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Fig. S1) TEV protease cleavage efficacy of FMDV constructs.
Cleavage efficiency of recombinant FMDV VLP proteins (ChaY3–VP0, ChaY3–VP1, and ChaY3–VP3) and the chimeric pentameric antigen (ChaY3–LTB–FMDV VP1, CLF) was analyzed by SDS–PAGE after TEV protease treatment. Each sample was incubated with TEV protease following dialysis and concentration, and aliquots were collected daily for three consecutive days. The cleavage efficiency was calculated from band intensity analysis as follows: ChaY3–VP0 (8.33%), ChaY3–VP1 (66.3%), ChaY3–VP3 (77.5%), and CLF (61.8%). (a) ChaY3-VP0/VP1/VP3 TEV Cut Efficacy. (b) ChaY3-LTB-FMDV VP1 TEV Cut Efficacy. SDS–PAGE images are representative of non-replicated experiments and are provided for qualitative interpretation. Band intensities were used only for semi-quantitative comparison and were not subjected to statistical analysis.
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Fig. S2) Antigenicity of recombinant FMDV antigens by indirect sandwich ELISA.
Plates were coated with bovine-derived antibody provided in the VDPro® FMDV Type Asia1 ELISA kit. Serially diluted recombinant antigens (with or without fusion-tag cleavage, as indicated) were applied, and pooled third-bleed sera were used as primary antibody. Signals were developed with HRP-conjugated anti-mouse IgG and TMB substrate and read at 450 nm.
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Fig. S3) IgG isotyping and endpoint titer analysis by indirect sandwich ELISA.
Endpoint titers of total IgG, IgG1, and IgG2a were determined using plates coated with the kit positive-control antibody and antigen capture as described in Supplementary Methods. (a) Total IgG endpoint titers. (b) IgG1 and IgG2a endpoint titers. (c) IgG1/IgG2a ratio calculated from endpoint titers. (d) Total IgG endpoint titers from 1st, 2nd, and 3rd bleed sera. Statistical analyses: one-way ANOVA with Bonferroni’s multiple comparisons for panel (a) when comparing matched antigen groups; two-way ANOVA with Bonferroni’s multiple comparisons for panels (b) and (d). *p < 0.05, **p < 0.01, ***p < 0.001.








Supplementary Methods (Figure S2-S3)
Indirect sandwich ELISA for FMDV antigenicity (Supplementary Fig. S2)
To assess antigen capture by bovine-derived antibodies, an indirect sandwich ELISA was performed using the bovine-origin positive antibody provided in the VDPro® FMDV Type Asia1 ELISA kit (Median Diagnostics). The antibody was diluted 1:2,000 in coating buffer and incubated on 96-well plates overnight at 4 °C. After blocking and three washes with PBST, two-fold serial dilutions of each purified antigen (starting at 25 µg) were added and incubated for 4 h at 25 °C. Pooled third-bleed sera from each immunization group were then applied as the primary antibody (1 h at 25 °C). After washing, HRP-conjugated anti-mouse IgG (H+L) secondary antibody (1:20,000) was added and incubated for 1 h. Plates were developed with TMB for 30 min, the reaction was stopped using 2 N H₂SO₄, and absorbance was measured at 450 nm.
IgG isotyping and endpoint titer determination (Supplementary Fig. S3)
IgG subclass analysis (total IgG, IgG1, and IgG2a) was performed using an indirect sandwich ELISA with modifications. Plates were coated with the kit positive-control antibody (1:4,000) overnight at 4 °C. After blocking and washing, 6.25 µg of each antigen (100 µL, 0.0625 µg/µL) was added per well and incubated as above. Pooled third-bleed sera were serially diluted four-fold starting from 1:400 and incubated for 1 h. Subclass-specific secondary antibodies against total IgG (Bethyl), IgG1 (Bethyl; cat. no. A90-105P), or IgG2a (Bethyl; cat. no. A90-107P) were applied at 1:20,000 for 1 h. Plates were developed and read as described above. All samples were tested in triplicate, and each ELISA step included three PBST washes.
To compare antibody kinetics across immunizations, first-, second-, and third-bleed sera were analyzed using the same format described above, substituting the corresponding bleed serum as the primary antibody while using total IgG secondary antibody for detection. Endpoint titers were determined using 2× PBS as the cut-off line; the dilution at which each sample curve intersected the 2× PBS value was defined as the endpoint titer. Intersection points were calculated by linear interpolation: 

Statistical analysis
Endpoint titers were analyzed by one-way ANOVA followed by Bonferroni’s multiple comparisons test when comparing groups sharing the same coating antigen. IgG1 and IgG2a titers and the 1st/2nd/3rd bleed IgG titers were analyzed by two-way ANOVA followed by Bonferroni’s multiple comparisons test. A p value < 0.05 was considered statistically significant.








Supplementary Results (Fig. S2-S3)
Antigenicity of recombinant FMDV antigens (Supplementary Fig. S2)
Antigen capture by the bovine-derived positive control antibody from the VDPro® FMDV Type Asia1 kit was evaluated by indirect sandwich ELISA (Fig. S2). Across antigens, signal intensity decreased with serial dilution, indicating concentration-dependent binding. Under these assay conditions, VLP constructs produced the highest absorbance values among the tested antigens. Because pooled third-bleed sera were used as the primary antibody, direct quantitative comparisons between different antigen formats are not emphasized; instead, these data are presented to confirm detectable antigen capture and to support subsequent isotyping assays.
IgG endpoint titers and subclass profiles (Supplementary Fig. S3)
Using the indirect sandwich ELISA format, endpoint titers were determined for total IgG, IgG1, and IgG2a (Fig. S3a–c). When comparing matched antigen groups (e.g., ± adjuvant within the same construct format), adjuvanted formulations showed higher total IgG endpoint titers than PBS formulations (Fig. S3a). IgG subclass measurements indicated detectable IgG1 and IgG2a responses across all immunized groups, and IgG1/IgG2a ratios were calculated from the corresponding endpoint titers (Fig. S3b–c). In addition, analysis of first-, second-, and third-bleed sera showed increasing endpoint titers across successive immunizations in most groups (Fig. S3d).
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Fig. S4) Additional TEM images of recombinant FMDV constructs.
Additional representative TEM micrographs are provided to support interpretation of particle formation. (a) VLP. (b) VLP (TEV+). (c) CLF. (d) CLF (TEV+). Orange arrows and green arrows indicate possible clustered/aggregated particles observed in the VLP and CLF samples respectively. Grey arrows indicate possible partial assemblies or intermediates.
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Fig. S5) Dynamic light scattering (DLS) analysis of recombinant FMDV antigens (number distributions).
DLS was performed at 25 °C to assess solution-phase hydrodynamic size distributions and heterogeneity. Size distributions are shown by number to provide supportive comparison with TEM observations (a) VLP (TEV−): peak 36.66 nm; Z-average 61.26 nm; PDI 0.128. (b) VLP (TEV+): peak 35.83 nm; Z-average 66.90 nm; PDI 0.158. (c) CLF (TEV−): peak 44.73 nm; Z-average 68.62 nm; PDI 0.162. (d) CLF (TEV+): peak 63.52 nm; Z-average 113.4 nm; PDI 0.174. These data indicate heterogeneous preparations and were interpreted together with SEC/TEM; intermediates/occasional clustered/irregular objects in TEM are consistent with sample heterogeneity/association.
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Fig. S6) RMSD measurement of FMDV structural proteins.
RMSD values were calculated in PyMOL using the align command to compare AlphaFold-predicted models with the corresponding capsid proteins from the reported FMDV structure (PDB: 1BBT). For VP0, the VP4 region was removed from the predicted model prior to alignment, and the remaining VP0 (VP2-equivalent) portion was aligned to 1BBT VP2. RMSD values for the aligned models ranged from 0.280 to 0.399. (a) Predicted VP0 (VP4 removed) aligned to 1BBT VP2 (RMSD = 0.280). (b) Predicted VP1 aligned to 1BBT VP1 (RMSD = 0.384). (c) Predicted VP3 aligned to 1BBT VP3 (RMSD = 0.399). Color code: Asia1 VP0, light blue; Asia1 VP1, wheat; Asia1 VP3, magenta; 1BBT VP2 (VP0-equivalent), blue; 1BBT VP1, orange; 1BBT VP3, green. Alignments were performed using Cα atoms.
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Fig. S7) IPTG screening of recombinant FMDV antigens.
IPTG concentration screening was performed to assess whether induction level affects recombinant protein expression. Expression profiles were comparable across the tested IPTG concentrations (0.1mM, 0.5mM, 1mM). (a) ChaY3–VP0. (b) ChaY3–VP1. (c) ChaY3–VP3. (d) ChaY3–LTB–FMDV VP1. SDS–PAGE images are representative of non-replicated experiments and are provided for qualitative interpretation.
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Fig. S8) S’ fraction comparison of ChaY3/SUMO/MBP-LTB-FMDV VP1.
S’ fraction was compared among other conventional fusion tags (SUMO/MBP) in order to see suggesting oligomeric state of Fusion tags-LTB-FMDV VP1. It could be seen that all fusion tags were able to bring up monomers into oligomeric state in S’ (non-boiled, DTTx) conditions. (a) ChaY3-LTB-FMDV VP1 protein expression test. (b) SUMO-LTB-FMDV VP1 protein expression test. (c) MBP-LTB-FMDV VP1 protein expression test. SDS–PAGE images are representative of non-replicated experiments and are provided for qualitative interpretation.





	FMDV VP0

	ggcgcgggccagtctagcccggcgaccggtagccagaaccagtccggtaacaccggtagcattattaataattactacatgcagcaataccagaattcgatggatactcagctcggcgacaacgccatctccggtggtagcaatgaaggctctacggacaccaccagcactcataccaacaatactcagaataacgactggttcagccgtctggcgagcagtgcattctccggcctgttcggcgctctgctcgctgacaaaaagactgaagagacaactctgttggaagatcgtattctgactacccgcaatggccatacgacgtctactacccagtcctcagttggtgtgacttatggctacgctgttgctgaagacgctgtctctggtccgaatacctctggcctggaaactcgtgtgacccaggctgaacgcttcttcaaaaaacacctttttgactggactcctgacctgtccttcggccactgccattatctcgaactgtcgtccgaacataaaggcgttttcggttccctgatgtcctcttacgcgtacatgcgtaacggctgggacatcgaagtgacagcagtgggcaatcaatttaacggtggctgcctgctggtcgctttagtcccggaactgaaagaactggacacccgtcagaaataccagctgaccctgttcccgcaccagttcatcaacccgcgcactaacatgaccgcgcacatcaacgttccgtatgttggcgtgaaccgttacgatcagtatgaactgcacaaaccgtggaccctcgttgttatggttgtagctccgctgaccgtgaaaaccggtggttcaaaacaaatcaaagtgtacatgaacgctgcaccgacttacgttcacgtggctggtgaactgccgagcaaagaa


	FMDV VP1

	accactaccaccggtgaaagcgcagacccggtaactactaccgttgaaaactacgggggcgaaacccaaacggcgcgtcgtctgcatactgacgtagcgttcgtgctggaccgcttcgttaaactgacccaaccgaaatcaactcagacacttgatttaatgcagatcccttcccacaccctggtgggtgctctattgcgatctgccacctactacttcagcgatctggaagttgccctggtgcataccgggccggttacctgggttccgaacggcgctccgaaaaccgcactcaacaaccacaccaatccaacagcatatcagaaacagccgatcacccgtctggcgctgccttatactgccccgcatcgtgttctgagcacggtgtacaacggtaaaacgacctatggcgaagaatcgtctcgtcgtggtgacctggcggcgttggcacgtcgcgtgaataaccgcctgccgacctctttcaactacggtgcggtaaaagccgataccatcaccgaactgctgatccgtatgaaacgtgcggaaacctactgcccgcgcccgttgctggcactggataccacgcaggatcgccgtaaacaaaaaatcatcgcaccggaaaaacag


	FMDV VP3

	ggtatcgtgccggtagcgtgtgtggacggttacggcaacatggtcaccaccgatccgaaaaccgccgacccggtttatggcaaagtgagcaacccgccgcgcaccagcttcccgggtcgtttcaccaactttctggacgttgcggaggcttgcccgactttcctgcgtttcggcgaagtcccgttcgtaaaaacggttaattctggcgatcgtctgctggcaaaattcgacgtttccctggcagcaggtcacatgagcaacacatacctggctggtctggcgcagtactacacccagtactcgggcaccatgaacatccacttcatgttcaccggcccgaccgacgcgaaagcacgttacatggttgcatacatcccgccgggcatgaccccgccgactgatccagaacgtgctgctcactgtatccacagcgaatgggataccggcctgaactctaaattcaccttctccattccgtacctgtcggcggcggactatgcctacaccgcgtctgacgtggcagaaaccacatctgtgcagggctgggtatgcatctaccagattacccacggtaaagctgagggcgacgcgctggttgttagcgtttctgcgggcaaagattttgaattccgtttaccggtggatgcccgccagcag


	Heat-labile toxin B subunit (LTB)

	gctccccagactattacagaactatgttcggaatatcgcaacacacaaatatatacgataaatgacaagatactatcatatacggaatcgatggcaggcaaaagagaaatggttatcattacatttaagagcggcgaaacatttcaggtcgaagtcccgggcagtcaacatatagactcccagaaaaaagccattgaaaggatgaaggacacattaagaatcacatatctgaccgagaccaaaattgataaattatgtgtatggaataataaaacccccaattcaattgcggcaatcagtatgaaaaac



Table S1) Codon-optimized nucleotide sequences used in this study.
Codon-optimized nucleotide sequences corresponding to the antigen- and scaffold-coding regions used in this study are provided.
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