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Figure S1. Sequence alignment and identity table for RBDs from sarbecoviruses. RBDs that are 

present on mosaic-8b RBD-mi3 are labeled as matched, while RBDs that are not present are 

labeled as mismatched. (A) Sequence alignment of RBDs from sarbecovirus strains and SARS-2 

VOCs aligned using Clustal Omega 1.2.3. RBD residues that interact with the indicated 

representative class 1, 2, 3, 4, and 1/4 anti-RBD antibodies (defined as a residue including one or 

more atoms within 4 Å of the VH-VL region of the bound antibody) are denoted with different 

colored symbols. Structures used for these assignments: C102: PDB 7K8M; C002: PDB 7K8T, 

S309: PDB 7JX3; CR3022: PDB 7LOP; C118: PDB 7RKV. Identification of RBD residues within 

particular epitopes is approximate only, since assignments will vary depending upon which 

antibody is used for the representative member of each anti-RBD antibody class. (B) RBD amino 

acid sequence-based identity matrix based on the alignment in (A) for different sarbecovirus strains 

and SARS-2 VOCs. 
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Figure S2. Preparation of RBD-mi3 nanoparticles. (A) Schematic for construction of mosaic-8b, 

mosaic-8gm, and homotypic SARS-2 Beta RBD-mi3 nanoparticles. (B) Superose 6 10/300 SEC 

profile after RBD conjugations to mi3 (2-fold molar excess of RBD to mi3 subunit) showing peaks 

for RBD-mi3 nanoparticles and free RBD(s). (C) SDS-PAGE (Coomassie staining) of RBD-

coupled nanoparticles, free RBDs, and free SpyCatcher003-mi3 particles (SC3-mi3). (D) Dynamic 

light scattering (DLS) measurements for RBD-coupled nanoparticles. Hydrodynamic radii were 

measured as 42 +/- 0.6 nm (n=10) (mosaic-8b), 33 +/- 0.9 nm (n=10) (mosaic-8gm), and 48 +/- 

0.7 nm (n=10) (homotypic SARS-2). (E) Negative-stain EM images of RBD-coupled mi3 

nanoparticles. 
  



 5 

 

  



 6 

Figure S3. Binding characteristics of mosaic and homotypic RBD-mi3 nanoparticles. (A) 

Sequence conservation of the 16 sarbecovirus RBDs in Fig. 1D calculated by the ConSurf 

Database (81) shown on two views of an RBD surface (PDB 7BZ5). The ACE2 binding footprint 

(PDB 6M0J) is outlined by yellow dots. Epitopes of representative monoclonal antibodies used in 

binding experiments are outlined in dots of the indicated colors using information from structures 

of Fabs bound to RBD or S trimer (C118: PDB 7RKS, S309: PDB 7JX3; C144: PDB 7K90, C102: 

PDB 7K8M). The N-linked glycan attached to RBD residue 343 is indicated by teal spheres, and 

the potential N-linked glycosylation site at position 370 in RBDs derived from sarbecoviruses 

other than SARS-2 is indicated by a teal circle. (B-F) ELISAs to assess binding of the hACE2-Fc 

and the indicated monoclonal antibodies to RBD-mi3 nanoparticles. Nanoparticles were 

immobilized on an ELISA plate, incubated with the indicated monoclonal antibody or hACE2-Fc, 

and binding was detected using a labeled anti-human IgG secondary antibody. Data points are 

presented as the mean and standard deviation of duplicate measurements. Some error bars are too 

small to be distinguished from data points. RLU = relative luminescence units. (B) Binding to 

mosaic-8 RBD-mi3 (WA1 SARS-2 RBD plus seven animal sarbecovirus RBDs as previously 

described (34) and in fig. S2A). (C) Binding to mosaic-8gm RBD-mi3 (mosaic-8 with a WA1 

SARS-2 RBD plus the seven animal sarbecovirus RBDs in which N-linked glycosylation site 

sequons at RBD position 484 were introduced in the clade 1a and 1b RBDs to occlude class 1 and 

2 RBD epitopes). (D) Binding to mosaic-8b RBD-mi3 (SARS-2 Beta RBD plus the seven animal 

sarbecovirus RBDs in fig. S2A). (E) Binding to homotypic SARS-2 WA1 RBD-mi3 (as previously 

described (34)). (F) Binding to homotypic SARS-2 Beta RBD-mi3.  
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Figure S4. Lung pathology is reduced in mosaic-8b immunized mice challenged with either SARS-2 or 

SARS-1. Images taken at 100x magnification. Scale bar = 100µm. Red arrows = immunoreactivity in panels 

G and M. (A-D) Hematoxylin and eosin (H&E) stained lung tissue sections from animals vaccinated with 

either mosaic-8b, mosaic-8gm, homotypic SARS-2 Beta, or unconjugated mi3 and challenged with SARS-

2 Beta (minimal-mild peribronchial inflammation in panels B and D). (E-H) Immunohistochemistry (IHC) 

staining for SARS-CoV-2 N protein antigen from animals vaccinated with either mosaic-8b, mosaic-8gm, 

homotypic SARS-2 Beta, or mi3 and challenged with SARS-2 Beta. (I-L) H&E stained lung tissue sections 

from animals vaccinated with either mosaic-8b, mosaic-8gm, homotypic SARS-2 Beta, or mi3 and 

challenged with SARS-1. (M-P) IHC staining for SARS-CoV-2 N protein antigen from animals vaccinated 

with either mosaic-8b, mosaic-8gm, homotypic SARS-2 Beta, or mi3 and challenged with SARS-1. (Q) 

Pathology and IHC for lung tissue isolated from vaccinated K18-hACE2 mice challenged with either 

SARS-2 Beta or SARS-1. Scoring for hematoxylin and eosin (H&E) is as follows: 0 = not present; 1 = 

minimal, 1-10%; 2 = mild, 11-25%; 3 = moderate, 26-50%; 4 = marked, 51-75%; 5 = severe, 76-100%. 

Scoring for IHC is as follows: 0 = not present; 1 = rare/few; 2 = scattered; 3 = moderate; 4 = numerous; 5 

= diffuse. Each column represents a single animal.  

 

 

Analysis: Upon challenge with SARS-2 Beta, two of four mi3 control animals exhibited lesions 

characterized by minimal interstitial pneumonia centered on terminal bronchioles and extending into the 

adjacent alveoli with minimal to moderate perivascular leucocyte cuffing and alveolar exudate (panels 

B,D,Q (top)). IHC for SARS-2 N protein showed staining in cells from three of four animals (<1-90% of 

type I and II cells) (panels D,H,Q (top)). In contrast, minimal to no lesions were observed in mosaic-8b and 

homotypic SARS-2 Beta immunized animals (panels A,C,Q (top)). Two of four animals immunized with 

mosaic-8gm exhibited lesions characterized by mild interstitial pneumonia. IHC staining for SARS-2 N 

protein showed minimal viral antigen present in mosaic-8b (1-5% of cells) and homotypic SARS-2 Beta 

immunized animals (two of four with <1% of stained cells) (panels E,G,Q (top)), whereas some staining 

was found in animals in the mosaic-8gm (three of four had <1-40% of stained type I and II pneumocytes). 

For the SARS-1 challenge, one animal in the control group exhibited lesions affecting 5% of the lung 

characterized by a minimal interstitial pneumonia centered on terminal bronchioles with minimal alveolar 

exudate (panels L,Q, (bottom)), whereas all four animals exhibited antigen staining (10-90% staining of 

type I and II cells) (panel P,Q (bottom)). In contrast, animals immunized with mosaic-8b did not have any 

observable pulmonary pathology (panel I,Q (bottom)). One animal vaccinated with mosaic-8gm had 

minimal interstitial pneumonia with peribronchial inflammation affecting less than 1% of the lung (panel 

J,Q (bottom)). Animals vaccinated with homotypic SARS-2 Beta did not have pulmonary lesions, except 

for one animal with minimal perivascular cuffing (panel K, Q (bottom)).  In addition, animals vaccinated 

with mosaic-8b, mosaic-8gm, and homotypic SARS-2 Beta showed minimal to no antigen staining (all <1% 

in type I and II pneumocytes) (panel M-O,Q (bottom)). Overall, mosaic-8b immunization was efficacious 

against both SARS-1 and SARS-2 challenge. Mosaic-8gm immunized animals showed low levels of viral 

antigen staining in lung tissue obtained from SARS-1 challenged animals, but not SARS-2 challenged 

animals, whereas homotypic SARS-2 Beta immunized animals showed control of SARS-2 Beta and SARS-

1 in the lungs matching the suppression of viral load in lung tissue (Fig. 3C,D). Of note, viral control in 

lung tissue did not match severity of disease for vaccinated animals (Fig 3A,B), most likely due to the 

neurological basis of disease severity in this animal model (50). 
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 Males Females 

Groups Mosaic-8b control Mosaic-8b control 

Animals/group 2 2 2 2 

LUNG     

    Inflammation, mixed or mononuclear, alveolar, 

bronchoalveolar and/or perivascular 
2 2 1 1 

minimal 1 2 1 1 

mild 1 - - - 

    Alveolar macrophages, increased 2 1 2 0 

minimal 2 1 2 - 

 

 

Figure S5. Top: Lung pathology analyses in mosaic-8b and control immunized NHPs after SARS-

2 Delta challenge revealed no detectable differences. Images were taken at 20x magnification. 

Left: representative image of lung tissue 4 days post challenge from mosaic-8b immunized 

animals. Right: representative image of lung tissue 4 days post challenge from control (adjuvant 

only) animals. Mononuclear cell inflammation was observed in alveolar spaces (arrows) and 

perivascularly (arrowheads). Bottom: Pathology for lung tissue isolated from vaccinated NHPs 

challenged with SARS-2 Delta. Histological score with % tissue involvement is as follows: 1 = 

minimal <10%, 2 = mild, 10-25%, 3 = moderate, 25-40%, 4 = marked, 50-95%, 5 = severe, >95%. 
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Figure S6. Cytokines and chemokines induced by SARS-2 Delta challenge in bronchial alveolar 

lavage (BAL) samples. Multiple cytokines and chemokines in Day 2 and Day 4 post challenge 

BAL samples were analyzed simultaneously using Luminex technology. Levels were measured 

for (A) IL-6, (B) IFN-α, (C) IFN-γ, (D) IL-8, (E) IP-10, (F) MIP-1α, (G) MIP-1β, (H) IL-12, (I) 

IL-18, (J) TNF-α, and (K) IL-1-Rα, (L) GM-CSF. Dashed horizontal lines correspond to 

background values representing the limit of detection. Significant differences between cohorts 

linked by horizontal lines are indicated by asterisks: p<0.05 = *, p<0.01 = **, p<0.001 = ***, 

p<0.0001 = **** 
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Figure S7. Mosaic-8b and homotypic SARS-2 Beta RBD-mi3 immunizations elicit binding and 

neutralizing antibodies in BALB/c mice. (A) Left: Immunization schedule. BALB/c mice were 

immunized with either mosaic-8 or homotypic SARS-2 Beta RBD-mi3. Right: Structural models 

of mosaic-8 and homotypic RBD-mi3 nanoparticles constructed using PDB 7SC1 (RBD), PDB 

4MLI (SpyCatcher), and PDB 7B3Y (mi3). (B-G) ELISA and neutralization data for antisera 

(taken 4 weeks post boost) from individual mice (open circles) presented as the mean (bars) and 

standard deviation (horizontal lines). ELISA results are shown as midpoint titers (EC50 values); 

neutralization results are shown as half-maximal inhibitory dilutions (ID50 values). Dashed 

horizontal lines correspond to the background values representing the limit of detection. 

Significant differences between cohorts linked by horizontal lines are indicated by asterisks: 

p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****. Rectangles below ELISA and 

neutralization data indicate mismatched strains (cyan; the RBD from that strain was not present on 

the nanoparticle) or matched strains (gray; the RBD was present on the nanoparticle). 
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Figure S8. Comprehensive mapping of mutations that reduce binding of sera from immunized mice 

or NHPs to the SARS-2 Beta RBD. (A) Deep mutational scanning (55) was used to map mutations 

that reduced binding of polyclonal antibodies from immunized animals to the SARS-2 Beta RBD. 

A library of yeast containing nearly all possible mutations in the SARS-2 Beta RBD was incubated 

with sera from immunized mice or NHPs, and fluorescence-activated cell sorting (FACS) was used 

to enrich for cells expressing RBD (detected with a C-terminal Myc tag, green star) with reduced 

antibody binding, detected using an anti-mouse (for mouse sera) or anti-human (for NHP sera) IgG 

Fc-gamma secondary antibody. Deep sequencing was used to quantify the frequency of each 

mutation in the pre-selection and antibody-escape cell populations. We calculated each mutation’s 

“escape fraction,” the fraction of cells expressing RBD with that mutation that fell in the antibody-

escape FACS bin (ranging from 0 to 1). The site-level escape metric is the sum of the escape 

fractions of all mutations at a site. (B) Top: Representative plots of nested FACS gating strategy 

used for all experiments to select for RBD+ single cells. Samples were gated by SSC-A versus 

FSC-A, SSC-W versus SSC-H, and FSC-W versus FSC-H) that also express RBD (FITC-A vs. 

FSC-A). Bottom: FACS gating strategy for one of two independent libraries to select cells 

expressing RBD mutants with reduced binding by polyclonal sera (cells in blue). Gates were set 

manually during sorting. Selection gates were set to capture cells that have a reduced amount of 

antibody binding for their degree of RBD expression. FACS scatter plots were qualitatively similar 

between the two libraries. SSC-A, side scatter-area; FSC-A, forward scatter-area; SSC-W, side 

scatter-width; SSC-H, side scatter-height; FSC-W, forward scatter-width; FSC-H, forward scatter 

height; FITC-A, fluorescein isothiocyanate-area. (C) The percent and number of RBD+ cells 

sorted into the antibody-escape gate for each library selected against each serum.  (D) Mutation 

(top)- and site (bottom)-level correlations of escape scores between two independent biological 

replicate libraries. The complete antibody-escape scores are available in Data S3 and at 

https://github.com/jbloomlab/SARS-CoV-2-

RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv.  

 

https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
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Figure S9. Complete antibody-escape maps for sera from mice immunized with the mosaic 8b-

RBD-mi3 (top 6) or homotypic SARS-2 Beta RBD-mi3 (bottom 6) nanoparticles. The line plots 

at left indicate the sum of effects of all mutations at each RBD site on antibody binding, with larger 

values indicating more escape. The logo plots at right show key sites where mutations disrupted 

antibody binding (highlighted in purple on the line plot x-axes). The height of each letter is that 

mutation’s escape fraction. The y-axis is scaled independently for each sample. RBD sites are 

colored by antibody epitope, indicated at right. Sites where some mutations introduce a potential 

N-linked glycosylation site sequon (NxS/T) are highlighted in gray. All escape scores are in Data 

S3 and at https://github.com/jbloomlab/SARS-CoV-2-

RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv. Interactive 

versions of logo plots and structural visualizations are at https://jbloomlab.github.io/SARS-CoV-

2-RBD_Beta_mosaic_np_vaccine/.   
 

https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
https://jbloomlab.github.io/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/
https://jbloomlab.github.io/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/
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Figure S10. Complete antibody-escape maps for sera from NHPs immunized with mosaic 8b-

RBD-mi3. (A) As in fig. S9, line plots (left) and logo plots (right) indicate the sum of the escape 

fractions for each mutation at a site, or mutation-level escape fractions for key sites, respectively. 

The y-axis is scaled independently for each sample. Sites where mutations introduce a potential 

N-linked glycosylation site sequon (NxS/T) are highlighted in gray. RBD sites are colored by 

antibody epitope, indicated in panel B. (B) The site-total antibody escape is averaged across n=4 

sera, with the y-axis scaled as in panel A. (C) The average site-total antibody escape is mapped to 

the surface of the SARS-2 Beta RBD (PDB 7LYQ), with white indicating no escape, and blue 

indicating the site with the most antibody escape. Key sites are labeled, and labels are colored by 

antibody class. All escape scores are in Data S3 and at https://github.com/jbloomlab/SARS-CoV-

2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv. Interactive 

versions of logo plots and structural visualizations are at https://jbloomlab.github.io/SARS-CoV-

2-RBD_Beta_mosaic_np_vaccine/.   

 

https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
https://github.com/jbloomlab/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/blob/main/results/supp_data/all_raw_data.csv
https://jbloomlab.github.io/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/
https://jbloomlab.github.io/SARS-CoV-2-RBD_Beta_mosaic_np_vaccine/
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