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Synthetic Multiantigen MVA Vaccine COH04S1 Protects Against SARS-CoV-2 in Syrian 
Hamsters and Non-Human Primates 
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Supplementary Table 1. SARS-CoV-2 VOC-specific S mutations in pseudovirus particles 
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Supplementary Table 2. Scoring parameters used to evaluate hamster lung histopathology  
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Supplementary Table 3. NHP vaccine groups and gross pathological findings 
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Supplementary Figure 1. Related to Figure 1. COH04S1 immunogenicity in hamsters. a-f. 
Binding antibody titers. Shown are binding curves of S, RBD, and N antigen-specific antibody 
titers measured at day 28 (d28) or day 42 (d42) after the first and second vaccination in serum 
samples of COH04S1-IM and COH04S1-IN-vaccinated hamsters and unvaccinated and sMVA 
vector control animals. Two-way ANOVA with Tukey’s multiple comparison test was used g-I. 
IgG2-3/IgG1 antibody titers. Shown are IgG endpoint titers of S, RBD, and N antigen-specific 
IgG2-3 and IgG1 binding antibodies measured in serum samples of day 42 (d42). Bars indicate 
geometric means. Dotted lines indicate lower limit of detection. j-n. VOC-specific NAb titers. 
Shown are NAb titers measured in vaccine and control groups at the indicated time points by PV 
variants with D614G mutation or mutations based on several SARS-CoV-2 VOC. Dotted lines 
indicate lower limit of detection. Black triangles indicate time of vaccination. Red triangles indicate 
time of challenge. 
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Supplementary Figure 2. Related to Figure 2. COH04S1-mediated vaccine protection of 
hamsters following sub-lethal SARS-CoV-2 challenge. Shown are SARS-CoV-2 genomic 
RNA (gRNA) and sub-genomic RNA (sgRNA) copies measured by qPCR in nasal wash and nasal 
turbinates of COH04S1-IM and COH04S1-IN-vaccinated hamsters and unvaccinated and sMVA 
control animals at day 10 post-challenge. Bars show RNA copies geometric mean ± geometric 
s.d.. Dotted lines represent lower limit of detection of the assay. Kruskal-Wallis test followed by 
Dunn’s multiple comparison test was used. *=0.05 < p <0.01, **=0.01 < p < 0.001. 
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Supplementary Figure 3. Related to Figures 1 and 2. Correlative analysis of immunological 
and virological parameters in COH04S1-vaccinated hamsters challenged with SARS-CoV-
2. A Spearman correlation analysis was performed between the indicated pre-challenge immune 
responses and post-challenge virological assessments of COH04S1-IM and COH04S1-IN-
vaccinated hamsters and unvaccinated and sMVA vector control animals. a. Spearman 
correlation coefficients were calculated and plotted as a matrix. b. Two-tailed p values were 
calculated and indicated as: *=0.05 < p <0.01, **=0.01 < p < 0.001, ***=0.001 < p < 0.0001, 
****=p < 0.0001. ns= not significant. 
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Supplementary Figure 4. Related to Figure 3. COH04S1-induced humoral immunity in NHP. 
a-f. Binding antibody titers. Shown are S, RBD, and N antigen-specific IgG endpoint titers 
measured at the indicated time points of the study (Figure 3a) in COH04S1-2D and COH04S1-
1D-vaccinated NHP and mock-vaccinated and sMVA vector control animals. Data are presented 
as geometric mean values ± geometric s.d.. Two-way ANOVA followed by Sidak’s multiple 
comparison test was used. g-h. BAL binding antibodies. Shown are endpoint titers of IgG 
binding antibodies to S, RBD, and N measured in bronchoalveolar lavage (BAL) samples in 
vaccine and control groups at day 42 of the study (Figure 3a) two weeks after 2D or 1D 
vaccination. Endpoint titers are presented as geometric mean values ± geometric s.d.. Two-way 
ANOVA with Sidak’s multiple comparison test was used. i, j. VOC-specific antibody titers. 
Shown are endpoint titers of S-specific IgG binding antibodies measured at day 62 of the study 
(Figure 3a) by ELISA with S antigens based on Wuhan-Hu-1 reference strain or several VOC, 
including Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2). Endpoint titers are presented as 
geometric mean values ± geometric s.d.. Two-way ANOVA with Sidak’s multiple comparison test 
was used. k, l. PRNT NAb titers. NAb titers were measured by PRNT assay against SARS-CoV-
2 infectious virus in serum samples of vaccine and control groups. Serum dilutions reducing the 
plaque number by 50% (ID50) are presented as geometric mean values ± geometric s.d. Two-
way ANOVA followed by Tukey’s multiple comparison test was used to compare ID50 values. 
Black triangles indicate time of vaccination, red triangles indicate time pre-challenge sampling. 
Dotted lines represent assay lower limit of detection. *=0.05 < p <0.01, **=0.01 < p < 0.001, 
***=0.001 < p < 0.0001, ****=p < 0.0001. 
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Supplementary Figure 5. Related to Figure 3. COH04S1-induced T cell responses in NHP. 
a-f. Shown are IFNγ, IL-2, and IL-4-expressing S- and N-specific T cell responses measured at 
day 42 of the study (Figure 3a) by Fluorospot assay in COH04S1-2D and COH04S1-1D-
vaccinated NHP and mock-vaccinated and sMVA vector control animals. Bars represent mean 
values, lines represent ±s.d.. Two-way ANOVA followed by Tukey’s multiple comparison test was 
used. Dotted lines indicate the arbitrary positive threshold of 30 spots/106 

cells. *=0.05 < p <0.01. 
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Supplementary Figure 6. Related to Figure 4 and 5. Oral swab viral loads in COH04S1-
vaccinated NHP following SARS-CoV-2 challenge. SARS-CoV-2 genomic RNA (gRNA; a-c) 
and subgenomic RNA (sgRNA; d-f) copies were measured by qPCR at the indicated days post 
challenge in oral swab samples of COH04S1-2D and COH04S1-1D-vaccinated NHP and mock-
vaccinated and sMVA vector control animals. Lines indicate geometric means ± geometric s.d.. 
Dotted lines represent assay lower limit of detection. Two-way ANOVA followed by Sidak’s 
multiple comparison test was used. Panels in c and f show viral loads by area under the curve 
(AUC). Violin plots show values ranges with median values (dashed line) and quartiles (dotted 
line). AUC=0 was indicated as 1. One-way ANOVA followed by Tukey’s multiple comparison test 
was used. *=0.05 < p <0.01, **=0.01 < p < 0.001, ***=0.001 < p < 0.0001, ****=p < 0.0001. 
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Figure S7 

 
Supplementary Figure 7. Related to Figures 4 and 5. SARS-CoV-2 viral loads in lungs and 
other organs of COH04S1-vaccinated NHP following challenge. Given are SARS-CoV-2 
genomic RNA (gRNA; a, c, e-h) and subgenomic RNA (sgRNA; b, d, i-l) copies measured by 
qPCR at day 7 and 21 post challenge in the lungs and several other organs of necropsied 
COH04S1-2D and COH04S1-1D-vaccinated NHP and mock-vaccinated and sMVA vector control 
animals. Four lung samples were analyzed for each necropsied NHP (see Supplementary Table 
3 for necropsy schedule). Dotted lines represent assay lower limit of detection. Kruskal-Wallis test 
followed by Dunn’s multiple comparison test was used. In e-l statistical evaluation was not 
performed because of the limited number of samples in the control groups. *=0.05 < p <0.01, 
**=0.01 < p < 0.001  



13 
 

 
Supplementary Figure 8. Related to Figures 3 and 6. Correlative analysis of immunological 
and virological parameters in COH04S1-vaccinated NHP challenged with SARS-CoV-2. 
Spearman correlation analysis was performed between the indicated pre-challenge and post-
challenge immune responses and post-challenge virological assessments of COH04S1-2D and 
COH04S1-1D-vaccinated NHP and mock-vaccinated and sMVA control animals. Post-challenge 
time-points are indicated with “+“ before the day number. a. Spearman correlation coefficients 
were calculated and plotted as a matrix. b. Two-tailed p values were calculated and indicated as: 
*=0.05 < p <0.01, **=0.01 < p < 0.001, ***=0.001 < p < 0.0001, ****=p < 0.0001. ns= not significant. 
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Supplementary Figure 9. Related to Figure 6. SARS-CoV-2-specific post-challenge cellular 
IL-4-specific responses in COH04S1-vaccinated NHP. SARS-CoV-2-specific cellular immune 
responses were measured at day 3, 7, 15 and 21 post-challenge in COH04S1-2D and COH04S1-
1D-vaccinated NHP and mock-vaccinated and sMVA vector control animals and compared to pre-
challenge immune responses assessed in these groups. IL-4-expressing S and N-specific T cell 
responses were measured by Fluorospot assay. Bars represent mean values, lines represent ± 
s.d.. Dotted lines indicate the arbitrary positive threshold of 30 spots/106 

cells. Two-way ANOVA 
followed by Tukey’s multiple comparison test was used. Time-points with <3 samples/group (d+15 
and d+21) were excluded from the statistical evaluation. ****p < 0.0001.  
 


