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Introduction

Many countries use commercial foot-and-mouth disease (FMD) vaccines to prevent FMD pandemics, but these vaccines have disadvantages, such as repeated vaccinations due to the short persistence of antibody (Ab) titers and incomplete host defense despite high Ab titers. To address these shortcomings, we aimed to develop a novel FMD vaccine containing furfurman as an adjuvant.





Method

To demonstrate the efficacy of the test vaccine, adaptive immunity was evaluated by measuring Ab and neutralizing Ab titers and host defense against viral infections in experimental and target animals. In addition, the expression levels of cytokines [interferon (IFN)α, IFNβ, IFNγ, interleukin (IL)-1β, IL-2, and IL-12p40] were evaluated at the early stages of vaccination to confirm the simultaneous induction of cellular and humoral immune responses induced by the test vaccine.





Result

The groups that received vaccine containing furfurman showed a strong early, mid-term, and long-term immune response and host defense against viral infections compared to the control groups. The significant upregulation observed in cytokine levels in the furfurman group compared to those in the control groups strongly suggest that the test vaccine strengthens cellular immune response and effectively induces a humoral immune response.





Conclusion

Our study demonstrated that furfurman, as an FMD vaccine adjuvant, achieves long-lasting immunity and host defense against viral infections by eliciting potent cellular and humoral immune responses. Therefore, our findings contribute to the design of next-generation FMD vaccines and highlight the potential application of furfurman as an adjuvant for other viral diseases.
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1 Introduction

Foot-and-mouth disease (FMD) is a highly contagious viral disease that affects livestock, such as pigs, goats, and cattle. FMD spreads primarily through aerosols, and symptoms can appear two to three days after infection in animals. Typical clinical symptoms of FMD infection include blisters, drooling, loss of hooves, and death in young animals (1). The FMD virus (FMDV) belongs to the Picornaviridae family and is broadly divided into seven serotypes with numerous subtypes. It is difficult to control FMD because cross-protection between the seven FMDV serotypes is not possible (2).

Majority of the commercially available FMD vaccines that are currently being used to prevent FMD pandemics are inactivated FMD vaccines, which use inactivated whole FMDV as antigens. Commercial FMD vaccines have major drawbacks, such as low antibody (Ab) titers in pigs compared to those in cattle, short persistence of Ab titers, and incomplete humoral immunity-mediated host defense (3). To overcome these shortcomings, we used furfurman as an FMD vaccine adjuvant. In a previous study, FMD vaccines containing various pattern recognition receptor (PRR) ligands elicited high Ab and virus-neutralizing (VN) titers in pigs (4). Furfurman is a dendritic cell (DC)-associated C-type lectin-2 (dectin-2) agonist and C-type lectin-like receptor (CTLR) that stimulates the secretion of Th17 cytokines, such as interleukin (IL)-23, IL-17A, and IL-6 (5). CTLRs such as dectin-1, dectin-2, and Mincle stimulate the innate immune system of host. Among the many CTLR family members, those that are critical for stimulating innate and adaptive immunity include dectin-1 and dectin-2 (6). The well-known function of CTLR is to uptake antigens and present them to T cells. Another function is that it stimulates downstream NF-κB signaling pathways and then leads to the secretion of inflammatory cytokines, which then contributes to innate and adaptive immunity (7–9). Dectin-2 is expressed on many immune cells, such as neutrophils, macrophages (MΦs), and DCs (10, 11). Downstream signaling of dectin-2 promotes the secretion of cytokines (IL-1β, IL-2, IL-12, and IL-23) (12).

We hypothesized that an advanced FMD vaccine that uses furfurman as an adjuvant could address the shortcomings of commercial vaccines. In addition to furfurman, the test vaccine contained various adjuvants, such as alum, Quil-A, and ISA206. Alum is adsorbed onto the antigen, maintains its durability, and induces long-term immunity by prolonging the interaction period between the antigen and immune cells (13). Quil-A has the advantages of low toxicity and a simpler formulation than crude saponin adjuvants (14). As a viral vaccine adjuvant, Quil-A enhances the expression of type I and type II IFNs (15). ISA206, an oil-based adjuvant, has the advantage of inducing a long-term immune response; however, it can cause local side effects when used at high doses in vaccines (16, 17). ISA206 enhances humoral immunity and upregulates the production of cytokines such as IL-2 and IFNγ (18, 19). In the present study, we assessed a vaccine containing furfurman that can mediate cell proliferation in vitro [peritoneal exudate cells (PECs) in mice and peripheral blood mononuclear cells (PBMCs) in pigs] and assessed how it influences early, mid-term, and long-term immune responses and host defense against FMDV type O and type A infections in vivo. We also evaluated cytokine expression to verify whether the test vaccine containing furfurman could induce cellular immune responses.




2 Materials and methods



2.1 Animals

Mice (C57BL/6, 6–7 weeks old, female) and farm pigs (Landrace; 8–9 weeks old) were purchased from KOSA BIO Inc. (Gyeonggi-do, Republic of Korea) and BARON BIO Inc. (Gyeongsangbuk-do, Republic of Korea), respectively. Mice and pigs were housed in a specific pathogen-free animal biosafety level 3 facility at the Animal and Plant Quarantine Agency (4). This study was approved by the Ethics Committee of the Animal and Plant Quarantine Agency (certification nos.: IACUC-2022-670 and 2023-753).




2.2 Cells and viruses

LF-BK (fetal porcine kidney cell line), ZZR 127 (fetal goat tongue epithelium), and BHK-21 (baby hamster kidney) cells, as well as FMDV O PA2 (GenBank accession no. AY593829.1) and FMDV A YC (GenBank accession no. KY766148.1) (4), were used in this study. Viruses were cultured in Dulbecco’s Modified Eagle’s medium (HyClone, Logan, UT, USA).




2.3 Antigen purification

BHK-21 cell line was used for antigen production. FMDV (O PA2 and A YC) was used as a source to produce inactivated antigens. Sixteen hours after infection, the viruses were inactivated using two doses of binary ethyleneimine (0.003 N). The inactivated viruses were concentrated through polyethylene glycol 6000 (Sigma-Aldrich, Waltham, MO, USA) treatment. Antigens were purified using the sucrose density gradient method (15–45%) and thereafter ultracentrifuged. After ultracentrifugation, the bottom of the centrifuge tube was punctured, and 1 mL fractions were collected. The presence of FMDV particles in the sample of each fraction was confirmed using a lateral flow device (BioSign FMDV Ag; Princeton BioMeditech, NJ, USA) (20). The 146S antigen was quantified using spectrophotometry at 259 nm. An inactivation test using ZZR 127 and BHK-21 cells confirmed that no live viruses were present in the inactivated supernatants (21).




2.4 Composition and preparation of test vaccine

In the mouse experiment, the vaccine composition for the positive control (PC) group was as follows: purified antigen types O (O PA2; 0.375 μg/dose) and A (A YC; 0.375 μg/dose), 15 μg/dose Quil-A (InvivoGen, San Diego, CA, USA), 10% alum, and ISA206 (Seppic, Paris, France; 50% w/w). The experimental (Exp) group received vaccines with the same composition as that of the PC group, with the addition of 100 μg furfurman/dose. One dose comprised a total volume of 100 μL. The negative control (NC) group received the same volume of phosphate-buffered saline (PBS; Gibco, Grand Island, NY, USA).

In the pig experiment, the vaccine formula for the PC group was as follows: purified antigen types O (15 μg/dose) and A (15 μg/dose), 150 μg/dose Quil-A, 10% alum, and ISA206 (50% w/w). The Exp group received test vaccines with the same formula as that of the PC group, with the addition of 1 mg furfurman/dose. One dose comprised a total volume of 1 mL. The NC group received the same volume of PBS.

Inactivated antigens (O PA2 and A YC) were mixed (adjuvanted) with 10% alum in an ice and left to stand for 1 h to adsorb and create a depot. After dispensing Quil-A and furfurman into the suspension (aqueous phase) containing antigen and 10% alum, the weight of the aqueous layer was adjusted with TK buffer (Tris-KCl; pH 7.4). After dispensing ISA206 (50% w/w), homogenization was performed at low speed (1,200 rpm) with ultrahomogenizer in an ice bath according to the manufacturer’s instructions. Emulsification was performed until a milky, low viscous and stable emulsion was obtained. The prepared vaccine was stored at 4°C until vaccination of animals and regularly monitored for stability and immunogenicity.




2.5 Peritoneal exudate and peripheral blood mononuclear cell isolation

Naive mice (n = 10) were euthanized, following a previously described experimental protocol (21). The abdominal cavity was washed with PBS, and the peritoneal lavage fluid was centrifuged. Whole blood (10 mL/donor) from pigs (n = 5–6/group) was used, as previously described (21). PBMCs were isolated with Lymphoprep (Stem Cell Technologies, Vancouver, Canada). Red blood cells were removed using ammonium–chloride–potassium lysing buffer (Gibco). The collected PECs and PBMCs were counted with a cell counter (Bio-Rad TC20; Bio-Rad Laboratories, Hercules, CA, USA). The isolated cells were cultured in RPMI-1640 medium (Gibco). All cells were used immediately after isolation.




2.6 BrdU incorporation assay

The proliferation of PECs and PBMCs was assessed using a BrdU cell proliferation assay kit (Cell Signaling Technology, Danvers, MA, USA) (4), following the manufacturer’s guidelines. The test vaccines (with or without furfurman) were administered to fresh PECs and PBMCs, and the results were confirmed at 0, 6, 12, and 24 h.




2.7 Serological assays

To evaluate the structural protein (SP) Abs in sera, PrioCheck FMDV type O and type A kits (Prionics AG, Schlieren, Switzerland) were used, according to the manufacturer’s instructions (21). Absorbance was measured at a wavelength of 450 nm and converted to percentage inhibition (PI) values. For the PrioCheck FMDV kit, a PI value ≥50% was considered Ab-positive.

VN test was performed according to the protocols specified by the World Organization for Animal Health (22, 23). Briefly, serum was heat-inactivated and then diluted. Thereafter, 50 μL TCID50 FMDV (O PA2 or A YC) was added and incubated for 1 h. A 50 μL volume of LF-BK cells (104 cells/well) was added to each well and cultured for three days. Subsequently, cytopathic effects were confirmed in each well (21, 24).

Enzyme linked immunosorbent assays (ELISAs) were performed using kits for porcine IFNα, IFNβ, IFNγ, IL-1β, IL-2, and IL-12p40 (DuoSet, R&D Systems, Minneapolis, MN, USA; Cloud-Clone Corp Inc., Houston, TX, USA) according to the manufacturer’s guidelines.




2.8 Evaluation of early, mid-term, and long-term immunity and host defense in mice immunized with the test vaccine

Early, mid-term, and long-term immune responses to the test vaccine were evaluated in mice (n = 5/group) using a previously described experimental protocol (21). Host defense against viral infections was assessed in mice vaccinated with the test vaccine. Mice were vaccinated via intramuscular injections (0 dpv) and challenged with the FMDV [100 lethal dose 50% (LD50) O/VET/2013 or 100 LD50 A/Malay/97] via intraperitoneal injections at 7, 28, 84, and 168 dpv. Survival rates and body weights were monitored for up to 7 d post-challenge (dpc).




2.9 Evaluation of early, mid-term, and long-term immunity in pigs immunized with the test vaccine

Early, mid-term, and long-term immune responses to the test vaccine were evaluated in pigs (n = 5–6/group) using a previously described experimental protocol (21). For serological analysis, sera were collected from the vaccinated pigs at 0, 7, 14, 28, 56, and 84 dpv. After the first vaccination, a second vaccination was performed at 28 dpv using the same route.




2.10 Evaluation of host defense against FMDV infection in pigs after administration of the test vaccine

To evaluate whether the test vaccine could induce host defense, a challenge experiment was performed (n = 3/group). At 28 dpv, all experimental groups were infected with FMDV types O and A (105 TCID50/100 μL) via intradermal injections into the soles of the feet. Observation of clinical symptoms and collection of oral swab samples (BD Universal Viral Transport Kit; BD Biosciences, Franklin Lakes, NJ, USA) were performed daily during the challenge period. Serum (vacutainer serum tubes; BD Biosciences) was collected at 0, 2, 4, 6, and 8 dpc. RNA was extracted from oral swabs and serum, according to the instructions of the QIAcube HT Pathogen Kit (QIAGEN, Leipzig, Germany). RT-PCR was conducted using the FMDV Real-Time RT-PCR Master Mix Kit (Bioneer, Daejeon, Republic of Korea), according to the manufacturer’s instructions (21).




2.11 RNA extraction, cDNA synthesis, and quantitative RT-PCR

RNA was extracted using the RNeasy Mini Kit (QIAGEN) and TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s guidelines. The cDNA was synthesized using the GoScript Reverse Transcription System (Promega, Madison, WI, USA), according to the manufacturer’s guidelines. Afterwards, quantitative RT-PCR (qRT-PCR) was performed using SYBR Green Supermix (Bio-Rad) (21). The qRT-PCR results were normalized using the measured hprt (reference gene) levels. The primers used are shown in Supplementary Table 1.




2.12 Statistical analysis

Unless otherwise specified, all data are presented as the mean ± SEM. Survival curves were drawn using the Kaplan–Meier method, and differences were analyzed using the log-rank sum test. Statistical differences between groups were determined using Tukey’s or Dunnett’s post-hoc tests and one-way or two-way analysis of variance. Statistical significance is indicated by *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001. All data were analyzed using GraphPad Prism 10.2.3 (GraphPad, San Diego, CA, USA).





3 Results



3.1 Test vaccine containing furfurman stimulated the proliferation of immune cells

To investigate the effect of test vaccine containing furfurman on immune responses, cell proliferation via the BrdU assay was assessed 6, 12, and 24 h after murine PECs and porcine PBMCs were treated with the test vaccine (Figures 1A, B). At all-time points (6, 12, and 24 h) measured for the murine PECs, the Exp group showed higher cell proliferation rates than the PC group (Figure 1A). Similarly, porcine PBMCs showed a significantly higher cell proliferation rate in the Exp group than in the PC group at all-time points (Figure 1B). These results demonstrate that furfurman stimulates the host innate immune response, indicating its potential use as an adjuvant.




Figure 1 | Vaccine containing furfurman induces cell proliferation in murine PECs and porcine PBMCs. The level of cell proliferation, as measured using a BrdU cell proliferation kit, was assessed 6, 12, and 24 h after murine PECs and porcine PBMCs were treated with the test vaccine (A, B). BrdU cell proliferation in murine PECs (A) and porcine PBMCs (B). Statistical analyses were performed using one-way ANOVA, followed by Tukey’s post-hoc test. *p<0.05; **p<0.01; ***p<0.001; and ****p<0.0001. PBMC, peripheral blood mononuclear cell; PEC, peritoneal exudate cell.






3.2 Test vaccine containing furfurman elicited potent and long-lasting humoral immune responses in mice

To evaluate long-lasting humoral immune responses of mice to the test vaccines, experiments were conducted according to the design depicted in Figure 2A. The Exp group had higher Ab titers specific to the antigens (types O and A) than the PC group in all aspects, including the rate of increase, maximum value, and sustainability of Ab titers, as measured via SP ELISA (Figures 2B, C). VN titers for FMDV types O and A were also significantly higher in the Exp group than in the control group at all-time points. Notably, VN titers in the Exp group tended to increase rapidly and remained constant for a long period (Figures 2D, E). These results demonstrate that furfurman elicits potent adaptive immunity as an FMD vaccine adjuvant, leading to rapid and robust long-term immunity.




Figure 2 | Vaccine containing furfurman elicits potent cellular and humoral immunity, leading to robust long-lasting humoral immune responses. C57BL/6 mice were administered the test vaccine with (Exp group) or without (PC group) furfurman. Mice were vaccinated with the test vaccine via the intramuscular (IM) route, and blood was then collected at 0, 7, 28, 84, and 168 d post-vaccination (dpv) for serological analysis using structural protein (SP) O and A ELISA kits and virus-neutralizing (VN) titers for O/PKA/44/2008 (O PA2) and A/SKR/YC/2017 (A YC). (A–E) Experimental strategy (A); antibody titers, as determined using SP O (B) and SP A (C) ELISA kits; VN titers for O PA2 (D) or A YC (E), as determined using VN tests. Data are represented as the mean ± SEM of triplicate measurements (n = 5/group). Statistical analyses were performed using two-way ANOVA, followed by Tukey’s post-hoc test. *p <0.05; **p <0.01; ***p <0.001; and ****p <0.0001.






3.3 Test vaccine containing furfurman induced broad-duration range of host defense against viral infection in mice

To investigate the efficacy of the test vaccine in host defense against viral infection, experiments were conducted according to the design depicted in Figure 3A. In the challenge experiment (FMDV types O and A) at 7 dpv after immunization with the test vaccine, the Exp group showed a 100% survival rate at 7 dpc, whereas the PC group showed a 0% survival rate (Figures 3B, C). In the challenge experiments conducted at 28, 84, and 168 dpv, the Exp group showed a 100% survival rate throughout, whereas the PC group showed a 40%, 20%, and 0% survival rate, respectively (Figures 3D–I). There were no significant differences observed in body weight between groups under all conditions tested (Supplementary Figure 1). These results demonstrate that the test vaccine elicited a robust host defense against FMDV infection during the early (7 dpv), mid-term (28 dpv), and long-term (84 and 168 dpv) periods.




Figure 3 | Vaccine containing furfurman drives potent host defense against viral infection. C57BL/6 mice were administered test vaccine with (Exp group) or without (PC group) furfurman. The test vaccines were injected via the intramuscular (IM) route into mice that were later challenged with foot-and-mouth disease virus (FMDV) O (100 lethal dose 50% [LD50] O/VET/2013) or FMDV A (100 LD50 A/Malay/97) at 7, 28, 84, and 168 d post-vaccination (dpv) via the intraperitoneal (IP) route. Survival rates and body weights were monitored for 7 d post-challenge (dpc). (A–I) Experimental strategy (A); survival rates post-challenge with O/VET/2013 (B) and A/Malay/97 (C) at 7 dpv; survival rates post-challenge with O/VET/2013 (D) and A/Malay/97 (E) at 28 dpv; survival rates post-challenge with O/VET/2013 (F) and A/Malay/97 (G) at 84 dpv; survival rates post-challenge with O/VET/2013 (H) and A/Malay/97 (I) at 168 dpv. Data are presented as the mean ± SEM of triplicate measurements (n = 5/group).






3.4 Test vaccine containing furfurman induced long-lasting immunity in pigs

Experiments were performed to assess how adaptive and long-lasting immunity was affected by the test vaccine in pigs, as shown in Figure 4A. The Exp group had higher Ab titers specific to the antigens (types O and A) than the PC group for all types from 7–84 dpv, as measured via SP ELISA (Figures 4B, C). VN titers against FMDV types O (O PA2) and A (A YC) increased more rapidly in the Exp group than in the PC group, and their maximum VN titers was also higher. Overall, the VN titers were significantly higher in the Exp group than in the PC group from 7–84 dpv (Figures 4D, E). These results demonstrate that the test vaccine elicited long-lasting immunity depending on the stimulation of cellular and humoral immunity in pigs.




Figure 4 | Vaccine containing furfurman elicits potent humoral immune responses in pigs. Landrace pigs were divided into three groups (n = 5–6/group) and administered the test vaccine with (Exp group) or without (PC group) furfurman. Vaccination was performed twice at 28-d intervals, with 1 mL vaccine (one dose) injected via the deep intramuscular (IM) route into the necks of the animals. The NC group was injected with an equal volume of PBS. Blood samples were collected from pigs at 0, 7, 14, 28, 56, and 84 d post-vaccination (dpv) for serological assays. (A–E) Experimental strategy (A); antibody titers, as determined using structural protein (SP) O (B) and SP A (C) ELISA kits; virus-neutralizing (VN) titers for O PA2 (D) or A YC (E), as determined using VN tests. Data are represented as the mean ± SEM of triplicate measurements (n = 5–6/group). Statistical analyses were performed using two-way ANOVA, followed by Tukey’s post-hoc test. *p <0.05; ***p <0.001; and ****p <0.0001.






3.5 Test vaccine containing furfurman enhanced immune response through regulation of cytokine expression

To understand the background of the test vaccine-mediated potent immune response, RNA and protein levels of IFNα, IFNβ, IFNγ, IL-1β, IL-2, and IL-12p40 were assessed via qRT-PCR and ELISA during the early stage of post vaccination. This experiment was performed using PBMCs derived from whole blood and serum, as shown in Figure 4A. Gene expression levels of cytokines were higher in the Exp group than in the PC group (Figures 5A−F). Similar to the results of the gene expression levels, the protein expression levels of cytokines in the Exp group were significantly higher than those in the PC group (Figures 5G−L). These results demonstrate that the test vaccine rapidly stimulated immune cells and elicited potent cellular and humoral immunity during the early stages of vaccination.




Figure 5 | Vaccine containing furfurman induces the expression of proinflammatory cytokines in pigs. Porcine peripheral blood mononuclear cells (PBMCs) and serum isolated from the whole blood of vaccinated pigs (n = 5–6/group), as described in Figure 4A, were used for quantitative RT-PCR and ELISA. Gene expression levels were normalized to those of hprt and presented as relative ratios when compared to the gene expression levels of the control. (A–L) Gene expression levels of ifnα (A), ifnβ (B), ifnγ (C), il-1β (D), il-2 (E), and il-12p40 (F); protein secretion levels of IFNα (G), IFNβ (H), IFNγ (I), IL-1β (J), IL-2 (K), and IL-12p40 (L). Statistical analyses were performed using two-way ANOVA, followed by Tukey’s post-hoc test. ***p <0.001 and ****p <0.001.






3.6 Test vaccine containing furfurman induced robust host defense against FMDV infection in pigs

To assess host defense against FMDV (types O and A) infection in pigs immunized with the test vaccine containing furfurman, a target animal challenge was performed, as described in Figure 6A. The NC group failed to achieve host defense and showed typical clinical symptoms of FMD against both types of FMDV infections. Additionally, high viremia was observed in the serum and oral swabs (Figures 6B, E). The PC group showed fewer clinical symptoms of FMD than the NC group, but high viremia was observed in the serum and oral swabs, and this is similar to that in the NC group, which failed to demonstrate complete host defense against viral infection (Figures 6C, F). In contrast, in the Exp group, which received the test vaccine containing furfurman, no clinical symptoms of FMD were observed, and viremia was neither observed in the serum nor in oral swabs (Figures 6D, G). These results highlight the strong adjuvanticity of furfurman in the test vaccine and demonstrate that the test vaccine elicited a potent host defense mechanism against FMDV infections.




Figure 6 | Vaccine containing furfurman drives robust host defense against FMDV infection in pigs. Landrace pigs were divided into three groups (n = 3/group) and administered the test vaccine with (Exp group) or without (PC group) furfurman. Blood samples were collected at 0 and 28 d post-vaccination (dpv) for serological assays. Vaccinated pigs were challenged with foot-and-mouth disease virus (FMDV) types O and A (O/SKR/BE/2017, A/SKR/GP/2018; 105 TCID50/100 μL) via intradermal injection on the heel bulb at 28 dpv. (A–G) Experimental workflow (A); clinical score and viral load (titers) of serum samples and oral swabs from the NC (B), PC (C), and Exp groups (D) infected with FMDV type O; clinical score and viral load of serum samples and oral swabs from the NC (E), PC (F), and Exp groups (G) infected with FMDV type (A) The left Y-axis of the graph shows the amount of virus in the serum and oral swab samples, represented as Log10 values, whereas the right Y-axis shows the clinical index as the maximum value of 10 points. Data are presented as the mean ± SEM of triplicate measurements (n = 3/group).







4 Discussion

In human vaccines, various adjuvants, such as immunostimulants (e.g., PRR ligands, cytokines, and small molecules) and antigen-delivery systems [e.g., lipid nanoparticles, polymeric particles (poly lactic-co-glycolic acid), caged protein nanoparticles, and inorganic nanocarriers], have been studied, and clinical trials are in progress or partially performed (25, 26); however, their use is limited in animal vaccines. The FMD vaccine contains several adjuvants (e.g., oil-based emulsion, saponin, and aluminum gel), along with an antigen, to enhance the sustainability of vaccine efficacy through antigen stability and slow release. However, oil-based adjuvants have the disadvantage of causing local side effects because the oil adjuvant clumps at the injection site. In particular, oil-based adjuvants induce humoral immunity, making it difficult to induce cellular immunity. It takes a certain period of time to induce Ab titers to a defensive level, making initial protection difficult (27). To overcome these shortcomings and improve vaccine efficacy, we designed a test vaccine using furfurman as an FMD vaccine adjuvant and evaluated its efficacy.

The importance of CTLR (dectin-1, dectin-2, Mincle, and DC-SIGN) and cGAS-STING pathway-mediated innate immunity in host–pathogen interactions has been emphasized previously (25, 28). Furfurman is a dectin-2 agonist that induces a potent immune response against invaders (pathogens including viruses and bacteria) within the host. Dectin-2 stimulation not only elicits mucosal immunity by inducing secretory IgA production but also promotes phagocytosis, thereby contributing to innate immunity (5, 29). Using an adjuvant that simultaneously induces systemic and mucosal immunity could maximize host immune-boosting efficacy through a synergistic effect (30). Currently, the use of PRR agonists as vaccine adjuvants is the latest trend (28). As a vaccine adjuvant, furfurman simultaneously induces systemic and mucosal immunity.

PECs and PBMCs contain antigen-presenting cells, such as DCs and MΦs, as well as lymphocytes (T, B, and NK cells) (31). Previous studies have evaluated the proliferation of pig PBMCs 96 hrs after administration of vaccines containing furfurman (4). However, in this study, furfurman rapidly stimulated and induced proliferation of mouse and pig immune cells within 24 hrs. Therefore, we concluded that FMD vaccines containing furfurman could induce a potent immune response in the early stage (Figure 1). Based on these results, we evaluated the adjuvanticity of furfurman and efficacy [adaptive (early, mid-term, and long-term) immunity] of a furfurman-containing vaccine in mice. The Exp group immunized with the test vaccine maintained significant Ab and VN titers compared to those in the PC group until 168 dpv. During the process of developing long-term immunity, the test vaccine not only showed a faster rate of Ab titer accumulation than the PC group did but also allowed the elevated Ab titers to persist for a longer period of time (Figure 2). Ab and VN titers are key indicators of adaptive (humoral) immunity (32). Therefore, the test vaccine likely elicited long-term immunity by inducing adaptive immunity. During early, mid-term, and long-term host defense in mice, the Exp group exhibited 100% protection at all time points measured, whereas the PC group exhibited 40% and 20% survival rates at 28 and 84 dpv, respectively. As shown in Figure 2, the PC group had the highest Ab and VN titers at 28 dpv but gradually decreased thereafter, transitioning to Ab-negative levels at 168 dpv (Figure 3).

Similar to the previous results observed in mice, pigs immunized with the test vaccine reached Ab-seropositive levels at 7 dpv. VN titers in the Exp group were significantly different from those in the PC group. In addition, pigs in the Exp and PC groups exhibited significant differences in both Ab and VN titers until 84 dpv (Figure 4). These results demonstrate that the test vaccine containing furfurman addressed the limitation of the existing FMD vaccine (short Ab titer maintenance period) (33) and elicited long-lasting immunity based on the induction of potent cellular and humoral immunity. Unlike the other control groups, the Ab and VN titers of pigs immunized with the test vaccine significantly increased in the early stages (7 dpv) (Figure 4).

To elucidate the background of this robust host immune response, we assessed the level of key cytokines (IFNα, IFNβ, IFNγ, IL-1β, IL-2, and IL-12p40) that induce innate and adaptive immunity at the gene and protein levels. The Exp group immunized with the test vaccine showed significantly higher expression in all the investigated cytokines at the gene and protein levels than the PC group. Type I IFNs (IFNα and IFNβ) are the first line of host defense produced during the viral infection and contribute to the induction of innate immune responses (34). Type I IFNs respond to infections by stimulating the innate and adaptive immunity of host during pathogen infection (35, 36). Specifically, type I IFNs not only elicit host immune responses by stimulating NK, T, B, and myeloid cells but also induce memory responses to prevent secondary viral infection. Therefore, during host infection, viruses suppress the expression of type I IFNs through their own mechanisms (37–40). IFNγ is secreted by immune-related cells, including gamma delta T, NKT, T, B, and NK cells (41–44). IFNγ regulates host innate and adaptive immunity through the induction of potent cellular immunity (45, 46). IFNγ downregulates inhibitory cytokines (IL-10) and promotes IL-12 production in MΦs (47, 48). IL-1β, a proinflammatory cytokine, is a critical marker of the inflammatory response that stimulates the immune response of host (49). IL-1β is produced through cleavage of pro-IL-1β by activated inflammasomes (50) and secreted by cells involved in innate and adaptive immunity stimulated through inflammatory signals (51). IL-1β contributes to enhancing innate immunity and inducing adaptive immunity (52, 53). IL-2 stimulates T cell proliferation and memory cell production, leading to a potent adaptive immune response in the host (54). Moreover, IL-2 regulates the expression of transcription factors and cytokines in CD4+ T cells, controlling their maturation toward the Th1 and Th2 phenotypes (55–58). IL-2 also controls the differentiation and maturation of CD8+ T cells. High IL-2 production induces differentiation of CD8+ T cells into CD8+ cytotoxic T cells (59). In contrast, low IL-2 production promotes the differentiation of CD8+ memory cells (60–62). IL-12p40 secreted by DCs contributes to T cell-mediated immunity by eliciting IL-12 secretion (63, 64). IL-12 is mainly induced by IFNγ, both of which form a positive feedback loop that promotes their own secretion (65, 66). As with IFNγ, IL-12 induces innate and adaptive immunity. Furthermore, IL-12 is activated via TLR stimulation and secreted by MΦs, monocytes, DCs, and B cells (67, 68). The main functions of IL-12 include activating antigen presentation and enhancing the cytolysis of NKT and NK cells (48, 69). Overall, the results indicate that the test vaccine stimulated immune cells during the early stages of vaccination, eliciting robust innate and adaptive immunity based on potent cellular and humoral immunity (Figure 5).

Finally, a challenge experiment was performed in pigs to verify whether those immunized with the test vaccine had host defenses against FMDV infection (types O and A). The Exp group immunized with the test vaccine showed no clinical signs of FMD, and viremia was not detected in oral swabs and sera. However, the other control groups showed clinical signs of FMD, and viremia was detected in oral swabs and sera. Therefore, the test vaccine elicited robust host defense against FMDV infection by modulating a potent host immune system (Figure 6).

In a previous study, D-galacto-D-mannan is a dectin-2 agonist that was selected for use in oral vaccines as an adjuvant for FMD vaccines (70). D-galacto-D-mannan can be used in large quantities because it is a natural product with low cost and few side effects. We first evaluated the efficacy of D-galacto-D-mannan as an adjuvant for intramuscular vaccine before evaluating its efficacy as an adjuvant for oral vaccine. However, furfurman is also a dectin-2 agonist that elicits potent immune responses as an FMD intramuscular vaccine adjuvant. In this study, we demonstrated that D-galacto-D-mannan is not the only adjuvant for FMD vaccines but that furfurman elicits potent early, mid-term, and long-term immune responses as host defense as an FMD vaccine adjuvant. However, in this study, only a few cytokines were measured within a narrow vaccination period (7 dpv), and the signaling pathways induced by furfurman were not revealed. In future studies, we intend to overcome these limitations by elucidating the background of the potent immune response induced by furfurman for different vaccination periods. Our study confirmed the efficacy of furfurman as an FMD vaccine adjuvant, which is a milestone in the design of next-generation FMD vaccines. Furfurman is believed to be highly useful in controlling hand-foot-and-mouth disease in humans as well because FMD and hand-foot-and-mouth disease, induced by coxsackievirus A 16 and enterovirus type 71, are similar types of diseases. In addition, furfurman is expected to be applied as an adjuvant to control other viral diseases that require the induction of systemic and mucosal immunity.





Data availability statement

The dataset presented in this article is owned by the authors. Requests to access the datasets should be directed to herb12@korea.kr.





Ethics statement

The animal study was approved by The Ethics Committee of the Animal and Plant Quarantine Agency (certification nos.: IACUC-2022-670 and 2023-753). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

HWK: Formal analysis, Investigation, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. SS: Investigation, Writing – original draft. SHP: Investigation, Writing – original draft. J-HP: Writing – review & editing. S-MK: Writing – review & editing. Y-HL: Writing – review & editing. MJL: Writing – review & editing, Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by a grant from the Animal and Plant Quarantine Agency (B-1543386-2021-24).




Acknowledgments

We thank the staff and researchers at the Foot-and-Mouth Vaccine Research Center of the Animal and Plant Quarantine Agency for their assistance during this study.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1491043/full#supplementary-material




References

1. Alexandersen, S, Zhang, Z, Donaldson, AI, and Garland, AJ. The pathogenesis and diagnosis of foot-and-mouth disease. J Comp Pathol. (2003) 129:1–36. doi: 10.1016/s0021-9975(03)00041-0

2. Jamal, SM, and Belsham, GJ. Foot-and-mouth disease: past, present and future. Vet Res. (2013) 44:116. doi: 10.1186/1297-9716-44-116

3. Lu, Z, Yu, S, Wang, W, Chen, W, Wang, X, Wu, K, et al. Development of foot-and-mouth disease vaccines in recent years. Vaccines (Basel). (2022) 10:1817. doi: 10.3390/vaccines10111817

4. Lee, MJ, Jo, H, Shin, SH, Kim, SM, Kim, B, Shim, HS, et al. Mincle and sting-stimulating adjuvants elicit robust cellular immunity and drive long-lasting memory responses in a foot-and-mouth disease vaccine. Front Immunol. (2019) 10:2509. doi: 10.3389/fimmu.2019.02509

5. Dzharullaeva, AS, Tukhvatulin, AI, Erokhova, AS, Bandelyuk, AS, Polyakov, NB, Solovyev, AI, et al. Stimulation of dectin-1 and dectin-2 during parenteral immunization, but not mincle, induces secretory iga in intestinal mucosa. J Immunol Res. (2018) 2018:3835720. doi: 10.1155/2018/3835720

6. Huysamen, C, and Brown, GD. The fungal pattern recognition receptor, dectin-1, and the associated cluster of C-type lectin-like receptors. FEMS Microbiol Lett. (2009) 290:121–8. doi: 10.1111/j.1574-6968.2008.01418.x

7. Dambuza, IM, and Brown, GD. C-type lectins in immunity: recent developments. Curr Opin Immunol. (2015) 32:21–7. doi: 10.1016/j.coi.2014.12.002

8. Chiffoleau, E. C-type lectin-like receptors as emerging orchestrators of sterile inflammation represent potential therapeutic targets. Front Immunol. (2018) 9:227. doi: 10.3389/fimmu.2018.00227

9. Robinson, MJ, Sancho, D, Slack, EC, LeibundGut-Landmann, S, and Reis e Sousa, C. Myeloid C-type lectins in innate immunity. Nat Immunol. (2006) 7:1258–65. doi: 10.1038/ni1417

10. McDonald, JU, Rosas, M, Brown, GD, Jones, SA, and Taylor, PR. Differential dependencies of monocytes and neutrophils on dectin-1, dectin-2 and complement for the recognition of fungal particles in inflammation. PLoS One. (2012) 7:e45781. doi: 10.1371/journal.pone.0045781

11. Taylor, PR, Reid, DM, Heinsbroek, SE, Brown, GD, Gordon, S, and Wong, SY. Dectin-2 is predominantly myeloid restricted and exhibits unique activation-dependent expression on maturing inflammatory monocytes elicited in vivo. Eur J Immunol. (2005) 35:2163–74. doi: 10.1002/eji.200425785

12. Bi, L, Gojestani, S, Wu, W, Hsu, YM, Zhu, J, Ariizumi, K, et al. Card9 mediates dectin-2-induced ikappabalpha kinase ubiquitination leading to activation of nf-kappab in response to stimulation by the hyphal form of candida albicans. J Biol Chem. (2010) 285:25969–77. doi: 10.1074/jbc.M110.131300

13. Matheis, W, Zott, A, and Schwanig, M. The role of the adsorption process for production and control combined adsorbed vaccines. Vaccine. (2001) 20:67–73. doi: 10.1016/s0264-410x(01)00317-6

14. Cox, JC, and Coulter, AR. Adjuvants–a classification and review of their modes of action. Vaccine. (1997) 15:248–56. doi: 10.1016/s0264-410x(96)00183-1

15. Charerntantanakul, W, and Fabros, D Jr. Saponin quil a up-regulates type I interferon-regulated gene and type I and ii interferon expressions which are suppressed by porcine reproductive and respiratory syndrome virus. Vet Immunol Immunopathol. (2018) 195:76–83. doi: 10.1016/j.vetimm.2017.11.009

16. Rathogwa, NM, Scott, KA, Opperman, P, Theron, J, and Maree, FF. Efficacy of sat2 foot-and-mouth disease vaccines formulated with montanide isa 206b and quil-a saponin adjuvants. Vaccines (Basel). (2021) 9:996. doi: 10.3390/vaccines9090996

17. Barnett, PV, Pullen, L, Williams, L, and Doel, TR. International bank for foot-and-mouth disease vaccine: assessment of montanide isa 25 and isa 206, two commercially available oil adjuvants. Vaccine. (1996) 14:1187–98. doi: 10.1016/s0264-410x(96)00055-2

18. Jang, SI, Lillehoj, HS, Lee, SH, Lee, KW, Park, MS, Bauchan, GR, et al. Immunoenhancing effects of montanide isa oil-based adjuvants on recombinant coccidia antigen vaccination against eimeria acervulina infection. Vet Parasitol. (2010) 172:221–8. doi: 10.1016/j.vetpar.2010.04.042

19. Gamaledin, WM, EhabElsayed, A, Hassanin, A, and Mohamed, W. Performance of aluminium hydroxide gel and isa oils adjuvanted foot and mouth disease vaccines. ARC J Anim Vet Sci. (2019) 5:1–9.

20. Morioka, K, Fukai, K, Yoshida, K, Kitano, R, Yamazoe, R, Yamada, M, et al. Development and evaluation of a rapid antigen detection and serotyping lateral flow antigen detection system for foot-and-mouth disease virus. PLoS One. (2015) 10:e0134931. doi: 10.1371/journal.pone.0134931

21. Kim, HW, Ko, MK, Park, SH, Hwang, SY, Kim, DH, Park, SY, et al. Dectin-1 signaling coordinates innate and adaptive immunity for potent host defense against viral infection. Front Immunol. (2023) 14:1194502. doi: 10.3389/fimmu.2023.1194502

22. Fowler, VL, Knowles, NJ, Paton, DJ, and Barnett, PV. Marker vaccine potential of a foot-and-mouth disease virus with a partial vp1 G-H loop deletion. Vaccine. (2010) 28:3428–34. doi: 10.1016/j.vaccine.2010.02.074

23. Stear, MJ. Oie manual of diagnostic tests and vaccines for terrestrial animals (Mammals, birds and bees) 5th edn. Volumes 1 & 2. World organization for animal health 2004. Isbn 92 9044 622 6.€ 140. Parasitology. (2005) 130:727–. doi: 10.1017/S0031182005007699

24. Fukai, K, Morioka, K, Yamada, M, Nishi, T, Yoshida, K, Kitano, R, et al. Comparative performance of fetal goat tongue cell line zz-R 127 and fetal porcine kidney cell line lfbk-Αvβ6 for foot-and-mouth disease virus isolation. J Vet Diagn Invest. (2015) 27:516–21. doi: 10.1177/1040638715584156

25. Zhao, T, Cai, Y, Jiang, Y, He, X, Wei, Y, Yu, Y, et al. Vaccine adjuvants: mechanisms and platforms. Signal Transduct Target Ther. (2023) 8:283. doi: 10.1038/s41392-023-01557-7

26. Lavelle, EC, and McEntee, CP. Vaccine adjuvants: tailoring innate recognition to send the right message. Immunity. (2024) 57:772–89. doi: 10.1016/j.immuni.2024.03.015

27. Lyons, NA, Knight-Jones, TJD, Bartels, C, Paton, DJ, Ferrari, G, Vermillion, MS, et al. Considerations for design and implementation of vaccine field trials for novel foot-and-mouth disease vaccines. Vaccine. (2019) 37:1007–15. doi: 10.1016/j.vaccine.2018.12.064

28. Mu, R, Dong, L, and Wang, C. Carbohydrates as putative pattern recognition receptor agonists in vaccine development. Trends Immunol. (2023) 44:845–57. doi: 10.1016/j.it.2023.08.006

29. Bulanawichit, W, Sinsareekul, C, Kornsuthisopon, C, Chansaenroj, A, Trachoo, V, Nowwarote, N, et al. Toll-like receptor and C-type lectin receptor agonists attenuate osteogenic differentiation in human dental pulp stem cells. BMC Oral Health. (2024) 24:148. doi: 10.1186/s12903-024-03894-7

30. Song, Y, Mehl, F, and Zeichner, SL. Vaccine strategies to elicit mucosal immunity. Vaccines (Basel). (2024) 12:191. doi: 10.3390/vaccines12020191

31. Castro, F, Cardoso, AP, Gonçalves, RM, Serre, K, and Oliveira, MJ. Interferon-gamma at the crossroads of tumor immune surveillance or evasion. Front Immunol. (2018) 9:847. doi: 10.3389/fimmu.2018.00847

32. Oostindie, SC, Lazar, GA, Schuurman, J, and Parren, P. Avidity in antibody effector functions and biotherapeutic drug design. Nat Rev Drug Discovery. (2022) 21:715–35. doi: 10.1038/s41573-022-00501-8

33. Belsham, GJ. Towards improvements in foot-and-mouth disease vaccine performance. Acta Vet Scand. (2020) 62:20. doi: 10.1186/s13028-020-00519-1

34. Bencze, D, Fekete, T, and Pázmándi, K. Type I interferon production of plasmacytoid dendritic cells under control. Int J Mol Sci. (2021) 22:4190. doi: 10.3390/ijms22084190

35. Dauer, M, Pohl, K, Obermaier, B, Meskendahl, T, Röbe, J, Schnurr, M, et al. Interferon-alpha disables dendritic cell precursors: dendritic cells derived from interferon-alpha-treated monocytes are defective in maturation and T-cell stimulation. Immunology. (2003) 110:38–47. doi: 10.1046/j.1365-2567.2003.01702.x

36. Santodonato, L, D'Agostino, G, Nisini, R, Mariotti, S, Monque, DM, Spada, M, et al. Monocyte-derived dendritic cells generated after a short-term culture with ifn-alpha and granulocyte-macrophage colony-stimulating factor stimulate a potent epstein-barr virus-specific cd8+ T cell response. J Immunol. (2003) 170:5195–202. doi: 10.4049/jimmunol.170.10.5195

37. Le Bon, A, Thompson, C, Kamphuis, E, Durand, V, Rossmann, C, Kalinke, U, et al. Cutting edge: enhancement of antibody responses through direct stimulation of B and T cells by type I ifn. J Immunol. (2006) 176:2074–8. doi: 10.4049/jimmunol.176.4.2074

38. Brinkmann, V, Geiger, T, Alkan, S, and Heusser, CH. Interferon alpha increases the frequency of interferon gamma-producing human cd4+ T cells. J Exp Med. (1993) 178:1655–63. doi: 10.1084/jem.178.5.1655

39. Kolumam, GA, Thomas, S, Thompson, LJ, Sprent, J, and Murali-Krishna, K. Type I interferons act directly on cd8 T cells to allow clonal expansion and memory formation in response to viral infection. J Exp Med. (2005) 202:637–50. doi: 10.1084/jem.20050821

40. McNab, F, Mayer-Barber, K, Sher, A, Wack, A, and O'Garra, A. Type I interferons in infectious disease. Nat Rev Immunol. (2015) 15:87–103. doi: 10.1038/nri3787

41. Kasahara, T, Hooks, JJ, Dougherty, SF, and Oppenheim, JJ. Interleukin 2-mediated immune interferon (Ifn-gamma) production by human T cells and T cell subsets. J Immunol. (1983) 130:1784–9. doi: 10.4049/jimmunol.130.4.1784

42. Gao, Y, Yang, W, Pan, M, Scully, E, Girardi, M, Augenlicht, LH, et al. Gamma delta T cells provide an early source of interferon gamma in tumor immunity. J Exp Med. (2003) 198:433–42. doi: 10.1084/jem.20030584

43. Yu, J, Wei, M, Becknell, B, Trotta, R, Liu, S, Boyd, Z, et al. Pro- and antiinflammatory cytokine signaling: reciprocal antagonism regulates interferon-gamma production by human natural killer cells. Immunity. (2006) 24:575–90. doi: 10.1016/j.immuni.2006.03.016

44. Leite-De-Moraes, MC, Moreau, G, Arnould, A, Machavoine, F, Garcia, C, Papiernik, M, et al. Il-4-producing nk T cells are biased towards ifn-gamma production by il-12. Influence of the microenvironment on the functional capacities of nk T cells. Eur J Immunol. (1998) 28:1507–15. doi: 10.1002/(sici)1521-4141(199805)28:05<1507::Aid-immu1507>3.0.Co;2-f

45. Ding, H, Wang, G, Yu, Z, Sun, H, and Wang, L. Role of interferon-gamma (Ifn-Γ) and ifn-Γ Receptor 1/2 (Ifnγr1/2) in regulation of immunity, infection, and cancer development: ifn-Γ-dependent or independent pathway. BioMed Pharmacother. (2022) 155:113683. doi: 10.1016/j.biopha.2022.113683

46. Casanova, JL, MacMicking, JD, and Nathan, CF. Interferon-Γ and infectious diseases: lessons and prospects. Science. (2024) 384:eadl2016. doi: 10.1126/science.adl2016

47. Ulloa, L, Doody, J, and Massagué, J. Inhibition of transforming growth factor-beta/smad signalling by the interferon-gamma/stat pathway. Nature. (1999) 397:710–3. doi: 10.1038/17826

48. Burke, JD, and Young, HA. Ifn-Γ: A cytokine at the right time, is in the right place. Semin Immunol. (2019) 43:101280. doi: 10.1016/j.smim.2019.05.002

49. Lopez-Castejon, G, and Brough, D. Understanding the mechanism of il-1β Secretion. Cytokine Growth Factor Rev. (2011) 22:189–95. doi: 10.1016/j.cytogfr.2011.10.001

50. Awad, F, Assrawi, E, Louvrier, C, Jumeau, C, Georgin-Lavialle, S, Grateau, G, et al. Inflammasome biology, molecular pathology and therapeutic implications. Pharmacol Ther. (2018) 187:133–49. doi: 10.1016/j.pharmthera.2018.02.011

51. Dinarello, CA. An expanding role for interleukin-1 blockade from gout to cancer. Mol Med. (2014) 20 Suppl 1:S43–58. doi: 10.2119/molmed.2014.00232

52. Bent, R, Moll, L, Grabbe, S, and Bros, M. Interleukin-1 beta-a friend or foe in Malignancies? Int J Mol Sci. (2018) 19:2155. doi: 10.3390/ijms19082155

53. Garlanda, C, Dinarello, CA, and Mantovani, A. The interleukin-1 family: back to the future. Immunity. (2013) 39:1003–18. doi: 10.1016/j.immuni.2013.11.010

54. Abbas, AK, Trotta, E, R Simeonov, D, Marson, A, and Bluestone, JA. Revisiting il-2: biology and therapeutic prospects. Sci Immunol. (2018) 3:eaat1482. doi: 10.1126/sciimmunol.aat1482

55. Cote-Sierra, J, Foucras, G, Guo, L, Chiodetti, L, Young, HA, Hu-Li, J, et al. Interleukin 2 plays a central role in th2 differentiation. Proc Natl Acad Sci U.S.A. (2004) 101:3880–5. doi: 10.1073/pnas.0400339101

56. Liao, W, Lin, JX, and Leonard, WJ. Il-2 family cytokines: new insights into the complex roles of il-2 as a broad regulator of T helper cell differentiation. Curr Opin Immunol. (2011) 23:598–604. doi: 10.1016/j.coi.2011.08.003

57. Liao, W, Lin, JX, Wang, L, Li, P, and Leonard, WJ. Modulation of cytokine receptors by il-2 broadly regulates differentiation into helper T cell lineages. Nat Immunol. (2011) 12:551–9. doi: 10.1038/ni.2030

58. Liao, W, Schones, DE, Oh, J, Cui, Y, Cui, K, Roh, TY, et al. Priming for T helper type 2 differentiation by interleukin 2-mediated induction of interleukin 4 receptor alpha-chain expression. Nat Immunol. (2008) 9:1288–96. doi: 10.1038/ni.1656

59. Pipkin, ME, Sacks, JA, Cruz-Guilloty, F, Lichtenheld, MG, Bevan, MJ, and Rao, A. Interleukin-2 and inflammation induce distinct transcriptional programs that promote the differentiation of effector cytolytic T cells. Immunity. (2010) 32:79–90. doi: 10.1016/j.immuni.2009.11.012

60. Kalia, V, Sarkar, S, Subramaniam, S, Haining, WN, Smith, KA, and Ahmed, R. Prolonged interleukin-2ralpha expression on virus-specific cd8+ T cells favors terminal-effector differentiation in vivo. Immunity. (2010) 32:91–103. doi: 10.1016/j.immuni.2009.11.010

61. Manjunath, N, Shankar, P, Wan, J, Weninger, W, Crowley, MA, Hieshima, K, et al. Effector differentiation is not prerequisite for generation of memory cytotoxic T lymphocytes. J Clin Invest. (2001) 108:871–8. doi: 10.1172/jci13296

62. Ross, SH, and Cantrell, DA. Signaling and function of interleukin-2 in T lymphocytes. Annu Rev Immunol. (2018) 36:411–33. doi: 10.1146/annurev-immunol-042617-053352

63. Teng, MW, Bowman, EP, McElwee, JJ, Smyth, MJ, Casanova, JL, Cooper, AM, et al. Il-12 and il-23 cytokines: from discovery to targeted therapies for immune-mediated inflammatory diseases. Nat Med. (2015) 21:719–29. doi: 10.1038/nm.3895

64. Abdi, K, and Singh, NJ. Making many from few: il-12p40 as a model for the combinatorial assembly of heterodimeric cytokines. Cytokine. (2015) 76:53–7. doi: 10.1016/j.cyto.2015.07.026

65. Stern, AS, Podlaski, FJ, Hulmes, JD, Pan, YC, Quinn, PM, Wolitzky, AG, et al. Purification to homogeneity and partial characterization of cytotoxic lymphocyte maturation factor from human B-lymphoblastoid cells. Proc Natl Acad Sci U.S.A. (1990) 87:6808–12. doi: 10.1073/pnas.87.17.6808

66. Wu, CY, Demeure, C, Kiniwa, M, Gately, M, and Delespesse, G. Il-12 induces the production of ifn-gamma by neonatal human cd4 T cells. J Immunol. (1993) 151:1938–49. doi: 10.4049/jimmunol.151.4.1938

67. Gazzinelli, RT, Wysocka, M, Hayashi, S, Denkers, EY, Hieny, S, Caspar, P, et al. Parasite-induced il-12 stimulates early ifn-gamma synthesis and resistance during acute infection with toxoplasma gondii. J Immunol. (1994) 153:2533–43. doi: 10.4049/jimmunol.153.6.2533

68. Akazawa, T, Masuda, H, Saeki, Y, Matsumoto, M, Takeda, K, Tsujimura, K, et al. Adjuvant-mediated tumor regression and tumor-specific cytotoxic response are impaired in myd88-deficient mice. Cancer Res. (2004) 64:757–64. doi: 10.1158/0008-5472.can-03-1518

69. Trinchieri, G. Interleukin-12 and the regulation of innate resistance and adaptive immunity. Nat Rev Immunol. (2003) 3:133–46. doi: 10.1038/nri1001

70. Kim, HW, Ko, MK, Park, SH, Shin, S, Kim, GS, Kwak, DY, et al. D-galacto-D-mannan-mediated dectin-2 activation orchestrates potent cellular and humoral immunity as a viral vaccine adjuvant. Front Immunol. (2024) 15:1330677. doi: 10.3389/fimmu.2024.1330677




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


Copyright © 2024 Kim, Shin, Park, Park, Kim, Lee and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Next-generation adjuvant systems containing furfurman drives potent adaptive immunity and host defense as a foot-and-mouth disease vaccine adjuvant

      

        		

          Introduction

        



        		

          Method

        



        		

          Result

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 Cells and viruses

          



          		

            2.3 Antigen purification

          



          		

            2.4 Composition and preparation of test vaccine

          



          		

            2.5 Peritoneal exudate and peripheral blood mononuclear cell isolation

          



          		

            2.6 BrdU incorporation assay

          



          		

            2.7 Serological assays

          



          		

            2.8 Evaluation of early, mid-term, and long-term immunity and host defense in mice immunized with the test vaccine

          



          		

            2.9 Evaluation of early, mid-term, and long-term immunity in pigs immunized with the test vaccine

          



          		

            2.10 Evaluation of host defense against FMDV infection in pigs after administration of the test vaccine

          



          		

            2.11 RNA extraction, cDNA synthesis, and quantitative RT-PCR

          



          		

            2.12 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Test vaccine containing furfurman stimulated the proliferation of immune cells

          



          		

            3.2 Test vaccine containing furfurman elicited potent and long-lasting humoral immune responses in mice

          



          		

            3.3 Test vaccine containing furfurman induced broad-duration range of host defense against viral infection in mice

          



          		

            3.4 Test vaccine containing furfurman induced long-lasting immunity in pigs

          



          		

            3.5 Test vaccine containing furfurman enhanced immune response through regulation of cytokine expression

          



          		

            3.6 Test vaccine containing furfurman induced robust host defense against FMDV infection in pigs

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1491043-g001.jpg
BrdU cell proliferation (%)

o
g

N
8

=

=
g

©
g

Murine PECs

6 12
Post-treatment (h)

24

® Negative control(NC, PBS)
® Positive control (PC}
® Experimental (PC+Furfurman)

BrdU cell proliferation (%)

130

N
=3

S

S
g

©
g

Porcine PBMCs

- o
. e
ae e
°
L]
8 12

Post-treatment (h)

24

® Negative control(NC, PBS)
@ Positive control (PC)

® Experimental (PC+Furfurman)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1491043-g005.jpg
>

ifna

100 s
® Negative control (NC)

Ll ® Positive control (PC)
® Experimental (PC+Furfurman)

Relative mRNA expression
(Fold change to hprt)
N 2 2 =
- 8 &8 38 8
"
~ °
L]
°

Days post vaccination (dpv)

o

1B

150 wr
® Negative control (NC)

® Positive control (PC)
© Experimental (PC+Furfurman)

xxx

Relative mRNA expression
(Fold change to hprt)
° ] S
~ o i
°

Days post vaccination (dpv)

(9]

IFNa
)
® 250 xrax
H e ® Negative control (NC)
= 200 ® Positive control (PC)
kS () ® Experimental (PC+Furfurman)
[}
@ 150
2
£ 100
o
2 s
% (]
s 0
3 7
Days post vaccination (dpv)
IL-18
rxxx
300

@ Negative control (NC)
© Positive control (PC)

- © Experimental (PC+Furfurman)

Cytokine expression (pg/mL)

Days post vaccination (dpv)

(o0}

ifnB
c ey
°
2 100 '
s ETITy ® Negative control (NC)
g S 80 ° @ Positive control (PC)
Xe ® Experimental (PC+Furfurman)
< s 60
Zs
25 0
02
2§ °
b
7] 0
4 i
Days post vaccination (dpv)
il-2
c
S o ey
1 ® Negative control (NC)
8 e 3
g3 ® Positive control (PC)
Xe ° ® Experimental (PC+Furfurman)
< 3 30
Z5
s
3
23w
13 o _o
T 0
[ 7

Days post vaccination (dpv)

=

IFNB
= P
£ 500
2 rEie @ Negative control (NC)
= 400 H @ Positive control (PC)
0o ® Experimental (PC+Furfurman)
I3
@ 300
o
2
£ 200
o
2100
g, H
3 7
Days post vaccination (dpv)
IL-2
oy [re
E 500
Ed P ® Negative control (NC)
= 400 o @ Positive control (PC)
° @ Experimental (PC+Furfurman)
I3
@ 300
o
s
% 200
o
2 100
% °
0
3 ;

Days post vaccination (dpv)

(@}

ifny

250 s
® Negative control (NC)

e ® Positive control (PC)
® Experimental (PC+Furfurman)

Relative mRNA expression
(Fold change to hprt)
a 2 @ 8
o 8 8 8 8
e
~
°

Days post vaccination (dpv)

-

i-12p40

nxn
e ® Negative control (NC)

® Positive control (PC)

© Experimental (PC+Furfurman)

Relative mRNA expression
(Fold change to hprt)
oo N
a 2 @ 8 2
o 8 8 8 8 8
5
°

Days post vaccination (dpv)

IFNy

free)

s
@ Negative control (NC)

© Positive control (PC)

400 ® Experimental (PC+Furfurman)

Cytokine expression (pg/mL)
~ 2
o 8 S
~
"
°

Days post vaccination (dpv)

-

IL-12p40

fresy

a
g
S

® Negative control (NC)
oo @ Positive control (PC)
® Experimental (PC+Furfurman)

IS
&
3

o
8
S

N
5
8

3
8

Cytokine expression (pg/mL)
s

7
Days post vaccination (dpv)





OEBPS/Images/fimmu-15-1491043-g003.jpg
& y 4
e
PR

Negative controlgroup  Positive cantrol group Experimentalgroup  Negative contralgroup  Pasitive controlgrowp  Experimental group
FC) (Exn, PC+Furturman) () (°S) (Exn, PC+Furturman)
with O PAZ AgrA YC Ag, ISA 206, Al(OH), Quil-A with O PA2 AgrA YC Ag, ISA 205, Al(OH), Quil-A
FMIDV type O (ONETZ2013) challenge FMDV type A (¥/Malayi97) challenge
Vaccination Ghallenge with Sacrifice
viaM  100LDw, ONETR2013 or AlMalaylo? via IP
Ay s
challenge ] T odnc Manitaring dnc
9 0w Tapiodn | Forieing g,
Vaccination Ghallenge with S
via 100LDsq , OVETI2013 or AfMalayl9? via IP
v A ' y
challenge H Hodpe  Menitoring -
9 [ v s0dpe | oG Ty,
Vaccination Ghallenge with o
via 100LDsq | OIVET/2013 or AfMalayloT via IP '
.
challenge H Y 0dpe  Manitoring e
9 [ Sadpviodne OO Ty
Vaccination Ghallenge with Sacrifice
via 100LDsc , OIVET/013 or AiMalayi9T via IP
168 dpv b“ +
— +
challenge odpv 68 dpvs0dpe _ Monitering g dpe

survival rate & BW

+ Days past vaccination (dpv)
+ Days past challenge (dpc)

B Survival rate_7 dpv challenge c Survival rate_7 dpv challenge
& Negatve control (N5
T ] > Fositve contol (°5) T w
£ o Experimertai (orrurumn) N
g g —
= £
Days post challengs with ONVET/2013 (dpe) Days post challenge with AfMalay/97 (dpo)
D Survival rate_28 dpv challenge E Survival rate_28 dpv challenge
& Negatve control (45 =
B o Fositue contol (°5) £ w
£ o Expermenta) (orrurumn) N
g w- 2w
= H
Days post challengs with ONVET/2013 (dpe) Days post challenge with AfMalay/97 (dpo)
F Survival rate_84 dpv challenge G Survival rate_84 dp challenge
T - Negative contrel NG ]
T o Fositve contol (°5) £ w
£ o Expermertai (orrurumon) £ w
g g
= £
Days post challengs with ONVET/2013 (dpo) Days post challenge with AfMalay/97 (dpo)
H Survival rate_168 dpv challenge | Survival rate_168 dpv challenge

= Negatve contrel (VD)
o Positive control (T}
® Experimena (PG Furuman)

Survial ate ()
Surdial ate ()
s 38888

Days post challenge with OVETI2013 (o) Days post challengs with AalayS7 (duo)

T @ Negative control (NG)
- Pesite control (T}
@ Experimental (PO Furturran)

] P

o Experimental (PO Furturan)

& Negative control (NG)
& pesitve control (T}
® Experimental (PO Furturman)

- Negative control (NG}
& pesitve control (T}
® Experimental (PO Furturman)





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





OEBPS/Images/fimmu.2024.1491043_cover.jpg
& frontiers | Frontiers in Immunology

Next-generation adjuvant systems
containing furfurman drives potent adaptive
immunity and host defense as a foot-
andmouth disease vaccine adjuvant





OEBPS/Images/fimmu-15-1491043-g006.jpg
==y

Pigs
(8-9 weeks old, FMD Ab-seronegative, n = 3/group)

l—|—|

Negative control group Positive control group Experimental group

(NC) (PC,0 PA2 Ag+A YC Ag) Exp., PC+Furfurman

==y

Vaccination Challenge with
via IM O/BE/2017 or 1GP12018 via ID

with ISA 206, Al(OH)s, Quil-A

Sacrifice

|
e e E——

-28 dpc 0 dpc 8 dpc

P

Monitoring of clinical score & bleeding

B Clinical Score Clinical Score 1 Clinical Score
_ * Serum _ * Serum _ + Serum
. 3} 1 #6 @ Oral swab 12 . g 10y #7 ® Oral swab 12 N g 10 #30 ® Oral swab 12
g2 e is o 28 s
4 85 5 3 5
2 o S E -3 o
s \ \[[+£ - €5 ° o
ES | = L, e 23 4 23 4 2
2 1 ¥ ol ] a3 33 4
a2 y/ i .8 g , gZ .8
7 § /] N °E °F
H 0 s o = o -0
0123458678 0123 45¢678 01234586178
Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc)
C ! Clinical Score 1 Clinical Score 1 Clinical Score
_ & Serum — & Serum . - Serum
- 5 10 #8 -# Oral swab 12 = g 10; #19 -# Oral swab 12 © g 10, #31 & Oral swab 12
ad 8 109 ae s B 109
5= 832 = = 82
g5 9 g i< £E ® g
£s 6 £s £s s &
2 @ 23 23 4 @
i 4§ i i o8
2 20 3 2Z 8
8% 33 33
> 0 > 30 0
012345678 012345678 012345678
Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc)
D [ Clinical Score [ Clinical Score Clinical Score
_ * Seum _ o+ Serum _ * Serum
. g 1 #22 @ Oral swab 12 . g 10 #26 ‘® Oral swab . g 10 #28 ® Oral swab
oo 109 oa oe B
= 85 H 2=
£ g I gL ®
EE 6, i€ , S
i o f o2 i
z H z 3
-+ )3 BE B,
83 33 33
s 0 s 0 k5 0- &
0123 45¢6738 01234586738 0123456738
Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc) Days post challenge with O/BE/2017 (dpc)
E Clinical Score 1 Clinical Score Clinical Score
& Serum & Serum - Serum
. g 1 #3 - qral swab 12 . g 10y #14 -® Oral swab 12 . & 10 #15 -® Oral swab 12
i 1og od 8 o aa ®
3% 82 2% & 82 2E 6 2
ES B  Hord s ET &
£s s €S s £z
H s 25 4 s 23 4 s
23 49 23 48 23 g
2z .8 g2, .8 g , H
°E °E °E
> 0 E e L0 > 0
0123458678 0123 45¢678 0123 45¢678
Days post challenge with A/GP/2018 (dpc) Days post challenge with A/GP/2018 (dpc) Days post challenge with A/GP/2018 (dpc)
F [ Clinical Score [ Clinical Score 1 Clinical Score
_  Serum — Serum — & Serum
" g 1 #32 ‘® Oral swab 12 = S 10, #33 ‘@ Oral swab 12 . S’ 1 #35 & Oral swab 12
£ 105 e as B 19
£E g 2E o 2E g
£ 65 EsS §s 6
ig ELI S
i o f i 23 4
3 H 2 2
4 )8 Bz, B2, 5
Ss °g °s |
3 +lo 3 0 R Lo
012345678 01234586738 012345678
Days post challenge with AIGP/2018 (dpc) Days post challenge with AIGP/2018 (dpc) Days post challenge with A/GP/2018 (dpc)
G | Clinical Score 1 Clinical Score Clinical Score
_ -+ Serum _ -+ Serum _ - Serum
. S 1 #36 @ Oral swab 12 . S 10 #37 ‘® Oral swab 12 . S 10 #42 ® Oral swab
8s 109 oe ® 109 ae ®
£ H 82 5 2=
H g I oE £E o
&S 6 is , Sy E
53 42 g3 48 23
2z .8 % , 2 2% .
°E °E °E
£ 0 3 o 0 N
0123 45¢61738 0123 45¢61738 0123 45¢678

Days post challenge with A/GP/2018 (dpc) Days post challenge with A/GP/2018 (dpc) Days post challenge with A/GP/2018 (dpc)





OEBPS/Images/fimmu-15-1491043-g002.jpg
Percent inhibition (%)

VN titers (Log4o)

Vo 3

C57BL/6N
(6-7 weeks old, 2, n = 5/group)

A —

Negative control group Positive control group Experimental group
(NC) (PC) (Exp, PC+Furfurman)

with O PA2 Ag+A YC Ag, ISA 206, Al(OH),, Quil-A

Vaccination
via IM

Y
1ttt

0 7 28 84 168 dpv
¢ ¢ ) ¢ ¢
Bleeding

« Days post vaccination (dpv)

o
S TM ;. - .
SP O ELISA PrioCheck™ kit SP A ELISA by PrioCheck™ kit
\‘**| t‘t*il XX T**:li L1133 Rk L1113 Liii]
Rk Rk P 111 *RKk K *kk kRkK
m [l M M Il M
* kK * Kk * K * ¥ *% Rk ok Rk Fkk
® Negative control (NC) 9 100 ® Negative control (NC)
80 @ Positive control (PC) ‘g 80 @ Positive control (PC)
@ Experimental (PC+Furfurman) E= ® Experimental (PC+Furfurman)
60 S 60
40 = 40
c
20 8 20
[
0 & 9
0 7 28 84 168 0 7 28 84 168
Days post vaccination (dpv) Days post vaccination (dpv)
E
VN titers for O PA2 VN titers for AYC
*% * kK k * K%k Xk Kk *% * kK kK * %k K * kK k
[ 1 1T 1
* *kk Ak kK Kk Kk * *k *k *kK Kk

* % % " @ Negative control (NC)
@ Positive control (PC)

@ Experimental (PC+Furfurman)

**’—‘ *,—‘ F‘ ® Negative control (NC)
@ Positive control (PC)

@ Experimental (PC+Furfurman)

VN titers (Logqo)
N

0 7 28 84 168 0 7 28 84 168
Days post vaccination (dpv) Days post vaccination (dpv)





OEBPS/Images/fimmu-15-1491043-g004.jpg
_—

Landrace pigs
(8-9 weeks old, FMD-antibody seronegative, n = 5-6/group)

]

Negative control group

15t vaccination

via IM

—

(NC)

Positive control group

Experimental group
(Exp, PC+Furfurman)

with O PA2 Ag+A YC Ag, ISA 206, AI(OH),, Quil-A

2ndvaccination

(boosting) via IM

!

0 7 14 28 56 84 dpv
[ 2K 3K ) ) L) )
Bleeding

PBMC isolation

SP O ELISA by PrioCheck™ kit

SP A ELISA by PrioCheck™ kit

EER
fiiid Hkkk
rkR kxR
e xkx TRk
EE KRk us’: PreTy
Fkkk EET T T T
o R P sy m ] )
REEE EEEK KEEE KKEK
r n (1 T T [l
R REEE KRR FrExR ¥ weeE W e
~ 100
. ® Negative control (NC) X
$ @ Positive control (PC) g 80 H
@ Experimental (PC+Furfurman) =
5 S 60
= Al g = =
9
£ =
= 40 °® = 40
= o €
3 2 o
g o 20
& &

0 7 14 28 56 84
Days post vaccination (dpv)

VN titers for O PA2

VNtiters (Log1o)

0 7 14 28 56 84
Days post vaccination (dpv)

® Negative control (NC)
@ Positive control (PC)
@ Experimental (PC+Furfurman)

o

0 7 14 28 56 84
Days post vaccination (dpv)

VN titers for AYC

Py
kK

Preey *kkk
Il

Ak Rk R kK
r

[

kK Ak
1 r

ko Ak ko

kkk

VNtiters (Logo)

0 7 14 28 56 84
Days post vaccination (dpv)

® Negative control (NC)
@ Positive control (PC)
@ Experimental (PC+Furfurman)

® Negative control (NC)
@ Positive control (PC)
@ Experimental (PC+Furfurman)





