






Figure 3. Neutralizing antibodies and in vivo protection elicited by RBD-scNP vaccine 
formulated with three different adjuvants.
(A) Schematic of the vaccination and challenge study. Cynomolgus macaques (n=5 per group) 
were immunized intramuscularly 3 times with 100 μg of RBD-scNP adjuvanted with 3M052-AF + 
Alum, Alum, 3M052-AF, or PBS control. Animals injected with adjuvant alone or PBS were set as 
control groups. Monkeys were then challenged with SARS-CoV-2 WA-1, collected for blood, BAL
and nasal swab samples, and necropsied for pathologic analysis.
(B) Neutralization ID50 titers of plasma antibodies (post-3rd immunization) against pseudovirus of
SARS-CoV-2 variants in 293T-ACE2-TMPRSS2.
(C) Plasma antibody (post-2nd and post-3rd immunization) neutralization titers against 
pseudoviruses of the SARS-CoV-2 Omicron variants in 293T-ACE2 cells. The geometric mean 
ID50 titers and the fold reduction compared to D614G are shown. The dashed arrows indicate fold 
increase of ID50 titer induced by the 3rd boost.
(D) SARS-CoV-2 N gene sgRNA in BAL and nasal swab samples collected on day 2 and 4 post-
challenge. Dashed line indicates limit of the detection.
(E) Histopathological analysis. Lung sections from each animal were scored for lung inflammation 
by H&E staining, and for SARS-CoV-2 nucleocapsid Ag expression by IHC staining.
ns, not significant, *P<0.05, Wilcoxon rank sum exact test.
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Figure 4. Neutralizing antibodies and in vivo protection induced by RBD-scNP, NTD-
scNP and S2P-scNP vaccines as a three-dose regimen or as a heterologous boost for 
S2P mRNA-LNP vaccine.
(A) Negative-stain electron microscopy 2D class averaging of RBD-scNP, NTD-scNP, and 
S2P-scNP. The size of each box: RBD-scNP and NTD-scNP, 257 Å; S2P-scNP, 1,029 Å.
(B) Schematic of the three-dose regimen. Cynomolgus macaques (n=5 per group) were 
immunized 3 times with RBD-scNP, NTD-scNP, or S2P-scNP adjuvanted with 3M-052-AF + 
Alum. Monkeys were then challenged with SARS-CoV-2 WA-1, collected for blood, BAL and
nasal swab samples, and necropsied for pathologic analysis.
(C) Neutralization ID50 of plasma antibodies (week 0, 2, 6 and 10) against pseudotyped SARS-
CoV-2 D614G strain in 293T/ACE2.MF cells.
(D) Neutralization ID50 of the NTD-scNP-induced antibodies (week 10) against live SARS-CoV-
2 WA-1 virus in Vero-E6 cells in microneutralization (MN) assay.
(E-F) Plasma antibody neutralization against pseudoviruses of the SARS-CoV-2 variants in 
293T-ACE2-TMPRSS2 cells. (E) ID50 titers and (F) reduction of ID50 titers against variants 
were shown as fold reduction compared to the titers against WA-1.
(G) NTD-scNP- or S2P-scNP-induced plasma antibody (post-2nd and post-3rd immunization) 
neutralization titers against pseudoviruses of the SARS-CoV-2 Omicron variants in 293T-ACE2 
cells. The geometric mean ID50 titers and the fold reduction compared to D614G are shown.
(H) SARS-CoV-2 N gene sgRNA in BAL and nasal swab samples collected on day 2 and 4 
post-challenge.
(I) Histopathological analysis. Scores of lung inflammation determined by H&E staining and 
SARS-CoV-2 nucleocapsid antigen expression determined by IHC staining.
(J) Schematic of the heterologous prime-boost regimen. Cynomolgus macaques (n=5 per 
group) were immunized 2 times with S2P mRNA-LNP, and boosted with adjuvanted RBD-
scNP, NTD-scNP, or S2P-scNP vaccine. Monkeys were then challenged with SARS-CoV-2 
WA-1, collected for blood, BAL and nasal swab samples, and necropsied for pathologic 
analysis.
(K-L) Plasma antibody neutralization against pseudoviruses of SARS-CoV-2 variants in 293T-
ACE2-TMPRSS2 cells. (K) ID50 titers. (L) Reduction of ID50 titers against variants were shown 
as fold reduction compared to the titers against WA-1.
(M) Plasma antibody (post-2nd and post-3rd immunization) neutralization titers against 
pseudoviruses of the SARS-CoV-2 Omicron variants in 293T-ACE2 cells. The geometric mean 
ID50 titers and the fold reduction compared to D614G are shown. The dashed arrow indicates 
fold increase of ID50 titer induced by the 3rd boost.
(N) SARS-CoV-2 N gene sgRNA in BAL and nasal swab samples collected on day 2 and 4 
post-challenge.
(O) Histopathological analysis. Scores of lung inflammation determined by H&E staining and 
SARS-CoV-2 nucleocapsid antigen expression determined by IHC staining.
ns, not significant, *P<0.05, Wilcoxon rank sum exact test.
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Supplementary Figure 1

Supplementary Figure 1. RBD-scNP elicited higher titers of neutralizing antibodies
than soluble RBD. Related to Figure 2.
(A) Plasma antibody binding titers to SARS-CoV-2 spike, RBD and NTD, as well as 
recombinant spike proteins of SARS-CoV, bat CoVs RaTG13, RsSHC014, and pangolin CoV
GX-P4L. ELISA binding titers are shown as mean ± SEM of log area-under-curve (AUC).
(B-C) Plasma antibody (post-2nd immunization) blocking activity. ELISA was performed to test 
plasma antibodies blocking ACE2, human RBD neutralizing antibodies DH1041 and DH1047 
binding to SARS-CoV-2 spike protein (B), or blocking ACE2 and DH1047 binding to 
RsSHC014 spike protein (C). Data are expressed as % blocking of ACE or the indicated 
antibody by 1:50 diluted plasma samples. 
(D) Fold reduction of plasma antibody ID50 titers against pseudoviruses of SARS-CoV-2 
variants in 293T-ACE2-TMPRSS2 cells, compared to the titers against WA-1.
(E-G) SARS-CoV-2 E gene sgRNA in BAL and nasal swab samples from the WA-1 (E), Beta
variant (F), and Delta variant (G) challenged monkeys. Dashed line indicates limit of the 
detection.
ns, not significant, *P<0.05, Wilcoxon rank sum exact test.
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Supplementary Figure 2. Serum and mucosal antibody responses elicited by RBD-scNP
formulated with three different adjuvants. Related to Figure 3.
(A) Plasma antibody binding titers to SARS-CoV-2 spike, RBD and NTD, as well as recombinant 
spike proteins of SARS-CoV, bat CoV RaTG13, RsSHC014, and pangolin CoV GX-P4L. ELISA 
binding titers are shown as mean ± SEM of log area-under-curve (AUC).
(B-C) Plasma antibody (post-2nd immunization) blocking activity. ELISA was performed to test plasma 
antibodies blocking ACE2, human RBD neutralizing antibodies DH1041 and DH1047 binding to 
SARS-CoV-2 spike protein (B), or blocking ACE2 and DH1047 binding to RsSHC014 spike protein 
(C). Data are expressed as % blocking of ACE or the indicated antibody by 1:50 diluted plasma 
samples. 
(D-E) Mucosal antibody binding and blocking activities after the 3rd immunization. ELISA was 
performed to test 10x concentrated BAL or unconcentrated nasal wash samples binding to SARS-
CoV-2 spike and RBD (D), or blocking ACE2, DH1041 and DH1047 binding to SARS-CoV-2 spike 
protein (E). Binding titers are expressed as log AUC, and blocking activities are shown as %blocking 
of ACE or the indicated antibody.
(F) SARS-CoV-2 E gene sgRNA in BAL and nasal swab samples from the WA-1 challenged monkeys.
Dashed line indicates limit of the detection.
ns, not significant, *P<0.05, Wilcoxon rank sum exact test.
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Supplementary Figure 3. RBD-scNP, NTD-scNP and S2P-scNP induced spike-binding 
antibodies and mediated antibody-dependent cellular cytotoxicity (ADCC). Related to 
Figure 4.
(A-C) Negative stain electron microscopy imaging of RBD-scNP (A), NTD-scNP (B), and S2P-
scNP (C). The inset shows zoomed-in image of representative scNPs. 
(D) Plasma antibody binding titers to SARS-CoV-2 spike, RBD and NTD, as well as recombinant 
spike proteins of SARS-CoV, bat CoV RaTG13, RsSHC014, and pangolin CoV GX-P4L. ELISA 
binding titers are shown as mean ± SEM of log area-under-curve (AUC).
(E-F) Plasma antibody (post-2nd immunization) blocking activity. ELISA was performed to test 
plasma antibodies blocking ACE2, human RBD neutralizing antibodies DH1041 and DH1047, 
human NTD neutralizing antibodies DH1050.1 binding to SARS-CoV-2 spike protein (E), or 
blocking ACE2 and DH1047 binding to RsSHC014 spike protein (F). Data are expressed as % 
blocking of ACE or the indicated antibody by 1:50 diluted plasma samples. 
(G) Pre-immunization (week 0) and pre-challenge (week 10, post-3rd immunization) plasma
antibodies binding on SARS-CoV-2 spike-transfected 293T cells tested by cell surface staining.
(H) The gating strategy for the NK cell degranulation ADCC assay. Purified human NK cells were 
mixed with SARS-CoV-2 spike-transfected cells or SARS-CoV-2 infected cells in the presence of 
1:50 diluted plasma samples. NK cell degranulation was detected based on CD107a expression. 
(I) RBD-scNP-, NTD-scNP- and S2P-scNP-induced antibodies mediated ADCC. The percentages 
of CD107a+ NK cells were shown when NK cells were assayed with plasma antibodies (week 0 
and week 10) in SARS-CoV-2 spike transfected 293T cells (top row) or SARS-CoV-2 infected Vero 
E6 cells cells (botton row).
(J) SARS-CoV-2 E gene sgRNA in BAL and nasal swab samples from WA-1 challenged monkeys.
Dashed line indicates limit of the detection.
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Supplementary Figure 4. Antibody responses elicited by scNP vaccines as a booster 
vaccination in macaques that received two doses of S-2P mRNA-LNP vaccine. Related 
to Figure 4.
(A) Plasma antibody binding titers to SARS-CoV-2 spike, RBD and NTD, as well as 
recombinant spike proteins of SARS-CoV, bat CoV RaTG13, RsSHC014, and pangolin CoV
GX-P4L. ELISA binding titers are shown as mean ± SEM of log area-under-curve (AUC).
(B-C) Plasma antibody (post-2nd immunization) blocking activity. ELISA was performed to test 
plasma antibodies blocking ACE2, human RBD neutralizing antibodies DH1041 and DH1047, 
human NTD neutralizing antibodies DH1050.1 binding to SARS-CoV-2 spike protein (B), or 
blocking ACE2 and DH1047 binding to RsSHC014 spike protein (C). Data are expressed as 
% blocking of ACE or the indicated antibody by 1:50 diluted plasma samples. 
(D-E) Comparison of mucosal antibody blocking activities induced by 3 doses of scNP
vaccination or 2 doses of S2P mRNA-LNP + 1 dose of scNP vaccination. ELISA for 10x 
concentrated BAL samples (D) and neat nasal wash samples (E) blocking the binding of 
ACE2 or neutralizing antibody (DH1041 or DH1047) on SARS-CoV-2 spike were performed. 
Data are expressed as % blocking of ACE or the indicated antibody by mucosal samples.
(F) SARS-CoV-2 E gene sgRNA in BAL and nasal swab samples from WA-1 challenged
monkeys. Dashed line indicates limit of the detection.
ns, not significant, *P<0.05, Wilcoxon rank sum exact test.
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