Figure S1. Schematic illustration of the LPP-formulated mRNA vaccine. (a) Structure of the mRNA construct, including the 5' cap, 5' untranslated region (UTR), antigen-coding sequence, 3' UTR, and poly(A) tail. (b) Schematic representation of the preparation process of the LPP-mRNA vaccine.

Figure S2. Western blot analysis of CSP and RH5 expression in 293T cells transfected with CSP and RH5 mRNA-LPP. (a) Schematic representation of the single-target CSP and RH5 mRNA vaccine constructs, along with a table summarizing transfection doses and sample collection time points. (b) Western blot analysis of CSP and RH5 protein expression in 293T cells transfected with CSP or RH5 mRNA-LPP at 12, 24, and 48 h post-transfection. Empty LPP served as the negative control.

Figure S3. Western blot analysis confirmed the expression of both RH5 and CSP in 293T cells transfected with the tandem mRNA-LPP targeting both antigens. (a) Schematic illustration of the six dual-target tandem vaccine designs. (b) Summary of transfection conditions and sample collection time points used to evaluate the six tandem mRNA–LPP vaccines in 293T cells. (c) Western blot analysis of CSP and RH5 expression in 293T cells transfected with Mal01-Mal06 mRNA-LPP at 12, 24, and 48 h post-transfection (Mal03 samples were collected at 12 and 24 h only). Cells transfected with CSP or RH5 single-target mRNA-LPP and harvested at 12 h served as positive controls, while empty LPP was used as the negative control. Theoretical molecular weights were approximately 107 kDa for the RH5+CSP fusion protein, 43 kDa for CSP, and 63 kDa for RH5.

Figure S4. Construction and identification of transgenic P. berghei (PbPfCSP-GFPLuc) parasites. (a) Schematic depiction and molecular characterization of the PbPfCSP-GFPLuc parasite line, generated by replacing the PbCSP coding sequence (CDS) with the PfCSP CDS in the Pb-GFPLuc background using Cas9-mediated genome editing. Expected PCR amplicon sizes and restriction fragment patterns are shown. (b) The successful replacement of the PbCSP coding sequence (CDS) with PfCSP was confirmed by PCR detection of a 1194 bp fragment. Sequencing of the amplicon verified the absence of mutations (data not shown). (c) In vivo imaging system (IVIS) detection of bioluminescence in mice infected with monoclonal positive parasite clone No. 3, demonstrating successful infection with the PbPfCSP-GFPLuc line.

Figure S5. Determination of the optimal infectious dose of PbPfCSP-GFPLuc sporozoites in mice. BALB/c mice (n = 5 per group) were intravenously inoculated via the tail vein with 500, 1000, or 2000 transgenic sporozoites of PbPfCSP-GFPLuc parasites. The minimal infectious challenge dose of PbPfCSP-GFPLuc sporozoites was evaluated using a bioluminescence assay. Mice were monitored for blood-stage parasitemia over 12 days post-infection. Sterile protection was defined as the absence of detectable parasitemia by thin blood smear through day 12.



Figure S6. Flow cytometry gating strategy for identification of cytokine-producing CD4⁺ and CD8⁺ T cells. A sequential gating strategy was used to identify antigen-specific cytokine-secreting T cells. Lymphocytes were first gated by forward and side scatter (FSC-A/SSC-A) to exclude debris. Single cells were selected using FSC-A versus FSC-H to eliminate doublets. Viable cells were identified by exclusion of a viability dye. From the live, single-cell population, CD3⁺ T cells were gated, followed by delineation of CD4⁺ T cells (CD3⁺CD4⁺CD8⁻) and CD8⁺ T cells (CD3⁺CD8⁺CD4⁻). Antigen-specific CD4⁺ and CD8⁺ T cells were identified by intracellular cytokine staining following peptide stimulation, with cytokine positivity (TNF-α, IL-4, IL-2, or IFN-γ) defined relative to unstimulated controls. Numerical values in plots indicate the percentage of cells within the parent population.

Figure S7. Recombinant PfCSP and PfRH5 protein expression and immunodetection. (a) SDS–PAGE analysis of purified recombinant PfCSP stained with Coomassie blue. (b) Western blot detection of recombinant PfCSP using an anti-His tag antibody. (c) Western blot analysis of P. falciparum gametocyte lysate probed with anti-CSP polyclonal antibodies. (d) SDS–PAGE analysis of purified recombinant PfRH5 stained with Coomassie blue. (e) Western blot analysis of P. falciparum schizont lysate probed with anti-RH5 polyclonal antibodies.


Table S1 Primer sequence for identification of the PbPfCSP-GFPLuc parasite strain

	Prime
	Sequence (5’→3’)

	F1
	GACATGCATATGTGTTGGTTG

	R2
	GCTTCGATATCGTCATAGCAAG

	F2
	GATAACCCTCACATAAGACAATCC

	R1
	GGAGATCTACTTATATGAACAATTC

	P3
	CGACAAAGGATAACGAATATTG



