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fig. S$1. In-vitro characterization of SARS-CoV-1/2 RBD-based immunogens. (A) SDS-PAGE of SEC/CR3022-purified
SARS-CoV-1/2 RBD-5GS-1TDO0 under the reducing and non-reducing conditions. The black dashed line indicates where
an unrelated protein analyzed on the same gel has been removed. (B) and (C) BLI profiles of SARS-CoV-1 RBD-5GS-
1TDO trimer and RBD-5GS-SPY-5GS-FR SApNP binding to four mAbs. Sensorgrams were obtained from an Octet RED96
instrument using a series of six concentrations (950-29.5 nM for the RBD trimer and 37-1.1 nM for the SPY-linked RBD FR
SApNP, respectively, both by twofold dilutions) and AHC biosensors. (D) Negative-stain EM (nsEM) images of SARS-CoV-
1/2 RBD-5GS-SPY-5GS-E2p-LD4-PADRE (or E2p-L4P) SApNPs. E2p-LD4-PADRE is a multilayered SApNP carrier with a
locking domain (LD4) and a T-cell epitope (PADRE) fused to each E2p subunit. LD4 forms an inner layer to stabilize the
NP shell from the inside and PADRE forms a cluster at the center of the SApNP.
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fig. S2. In-vitro characterization of SARS-CoV-2 spike antigens. (A) SEC profile of S2G¢;1o-HR15-5GS-1TDO-Hisgin
which the SARS-CoV-2 HR1 region (L922-S943) is swapped with the equivalent SARS-CoV-1 HR1 region, thus termed
“HR1g". This construct was transiently expressed in 50 ml ExpiCHO cells and purified on a Nickel column. (B) SEC profile
of S2Ggc1o-HR15-5GS-1TDO0-Hisg following transient expression in 50 ml ExpiCHO cells and purification on a CR3022
column. (C) SEC profile of S2GAHR2-HR14-5GS-1TDO0-Hisg following transient expression in 50 ml ExpiCHO cells and
purification on a CR3022 column. (D) ELISA curves of S2Pgc1o-5GS-1TD0 and S2GAHR2-5GS-1TDO binding to three
newly identified potent human NAbs, C105, CC12.1, and CC12.3. (E) Left: SEC profile of S2GAHR2-5GS-1TDO0 obtained
from a HiLoad 16/600 Superose 6 column following transient expression in 400 ml ExpiCHO cells and purification on a
P2B-2F6 antibody column. The range of fractions used for the BN-PAGE analysis is indicated on the SEC profile. Right:
BN-PAGE of SEC fractions (66-77 ml) and pooled fractions. (F) Thermostability of S2Pg-1o-5GS-1TD0 and S2GAHR2-
5GS-1TDO, with Tm, AT1/2, and Ton measured by differential scanning calorimetry (DSC) and labeled on the plots. The
raw and Gaussian-fitted DSC data are shown in black and red lines, respectively.
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fig. S3. In-vitro characterization of SARS-CoV-2 S2GAHR2 SApNPs. (A) BN-PAGE of CR3022-purified S2GAHR2-
presenting SApNPs. Due to the large size and molecular mass, NPs would be in the well on the top of the gel, whereas the
unassembled species would be seen on the gel. (B) BLI profiles of SARS-CoV-2 S2GAHR2-presenting SApNPs binding to
five mAbs. The SARS-CoV-2 S2GAHR2-5GS-1TDO trimer was included for comparison. Sensorgrams were obtained from
an Octet RED96 instrument using a series of six concentrations (150-4.6nM for the S2GAHR2 trimer, 9-0.27nM for the FR
NP, and 3.5-0.1nM for the E2p and 13-01v9 NPs, respectively, all by twofold dilutions) and AHQ biosensors.
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Mouse plasma ELISA at the 5t time point (w11)
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fig. S4

fig. S4. SARS-CoV-2 RBD/RBD-SApNP vaccine-induced binding antibody responses. (A) ECs, titers derived from the
ELISA binding of mouse plasma from two SARS-CoV-2 RBD-based vaccine groups (RBD-5GS-1TD0 and RBD-5GS-SPY-
5GS-FR) to the coating antigen (SARS-CoV-1 S2P..;o-5GS-foldon) are plotted, with average EC5, values labeled on the
plots. The S2P spike vaccine group (S2Pgcro-5GS-1TDO) is included here for comparison with RBD-based vaccine
groups, with the detailed ELISA data shown in fig. S5. The P-values were determined by an unpaired t test in GraphPad
Prism 8.4.3 with (*) indicating the level of statistical significance (*: 0.01<P<0.05; **: 0.001<P<0.01; ***: 0.0001<P<0.001;
****:. P<0.0001). (B) ELISA binding curves of mouse plasma from two SARS-CoV-2 RBD-based vaccine groups to three
coating antigens, SARS-CoV-1 S2Pg1o-5GS-foldon, SARS-CoV-2 S2GAHR2-5GS-foldon, and SARS-CoV-2 RBD. (C)
Summary of ECg titers measured for two SARS-CoV-2 RBD-based vaccine groups against three coating antigens. Color
coding indicates the level of ECs, titer (white: no binding; green to red: low to high). The ECy, values were calculated in
GraphPad Prism 8.4.3. Of note, the ECy, values at w2 were derived by setting the lower/upper constraints of OD,5, at
0.0/3.2 to achieve greater accuracy.
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fig. S5. SARS-CoV-2 spike/spike-SApNP vaccine-induced binding antibody responses. (A) EC;, titers derived from

the ELISA binding of mouse plasma from five SARS-CoV-2 spike-based vaccine groups (S2Pgc1o-5GS-1TD0, S2GAHR2-
5GS-1TD0, S2GAHR2-5GS-FR, S2GAHR2-5GS-E2p-L4P, and S2GAHR2-10GS-13-01v9-L7P) to the coating antigen
(SARS-CoV-1 S2P-5GS-foldon) are plotted, with average ECy, values labeled on the plots. The S2P spike vaccine group
(S2Pgc1o-5GS-1TDO) is included here for comparison with S2GAHR2 spike-based vaccine groups. The P-values were
determined by an unpaired ¢ test in GraphPad Prism 8.4.3 with (*) indicating the level of statistical significance (*:
0.01<P<0.05; **: 0.001<P<0.01; ***: 0.0001<P<0.001; ****: P<0.0001). (B) ELISA binding curves of mouse plasma from
five SARS-CoV-2 spike-based vaccine groups to three coating antigens, SARS-CoV-1 S2P¢1o-5GS-foldon, SARS-CoV-2
S2GAHR2-5GS-foldon, and SARS-CoV-2 RBD. (C) Summary of ECy, titers measured for five SARS-CoV-2 spike-based
vaccine groups against three coating antigens. Color coding indicates the level of ECg titer (white: no binding; green to
red: low to high). The EC5, values were calculated in GraphPad Prism 8.4.3. Of note, the ECg, values at w2 were derived
by setting the lower/upper constraints of OD,5, at 0.0/3.2 to achieve greater accuracy.
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fig. S6

fig. S6. SARS-CoV-1 spike/RBD/RBD-SApNP vaccine-induced binding antibody responses. (A) EC;, titers derived
from the ELISA binding of mouse plasma from three SARS-CoV-1 vaccine groups (S2Pgq1o-5GS-1TD0, RBD-5GS-1TDO,
and RBD-5GS-SPY-5GS-FR) to the coating antigen (SARS-CoV-2 S2P..;o-5GS-foldon) are plotted, with average ECy,
values labeled on the plots. The S2P spike vaccine group (S2Pgq1o-5GS-1TDO) is included here for comparison with RBD-
based vaccine groups. The P-values were determined by an unpaired f test in GraphPad Prism 8.4.3 with (*) indicating the
level of statistical significance (*: 0.01<P<0.05; **: 0.001<P<0.01; ***: 0.0001<P<0.001; ****: P<0.0001). (B) ELISA binding
curves of mouse plasma from three SARS-CoV-1 vaccine groups to three coating antigens, SARS-CoV-1 S2P-5GS-
foldon, SARS-CoV-2 S2P..1o-5GS-foldon, and SARS-CoV-1 RBD. (C) Summary of ECy, titers measured for three SARS-
CoV-1 vaccine groups against three coating antigens. Color coding indicates the level of ECg, titer (white: no binding;
green to red: low to high). The EC5, values were calculated in GraphPad Prism 8.4.3. Of note, the EC;, values at w2 were
derived by setting the lower/upper constraints of OD,5, at 0.0/3.2 to achieve greater accuracy.
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fig. S7. SARS-CoV-2 RBD/RBD-SApNP vaccine-induced neutralizing antibody responses. (A) Neutralization curves
of mouse plasma from two SARS-CoV-2 RBD-based vaccine groups against SARS-CoV-1/2-pps. (B) Summary of 1D,
titers measured for two SARS-CoV-2 RBD-based vaccine groups against SARS-CoV-1/2-pps. Color coding indicates the
level of IDg, titer (white: no neutralization; green to red: low to high). The IDg, values were calculated in GraphPad Prism
8.4.3, with the lower/upper constraints of %neutralization set at 0.0/100.0.
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fig. S8. SARS-CoV-2 spike/spike-SApNP vaccine-induced neutralizing antibody responses. (A) Neutralization curves
of mouse plasma from five SARS-CoV-2 spike-based vaccine groups against SARS-CoV-1/2-pps. (B) Summary of IDg,
titers measured for five SARS-CoV-2 spike-based vaccine groups against SARS-CoV-1/2-pps. Color coding indicates the
level of IDg, titer (white: no neutralization; green to red: low to high). The IDg, values were calculated in GraphPad Prism
8.4.3, with the lower/upper constraints of %neutralization set at 0.0/100.0.
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fig. S9

fig. S9. SARS-CoV-1 spike/RBD/RBD-SApNP vaccine-induced neutralizing antibody responses. (A) Neutralization
curves of mouse plasma from three SARS-CoV-1 vaccine groups against two SARS-CoV-1/2-pps. (B) Summary of 1D,
titers measured for three SARS-CoV-1 vaccine groups against SARS-CoV-1/2-pps. Color coding indicates the level of 1Dy,
titer (white: no neutralization; green to red: low to high). The 1D, values were calculated in GraphPad Prism 8.4.3, with the
lower/upper constraints of %neutralization set at 0.0/100.0. (C) Neutralization curves of four known SARS-CoV-1/2 NAbs
against respective pseudoviruses. SARS-CoV-1-pp (left) and SARS-CoV-2-pp (right). (D) Neutralization curves of mouse
plasma from all vaccine groups at w8 against MLV-pps as a negative control. No MLV-pp neutralization was observed.



Table S1

Table S1. Key in vitro and in vivo characteristics of RBD and spike-based SARS-CoV-2 vaccines 2

RBD-based constructs Spike-based constructs
RBD-5GS- RBD-5GS-SPY- RBD-5GS-SPY- RBD-5GS-SPY- S2Pg1o-5GS- S2GAHR2-  S2GAHR2-5GS- S2GAHR2-5GS- S2GAHR2-10GS-
1TDO 5GS-FR 5GS-E2p-LD4-  5GS-I3-01v9- 1TDO 5GS-1TDO FR E2p-LD4-PADRE  13-01v9-LD7-

PADRE LD7-PADRE PADRE
Display scaffold ® 1TDO Ferritin E2p 13-01v9 1TDO 1TDO Ferritin E2p 13-01v9
Multilayered (Y/N)¢ NA N Y Y NA NA N Y Y
PADRE included (Y/N)¢ NA N Y Y NA NA N Y Y
Antigen (Ag) type © Monomer Monomer Monomer Monomer Trimer Trimer Trimer Trimer Trimer
Number of Ags f 3 24 60 60 1 1 8 20 20
Display method 9 Fusion SPY SPY SPY Fusion Fusion Fusion Fusion Fusion
Number of plasmids " 1 2 2 2 1 1 1 1 1
Protein yield | e+ ++++ + +++ +++ +++ +++ ++ +++
Protein purity e+ ++++ + +++ ++++ +H+++ +++ ++ ++4+
ELISA binding ¥ ++++ +H+++ ND ND ++++ ++++ +++++ e+ e+
BLI binding' ++ e+ ND ND ++ ++ +++ e+ e+
W8 binding Ab titer ™ ++++ +H+++ ND ND ++ +++ +++ ++++ e+
W8 NAD titern ++ +++ ND ND ++ +++ +++ ++++ +++++
T-cell response °© ND ND ND ND ++ ND ND +++ +H++

aSummary of key vaccine attributes with “+” indicating positive outcome (+ being broadline and +++++ being optimal), “NA” not applicable, and “ND” not determined.

b Display scaffold — A trimerization motif (1TDO) and three self-assembling protein nanoparticles (SApNPs), ferritin, E2p, and 13-01, are used to display the RBD and spike.

¢Multilayered (Y/N) — Whether the SApNP construct contains an inner layer of locking domains (LD) and a cluster of T-cell epitopes (PADRE). Y: yes, N: no.

dPADRE included (Y/N) — Whether the SApNP construct contains a pan DR epitope that activates CD4* T cells.

¢ Antigen (Ag) type — The RBD is a monomer, whereas the spike is a trimer of cleaved S1/S2 heterodimers or uncleaved S proteins.

fNumber of Ags — Number of antigens in the properly folded and assembled vaccine immunogen.

9 Display method — The antigen is either conjugated to SApNPs using the SpyTag/SpyCatcher (SPY) system or genetically fused to a trimerization motif or SApNP subunit.

" Number of plasmids — The number of expression plasmids needed to produce the vaccine immunogen in ExpiCHO cells.

i Protein yield — Protein yield is measured after purification on a CR3022 antibody column. Of note, individual antigens usually have higher yield than their SApNPs, and the
24-meric SApNP (ferritin) tends have greater yield than the 60-meric SApNPs, E2p and 13-01.

iProtein purity — Protein purity is measured by qualitatively comparing the ratio of various species (aggregate, SApNP, trimer, dimer and monomer) in the SEC profile.

KELISA binding — ECg, values are calculated from ELISA binding to a panel of known antibodies.

IBLI binding — Binding signals (nm) are compared as most constructs show negligible off-rates in the Octet experiments.

mW8 binding Ab titer — ECy, titers are compared at week 8, where serum binding antibody response reaches the plateau.

"W8 NAD titer — D5, titers are compared at week 8, where serum NAb response reaches the plateau.

°T-cell response — End-point T-cell (Th1, cytolytic CD4*, and CD8) responses.
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