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Figure S1. Construction and antigenicity characterization of RBD-conjugated CNP
(A) Western blotting analysis of covalent complex formation between SC-RBD and ST-CNP. SC-RBD, ST-CNP, and R-CNP were assessed using antibodies against CTB.
(B) Dynamic light scattering analysis of CNP and R-CNP.
(C) Comparison of hACE2 binding affinity among RBD, SC-RBD, and R-CNP. This assay was assessed using a competition ELISA.
(D) The Ka, Kd, and KD of unconjugated RBD and R-CNP were determined by surface plasmon resonance assays. Ka: Association rate. Kd: Dissociation rate. KD: Binding affinity constant calculated as Kd/Ka.
[bookmark: _Hlk99562738](E) Flow cytometry analysis of known surface markers to assess the activation of bone marrow dendritic cells (BMDCs) after treatment with RBD, CTB+RBD, or R-CNP. CTB+RBD: Mixture of free CTB and RBD.
(F) Flow cytometry analysis of known surface markers to assess the activation of macrophages after treatment with RBD, CTB+RBD, or R-CNP.
(G) Heatmap of secretory cytokine by APCs after treatment with RBD, CTB+RBD, or R-CNP.
Data in C, E, and F (n=3) are shown as the mean ± SEM. Significance in E and F were calculated a one-way ANOVA with multiple comparison tests (ns: not significant; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001).
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Figure S2. Optimization and characterization of the inhalable R-CNP@M vaccine
(A) Schematic illustrations of inhaled microcapsule preparation, encapsulation, and characterization. Both the particle size and porosity were adjusted to obtain a suitable aerodiameter to enable efficient alveoli delivery (left panel). The interior structure was optimized for well penetration of R-CNP and complete sealing of opening pores (middle panel). Then, the prepared R-CNP@M was characterized to evaluate the loading performance, morphology features, release profile, and antigen bioactivity remaining (right panel).
(B) The fitting surface among aerodynamic size (da), hydrodynamic size (dh) and porosity (po.). The magenta area represents microcapsules with aerodynamic size ranging from 1 to 4 μm.
(C) Evaluation of the microencapsulation process. The microspheres with similar hydrodynamic size and porosity (po.), but with various pore sizes (red), were prepared to mix with antigen (blue) followed by self-healing. The different performances on penetration of R-CNP and self-healing of microcapsule resulted in different encapsulation efficiencies.
(D) Loading and encapsulation efficiency of R-CNP@M.
(E) Aerodynamic size of fresh R-CNP@M and R-CNP@M stored for 1 month.
(F) DLS analysis of the harvested R-CNP from microcapsules stored for 1 month.
(G) Endotoxin levels of R-CNP and R-CNP@M. 
Data in C, D, and G (n=3) are shown as the mean ± SEM.
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Figure S3. Safety evaluation and in vivo characterization of R-CNP@M in mice 
(A) Respiratory function evaluation of vaccinated mice at the indicated time points. Day -1 means the day before immunization. Day 0.5 means twelve hours after immunization.
(B) Hemogram indices of vaccinated mice at the indicated time points.
(C) H&E staining of lung tissue and other main organs at the indicated time points. All images were represented with a same magnification.
(D) Representative images of the Cy7-labeled R-CNP signal in main organs.
[bookmark: OLE_LINK5](E) Quantitative distribution of R-CNP@M in various lung structures.
Data in B, and E are shown as the mean ± SEM (n=3). Significance in E was calculated using a one-way ANOVA with multiple comparison tests (∗∗∗∗p < 0.0001).
[image: ]
Figure S4. Analysis of immune cell status in the lungs of immunized mice
(A) Bubble chart of canonical cell-type markers of nine major cell types.
(B) Major cell-type composition of mice from the PBS, R-CNP, and R-CNP@M groups.
(C) Heat map of differentially expressed genes (DEGs) among the PBS, R-CNP, and R-CNP@M groups from macrophages and DCs in the lungs.
(D and E) GO (Gene Ontology) terms from biological processes related to the activation of macrophages (D) and DCs (E) enriched by DEGs between R-CNP@M and PBS.
(F) The annotated T cell clusters are depicted using t-distributed stochastic neighbor embedding (t-SNE) plots for the merged scRNA-seq data (combined with the PBS, R-CNP, and R-CNP@M groups), and the relative proportions of these six T cell subsets are presented based on scRNA-seq data. The defined T cell subsets are naïve CD4+ T, naïve CD8+ T, effector and/or memory CD4+ T (E&M CD4+ T), effector and/or memory CD8+ T (E&M CD8+ T), γδ T, and regulatory T (Treg) cells.
(G) The annotated B cell clusters are depicted using t-SNE plots for the merged scRNA-seq data (combined with PBS, R-CNP, and R-CNP@M groups), and the relative proportions of these four B cell subsets are presented based on scRNA-seq data. The defined B cell subsets are memory B (M B), immature B, plasma, and bronchus-associated lymphoid tissue B (BALT B) cells.
(H) The DEGs from BALT B cells are represented by volcano plots for R-CNP@M vs. PBS.
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Figure S5. Additional evaluation of T and B cell response in mice 
(A) Percentage of effector memory T cells (TEM) (CD44hi CD62Llow) in spleen (among CD4+ T cells, assessed by flow cytometry).
(B) Percentage of TEM (CD44hi CD62Llow) in spleen (among CD8+ T cells, assessed by flow cytometry).
(C) Percentage of IFN-γ+ T (IFN-γ+ CD3+) cells in mLNs (among total T cells, assessed by flow cytometry).
(D) ELISpot analysis of IFN-γ spot-forming cells among splenocytes from different groups. 
Data in A-D (n=3) are shown as the mean ± SEM. Significance was calculated using a one-way ANOVA with multiple comparison tests (∗p < 0.05; ∗∗p < 0.01; ∗∗∗∗p < 0.0001).
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Figure S6. Additional evaluations of antibody responses in mice
(A) RBD binding titers of serum IgG1 and IgG2a were determined by ELISA on days 14, 28, 42, 56, 70, 91 133, 175, 266, and 365.
(B) Serum antibody quality analysis of R-CNP@M (indicated by the ratio of pVNT50/ Serum IgG titer) on days 28, 56, 70, 133, 266, and 365. The means of each time points were connected.
(C) RBD binding titers of serum IgG were determined by ELISA on day 70.
(D) Fold decreases in pVNT50 for each pseudovirus relative to D614G in serum from mice immunized with R-CNP@M on day 70. The mean value is shown at the top of each bar.
(E) Correlations of IgG antibody titer and pVNT50 in serum from immunized mice on day 70. The p-values and R2 values reflect Pearson’s correlation analysis.
(F) Correlations of IgG antibody titer and pVNT50, and that of sIgA and pVNT50 in BALF from immunized mice on day 70. The p-values and R2 values reflect Pearson’s correlation analysis.
(G) Relative counts for IGHC/V/D/J gene (frequency > 0.005) usage and pairing in pulmonary BCR repertoires in PBS and R-CNP@M group. R-CNP@M group showed more high-frequency IGH CDR3 pairing types, and more IGHG and IGHA transcripts.
(H) Conserved amino acid (aa) distribution in CDR3 motif with 13 aa lengths (R-CNP@M). The green amino acid is hydrophobic, while blue amino acid is hydrophilic. R-CNP@M group showed a less conservation of the fourth to ninth amino acids in IGH CDR3.
(I) Difference of amino acid usage in CDR3 motif with 13 aa lengths (PBS vs R-CNP@M). The red amino acid is negatively charged, which were detected with enrichment at the fourth position, while blue amino acid is positively charged.
(J) Quantile Snail of diversity, clonality and top 5 CDR3 motifs in PBS and R-CNP@M group. The inner ring means the proportion of BCR clones with various number of detections. The middle ring means the proportion of each 20% BCR clones. The outer ring means top 5 CDR3 motif.
Data in A, B, C, and D (n=6) are shown as the mean ± SEM. Significance was calculated using a one-way ANOVA with multiple comparison tests in C and D (ns: not significant; ∗p < 0.05; ∗∗∗p < 0.001).
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Figure S7. Comparations of RBD+Al and R-CNP@M on immunologic performance against SARS-CoV-2 in mice
The mice immunized with free RBD (5 μg, immunized twice with an interval of 2 weeks) received the same equivalent of the RBD antigen as mice immunized with R-CNP@M (10 μg equivalent RBD, immunized once); PBS were used as the mock control.
(A) Schematic illustration of immunization and sampling in mice.
(B) RBD binding titers of serum IgG were determined by ELISA on days 70.
(C) RBD binding titers of BALF IgG and sIgA were determined by ELISA on day 70 in RBD+Al group.
(D) Viral RNA levels were determined in the lung and nose tissues by qPCR at 5-day post infection (using ORF1a/b primers).
(E) Correlations of serum RBD binding titer of IgG and SARS-CoV-2 viral RNA levels (ORF1a/b copies). The p-values and R2 values reflect Pearson’s correlation analysis.
(F) Histopathology analysis of lung tissue sections.
(G) Immunohistochemical analysis of the SARS-CoV-2 N protein of lung tissue sections. The arrows indicate the SARS-CoV-2 N protein positive areas.
[bookmark: _Hlk116242055]Data in B–D (n=6) are shown as the mean ± SEM. Significance was calculated using unpaired t-test in B and a one-way ANOVA with multiple comparison tests in D, respectively (ns, not significant; ∗∗p < 0.01; ∗∗∗p < 0.001).



[image: ]
Figure S8. Comparations of Zifivax and R-CNP@M on immunologic performance against SARS-CoV-2 in hamsters
The hamsters immunized with Zifivax (10 μg equivalent RBD, immunized three times with an interval of 2 weeks) received the same equivalent of the RBD antigen as hamsters immunized with R-CNP@M (30 μg equivalent RBD, immunized once).
(A) Schematic illustration of immunization and sampling in hamsters.
(B) RBD binding titers of serum IgG were determined by ELISA on days 14, 28 and 42.
(C) Measurement of MN50 from serum, with sampling on day 42. 
(D) Measurement of MN50 from BALF, with sampling on day 42. 
(E) Viral RNA levels were determined in the lung and nose tissues by qPCR (using ORF1a/b primers).
(F) Viral titers assessed in lung tissue at 3 dpi.
(G) Immunohistochemical analysis and histopathology analysis of the SARS-CoV-2 N protein of lung tissue sections at 3 dpi. The arrows indicate the SARS-CoV-2 N protein positive areas.
[bookmark: _Hlk116241948]Data in C-F (n=6) are shown as the mean ± SEM. Significance was calculated using an unpaired t-test in C-F (ns: not significant; ∗∗p < 0.01; ∗∗∗∗p < 0.0001).
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Figure S9. Additional evaluations of R-CNP@M in cynomolgus monkeys
(A, B) Biochemical (A) and physiological indices (B) of blood in cynomolgus monkeys. AST: Aspartate aminotransferase; LDH: Lactate dehydrogenase; ALP: Alkaline phosphatase; TP: Total protein; BUN: Blood urea nitrogen.
(C) Percentage of granzyme B+ CD8+ T cells (Gzmb+ CD8+) among CD8+ T cells in peripheral blood (assessed by flow cytometry).
All data (n=5) are shown as the mean ± SEM. Significance was calculated using unpaired t-test in A-C (ns: not significant; ∗∗∗∗p < 0.0001).
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Figure S10. Additional evaluations of mosaic vaccine.
[bookmark: _Hlk99568889](A) The RBD binding titers of BALF IgG from mice vaccinated with mosaic vaccine in Figure 6 was determined by ELISA on day 28.
(B) Correlations of IgG antibody titer and pVNT50 in BALF from mice vaccinated with mosaic vaccine in Figure 6. The p-values and R2 values reflect Pearson’s correlation analysis.
(C) Schematic illustration of booster immunization in mice.
(D) RBD binding titers of IgG on day 14 post booster immunization with mosaic vaccine of mice, which were prime-immunized with RW-CNP@M (n =6).
(E) Schematic illustration of booster immunization in cynomolgus monkeys.
[bookmark: OLE_LINK87](F) RBD binding titers of IgG on day 14 post booster immunization with mosaic vaccine of cynomolgus monkeys, which were prime-immunized with RW-CNP@M (n =5).
(G) Pathological scores of lung tissue sections in the airborne transmission experiment.
(H) Pathological scores of lung tissue sections in the contact transmission experiment.
[bookmark: OLE_LINK98]Data in A and B(n=6) are shown as the mean ± SEM. Significance was calculated using unpaired t-test in A (ns: not significant; ∗p < 0.05; ∗∗p < 0.01).
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Figure S11. Flow cytometric gating strategies, related to Figures 3 and S5. 
(A) Gating strategy in this study used to distinguish lung-tissue-resident T cells.
(B) Gating strategy in this study used to distinguish memory T cells.
(C) Gating strategy in this study used to distinguish multifunctional CD8 T cells.
(D) Gating strategy in this study used to distinguish activated B and T cells.
Example shown are representative from BALB/c mice vaccinated with R-CNP@M via inhalation.
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