expression cassette were tested to find the best combination. Among all rVHSVGO-NNV tested here, N2G1C4 presents the best balance between attenuation and protective efficacy. N2G1C4 is safe for both fish species and protects trout and sole against a lethal challenge with VHSV or NNV, respectively. This protection is in accordance with the induction of specific NNV antibodies in sole and should be further tested for its duration. Thus, N2G1C4 represents a promising candidate for the development of a bivalent live attenuated vaccine in order to protect two commercially valuable fish species against infections by these two major pathogens.

One of the challenges in developing live vaccines is to attenuate the virus without substantially reducing its immunogenicity. The genome architecture of Rhabdoviridae is highly conserved and viral mRNAs are expressed in a gradient, such that viral proteins at the 3’ proximal end of the viral genome are produced at higher levels than those at the distal end (29, 31). Thus, the rearrangement of gene order has been proposed as an approach to make terrestrial and aquatic rhabdoviruses more suitable as platforms for vaccine development (19, 34) or as candidates for oncolytic virus therapy (48). Homologous recombination appears to be very rare in mononegaviruses (49), making the rearrangement of gene order a safe method to attenuate mononegaviral-derived vectors minimizing the risk of reversion to a virulent phenotype. As previously demonstrated for IHNV, another Novirhabdovirus, recombinant viruses with rearranged genomes were highly stable following up to 10 successive passages in fish cells (19).

As previously shown (19), rIHNV N2G3 and N2G4 exhibited slower replication kinetics, reduced viral production (10- to 50-fold reduction compared to the wild-type virus, respectively) and were strong inducer of interferon and interferon stimulated genes (ISGs) in trout cells. More interestingly, they were almost completely attenuated with a residual virulence in juvenile trout (mean weight of 0.7 g) around 15% of cumulative mortality for both viruses versus 90% for the wild-type virus at 35 days post-infection. Trout immunized with rIHNV N2G3 were highly protected against a subsequent infection by a virulent IHNV strain, with RPS from 68% to 86% depending on the mean weight of the fish at the beginning of the experiment (0.7 g and 1 g, respectively). Therefore, we focused first on these two specific gene orders in order to evaluate their respective effect on VHSV virulence in trout. As observed with IHNV, the decrease in N protein expression by moving the N gene in second position in the genome significantly reduced VHSV virulence in trout. Both rVHSV N2G3 and N2G4 were attenuated but a higher residual virulence was observed compared to their IHNV counterparts with a cumulative mortality rate in juvenile trout (mean weight of 1.8 g) of 45% and 57%, respectively, versus 92% for the wild-type virus at 21 days post-infection. These first results represented a solid starting point in order to introduce the expression cassette which was expected have an additional attenuation effect on VHSV. Indeed, the insertion of the expression cassette in position 4 in the N2G3 backbone led to a 10-fold reduction in the final titer of the N2G3C4 (2.5 × 108 PFU/mL versus 2 × 107 PFU/mL), which resulted in total loss of virulence in trout. Unfortunately, the N2G3C4 recombinant virus was found to be over-attenuated as it did not protect immunized fish against a lethal VHSV challenge.

In total six different gene rearrangements were tested in order to find the best balance between attenuation and immunogenicity, since attenuation can result in reduced immunogenicity. With regard to resistance to infection, the protective role of VHSV-neutralizing antibodies has been clearly demonstrated in trout (50). The VHSV glycoprotein G is the neutralization antigen and the major protective antigen. Experimental vaccines designed to induce specific antibodies against VHSV glycoprotein G provide resistance to infection (51–53). One strategy was to move the G gene in the first position and thus increase the expression of this major protective antigen while maintaining the N gene in second position to keep the attenuation effect by reducing the expression of the N protein, leading to N2G1C4 that displays the best balance between attenuation and immunogenicity. This is in accordance with previous studies showing that the expression of the VSV glycoprotein G or the Human respiratory syncytial virus (RSV) fusion F and glycoprotein G could be improved by moving it to a promoter-proximal position (33, 47), while the N gene position was found to be one of the most critical factors regulating rhabdovirus pathogenicity (19, 35). For rIHNV N2G3 and N2G4, lower levels of N transcription were clearly correlated with stronger induction of type I IFN (19). It is possible that a decrease in replication efficiency gives the cell an advantage to mount a strong IFN response, but, this might also be a consequence of the N protein inhibition of the IFN induction pathway, as recently suggested for novirhabdoviruses (54, 55). Therefore, we suggest that higher induction of IFN together with higher expression of the protective antigen contribute to rVHSV N1G1C4 attenuation, immunogenicity and protective immunity in trout and sole.

The NNV antigens that were designed and analyzed in this study are based on the capsid (coat) protein, which is the sole structural protein found in betanodavirus particles. During virion formation multiple capsid proteins self-assemble into a T=3 icosahedral structure, with a total of 180 capsid proteins arranged in 60 trimers (39). As its name implies, the pyramid-like protrusion (P) domain is exposed at the surface of viral particles and harbors both host cell receptor binding and virus neutralization epitope sites. Three serotypes of NNV have been characterized, with SJNNV grouped as serotype A betanodavirus, the cold-water betanodaviruses TPNNV and BFNNV grouping in serotype B, and RGNNV belonging to serotype C (7). Based on antigenic and infectivity assays of the serotype C RGNNV under various physicochemical conditions, Gye and Nishizawa have suggested that the sites responsible for antigenicity and infectivity are distinct (56). In our study, different capsid-derived antigen constructs of the SpSsIAusc16003 isolate, a RGNNV/SJNNV reassortant with a capsid protein related to SJNNV (serotype A) were initially tested, including the linker-protrusion domain (LP) construct (8). The LP2 construct consisting of a tandem repeat of the linker-protrusion domain was then selected and used in subsequent immunization/challenge and ELISA assays. Structural modeling using AlphaFold 2, a highly accurate computational method, revealed that the LP2 construct forms a bi-lobed “butterfly” structure with each lobe consisting of one LP monomer. Each LP monomer exposes a region spanning residues 257-341 which was previously shown to be a determinant of antigenic diversity for the capsid of SJNNV (serotype A) (7). In addition, previously characterized (aa 227-233, aa 249-258, aa 252-254) or predicted (aa 296-304) neutralizing epitopes map to surface-exposed areas of each LP monomer (40, 44–46). Of note, with the exception of the epitope spanning residues 252-254, the so-called “PAN” epitope which corresponds to the three amino acids found in SJNNV (serotype A) capsid, the other previously described epitopes were based on RGNNV (serotype C). Alignment between SJNNV and RGNNV capsid sequences revealed differences in amino acid composition for the 4 epitopes (44). In particular, in their recently published work based on RGNNV (serotype C), Zhang and colleagues mapped the linear epitope 227SLYNDSL233 as the binding site of a monoclonal antibody (Mab 2B7) they produced in mouse and which was shown to be neutralizing. For comparison, the sequence found at residues 227-233 for the SJNNV (serotype A) capsid is 227PLHNDSI233. Interestingly, the authors showed that of the three substitutions found when comparing the 227-233 segment of RGNNV and SJNNV capsids, only the Y229H substitution interfered with MAb 2B7 antibody binding (44). In their discussion, the authors state that pre-immunization of juvenile groupers with the RGNNV 227-233 peptide failed to elicit protective immunity against RGNNV challenge. This result suggests that the native structural context in which the 227-233 segment is presented, such as in our LP2 construct, may be an important contributing factor to obtain immune protection. It is also noteworthy to highlight that another major benefit of our approach using the LP2 construct, where LP is found in duplicate is the possibility to generate an antigen with two protrusion domains derived from two serotypes, for example with serotype A (SJNNV) and serotype C (RGNNV) which are antigenically distinct (7), thus paving the way to the development of a “divalent”-NNV candidate vaccine.

Moreover, Senegalese sole are also susceptible to marine VHSV isolates but are not affected by freshwater isolates, such as the VHSV 23-75 strain used as vaccine vector in the present study (57). Therefore, it should be of great interest to evaluate the level of protection conferred by rVHSV N1G1C4 against infection by marine VHSV strains in immunized sole. Another option would be to pseudotype the rVHSV 23-75 strain with the glycoprotein of a marine strain, novirhabdoviruses being extremely flexible in their capacity to accommodate heterologous glycoproteins (58). This could be the starting point for the development of a bivalent live attenuated vaccine candidate for the protection of senegalese sole against two major diseases. In conclusion, these results validate the gene rearrangement approach as a potent and stable attenuation strategy for fish Novirhabdoviruses and open new perspectives to design a live attenuated vaccine platform for fish vaccinology.





Methods




Cells and virus

Epithelioma Papulosum Cyprini (EPC) cells were maintained at 24°C in GMEM/HEPES 25 mM medium supplemented with 2 mM L-glutamine (PAA) and with 10% fetal bovine serum (FBS) (Eurobio) (59). rVHSV were propagated in monolayer cultures of EPC cells at 15°C as previously described (27). Virus titers were determined by plaque assays on EPC cells under an agarose overlay (0.35% agarose in Glasgow’s modified Eagle’s medium with 25 mM HEPES supplemented with 2% fetal bovine serum and 2 mM L-glutamine). At 3 to 4 days postinfection, cell monolayers were fixed with 10% formalin and stained with crystal violet. Recombinant vaccinia virus expressing the T7 RNA polymerase, vTF7-3, was kindly provided by B. Moss (National Institutes of Health, Bethesda, Md.) (60).

NNV strain SpSsIAusc16003 (herein Ss160) was grown in E-11 cells, a clone of SSN-1 (61), derived from striped snakehead (Channa striatus) at 25°C in L-15 Leibovitz (Lonza) medium supplemented with 2% FBS.





Virus purification

For virus purification, wild-type and recombinant VHSVs were mass produced in EPC cells, clarified by low-speed centrifugation (4,000 rpm for 15 min), concentrated 10-fold by ultracentrifugation at 24,000 rpm in a SW28 Beckman rotor for 90 minutes and finally purified by ultracentrifugation at 34,000 rpm in a SW41 Beckman rotor for 4 hours through a 25% (w/v) sucrose cushion in TEN buffer (10 mM Tris-HCl [pH = 7.5], 150 mM NaCl, 1 mM EDTA [pH = 8]). The viral pellet was then resuspended in TEN buffer and viral protein yields of each preparation were quantified by using the Micro BCA assay protein quantification Kit (Pierce) in accordance with the manufacturer’s instructions.

Similarly, NNV was grown in a confluent monolayer of E-11 cells maintained in a 150 cm2 flask, when the cytopathic effect was extensive, the cell medium was collected and centrifuged at 3,000 × g for 10 min at 4°C. The supernatant was centrifuged at 25,000 rpm for 1 h in an SW32Ti rotor (Beckman Coulter). The virus was then pelleted in an ultracentrifuge at 35,000 rpm at 4°C in a SW55Ti rotor (Beckman Coulter) through a 30% (w/v) sucrose cushion in TEN buffer. Pelleted virus was resuspended in TEN buffer for SDS–PAGE.





Plasmid constructs and recombinant virus recovery

The recombinant cassette integrated into VHSV cDNA between the N and P genes was constructed as previously described (18, 38). The full-length or domains of the NNV capsid gene (GenBank # NC_024493) was amplified by polymerase chain reaction (PCR) from the infectious cDNA encoding RNA2 pBS160 R2 (62) and specifics primers (Table 3). Amplified capsid PCR products were cloned into pJET 1.2 plasmid and sequenced to check the integrity of the nucleotide sequence prior to the insertion into pVHSV cassette using NheI and PmlI enzyme restriction sites (Figure 1A).


Table 3 | Primers used in the study.



The different cDNA constructs with rearranged gene order were obtained by gene swap using restriction enzymes (RE), that generate blunt ends, inserted at the beginning and the end of the N, P, M, G, and NV open reading frames (ORF): N (HpaI), P (PmlI), M (SnaBI), G (BstZ17I) and NV (PmeI) genes (Figure 4A). For the insertion of these restriction sites, fragments of the pVHSV (27) were amplified and cloned into pJET 1.2 cloning vectors (Thermo Fischer Scientific) for further site-directed mutagenesis (QuikChange Site-directed mutagenesis Kit, Stratagene) using the primers in Table 3: Fragment SacII/PsiI (N gene, primers 5NHPA/3NHPA); fragment PsiI/NsiI (P gene, primers 5PPML/3PPML); fragment NsiI/MfeI (M gene, primers 5MSNA/3MSNA); and fragment MfeI/NdeI (G gene, primers 5GBST/3GBST; NV gene, primers 5NVPME/3NVPME). After mutagenesis, all fragments were incorporated back into pVHSV, leading to the pVHSV-RES.

cDNA copies of the N, P, M, and G genes flanked by the proper RE sites were obtained by PCR using the Phusion High-Fidelity DNA polymerase (see primers VHSN, VHSP, VHSM and VHSG with proper RE in Table 3) and cloned into pJET 1.2 cloning vector. All cloned genes were sequenced to check the integrity of the nucleotide sequence. Each gene was successively exchanged in the pVHSV-RES, leading to pVHSV N2G4 and pVHSV N2G3 (numbers referring to the positions of the N and G genes in the final cDNA genome) (Figure 4A).

In order to construct rearranged VHSV genomes expressing an additional gene (Figure 5), the EGFP cassette, previously described (27), was amplified by PCR from the pVHSV-EGFP and modified to contain two SpeI RE sites upstream and downstream the EGFP ORF using the primers 5VHSgfp Psi/3VHSgfp Psi/Spe (Table 3). This fragment was cloned into a pJET 1.2 cloning vector and then the EGFP ORF was exchanged with the N gene using the SpeI RE sites. Finally, the N cassette was inserted into pVHSV-RES using the PsiI RE site. Each gene was successively exchanged in the pVHSV-RES containing the expression cassette. Eight pVHSV constructs, termed NxGyCz according to the respective positions of the genes encoding the N and the G as well as the expression cassette C along the genome: pVHSV-N2G5C3, -N2G4C3, -N2G3C4, -N2G3C5, -N2G4C1, -N2G5C1, -N2G1C4 and -N2G1C5.

The rVHSVs were readily recovered by transfection of pVHSV constructs together with the helper plasmids pT7-N, pT7-P and pT7-L in EPC cells infected with vTF7-3 vaccinia virus, as previously described (for a review see (63)). Viral titers were determined after 2 passages on EPC cells.





Indirect immunofluorescence analysis on fixed and living cells

EPC cells grown in 24-well plates were infected with the rVHSV expressing NNV epitopes (passage 2, MOI of 0.1). At 24 h or 72 h post-infection, cells were fixed with a mixture of ethanol and acetone (1:1, v/v) at -20°C for 20 min and washed with PBS. Primary mouse monoclonal antibody (mAb) 192A17 (dilution 1:1,000) against VHSV G and rabbit polyclonal antibody (pAb) 484.2.2009 against NNV (dilution 1:5,000; kindly provided by Dr. Anna Toffan (7)) were incubated in PBS-Tween 0.05% for 45 min at room temperature (RT) and washed 3 times with PBS-Tween 0.05%. Cells were then incubated with Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor 594-conjugated goat anti-rabbit immunoglobulins diluted to 1:1,000 (Invitrogen) in PBS-Tween 0.05% for 45 min at RT. Cell monolayers were then visualized with a UV-light microscope (Carl Zeiss). For live cells, infected cell monolayers were directly incubated with primary antibodies in GMEM 10% FBS cell culture medium for 45 min at RT. After 3 washes with the same medium, cells were incubated with both 488 and 594 Alexa Fluor-conjugated immunoglobulins (dilution 1:1,000) for 45 min at RT. Three washes were performed and nuclei were stained with Hoechst (dilution 1:1,000; Thermo scientific). Cell monolayers were then visualized with a UV-light microscope (Carl Zeiss).





Protein electrophoresis and Western blot assays

Aliquots of sucrose-purified recombinant viruses were separated on a sodium dodecyl sulfate 4-12% polyacrylamide gel (SDS-PAGE; Life technologies) and electrotransferred onto a polyvinylidene difluoride membrane (ImmobilonP; Millipore). The membrane was saturated in Tris-Buffer Saline containing 0.05% of Tween 20 (TBST) supplemented with 5% skim-milk for 1 h at RT, then incubated with a rabbit pAb 484.2.2009 in TBST 5% milk (dilution 1:7,000) for 1 h at RT. After three washes with TBST, the membrane was incubated for 1 h at RT with horseradish peroxidase (HRP) conjugated anti-rabbit antibody (1:10,000; Sera Care) in TBST 3% milk. After extensive washing with TBST, peroxidase activity was revealed by incubation with ECL Western Blotting Detection Reagents (ECL; Pierce) according to the manufacturer’s instructions.





Ethics statement

All animal studies were carried out in strict accordance with the European guidelines and recommendations on animal experimentation and welfare (European Union directive 2010/63). All animal experiment procedures were approved by the local ethics committee on animal experimentation (COMETHEA INRAE no. 45) and were authorized by the Ministère de l’Éducation nationale, de l’Enseignement supérieur et de la Recherche under the numbers: APAFIS#2545-2015121515466368 v1 and APAFIS#29801-2021021110262075 v2. Experimental protocols with sole were approved by the Bioethics and Experimental Animal Welfare Committees of the University of Santiago de Compostela and Xunta de Galicia (Permit Id. 15010/2020/004).

To minimize animal suffering and distress, all manipulations were carried out under light anesthesia. Anesthesia was performed by bath immersion with tricaine 0.005%. A lethal challenge with VHSV typically results in acute disease characterized by exophthalmia, anemia and punctiform hemorrhages, whilst NNV infection lead to anemia, and abnormal swimming due to neurological disorders. Therefore, fish were monitored twice a day for clinical signs and survival. Upon display of typical infection symptoms, animals were humanely euthanized by bath immersion using a lethal dose of tricaine 0.015%.





Experimental fish infection

As summarized in Figure 7, 50 INRA synthetic strain virus-free juvenile rainbow trout (mean weight, 0.8 to 1.8 g) were infected by immersion in tanks filled with 3 L of freshwater with rVHSV viruses (final titer, 5 × 104 PFU/mL) for 2 h at 10°C. Tanks were then filled up to 30 L with freshwater. Controls were mock infected fish kept under the same conditions. Mortalities were recorded daily. Challenges with wild-type VHSV were performed under similar conditions 35 days after immunization. Senegalese sole (~4 g, on average) were acclimatized to 13°C (immunization temperature) for 10 days in our facilities prior to immunization (see Figure 7). After the acclimation period, fish were gently sedated with MS-222 and injected intraperitoneally with 0.1 mL of mutant rVHSV viruses (1 × 106 PFU/mL) and kept in 5 L opaque tanks containing seawater (n = 50/tank). After 7 days the water temperature was increased 1°C/day to reach 22°C (challenge temperature) on day 25. Blood samples (n = 6 per group) were taken 21 days post-immunization and the surviving fish were challenged by immersion in a bath containing the lethal Ss160.03 NNV strain at a concentration of 105 TCID50/mL for 3 h with strong aeration. Mortalities and clinical signs were recorded daily. Control fish were mock immunized/infected with L-15 medium under the same conditions. Brains from six dead (at different time post-challenge) or surviving fish were aseptically collected in each group. The organs were individually homogenized and diluted 1 : 10 (w/v) in Earle’s balanced salt solution (Hyclone) supplemented with penicillin (1000 UI ml−1), streptomycin (1000 µg ml−1), gentamicin (500 µg ml−1) and fungizone (20 µg ml−1). The homogenates were clarified by centrifugation at 2000 g for 20 min at 4°C. An aliquot of 0.1 ml of each sample was used for RNA extraction, and subjected to RT-qPCR as described previously (64). Viral load data were calculated as RNA1 copies per gram of brain tissue.





Indirect ELISA for anti-betanodavirus antibody analyses

The level of anti-betanodavirus antibodies in sera from immunized sole have been evaluated following the indirect ELISA procedure previously reported (65). Briefly, sera from sole immunized with the different recombinant viruses (20 µg of total proteins) were diluted in coating buffer [100 mM Bicarbonate/Carbonate, pH 9.6] and immobilized in 96 High Binding flat-bottomed plates (Sarsted, Newton, NC, USA) overnight at 4°C. The samples were blocked with 5% skimmed milk in PBST for 1 h. Afterwards, incubation with a rabbit anti-NNV (484.2.2009, 1:10,000) was performed for 1 h at room temperature. Following washing steps, the samples were incubated with the anti-rabbit IgG-HRP (Sigma Aldrich; 1:25,000) for 1 h at RT. The reaction was revealed with 100 µL per well of 3,3’,5,5’-tetramethylbenzidine single solution (ThermoFisher, Waltham, MA, USA) for 20 min and stopped by adding 50 µL of 2 M sulfuric acid. Optical density (OD) was measured at 450 nm. Resulting OD values were normalized by subtracting the OD values of the negative control (omitting fish sera) wells. All assays were performed in duplicate and previously assayed positive serum was used as a positive control.





Structural prediction of LP2 antigen construct using AlphaFold 2

The protein sequence (accession no. NC_024493.1) encoding the capsid of the betanodavirus isolate SpSsIAusc16003 was used to generate structural predictions of the LP2 antigen construct using AlphaFold 2 (43). The open-source software, ColabFold (https://github.com/sokrypton/ColabFold) was used to implement AlphaFold 2 (66). The predicted structure with the highest confidence score (pLDDT) was subsequently used for molecular visualization using UCSF ChimeraX (67).
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East Coast fever is an acute bovine disease caused by the apicomplexan parasite Theileria parva and is regarded as one of the most important tick-vectored diseases in Africa. The current vaccination procedure has many drawbacks, as it involves the use of live T. parva sporozoites. As a novel vaccination strategy, we have constructed the recombinant lumpy skin disease virus (LSDV) named LSDV-SODis-p67HA-BLV-Gag, encoding a modified form of the T. parva p67 surface antigen (p67HA), as well as the bovine leukemia virus (BLV) gag gene for the formation of virus-like particles (VLPs) to potentially enhance p67 immunogenicity. In place of the native sequence, the chimeric p67HA antigen has the human tissue plasminogen activator signal sequence and the influenza hemagglutinin A2 transmembrane domain and cytoplasmic tail. p67HA was detected on the surface of infected cells, and VLPs comprising BLV Gag and p67HA were produced. We also show that higher multiple bands observed in western blot analysis are due to glycosylation of p67. The two vaccines, pMExT-p67HA (DNA) and LSDV-SODis-p67HA-BLV-Gag, were tested for immunogenicity in mice. p67-binding antibodies were produced by vaccinated animals, with higher titers detected in mice vaccinated with the recombinant LSDV. This candidate dual vaccine warrants further testing in cattle.
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1 Introduction

Tick-borne diseases are a major challenge to cattle farmers in Africa. Of these, East Coast fever (ECF) is considered one of the most burdensome in the affected east and sub-Saharan regions (1–5). The disease is acute and characterized by a fever, respiratory distress, mucosal petechiae and recumbency. Severe cases often result in death after three weeks due to fluid build-up in the lungs and consequent respiratory failure (6, 7). The causative agent, the apicomplexan parasite Theileria parva, is transmitted to cattle or buffalo via the brown ear tick Rhipicephalus appendiculatus (8). Currently, cattle are immunized against ECF by the infection and treatment method (ITM) which involves the use of live T. parva sporozoites and the immediate administration of long-acting oxytetracycline (9). While this does provide effective protection against ECF, there are many drawbacks to this method which include 1) the production of live T. parva sporozoites is a lengthy process that requires cattle, rabbits and ticks, 2) liquid nitrogen is required for storage and transport of live parasites and 3) cattle immunized by this method become T. parva carriers and can spread the disease 4) the potential development of oxytetracycline resistance (10–13).

Other vaccine platforms have the potential to overcome the logistics of using a live unattenuated parasite as a vaccine. Lumpy skin disease virus (LSDV) would be an ideal candidate to vector T. parva antigens. Poxviruses are relatively stable and can be freeze-dried, they do not require animals for vaccine production and pose no risk to establishing a T. parva carrier state (14). In addition, their large genomes can tolerate the insertion of multiple foreign genes, and poxviruses are known to induce strong humoral and cellular immune responses (15, 16). LSDV has the added advantage of providing protection against lumpy skin disease (LSD) (17). LSD is a serious threat to the cattle industry and many African countries affected by it are also affected by ECF (8, 18). LSD is characterized by fever, ocular and nasal discharge, and painful nodular lesions (19, 20). Infertility, loss of body weight and decreased milk production also have negative economic impacts in affected regions (21). A number of live attenuated LSDV strains have been developed to protect cattle against LSD, such as the Neethling vaccine strain produced by Onderstepoort Biological Products (OBP) currently used in South Africa (22). Attenuated LSDV has been used in experimental vaccines to vector the antigens of other pathogens, not only limited to cattle, which include those of human immunodeficiency virus (HIV), rabies virus and Rift Valley fever virus (23–25). Our group has constructed an improved LSDV recombinant backbone named nLSDVSODis-UCT which is based on the Neethling vaccine strain (26). When used to vector bovine ephemeral fever virus (BEFV) antigens, vaccinated cattle produced BEFV neutralizing antibodies at titers considered protective and survived virulent LSDV challenge (17). Therefore, nLSDVSODis-UCT would be an ideal choice for a poxvirus-vectored ECF vaccine.

Many efforts have been made to develop a novel ECF vaccine using the T. parva major sporozoite surface protein p67 (27). The antigen induces sporozoite neutralizing antibodies in cattle, however only partial protection against T. parva challenge has been attained (28). Others have shown that the immunogenicity of p67 truncated to its C-terminal region (p67C) was improved when placed on the surface of baculovirus virions, hepatitis B VLPs or associated with silica vesicles, in comparison to free soluble p67C (28, 29). Therefore, we hypothesized that a less-truncated p67 displayed on a particle may provide an even further improved p67-based vaccine. We have previously attempted to improve the immunogenicity by displaying p67 with an influenza hemagglutinin A2 (HA2) anchor on the surface of retrovirus Gag virus-like particles (VLPs) (30). The antigen named p67HA retains all the known immunogenic regions of p67 and would potentially benefit from the immunogenic enhancement of VLP display. p67HA was characterized using DNA mammalian expression vectors and was shown to be immunogenic in mice.

DNA vaccines have previously yielded unsuccessful results in cattle (31, 32) and LSDV has been shown to be a good vaccine vector (17). We therefore constructed a recombinant LSDV, LSDV-SODis-p67HA-BLV-Gag, to express the described p67HA together with bovine leukemia virus (BLV) Gag so as to generate VLPs. Expression of the antigens were characterized by immunostaining and electron microscopy, and the immunogenicity of the recombinant LSDV was compared to the p67HA DNA vaccine in mice. We also investigated glycosylation of recombinant p67 expressed in mammalian cells using soluble purified p67.




2 Materials and methods



2.1 Cells, fertilized hens’ eggs, viruses and antibodies

Madin Darby bovine epithelial kidney cells (MDBK) (CCL-22™ ATCC®, USA), baby hamster kidney fibroblast 21 cells (BHK-21) (CCL-10™ ATCC, USA), HeLa cells (CCL-2™ ATCC®, USA) and primary fetal lamb testes (LT) cells were cultured in Dulbecco’s modified Eagle’s medium with GlutaMAX™ (DMEM) (Thermo Fisher Scientific, USA) containing 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, USA, or HyClone™ Cytiva, USA for LT cells) and 1X penicillin/streptomycin (1000 U/ml each, Lonza, Belgium), at 37°C with 5% CO2.

Specific pathogen-free (SPF) Leghorn chicken eggs (AviFarms, RSA) were maintained in accordance with the University of Cape Town (UCT) Animal Ethics Committee (AEC) protocol AEC 018-022.

nLSDVSODis-UCT was used as the LSDV backbone and for experimental controls. The virus is based on the Neethling vaccine strain originally obtained from Onderstepoort Biological Products (OBP, RSA), which was modified to encode a synthetic, improved and stabilized superoxide dismutase gene (SODis) (26). The parent virus, LSDV(SODis)BEFV-Gb, has nLSDVSODis-UCT encoding the BEFV glycoprotein Gb antigen and eGFP, under the control of the respective vaccinia virus (VACV) mH5 and synthetic pSS poxvirus promoters, all inserted between open reading frame (ORF) 49 and 50 (17).

Rabbit polyclonal anti-p67 raised against the peptide LKKTLQPGKTSTGETC (GenScript, China) which contained the T. parva sporozoite neutralizing epitope recognized by the monoclonal AR22.7 (33), mouse monoclonal anti-BLV p24 (Gag) (BLV-3, VMRD, USA) and mouse monoclonal anti-X6 His (MCA1396, Bio-Rad, USA) were used as primary antibodies.




2.2 Design, construction and passage of the recombinant LSDV

The T. parva modified p67 major sporozoite surface antigens named p67HA and p67ΔTM have been described previously (30) (Figure 1A). The p67 amino acid regions are identical to wild-type p67 (Muguga, GenBank: AAA98601.1). p67HA is the primary immunogen in this study whereas p67ΔTM purified from HEK293T cell media was used for assays.




Figure 1 | (A) Schematic diagrams of the recombinant antigens p67HA and p67ΔTM in comparison to wild-type p67 (Muguga, GenBank: AP018021.1) with labelled amino acid residue positions underneath. The p67N, p67M and p67C regions based on B-cell epitope distribution are annotated as previously described (34). Both p67HA and p67ΔTM had the native signal sequence (SS) replaced with that of the human tissue plasminogen activator (TPA). The native predicted transmembrane domain and cytoplasmic tail (TM-CT) were replaced with those of influenza virus A H5N1 hemagglutinin 2 (HA2) for p67HA or were replaced with a GGGGS linker and 8X His tag for p67ΔTM. (B) Schematic diagram of the transfer vector pUC57-p67HA-BLV-Gag-mCherry for homologous recombination with the parent virus LSDV(SODis)BEFV-Gb genome between ORFs 49 and 50 to generate LSDV-SODis-p67HA-BLV-Gag. Restriction enzyme sites that were used for cloning or removal of the expression cassette from pUC57-Simple are labelled.



The transfer vector pUC57-p67HA-BLV-Gag-mCherry (Figure 1B) was constructed to have the genes for p67HA, BLV gag (GenBank: AP018021.1) (30) and fluorescent marker mCherry, with the respective TTTTTCT, TTTTTAT and TTTTTGT poxvirus terminators, under the control of the respective VACV mH5, synthetic pLEO and modified fowlpox mFP promoters (35). This expression cassette was flanked by the 3’ ends of LSDV ORFs 49 and 50, and all genetic elements were amplified in the plasmid backbone pUC57-Simple (GenScript, China).

LSDV-SODis-p67HA-BLV-Gag was made by homologous recombination between the transfer vector pUC57-p67HA-BLV-Gag-mCherry and parent virus LSDV(SODis)BEFV-Gb (Figure 1B). LT cells were infected with LSDV(SODis)BEFV-Gb in DMEM at a range of multiplicities of infection (MOI) from 0.05 to 0.5, for two hours in 12-well plates. The media was removed and cells were subsequently transfected with 5 µg of pUC57-p67HA-BLV-Gag-mCherry linearized with KpnI and PacI (FastDigest, Thermo Fisher Scientific, USA), using 3 µl XtremeGENE™ HP (Roche, Switzerland) in DMEM. At two day’s post infection, cells were lysed by two freeze/thaw cycles (-80°C/37°C). The resulting lysates were passaged in MDBK cells and foci of MDBK cells that fluoresced red due to potential infection with LSDV-SODis-p67HA-BLV-Gag were physically scraped with a 10 µl pipette tip, placed into 100 µl DMEM in 1.5 ml microcentrifuge tubes, and lysed by two freeze/thaw cycles. Lysates were repeatedly passaged in MDBK cells until no green fluorescence (due to parent LSDV) was observed.

LSDV-SODis-p67HA-BLV-Gag was passaged twice in chick chorioallantoic membranes (CAMs) to remove any bovine viral diarrhea virus (BVDV) which may have been present in the MDBK cells. This was carried out as previously described (36). Further passages were performed in LT cells or BHK-21 cells to maintain BVDV-free stocks. Micrographs were obtained with AxioVert A.1 inverted fluorescence microscopes and Zen Blue 3.1 software (Zeiss, Germany).




2.3 Preparation of LSDV stocks

High titer stocks of LSDV-SODis-p67HA-BLV-Gag and nLSDVSODis-UCT were prepared by infecting MDBK, LT or BHK-21 cells in 175 cm3 flasks or HYPERFlasks® (Corning®, USA) at MOIs 0.0025 to 0.005. Once all cells were infected and about 50% of cells had lifted, the flasks were frozen and thawed twice and lysates were clarified by low speed centrifugation at 320 x g for 10 min. Supernatants were placed into SS34 tubes and underlaid with 1-1.5 ml of 36% (w/v) sucrose diluted in 1X PBS. Viruses were pelleted by centrifugation at 27 000-39 000 x g for 1-2 hrs at 4°C. The pellets were resuspended in 1X PBS and stored at -80°C until needed. Prepared stocks were titrated by infecting MDBK cells in 96-well plates with serial dilutions of the stock (10-1 to 10-12 in DMEM) and tissue culture infectious dose at 50% infection (TCID50) was determined using the method described by Reed and Muench (37).




2.4 PCR confirmation of the insert

Amplification of the insert between ORFs 49 and 50 by polymerase chain reaction (PCR) was performed to confirm the presence of the expression cassette. DNA extracted from cells was used as template with forward (5’ GAGTGAAGCCTGGAACAT 3’) and reverse (5’ ACTCTATCGCATCTGGAAACT 3’) primers (17), Phusion® High Fidelity DNA Polymerase (New England Biolabs, USA) and Phusion HF Buffer. The reaction parameters were as follows: initial denaturation at 98°C for 1 min, cycling conditions (25 cycles) of denaturation at 98°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 3 min, followed by a final single extension step at 72°C for 10 min. The products were resolved by electrophoresis in 0.8% agarose gels with 0.25 µg/ml ethidium bromide and 1X Tris borate EDTA (TBE) buffer.




2.5 Confirmation of p67HA and BLV Gag expression

The expression of p67HA and BLV Gag was confirmed by SDS PAGE and western blot analysis. MDBK cells or BHK-21 cells were infected with virus at MOIs 0.25-0.5. After 2-3 days, media was removed and cells were lysed with 200 µl Glo Lysis Buffer (Promega, USA) according to the manufacturer’s protocol. Media and lysates were clarified by centrifugation at 13 500 x g for 10 min, and the resulting supernatants were incubated at 95°C for 5 min in Laemmli buffer. Samples were separated in resolving gels containing 10% bis-acrylamide and detected as previously described (30). Goat anti-rabbit-IgG (A3687, Sigma, USA) and goat anti-mouse-IgG (ab97020, Abcam, UK), both conjugated to alkaline phosphatase, were used as secondary antibodies at 1:10 000.




2.6 Immunofluorescent staining of fixed and live cells

Immunostaining of fixed MDBK cells in 24-well plates infected with LSDV-SODis-p67HA-BLV-Gag at MOI 0.05 was performed as previously described at two days post-infection (30, 38). Live staining of HeLa cells infected with virus at MOI 0.05 in 4-well Permanox® chamber slides (Thermo Fisher Scientific, USA) coated with poly-L-lysine (P8920, Sigma, USA) was performed at two days post infection as previously described (30, 38) using 1:100 anti-p67 antibody. Donkey anti-rabbit-IgG conjugated to Alexa Fluor 488 (Life Technologies, USA) was used as the secondary antibody at 1:1000.




2.7 Glycosylation status of p67ΔTM

N-linked and O-linked glycosylation sites in wild-type p67 (GenBank: AAA98601.1) - excluding the SS and anchor - were predicted with NetNGlyc-1.0 (39) and NetOGlyc-4.0 (40). Purified p67ΔTM was subjected to deglycosylation by treatment of 5 µg protein with PNGase F (New England Biolabs, USA) and 10 µg protein with Protein Deglycosylation Mix II (New England Biolabs, USA) according to the manufacturer’s protocol. SDS PAGE and western blots of the samples were carried out as described further above using 1:1000 anti-His antibody.




2.8 Electron microscopy

To isolate BLV Gag VLPs and poxvirions, MDBK cells in 75 cm3 flasks were infected with virus at MOIs 0.5 and 1. At three days post-infection, media from the flasks were harvested and fresh DMEM was added to each flask. Cells attached to the flasks were lysed in the fresh DMEM by two freeze/thaw cycles. The lysate and harvested media were clarified by centrifugation at 1260 x g for 10 min, placed into SS34 tubes, underlaid with 5 ml 12% OptiPrep™ (Sigma-Aldrich, USA) diluted in 1X Tris-buffered saline (TBS) and centrifuged at 48 000 x g for 1 hr at 4°C. Immunogold-labelling of VLPs and negative staining of pelleted poxvirus diluted 1:10 in TBS, with goat anti-rabbit-IgG conjugated to 10 nm colloidal gold (G7402, Sigma, USA) was performed as previously described (30). SDS PAGE and western blots were performed on isolated VLP samples as described earlier.

For ultra-thin sections, MDBK cells in 6-well plates were infected with virus at MOI 1. Two days post-infection, cells were fixed in the plate with 1 ml 2.5% glutaraldehyde diluted in PBS for 5 min at room temperature. Cells were scraped off the wells, placed into microcentrifuge tubes and centrifuged for 3 min at 15 900 x g. The pellets were resuspended in 1 ml PBS and centrifuged at 2350 x g for 2 min. The cell pellets were fixed a second time with 50 µl 2.5% glutaraldehyde for 1 hr at room temperature and washed twice with 100 µl PBS by pelleting at 2350 x g and resuspending. Low melting point agarose, 2% in H2O at 37°C, was added to cells and allowed to set. Samples were cut into 1 cm3 blocks, incubated in 0.5% tannic acid at room temperature for 1 hr, washed twice with PBS, fixed with 1% osmium tetroxide in PBS at room temperature for 1 hr, washed twice in PBS for 5 min and washed once in H2O for 5 min. Samples were dehydrated by an ethanol gradient: 30%, 50%, 70%, 80%, 90%, 95%, 100%, 10 min per percentage and incubated again in 100% ethanol for 10 min. The dehydrated samples were incubated twice in acetone for 10 min, overnight in 400 µl 1:1 acetone:resin (agar low viscosity resin, Agar Scientific, UK) and for 8 hrs in a 1:3 acetone: resin mixture. Samples were incubated overnight in 100% resin, replaced with fresh 100% resin, orientated into molds and set at 60°C for 24 hrs. Sections were placed on copper grids and stained with 2% uranyl acetate and lead citrate.

Grids were viewed by conventional transmission electron microscopy (TEM) with a Tecnai F20 microscope (Thermo Fisher (formerly FEI), Eindhoven, Netherlands) at the UCT Electron Microscope Unit.




2.9 Mouse immunizations

Mouse experiments were conducted at the UCT Research Animal Facility after approval by the UCT AEC for protocol AEC 020-020. Four groups of female BALB/c mice, five mice per group, were inoculated intramuscularly twice, 28 days apart, with 100 µl PBS (Thermo Fisher Scientific, USA), 100 µg pMExT-p67HA plasmid (30), 106 ffu nLSDVSODis-UCT or 106 ffu LSDV-SODis-p67HA-BLV-Gag. Plasmid and viruses were diluted in 100 µl PBS, and mice were injected with 50 µl inoculum per hind leg. End-bleeds were obtained by cardiac puncture on day 42 (PBS and pMExT-p67HA) and day 44 (nLSDVSODis-UCT and LSDV-SODis-p67HA-BLV-Gag).




2.10 Enzyme-linked immunosorbent assays

ELISAs to detect the presence of p67-binding and BLV Gag-binding antibodies in mouse sera were carried out as previously described using plates coated with purified p67ΔTM or purified BLV Gag (30). End-point titers were determined as the highest dilution that had an ELISA signal at least two-fold greater than that of the average PBS group 10-1 dilution reading. Data were analyzed in GraphPad Prism 5.0 (GraphPad, USA) whereby a one-way ANOVA and post-hoc Bonferroni test were conducted.





3 Results



3.1 Passage of LSDV-SODis-p67HA-BLV-Gag

LSDV-SODis-p67HA-BLV-Gag was designed to express p67HA on the surface of BLV Gag VLPs to potentially enhance the immunogenicity of the p67 antigen (Figure 1). The fluorescent marker mCherry was included in the expression cassette to enable the recombinant virus to be distinguishable (red) from the parent virus (green) (Figure 1B). To construct the virus, at passage 0 (P0), LT cells were infected with the parent virus LSDV(SODis)BEFV-Gb and transfected with the transfer vector to enable homologous recombination to occur (Figure 2). The recombinant was isolated by physically picking red-fluorescing foci and passaging the resultant lysate in MDBK cells until no green fluorescence was seen - at P3. MDBK cells were used for this purpose as LSDV forms distinct foci, easy to pick, in this cell line. Unfortunately, MDBK cells harbour BVDV, a contaminating virus that cannot be present in LSDV stocks intended for cattle vaccination (36). Therefore, LSDV-SODis-p67HA-BLV-Gag was passaged twice in the CAMs of fertilized hens’ eggs at P10 and P11 to remove BVDV. Infected CAMs showed typical white pocks characteristic of LSDV infection. Further passages were performed in LT cells or BHK-21 cells to have stocks free from BVDV. BHK-21 cells were used for later passages, once this cell line was shown to be permissive for LSDV growth (35).




Figure 2 | Generation and passage of LSDV-SODis-p67HA-BLV-Gag. The recombinant virus (mCherry; red) was constructed in LT cells at passage 0 (P0) by infection with LSDV(SODis)BEFV-Gb (eGFP; green) and transfection with the transfer vector. P1 MDBK = first passage of the lysate in MDBK cells, P2 MDBK = second passage in MDBK cells, P3 MDBK = third passage in MDBK cells. P10 CAM and P11 CAM show passage of the recombinant in CAMs of fertilized hens’ eggs. Magnified inserts show regions of LSDV white pocks. Later passages were performed in LT (P14 LT) and BHK-21 (P15 BHK-21) cells. Micrographs were taken using fluorescence only (upper panels) and fluorescence with phase (lower panels). All scale bars: 50 µm.






3.2 Verification and characterization of LSDV-SODis-p67HA-BLV-Gag

The insert between LSDV ORFs 49 and 50 was amplified by PCR to confirm the presence of the expression cassette (Figures 3A, B). LSDV-SODis-p67HA-BLV-Gag gave a product slightly larger than the expected 5801 bp size (Figure 3B), however sequencing showed that this product was correct. The expected product was seen for the nLSDVSODis-UCT positive control, and no LSDV(SODis)BEFV-Gb parent virus was detected.




Figure 3 |  (A) Schematic diagrams of PCR product sizes expected to be amplified by the forward (F) and reverse (R) primers from LSDV-SODis-p67HA-BLV-Gag, the parent virus LSDV(SODis)BEFV-Gb, and the control virus nLSDVSODis-UCT which contained no insert. (B) Gel electrophoresis of PCR products from samples that had no template (H2O) or from DNA extracted from MDBK cells infected with no virus (Neg), nLSDVSODis-UCT (LSDV-SODis) or LSDV-SODis-p67HA-BLV-Gag (rLSDV). (C) SDS PAGE and western blot of samples from MDBK cells. The membrane was cut in half and probed with either anti-p67 antibody (α-p67) or anti-BLV-p24 (Gag) antibody (α-BLV Gag). (D) Immunofluorescent staining of fixed MDBK cells (scale bar: 50 µm) and live HeLa cells (scale bar: 20 µm), both infected with LSDV-SODis-p67HA-BLV-Gag at MOI 0.05, seen with mCherry, probed with anti-p67 antibody and a secondary antibody conjugated to Alexa Fluor 488 (green). TL: Transmitted light.



SDS PAGE and western blotting confirmed the expression of the p67HA and BLV Gag proteins from cells infected with LSDV-SODis-p67HA-BLV-Gag (Figure 3C). BLV Gag was detected in lysate and media near the expected 43 kDa size, whereas p67HA which translates to 77 kDa was observed as multiple proteins with a predominant form slightly below 130 kDa in the lysate. Immunofluorescent staining of fixed infected MDBK cells further confirmed the expression of p67HA as seen by the overlap of green and red fluorescence (Figure 3D). Live cell immunofluorescent staining was performed, as incorporation into BLV Gag VLPs requires the antigen to be present at the plasma membrane. Surface localization of p67HA was confirmed on infected HeLa cells (Figure 3D).




3.3 Electron microscopy of LSDV-SODis-p67HA-BLV-Gag virions and BLV Gag VLPs

Conventional TEM was performed to confirm BLV Gag VLP formation when expressed from cells infected with LSDV-SODis-p67HA-BLV-Gag and to investigate pox virion morphology. Isolated pox virions had characteristics typical of intracellular LSDV (Figure 4A). BLV Gag VLPs purified from the corresponding cell media samples appeared as expected (Figure 4B), however low numbers of VLPs were isolated. Low numbers of gold particles to detect p67HA on VLPs were also observed. SDS PAGE and western blotting of the cell lysate and isolated VLP samples showed that p67HA was detected in both samples (Figure 4C). In the VLP sample, the majority of p67HA appeared as a higher molecular weight protein (>135 kDa), whereas the predominant form in the lysate was closer to 100 kDa. Ultra-thin sectioning was performed on infected MDBK cells to further confirm BLV Gag VLP formation (Figure 4D). Areas near the plasma membrane and between adjacent cells contained circular structures which resembled VLPs. These were not seen in sectioned MDBKs infected with nLSDVSODis-UCT or uninfected MDBK cells (not shown). LSDV-SODis-p67HA-BLV-Gag observed in sections showed typical poxvirus morphologies.




Figure 4 | TEM of (A) LSDV-SODis-p67HA-BLV-Gag pox virion isolated from MDBK cells; (B) BLV Gag VLP isolated from infected MDBK cell media with immunogold labelling of p67HA (10 nm colloidal gold); both scale bars: 100 nm. (C) SDS PAGE and western blot of samples corresponding to (A, B) either uninfected MDBK cells (Neg), or infected with nLSDVSODis-UCT (LSDV-SODis) or LSDV-SODis-p67HA-BLV-Gag (rLSDV). VLP isol.: VLP isolation samples from cell media. (D) Potential BLV Gag VLPs in thin sections of MDBK cells infected with LSDV-SODis-p67HA-BLV-Gag. Scale bars: 250 nm.






3.4 Glycosylation status of p67ΔTM

The presence of glycans on a protein can affect its mobility during SDS PAGE and give rise to additional bands on a western blot. As this may explain the different sizes of p67 protein seen on blots, such as in Figure 4C, we investigated the presence of N-linked and O-linked glycans on the protein. The soluble p67ΔTM protein (Figure 1A) was used for this purpose as it was purified from cell media and provided a relatively clean sample (30). The p67 regions that are identical amongst wild-type p67, p67HA and p67ΔTM were analyzed with NetNGlyc-1.0 and NetOGlyc-4.0 to predict the glycosylation sites (Figure 5A). Seven N-linked sites were predicted, as was previously described by others (41, 42), and 95 O-linked sites were predicted, shown as a range (exact sites shown in Table S1).




Figure 5 | Glycosylation of p67ΔTM. (A) Predicted N-linked and O-linked glycosylation sites on p67 regions identical to wild-type p67 (GenBank: AAA98601.1), p67HA and p67ΔTM. O-linked sites are depicted as ranges. Labelled amino acid residue positions correspond to those in wild-type p67. (B) SDS PAGE and western blot of purified p67ΔTM protein treated (+) with PNGase F to remove N-linked glycans or a protein deglycosylation mix (Mix) to remove both N-linked and O-linked glycans or left untreated (-). Lanes were loaded with 40 ng of protein and blots were probed with anti-His antibody (α-His).



p67ΔTM was deglycosylated with PNGase F to remove N-linked glycans and treated with a deglycosylation mix to remove both N-linked and O-linked glycans (Figure 5B). The doublet >100 kDa resolved into one band after treatment with PNGase F, indicating that p67ΔTM has N-linked glycans. The band and smear up to ~160 kDa all resolved into a single band following treatment with the deglycosylation mix, indicating that the higher molecular weight protein is heavily O-linked glycosylated. The lower molecular weight form above 58 kDa had no mobility shift.




3.5 Immunogenicity of LSDV-SODis-p67HA-BLV-Gag in mice

The ability of LSDV-SODis-p67HA-BLV-Gag to elicit humoral responses against p67HA and BLV Gag was investigated in mice. Four groups of female BALB/c mice were inoculated as shown in Figure 6. The DNA plasmid pMExT-p67HA was used as a control, as we had previously shown this plasmid to induce p67-binding antibodies in mice after four inoculations (30). The plasmid consists of the pTHpCapR/pMExT mammalian expression vector backbone (38, 43) encoding the p67HA antigen present in LSDV-SODis-p67HA-BLV-Gag (Figure 1A).




Figure 6 | Inoculation and bleed schedule for BALB/c mice injected intramuscularly. End-bleeds were performed for the PBS and DNA groups on Day 42, and for the LSDV groups on Day 44.



An ELISA using plates coated with p67ΔTM showed that both pMExT-p67HA and LSDV-SODis-p67HA-BLV-Gag elicited p67-binding antibodies in mice (Figure 7A). Mouse #3 in the pMExT-p67HA group had no response, and why this occurred is unknown. Mice inoculated with LSDV-SODis-p67HA-BLV-Gag had endpoint titers almost 10-fold higher compared to those inoculated with pMExT-p67HA, however the differences were not statistically significant (Figure 7B).




Figure 7 | ELISAs to detect p67-binding IgG antibodies in vaccinated mouse sera. (A) ELISA signal (absorbance at 450-540 nm) vs Dilution for each mouse in each group, where a number refers to individual mice. Readings are shown with ± SEM. (B) End-point titers (1/log10) for each group. Values were set to zero if no response was observed. Values for each mouse are shown with the mean, with **p<0.01 and ***p<0.001 after a one-way ANOVA and Bonferroni post-hoc test.



Responses to BLV Gag were investigated using plates coated with BLV Gag protein purified from E. coli (30). LSDV-SODis-p67HA-BLV-Gag elicited low titers of BLV Gag-binding antibodies, which were significantly different from the nLSDVSODis-UCT control group but not to those that received pMExT-p67HA (Figure 8). A summary of the endpoint titers can be found in Table S2.




Figure 8 | ELISAs to detect BLV Gag-binding IgG antibodies in vaccinated mouse sera. (A) ELISA signal (absorbance at 450-540 nm) vs Dilution for each mouse in each group, where a number refers to individual mice. Readings are shown with ± SEM. (B) End-point titers (1/log10) for each group. Values were set to zero if no response was observed. Values for each mouse are shown with the mean, with *p<0.05 after a one-way ANOVA and Bonferroni post-hoc test.







4 Discussion

The vaccine currently in use against ECF is effective at protecting cattle, however, has many limitations that can be improved upon. Our goal was to produce a novel vaccine that may address these issues by combining our p67HA-VLP system with our recombinant nLSDVSODis-UCT backbone to develop a dual vaccine that potentially protects against both ECF and LSD (26, 30).

Most efforts to produce a novel vaccine that avoids the use of live T. parva have investigated the use of the p67 antigen, as it is conserved across many T. parva strains and can induce neutralizing antibodies to prevent sporozoite invasion (33). These have included chimeric p67 recombinants, truncation of the protein to known immunogenic regions, and expression in bacteria, insect cells via recombinant baculovirus, and mammalian cell expression systems (28, 42, 44). A peculiar characteristic of the antigen is its mobility after SDS PAGE and western blotting. The predominant protein extracted from sporozoite lysate appears to be 67 kDa, however recombinant forms as described earlier all tend to produce p67 at a range of sizes, often showing much larger proteins predominating in cell media (33, 42, 45, 46). This characteristic was observed for p67HA when expressed from LSDV (Figures 3C; 4C). We have previously seen this pattern of expression for p67HA, p67ΔTM and p67 with the native TM-CT when expressed in HEK293T cells using the pMExT DNA plasmid (30). Tebaldi et al. (42) have demonstrated that larger soluble ~140 kDa forms are possibly p67 aggregates that only dissociate under severe denaturation conditions. p67 has one cysteine residue (C416) in p67M, therefore the formation of dimers via disulphide bonds is not impossible. p67HA also showed similar large proteins in blots; one slightly above 100 kDa and another at ~140 kDa (Figure 4C). As p67ΔTM showed a very similar pattern of expression, the protein purified from HEK293T cell media was used to investigate p67 glycosylation. Deglycosylation experiments showed that the antigen has both N-linked and O-linked glycans (Figure 5B). Treatment with PNGase F gave a result that was almost identical to that of Nene et al. (45); Kaba et al. (46), where they treated insect cells expressing p67 through baculovirus, with or without the TM respectively, with tunicamycin to prevent N-linked glycosylation of the protein. Interestingly, Tebaldi et al. (42) had a conflicting result where treatment of their p67ΔTM from HEK293T cell media with PNGase F showed no mobility shift. They, however, used the native SS whereas we used the TPA SS, and different SS can result in differences in glycosylation (47, 48). If one compares p67HA in the lysate versus the medium (VLPs), the opposite band predominates for the different samples (Figure 4C). If the glycosylation status of p67ΔTM is taken into account, it is likely that p67HA present on the cell surface and VLPs is the most processed, glycosylated form, whereas p67HA in the lysate represents the protein before undergoing processing. Processing and the addition of glycans progresses as proteins are trafficked through the endoplasmic reticulum and Golgi body, therefore one would expect the most processed form to be on the cell surface (49). Besides explaining the appearance of p67 on western blots, glycosylation may have conformational and immunological implications. For some viruses, such as HIV, neutralizing antibodies have epitopes that are dependent on the presence of glycans. Conversely, glycan shielding of epitopes can also occur whereby the presence of glycans sterically blocks the binding of antibodies, as seen for the heavily glycosylated Ebola virus glycoprotein (50). Whether these factors are relevant for p67 is currently unknown. As yet, no glycans have been found experimentally on sporozoite-derived p67 (41). Thus, one can hypothesize that non-glycosylated p67 maybe the most suitable form for eliciting neutralizing antibodies to T. parva sporozoites.

The expression of p67HA on the surface of HeLa cells was shown by immunofluorescence, and electron microscopy confirmed the presence of BLV Gag VLPs (Figures 3D; 4). However, the amount of p67HA on the surface of VLPs was considerably lower compared to when expressed from DNA plasmids, which employed the constitutive cytomegalovirus (CMV) promoter (30). The mH5 and pLEO promoters, which were used for the control of p67HA and BLV Gag respectively, both induce gene expression at the early and late stages of the poxvirus life cycle (51, 52). However, different promoters can have different strengths at different times, and therefore the timing of p67HA and BLV Gag expression may be slightly different (53). Furthermore, the production of p67HA-BLV Gag VLPs would require both proteins to be present at the same assembly point, which may be affected by differential trafficking of the two proteins through the cytoplasm of recombinant LSDV-infected cells. Isolation of VLPs was also met with difficulties as low numbers of VLPs were observed. VLP isolation was also met with technical challenges with a different recombinant nLSDVSODis-UCT encoding HIV-1 Gag under the pLEO promoter (unpublished data). HIV-1 Gag only associates with the plasma membrane after a threshold cytoplasmic concentration of the protein is reached (54). This may explain the lower numbers of isolated VLPs from cell media if relatively lower expression of Gag from LSDV occurred.

Nevertheless, LSDV-SODis-p67HA-BLV-Gag elicited p67-binding antibodies in mice with an average titer that was almost 10-fold higher than that of the pMExT-p67HA DNA plasmid, although the difference was not statistically significant (Figure 7). Live-virus vaccines often induce stronger responses than DNA vaccines used alone, therefore this result was expected. Others have demonstrated recombinant p67 immunogenicity in mice, which then proved immunogenic in cattle. Kaba et al. (29) showed that when inoculated into mice, p67ΔSS fused to GFP (GFP: p67ΔSS, produced in insect cells), and p67C fused to baculovirus GP64 and displayed on baculovirus particles (GP64:p67C) resulted in antibody titers over 5-fold higher than that of other truncated p67 proteins (GFP:p67C/p67N, p67C produced in E. coli, and GP64:p67N). These two antigens also induced T. parva sporozoite neutralizing antibodies in mice, and GFP:p67ΔSS was the superior antigen in their cattle immunogenicity study.

Surprisingly, mice inoculated with LSDV-SODis-p67HA-BLV-Gag had relatively low responses to BLV Gag (Figure 8). This was unexpected as the DNA plasmid pMEx-BLV-gag, which encoded the same gag gene, previously gave good responses in mice (30). The implication is that the immune response to p67 was not linked to that of BLV Gag and that the increased p67HA antibody response may have been due to the p67 being presented on poxvirus particles and not predominantly on BLV VLPs. The lower level of detection of p67HA on LSDV-produced Gag particles would support this theory. As described earlier, the pLEO promoter is a synthetic early-late optimized promoter (52) which should be expressed before and after LSDV DNA replication. The expression was reported to be high in the first hour resulting in good CD8+ T-cell responses, so another possibility is that a cellular immune response is being activated.

In conclusion we have constructed a novel LSDV candidate ECF vaccine expressing a chimeric protein p67HA expressed on the surface of infected cells and BLV Gag. We further show that our p67 is glycosylated when expressed in mammalian cells, which may explain the multiple large proteins observed in western blot analysis. LSDV-SODis-p67HA-BLV-Gag elicited p67 and BLV-Gag binding antibodies in mice. This vaccine is currently being investigated in cattle to assess its efficacy against ECF.
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Prion diseases are a novel class of infectious disease based in the misfolding of the cellular prion protein (PrPC) into a pathological, self-propagating isoform (PrPSc). These fatal, untreatable neurodegenerative disorders affect a variety of species causing scrapie in sheep and goats, bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids, and Creutzfeldt-Jacob disease (CJD) in humans. Of the animal prion diseases, CWD is currently regarded as the most significant threat due its ongoing geographical spread, environmental persistence, uptake into plants, unpredictable evolution, and emerging evidence of zoonotic potential. The extensive efforts to manage CWD have been largely ineffective, highlighting the need for new disease management tools, including vaccines. Development of an effective CWD vaccine is challenged by the unique biology of these diseases, including the necessity, and associated dangers, of overcoming immune tolerance, as well the logistical challenges of vaccinating wild animals. Despite these obstacles, there has been encouraging progress towards the identification of safe, protective antigens as well as effective strategies of formulation and delivery that would enable oral delivery to wild cervids. In this review we highlight recent strategies for antigen selection and optimization, as well as considerations of various platforms for oral delivery, that will enable researchers to accelerate the rate at which candidate CWD vaccines are developed and evaluated.
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Prion diseases

Prion diseases are a unique category of infectious disease in which the molecular basis of infectivity resides in the misfolding of a normal cellular protein (PrPC) into a pathological, self-propagating conformation (PrPSc) (1). Prion diseases can arise from genetic polymorphisms that predispose PrP to misfold, uptake/ingestion of PrPSc from the environment or dietary sources, iatrogenic transmission, or sporadic forms that lack a defined cause (2).




Chronic wasting disease

Chronic wasting disease (CWD) is a prion disease of cervids, including deer, moose, and elk (3). Since its first characterization within captive mule deer of Colorado and Wyoming in 1967, CWD has made steady progression through wild cervid populations of North America (3). As of late 2022, CWD has been detected in free ranging cervids in 30 US states and 4 Canadian provinces (www.usgs.gov). Prevalence of CWD has reached over 40% for free-ranging populations in endemic areas and can be as high as 80–90% in captive populations (4–6). This pattern of emergence and spread suggests CWD is a relatively new disease, likely originating within the last hundred years. Prior to that, there may have been isolated, sporadic cases, but, for undefined reasons, the disease did not become endemically established until more recent times.

While often regarded as a North American problem, CWD has been detected in South Korea as well as three Scandinavian countries (7, 8). While the South Korea cases of CWD appear to be imported from North America, comparative transmission studies indicate sufficient differences to indicate that the European cases likely represent sporadic disease (9–11). This highlights the potential for spontaneous emergence of CWD, as well as new forms of the disease, in previously uncontaminated ecosystems. The extent to which CWD will gain a foothold within these regions has yet to be determined.

Over recent decades CWD has had substantial impact on the health and viability of North American cervid populations (6, 12). Should CWD continue its current trajectory, the anticipated outcomes range from a dramatic reduction in cervid numbers to a complete loss of these species (5, 13). Even the most optimistic of these outlooks is cause for considerable concern. Outside of their intrinsic importance, cervids are critical components of delicate ecosystems; threats to cervid health are certain to have negative consequences on other species as well threatening food security for Indigenous and Arctic populations. There is also tremendous economic activity associated with both wild and farmed cervids. Elk and deer farms, once thriving industries within North America, have suffered greatly since the emergence of CWD (14). The big game hunting industry, valued at over 26 billion dollars in the US in 2016, has also suffered considerable setbacks (6, 12). As damaging as these impacts have been, it is not difficult to envision scenarios, such as the disease spilling over into additional species, that would result in far more dire consequences.




Host range of chronic wasting disease

Outside the immediate threat to cervids, the extent to which CWD may threaten other species, including humans, remains a critical question. Fortunately, the transmission of prion diseases across species is restricted, to varying extents, by species barriers. For example, during the BSE crisis of the 1980s, species barriers served to protect millions of people who consumed prion-infected beef, limiting disease transmission to approximately two hundred unfortunate individuals who contracted variant Creutzfeldt-Jacob disease (vCJD), a fatal, untreatable neurodegenerative disorder (15). Species barriers reflect the ability of infecting prions to initiate misfolding of host PrP (16–18). This, in turn, depends on sequence differences between the invading and host PrPs, as well as structural characteristics of the infecting prion amyloid. There is not an established method for predicting the ease of transmission across various species, although different species are known to have unique susceptibilities to prion infection (19).

It is encouraging that infection studies of transgenic mice expressing ovine, bovine, and human PrP indicate minimal transmissibility of CWD (20–23). CWD has, however, been experimentally transmitted to several species, including cattle, pigs, cats, hamsters, and bank voles (24–27). While these infection models often utilize doses and routes of infection that differ from “real world” infection, this nevertheless highlights the theoretical potential for CWD to infect these species. Of which, the spectre of transmission of CWD to cattle is particularly concerning as this could result in a “second-generation” BSE outbreak of similar economic and human health consequences as the first, but with the additional challenge associated with managing an environmental source of infection. There is also considerable concern that the northern migration of CWD could result in transmission to caribou which are an important food source for Northern communities and whose numbers and extensive patterns of migration could provide a mechanism to further accelerate the geographical spread of the disease (28).

There is conflicting evidence on the extent to which CWD represents a threat to human health. Opportunities certainly exist for zoonotic transmission; it is estimated that approximately 10,000 CWD-infected cervids are consumed by humans each year (29). While there isn’t an obvious increase in the rate of human prion disease amongst consumers of cervid meat, this must be balanced with the appreciation that transmission is likely quite inefficient, that the number of people consuming cervid food products is low (at least relative to those consuming beef products during the BSE outbreak), and that rates of occurrence of human prion disease must be evaluated against a baseline of sporadic cases, which occur at a rate of one to two cases per million people annually (30). With that, establishing the zoonotic potential of CWD from epidemiological data may be problematic, particularly if human CWD should manifest with similar symptoms as CJD. Several experimental studies support the zoonotic potential of CWD, including a recent study in which infection of transgenic mice expressing human PrP resulted in atypical disease and fecal prion shedding (31). The efficient in vitro conversion of human PrP by CWD prions (32, 33) also supports the zoonotic potential. With respect to the transmissibility of CWD to non-human primates, squirrel monkeys are susceptible to intracerebral and oral infection (34). However, studies in Cynomolgus macaques, generally regarded as the most relevant non-human primate model for zoonotic transmission studies, present conflicting results; some efforts indicate an absence of transmission (34–36) while other studies show susceptibility to both oral challenge and intracerebral infection (37).

It is also important not to adopt too reductionist of a perspective on the zoonotic potential of CWD, nor to consider the disease as a static threat. Transmission of CWD to humans through intermediate species, including cattle or pigs, could have the same functional consequences as direct transmission from cervids. Further, the existence of various CWD prion strains, as well as the potential for new strains of novel traits, including species tropisms, also needs to be acknowledged. Such strains could emerge during passage within cervids or through any number of intermediate species. The number and diversity of PrP sequence polymorphisms within species sharing the environment with cervids offers troubling opportunity for the emergence of new strains. Collectively, given the fatal and untreatable nature of prion diseases, coupled with the dynamic nature of the threat, a conservative approach to zoonotic potential of CWD seems justified.





Efforts to control chronic wasting disease

Outbreaks of other prion diseases have been successfully managed in the absence of a vaccine. For Kuru, this was achieved through alterations to human behavior with the cessation of cannibalistic funeral rituals (38). For BSE, changes to animal management practises, in particular removal of high-risk materials from animal feed, was sufficient to control the disease (39). Unfortunately, aspects of CWD make its control far more problematic. Firstly, the existence of CWD within wild animals complicates disease surveillance as well as implementation of control measures. Animals infected with CWD shed substantial amounts of prions into the environment via their urine, feces, and saliva (40, 41). Once in the environment, these prions display remarkable durability, resulting in long-term contamination of soil and water, which provides additional mechanisms for geographical spread and undermines efforts to protect farmed cervids through tightened biosecurity (42, 43). Finally, that CWD is among the most contagious of the prion diseases further challenges its management (3).

Thus far the efforts by U.S. and Canadian government agencies to manage CWD have fallen short of desired goals. Even within the controlled environment of farmed animals, the efforts to manage CWD through double-fencing, increased restrictions on the transport of animals, decommissioning and depopulation of infected farms, have been insufficient to control the disease at an industry level. Not surprisingly, it has proven even more difficult to manage CWD in wild animal populations. Efforts such as depopulation and selective harvesting of animals have been ineffective in stopping the expansion of CWD throughout North America. There is clear and urgent need for new tools to control CWD. Historically, vaccines have been the most effective method for management of human and animal infectious diseases and there is optimism borne of evidence that the development of an effective prion vaccine, including orally administered vaccines, is achievable.







Opportunities and challenges for CWD vaccines

Relative to many of the other proteinopathies, the prion diseases are advantaged for vaccine development in that PrP represents a clearly defined, cell-surface accessible, immunotherapeutic target. Further, numerous investigations confirm the ability for antibodies to PrP to inhibit prion propagation in vitro as well as for passive and active immunization to inhibit disease progression in animal models. While encouraging, the development of prion vaccines is challenged by unique aspects of prion biology including defining safe and protective antigens, overcoming immunological tolerance, and obtaining a better understanding of the extent, and mechanisms, by which immunotherapy impacts disease initiation and progression. This information is critical to provide rationale criteria for optimizing desired vaccine traits as well as allowing the establishment of realistic benchmarks of vaccine efficacy.





Components of a CWD vaccine




Antigen selection

For traditional infectious diseases, the vaccine antigen is represented either by the entirety (killed or attenuated vaccines) or a specific molecular component (subunit vaccines) of the disease-associated microbe. Prion diseases are unique in that the entirety of the infectious threat is represented by a single protein. While this seemingly simplifies antigen selection, there are opportunities to utilize limited segments of the protein to achieve conformation specific (PrPC vs PrPSc) immune responses or to prioritize specific regions of PrP based on anticipated outcomes of safety and/or efficiency.





PrPC as the immunotherapeutic target

Given the opportunity to target PrPC or PrPSc, it may seem counterintuitive to prioritize the healthy conformation. There are, however, strong rationalizations for this approach. It is well established that PrPC is essential for prion propagation; prion disease progression cannot proceed in the absence of the PrPC substrate. This is most conclusively demonstrated by the fact that PrP-/- animals completely resist prion infection (44). Efforts to develop vaccines that induce PrPC reactive antibodies look to achieve the same functional outcome through either immunological depletion of PrPC and/or blocking its ability to serve as a substrate for conversion into PrPSc (45, 46) (Figure 1). Antibodies to PrPC block the generation of PrPSc in vitro and extensive investigations have demonstrated that vaccines which induce PrPC reactive antibodies can delay, to varying degrees, the onset of prion disease symptoms (46–49).




Figure 1 | Mechanisms of Immunotherapeutic Intervention. (A) Natural Progression. The PrPSc serves as a template to promote the misfolding and incorporation of PrPC. (B) PrPSc-Specific Immunotherapy. Antibodies to PrPSc, through disruption of the interaction between PrPSc and PrPC block induced misfolding of PrPC. (C) PrPC-Specific Immunotherapy. Antibodies to PrPC can block the interaction with PrPSc as well as depleting PrPC. Notably the two mechanisms are not in exclusion of each other such that additive or synergist benefit could occur through dual targeting of each isoform. Diagram created with Biorender.



Safety is a pivotal consideration during development of any vaccine; this takes on even greater importance for diseases caused by self-proteins. The strategy of deliberately targeting of PrPC, which is available for antibody binding in otherwise healthy animals, has raised apprehensions of the safety of this immunological approach. Those concerns are supported by early evidence which seemed to indicate the potential for PrPC-reactive antibodies to have pathological consequences. PrPC reactive antibodies, as well as their Fab fragments, were found to induce neuronal apoptosis in the brain (50, 51), although more recent investigations challenge this result (52). Within experimental systems, PrPC reactive antibodies can activate inappropriate cell signal events (53, 54), superoxide mediated cytotoxicity (55), and stimulation of suppressor T-cell lymphocytes (56), although the significance of these responses is unclear.

Reassuringly, there is an absence of reported pathologies from numerous vaccine trials, employing a variety antigens and strategies of formulation and delivery to achieve PrPC reactive immune responses. While this helps to alleviate some of the concerns of targeting PrPC, it is important to note that the priority of those investigations was to quantify vaccine efficacy, not safety, and it is possible that subtle vaccine-associated pathologies may have escaped the attention of the researchers. It would also be premature to assume the safety of all PrPC-associated vaccines as antibodies with reactivities to different regions of PrP have unique potentials for pathology; antibodies to the octarepeat are well tolerated while those against the folded globular domain are implicated in neurotoxicity (55). Another important consideration is whether the binding of antibodies to various regions are associated with a gain, or loss, of function. Loss of PrPC function seems well tolerated, as evidenced by the absence of any profound phenotypic consequences with genetic ablation of PrP (44). Gain-of-function changes would be more difficult to anticipate in terms of their occurrence and consequences. Thus, while the current evidence suggests the safety and effectiveness of targeting PrPC, it is important to evaluate any candidate CWD vaccines on a case-by-case basis. Collectively, however, is generally accepted that PrPC is a viable antigen for prion vaccines, with demonstrated potentially for efficacy in inhibiting disease progression in the absence of adverse side effects.





PrPSc as the immunotherapeutic target

Strategies to develop vaccines that restrict the induced immune responses to PrPSc are motivated by considerations of safety and efficacy. From the perspective of safety, restricting immune responses to the misfolded conformation may mitigate concerns over the safety of induction of immune responses to a widely expressed self-protein; concerns which, whether experimentally demonstrated or merely perceived, could impact vaccine approval, licensure, and utilization. For efficacy, prioritizing the misfolded species could focus the immune response to the most pressing threat while sparing the function of the healthy form of the protein (Figure 1). While conceptually appealing, conformation-specific immunotherapy depends on identification of epitopes, termed disease specific epitopes (DSEs), that are specifically exposed for antibody binding in the misfolded state.





Disease specific epitopes

Efforts to identify regions of PrP exposed for antibody binding in the misfolded protein are complicated by the tendency of PrPSc to form insoluble aggregates which are unsuitable for most biophysical techniques. Instead, the initial PrP DSEs were identified through lower resolution biophysical techniques, rationale deduction, and bioinformatic approaches. The first DSE emerged from a biophysical investigation which indicated that misfolding of PrPC to PrPSc resulted in the surface exposure of tyrosine residues which was further determined to correspond a YYR motif of beta-strand 2 (57, 58). Soon after, a second DSE, corresponding to a YML sequence of the opposing beta-strand was hypothesized, and confirmed, to undergo similar repositioning to surface exposure with misfolding (59). A third DSE, corresponding to the loop region between beta-strand 2 and alpha-helix 2, was identified through a bioinformatic approaches that anticipate protein regions with the greatest propensity to unfold (60). This third DSE was designed Rigid Loop (RL) to reflect the unusual rigidity of this region in cervid PrP (61). Notably, high resolution structures of prion amyloids have recently been determined through cryo-electron microscopy, which should enable the identification of additional DSEs (62, 63).

Vaccines to each of the three PrP DSEs have been shown to induce antibodies that can discriminate PrPC and PrPSc with specific reactivity to the pathological conformation (58, 64). This specificity is maintained in univalent and multivalent vaccine formats (64). Antibodies to each DSEs have also been confirmed in in vitro assays to neutralize PrPSc (65). Of the DSEs, protective efficacy has only been evaluated for a parenterally administered, univalent vaccine based on the YYR DSE. The results of those trials, performed in two different large animal models, revealed conflicting results; the vaccine delayed disease onset in a sheep challenge model (66) but accelerated disease in elk exposed to environmental prions (67). While each model utilized oral routes of infection, the sheep were infected once with a large challenge dose while the elk, housed in a prion-infected environment, were subjected to prolonged, low-level exposure prions. It is not clear whether these different outcomes reflect differences in the species or the challenge models.

Others have developed PrPSc specific vaccines through the design of recombinant antigens in which discontinuous, surface-exposed residues in PrPSc are presented in a molecular scaffold designed to mimic a proposed 4-rung beta solenoid fold of PrPSc (68). While recent determinations of the structure of the prion amyloid through cryo-electron microscopy challenge the beta solenoid model of PrPSc (62, 63), a vaccine based on this antigen, termed VPrPSc, induced PrPSc-reactive antibodies and resulted in a dramatic delay in the onset of symptoms in a transgenic mouse model of a genetic human prion disease (69).





Potential dangers of PrPSc reactivity

Targeting PrPSc, whose presence is unique to prion infection, seems a rational approach to mitigate safety concerns associated with induction of auto-reactive antibodies. This strategy, however, merely shifts, rather than alleviates, the safety concerns. Immunotherapy based on targeting of PrPSc gives rise to new apprehensions that these antibodies could function as templates, or chaperones, to promote formation of PrPSc. Antibody induced misfolding of PrPC has the theoretical potential to initiate prion disease in otherwise healthy subjects. Thus far, these hypothetical concerns are not supported by experimental evidence. Antibodies to the YYR DSE did enhance the presentation of these regions but failed to generate PrPSc (57). Similarly, prolonged incubation of brain homogenates with polyclonal antibodies to the three DSEs failed to generate PrPSc (64, 66). Finally, induction of high titre PrPSc-specific antibodies in prion-disease sensitized transgenic mice did not result in clinical nor biochemical indications of prion disease after eight months (70).

While the inability of PrPSc reactive antibodies to promote misfolding of wildtype PrP is reassuring, there may be elevated opportunities for antibody-induced misfolding with naturally occurring PrP polymorphisms associated with genetic prion disease. In nanopore and immunoprecipitation experiments, PrPSc-specific antibodies bound to a PrP variant associated with early onset familial dementia, indicating the occurrence, and recognition, of conformational differences and/or partially unfolded species resulting from this mutation (71). Although prolonged in vitro incubation of the PrPSc-specific antibodies with the misfolding prone PrPC did not generate PrPSc, this nevertheless raises concern of this strategy of vaccination in outbred populations with a range of PrP polymorphisms. Thus, like the situation with the PrPC-specific vaccines, the safety of PrPSc-specific vaccines will need to be evaluated on a case-by-case basis with appropriate consideration of naturally occurring PrP polymorphisms.

Collectively, it is generally accepted that PrPSc is also a viable target for prion vaccines, with demonstrated efficacy in inhibiting disease progression in the absence of adverse side effects. Importantly, antigen selection for a prion vaccine may not need to represent an either/or situation of PrPC versus PrPSc. As each target offers distinct, and potentially complimentary benefits to inhibit disease progression there could be value in the development of vaccines which induce antibodies against both conformations. This outcome which could be investigated through either a single antigen or a multivalent approach that combines top candidate PrPC and PrPSc reactive antigens.





Antigen optimization (overcoming self tolerance)

Independent of the desired specificity, overcoming immunological tolerance is a shared challenge to the development of any prion vaccine. Immune tolerance refers to the unresponsiveness of the immune system to self-molecules due to developmental depletion of T and B lymphocytes with reactivities to self-antigens. Immune tolerance serves to prevent autoimmune disorders but also opposes efforts to develop vaccines against self-proteins. PrPC falls within the jurisdiction of immune tolerance, and, as the conversion to PrPSc does not involve alteration to the polypeptide sequence, immune privilege also extends to the pathological isoform. Consequently, most prion infections progress to their fatal outcomes in the absence of an induced immune response (72–76). Thus, the unique biology of prion infection offers sanctuary from immune activation, enabling unfettered disease progression, and challenging the development of vaccines; overcoming immune tolerance is a central obstacle to the development of prion vaccines (77).

As immune tolerance is based on host PrP, one strategy to overcome self-tolerance is to utilize PrP from heterologous species as vaccine antigens; that species-specific variations of PrP sequence can provide versions of the protein that are recognized as foreign by the immune system. For example, while mouse PrP fails to induce immune responses in BALB/c mice (78), bovine and sheep PrP were highly immunogenic (79). A stipulation to this approach is ensuring that the antibodies induced to the heterologous PrP have sufficient cross-reactivity to enable binding of the infecting and/or host PrP. There are examples in which antibodies to heterologous PrP antigens are unable to bind PrPC or PrPSc (80). Alternatively, presentation of PrP as aggregation-prone recombinant dimers can also overcome immune tolerance, even to homologous sequences (45, 46). Finally, alternative strategies of antigen formulation and delivery can overcome self-tolerance; presentation of PrP in the context of Dynabeads (81) or polylactide-coglycolide nanospheres (48) have enabled creation of immunogenic vaccines.

The obstacle of self-tolerance is further complicated for peptide-based vaccines, as these minimal antigens are often weakly immunogenicity. Early efforts to translate the DSE sequences into vaccines faced considerable challenges; a vaccine based on the YYR DSE induced only weak IgM responses, even when conjugated to an immunogenic carrier and formulated with harsh adjuvants (57). One effective strategy to improve the immunogenicity of these peptides is to expand their lengths through the inclusion of naturally occurring residues flanking the region of interest. In performing these expansions, it is critical to ensure that PrPSc specificity is maintained; that increased immunogenicity is not at the expense of PrPSc specificity. The direction and extent of expansion of these core sequences can be performed through in silico analysis to anticipate immunogenicity based on the inclusion of endogenous B-cell epitopes (82). Through optimization of core sequences, as well as presentation of these optimized sequences on suitable carrier proteins, the three DSEs were translated into vaccines that exhibit strong immunogenicity while maintaining PrPSc specificity (64).

Rationale selection and optimization of peptide antigens is critical, but often insufficient, to overcome immune tolerance. To elicit the T-cell help required for strong immune humoral responses peptide antigens must usually be presented in the context of immunogenic carrier proteins. A variety of carrier proteins have been investigated including Leuktoxin of Mannheimia haemolytica (58), rabies glycoprotein G (83), blue carrier protein (84), cholera toxin (85), heat-labile enterotoxin B subunit (86) and heat shock proteins (87). Certain carriers, such as cholera toxin and Escherichia coli heat-labile enterotoxin, are better suited for mucosal vaccines (88) while others, like rabies glycoprotein, are of particular interest for their ability to induce strong, sustained immune responses including within the context of oral vaccines (89, 90).






Biological vectors for an oral CWD vaccine

Many of the initial efforts to develop CWD vaccines involved parenteral administration, this allowed researchers to prioritize the identification of protective antigens without the additional challenges associated with oral vaccines. While injected vaccines could find application for farmed cervids, there is recognition of the eventual necessity for orally administered vaccines. Outside of the obvious practical perspectives of vaccinating wild animals, there is also emerging recognition that protection against CWD infection, which occurs through oral routes, may depend on the induction of strong mucosal responses.

Several successful examples of oral vaccines for wildlife offer assurance of the viability of this approach and may provide framework for design of oral CWD vaccines. Most notably, oral rabies vaccines have been incredibly successful in management of that disease (91). As the protective antigen of those vaccines, glycoprotein G, is also an effective carrier for PrP antigens, it may be possible to transform established oral vaccines for rabies into CWD vaccines through the simple inclusion of the additional PrP epitopes. That effective oral rabies vaccines, utilizing different biological vectors to deliver the glycoprotein G gene, support the versatility of this approach for adaptation to cervids.




Adenovirus vectors

One of the commercialized oral rabies vaccines, OnRab, utilizes a human adenovirus platform to deliver genetic material corresponding to the rabies glycoprotein G protein (89). This system demonstrates considerable potential as an oral vaccine platform for CWD as it possesses a broad species and tissue tropism, induces systemic and humoral immunity, and can be orally dosed (92, 93). A candidate oral CWD vaccine was constructed using a replication incompetent human adenovirus encoding the truncated rabies glycoprotein G with an expanded C-terminal region to represent a series of tandem repeats of the RL DSE. Following oral administration to white-tailed deer this vaccine induced PrPSc-specific systemic and mucosal immune responses after two immunizations, confirming the ability of the vector to infect cells of the cervid gastro-intestinal tract (83). There were no indications of adverse health effects and shedding of the vector was limited to a brief period following administration (83). There is opportunity to build on these highly promising results by using replication-competent virus, which is anticipated to achieve in greater levels of antigen expression with superior immune responses (94).





Vaccinia virus

A second licenced oral rabies vaccine, RABORAL V-RG, utilizes an attenuated recombinant vaccinia virus vector engineered to express the rabies virus glycoprotein G. This vaccine has proven highly effective in controlling rabies without any reports of adverse reactions in wildlife or domestic animals (90). Vaccinia virus (VV), most famous for serving as the foundation as the smallpox vaccine, has shown considerable potential for the development of vaccines for other infectious diseases due to its large genome which can accommodate large inserts (10-15kb) of foreign genes, established safety profile, stable antigen expression, and ease of storage (95).





Lambda phage

Bacteriophage are structurally stable, amenable to genetic manipulation, strongly immunogenic, and, as they are omnipresent within the mammalian digestive tract and replicate exclusively within bacteria, generally regarded as safe to eukaryotes (96). These traits are all consistent with an oral delivery platform. This was investigated through presentation of the three PrP DSEs as recombinant fusions of the capsid head protein D of lambda phage. These modified phage particles were taken up by the Peyer’s patches of the small intestine of calves resulting in the induction of strong mucosal (IgA) responses to the peptide epitopes (97).





Bacterial delivery

Some of the earliest efforts to develop oral prion vaccines utilized attenuated strains of Salmonella enterica expressing tandem copies of PrP (98). These attenuated strains reached the gut lymphoid follicles of deer, enabling antigen delivery and induction of immune responses in the absence of any pathologies (99). These oral vaccines resulted in a significant delay in the onset of CWD in white-tailed deer with one of the animals, who demonstrated particularly high anti-PrP titres in both saliva (IgA) and blood (IgG), remaining symptom free after 3 years (100). While the extensive vaccination protocol, involving eight immunizations, would limit the real-world potential of these results, these efforts nevertheless highlight the potential for oral vaccines to serve as a valuable tool for control of CWD.





Systemic vs mucosal responses

The route of vaccine delivery impacts the nature of the induced immune response. Parenterally administered vaccines tend to favor peripheral humoral responses (IgG) with muted responses of mucosal antibodies (IgA) while mucosal administration favors a more balanced IgG/IgA response (101). This holds true for prion vaccines; parenteral administration of a DSE-based prion vaccine resulted in IgG responses which were an order of magnitude higher than the IgA antibodies while the same epitope, delivered through oral administration with a viral vector, induced a balanced serum IgG to fecal IgA responses (58, 83). A similarly balanced epitope-specific IgG and IgA responses were achieved with mucosal delivery of prion vaccines through bacterial vectors (98–100) as well as carrier proteins specialized for mucosal delivery (86, 88).

Control of CWD within wild animal populations necessitates the use of oral vaccines. With that, it is important to consider how this route of delivery could impact disease control at the level of individual animals as well as the overall population. Orally transmitted prion diseases, including CWD, occur in three stages; uptake at mucosal surfaces, peripheral amplification, and transmission to the CNS (102, 103). It is necessary to contemplate how each of these stages offers unique potentials and challenges for immunotherapeutic intervention as relating to different routes of vaccine administration.

In general, the most effective way to deal with an infectious disease is to prevent it from occurring. This seems particularly true for prion diseases as once infection had initiated, immunotherapy, at least to date, has been limited to slowing, rather than stopping, disease progression. Blocking the uptake, or neutralizing the infectivity, of gut-associated prions could represent an ideal strategy to protect animals from CWD (Figure 2). In a best-case scenario, antibodies at the mucosal surface could prevent the uptake of prions from the digestive tract to prevent infection. This is likely dependent on oral vaccinations for induction of mucosal IgA antibodies; the strong peripheral immune responses from parental administration offer greater extent of protection in peripheral rather than oral challenge models (104).




Figure 2 | Stages of CWD and Opportunities for Immunotherapeutic Intervention. CWD progresses through four different stages, each of which presents distinct opportunities and challenges for immunotherapeutic intervention. Stages where oral vaccines are anticipated to have positive impact are highlighted in green. Stages which are unlikely to impacted by oral vaccines are shown in red. 1) Mucosal Uptake. Following oral ingestion, environmental prions are taken up through mucosal surfaces. Induction of IgA antibodies through oral vaccines offer the best chance to block uptake. 2) Peripheral Amplification. Following uptake, prions undergo a stage of peripheral amplification. Induction of IgG antibodies, through either oral or injected vaccines can inhibit this process. 3) Shedding. Prions generated in periphery and CNS of the infected host are shed in saliva, urine, and feces. IgG antibodies, induced through injected or oral vaccines, may restrict prion amplification to reduce shedding. 4) CNS Pathology. After peripheral amplification, prions migrate to the CNS where they exert pathological consequences. While the BBB limits access of antibodies to the CNS, IgG antibodies, induced through either oral or injected vaccination, may minimize pathology.



During the second stage of CWD infection, peripheral amplification, the priority shift to slowing disease progression by blocking the ability of PrPSc to recruit new PrPC into the growing amyloid. This can be achieved by neutralizing the infectivity of PrPSc, depleting PrPC, or both. Those mechanisms utilize IgG antibodies as effectors of the response. The consequences of slowing the production of PrPSc are two-fold. First, this may delay the time frame of which peripheral loads of PrPSc reach thresholds that promote spillover of the disease to the CNS. As the symptoms of prion disease are associated with CNS pathology, this would serve to prolong the asymptomatic period between infection and onset of symptoms. While this would certainly be valuable for vaccines against human prion diseases, it is less important for controlling CWD within wild populations. Indeed, prolonging the lifespan of an infected animal, enabling greater opportunities for shedding prions into the environment, could be counterproductive. Strong peripheral responses, which inhibit the progression of PrPSc, may serve to reduce the infectious load generated within an animal. This, in turn, would reduce the amount of infectious material released to the environment which, in time, could serve to slow disease progression at the population level (Figure 2). While strong peripheral responses are likely best achieved through parenteral administration, oral vaccines may also induce high enough levels of IgG antibodies to reduce the amount of PrPSc generated, and shed, by infected animals.

The final stage of CWD occurs when the infectious agent reaches the CNS. Here the options for immunotherapy are limited by the impermeability of the blood brain barrier (BBB) to antibodies (105, 106). Concentrations of IgG antibodies in the CNS are typically two to three orders of magnitude lower than in serum (107). This trend has also been observed for prion vaccines (58). With this, neither orally nor parenterally administered vaccines are likely to have much impact on disease progression once the prions have reached the CNS (Figure 2). Although reducing peripheral amplification may delay the time required to reach thresholds that favor spillover into the CNS. Prions generated in the CNS will contribute to environmental contamination through retrograde transport to the periphery with subsequent shedding and/or through environmental contamination via the animal carcass, including the brain. The minimal ability to slow disease progression in the brain and prolong the lifespan of the infected animal may benefit disease control at a population level by minimizing the duration of time for which infected animals generate and shed prions. As the priority of the CWD vaccines is to protect populations, rather than individuals, the relative inability of orally or parenterally administered vaccines to impact prion disease progression in the CNS may be an acceptable, and even desirable, trait.

Collectively, induction of systemic and mucosal immune responses may be beneficial for an effective vaccine for CWD. When dealing with oral models of prion infection, the greatest extents of protection correlated with high titres of both IgG and IgA antibodies, as compared to either high titres of either IgG or IgA alone (99).





Prospective impacts of vaccines for control of CWD

Considering the challenges associated with development of effective prion vaccines, it is probably overly optimistic to hope for vaccine that achieves absolute, sterilizing protection. Fortunately, while this extent of protection would obviously be highly desirable, it is not prerequisite for the vaccines to be an asset in control of the disease. Immunization of wildlife could contribute to disease management on two fronts.

Firstly, by diminishing the quantities of prions generated within an infected animal, and subsequently released into the environment, it may be possible to slow, and even reverse, the trend towards an increasing environmental burden of prions which should, in time, be reflected in fewer new cases. That would further serve to further reduce the extent of environmental contamination. Given the durability of prions within the environment and the slow progression of disease within individual animals, this will be a prolonged process. Parallel efforts to decontaminate environments and minimize new infections would serve to complement and enhance this contribution of vaccines to control of CWD.

A second mechanism by which oral CWD vaccines could contribute to control of CWD is through containment of the disease to endemic areas. Given the gradual, predictable, patterns of migration of the disease, coupled with knowledge of the location of populations of vulnerable populations, like the Northern caribou, it may be possible to use a ring vaccination approach to stop, or at least limit, further spread.

The feasibility for strategic placement of oral vaccines, with respect to the timing and geography of vaccine dispersal, to control infectious diseases within wildlife is well supported by the examples of various oral vaccines that have been successfully employed for the control of rabies. Notably, many of the oral vaccines under development for CWD utilize similar biological vectors as the oral rabies vaccines and would have similar traits in terms of cost and environmental durability.






Conclusions

After decades of research, effective vaccines for the prion diseases, as well as the conceptually related prion-like diseases, such as Alzheimer’s and Parkinson’s disease, remain elusive. While this highlights the magnitude of this challenge, this is an active branch of vaccinology that continues to advance and evolve, offering hope for critical breakthroughs. As these proteinopathies share a common mechanism by which a misfolded self-protein serves as a self-propagating catalyst for additional misfolding events, the lessons learned within vaccine development efforts of each disease, in terms of identification of protect antigens and strategies of vaccine formulation and delivery, may serve common benefit. An important distinction, however, is that the criteria of an “effective” vaccines for human proteinopathies would likely be quite distinct traits than that of a vaccine for control of CWD in wildlife. Within human disease, vaccines that prolong lifespan and minimize disease symptoms would be celebrated achievements. For CWD, however, a vaccine that prolonged the duration of which an infected animal could generate and release prions into the environment would be inconsistent with the goals of disease management, that the priority of CWD vaccines is to save populations, rather than individual animals.

Recent progress in the identification of protective antigens, strategies to overcome immune tolerance, and efforts to translate these approaches into oral vaccines gives hope for the development of oral CWD vaccines. It is critical, however, not to underestimate the challenges presented by CWD, including occurrence in wildlife species, widespread geographic occurrence, environmental persistence, unique molecular mechanisms, and the dynamic nature of the threat (3, 108, 109). Any expectations of the extent and time frames in which the trajectory of the disease can be impacted with a vaccine must be balanced against the magnitude of these obstacles. Indeed, the challenges of CWD are likely too numerous and diverse to hope that any single disease control measure can function as a complete solution. More realistically, an oral CWD vaccine could contribute as a valuable component of a multi-pronged approach that could include strategic culling, utilizing genetic resistance, and decontamination of environmental prions.
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Type I interferons (IFNs-α/β) are antiviral cytokines that constitute the innate immunity of hosts to fight against viral infections. Recent studies, however, have revealed the pleiotropic functions of IFNs, in addition to their antiviral activities, for the priming of activation and maturation of adaptive immunity. In turn, many viruses have developed various strategies to counteract the IFN response and to evade the host immune system for their benefits. The inefficient innate immunity and delayed adaptive response fail to clear of invading viruses and negatively affect the efficacy of vaccines. A better understanding of evasion strategies will provide opportunities to revert the viral IFN antagonism. Furthermore, IFN antagonism-deficient viruses can be generated by reverse genetics technology. Such viruses can potentially serve as next-generation vaccines that can induce effective and broad-spectrum responses for both innate and adaptive immunities for various pathogens. This review describes the recent advances in developing IFN antagonism-deficient viruses, their immune evasion and attenuated phenotypes in natural host animal species, and future potential as veterinary vaccines.
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1 Introduction

Virus-host interactions play a vital role during infection and determine pathogenic consequences, including host and tissue tropisms, viral elimination and persistence, tumorigenesis, and clinical outcomes. Physical and chemical barriers, innate immune systems, and various types of immune cells are considered the first line of defense of a host against viral infections. Innate and adaptive immunities are two main surveillance systems to resolve viral infections. Immediately upon infection, the type I interferon (IFNs-α/β) production system is activated by recognizing viral components by host cell factors. It is the most effective cellular defense against viral infection in the early stage of infection (1). In turn, viruses have developed distinct immune-disarming abilities to facilitate replication. The modulation of IFN functions is an effective strategy for invading viruses to survive in the host (2). IFN suppression by viruses can also negatively impact the immunogenicity of live-attenuated vaccines (3). With the advances in the study of viral immune evasion mechanisms and reverse genetics technology, it is now possible to remove the IFN suppression function from target viruses and design new generation vaccines for diverse RNA viruses. Indeed, some engineered viruses have been constructed and examined in their natural host animal species for immunogenicity and clinical outcomes (4, 5). This article discusses the molecular mechanisms for viral IFN antagonism, generation of IFN antagonism-deficient viruses, their immunogenic consequences in animals following vaccination, and prospects as next-generation vaccines for veterinary diseases.




2 Innate immune response to viral infection



2.1 Type I interferons and innate immunity

Immune cells involved in the innate immune system represent monocytes, macrophages, eosinophils, neutrophils, and natural killer (NK) cells. IFNs-α/β are antiviral cytokines and constitute one of the most critical components in the innate immune system against invading viruses. The IFNs-α/β signaling triggers expression of a series of IFN-stimulated genes (ISGs) and contributes to the antiviral state of the cell (6). All nucleated cells can produce IFNs-α/β, but plasmacytoid dendritic cells (pDC) are the main type that produce type I IFNs most abundantly (7).

Once an RNA virus enters the cell, viral components trigger a series of intricate recognition mechanisms within the cell (8). The innate immune signaling cascade starts with the recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) that are composed of fours groups of cellular proteins; nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), C-type lectin receptors (CLRs), and Toll-like receptors (TLRs). NLRs, RLRs, and CLRs reside in the cytoplasm, whereas TLRs locate in the endosomal membrane (9). The viral RNA binds to RIG-I or melanoma differentiation-associated gene 5 (MDA5) and triggers conformational changes to expose its caspase activation and recruitment domain (CARD) at the N-terminus. CARD-CARD dimers are then formed and recruit the IFN-β promoter stimulator-1 (IPS-1) [also known as CARD adaptor inducing IFN-β (Cardif), mitochondrial antiviral-signaling protein (MAVS), or virus-induced signaling adaptor (VISA)] (10, 11). IPS-1 recruits the NF-kappa-B essential modulator (NEMO), tumor necrosis factor receptor-associated factor (TRAF) 3, and TRAF family-member-associated NF-κB activator (TANK) proteins, and its complex activates TANK binding kinase 1 (TBK1) and inhibitor of kappa B (IκB) kinase ϵ (IKKϵ). Subsequently, IFN regulatory factor 3 (IRF3) and IRF7 are phosphorylated in the TBK1- and IKKϵ-dependent manners (12). Then, phosphorylated IRF3 and IRF7 form a homodimer or heterodimer for translocation to the nucleus (13), where the IRF3- or IRF7-dimer forms an enhanceosome which binds to the positive regulatory domains (PRDs) I-III regions in the IFN promoters for IFN gene transcriptions (14, 15). IPS-1 may also activate IKKα and IKKβ to trigger the degradation of IkB to free up NF-κB. The released NF-κB binds to PRDs of respective IFN genes and proinflammatory cytokine promoters (15–17). Besides the RIG-I-mediated signaling cascades, TLR3 and TLR7 also recognize double-stranded RNA and single-stranded RNA, respectively, in the endosome (18). TLR3 can recruit the TRIF, nucleosome assembly protein 1 (NAP1), and TRAF3 adaptors and activates IRF3 for IFN expression and downstream signaling for many antiviral proteins (9, 15).

Once IFNs are produced, they are secreted from the cell and bind to their receptors, interferon alpha and beta receptor subunit 1 (IFNAR1) and IFNAR2, on the surface of the same cell (autocrine) or adjacent cells (paracrine). The binding of IFNs to their receptors triggers the Janus kinase (JAK)-signal transducers and activator of transcription (STAT) signaling pathway. The activation of JAK1 and tyrosine kinase 2 (Tyk2) is the first response to the IFN signaling and results in phosphorylation and dimerization of STAT1 and STAT2, followed by the recruitment of IRF9 to form the IFN-stimulated gene factor 3 (ISGF3) complex. The ISGF3 complex then translocates to the nucleus. It induces the expression of ISGs by binding to the IFN-stimulated regulatory response elements (ISRE) in the promoters of ISGs (19). More than 300 ISGs have been identified so far, and they are the major executors of IFNs acting as effector molecules for the antiviral response (19, 20).




2.2 Pleiotropic role of type I IFNs and activation of adaptive immunity

In addition to establishing an antiviral state, type I IFNs can enhance adaptive immunity by targeting dendritic cells (DCs), NK cells, T cells, and B cells (19). For DCs, type I IFNs play a key role in the generation and function of DCs (21), suggesting that type I IFNs represent a potent natural adjuvant for crossing the innate and adaptive immune systems. Type I IFNs enhance the ability of DCs to cross-present antigens to T cells and modulate antigen survival and processing (22, 23). IFNs regulate the DCs antigen presentation in an autocrine manner (24). Besides DCs, type I IFNs can promote the activation and survival of NK cells directly or indirectly via IL-15 cis and trans presentation (25) and regulate T cells directly through IFNARs on the surface of T cells. Type I IFNs are critical mediators for the spontaneous priming of antitumor CD8+ T cell response (26). In the herpesvirus-infected mouse model, type I IFNs have been shown to stimulate CD4+ T cells for undergoing clonal expansion (27). The T cells primed by type I IFNs also show an increased ability to help B cells to enhance antibody secretion (28). The studies using lymphocytic choriomeningitis virus or West Nile virus as models have also demonstrated that type I IFNs upregulate the survival, maturation, cytotoxicity, and clonal expansion of CD8+ T cells during infection (29–34). In addition to effector CD8+ T cells, memory CD8+ T cells are also regulated by type I IFNs. Studies using vaccinia virus, vesicular stomatitis virus, and lymphocytic choriomeningitis virus have shown that type I IFNs promote the differentiation of memory CD8+ T cells by affecting the initial clonal expansion (31, 35). Furthermore, type I IFNs regulate B cell activation, antibody secretion, and isotype switching during the vesicular stomatitis virus and West Nile virus infections (36–38). By increasing the level of B-cell survival factors, type I IFNs can promote survival and activation of B cells and enhance autoantibody production (39). Thus, it is evident that the immunological functions of type I IFNs are much broader than establishing an antiviral state and play an important role in regulating adaptive immunity.




2.3 NF-κB signaling and cytokine responses to viral infection

Nuclear factor-κB (NF-κB) is a family of transcription factors and a key mediator for proinflammatory cytokine production. NF-κB consists of RelA (p65) and RelB, NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), and c-Rel to form a homodimer or heterodimer with RelA or RelB. Numerous factors activate the NF-κB signaling including TLR ligands and cytokines such as tumor necrosis factor-α (TNF-α). Upon stimulation, upstream kinases IKKα and IKKβ are activated by phosphorylation. IKKβ then phosphorylates the IκB and degrades IκB through a proteasome-dependent manner. IκB is the negative regulator for NF-κB, and so the IκB degradation releases NF-κB, which is then phosphorylated. The activated NF-κB enters the nucleus and binds to the specific DNA locus, the κB site (40). NF-κB signaling triggers the expression of type I IFNs and various proinflammatory cytokines, including IL-1β, IL-6, IL-8, IL-15, and TNF-α (41). The expressed proinflammatory cytokines prompt the positive feedback loop to the NF-κB signaling in an autocrine manner (42). The protein inhibitor of activated STAT 1 (PIAS1) is the NF-κB negative regulator residing in the nucleus (43). PIAS1 prevents NF-κB dimers from binding to κB sites by binding to p65 in the nucleus (43). For respiratory viral infections, NF-κB is strongly activated in the lungs and results in the induction of proinflammatory cytokines and chemokines (44, 45).





3 Viral IFN antagonists and their mode of action

Many viruses code for viral proteins to antagonize the IFN pathway and often produce more than one antagonist (6, 46, 47). Viruses have evolved to employ diverse strategies to evade the IFN system, and some of the viral strategies and mechanisms of action are discussed below (Figure 1). For convenience, the signaling cascade for production of type I IFNs in virus-infected cells will be referred to as ‘IFN production pathway’, and the signaling mediated by IFNs for production of ISGs will be referred to as ‘JAK-STAT signaling pathway’.




Figure 1 | Suppression of IFNs-α/β production and IFN-stimulated gene (ISG) expression during infection by various animal viruses. IFN suppression-deficient viruses have been constructed, and their immunological and clinical outcomes have been examined in their natural host animal species. Vertical arrow (dotted line) divides the IFN signaling to “IFN production pathway” (left) and “IFN signaling JAK-STAT pathway” (right). Bars (red) indicate sites of action by specific viral proteins for IFN suppression. FMDV, foot-and-mouth disease virus (48–51); PEDV, porcine epidemic diarrhea virus (52); MeV, measles virus (53–59); PRRSV, porcine reproductive and respiratory syndrome virus (60–63); WNV, West Nile virus (64); ZIKV, Zika virus (65); DENV, Dengue virus (66); BRSV, bovine respiratory syncytial virus (67–70); RSV, respiratory syncytial virus (71, 72); IRF, interferon regulatory factor; ISRE, interferon stimulation response element; STAT, signal transducer and activator of transcription. Images were created with BioRender.com.





3.1 Inhibition of IFN production pathway

Some viruses suppress the IFN production pathway by disrupting IFN receptor functions, such as reducing receptor expression and degrading receptor molecules. For example, the influenza A virus disrupts IFN signaling by downregulating the expression of IFN receptor. The NS1 protein is a non-structural component encoded by influenza viruses A, B, and C. It counteracts the host antiviral responses by two primary mechanisms: inhibition of the activation of IRF3 and IFN transcription and inhibition of the processing of IFN pre-mRNAs (73). The NS1 protein binds the host cell RNA and forms complexes with RIG-I to antagonize IFN production (74). The NS1 protein also suppresses the expression of both chains of IFNAR receptor at the transcription level (75, 76). Epstein-Barr virus (EBV) establishes a latent infection in B lymphocytes. EBV expresses two isoforms of latent membrane protein 2 (LMP2). Of the two forms, LMP2A plays an essential role in viral latency and progression of EBV-related diseases such as Burkitt’s lymphoma, nasopharyngeal carcinoma, and Hodgkin’s lymphoma. The LMP2A and LMP2B proteins degrade IFN receptors and modulate both type I and type II IFN responses (77).

Activation of IRF3 is an essential step for downstream IFN production signaling (9, 15), and some viruses have developed mechanisms to manipulate the IRF3 activation. Hepatitis C virus NS3-4A is the viral serine protease and has a crucial role in the viral replication cycle. NS3-4A cleaves the polyprotein at four sequential sites to yield NS4A, NS4B, NS5A, and NS5B proteins. NS3-4A can cleave and inactivate the host proteins TRIF (TIR-domain-containing adapter-inducing interferon-β) and Cardif, which are essential adaptors in response to IFNs mediated by TLR3 and RIG-I, respectively. NS3/4A also cleaves IKK and inactivates IRF3 (78). Classical swine fever virus and bovine viral diarrhea virus are member viruses of the Pestivirus genus of the Flaviviridae family. For pestiviruses, Npro is the N-terminal viral protease of the polyprotein and can degrade IRF3 for inactivation (79–81). Besides the direct degradation, IRF3 function may be inhibited by some other viruses. The rabies virus P protein and the hantavirus G1 protein have been determined to suppress IFN signaling by inhibiting IRF3 phosphorylation (82, 83). Rabies virus infects all species warm-blooded animals. It replicates in the cytoplasm of the cell, and the viral RNA is tightly encapsidated by the viral nucleoprotein and the RNA polymerase complex which consists of the phosphoprotein (P). The P protein is a cofactor of RNA polymerase by participating in viral genome transcription and replication. The P protein prevents IFN response in virus-infected cells by targeting TANK-binding kinase-1 (TBK1) and inhibiting phosphorylation and activation of IRF3. Sin Nombre virus, carried by rodents, is an etiologic agent for hantavirus pulmonary syndrome. With a pathogenic strain of hantavirus, the cytoplasmic tail of the G1 glycoprotein was shown to regulate the IFN response by inhibiting IRF3 phosphorylation at the level of the TBK1 complex (84). In contrast, the hantavirus G1-mediated IFN downregulation was absent in the Prospect Hill nonpathogenic strain, indicating that the IFN suppression is an important virulence factor for hantaviruses.

Coronaviruses (CoV) carry diverse strategies to inhibit IRF3 activation. CoV genomes are the largest among all RNA viruses and contain the positive-sense RNA of 25-32 kb in length. The viral genome codes for two large polyproteins, and the nsp1 protein is the N-terminal cleavage product of the polyprotein. The nsp1 protein of SARS-CoV-1 suppresses the IFN response via IRF3-dependent downregulation (85, 86), whereas the ORF8b and ORF8ab proteins induce IRF3 degradation via the ubiquitin-dependent proteasomal pathway (87). SARS-CoV-2 is an emerging virus with an unknown animal origin. As the causative agent for COVID-19 in humans, it has crossed the species barrier to infect other animal species, including cats, dogs, tigers, lions, mink, white-tail deer, monkeys, ferrets, and hamsters, to name a few (88). Humans can facilitate reverse-zoonotic transmission to animals, and the virus in infected animals may evolve to spill back to humans and other animal species. SARS-CoV-2 codes for nsp3 papain-like protease and nsp5 3C-like protease, and these two viral proteases are responsible for cleaving viral polyproteins for replication. The nsp3 protein cleaves IRF3 directly, and this finding explains the blunted type I IFN response seen in COVID-19 patients during infection (89). Although the nsp12 viral RNA polymerase of SARS-CoV-2 does not impair IRF3 activation, it attenuates type I IFN production by inhibiting IRF3 nuclear translocation (90). Meanwhile, the ORF7a protein decreases IRF3 phosphorylation by downregulating TBK1 expression (91, 92). Similarly, the viral spike (S) protein binds directly to IRF3 and further diminishes its expression, whereas the levels of NF-κB and STAT1 transcription factors remain intact (93). The murine coronavirus mouse hepatitis virus can also delay ISG production by limiting the IRF3 transcription (94).

Besides the direct regulation of IRF3, some viruses inhibit signaling adaptors and regulators in the IFN production pathway. For example, the swine arterivirus, porcine reproductive and respiratory syndrome virus (PRRSV), has been found to inhibit the IFN promoter activity and impairs type I IFN production (60). The nsp1α protein of PRRSV downregulates IFN production by degrading the CREB (cyclic AMP response element-binding)-binding protein (CBP) via the ubiquitin-dependent proteasome pathway (95–97). PRRSV also suppresses the NF-κB activation and inhibits type I IFN production in the RIG-I dependent manner (98, 99). A recent study showed that nsp1β of PRRSV binds to nucleoporin 62 (Nup62) (100). Nup62 is a major structural component of the nuclear pore complex (NPC) on the nuclear membrane, and NPC functions as a gateway for nucleocytoplasmic trafficking of nuclear proteins and mRNAs. The binding of nsp1β to Nup62 disrupts the NPC integrity, causing the nuclear retention of host mRNAs and inhibiting the host cell protein production, including IFNs, ISGs, and IRF3 (100).




3.2 Inhibition of IFN signaling JAK-STAT pathway

IFNs-α/β are secretory cytokines. Once expressed in virus-infected cells and secreted, they bind to their receptors on the same cell or neighbor cells and activate the IFN signaling pathway, namely the JAK-STAT signaling. Some viruses have developed mechanisms to impair the JAK-STAT pathway by targeting STAT1 and STAT2. Paramyxoviruses disturb the STAT signaling by using diverse mechanisms, such as the direct binding of viral protein to STAT to prevent phosphorylation (101). The paramyxovirus V protein is of particular interest since it regulates the JAK-STAT pathway by degrading STAT1 and STAT2 and mediating their nuclear accumulations (53, 102–104). Sendai virus, a paramyxovirus, produces a set of four C proteins by mRNA editing of the P gene and inhibits IFN-induced tyrosine phosphorylation of STATs (101, 105, 106). All four C proteins bind to STAT1, but only the largest form of C induces the mono-ubiquitination of STAT1 and its degradation (106). Dengue virus (DENV) and Zika virus (ZIKV) in the family Flaviviridae have shown the ability to reduce the concentration of STATs in the cells (101, 107, 108). NS5 protein of ZIKV induces the degradation of STAT2 via the proteasomal pathway (65, 109).

Respiratory syncytial virus (RSV) has diverse mechanisms to inhibit the type 1 IFN response in different cell types (110). RSV degrades STATs in epithelial cells, whereas, in DCs, it inhibits STAT1 and STAT2 phosphorylation and nuclear accumulation (110, 111). Furthermore, RSV induces STAT2 downregulation through ubiquitin-proteasome degradation by the Elongin-Cullin E3 ligase (112, 113). The porcine arterivirus PRRSV nsp1β protein inhibits STAT1 phosphorylation, leading to inhibition of the JAK-STAT signaling pathway, resulting in the suppression of ISG expressions (60, 61). Other viruses can also block the IFN signaling by targeting IRF9. Such mechanisms are usually found in viruses that cause persistent infections and oncogeneses, such as human papillomavirus, porcine bocavirus, and human T-cell leukemia virus (114–116).

Viruses can block the nuclear accumulation of activated STATs and inhibit IFN signaling. For example, the paramyxovirus virus V protein binds to MDA-5 and decreases the IFN promoter activation (117), as well as binding to STAT1 and STAT2 and preventing their nuclear accumulation (118). The P protein of the rabies virus binds to the DNA-binding and coiled-coil domains of STAT1 to influence the IFN-induced transcription and impairs its nuclear translocation (119). The porcine arterivirus nsp1β protein inhibits STAT1 phosphorylation and further affects the nuclear translocation of ISGF3, thus inhibiting the JAK-STAT signaling pathway (60, 61). PRRSV nsp1β also degrades karyopherin-α1, one of the nuclear transporter proteins, and blocks the ISGF3 nuclear translocation to suppress ISG expressions (120).





4 Reprograming viral immune evasion and experimental infections in animals

Of various host immune surveillance systems, the innate immune system builds on a series of antiviral responses. Although the IFN inhibitory ability of a virus is not the only determinant for virulence, it is often one of the most critical virulence factors. Type I IFNs can also prime the activation and maturation of adaptive immune responses. Disturbed and delayed host responses against viral infection are attributed to the suppression of type I IFNs, suggesting that viral inhibition of IFN response may cause the unsatisfactory efficacy of certain vaccines. Thus, future vaccines should stimulate both innate and adaptive immune response. A large body of evidence demonstrates the importance of type I IFNs not only for innate immunity and antiviral function but also for the development of adaptive immunity. Murine norovirus infection in mice, of which type I IFN receptors are deficient, transforms an acute infection into a systemically persistent infection (121). Nevertheless, CD8+ T cell and antibody responses are still enhanced during persistent norovirus infection, suggesting that the deficiency of IFNs leads to viral persistence despite enhanced adaptive immunity (121). Many viruses suppressing the IFN response are known to cause insufficient protection upon vaccination, which makes many vaccines less effective (122).



4.1 IFNs as vaccine adjuvants

The potential of IFNs as vaccine adjuvants have been studied by many investigators. The results demonstrate that IFNs play a critical role in generating immune responses to vaccines. IFN treatment is the most effective therapy for controlling persistent hepatitis C virus infection (123–125). IFN-β is helpful for cancer vaccines that induce a greater expansion of tumor-specific CD8+ T cells (126). IFNs have been used as adjuvants coupled with veterinary vaccines. Replicating PRRSVs expressing various types of IFN increased the IFN levels in pigs and conferred protection against PRRSV challenges (127, 128). Recombinant porcine IFN (PoIFNα), used as an adjuvant in PRRSV vaccination, induces adaptive immune response in pigs (129). In other studies, PoIFNα, in combination with inactivated swine influenza virus, significantly upregulated the expression of various immunoregulatory cytokines and higher levels of HA-specific antibodies in 6-week-old pigs (130). Indeed, type I IFNs is a potent adjuvant for influenza vaccines to induce an effective humoral response in mice (131, 132). PoIFNα coupled with a foot-and-mouth disease virus (FMDV) protein vaccine generated more robust immunogenicity and complete protection of pigs from virulent challenge (133). In other FMDV studies, IFNα was endogenously expressed in mice using an adenovirus vector, which improved the generation of T helper cells and the production of all classes of IgG immunoglobulins, especially IgG1 and IgG2a subtypes (134, 135). Endogenous IFNα expressed using a plasmid linked to the equine encephalitis virus (EEV) vaccine showed protection after being administered 24 hours before the challenge (136, 137). This result highlights that up to 24 hours is required to develop the IFN-mediated antiviral response. An IFN inducer coupled with a non-replicating vaccine for the rabies virus provided better protection in rhesus monkeys than the vaccine alone (138).

Taken together, such studies provide insights into the potential application of IFNs as an adjuvant for improving vaccine efficacy. Moreover, reprogramming the viral IFN evasion strategy has allowed the conceptual development of new vaccine designs. The approaches have proven useful in enhancing IFN response during vaccination and improving innate and adaptive immunities. Live attenuated vaccines are generally preferred in veterinary medicine and are considered more protective than inactivated vaccines. Live attenuated vaccines elicit both humoral and cellular immunities, whereas inactivated vaccines induce mainly antibody response. Removing IFN antagonism from viruses has been a strategy for developing both human and veterinary vaccines to achieve better immunogenicity and improved protection. In this article, however, we limit our discussions to only viruses that have been examined in the natural host animals, excluding human trials, as potential vaccine candidates against viral infections in animals.




4.2 Picornaviridae



4.2.1 Foot-and-mouth disease virus

FMDV is the prototype member of the Aphthovirus genus in the Picornaviridae family. FMDV is a highly contagious disease of cloven-hoofed animals in many livestock-producing countries worldwide. Despite the importance of the disease, difficulties in inducing and maintaining an adequate immune response in vaccinated animals have been an issue in controlling FMDV infection. FMDV can suppress the type I IFN response and persists in the tonsils of infected animals for up to 2 years (139). Among the viral proteins, the leader protein Lpro stands out as the most effective IFN suppressor of FMDV (Figure 1) (48–51). Lpro of FMDV is also a deubiquitinase (DUB) and deISGylase and interacts with ISG15 to induce its degradation (140). The FMDV mutant with modified deISGylase activity showed viral attenuation in mice (141). Deletion of Lpro from FMDV resulted in a slightly slower growth than wild-type virus in cells and was attenuated in mice (142). Therefore, Lpro is the target of the attenuated vaccine design for FMDV in natural host animal species. After removing the IFN suppression function from Lpro, the IFN suppression-negative FMDV induces higher levels of IFNs and ISGs with a robust neutralizing antibody response in vaccinated pigs (143, 144). Furthermore, pigs were completely protected from the high dose challenges of wild-type virus (143). Besides swine, the virulence of FMDV with Lpro mutation was investigated in bovine (145). In this study, a 57 nucleotide in-frame insertion was made in the region between two functional AUG initiation codons of Lpro. Both wild-type and insertional Lpro mutant viruses established primary infection in the nasopharyngeal mucosa with subsequent dissemination to the lungs of the cattle. Insertional Lpro mutant FMDV, however, replicated slower and showed quantitatively lower viral loads in secretions and infected tissues and reduced clinical disease, indicating the Lpro mutant FMDV was attenuated in cattle. In another study, a recombinant FMDV was generated to completely delete the Lpro gene. The Lpro-deficient FMDV provided 100% protection in cattle from challenges with wild-type virus (146), demonstrating the potential use of Lpro mutants in developing live attenuated vaccines for FMD.





4.3 Togaviridae



4.3.1 Sindbis virus

Alphavirus is the sole genus of the family Togaviridae, consisting of a group of positive-sense, single-stranded RNA viruses. Sindbis virus and Ross River virus are prototype viruses in the Alphavirus genus. Sindbis virus is one of the most widely distributed mosquito-borne viruses and is constantly found in insects and vertebrates. Sindbis virus infection causes polyarthritis, rash, and fever, although most infections are asymptomatic. It has been used as a model virus to study the molecular biology of togaviruses. The major virulence factor of the Sindbis virus is nsp1, which takes part in the inhibition of JAK-STAT signaling (Figure 1) (147). The neurovirulent strain AR86 inhibits tyrosine phosphorylation of STAT1 and STAT2, whereas two other closely-related strains, Girdwood and TR339, do not cause significant disease in adult mice and inhibit the JAK-STAT signaling pathway relatively inefficiently (147). Further, threonine at position 538 in the nsp1 protein of strain AR86 was identified as required for efficient disruption of STAT1 activation, while introducing threonine at position 538 to the Girdwood strain fully restored the ability to inhibit the JAK-STAT signaling and virulence in mice (147–149). A similar pathogenic effect has been demonstrated for the Ross River virus, a distantly related alphavirus, indicating that nsp1-mediated IFN suppression function can be removed from alphaviruses, and live-attenuated vaccine candidates can be developed (150–152).





4.4 Flaviviridae



4.4.1 West Nile virus and Zika virus

Flaviviruses are vector-borne viruses transmitted by arthropods. Flaviviruses cause a tremendous disease burden for humans and animals, causing millions of human infections annually. West Nile virus (WNV) can cause acute encephalitis and high morbidity especially in horses and birds. The flaviviruses suppress host innate immune responses during infection, and the viral protein NS5 functions as an IFN antagonist by inhibiting the JAK-STAT signaling pathway (Figure 1) (64). NS5 inhibits IFN-dependent STAT1 phosphorylation or STAT2 degradation (153, 154). Kunjin virus is a naturally attenuated subtype of WNV. The molecular analyses of the Kunjin virus have identified serine 653 in NS5 as a potent amino acid residue that participates in viral attenuation and IFN modulation (154). After changing the amino acid residue S653 of NS5 to F653, the Kunjin virus restored the ability to downregulate JAK-STAT signaling. Similarly, the amino acid change from phenylalanine to serine in NS5 of the virulent strain of WNV resulted in the loss of the ability to inhibit the JAK-STAT signaling (154). In a mouse model, highly virulent WNV and WNV-like African Koutango virus infections produced severe neurological disease and higher morbidity. In addition, the enhanced virulence of WNV was associated with poor viral clearance and poor induction of neutralizing antibodies (155). Analogous to WNV, the virulence of the ZIKV results from the degradation of STAT2 mediated by NS5 (65). However, the IFN degradation by ZIKV NS5 is host species-restricted and functional for human and nonhuman primate but not for mouse (65). Like ZIKV, DENV NS5 does not antagonize IFN signaling in mice since the DENV NS5 protein does not bind to murine STAT2 (Figure 1) (66). Hence, the inability of the NS5 protein to bind to murine STAT2 induces IFN to greatly limit DENV replication in mice (66). Such studies highlight the importance of NS5 as a virulence factor and a target for constructing live attenuated flavivirus vaccines.





4.5 Paramyxoviridae



4.5.1 Bovine respiratory syncytial virus

Paramyxoviruses constitute a group of negative-sense, single-stranded, non-segmented RNA viruses. Bovine respiratory syncytial virus (BRSV) is classified in the Orthopneumovirus genus of the Paramyxoviridae family. BRSV is a significant cause of respiratory disease in cattle and a major contributor to the bovine respiratory disease (BRD) complex (156). Cattle vaccinated with the formalin-inactivated virus show enhanced severity when infected post-vaccination, suggesting the need for alternative BRSV vaccines (157). The genome of RSV codes for ten genes. NS1 and NS2 proteins have been identified as viral antagonists for the IFN system of hosts (67–70) (Figure 1). Various strategies using reverse genetics to remove viral IFN antagonists are being considered to generate attenuated BRSV vaccines (71). BRSV was engineered to delete the NS1 or NS2 gene, and the NS1 or NS2 gene-lacking BRSV induced higher levels IFNs than wild-type BRSV in bovine nasal fibroblasts and bronchoalveolar macrophages of immunized cattle (157). Furthermore, the recombinant BRSV was attenuated in IFN-competent cells in vitro and in calves, demonstrating that the NS1 and NS2 proteins are the critical determinants for the virulence of BRSV virulence. Recombinant BRSV lacking either NS1 or NS2 also induced higher BRSV-specific antibody titers in calves and greater priming of BRSV-specific, IFN-gamma-producing CD4(+) T cells for the protection against challenges with virulent BRSV (157). This finding delivers a prospect for developing a live attenuated BRSV vaccine.

The IFN antagonism has also been studied for human RSV as well. Recombinant human RSV with the NS2 deletion was highly attenuated in the lower respiratory tract in chimpanzees and induced significant resistance to challenges with wild-type RSV (71, 72) (Figure 1). These findings demonstrate that the deletion of an IFN antagonist from RSV is clinically attenuated and may provide increased protective immunity. However, controversial findings were reported in African green monkeys after evaluation of a series of recombinant human RSV. RSV with the NS2 deletion was not attenuated, whereas RSV with a double deletion of both NS1 and NS2 was over-attenuated and did not provide sufficient protection against wild-type RSV challenge (158). However, recombinant RSV with a double-deletion of M2-2 and NS2 exhibited attenuation and protection in monkeys. Despite the conflicting data, the results implicate the potential of IFN-deficient RSV as a live attenuated vaccine candidate (158, 159). The vaccine potential of IFN-suppression-deficient RSVs was further supported by the assessment in children (160–162). RSV/ΔNS2/Δ1313/I1314L contains three attenuating elements: deletion of the NS2 gene, deletion of codon 1313 in the RSV polymerase gene, and stabilizing missense mutation of I1314L in the polymerase. This triple mutant RSV was evaluated in RSV-seronegative children and shown to be restricted in replication but immunogenic and primed for potent antibody responses after natural exposure to wild-type RSV (161, 162). Taken together, the deletion of the NS2 gene leads to attenuation and immunogenicity of RSV. It validates the strategy to develop live attenuated vaccines by deleting the IFN-modulating function from RSV using reverse genetics.




4.5.2 Measles virus

The measles virus (MeV) in the Morbillivirus genus is a highly immunotropic pathogen that can cause significant childhood morbidity and mortality worldwide. MeV infection induces immunosuppression in the host contributing to secondary infections and mortality (163). The MeV P gene codes for three proteins by mRNA editing; P as an essential polymerase cofactor, and V and C that function as viral antagonists of the IFN pathways (164, 165). The V protein is a multi-functional protein inhibiting IFN responses (Figure 1). The V protein interferes with IFN signaling by blocking STAT1/STAT2 nuclear translocation (53–56). In addition, it inactivates STAT1 and Tyk2 phosphorylation (57) and blocks the JAK1 function for IFN suppression (58, 59). The V protein also interacts with MDA5 and the RIG-I/TRIM25 regulatory complex in the IFN production pathway and inhibits downstream signaling (166–168). Besides the V protein, the C protein has also been determined to interfere with IFN transcription.

Furthermore, the nuclear localization signal and efficient nuclear accumulation are critical for the C protein to downregulate IFN-β production (Figure 1). Compared to the wild-type virus, a mutation in the nuclear localization signal of the C protein is a marker common to all vaccine strains of MeV (169). Amino acids essential for preventing STAT1 nuclear translocation were examined in the V and P proteins by screening the sequence of recombinant virus that could not antagonize STAT1 function, and three residues were identified in the shared domain of the P and V proteins; Y110, V112, and H115, with the Y110 being the most critical residue (164). A mutant virus was generated to harbor the three mutations and was used to assess the virulence in rhesus monkeys (170, 171). The inoculated monkeys showed a short duration of viremia and the absence of skin rash and other clinical signs observed with wild-type virus. This triple-amino acids mutant virus controlled the inflammatory response less efficiently, as measured by enhanced transcription of interleukin-6 and TNF-α in peripheral blood mononuclear cells from infected hosts. However, neutralizing antibody titers and virus-specific T-cell responses were equivalent in animals infected with either virus (172). These findings indicate that efficient MeV interactions with STAT1 are required to sustain virulence in a natural host by controlling the inflammatory response against the virus. Overall, these findings suggest that IFN-suppression defective MeV may have the potential as the vaccine for immunocompromised individuals.




4.5.3 Nipah virus

Nipah virus is an emerging zoonotic pathogen, causing encephalitis and respiratory illness in humans and pigs. It belongs to the Henipavirus genus of the family Paramyxoviridae. Similar to MeV, the P gene of the Nipah virus codes for four proteins by mRNA editing; phosphoprotein P and three accessory proteins W, V, and C (173). These proteins possess a distinct IFN-antagonist activity, including the W protein acting as the inhibitor of the TLR-3 pathway, whereas proteins V and C function on the IFN signaling by interacting with STAT1/STAT2 (102, 174–177). However, the recombinant Nipah virus lacking the V, C or W protein still suppressed the IFN response as with the wild-type virus, indicating that the lack of each accessory protein does not significantly affect the inhibition of IFN signaling (174). Ferret challenge studies using a recombinant Nipha virus with deletion of the STAT1-binding motif also demonstrated the minor role of P, V, and W proteins in inhibiting IFN signaling (178, 179).





4.6 Orthomyxoviridae



4.6.1 Human influenza virus

Influenza viruses belong to the family Orthomyxoviridae and contain single-stranded, negative-sense, eight segmented RNAs as the genome. Of seven genera of the family, influenza A and B viruses are of concern since they are frequently associated with respiratory disease in humans and animals. Two main subtypes are circulating in human population; H1N1 and H3N2. Of eight segments of the genomic RNA, segment 8 expresses two distinct proteins, nonstructural protein 1 (NS1) and nuclear export protein (NEP; also called NS2), using different reading frames from the same RNA segment. While NEP mediates the nuclear export of virion RNAs by acting as an adaptor between viral RNP complexes and the nuclear export machinery of the cell, NS1 is the viral antagonist for the IFN response of hosts (76, 180) (Figure 1). Influenza virus NS1 protein directly inhibits the production of IFNs by targeting RIG-I (180). In addition, the NS1 protein upregulates the inhibitors of JAK-STAT signaling and the suppressors of cytokine signaling (SOCS) family 1 and SOCS family 3 (76, 181), resulting in the downregulation of antiviral protein expression. NS1 protein also indirectly inhibits the IFN signal pathway and interacts with ISGs to antagonize the host’s antiviral response (180). Based on such information, influenza viruses were engineered to modify the NS1 functions. The NS1-modified viruses appeared clinically attenuated and retained the immunogenicity in various species of animals, including mice (182–185), pigs (186–188), horses (189, 190), poultry (191–194), macaques (195) as well as in humans (196–198). Influenza A virus containing a partial deletion in the NS1 gene provides solid evidence for clinical attenuation in animals while providing protective immunity against virulent challenges with the wild-type virus (199). Influenza virus A/WSN/33 (H1N1) expressing the mutant NS1 R38A/K41A showed a robust reduction of viral titers in the lungs of mice but triggered high levels of IFN-α/β production in the lung tissues (200). In addition, the NS1 R38A/K41A NS1 mutant virus induced high titers of neutralizing antibodies against heterologous influenza A virus and provided 100% protection in a mouse model against wild-type virus (200). Immunization of mice with the H1N1 influenza virus containing a shortened NS1 gene also showed the enhancement of influenza-specific CD8+ T-cellular response in the lungs and the reduction of proinflammatory cytokines with a lower extent of leukocyte infiltration after heterologous challenges, indicating that NS1-truncated influenza virus modifies not only effector T-cells but also specific immunoregulatory mechanisms (185). Influenza B viruses with NS1 mutations were also attenuated in animals while inducing adequate protection against both homologous and heterologous subtype challenges with influenza B viruses in BALB/c and C57BL/6 PKR(-/-) mice (201). Furthermore, the influenza B viruses with a truncated NS1 gene induced comparable cellular and humoral immune responses in both aged and young mice (202). It should be noted that most inbred mouse strains have deletions or point mutations in ISG Mx1 (203) which is an important antiviral factor in influenza virus infection. Therefore, using mice as a model to study IFN-influenza virus interaction should be of concern. Taken all together, these data demonstrated that the IFN-deficient system is applicable for manufacturing the IFN-sensitive influenza vaccine viruses.




4.6.2 Swine influenza virus

Similar studies have been conducted for the swine influenza virus (SIV). Swine influenza is caused by the type A virus and regularly causes outbreaks in pigs. Swine influenza can cause high levels of illness in pig herds, but the mortality is low. Influenza viruses that circulate in swine are very different from influenza viruses circulating in people. Swine influenza viruses change genetically constantly. Pigs can be infected by avian influenza, human influenza, and swine influenza viruses. During the coinfection of pigs with influenza viruses from different species, the viruses can reassort, and new viruses can emerge as a mix of swine, human, and avian influenza viruses. Three main subtypes of influenza A virus have been isolated in pigs in the U.S.; H1N1, H3N2, and H1N2. Inactivated vaccines are less effective in protecting pigs, and thus, live-attenuated vaccines have been licensed and available in the U.S (204).. The SIV strain A/Swine/Texas/4199-2/98 (TX/98) H3N2 was used to investigate the role of NS1 protein for virulence, and the swine influenza virus NS1 mutants were shown to be attenuated in pigs (186, 187). Immunization of pigs with SIV NS1 mutant via the intranasal route provided complete protection against homologous and antigenically variant heterologous challenges (205, 206). Moreover, H3N2 NS1 mutant SIV-inoculated pigs displayed attenuated clinical symptoms and reduced viral titers despite a minor reduction in lung lesions when challenged with H1N1 heterosubtype SIV (205). A chimeric virus between the bat influenza virus and SIV was constructed to express a truncated NS1 protein. This virus induced remarkably higher levels of mucosal IgA response and antigen-specific IFN-γ secreting cells against the challenge virus in the lungs of immunized pigs (207).




4.6.3 Avian influenza virus

The protective role of type I IFNs has also been studied for avian influenza virus in chickens. Avian influenza viruses continually circulate among wild birds and poultry worldwide, and the control of emerging influenza viruses for pandemic threats requires broadly protective vaccines. Influenza viruses with truncations in NS1 protein have shown broad-spectrum protection in birds and mammals, which has been correlated with the elevated IFN responses in vaccinated animals (208, 209). Immunologically improved strains of the avian influenza virus were identified by screening the subpopulation of viral vaccines (194). These strains appeared to have a small deletion in the NS1 protein or a single amino acid substitution in the polymerase 2 (PB2). These naturally occurring mutant viruses exhibited enhanced IFN-inducing phenotypes and protective immunity in chickens (194). Compared to an inactivated avian influenza vaccine, live-replicating NS1 mutant-avian influenza virus induced a more solid innate and highly cross-reactive serum antibody responses in immunologically immature chicken (210). Another study using H5N3 NS1 mutant virus also displayed similar levels of protection higher induction of IFN-β (211). However, the mutant virus reverted to wild-type phenotype within five back-passages in chickens, raising a concern about the stability of the NS1 mutant avian influenza vaccine (211). Taken all together, influenza viruses containing a truncated NS1 gene can boost a higher level of IFNs and adaptive immunity and confers protection from heterologous challenges in different species of animals. Such findings demonstrate that IFN-suppression negative mutant virus can be reprogramed to divert to an alternative vaccine candidate for veterinary diseases.





4.7 Coronaviridae



4.7.1 Porcine epidemic diarrhea virus

Coronaviruses (CoVs) infect humans and animals, causing a variety of diseases with varying severity. Emerging and reemerging CoVs include porcine epidemic diarrhea virus (PEDV), porcine delta-coronavirus (PDCoV), Middle East respiratory syndrome coronavirus (MERS-CoV), swine acute diarrhea syndrome coronavirus, canine-like alphacoronavirus, SARS-CoV-1, and SARS-CoV-2 (212, 213). CoVs are divided into four genera; Alpha-CoV, Beta-CoV, Gamma-CoV, and Delta-CoV. Among these, only alpha-CoVs and beta-CoVs harbor nonstructural protein 1 (nsp1), which inhibits antiviral host responses. The IFN antagonistic function has been removed from the Alpha-CoV transmissible gastroenteritis virus (TGEV) and PEDV and examined for the effect of IFN suppression on viral pathogenesis in pigs. A recombinant TGEV was constructed to alter the specific C-terminal motif of nsp1, based on the crystal structure. The nsp1 mutation did not affect viral replication in cells but significantly reduced clinical outcome and pathogenicity in pigs (214). PEDV is also a significant veterinary pathogen in swine that requires a better vaccine for control. PEDV infection results in enormous economic losses to the pork industry worldwide and has emerged in the U.S. in 2014. Multiple proteins of PEDV have been shown to inhibit IFN responses during infection (214–219). The nsp1 protein of PEDV is the most potent viral IFN antagonist (214), and three residues of F44, N93, and N95 of nsp1 are critical for both type I and type III IFN suppression (52, 220). PEDV nsp1 suppressed both types of IFN responses by interrupting the IRF3 and CREB-binding protein association and suppressing transcription factors (52) (Figure 1). A replication-competent PEDV mutant with an IFN inactive version of nsp1 induced IFN response in IFN-responsive cells (52). It was further demonstrated that PEDV carrying the nsp1 N93/95A mutation triggered a significantly higher level of IFN response and induced 100% protection from severe diarrhea and death in neonatal piglets post-challenge (220). These findings suggest that nsp1 is an essential virulence determinant for CoVs, providing a potential paradigm for the development of a new vaccine based on IFN modification.

Nonstructural protein 15 (nsp15) of PEDV is the viral endoribonuclease (EndoU) and has an additional function as the IFN antagonist. For PEDV nsp15, three residues of H226, H241, and K282 were identified as critical amino acids for endoribonuclease activity. PEDV nsp15 can directly degrade the RNA levels of TBK1 and IRF3 and suppress the production of IFNs and ISGs, demonstrating that PEDV antagonizes host’s innate response to facilitate its replication (Figure 1). The endoribonuclease activity was removed from PEDV. The nsp15-modified PEDV reduced IFN antagonism with enhanced production of both type I and type III IFNs in cells and was clinically attenuated in infected piglets (216).

Nonstructural protein 16 (nsp16) of CoVs is 2’-O-methyltransferase (2’-O-MTase), and the nsp16 protein of PEDV also contains the methyltransferase. The methyltransferase activity was removed from nsp16 of PEDV. The nsp16 mutant PEDV increased type I IFN production in pigs and conferred complete protection following virulent PEDV challenge (221). Furthermore, infection with the inactive version of nsp1, nsp15, and nsp16 induced total and neutralizing antibody responses, and upon challenge with wild-type PEDV, no detectable clinical symptoms were observed in pigs (52). The pathogenic significance of 2’-O-MTase was also studied for SARS-CoV-1 and MERS-CoV. Both viruses with the nsp16 mutation resulted in IFN-based virulence attenuation and conferred the protection of mice from parental virus challenges (222, 223).




4.7.2 Mouse hepatitis virus

Among animal CoVs, mouse hepatitis virus (MHV) has extensively been investigated (212). MHV is a beta-CoV and has been a research model to understand CoV genome replication, transcription, and pathogenesis. Studies showed that removal of IFN antagonism yielded stronger immunity to MHV. The nsp14 protein of MHV is a multifunctional protein with the N7-methyltransferase (N7-MTase) activity and is highly conserved among different CoVs. A N7-MTase-deficient recombinant MHV was constructed by replacing aspartic acid at position 330 and tyrosine at position 414 of nsp14, each with alanine (224). The N7-MTase-deficient MHV was highly attenuated in mice and showed delayed IFN production in vivo. Furthermore, this nsp14 mutant MHV induced an improved and long-term humoral immune responses and conferred complete protection against a lethal-dose of MHV (224). This study demonstrates the potential application of IFN antagonism to the design of live attenuated vaccines against CoVs circulating in humans and animals.





4.8 Arteriviridae



4.8.1 Porcine reproductive and respiratory syndrome virus

Arteriviruses in the order Nidovirales infect a diverse species of mammals, including horses, pigs, possums, primates, and rodents (225). Arteriviruses have positive-sense, single-stranded RNA genomes and produce enveloped spherical particles. Porcine reproductive and respiratory syndrome virus (PRRSV) has evolved to carry various strategies for type I IFN antagonism and to evade host immune response. In PRRSV-infected pigs, the IFN response is meager and remains low in the lungs where the virus actively replicates (226, 227). In controlling PRRSV infection in pigs, viral suppression of innate immunity, delayed response of the adaptive immunity, and antigenic heterogeneity of PRRSV are the keys (228). Studies attempted to express various types of IFNs using PRRSV as a vector. IFN-expressing PRRSV increased the IFN levels in pigs after immunization and enhanced the protection against the secondary PRRSV challenge (127, 128). The porcine IFN-α-expressing plasmid as an adjuvant for PRRSV vaccines also induced a prolonged adaptive immune response in pigs (129). Instead of exogenous administration of IFNs, endogenous expression of IFNs seems to be a better way to enhance adaptive immunity. Indeed, a PRRSV strain of IFN-inducing phenotype PRRSV has been shown to improve the neutralizing antibody production (229).

The nsp1β protein of PRRSV is a potent IFN antagonist inhibiting both types I IFN production and downstream signaling (60–63) (Figure 1). Mutant PRRSVs were generated to remove IFN-suppression function from nsp1β, and pigs infected with nsp1β-mutant PRRSVs induced higher levels of IFN-α and ISGs (230, 231). The NK cell function and the IFN-γ level were increased in the lungs of pigs infected with the nsp1β mutant virus (230). Moreover, pigs inoculated with a nsp1β-mutant PRRSV exhibited shorter duration and lower titers of viremia, and a more robust PRRSV-specific antibody response. The neutralizing antibody titers were also higher than those of control pigs, indicating that the IFN-suppression-negative PRRSV mutants are clinically attenuated (231). These studies demonstrate the role of type I IFNs in priming the adaptive immune response in pigs and provide evidence that IFN antagonism-deficient PRRSV may be developed as a new vaccine candidate. Removing IFN antagonism from the virus is a reasonable strategy for developing next-generation vaccines.




4.8.2 Equine arteritis virus

Evidence is available for another arterivirus, the equine arteritis virus (EAV), for the removal of type I IFNs in developing adaptive immunity and viral clearance. The nsp2 protein of EAV contains DUB activity and is responsible for the viral suppression of innate immunity (232). Thus, a DUB-negative mutant EAV was constructed. Vaccination of horses with the DUB-negative mutant virus induced higher levels of IFNs and adaptive immune responses (233). Taken together, the removal of IFN antagonism is an important strategy for developing novel vaccines for arteriviruses.






5 Viral antagonist for NF-κB and as a potential target for attenuated vaccine development

NF-κB is a transcription factor and functions as a hub of complex signaling networks in the cell. NF-κB signaling contributes to immunity, inflammation, cell growth, development, cancer, and other cellular processes. The NF-κB pathway links pathogen and cellular signals and organizes cell resistance to invading pathogens. Many viruses have developed distinct mechanisms to suppress or activate the NF-κB signaling pathway to promote virus replication or cell proliferation (234). Virus-induced NF-κB activation is linked to overproduction and uncontrolled release of proinflammatory markers resulting in a “cytokine storm”. SARS-CoV-2 activates the NF-κB signaling pathway and causes cytokine storm-like acute respiratory distress syndrome (235, 236). Targeting the NF-κB pathway has been considered a potential treatment for COVID-19 patients (236). The influenza virus can also activate NF-κB signaling and induces cytokine storm-like symptoms in infected hosts (237). Activation of NF-κB and production of proinflammatory cytokines are often synergistic during coinfection. Studies using PRRSV in pigs show that the virus can activate NF-κB signaling and elevate proinflammatory cytokine production when coinfected with Streptococcus suis. The cytokine storm-like production of inflammatory cytokines results in more severe clinical outcomes in coinfected animals (238). Thus, viral activation of NF-κB signaling and a cytokine storm-like event are additional concerns for attenuated viral vaccines. A study showed that the reduction of systemic inflammation and a boost of protective responses when combining an NF-κB inhibitor as an adjuvant with a vaccine in the influenza mice challenge model (239). Since the NF-κB signaling contributes to numerous cellular processes, potential off-target effects by NF-κB inhibition may be actuated and cause a systematically undesirable consequence. Thus, further research is required for developing NF-κB-activation-negative viruses as feasible live-attenuated vaccines. Nevertheless, by the fine-tuning removal of the NF-κB activation, a newly generated virus is anticipated to relieve the clinical severity attributed to cytokine upregulations. By reprogramming the NF-κB activation, the newly generated virus is expected to relieve the clinical severity attributed to cytokine upregulation.

This concept is useful for pigs with PRRSV as a new approach to vaccine developments. For activation of NF-κB, the nucleocapsid (N) protein is the sole viral protein for PRRSV (240, 241). Studies show that the nuclear localization signal (NLS) in N is the essential domain for binding to PIAS1. PIAS1 is the negative regulator for NF-κB, so the binding of viral N protein to PIAS1 results in the release of p65 from PIAS1 and renders NF-κB activation (241). The NLS-modified N protein loses the ability for NF-κB activation and induces significantly lower levels of NF-κB-mediated inflammatory cytokines in cells (241). Studies using the NLS-null PRRSV infection show milder clinical signs and a shorter duration of viremia with higher titers of antibodies in infected pigs, demonstrating the association between the NLS motif of N protein and clinical attenuation of PRRSV infection (242–244). These studies provide evidence that NF-κB-activation-negative virus can induce milder clinical symptoms and higher humoral immune response than wild-type virus during coinfection of pigs. NF-κB activation function can be eliminated from RNA viruses using reverse genetics tools, and clinically attenuated vaccine candidates can be developed.




6 Conclusion

Numerous mechanisms for how viruses fight against the host immune system have been identified. Since type I IFNs are critical components of the host innate immunity and for the development and maturation of adaptive immunity, many attempts have been made to remove IFN suppression functions from different viruses. Such approaches may enhance the IFN response upon immunization. With the help of recent advances in molecular virology and reverse genetics technology, it is possible to construct mutant viruses of which phenotypes are IFN-suppression-deficient. Subsequently, IFN-suppression-negative viruses have shown to induce better immune responses and confer partial to complete protections from both homologous and heterologous challenges in the respective animal species, such as mice, pigs, chickens, and cattle (Table 1). Still remaining challenges include:

	1) Identification of IFN-suppressive genes and active sites from target viruses: It requires an in-depth understanding of the structure-function relationships of viral proteins and their role in the IFN signaling cascade.

	2) Multigenic nature of viral IFN antagonists and introduction of multiple mutations: Viruses have evolved to equip with multiple proteins for IFN suppression such that their antagonism can be compensated even when one protein fails by evolutionary mutations. The strategy to overcome the multigenic nature of viral IFN antagonism is to introduce mutations to the most potent antagonist or simultaneous mutations to several antagonists.

	3) Lethality of mutations for viral infectivity and viability: Many RNA viruses carry only a limited number of genes essential for replication and survival in a host. Deletion of a functional gene is often lethal for infectivity, and accurate measurements of the gene-wide mutations may be needed for the possible substitutions of amino acids and the removal of IFN antagonism.

	4) Reversion of mutant viruses to virulence: RNA-dependent RNA polymerase lacks a proof-reading activity with an exception of coronaviruses that are found to contain an exonuclease as a proofreading enzyme. As a result, RNA viruses are prone to high rates of genetic mutations which may allow the reversion of IFN-negative attenuated viral mutants back to virulence. Deletion of the functional domain or amino acids instead of point mutations has been successful for some viruses to block their reversion to wild-type.

	5) Over-attenuation of mutant viruses: Deletions or substitutions in a functional domain may confer over-attenuation of virus mutants. Continuous passages in cell culture have been attempted to increase viral titers. Cell culture passages in established lines may not provide immunological pressure but can allow viral adaptation for efficient replication and production of high viral titers.




Table 1 | The reprogramming of mutant viruses that their IFN evasion functions were eliminated by reverse genetics and the protective efficacies in natural host animal species following vaccination and virulent challenges.



The combination of research and new ideas will be vital in successfully developing future vaccines for veterinary diseases.
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Current methods of vaccination against swine Influenza A Virus (IAV-S) in pigs are infrequently updated, induce strain-specific responses, and have a limited duration of protection. Here, we characterize the onset and duration of adaptive immune responses after vaccination with an adenoviral-vectored Epigraph vaccine. In this longitudinal study we observed robust and durable antibody responses that remained above protective titers six months after vaccination. We further identified stable levels of antigen-specific T cell responses that remained detectable in the absence of antigen stimulation. Antibody isotyping revealed robust class switching from IgM to IgG induced by Epigraph vaccination, while the commercial comparator vaccine failed to induce strong antibody class switching. Swine were challenged six months after initial vaccination, and Epigraph-vaccinated animals demonstrated significant protection from microscopic lesion development in the trachea and lungs, reduced duration of viral shedding, lower presence of infectious virus and viral antigens in the lungs, and significant recall of antigen-specific T cell responses following challenge. The results obtained from this study are useful in determining the kinetics of adaptive immune responses after vaccination with adjuvanted whole inactivated virus vaccines compared to adenoviral vectored vaccines and contribute to the continued efforts of creating a universal IAV-S vaccine.
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1 Introduction

Swine Influenza A Virus (IAV-S) is a significant pathogen that affects swine populations around the world (1) and imposes a significant burden on the pork industry. Economic losses to the U.S. pork industry can cost nearly $700,000,000 per year (2), and are due to reduced weight gain, delayed production, and increased susceptibility to secondary infections leading to greater veterinary costs (3–5). At present IAV-S in swine is considered one of the three top health challenges to the swine industry (6) and affects swine in all phases of production (7). Three main subtypes of IAV-S currently circulate in U.S. swine populations: H1N1, H1N2, and H3N2 (8). Though a large proportion of circulating strains are of the H1N1 subtype, recent epidemiological surveys indicate an increased incidence of H3N2 IAV-S detected in U.S. swine (9). IAV-S causes acute respiratory disease that typically resolves 3-7 days after infection (10) but can cause up to 100% morbidity in infected herds. Additionally, swine are susceptible to swine, avian, and human influenzas due to the distribution of α2, 3- and α2, 6-linked sialic acid receptors in the respiratory tract (11, 12). Because of this, swine are considered “mixing vessels” and can foster reassortment of influenza during co-infections with multiple strains, resulting in the evolution of antigenically distinct and potentially pandemic strains of IAV (3, 13). Interspecies transmission of IAV between swine and humans has been described to occur at slaughterhouses, swine production barns, live animal markets, and even agricultural fairs (14, 15). Zoonotic emergence of IAV was recently named a top priority of the One Health workshop for disease prevention in the United States. More specifically, swine were considered a significant intermediate reservoir in IAV infections and pose the greatest risk of zoonotic transmission of IAV into humans (6). One such example occurred in 2009 and was termed the “swine flu” pandemic. This novel swine influenza isolate initially arose in Mesoamerica, but quickly spread and infected ~24% of the global population within the first year (16). Importantly, this zoonotic transmission event paved the way for the establishment of a new and stable lineage of H1 influenza in humans, now known as H1N1pdm09, and is the most predominantly circulating lineage of H1N1 in humans today (17, 18). Due to the significant role swine play in the evolution and transmission of potentially pandemic strains of influenza and the substantial economic impacts of IAV-S, it is imperative that efforts be made towards the development of more effective vaccination strategies in vulnerable pig populations.

Current methods of controlling IAV-S in swine include commercially available whole-inactivated virus (WIV) vaccines, autogenous herd-specific virus vaccines, and live attenuated influenza virus (LAIV) vaccines. Commercially available WIV vaccines, such as FluSure XP, incorporate 2 strains of H1 and 2 strains of H3 IAV-S and are often supplemented with an oil-in-water adjuvant. While WIV vaccines have shown to induce robust protection after homologous challenge (19–22), interface with antigenically divergent IAV-S can result in dampened cross protection (20). Further, this method of vaccination has been linked with the induction of vaccine-associated enhanced respiratory disease (VAERD) after heterologous challenge (20, 23). This phenomenon is characterized by the presence of cross-reactive, but non-neutralizing antibodies directed towards the HA2 stalk domain of a hemagglutinin protein (24). In the absence of neutralizing antibodies against the HA1 head domain, these antibodies have been described to facilitate enhanced viral infection of MDCK cells in vitro and rapidly induce dysregulated levels of proinflammatory cytokines in the lungs (25). Further recruitment of inflammatory cell populations results in collateral damage in the lungs and enhanced respiratory disease. Because the process of producing and licensing a WIV vaccine is time-consuming and expensive, the commercial WIV is not updated fast enough to cope with the continually evolving swine influenza virus. In light of these challenges, autogenous herd-specific WIV vaccines are gaining popularity, with a staggering estimate of 50% of IAV-S vaccines employed in the United States being autogenous WIV vaccines in 2008 (26, 27). However, autogenous WIV vaccines have multiple drawbacks, including labor intensive laboratory techniques for diagnosis, isolation, virus growth, purification, and efficacy testing. This leads to a significant lag period before administration of the vaccine to a given herd. LAIV vaccines have recently been approved for clinical application in swine and promisingly induce heterologous protection where WIV have failed (28, 29). However, evidence of reassortment between the LAIV strain and field IAV-S calls to question the safety of the LAIV platform (30). The inherent difficulties of producing a seasonal vaccine for swine demonstrates that a safe and universal swine influenza vaccine that induces durable and broadly cross-reactive immunity to all divergent strains is needed.

Adenoviruses (Ad) are present in several mammalian species including cows, sheep, pigs, chimpanzees, and humans, and have the ability to naturally infect and replicate in a broad spectrum of cells (31, 32). Infection of epithelial cells at mucosal surfaces and dendritic cells can results in efficient antigen presentation and elicit potent immune responses. Ad has a stable double-stranded DNA genome that is maintained as an episome in an infected cell (33), mitigating the risk of insertional mutagenesis (31). Further, Ads can be made replication-defective by deleting the early E1 gene and replacing it with a gene of interest (34). Ads can be further modified to increase packaging capacity of a desired transgene by deletion of the E3 gene (34), which modulates the host immune response during an infection. Both replication-competent and replication-defective Ad vectors have been investigated as potential vaccine candidates and are superior to inactivated virus vaccines by mimicking a natural viral infection. The induction of cytokines and costimulatory molecules provide a potent adjuvant effect in vivo and can elicit robust adaptive immune responses to a delivered transgene. Further, amplification of replication-defective Ad amplification is easily scalable by expansion in E1-complementing cell lines in large bioreactors, and rapid ultracentrifugation purification techniques (32). A recent estimate indicates that large-scale production of Ad-vectored vaccines can cost as little as $1.25/dose (35). However, a common concern with using an adenovirus as a viral vector for vaccine development is the presence of preexisting immunity that neutralizes the vector and causes dampened immunity to the delivered transgene (36). Using adenovirus serotypes with low seroprevalence and non-human adenoviral vectors can address this concern when developing vaccines and therapies for humans. Congruently, the same tactic can be used when creating adenoviral-vectored vaccines for non-human mammalian species. Human adenovirus type 5 (Ad5) has been well described in the swine animal model to prevent foot and mouth disease (FMD) (37), porcine respiratory and reproductive syndrome virus (PRRSV) (38), and pseudorabies virus (PrV) (39, 40), and can serve as an attractive viral vector for a universal vaccine against IAV-S.

To address the need for improved vaccination methods in swine, our group has recently characterized the use of a replication-defective adenoviral-vectored Epigraph vaccine against swine H3 influenza A virus in mice and swine (41). The Epigraph platform uses a computational algorithm to determine the frequency of potential T cell epitopes in a target population of sequences and incorporates the highest frequency epitopes into a synthetic immunogen for optimal T cell activation after immunization (42, 43). Indeed, we have previously shown that this platform induces significantly higher cross-reactive antibodies, robust T cell activation, and protection against divergent swine and human H3 influenza challenge in mice compared to a WT immunogen and the commercial comparator WIV vaccine, FluSure XP (41). However, to the best of our knowledge, no studies have performed a longitudinal study analyzing the onset and duration of immune responses elicited after vaccination with an adenoviral-vectored vaccine and compared these results to a WIV vaccine in swine.

Here, we evaluated the kinetics of antibody and T cell response generation after vaccination with an adenoviral-vectored Epigraph vaccine (Ad-swH3-Epi) and compare the responses observed to vaccination with a commonly used WIV vaccine, FluSure XP. We further characterize the differences in antibody class switching after vaccination with these different platforms. Finally, we assessed protection against challenge 6 months after the initial vaccination to evaluate the extent of the protective responses in a clinically relevant model, as the average lifespan of standard market pig in the pork industry is 6-7 months of age. The data observed in this study support the use of Ad-swH3-Epi for robust and durable protection against H3 IAV-S in swine.




2 Materials and methods



2.1 Ethics statement

All procedures in this study were approved by the Institutional Biosafety Committee at the University of Nebraska-Lincoln (IBC #619). Fifteen 3-week-old cross bred female Yorkshire pigs serologically negative for prior influenza exposure were obtained from Midwest Research Farms and randomly allocated into three immunization groups. All pigs were housed at the University of Nebraska-Lincoln Life Science Annex under animal biosafety level 2 (ABSL2) conditions (IACUC #2167) as per the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) guidelines with access to food and water ad libitum and were allowed to acclimate for one week prior to immunization.




2.2 Cells and viruses

The following swine influenza A virus was a generous gift from our collaborator: A/swine/Kansas/11-110529/2011 (sw/KS/11) from Dr. Wenjun Ma. The following viruses were obtained from the Biodefense and Emerging Infectious Diseases Repository: A/swine/Ohio/11SW87/2011 (sw/OH/11) [NR-36715] and A/swine Manitoba/00446/2005 (sw/Man/05) [NR-43049]. The following isolates were obtained from the USDA Swine Surveillance Influenza A virus repository: A/swine/Texas/4199-2/1998 (sw/TX/98), A/swine/Colorado/23619/1999 (sw/CO/99), A/swine/Wyoming/A01444562/2013 (sw/WY/13), A/swine/Minnesota/A01432544/2013 (sw/MN/13), A/swine/Indiana/A01202866/2011 (sw/IN/11), and A/swine/Texas/A01785781/2018 (sw/TX/18). All swine influenza viruses were grown in specific pathogen-free embryonated chicken eggs, quantified by hemagglutination assay (HA) and TCID50, and quantified virus from the chorioallantoic fluid was stored at -80°C for subsequent assays.

Madin-Darby Canine Kidney-London strain (MDCK-Ln) cells used in TCID50 assays were cultured in DMEM supplemented with 5% FBS and 1% penicillin-streptomycin at 37°C, 5% CO2 in a humidified incubator.




2.3 Animal immunization and sampling

Production of the Epigraph immunogens has been described previously (41). Briefly, all unique and full-length swine H3 strains as of April 25th, 2017 were downloaded from the Influenza Research Database, aligned using ClustalW, and submitted to the Epigraph Vaccine Designer at the Los Alamos National Laboratories with the following parameters: cocktail size: 3, epitope length: 9. On study day 0 (D0), pigs in the Ad-swH3-Epi group were intramuscularly immunized with 1011 viral particles (vp) (the cocktail of three epigraph immunogens at equal ratios (3.33x1010 vp per epigraph) to a total of 1011 vp (41)) diluted in 1 mL DPBS, then boosted three weeks after the prime immunization (D21). Pigs in the FluSure XP group were intramuscularly immunized according to manufacturer’s instructions with 2 mL on D0, then boosted on D21. A group of five pigs served as a negative control group and received a 2 mL intramuscular injection of DPBS on D0 and D21. Whole blood was collected by external jugular vein puncture every 7 days for the first month, every 30 days for the subsequent 5 months, and 5 days after influenza challenge. Serum was isolated from whole blood using BD Vacutainer Separator Tubes (Becton Dickinson) on D0, D7, D14, D21, D28, D60, D90, D120, D150, and D180 post-vaccination (Figure 1A). PBMCs were isolated on D0, D21, D60, D120, D150, D180, and 5 days post infection (5dpi) by diluting whole blood 1:1 with sterile DPBS then gently layering diluted blood on top of lymphocyte separation media (Corning #25072CV) and centrifuging diluted blood at 400g for 30 minutes. The PBMC layer was collected, washed with RPMI containing 5% FBS and 1% penicillin streptomycin, and residual red blood cells were lysed with ACK lysis buffer for 5 minutes before quenching with complete RPMI. Cells were resuspended in complete RPMI, counted on a Coulter Counter (Beckman Coulter), then cryopreserved in freezing medium containing 50% RPMI, 45% FBS, and 5% DMSO.




Figure 1 | Study timeline and phylogenetic analysis of strains used in study. (A) Groups of three-week-old swine (n=5/group) were immunized with Ad-swH3-Epi, FluSure XP, or DPBS as a negative control group at D0 and boosted at D21. Blood samples were collected every 7 days for the first month, then every 30 days for the subsequent 5 months for a total duration study of 6 months. Six months after the initial immunization all pigs were subjected to challenge with a divergent Cluster IV(A) IAV-S isolate, A/swine/Wyoming/A01444562/2013. Nasal swabs were taken every other day after challenge, then at 5 days post infection pigs were humanely bled, euthanized, and samples were taken for analysis. (B) Phylogenetic divergence of strains used for serological analysis, T cell analysis, and challenge (black) compared to Epigraph immunogens (blue) and strains incorporated in FluSure XP WIV vaccine (grey).






2.4 Hemagglutination inhibition assay

Sera from whole blood was used for hemagglutination inhibition (HI) activity according to previously described methods (44). Briefly, sera were treated in a 1:3 ratio with receptor destroying enzyme (RDE; Denka Seiken) at 37°C for 18 hours. RDE was then heat-inactivated at 56°C for 1 hour, and serum was diluted to a final 1:10 dilution in sterile DPBS. Sera were then serially diluted 2-fold in a 96-well V-bottom plate, and 4 hemagglutination units (HA) of representative swine influenza virus from Cluster I, II, IV, IV(A), IV(B), IV(C), IV(F), or the 2010.1 human-like cluster (Figure 1B) added to the serum dilutions and incubated at room temperature for 1 hour. 50μL of 0.5% chicken red blood cells was added to each well and hemagglutination patterns were read after 30 minutes.




2.5 IgM and IgG antibody isotyping by recombinant protein ELISA

IgM and IgG antibody responses were analyzed against A/Perth/16/2009 HA protein by ELISA. Briefly, flat-bottomed 96-well plates (Immunolon 4 HBX; VWR) were coated overnight at 4°C with 100μL (150ng/well) of recombinant A/Perth/16/2009 HA protein (NR-49734) diluted in carbonate/bicarbonate coating buffer. Wells were washed 4 times with PBS containing 0.1% Tween 20 (PBS-T) then blocked at room temperature with blocking buffer (10% skim milk diluted in PBS-T) for 2 hours. Sera samples were heat-inactivated at 56°C for 1 hour, then serially diluted two-fold in 5% skim milk in PBS-T and 100μL of each dilution was added to the coated wells and incubated at room temperature for 1 hour. Plates were washed 5 times with PBS-T then HRP-conjugated goat anti-pig IgM (Cat. No. AAI48P; BioRad) or IgG (Cat. No. AHP865P; BioRad) antibody diluted to 1:5000 in 5% skim milk in PBS-T were added to wells and incubated at room temperature for 30 minutes. Plates were washed 5 times with PBS-T then developed with 1-Step Ultra TMB-ELISA (Thermo Fisher) and the reaction was stopped with 2M sulfuric acid. Absorbance values were evaluated at OD450 on a SpectraMax i3x Multi-Mode automatic microplate reader (Molecular Devices). Endpoint titers were calculated as equivalent to the mean plus three standard deviations of the OD values from the PBS-immunized control animals at each timepoint.




2.6 IFN-γ ELISPOT analysis

PBMCs were analyzed for T cell responses by IFN-γ ELISpot assay. An overlapping peptide array spanning the entire length of A/swine/Ohio/11SW87/2011 HA protein was synthesized by Genscript as individual 17-mer peptides with 10 amino acid overlaps. 96-well polyvinylidene difluoride-backed plates (MultiScreen-IP, Millipore) were coated with anti-porcine IFN-γ mAb pIFN-γ (5μg/mL; Mabtech) at 4°C overnight. Plates were washed three times with DPBS then blocked with RPMI containing 10% FBS and 1% penicillin and streptomycin for 2 hours at 37°C. Single-cell suspensions of 2.5x105 PBMCs 2.5 x 105 cells were stimulated overnight at 37°C, 5% CO2 with 5μg/mL peptide, concanavalin A (ConA; 5μg/mL), or RPMI, in duplicate. After overnight incubation, plates were washed three times with DPBS + 0.10% Tween-20, then incubated at room temperature with 50μL of biotinylated anti-porcine IFN-γ mAb P2C11 (1:1000; Mabtech). Plates were washed six times with DPBS + 0.10% Tween-20 then incubated with 100μL of 1:1000 streptavidin-alkaline phosphatase conjugate (1:1000 dilution; Mabtech). After 1hr incubation at room temperature, plates were washed six times with DPBS + 0.10% Tween-20 then developed by adding 100μL of BCIP/NBT (Plus) alkaline phosphatase substrate (Thermo Fisher). Development was stopped by washing several times with dH2O after spots appeared in the ConA positive control wells, the plates were air dried, and spots were enumerated on an automated ELISpot plate reader (Cellular Technology Ltd.). Results are expressed as number of spot-forming units (SFU) per 106 PBMCs.




2.7 Influenza challenge and tissue collection

Six months after the initial immunization (D180) all swine were subjected to split intratracheal and intranasal inoculation (45) of a divergent IAV-S isolate under telazol (Zoetis), zolazepam (Zoetis), ketamine (Zoetis), and xylazine (Vet One) induced anesthesia. Swine were inoculated intratracheally with 2mL of 2.5x105 TCID50/mL of A/swine/Wyoming/A01444562/2013 (sw/WY/13), and intranasally with 1mL 2.5x105 TCID50/mL of virus per nostril for a total dose of 1x106 TCID50 of virus. Swine were inoculated through both the intratracheal and intranasal route to ensure infection of both the upper and lower respiratory tract. Clinical disease was observed for the subsequent 4 days and scored by an experience veterinarian blinded to the treatment groups according to a previously established scoring system (46). Rectal temperatures were collected on 0-, 1-, 2-, 3-, and 4- days post infection and nasal swabs were collected on 1-, 3-, and 5-days post infection. Nasal swabs were placed in UniTranz-RT Universal Transport Medium (Puritan) then aliquoted and stored at -80°C. At 5dpi, all animals were euthanized with an overdose of sodium pentobarbital Fatal-Plus (Vortech), and lungs were removed for a bronchioalveolar lavage (BAL) wash and infectious virus quantification. One-centimeter-thick tissues were samples from the middle trachea, apical, middle, and caudal right lung was excised and stored in 10% neutral buffered formalin for H&E staining, histopathological analysis, and IHC against the conserved nucleoprotein (NP) viral antigen using a rabbit anti-Influenza A virus NP antibody (Cat. No. PA5-32242; Invitrogen). The formalin-fixed tissues were processed routinely for histologic examination after 72 hours fixation, sectioned at 4-5µm, and stained with hematoxylin and eosin and examined by an ACVP certified pathologist according to previously established scoring protocols (47). Tracheas were scored as 0, normal; 1, focal inflammation with cilia present; 2, diffuse inflammation and multi focal cilia loss; 3, widespread inflammation and cilia loss. Lung consolidation percentage was scored for apical, middle, and caudal lobes. Score were 0 normal, 1 <5%, 1.5 5-25%, 2.0 25-50%, 2.5 50-75%, 3.0 >75%. Scoring for bronchiolar necrosis, bronchiolar inflammation, septal inflammation, and perivascular cuffing was done on the lung sections with the highest consolidation score from each pig. The score 0-3 were used and reflected percentages of lung affected as described for other histologic lesions. IAV-S NP Immunohistochemistry distribution was scored on trachea and the apical lung lobe. Scores were 0 no stain, 1 trachea only, 2 trachea + bronchi, 3 trachea + bronchioles, and 4 trachea + bronchi + bronchioles.




2.8 RT-qPCR analysis in nasal swabs

Viral RNA was extracted from nasal swabs at 1-, 3-, and 5-dpi using the PureLink Viral RNA/DNA Extraction Kit according to manufacturer’s instructions (Invitrogen). Reverse-transcription qPCR was performed using the Luna Universal Prone One-Step RT-qPCR Kit (NEB) and analyzed on a QuantStudio 3 Real-Time PCR System (Applied Biosystems). The following cycling conditions were used: 55°C for 30 mins, 95°C for 2 mins, and 40 cycles of 95°C for 15 secs and 60°C for 30 secs. The universal primer-probe set for Influenza A Virus was used (BEI Resources, NR-15593, NR-15594, and NR-15595) and viral RNA quantification was calculated based on a standard curve created using RNA extracted from a known quantity of infectious virus of A/swine/Wyoming/A01444562/2013.




2.9 Tissue culture infectious dose

Presence of infectious virus in nasal swabs and bronchioalveolar lavage (BAL) was determined by titration on MDCK-Ln cells. Nasal swab and BAL samples were serially diluted in DMEM containing 5% FBS and 1% penicillin streptomycin then 2x105 cells were added to virus dilutions and incubated for 24 hours. The next day, plates were washed twice with DPBS and DMEM containing 2μg/mL of TPCK-trypsin was added before incubating plates for 72 hours. After three days of incubation, 50μL of 0.5% chicken red blood cells were added and agglutination patterns were read after a 45-minute incubation at room temperature. All nasal swab samples and BAL samples were independently run with four technical replicates per sample.




2.10 Statistical analysis

All statistical analysis and data representation was carried out using GraphPad Prism 9. Data are expressed as the mean with standard error (SEM). HI titers, ELISA endpoint titers, T cell analysis, and TCID50 results were analyzed by one-way ANOVA with Tukey’s multiple comparisons. A p value <0.05 was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





3 Results



3.1 Ad-swH3-epigraph vaccination generates rapid and durable antibody responses

To evaluate the onset and duration of antibody responses, groups of three-week-old cross-bred Yorkshire pigs were intramuscularly immunized with Ad-swH3-Epi and responses over time were compared to swine immunized with the commercial vaccine, FluSure XP, or DPBS as a negative control immunization group (Figure 1A). The breadth and duration of antibody responses were examined by hemagglutination inhibition (HI) assay against a panel of divergent IAV-S strains that represent Cluster I, Cluster II, Cluster IV (A-F), and the human-like Cluster of H3 IAV-S (Figure 1B). Immunization with FluSure XP and Ad-swH3-Epi induced moderate HI antibody responses against isolates representing Cluster I (Figure 2A) and Cluster II (Figure 2B) IAV-S. The responses to these cluster representatives exhibited similar kinetics of development and retraction over time with no statistically significant differences observed between FluSure XP and Ad-swH3-Epi immunized animals at any timepoints. Analysis of more recently circulating isolates from Cluster IV, Cluster IV subclusters A-F, and the 2010.1 cluster “human-like” IAV-S revealed that, while FluSure XP induced cross-reactive antibody responses after boost immunization, vaccination with Ad-swH3-Epi was able to rapidly elicit protective HI titers, represented by endpoint titers _ 40 (48–50), as early as two weeks after prime immunization (D14). HI titers induced by Ad-swH3-Epi vaccination were significantly higher than those observed in the FluSure XP immunized animals by 14 days post immunization (Figures 2C-H). Peak responses in the Ad-swH3-Epi immunized group were seen one week after the boost immunization (D28), and these responses were significantly higher than vaccination with FluSure XP against representative IAV-S isolates from Cluster IV (Figure 2C), Cluster IV(A) (Figure 2D), Cluster IV(B) (Figure 2E), Cluster IV(C) (Figure 2F), and Cluster IV(F) (Figure 2G). Notably, while protective responses _ 40 were observed after boosting in the FluSure XP immunized group, these responses rapidly dropped two months after the boost immunization (D90) to at or below the protective titer, and responses against sw/Man/05, sw/OH/11, sw/IN/11, sw/KS/11, and sw/TX/18 dropping to undetectable levels by the completion of the 6-month analysis. In comparison, pigs immunized with Ad-swH3-Epi had significantly more durable responses, with HI antibody levels gradually retracting over the course of 6 months (D180) and responses against sw/Man/05, sw/OH/11, sw/MN/13, sw/IN/11, sw/KS/11, and sw/TX/18 persisting at a level of _ 40 (Figures 2C-H) by the end of the 6-month study. These data suggest an exciting result because the average lifespan of a standard market pig is 6 to 7 months of age, and our vaccine demonstrates the ability to induce lasting protection against divergent IAV-S, potentially lasting the entire lifespan of market animals.




Figure 2 | Vaccination with Ad-swH3-Epi rapidly induces durable antibody responses. Cross-reactive antibodies against Cluster I, Cluster II, and Cluster IV(A-F) and the human-like Cluster swine H3 strains were screened by hemagglutination inhibition (HI) assay. (A) Cluster I- sw/TX/98, (B) Cluster II- sw/CO/99, (C) Cluster IV- sw/Man/05, (D) Cluster IV(A)- sw/OH/11, (E) Cluster IV(B)- sw/MN/13, (F) Cluster IV(C)- sw/IN/11, (G) Cluster IV(F)- sw/KS/11, and (H) 2010.1 human-like Cluster- sw/TX/18. A protective titer of ≥1:40 is indicated as a dashed line on each graph. Data are represented as the mean ± SEM. (n=5; one-way ANOVA with Tukey’s multiple comparison; *p < 0.05, **p < 0.01, ***p < 0.005, ****p <0.0001).






3.2 Ad-swH3-epigraph induces robust and durable T cell responses

T cell responses have been shown to play an important role in viral clearance during influenza infection (51–53). In congruence with this, we evaluated the onset and duration of circulating T cell responses by IFN-γ ELISPOT against a Cluster IV(A) strain, A/swine/Ohio/11SW87/2011. An overlapping peptide array consisting of 17-mer peptides with 10 amino acid overlap was constructed, and responses were considered positive if greater than 50 spot forming units (SFU) were obtained per million cells analyzed (54). By D21, vaccination with Ad-swH3-Epi resulted in 7.6-fold higher levels of IFN-γ secreting T cells compared to FluSure XP immunized animals (mean 838 SFU/106 cells compared to mean 110 SFU/106 cells, respectively) (Figure 3A). While the circulating T cells of the pigs vaccinated with FluSure XP rapidly declined to undetectable or nearly undetectable levels by D60, circulating T cells induced by vaccination with Ad-swH3-Epi gradually retracted over time (D60 mean: 425 SFU/106 cells; D120 mean: 364 SFU/106 cells; D150 mean: 292 SFU/106 cells; D180: 264 SFU/106 cells) (Figure 3A), consistent with retraction of T cells in the absence of antigen stimulation over time. Individual analysis of each pig in the Ad-swH3-Epi and FluSure XP immunized groups showed peak responses at D21 for both groups, and all pigs in the Ad-swH3-Epi group maintained detectable T cell responses by D180 (Figure 3B). As expected, pigs in the DPBS immunization group did not produce any antigen-specific T cell responses (Figure 3A). Overall, we observed that vaccination with Ad-swH3-Epi induced strong circulating T cell responses that were significantly higher and more durable than those induced by vaccination with FluSure XP.




Figure 3 | Vaccination with Ad-swH3-Epi elicits lasting T cell responses. PBMCs were isolated from peripheral blood at D0, D21, D60, D120, D150, and D180 and screened for antigen-specific T cells by IFN-γ ELISPOT. PBMCs were stimulated with an overlapping peptide array containing individual 17-mer peptides with 10 amino acid overlap spanning the entire length of A/swine/Ohio/11SW87/2011 HA protein. Peptide responses of ≥ 50 spot forming units (SFUs) per million PBMCs were considered positive. (A) Mean total T cell responses from D21 to D180 after vaccination with Ad-swH3-Epi, FluSure XP, or DPBS. Data are presented as the mean ± SEM (n=5 pigs/group; one-way ANOVA with Tukey’s multiple comparison; **p < 0.01, ***p < 0.005, ****p <0.0001). (B) T cell responses of individual animals in Ad-swH3-Epi (blue) and FluSure XP (grey) immunized groups analyzed over the study duration.






3.3 Ad-swH3-epigraph elicits faster and more robust class-switched IgG levels against a divergent human IAV hemagglutinin

We next assessed the kinetics of antibody class switching to detect antigen-specific IgM and IgG antibodies in the peripheral blood. Antibodies from Ad-swH3-Epi, FluSure XP, and DPBS immunized pigs were screened by ELISA against a divergent human H3 IAV recombinant HA protein, A/Perth/16/2009. We observed a similar onset and duration of IgM antibody responses mounted between the Ad-swH3-Epi and FluSure XP immunized animals with no statistically significant differences in IgM antibody levels at D7, D14, D21, or D28 (Figure 4A), showing that the rate of IgM antibody development was not different between these two vaccination platforms. DPBS immunized animals did not develop any IgM antibody responses, as expected (Figure 4A). However, when we assessed the levels of class-switched antigen-specific IgG antibody levels, we observed that pigs vaccinated with Ad-swH3-Epi developed antigen-specific IgG antibodies sooner than those observed in the FluSure XP immunized pigs (Figure 4B). Similarly, these responses were elicited at significantly higher levels than those induced after vaccination with FluSure XP, which retracted by D90 and were not significantly higher than unimmunized pigs from D90 to D150. The similar kinetics of IgM levels between Ad-swH3-Epi and FluSure XP immunized pigs but differences in mounted of antigen-specific IgG levels is likely due to a stronger T cell development in Ad-swH3-Epi vaccinated pigs (Figure 3), which are crucial in triggering class-switch recombination and strong plasma cell development and subsequently IgG antibody development (55, 56). These results suggest that development of robust and broadly reactive IgG antibody responses can be achieved by vaccination with Ad-swH3-Epi, and that these responses are significantly higher than those observed with the whole inactivated virus vaccine, FluSure XP.




Figure 4 | Vaccination with Ad-swH3-Epi allows for more robust class switching of IgM to IgG against a human H3 IAV strain. Sera from vaccinated pigs were isolated and used for antibody isotyping of IgM (A) and IgG (B) over time. Endpoint titers are represented as log2 of the reciprocal of the highest sera dilution that were positive against A/Perth/16/2009 recombinant protein. Samples were considered positive if the OD value was three standard deviations above the mean OD values measured from negative control immunized animals. Data are represented as the mean ± SEM (n=5 pigs/group; one-way ANOVA with Tukey’s multiple comparison; *p<0.05, **p < 0.01, ***p < 0.005, ****p <0.0001). All statistical significance shown in the Ad-swH3-Epi group are compared to FluSure XP immunized pigs. All statistical significance shown in the FluSure XP group are compared the DPBS immunized pigs. ns, not significant.






3.4 Ad-swH3-epigraph vaccination reduces viral shedding after heterologous challenge

We next wanted to assess the ability of Ad-swH3-Epi and FluSure XP to provide protection against heterologous challenge six months after the initial vaccination (D180). This objective is particularly important because the average time to grow and procure a market pig is typically 6-7 months (57) and, given that IAV-S affects swine at all stages of pork production, providing protection against challenge for six months could greatly impact pork production outcomes and limit the spread of IAV-S among pigs during production. All pigs were challenged with 106 TCID50 of a Cluster IV(A) IAV-S isolate, A/swine/Wyoming/A01444562/2013 (Figure 1A), by split intratracheal and intranasal inoculation (45) under anesthesia. This strain was chosen based on epidemiological analysis of recently circulating strains within the United States (9) and may represent isolates that swine could interface in the field. Clinical disease was scored by an experienced veterinarian blinded to the treatment groups and rectal temperatures were collected daily. No significant differences in clinical disease or change in body temperature was observed between the three vaccination groups (Supplementary Figure 1A, B), which is likely due to the advanced age of the pigs at the time of challenge (45). Nasal swabs were collected at 1 day post infection (dpi), 3dpi, and 5dpi. Presence of viral RNA was assessed by RT-qPCR and quantification of infectious virus was enumerated by TCID50. At 1dpi, 3dpi, and 5dpi similar levels of viral RNA was detected among all groups, with no statistically significant differences observed at any timepoint (Figure 5A). When analyzing the presence of infectious virus by TCID50 a trend of lower levels of infectious virus were seen at 1dpi in Ad-swH3-Epi group compared to FluSure XP and DPBS immunized animals, though this did not reach statistical significance (Figure 5B). Similar levels of infectious virus were present at 3dpi, with no statistically significant differences observed between the three immunization groups. Importantly, at 5dpi pigs vaccinated with Ad-swH3-Epi showed to have significantly lower presence of infectious virus in nasal secretions compared to DPBS immunized pigs, while FluSure XP immunized pigs had similar levels of infectious virus as DPBS immunized pigs (Figure 5B). This result suggests that vaccination with Ad-swH3-Epi can resolve viral shedding earlier and lower the risk of transmission of infectious virus through nasal secretions.




Figure 5 | Ad-swH3-Epi reduces viral shedding at 5 days post infection. Swine were challenged with 106 TCID50 of A/swine/Wyoming/A01444562/2013 by split intratracheal and intranasal inoculation. Nasal swabs were collected at 1-, 3-, and 5-days post infection and amount of viral RNA was quantified by RT-qPCR (A) and levels of infectious virus were measured by TCID50 (B). Data are presented as the mean ± SEM (n=5 pigs/group; one-way ANOVA with Tukey’s multiple comparison; *p<0.05). ns, not significant.






3.5 Ad-swH3-epigraph reduces microscopic lesion development, lowers presence of infectious virus and viral antigen in the lungs, and provides strong reactivation of circulating antigen-specific T cells after challenge

Lastly, all pigs were humanely bled and euthanized at 5 days post infection for histopathological analysis of lung and tracheal tissues, quantification of viral antigen and infectious virus in the lungs, and evaluation of recall T cell responses. Gross lesions were observed on the lungs of one FluSure XP immunized pig (Supplementary Figure 2) and were not present in any other vaccine group. Histopathological analysis of trachea samples (Figure 6A) showed that pigs vaccinated with Ad-swH3-Epi displayed healthy submucosal tissues with minimal infiltration of inflammatory cells and respiratory epithelial cells that were columnar and ciliated. In contrast, vaccination with FluSure XP resulted in inflammatory cell infiltrates into the submucosa and mucosal epithelium with rounded and cuboidal respiratory epithelial cells and reduction in cilia at the epithelial surface. DPBS immunized pigs showed significant inflammatory cell infiltrates coupled with disrupted and thinned surface epithelium and complete loss of cilia. This resulted in a trend of decreased tracheitis scoring in the Ad-swH3-Epi group compared to FluSure XP and DPBS immunized pigs (Figure 6D). Further analysis of sectioned bronchioles revealed that vaccination with Ad-swH3-Epi was able to protect against bronchiolar necrosis, inflammation, and perivascular cuffing (Figure 6B). In comparison, FluSure XP and DPBS immunization demonstrated significant suppurative bronchitis and inflammatory cell infiltration into the bronchiole (Figure 6B). Immunohistochemical (IHC) analysis against the conserved influenza nucleoprotein (NP) antigen showed many viral infected cells within the epithelium of bronchi and bronchioles of pigs immunized with FluSure XP or DPBS (Figure 6C) leading to a higher IHC score in these groups (Figure 6E). A bronchioalveolar lavage (BAL) was performed during necropsy to evaluated levels of infectious virus present in the lungs by TCID50. High titers of infectious virus were present in the BAL obtained from pigs immunized with FluSure XP and DPBS (FluSure XP mean: 103.8 TCID50/mL; DPBS mean: 104.5 TCID50/mL) (Figure 6F). In contrast, only one pig in the Ad-swH3-Epi immunization group had detectable levels of infectious virus present in the BAL (Ad-swH3-Epi mean: 100.8 TCID50/mL) while all other pigs had cleared the virus from the lungs by 5 days post infection (Figure 6F). Finally, we evaluated the recall T cell responses elicited after challenge by assessing levels of antigen-specific T cells present in the peripheral blood at 5dpi by IFN-γ ELISPOT against the same overlapping peptide array previously used to assess the development and duration of T cell responses after vaccination (Figure 3). We observed a strong reactivation of circulating antigen-specific T cell responses (Figure 6G) that were higher than those observed at D21 after vaccination (Figure 3A) (D21 mean: 838 SFU/106 and 5dpi mean: 1293 SFU/106 cells). This demonstrates that antigen encounter after challenge was able to robustly reactivate memory T cells and likely played a crucial role in the clearance of viral infected cells after challenge. Collectively, we have demonstrated that the immune responses elicited after immunization with Ad-swH3-Epi can protect against challenge with a heterologous IAV-S isolate 6 months after vaccination and this protection is significantly better than the protection observed after immunization with WIV vaccine, FluSure XP.




Figure 6 | Ad-swH3-Epi provides protection against challenge with a divergent IAV-S. Five days after challenge lungs and tracheas were removed for histopathological analysis. H&E staining of representative trachea samples are shown (A) and representative bronchioles from lungs are shown in (B). Immunohistochemistry of bronchioles against the conserved NP viral protein (C). Tracheas shown in (A) were scored for tracheitis by a board-certified pathologist blinded to the treatment groups (D). IHC distribution was recorded; higher scores correlate with deeper pulmonary infection (E). Levels of infectious virus present in the bronchioalveolar lavage was enumerated by tissue culture infectious dose (TCID50) (F) and recall T cell responses were analyzed by IFN-γ ELISPOT (G). Scale bars in (A–C) are 30μM, 120μM, and 60μM, respectively. Data are presented as the mean ± SEM (n=5; one-way ANOVA with Tukey’s multiple comparison; *p < 0.05 and **p < 0.01). ns, not significant.







4 Discussion

In this study, we characterized the onset and duration of immune responses elicited after vaccination with Ad-swH3-Epigraph and compared these responses to a commonly used WIV vaccine, FluSure XP. An ideal vaccine for use against IAV-S in pigs would elicit lifelong responses that provide protection against a broad range of antigenically distinct viruses. However, current methods of vaccination fail to provide durable and broadly protective responses and can induce vaccine-associated enhanced respiratory disease (VAERD) after heterologous challenge. Here, we demonstrate that vaccination with Ad-swH3-Epi rapidly induced robust and durable antibody responses against recently circulating IAV-S isolates that remained above protective levels (_ 40) for 6 months after vaccination. In comparison, FluSure XP did not induce protective titers until after boost immunization, corroborating previously identified results (41). Further, antibody levels in the FluSure XP immunized pigs quickly diminished to below protective titers 30-60 days after boost vaccination, indicating that this vaccine platform may induce a short duration of antibody-mediated protection. The duration of these responses has significant clinical relevance, as the average lifespan of a standard market pig in the pork industry is 6-7 months of age, and IAV-S affects swine at all stages of pork production. Interestingly, we also saw modest antibody responses against the representative Clade I and Clade II IAV-S isolates, sw/TX/98 and sw/CO/99, in the Ad-swH3-Epi immunization group. Indeed, we have previously observed lower responses to these clades (41), which is likely due to the limited representation of these strains in the Epigraph immunogen design.

Importantly, we also observed robust and durable antigen-specific T cell development after vaccination with Ad-swH3-Epi. While FluSure XP immunized pigs developed modest T cell responses that quickly retracted by D60, Ad-swH3-Epi was able to induce lasting responses that were detectable 6 months after vaccination. Given that T cells play a pivotal role in the clearance of viral infected cells, B-cell activation, and class-switching during affinity maturation, we hypothesize that the strong induction of T cell responses likely played an important role in the development of class-switched antigen-specific IgG antibody levels as well as the viral clearance observed after challenge. While we observed similar kinetics of IgM development between the two immunization groups, we also observed reduced levels of class-switched IgG antibodies with a delayed onset in the FluSure XP immunized pigs compared to Ad-swH3-Epi immunized animals. This observation, coupled with the kinetics of robust T cell activation, suggests that the enhanced levels and duration of antibody responses seen in the Ad-swH3-Epi group were due to a balanced induction of both B and T cell responses.

Recent epidemiological analysis of U.S. swine herds indicates high circulation of Cluster IV(A) H3 IAV-S (9). In accordance with this, we chose to challenge the pigs with a high dose of divergent IAV-S isolate, A/swine/Wyoming/A01444562/2013, 6 months after the initial vaccination. We hypothesized this challenge study design closely recapitulates relevant field conditions. Further, this isolate was not screened for antibody or T cell responses prior to challenge to prevent bias in choosing the challenge strain. Analysis of nasal swabs indicated that vaccination with Ad-swH3-Epi was able to reduce the duration of viral shedding, as 3/5 pigs had completely abrogated levels of infectious virus present in the nose by 5dpi. This is important because reduction of infectious virus in the nose can reduce transmission and spread of IAV-S between pigs within a herd and lower the potential of zoonotic transmission of IAV-S into humans at swine-to-human interfaces (58). Further analysis of the lungs and trachea indicated that the durable immune responses elicited by Ad-swH3-Epi immunization was able rapidly clear infected cells, as pigs exhibited reduce levels of tracheitis, healthy bronchioles, and reduced viral antigen detected by IHC. This was coupled with significant reduction of infectious virus in the lungs by 5dpi. We further characterized that influenza challenge was able to activate robust recall T cell responses in the Ad-swH3-Epi immunized animals, corroborating the crucial role of T cells during protection against IAV-S in swine. Here, we observed that Ad-swH3-Epi induced broad and durable protection that was significantly superior to a commonly used WIV vaccine, FluSure XP.

Recent advances in gene delivery by viral vectors have paved the way for improved safety and immunogenicity profiles of viral vectors. In light of the recent COVID-19 pandemic, two adenoviral-vectored vaccines have recently made it to the market for use in humans (59–61). Utility of a species C human adenovirus type 5 (Ad5) viral vector has been well described in both humans and swine against a variety of infectious diseases. Notably, the tissue tropism of Ad5 in swine has been identified as lung epithelial cells (62, 63) and pulmonary intravascular macrophage cells (64, 65), which is an optimal location to elicit both antibody and cellular-mediated immune responses against a respiratory pathogen such as influenza. Despite the substantial advances in adenoviral-vectored vaccine development, there is still a concern of dampened responses due to preexisting immunity to the delivered vector after boosting with a homologous adenovirus serotype. By utilizing a human adenovirus as our vaccine vector, we minimize the risk of swine having previously been exposed to the vector through natural infection mechanisms. Further, while we observed peak antibody responses after boosting, it is possible that boosting with a heterologous adenovirus serotype would have elicited higher levels of antibody responses and T cell responses. Additional studies investigating heterologous adenovirus prime-boosting strategies in swine are needed to fully elucidate the potential to induce stronger responses than those observed in this study.

The results obtained in this study have significant impact to the field of vaccine development and details the kinetics of immune responses elicited after vaccination with WIV vaccines compared to viral-vectored vaccination strategies. Notably, standard methods of vaccine efficacy testing typically analyze and report short durations of immune responses and perform in vivo challenges shortly after vaccination during peak responses. Here, we chose to sequentially analyze immune responses in a longitudinal study to mitigate possible biases in vaccine efficacy testing. However, completing a longitudinal study in swine can have several limitations. One such limitation is the rapid growth of domestic swine, which requires advanced containment facilities, enhanced biocontainment practices after challenge, and specially trained personnel for animal handling. An additional limitation is that older swine have been characterized to be less susceptible to IAV-S infection compared to younger pigs (45). To overcome these challenges, we chose to use a high dose of IAV-S inoculation to ensure adequate infection in our in vivo infection model and were able to collect infectious virus from DPBS immunized pigs at 5dpi, indicating that these older pigs were susceptible to IAV-S infection. A final limitation of this study was that we were only able to perform a challenge using one virus. Though our challenge strain was chosen to represent recently circulating strains, reverse-zoonotic transmission of IAV from humans to swine has established a stable cluster of IAV-S, known as the 2010.1 cluster, that has recently emerged as an endemic clade within U.S. swine herds (66). While we were unable to perform an additional challenge in this longitudinal study, we hypothesize that we would see similar protection against this clade, as we observed robust and durable HI antibody responses to the representative 2010.1 strain, sw/TX/18. However, further challenge studies are required to confirm this hypothesis.

Here, we characterized the onset and duration of immunity elicited by vaccination with an adenoviral vectored Epigraph vaccine and compared these responses to a commonly used WIV vaccine, FluSure XP. We observed that vaccination with Ad-swH3-Epi induced durable and protective levels of antibody and T cell responses that remained detectable for 6 months, and a faster evolution of class-switched IgG antibody responses compared to FluSure XP. We further identified that these responses lead to significantly reduced viral shedding by 5dpi, enhanced viral clearance from the lungs, and prevented the development of lesions in the trachea and lungs after challenge 6 months post-vaccination. The results obtained in this study can enhance to our understanding of immune responses elicited after vaccination in swine and contribute to the development of a universal swine influenza virus vaccine.
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Supplementary Figure 1 | Daily rectal temperatures and daily clinical disease scoring after infection. (A) Daily rectal temperatures were collected after infection. A dashed line at 38.4°C indicates normal body temperatures of swine. A dashed line at 39.5°C indicates pyrexia in swine. (B) Daily clinical disease scoring was done by an experienced vet blinded to the treatment groups. A previously established scoring scale from 1-5 was used.

Supplementary Figure 2 | Gross lesion analysis of lungs 5 days after challenge. Lungs were removed at 5dpi and representative lungs from each vaccination group are shown. Lungs were observed for purple-red consolidation on the lobes and minor consolidation was noted on one animal in the FluSure XP immunization group (yellow arrows).
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Targeted delivery of oral vaccine antigens to aminopeptidase N protects pigs against pathogenic E. coli challenge infection
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Oral subunit vaccines are an interesting alternative strategy to traditional live-attenuated or inactivated vaccines for conferring protection against gut pathogens. Despite being safer and more cost-effective, the development of oral subunit vaccines remains challenging due to barriers imposed by the gastrointestinal tract, such as digestive enzymes, a tolerogenic immune environment and the inability of larger proteins to cross the epithelial barrier. Recent advances have focused on overcoming these barriers by using potent mucosal adjuvants or pH-responsive delivery vehicles to protect antigens from degradation and promote their release in the intestinal lumen. A promising approach to allow vaccine antigens to pass the epithelial barrier is by their targeting towards aminopeptidase N (APN; CD13), an abundant membrane protein present on small intestinal enterocytes. APN is a peptidase involved in digestion, but also a receptor for several enteric pathogens. In addition, upon antibody-mediated crosslinking, APN facilitated the transport of antibody-antigen fusion constructs across the gut epithelium. This epithelial transport resulted in antigen-specific immune responses. Here, we present evidence that oral administration of APN-specific antibody-antigen fusion constructs comprising the porcine IgA Fc-domain and the FedF tipadhesin of F18-fimbriated E. coli elicited both mucosal and systemic immune responses and provided at least partial protection to piglets against a subsequent challenge infection with an F18-fimbriated STEC strain. Altogether, these findings will contribute to the further development of new oral subunit vaccines and provide a first proof-of-concept for the protective efficacy of APN-targeted vaccine antigens.
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1 Introduction

Oral subunit vaccines hold great promise to protect against gut pathogens in a safer and more cost-effective manner than traditional live-attenuated or inactivated vaccines. However, the development of oral subunit vaccines remains challenging due to the barriers imposed by the gastrointestinal tract. The presence of digestive enzymes, the tolerogenic immune environment pervading the gut and the inability of larger proteins to cross the gut epithelial barrier all contribute to a poor bioavailability and immunogenicity of oral subunit vaccines. Several strategies have been developed in recent years to overcome these barriers, including the use of potent mucosal adjuvants to circumvent the tolerogenic environment and pH-responsive delivery vehicles, such as nanoparticles, that protect the vaccine antigens from degradation in the gastrointestinal tract and promote their release in the intestinal lumen (1, 2).

Despite these advances, a major issue holding back the development of new oral subunit vaccines is their inability to cross the small intestinal epithelial barrier. As a result, most oral vaccine candidates induce weak mucosal immune responses. One promising approach to overcome this challenge is to target the vaccine antigens towards receptors present on the apical side of gut epithelial cells that facilitate transport across the gut epithelium (3). Two examples include glycoprotein 2 (GP2) present on Peyer’s patch M cells and the neonatal Fc receptor (FcRn) present on absorptive enterocytes. GP2 specifically recognizes FimH, a component of type I pili of certain Gram-negative enterobacteria, and promotes the uptake of FimH+ bacteria, resulting in specific mucosal immune responses in mice (4). Oral administration of a biotinylated ovalbumin peptide conjugated with an anti-GP2-streptavidin fusion antibody was able to induce ovalbumin-specific mucosal immune responses in mice by targeting the peptide towards GP2 (5). One downside of targeting M-cells is their relative low abundance in the gut epithelium. In contrast, enterocytes are by far the most abundant epithelial cell type in the intestine and express FcRn. This receptor interacts with the Fc domain of IgG in a pH-specific manner and allows for bi-directional transport through the intestinal epithelium (6–9). Oral administration of IgG Fc domain-coupled prepro-insulin in mice resulted in efficient transport through the intestinal epithelium and was taken up by antigen-presenting cells and transported to the spleen and thymus (10). Furthermore, oral delivery of recombinant Lactobacillus plantarum expressing the influenza viral protein M2e fused to an IgG Fc domain resulted in protective immunity against subsequent infection with influenza viruses in mice (11).

Another attractive target receptor expressed by small intestinal epithelial cells is aminopeptidase N (APN; CD13). This highly glycosylated, homodimeric membrane protein plays a role in cholesterol uptake and in the final digestion of peptides (12, 13). APN is also expressed on conventional dendritic cells, where it plays a role in antigen processing and presentation (14). Due to its highly conserved nature across different species, including pig and human, it represents an interesting target for the oral delivery of vaccine antigens. We previously demonstrated that antibody-mediated targeting of antigens and microparticles to APN triggered their transcytosis through the gut epithelial barrier (15–18). This resulted in their uptake by small intestinal antigen-presenting cells, subsequent transport to the mesenteric lymph nodes and the induction of robust intestinal IgA responses. Recently, we fused the FedF tipadhesin from F18-fimbriated E. coli to porcinized APN-specific monoclonal antibodies. Upon oral administration to piglets both systemic and intestinal FedF-specific antibody responses were elicited. However, it remained unresolved whether these immune responses were sufficient to protect animals against infection with F18-fimbriated E. coli (15).

Post-weaning diarrhea and edema disease are important causes of illness in recently weaned piglets, leading to growth retardation, mortality and significant economic losses. The primary causative agents of these diseases are F4- and F18-fimbriated enterotoxigenic Escherichia coli (ETEC) and F18-fimbriated Shiga-toxin producing E. coli (STEC) strains (19). Current strategies for preventing infections in weaned piglets rely on good sanitation practices and the use of antimicrobial agents, such as antibiotics and zinc oxide. Due to concerns on increased antibiotic resistance, the preventive use of antibiotics in the pig industry has been banned in Europe since 2006, while the use of zinc oxide has also been restricted since 2022. For these reasons, the development of alternative strategies, like vaccines, to prevent disease is of utmost importance (20, 21). Currently, a live oral vaccine against F4- and F18-fimbriated ETEC, Coli-protec, is marketed (22). While live vaccines are efficient at preventing disease, some concerns have been raised on uncontrolled replication, severe inflammatory reactions, and the risk of reversion to virulence (23, 24). Additionally, the use of live vaccines precludes their use with other interventions that are aimed at preventing bacterial infections during the post-weaning period, such as antimicrobial compounds or feed supplements. For these reasons, there is currently a high need for the development of new oral vaccination strategies to prevent these bacterial infections in weaned piglets. Here, we further investigated the protective efficacy of our APN targeted vaccine candidate by challenging immunized piglets with an F18-fimbriated STEC strain.




2 Methods



2.1 Production of recombinant antibodies

The chimeric αAPN-pIgA-FedF fusion antibody was generated as previously described, using the variable regions of the porcine APN-specific IMM013 clone (mouse antibody) and the porcine constant light (AAA03520.1) and porcine IgA heavy (AAA65943.1) chains. The heavy chain was genetically fused to the tipadhesin FedF15-165 of F18 fimbriae (PDB entry: 4B4P) using a (G4S)3-flexible linker (25). Recombinant antibodies were secreted by CHO and subsequently purified using ammonium sulphate precipitation between 43 and 47% saturation and dialyzed against PBS. The final formulation of the purified product contained 600 µg/ml of the αAPN-pIgA-FedF fusion antibody and 20 mg/ml BSA, which serves as a decoy protein for proteolytic degradation in the small intestine (Figure S1).




2.2 Animals and immunization procedures

Sixteen conventionally reared piglets (Belgian Landrace x Pietrain) from a Belgian farm were weaned at 3 weeks and transported to our facilities. These animals were screened to be F18 fimbriae seronegative and F18 receptor positive using FUT1 genotyping (26). The piglets were housed in isolation units and treated with colistin (Colivet quick pump®, 6.4 mg/kg bodyweight) for 5 days before the start of the experiment. Animals were randomly divided in 2 groups of 8 animals and housed in a single unit. The piglets were orally immunized for 3 consecutive days, followed by a booster immunization 14 days post primary immunization (dppi). The gastric pH was neutralized by administration of Omeprazole (20 mg) 24 hours before each immunization and animals were deprived of feed and water 3 hours before and 1 hour after each immunization. Animals were immunized by oral administration with a syringe containing 3 mg of the recombinant αAPN-pIgA-FedF fusion antibody, 10 mg BSA as a decoy protein and adjuvanted with 50 µg cholera toxin (Merck, C8052) in 10 ml PBS for the vaccine group or 10 ml PBS for the control group. Blood was collected at 0, 14, 21, 28, 35, 42 and 49 dppi to analyze antigen-specific serum responses. The animals were euthanized at 49 dppi by intravenous injection of sodium pentobarbital 20% (60 mg/2.5 kg BW; Kela) and upon exsanguination, intestinal content was collected from the ileum for detection of antigen-specific IgA antibodies.




2.3 Challenge infection

Piglets were infected with an F18-fimbriated Shiga toxin-producing Escherichia coli (STEC) strain 2 weeks after the booster immunization (28 dppi). Therefore, the piglets were first sedated intramuscularly with Stressnil (2 mg/kg body weight), after which the pH of the stomach was neutralized with 62 ml NaHCO3 (1.4% w/v; intragastric administration). A half hour later, piglets were infected with 1011 F18+ STEC (F107/86 strain (O139:H1; F18ab+; Stx2e+; Streptomycin-resistant) in 10 ml PBS. The piglets were deprived of feed and water 3 hours before and 2 hours after the infection. Feces were subsequently collected for 12 consecutive days to monitor bacterial excretion. Therefore, fecal serial dilutions (5 to 0.00001%; w/v) were made in sterile PBS and plated onto blood agar (BBL™ Blood agar base infusion agar; BD Biosciences) plates containing 1 mg/ml streptomycin.

F18 fimbriae expression by the colonies was confirmed by dot blot. Briefly, PVDF membranes (Amersham™ Hybond™; Cytiva) were incubated in methanol for 10 minutes, washed in UP water, placed on the colony-containing bacterial plates and incubated for 2 hours. After an overnight blocking step in PBS + 5% milk + 0.2% Tween-80, the membranes were subsequently incubated for 1 hour at room temperature with a FedA-specific mouse monoclonal antibody (IMM02; in-house), followed by a 1 h incubation step with an anti-mouse IgG-HRP (P0260, dako). Membranes were washed with PBS 3 times for 5 min in between each incubation step. Positive colonies were subsequently detected by developing the membrane with 3-amino-9-ethylcarbazole (AEC). The reaction was stopped with UP water.




2.4 FedF-specific immune responses

Blood was collected from the jugular vein into a gel and clot activator tube (Vacutest, Kima). After 1h incubation at RT, tubes were centrifuged and serum was collected, inactivated at 56°C for 30 minutes and treated with kaolin to reduce background levels in ELISA. Serum samples were stored at -20°C until use. After euthanasia and exsanguination, intestinal content was collected from the ileum (0.25 g) and further homogenized in 5 ml ice-cold extraction buffer (0.1% BSA, 0.05% Tween-20 and Complete protease inhibitor cocktail (Sigma)) using glass beads. The supernatant (4 ml) was subsequently mixed with 1.25 ml glycerol and heated for 10 minutes at 56°C after which the samples were snap-frozen in liquid N2 and stored at -20°C for further analysis.

Maxisorp microtiter plates (96-well, Life Technologies) were coated with FedF (5 µg/ml; in-house) in PBS for 2h at 37°C (18). After overnight blocking at 4°C with PBS + 3% BSA + 0.2% Tween-80, different dilutions of serum or intestinal content were added in dilution buffer (PBS + 3% BSA + 0.2% Tween-20) to the wells. The serum was serially diluted starting at 1/25 dilution, while the intestinal content was diluted 1/2. After incubation for 1 h at 37°C, plates were washed and incubated for 1 h with HRP-conjugated mouse anti-pig IgG (1/1000; MabTech) or IgA (1/10000; Bethyl). Following 3 washes, ABTS was added and the optical density was measured at 405nm after 60 minutes incubation at 37°C using a spectrophotometer (Tecan SpectraFluor).




2.5 In vitro villous adhesion assay

An in vitro adhesion assay on small intestinal villi was performed as described previously (27). Briefly, jejunal villi were collected at euthanasia for all piglets and the binding of the F18-fimbriated STEC strain F107/86 to the villi was tested by adding 4x108 bacteria to an average of 50 villi in 500 µl PBS while gently shaking for 1h at room temperature. The villi were subsequently examined by phase-contrast microscopy at a 600x magnification. The mean number of bacteria adhering to the brush border were counted for 15 randomly selected places of 50 µm in length for each piglet (Figure S2).




2.6 Ethical statement

All animal procedures were reviewed and approved by the Ethical Committee of the Faculty of Veterinary Medicine of Ghent University (EC2021-025).




2.7 Data analysis

The data were analyzed using Graphpad Prism software version 9. Serum IgG responses and bacterial excretion numbers were analyzed using two-way ANOVA (mixed-effects model) with repeated measures. IgA responses between groups in the ileal content were analyzed using the Mann-Whitney test. Homogeneity of variances was assessed with Levene’s test. Multiple comparisons were corrected using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli. Differences were considered significant when the adjusted p-value <.05.





3 Results



3.1 Systemic and local immune responses after oral immunization with APN-targeted antigen

To evaluate the ability of the APN-targeted antibody-antigen fusion construct to provide protection against infection, a challenge infection experiment was performed (Figure 1A). To this end, piglets (n=8 per group) received orally the chimeric APN-specific porcine IgA-FedF fusion construct (Figure 1B; αAPN-pIgA-FedF) adjuvanted with cholera toxin in a prime-boost regime. Animals in the control group received PBS. The ability to elicit FedF-specific systemic and local immune responses was subsequently evaluated by ELISA (Figure 1C, D). Here, we showed increased FedF-specific serum IgG responses 28, 35, 42 and 49 days post primary immunization (dppi) for the APN-targeted fusion construct as compared to the control group (Figure 1C). No increased FedF-specific serum IgA responses were observed (data not shown). More importantly, FedF-specific IgA antibodies were increased in the ileal content (49 dppi) of piglets orally immunized with the APN-targeted fusion construct in comparison with the control group (Figure 1D). To confirm effective delivery of the oral vaccine, the IgG serum response against the adjuvant cholera toxin was also evaluated. As shown in Figure 1E, a strong increase could be observed for the immunized animals compared to the control group starting from 14 dppi  (Figure 1E). Since the vaccine construct contained the Fc domain of pig IgA and CT is a potent mucosal adjuvant, we wondered whether antibody responses against pig IgA were induced. Using ELISA,  pig IgA-specific IgG serum responses were not observed (Figure S3). These data show that the oral immunization with the APN-targeted FedF primed the immune system, which boosted the FedF-specific systemic and local immune responses upon challenge infection with an F18-fimbriated E. coli strain.




Figure 1 | Increased FedF-specific immune responses after oral immunization with an APN-specific antibody-antigen fusion construct. (A) Timeline of the experiment with days of oral immunization (O), challenge infection with an F18-fimbriated STEC strain (X), feces collection and blood collection time points. (B) schematic structure of the antibody-antigen fusion construct. (C) FedF-specific IgG serum responses from 0 to 49 days post primary immunization (dppi) and (D) FedF-specific IgA antibodies in the ileal content at the day of euthanization (49 dppi). (E) CT-specific IgG serum responses from 0 to 28 dppi. *Indicates a significant difference compared to the PBS control group. *: p <.05, **: p <.01, ****: p <.0001, n = 8 per group.






3.2 Rapid reduction and clearance of F18+ STEC after challenge infection

To assess whether the induced immune responses were sufficient to provide protection against infection, the piglets were challenged with an F18-fimbriated STEC strain at 28 dppi (Figure 1A). The bacterial excretion was monitored for 12 consecutive days. Here, a significant reduction (200-fold) in the bacterial excretion between the immunized animals and the control group could be observed starting from 7 days post challenge (dpc) (Figure 2A). Furthermore, the excretion levels of the infection strain dropped below the detection limit (2x102 CFU/g feces) in 62.5% of piglets in the immunization group at 9 dpc, compared to none of the piglets in the control group (Figure 2B). At the end of the fecal collection period (12 dpc), the percentage of piglets where the infection strain was no longer detectable increased to 87.5% for the immunized animals as opposed to 14.3% for the control group. These data clearly show that the immune responses elicited by oral administration of the APN-targeted antibody-antigen vaccine construct resulted in a more rapid reduction and clearance of the pathogen and partially protected the piglets from infection. This is further highlighted by the observation of severe symptoms of edema disease in one piglet of the control group, which had to be euthanized at 6 dpc. All animals were shown to be susceptible to F18+ E. coli infection postmortem using a villous adhesion assay.




Figure 2 | Rapid reduction and clearance of the pathogen after challenge infection. (A) Mean bacterial excretion over time after a challenge infection with an F18-fimbriated STEC strain. Error bars represent the standard deviation. The dashed line represents the detection limit (200 CFU/g feces). (B) The percentage of piglets with detectable excretion levels of the F18+ STEC strain over time. CFU: Colony forming units. dpc: days post challenge. *Indicates significant differences compared to the control group. **: p <.01, ***: p <.001. †one piglet in the control group was euthanized due to severe symptoms of edema disease. n = 8 per group.







4 Discussion

We have previously identified APN as an interesting target for the oral delivery of vaccine antigens, as binding of APN-specific antibodies towards APN leads to transcytosis through the intestinal epithelium and subsequent uptake by antigen-presenting cells. Targeting of the tipadhesin FedF, a protective antigen for F18-fimbriated E. coli, to APN using chimeric porcinized IgA antibody-antigen fusion constructs led to both systemic and mucosal immune responses after oral delivery and gave a first indication that APN targeting could be used for the development of new oral subunit vaccines (15–18).

In this study, we further explored the potential of APN targeting in oral vaccination and showed that the observed immune responses were sufficient to confer at least partial protection against infection by an F18-fimbriated STEC strain. A 200-fold reduction in bacterial excretion could be observed 7 days after the challenge infection for immunized piglets in comparison with control animals. Furthermore, the immunized piglets were able to clear the pathogen more rapidly. In 62.5% of the immunized piglets, the infection pathogen could no longer be detected 9 days after infection, increasing to 87.5% at the end of the fecal collection period (day 12). On the other hand, in the control group, not a single animal was able to clear the pathogen on day 9 and only one animal had completely cleared the pathogen at the end of the experiment. These results clearly indicate that the immunized animals were partially protected against infection. Furthermore, only in the control group, one animal suffered from severe symptoms of edema disease and had to be euthanized. Although morbidity rates can vary a lot between strains and usually remain low, mortality rates of affected piglets can go as high as 50 to 90% (28–31). Unfortunately, no firm conclusions can be drawn regarding protection against morbidity or mortality as the group sizes were too small and this was not the aim of the experiment. Further efforts should include a field trial to assess the efficacy of this vaccine candidate in preventing disease symptoms and mortality.

Although the induced immune responses were not sufficient to completely prevent pathogen colonization, this is not necessary to protect infected animals from severe disease symptoms and mortality. As was shown by Nadeau et al., a strong reduction in bacterial excretion levels can be sufficient to reduce the infection burden and resulting symptoms of ETEC/STEC infection (22). In that study, animals were orally vaccinated with the live-attenuated Coli-protec vaccine and infected with an F18-fimbriated E. coli strain, producing multiple toxins (9910297-2STM; STb+, LT+, East-1+, Stx2e+, F18ab+). Their results indicated that a reduction to around 106 CFU/g stool seemed to be sufficient to prevent most signs of infection, including mild to moderate diarrhea. In our experiment, the infection burden peaked within the first 5 days of infection, after which excretion levels dropped drastically. This indicates the presence of local immune responses sufficient to clear the pathogen. Although not significant, the peak excretion levels for the immunized animals also appear to be lower compared to the control animals, which reached peak excretion levels exceeding 108 CFU/g feces for three consecutive days. A further reduction of the peak bacterial excretion in the vaccinated animals by a factor 10 would result in excretion levels reaching 106 CFU/g, which would be similar to the results of Nadeau et al. and should be sufficient to prevent disease symptoms. Of note, vaccines that fail to completely block transmission of the target pathogen might be a risk for the emergence of vaccine-escape mutants.

The observed reduction in bacterial excretion could be further strengthened by increasing the local antibody immune response against the vaccine antigen. It is known that FedF has a poor immunogenicity and we previously showed this can be attributed to its immune suppressive properties by decreasing the antigen-presenting capacity of intestinal antigen-presenting cells (15). This is further highlighted by the fact that no significant increases in FedF-specific serum IgG and IgA in the ileal content could be observed in the control group 3 weeks after the challenge infection. Besides targeting towards APN, the immunogenicity of FedF could be further improved by multimerization. This strategy is known to promote antigen recognition of low affinity B-cells and promote their differentiation to antibody-secreting plasma cells (32). What is also worth considering is that subunit vaccines based on a single antigen might fail to provide sufficient protection, even if strong immune responses to the target antigen are induced. Therefore, it might be interesting to develop a multivalent vaccine. In particular for targeting F18-fimbriated ETEC/STEC infections, the major fimbrial subunit FedA might provide another interesting candidate as a vaccine antigen. A multivalent vaccine approach would also have the advantage that different strains can be targeted. For example, by combining the FaeG subunit of F4 fimbriae and the FedF subunit of F18 fimbriae, a multivalent subunit vaccine targeting the two most common causative agents of post-weaning diarrhea and edema disease could be developed. Our vaccine candidate contained cholera toxin (CT). While CT is a potent mucosal adjuvant, it is also toxic to humans. As such, adjuvating our vaccine candidate with CT might pose a risk for personnel and detoxified mmCT might be a better alternative (33).

Because our vaccine candidate uses a porcine IgA Fc domain, the antibody-antigen fusion construct might be recognized by FcαRI (CD89) expressed by myeloid cells, such as monocytes, macrophages and specific dendritic cell subsets (34, 35). FcαRI binds IgA at the CH2-CH3 interface. While the FedF15-165 antigen is fused to the CH3 domain, it most likely does not block recognition of IgA by FcαRI, as fusing FedF to mouse IgG1 did not interfere with protein G-mediated purification (15). Protein G binds the Fc domain of IgG at the CH2-CH3 interface. Since binding of monomeric IgA to FcαRI can elicit an inhibitory signaling cascade in FcαRI-expressing immune cells, this interaction could result in a reduced immunogenicity of our vaccine candidate (36). However, FcαRI is not yet well characterized in pigs. Further research is thus needed to elucidate whether our constructs elicit FcαRI-mediated signaling in porcine immune cells and whether this synergizes with APN-mediated signaling.

In conclusion, the results presented here provide evidence for APN targeting as a promising new technology for delivery of vaccine antigens to the gut immune system and will contribute to the development of new and effective oral subunit vaccines. If the immunogenicity of FedF can be further improved, this could lead to the development of a novel subunit vaccine capable of protecting piglets against edema disease. Furthermore, as APN is a highly conserved protein, this vaccine delivery technology could be translated to other species as well, including humans.
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Supplementary Figure 1 | Purity of the porcine IgA-FedF fusion constructs. Coomassie staining (left) and BSA-specific western blot (right) of the vaccine candidate after ammonium sulphate precipitation and dialysis in PBS. DC: Precision Plus Protein Dual Color Standard (Bio-rad). MM: MagicMark™ XP Western Protein Standard (Thermo Fisher).

Supplementary Figure 2 | In vitro villous adhesion assay. The average number of bacteria adhering to the brush border of the jejunal villi was calculated for each piglet after incubation with an F18-fimbriated STEC strain (F107/86). The dotted line indicates the susceptibility threshold (5 bacteria/250 µm villi). Numbers on the x-axis indicate the individual piglets.

Supplementary Figure 3 | No pig IgA-specific IgG antibodies could be observed in the pig serum after immunization. A porcine IgA-specific ELISA was performed by coating a Maxisorp plate with a polyclonal anti-pig IgA antibody (10 µg/ml), followed by IgG-depleted pig serum (diluted to 10 µg/ml porcine IgA). The binding of the porcine IgA from the serum to the capture antibody was confirmed using an HRP-conjugated anti-pig IgA antibody. After blocking with BSA (1%), serum (1/10 dilution) from the different piglets (n = 8 per group) at 0 and 28 days post primary immunization (dppi) was incubated and detected with an HRP-conjugated anti-pig IgG antibody. The optical density (O.D.) was measured at 405nm after 60 min incubation with ABTS at 37°C. In between each incubation, three wash steps were performed with PBS + 0.2% Tween-20. Data is shown as the average ± standard deviation.
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The immune system in the upper reproductive tract (URT) protects against sexually transmitted pathogens, while at the same time providing immune tolerance responses against allogenic sperm and the developing fetus. The uterine environment is also responsive to hormonal variations during the estrus cycle, although the most likely timing of exposure to pathogens is during estrus and breeding when the cervix is semi-permissive. The goal for intrauterine immunization would be to induce local or systemic immunity and/or to promote colostral/lactogenic immunity that will passively protect suckling offspring. The developing fetus is not the vaccine target. This minireview article focuses on the immune response induced in the pig uterus (uterine body and uterine horns) with some comparative references to other livestock species, mice, and humans.
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1 Introduction

Unlike many other large livestock animals, pigs are not immobilized in headgates during handling; therefore, delivery of vaccines can be difficult and a potential safety hazard, especially in terms of the risk of needle-stick injuries (1). Before immunization can take place, the animals need to be snared or moved into crates, both of which require more than one person. Like other agriculture sectors, the pig industry is experiencing a labor shortage, and novel ideas to eradicate inefficiencies within the barns may help bridge these gaps. To that end, vaccines that can be administered without needles and at a time when animals are immobilized (without the need for multiple workers) would be well-received by the swine industry. Sows and gilts are bred during estrus when the cervix is semi-permissive and, upon being exposed to the boar or boar pheromones, they become temporarily rigid in preparation for mounting, referred to as lordosis (2). Because they are temporarily immobilized, the sows and gilts are safe to immunize and other barn personnel are not required to snare the animals, meaning that two tasks can be accomplished at once (breeding and immunization) with reduced laborers. Further, because breeding takes place more than two times per year, the timing of intrauterine immunization is optimal for induction of immunity (3–5). Reports on the innate and adaptive immune response in the uterus support the hypothesis that the uterus may be amenable to an immune induction site, although care should be taken to avoid induction of non-tolerizing response to sperm and seminal fluid constituents.




2 Innate immune responses in the uterus and uterine horns

It has lately been appreciated that the uterus and uterine horns have their own microbiome (6). The gut microbiome in the sow can be modulated in response to antimicrobials, reproductive stages, feed and supplements, pathogen exposure as well as vaccines (reviewed in (7)). The impact of these factors on the sow uterine microbiome needs to be explored, as does the potential impact that an intrauterine vaccine may have on the microbiome of the uterus and other sites.

The uterine microenvironment is under immune surveillance and is reactive to foreign antigens (8). Sperm deposited in the uterus triggers a natural immune response, which serves both to clear the uterus of excess sperm (9, 10) as well to accommodate the embryo for implantation (11). Studies in livestock bred by AI showed that spermatozoa, seminal plasma, and extender trigger rapid and transient neutrophil infiltration into the lumen and an inflammatory response, complete with cytokine and chemokine induction (12–15). Studies in pigs show that semen extender and seminal plasma alone induced interleukin (IL)-10, transforming growth factor (TGF)-β, IL-8, and tumor necrosis factor (TNF)-α gene expression but that when combined with spermatozoa, the expression of these genes is reduced (16). Sperm has been shown to promote immune tolerance via signaling through Toll-like receptor (TLR) 4 (17, 18). Furthermore, seminal fluid antigens activate regulatory T cells in the uterus draining lymph node, which dampens the immune response in the uterus to tolerate the antigens present in the embryo (19).. Others show that semen extender triggers induction of granulocyte-macrophage colony-stimulating factor (GM-CSF) and a corresponding increase in major histocompatibility complex (MHC) class II-positive cells in the uterine lamina propria and directly basolateral to the epithelial layer (20). The extent to which a vaccine coupled with artificial insemination will influence the sperm and seminal fluid’s role in evoking or dampening an immune response has not been fully elucidated.

Recruitment of antigen-presenting cells (APC) to the lumen or the uterine tissue may be key to an effective intrauterine (i.u.) vaccine that is delivered in combination with a semen extender. Boar semen combined with three adjuvants (poly I:C, host defense peptide, and polyphosphazene (Triple Adjuvant; TriAdj)) administered to the uterus was shown to trigger changes in localized gene expression and cellular recruitment in vivo and greatly increased the number of neutrophils in the uterine lumen (12, 21). These data suggest that sperm, semen, semen extender, and adjuvants may augment local immune response and, therefore, may influence the immune response to intrauterine vaccines. Our results in pigs have shown that vaccines coupled with sperm at the time of breeding does not affect reproduction, but the effect of multiple breedings/vaccinations should investigate whether anti-sperm antibodies do increase (22). Caution should be used to formulate the vaccine so that it does not trigger the induction of anti-sperm antibodies, which may cause infertility (23).




3 The uterus as an immune induction site

Intrauterine immunization is a novel approach and currently, published data have been limited to rodents and pigs. In mice, prior i.u. exposure to live Chlamydia trachomatis (Ct) generated protective immunity against subsequent challenge, suggesting that the uterus can act as an immune induction site (24, 25). Further, immunization with ultraviolet light (UV)-inactivated Ct (UV-Ct) complexed with charge-switching synthetic adjuvant biodegradable nanoparticles (cSAPs) elicited long-lived protection in conventional and humanized mice (24). Mice immunized with UV-Ct alone generated regulatory T cells and an accumulation of tolerogenic CD11b-CD103+ dendritic cells (DCs) that exacerbated subsequent Ct infection, whereas mice immunized with UV-Ct-cSAP exhibited elevated immunogenic uterine CD11b+CD103- DCs that led to effector T cells seeding the uterine mucosa with resident memory T (TRM) cells (24). These data suggest that the inclusion of mucosal adjuvants may be critically required for protective i.u. immunization.

The hormonal state may also impact the immune response as although DCs in the decidua of pregnant mice retain responsiveness to pro-inflammatory stimuli and migration capacity towards CCL21, these cells are prevented from trafficking to the draining lymph node (LN), possibly to promote T cell tolerance to fetal antigens (26). These data suggest that DCs may have region-specific or timing/hormone-specific responses. Understanding the mechanism of action of adjuvants and the cells they target should continue to be a research focus for i.u. vaccines.

Recent studies in pigs show that the uterus can act as a site of booster immunization and/or as an immune induction site. In a previous study, sows that had been immunized repeatedly with the Porcine ParvoShield L5E Swine Vaccine® (Elanco Animal Health) by the intramuscular (i.m.) route at each parity were bred with semen alone or semen plus BEI-inactivated porcine parvovirus (1 × 107 TCID50 PPV (NADL-7) formulated with a combination adjuvant (TriAdj; host defense peptide, poly I:C, and polyphosphazene) (21). This vaccine was not spermicidal. Positive control sows received i.m. ParvoShield® vaccine as they entered farrowing crates. Serum antibody titres against viral protein 2 (VP2, one of the capsid proteins of PPV) were comparable between the positive control sows and sows immunized by the uterine route, suggesting that the uterus could act as a site of booster immunization to an inactivated virus (21). When sows were bred with the immunogenic recombinant spike protein from a porcine epidemic diarrheal virus (rPEDVS) plus TriAdj adjuvants, the anti-PEDVS serum and uterine antibodies were low in the i.u.-vaccinated gilts (22). These data suggest that a single primary immunization delivered into the uterus may not be sufficient to evoke a systemic or mucosal humoral immune response (21). Importantly, there was no difference in the viable fetus/corpus luteum ratio after 30 days between i.u.-vaccinated and control sows, suggesting that the i.u. vaccines did not impact fetal development.

To assess whether multiple i.u. vaccines could trigger a robust immune response, gilts were bred with heat-inactivated extended semen containing rPEDVS formulated with TriAdj. The gilts returned to estrus after 21 days and they were rebred with the same inactivated semen and vaccine, suggesting that i.u. immunization did not impact hormonal cycling. When they returned to estrus again, they were bred with live semen plus the vaccine (22). Control gilts were administered semen alone at second estrus following common industrial breeding practices. Litter weights and the number of live to non-viable piglets were comparable, indicating that the three-times-administered i.u.-vaccine did not appear to impact fertility. The i.u.-vaccinated gilts showed significant PEDVS-specific serum, colostral, and uterine antibody titers, and low-level colostral PEDVS-neutralizing antibodies. Serum from piglets born from i.u immunized gilts showed increased antibody titers compared to control piglets (22), which showed that i.u vaccines can induce higher maternal antibodies. Piglets born to i.u.-vaccinated gilts received partial passive protection from PEDV infection 3 days after birth but eventually succumbed to the disease (22). Collectively, these data indicate that the porcine uterus could act as an immune induction site, but that more than one dose is needed, at least when TriAdj is used as the vaccine adjuvant (22). In a follow-up trial, the rPEDVS vaccine was formulated with polymeric poly-(lactide-co-glycolide) (PGLA)-nanoparticle (NP) including a muramyl dipeptide analog and a monophosphoryl lipid A (MPLA) analog as adjuvants (NP-PEDVS) (27). The gilts responded with significant induction of serum anti-PEDVS-IgG following the single dose after 30 days, suggesting that an NP vaccine may be suitable for primary i.u. vaccination. Collectively, these experiments indicate that the pig uterus can act as an immune inductive site when the vaccine is administered at breeding, but that the use of robust adjuvants (that are formulated to not be spermicidal) may be critical to vaccine efficacy. In addition to rodents and pigs, it would be interesting to see the results on other animals that breed via AI such as cattle and horses.

Intradermal (i.d.) vaccination is also an alternative to i.m. immunization which results have shown can induce a comparable or better immune response (28). In some instances, i.d. immunization requires needles administered using the Mantoux technique, which requires 5–15° injection angle into the skin going approx. 1 mm deep (29–31). This technique requires persons be trained and it can be difficult to use on a non-anesthetized animal (31, 32). Administration of i.d. vaccines using bifurcated needles or multipuncture devices can be complicated by uneven antigen delivery (33). In contrast, i.u. immunization takes advantage of breeding practices and does not require specialized skills from the administrator.




4 Mechanism of action



4.1 Uterine epithelial cell pattern recognition receptors

As in other mammals, the porcine uterus/uterine horn is lined with a single layer of simple columnar cells with tight junctions between the cells to control passage, and the tight junctions are regulated by the hormonal state, cytokines, growth factors, TLR agonists, and pathogens (34–36). The underlying endometrial layer has a superficial functional layer (stratum functionale) and a deeper basal layer (stratum basale) with glandular epithelial cells forming tubular glands that spiral into the tissue (37, 38). The endometrium undergoes changes in the branching of the glands and growth, including changes in endometrial thickness and epithelial cell height in response to the estrus cycle (37, 39, 40).

The epithelial and endometrial layer of the uterus expresses several pattern recognition receptors that may play a role in the uterine immune response. TLRs are membrane-spanning receptors on the uterine epithelial cell surface that identify the pathogen-associated molecular patterns (PAMPs) present in bacterial, fungal, and viral pathogens and initiate innate immune responses (41, 42). Analysis of mRNA expression levels performed on isolated and cultured pig primary uterine epithelial cells showed that TLRs 1-7 and 9, NOD1, NOD2, NLRP3, NLRP6, NLRX1, RIG1, MDA5, and LGP2 are expressed (43). Polarized primary uterine epithelial cells (UECs) stimulated with TLR3, TLR4, and TLR9 ligands showed induced secretion of IL-6, IL-13, and IL-10, respectively, indicating that these receptors were functional (43). Polarized uterine epithelial cells stimulated with a TLR3 agonist showed increased expression of interferon (IFN)-β, TNF-α, IL-8, CCL2, CCL3, CCL4, and CCL-20 (21). Further, laser-captured uterine epithelial cells obtained one day after being bred with semen plus an adjuvant cocktail containing a TLR3 agonist showed significantly increased CCL2, suggesting that pig uterine epithelial cells are responsive to immune stimuli (21). Immunohistofluorescence and immunofluorescence performed on pig uterine tissue and in polarized pig primary UECs indicated that TLR3 and TLR9 localizes to the apical cell surface, whereas TLR4 localizes to the intracellular space (43). Surface localization of TLR3 in pig uterine epithelial cells shows agreement with uterine epithelial cells in humans (44, 45) and rabbits (46); continued research in this area shows that the ‘canonical’ localization patterns of TLRs may not be conserved across the cell and/or tissue types and may also vary in response to stimulation, age, disease, or cellular environment (reviewed in (43)).




4.2 Immune cells in the uterine lumen and endothelium

Cells in the uterine lumen and endometrium are sensitive to changes in the hormonal environment. We limited the scope of this mini-review to the estrus cycle when the cervix may be permissive to vaccines. Immune cells in the endometrium are primarily lymphocytes, with some macrophages and APCs and large numbers of neutrophils; these levels tend to be at their highest during estrus (38, 40). Macrophages, DCs, lymphocytes, and granulocytes migrate from the blood to subepithelial tissue where they may persist (20, 47). Neutrophils are found close to the basal lamina of the surface epithelium and the subepithelial capillaries at pre-estrus and estrus (48, 49). They migrate into the uterine lumen after breeding where they eliminate a large number of spermatozoa and microbes present in boar semen (47, 50) and they usually die after 24 hours (20).

Uterine APCs, such as macrophages and DCs, are present throughout the endometrium during estrus; however, at other stages of the estrus cycle, they are found deeper in the lamina propria and rarely reside directly below the surface epithelium (40, 51). In mice, macrophages can be identified by the expression of the cell surface F4/80 and can be positive or negative for the surface marker CD11c (52, 53).. Macrophages are the most abundant professional APC in the human uterus (54). DCS can be characterized into 3 major subsets: plasmacytoid DC (pDC), conventional DC1 (cDC1), and conventional DC2 (cDC2) populations based on cell-surface markers and transcription factors such as interferon regulatory factors 8 and 4 (IRF8 and IRF4) (55–57). Once DCs capture antigens, they become mature and migrate to lymphoid structures to present antigens to T cells (58). DCs in the uterus are characterized as having high levels of major histocompatibility complex class II. In mice, cDC1 cells in nonlymphoid tissue, such as the uterine tissue, can be either CD103+CD11b− cDC1 and CD11b+ cDC2 (59). CD103+ cDC1 has two principal functions, i.e., priming CD8+ cells by cross presentation and induction of tolerance (60). pDC1 cells mainly produce high type I IFN in response to viral infection (61) whereas CD11b+ cDC2 drives the CD4+ T helper 2 (TH2) and 17 (TH17) response (62). In pigs, subsets of DCs are identified and characterized as cDC1: CD135+CD14-CD172alowCADM1+wCD11R1+ cells; cDC2: CD135+CD14-CD172a+CADM1+CD115+wCD11R1+CD1+ cells; and pDCs: CD4+CD135+CD172a+CD123+CD303+ (63).

In pigs, plasma cells are dispersed throughout the endometrium with a predominance of IgG-secreting plasma cells (38, 38). The most prevalent cell type at all stages of the estrus cycle is the CD2+ cell (48) with CD8+ cells being present more frequently than CD4+ T cells in the surface epithelium compared to the CD4+, and more CD4+ cells than CD8+ cells in the glandular connective tissue (51). In the connective tissue of the subepithelial layer, there is no significant effect of the estrus cycle stage on the numbers of CD2+, CD4+, and CD8+ cells (49).




4.3 Antigen presentation

For an immune response to occur, APCs need to internalize the antigen, process it, and present it to T cells on MHCI or MHCII proteins (64, 65). The quality and direction of the adaptive response depends on how the APCs react to the adjuvant, leading to the secretion of select cytokines (66, 67).. In the human uterus, antigen presentation on MHC class II can be performed by professional APCs as well as uterine epithelial cells (68, 69). In contrast, in pigs, SLA-DRA gene expression was not detected in any uterine epithelial cells, indicating that pigs do not express the porcine equivalent of MHC class II (21). These data suggest that there are species-specific differences between the roles of epithelial cells in immune activation in the uterus and that pig uterine epithelial cells do not act as APCs.

The upper reproductive tract does not contain the mucosal-associated lymphoid tissue (MALT) thought to be critically required for the induction of an immune response (70). There is limited evidence that the pig’s upper reproductive tract has lymphoid aggregates that may be acting as a limited MALT. One study showed that in 3 out of 6 sows studied, aggregations of lymphocytes were noted in the subepithelial connective tissue of the cervix (https://stud.epsilon.slu.se/12300/1/edstrom_k_171031.pdf). Another study referred to an unpublished observation that reported 50% of ancestral multiparous sows had a few small lymphocyte aggregations in the endometrium at weaning (71). Other studies show that lymphoid aggregates are present throughout the uterus, usually within the surface and in the glandular epithelium, and vary in size throughout the estrous cycle stages (72, 73). In the glandular epithelium, CD4+ cells are absent, CD8+ cells typically increase during estrus whereas CD2+ cells are at most during estrus and early diestrus. On the surface epithelium, more CD4+ are found over CD8+ cells during estrous, whilst CD2+ cells are in high numbers both during estrus and early diestrus (73).

The human uterus has lymphoid aggregates in the endometrial tissue at the basal and functional area of the uterus near the uterine epithelial glands (74). These aggregates are comprised of CD19+ B cells surrounded by numerous (and primarily CD8+) T cells and an outer layer of monocytes or macrophages (75, 76). The size of the lymphoid aggregates varies with the estrus cycle. It appears to be the largest during the secretory and proliferative phases; this is consistent with an increase in the immune cell trafficking into the endometrium, which may contribute to the larger lymphoid aggregate in the secretory phase (75, 77).

In the subepithelial stromal layer of the endometrium of the bovine uterus, isolated lymphoid nodules and aggregates predominantly comprised of clusters of B and T-lymphocytes have been reported (78, 79) (80). B lymphocytes were also observed as a small aggregate deep in the stroma or adjacent to blood vessels in the myometrial layer of the uterus, possibly recruited to the mucosal surfaces in response to the chemokines secreted during infection (81–83). These studies indicate there may be species-specific differences in how vaccines in the uterine lumen mediate the immune response, and/or it is possible that uterine vaccination would require transport of the vaccine across the epithelial barrier.




4.4 Transport of molecules across the epithelial barrier

Tight junctions between UECs limit the transport of molecules across the epithelial barrier. The predominant method for transporting macromolecules across an epithelial cell wall would be through pinocytosis, which involves transporting macromolecules into or across the cell using vesicles. Pinocytosis is a form of endocytosis that is not receptor-mediated and is therefore non-specific. Pinocytosis involves the internalization of the plasma membrane to form a vesicle that contains extracellular fluid, and any molecules present in that fluid. Studies in other epithelial cell barriers such as in alveoli and the intestine have shown that pinocytosis occurs in a non-specific fashion and transports macromolecules across the epithelial cells at a rate proportional to their size (84) and that negatively charged nanoparticles are more efficiently transported (85). Although there is limited data on the mechanisms of pinocytosis by UECs and how the size or charge of particles impacts their transport, there is evidence of molecules being transported in a luminal to basolateral direction, which could be used by intrauterine vaccines (86).

Another mechanism of transport across the uterine epithelial cell barrier may include receptor-mediated transport using antibody transporters. For example, despite its name, neonatal Fc receptor (FcRN) is expressed by both porcine and human UECs into adulthood (87, 88). IgG can be bi-directionally transported between neutral environments through FcRN-mediated transport (89, 90). The transfer of IgG by FcRN in the human female reproductive tract has been confirmed (87). It is possible that by binding to the vaccine antigen, FcRN-IgG transportation could deliver the antigen and possibly the associated vaccine components across the epithelial wall. Further, polymeric immunoglobulin receptor (pIgR)-mediated transport for the secretion of sIgA has been well described and is known to be carried out by uterine epithelial cells (88), although IgA is not the predominant immunoglobulin secreted into the uterine lumen. Thus, antibodies bound by these receptors could transport coupled antigens across the epithelial barrier. Future studies should investigate where the vaccine components localize and are taken up by innate immune cells when they are formulated as soluble or particulate vaccines.

A summary of how intrauterine immunization can impact the pig industry and factors that may influence immune activation are presented in Table 1.


Table 1 | Impact of intrauterine immunization.







5 Discussion

The uterus is known to exhibit inflammatory responses and there is evidence that it can act as an immune induction site. Studies are needed to determine whether intrauterine vaccines trigger immune cell recruitment into the lumen, which is critical for induction of immunity, or whether the antigen traverses the uterine wall to trigger immunity. How the antigen traverses the uterine wall (i.e., via paracellular transport or transcytosis, uptake by dendritic cells extending dendrites into the lumen, etc.) and whether the antigen is presented to draining LNs or lymphoid aggregates should also be investigated. Once it is clear how the uterus acts as an immune induction site, vaccines can be formulated to exploit this mechanism of action. Coupling breeding with vaccination should reduce the number of personnel required for handling and would not require any special training, making it a potentially important new route of immunization for the pig industry. The effect of multiple rounds of i.u. immunization on sperm tolerance and the uterine microbiome must be investigated further, with each new vaccine formulation.
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Target species

Cattle Poultry Rodents*
B7 (34-37) (38-40) (41) - - - (40, 42, 43)
CCR1/3/5 - (44) ‘ = (45) = = =
CDllc (46) (47, 48) ‘ - (49) - - -
CD163 - (50) - - - - -
CD40 (51, 52) - ‘ (53) (54-56) (57) - -
CD83 - - - (58, 59) - - -
DCs - (60-65) (66) (67-71) - - (60, 65, 66, 68, 72)
DC-SIGN - (73, 74) - - - - -
DEC205 (46, 75) (73,76,77) (25) (49, 78-80) - - (75)
FoR - (81) - - - - -
Langerin = (73, 82, 83) - - - - -
M cells = ‘ - - - - = (84)
MMR - (85-87) - - - - -
MHC-II - (24, 88, 89) (90-94) - (95) (24) (24, 91-95)
Sialoadhesin - (50, 96, 97) - - = = =
XCRL - (48, 98, 99) (100) - - - -

*Included mice, rabbits, and guinea pigs. We included rodents and ferrets since they were used to evaluate antigen-targeting vaccines for veterinary medicine purposes. The extended information
is listed in detail in Supplementary Table 1.
Symbol "-" represents the absence of antigen-targeting reports in those animal species.
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% cumulative mortality

Immunization® Challenge®

N2G5C3 0 68 23
N2G4C3 0 18 45
N2G3C4 0 68 23
N2G5C1 0 2 64
N2G1C4 0 26 70
N2G1C5 0 52 41
Control* 0 88

*Group of 50 sole (mean weight of 4 g) were immunized by injection with the indicated viruses (1 x 10° PFU/fish).
Cumulative percent of mortality at day 25 postimmunization.

NNV challenge was performed by bath immersion (1 x 10° TCIDso/mL) at day 25 postimmunization and ended at day 56.
IRelative percent survival (RPS) = 1 - (percent mortality in group/percent mortality in control) x 100 (42).

“Group of 50 fish immunized with virus-free culture medium and challenged with NNV at day 25 postimmunization.
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Primer
5NNV CP
3NNV CP
5NNV CAP
3NNV CAP
5NNV LP
5NNV LP2bis
5NHPA
3NHPA
5PPML
3PPML
5MSNA
3MSNA
5GBST
3GBST
5NVPME
3NVPME
5VHSN_Spe
3VHSN_Spe
5VHSN_Pml
3VHSN_Pml
5VHSP_Hpa
3VHSP_Hpa
5VHSG_Snab
3VHSG_Snab
S5VHSM_BstZ
3VHSM_BstZ
5VHSM_Snab
3VHSM_Snab
5VHSG_BstZ
3VHSG_BstZ
5VHSG_Pml
3VHSG_Pml
5SP_LP2
3LP2_TM
5VHSgfpPsi

3VHSgfp
Psi/Spe

Sequence (5’ to 3')?
CCCGCTAGCATGGTACGCAAAGGTGATAAGAAATTGG
GGGCACGTGTTAGTTTTCCGAGTCAACACGGGTG
CCCGCTAGCGTACGCAAAGGTGATAAGAAATTGGC
GGGCACGTGGTTTTCCGAGTCAACACGGGTGAAGAGC
CCCGCTAGCACACCTGAGGACACCACCGCTCCAATTACTACC
CCCCACGTGACACCTGAGGACACCACCGCTCCAATTACTACC

CAAAAGAACTCAGTGTTAACATGGAAGGAGGAATCGTGC

GACTACCCCGAGGACTCTGACTAAGTTAACCTCCCGTCTCATAACC

GCAAGACAAACACTGAGATCACGTGATGGCTGATATTGAGATGAGC

GGACAAGCTAGAGTAGCACGTGCACAACGCATCACACAG

GGCAACCAACAACTTACGTAATGGCTCTGTTCAAAAGAAAGCG

CCTCTGTCCGACCTTGGTAGTACGTAAGGACCGACTCAGGC

GTACACAACAAGCTAGAGTATACATGGAATGGAACACTTTTTTCTTG

CTAGAAGTCAGACGGTCTGAGTATACCTGTCCGAATGACC
GGCACCTTTATGATGTTTAAACATGGCGACCCAACCCGCGC
GGCTCTGGGCTCACCTCCTGAGTTTAAACGCCGTCTCTCAG
ACTAGTATGGAAGGAGGAATTCGTGCAGCG
ACTAGTTTAGTCAGAGTCCTCGGGGTAGTCG
AGTCACGTGATGGAAGGAGGAATTCGTGCAGCG
GAGCACGTGTTAGTCAGAGTCCTCGGGGTAGTCG
GATGTTAACATGGCTGATATTGAGATGAGCGAGTCCTTGG
GTGGTTAACCTACTCTAGCTTGTCCAGCTCCGCC
AGATACGTAATGGAATGGAACACTTTTTTCTTGGTGATC
CAGTACGTATCAGACCGTCTGACTTCTAGAGAACTGCTGC
ACTGTATACATGGCTCTGTTCAAAAGAAAGCGCACC
CCTGTATACCTACCAAGGTCGGACAGAGGAGGTTCCAG
TACGTAATGGCTCTGTTCAAAAGAAAGCGCACC
TACGTACTACCAAGGTCGGACAGAGGAGGTTCCAG
GTATACATGGAATGGAACACTTTTTTCTTGGTGATC
GTATACTCAGACCGTCTGACTTCTAGAGAACTGCTGC
CACGTGATGGAATGGAACACTTTTTTCTTGGTGATC
CACGTGTCAGACCGTCTGACTTCTAGAGAACTGCTGC
ACATACGTAATGGACACCACGATCACCACTCCG
ATGTACGTATCAGACCGTCTGACTTCTAGAGAACTGCTG

CGATTATAACAAGACAAACAACTAGTATGGTGAGCAAGGG

ATTCTTATAATCGTGCCGTTTTTTTCTATCTATGACTAGTTTACTTGTACAGCTCGTCCATGCCG

a. Restriction enzyme sites are underlined; mutated nucleotides are boldfaced.

Restriction site

Nhel
Pmil
Nhel
Pmil
Nhel
Pmll
Hpal
Hpal
Pmil
Pmil
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SnaBI
BstZ171
BstZ171
Pmel
Pmel
Spel
Spel
Pmil
Pmil
Hpal
Hpal
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BstZ171
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% cumulative mortality

Immunization® Challenge®
N2G5C3 0 82 16
N2G4C3 4 54 4
N2G3C4 0 82 16
N2G5C1 8 12 80
N2G1C4 0 2 78
N2G1C5 0 48 51
Control* 0 98 _

*Groups of 50 trout (mean weight of 0.81 g) were immunized by bath immersion with the indicated viruses (5 x 10* PFU/mL).

Cumulative percent of mortality at day 35 postimmunization.

VHSV challenge by bath immersion (5 x 10* PFU/mL) was performed at day 35 postimmunization and ended at day 61.
9Relative percent survival (RPS) = 1 - (percent mortality in group/percent mortality in control) x 100 (42).
“Group of fish immunized with virus-free culture medium and challenged with VHSV at day 35 postimmunization.
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beads) P Mw P (average)
PhaC- 219 15 14.60 7.38
MAP 96 75 12.80 130 65.7 0.51 647 5.96 5031
fusion
antigen 26 3.25 8.00 4.04

The concentration of MAP fusion antigen on protein particles was calculated by densitometry analysis on purified PhaC-MAP fusion protein particles separated on SDS-PAGE (
). Bovine serum albumin was used as a standard to quantify amount of MAP fusion antigen.
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