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SUMMARY

COVID-19 vaccine efficacy is threatened by emerging SARS-CoV-2 variants of
concern (VOC) with the capacity to evade protective neutralizing antibody re-
sponses. We recently developed clinical vaccine candidate COH04S1, a synthetic
modified vaccinia Ankara vector (sMVA) co-expressing spike and nucleocapsid an-
tigens based on the Wuhan-Hu-1 reference strain that showed potent efficacy to
protect against ancestral SARS-CoV-2 in Syrian hamsters and non-humanprimates
and was safe and immunogenic in healthy volunteers. Here, we demonstrate that
intramuscular immunization of Syrian hamsters with COH04S1 and an analogous
Beta variant-adapted vaccine candidate (COH04S351) elicits potent cross-reac-
tive antibody responses and protects against weight loss, lower respiratory tract
infection, and lung pathology following challenge with major SARS-CoV-2 VOC,
including Beta and the highly contagiousDelta variant. These results demonstrate
efficacy of COH04S1 and a variant-adapted vaccine analog to confer cross-protec-
tive immunity against SARS-CoV-2 and its emerging VOC, supporting clinical
investigation of these sMVA-based COVID-19 vaccine candidates.

INTRODUCTION

Immediately after the outbreak of the COVID-19 pandemic (Zhou et al., 2020; Zhu et al., 2020), several

severe acute respiratory syndrome virus 2 (SARS-CoV-2) variants of concern (VOC) have emerged with

the capacity to spread more effectively and to evade neutralizing antibodies (NAb) stimulated through

natural infection or vaccination (Tegally et al., 2021; Garcia-Beltran et al., 2021; Zhou et al., 2021; Faria

et al., 2021; Dejnirattisai et al., 2021; Moore and Offit, 2021; Planas et al., 2021). This includes the Beta

variant (B.1.351) first identified in South Africa as well as the Delta variant (B.1.617) first identified in India,

which has rapidly spread worldwide and globally surfaced as a dominant SARS-CoV-2 VOC (Tegally et al.,

2021; Garcia-Beltran et al., 2021; Zhou et al., 2021; Planas et al., 2021), prior to the recent predominance by

the Omicron variant (B.1.1.529) (Carreno et al., 2021). The ongoing emergence of SARS-CoV-2 VOC with

mutant spike (S) proteins poses imminent challenges to establish protective immunity by approved first-

generation COVID-19 vaccines (Polack et al., 2020; Baden et al., 2021; Voysey et al., 2021; Sadoff et al.,

2021), which were antigenically designed based on the Wuhan-Hu-1 reference strain initially discovered

in China. Recent reports suggest that two doses of approved COVID-19 vaccines confer reduced clinical

effectiveness against SARS-CoV-2 Beta and Delta variants as well as SARS-CoV-2 Omicron (Madhi et al.,

2021; Shinde et al., 2021; Lopez Bernal et al., 2021; Collie et al., 2021; Tang et al., 2021; Andrews et al.,

2022; Sheikh et al., 2021). These findings highlight the need to develop next-generation COVID-19 vaccines

that confer improved efficacy against SARS-CoV-2 and its emerging VOC.

We previously developed COH04S1, a multi-antigenic COVID-19 vaccine candidate based on a synthetic

version of the well-characterized and clinically proven modified vaccinia Ankara (sMVA) vector (Chiuppesi

et al., 2020), which is widely used to develop poxvirus vaccines for infectious disease and cancer (Gilbert,

2013; Sutter and Moss, 1992; Volz and Sutter, 2017). We have used MVA to develop vaccine candidates

for preclinical testing in animal models of congenital cytomegalovirus disease while demonstrating vaccine

efficacy in several clinical trials in solid tumor and stem cell transplant patients (Wussow et al., 2013, 2014; La

Rosa et al., 2017; Aldoss et al., 2020; Chiuppesi et al., 2018; Yuan et al., 2017). COH04S1 was designed to co-

express full-length, unmodified S and nucleocapsid (N) antigens based on theWuhan-Hu-1 reference strain
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and demonstrated potent efficacy to protect against respiratory infection by ancestral SARS-CoV-2 in Syrian

hamster and non-human primatemodels through different immunization routes and dose regimens (Chiup-

pesi et al., 2020). COH04S1 has demonstrated to be safe and immunogenic in a Phase 1 clinical trial in

healthy adults (Chiuppesi et al., 2022b), and is currently being tested in Phase 2 clinical trials as a primary

series vaccination in hematology and transplant patients (NCT04977024) and as a booster dose to autho-

rized SARS-CoV-2 vaccines in healthy adults (NCT04639466).

In this report, we demonstrate that COH04S1 and an analogous Beta variant-adapted vaccine construct,

termed COH04S351, protect Syrian hamsters from respiratory infection by major SARS-CoV-2 VOC,

including SARS-CoV-2 Beta and Delta variants. These results demonstrate efficacy of COH04S1 and

COH04S351 to provide cross-protective immunity against SARS-CoV-2 and its emerging VOC, supporting

clinical evaluation of these COVID-19 vaccine candidates.

RESULTS

COH04S1 and COH04S351 elicit cross-reactive antibody responses against SARS-CoV-2

ancestral virus and Beta and Delta variants

Using the Syrian hamster model (Tostanoski et al., 2020; Sanchez-Felipe et al., 2021; Yahalom-Ronen et al.,

2020; Chan et al., 2020; Sia et al., 2020; Imai et al., 2020), we evaluated COH04S1 and COH04S351 vaccine

efficacy against viral challenge by ancestral SARS-CoV-2 (USA-WA1/2020) or SARS-CoV-2 Beta and Delta

variants. The sMVA-derived COH04S1 vaccine contains Wuhan-Hu-1-based N and S antigen sequences

(Chiuppesi et al., 2020, 2022a), while the analogously constructed COH04S351 contains modified N and S

antigen sequences based on the SARS-CoV-2 Beta strain (Figure 1A and Table S1). Hamsters were vacci-

nated twice in a four week interval with 13 108 plaques forming units (PFU) of vaccine or empty sMVA control

vector by intramuscular route (Figure 1B). Both COH04S1- and COH04S351-vaccinated animals developed

robust binding antibody responses to ancestral-specific S, receptor-binding domain (RBD), and N antigens

as well as S antigens based on Beta, Delta, and the currently dominating Omicron variant (Figures 1C and

1D). These ancestral- and VOC-specific responsesmeasured after the first immunizationwere overall similar

between COH04S1- and COH04S351-vaccinated animals, although ancestral-specific S antibody titers

tended to be significantly higher in COH04S1-vaccinated hamsters than in COH04S351-vaccinated animals,

and Beta-specific S antibody titers tended to be significantly higher in COH04S351-vaccinated animals than

inCOH04S1-vaccinated animals. In addition, ancestral-specific S, RBD, andN antibody responses elicited in

COH04S1- andCOH04S351-vaccinated hamsters were predominantly of IgG2/3 isotype and only to aminor

proportion of IgG1 isotype (Figure 1E), indicating stimulation of Th1-biased immunity.

NAb measurements by plaque reduction neutralization titer (PRNT) assay after the booster vaccination re-

vealed strain-specific NAb responses in COH04S1- and COH04S351-vaccinated animals (Figures 1F–1H).

NAb responses against the ancestral virus were measured in both COH04S1- and COH04S351-vaccinated

animals, with no significant differences between the two vaccine groups, although ancestral-specific NAb

titers in COH04S351-vaccinated animals tended to be slightly lower than those in COH04S1-vaccinated an-

imals. While ancestral-specific NAb titers were significantly elevated in COH04S1-vaccinated animals

compared to controls, there was no statistical significance of ancestral-specific NAb titers in

COH04S351-vaccinated animals compared to controls, indicating reduced neutralizing activity against

the ancestral virus in COH04S351-vaccinated animals compared to COH04S1-vaccinated animals. In

contrast, neutralizing titers measured against the Beta and Delta variants were significantly higher in

COH04S351-vaccinated animals than in COH04S1-vaccinated animals. Both Beta- and Delta-specific

neutralizing responses were significantly elevated in COH04S351-vaccinated animals compared to con-

trols, whereas there was no statistical significance in Beta- and Delta-specific neutralizing titers when

comparing COH04S1-vaccinated animals to controls, indicating reduced or relatively low levels of Beta-

and Delta-specific NAb responses in COH04S1-vaccinated animals. In total, these results demonstrate

that COH04S1 stimulated robust humoral immunity against the ancestral virus but reduced antibody levels

against the Beta and Delta variants, whereas COH04S351 elicited significantly elevated humoral responses

against the Beta and Delta variant but reduced antibody responses against the ancestral virus.

COH04S1 and COH04S351 protect hamsters from severe weight loss following challenge

with SARS-CoV-2 ancestral virus and Beta and Delta variants

At six weeks post immunization, vaccinated hamsters and control animals were challenged intranasally with

8.0 3 106 TCID50 (median tissue culture infectious dose) of ancestral SARS-CoV-2 (USA-WA1/2020) or
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SARS-CoV-2 Beta variant or 1.3 3 107 TCID50 of SARS-CoV-2 Delta variant (Figure 1B). A higher viral chal-

lenge dose was used for the Delta variant compared to the ancestral virus and the Beta variant based on

prior dose-titration experiments. Body weight changes were measured daily over a 10 days period (Fig-

ure 1B). Control animals challenged with the ancestral virus or the variant viruses showed rapid body weight

loss for 6–7 days, reaching maximum body weight loss between 5% and 18%. In contrast to the controls,

COH04S1- and COH04S351-vaccinated hamsters challenged with the ancestral virus or the variant viruses

Figure 1. COH04S1 and COH04S351 elicit cross-reactive antibody responses against SARS-CoV-2 ancestral virus and Beta and Delta variants

(A) Vaccine constructs. COH04S1 and COH04S351 are sMVA-based vaccine vectors designed to co-express N and S antigen sequences based on ancestral

Wuhan-Hu-1 SARS-CoV-2 or SARS-CoV-2 Beta variant (b), respectively. The antigen sequences were inserted into theMVA deletion sites 2 (Del2) and 3 (Del3)

as indicated.

(B) Study design. Hamsters were vaccinated twice with COH04S1 (n = 30) or COH04S351 (n = 30) by intramuscular route as indicated (black arrows). Hamsters

vaccinated with empty sMVA vector (n = 30) were used as controls. Blood samples were collected at day 14 and 42 (red arrows) after the first and second

vaccination. Hamsters were challenged intranasally at day 42 with ancestral virus or Beta or Delta variants (n = 10/group) and body weight changes were

recorded daily for 10 days. Nasal turbinates and lung tissue for viral load measurements and lung histopathology were collected at day 3 and 10 post

challenge (n = 5/group/timepoint).

(C) IgG endpoint titers. S, RBD, and N antigen-specific binding antibody titers to ancestral SARS-CoV-2 were measured in serum samples of vaccine and

control groups at day 14 (d14) post prime vaccination via ELISA. Dotted lines indicate lower limit of detection.

(D) Variant-specific IgG endpoint titers. Serum IgG binding antibody titers to Beta, Delta, and Omicron-specific S antigens were measured in serum samples

of vaccine and control groups at day 14 (d14) post prime vaccination via ELISA. Dotted lines indicate lower limit of detection.

(E) IgG2-3/IgG1 ratios. S, RBD, and N antigen-specific IgG2-3 and IgG1 endpoint titers were measured at day 14 (d14) in serum samples of vaccine and

control groups and used to assess IgG2-3/IgG1 ratios. An IgG2-3/IgG1 ratio >1 (dotted line) is indicative of a Th1-biased response.

(F–H) NAb titers. NAb titers were measured in serum samples of vaccine and control groups at day 42 (d42) post second vaccination via PRNT assay against

ancestral SARS-CoV-2 (F) and Beta (G) and Delta (H) variants. Dotted lines indicate lower and upper limit of detection (LLOD and ULOD, respectively). Values

below the LLOD (ID50 = 20 in F and H, ID50 = 60 in G) are indicated as half the LLOD, values above the ULOD (ID50 = 14,580) are indicated as twice the ULOD.

In C-H data are presented as geometric mean values G geometric SD. Two-way ANOVA with 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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showed no or only very minor body weight decline, with median peak weigh loss below 4% for all groups

during the entire 10 days observation period (Figures 2A–2F). COH04S1- and COH04S351-vaccinated an-

imals showed comparable body weight following challenge with the ancestral virus. In contrast, slightly but

consistently increased body weight was observed over time for COH04S351-vaccinated animals compared

to COH04S1-vaccinated animals following challenge with the variant viruses, suggesting marginally

improved efficacy of COH04S351 over COH04S1 to protect against weight loss caused by SARS-CoV-2

Figure 2. COH04S1 and COH04S351 protect hamsters from severe weight loss following challenge with SARS-

CoV-2 ancestral virus and Beta and Delta variants

(A, C, and E) Body weight change. Body weight of COH04S1- and COH04S351-vaccinated animals and sMVA-immunized

control animals was measured daily for 10 days following challenge with ancestral SARS-CoV-2 (A) or SARS-CoV-2 Beta

(C) and Delta (E) variants. Weight loss compared to day 0 is reported as mean G SEM. Two-way ANOVA followed by

Tukey’s multiple comparison test was used to compare group mean values at each timepoint.

(B, D and F) Maximal weight loss. Percentage of maximal weight loss is shown in single animals of vaccine and control

groups challenged with ancestral SARS-CoV-2 (B) or Beta (D) and Delta (F) variants. Lines and bars represent median

values and 95% CI, respectively. Peaks of weight loss in each group were compared using one-way ANOVA followed

by Tukey’s multiple comparison test. Only animals with endpoint at day 10 were included. ns= not significant (p>0.05),

* = 0.05 < p < 0.01, ** = 0.01 < p < 0.001, *** = 0.001 < p < 0.0001, **** = p < 0.0001.
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Beta and Delta variants. These results demonstrate that both COH04S1 and COH04S351 protect Syrian

hamsters from severe weight loss following challenge with ancestral SARS-CoV-2 and SARS-CoV-2 Delta

and Beta variants.

COH04S1 and COH04S351 protect hamsters from lower respiratory tract infection following

challenge with SARS-CoV-2 ancestral virus and Beta and Delta variants

Vial loads were measured at day 3 and 10 post challenge in lung tissue and nasal turbinates by quanti-

fication of SARS-CoV-2 subgenomic RNA (sgRNA) to gauge the amount of replicating virus at lower and

upper respiratory tracts. Viral sgRNA loads measured in lung tissue of COH04S1- and COH04S351-vacci-

nated animals at day 3 and 10 following challenge with the ancestral virus or the variant viruses were

consistently lower than those of control animals, indicating efficacy of both vaccines to control lower res-

piratory infection by ancestral SARS-CoV-2 and SARS-CoV-2 Beta and Delta variants at early and late

stages after viral challenge (Figures 3A–3C). Notably, lungs viral loads of COH04S351-vaccinated animals

were consistently lower than those of COH04S1-vaccinated animals following challenge with either the

ancestral virus or the two variant viruses, indicating improved efficacy of COH04S351 over COH04S1

to protect hamsters from lower respiratory tract infection by ancestral virus and SARS-CoV-2 VOC. In

addition, while sgRNA was undetectable in the lungs of only one or two COH04S1-vaccinated hamsters

at day 10 following challenge with the ancestral virus or the Delta variant, sgRNA was undetectable in the

lungs of a proportion of COH04S351-vaccinated hamsters at day 3 and 10 following challenge with the

ancestral virus or either of the two variant viruses. Viral loads measured in nasal turbinates of COH04S1-

and COH04S351-vaccinated animals at day 3 or 10 following challenge with the ancestral virus or the

variant viruses were either similar or only moderately reduced compared to those of controls, suggesting

limited efficacy of COH04S1 and COH04S351 to control upper respiratory tract infection by ancestral

SARS-CoV-2 or SARS-CoV-2 VOC (Figures 3D–3F). These results show that COH04S1 and COH04S351

protect hamsters from lower respiratory tract infection following challenge with SARS-CoV-2 ancestral

virus and Beta and Delta variants.

Figure 3. COH04S1 and COH04S351 protect hamsters from lower respiratory tract infection following challenge with SARS-CoV-2 ancestral virus

and Beta and Delta variants

SARS-CoV-2 subgenomic RNA (sgRNA) copies were quantified by qPCR in lung tissue (A–C) and nasal turbinates (D–F) of COH04S1 and COH04S351 vaccine

and control groups at days 3 and 10 following challenge with ancestral SARS-CoV-2 (A, D) or SARS-COV-2 Beta (B, E) and Delta (C, F) variants. Lines indicate

median sgRNA copies. 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.
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COH04S1 and COH04S351 protect hamsters from lung pathology following challenge with

SARS-CoV-2 ancestral virus and Beta and Delta variants

Compared to controls, COH04S1- and COH04S351-vaccinated hamsters showed significantly reduced

lung histopathology at day 3 and 10 following challenge with the ancestral virus or the two variant viruses

(Figures 3A–3C and S1). Lung pathology in COH04S1- and COH04S351-vaccinated hamsters following

challenge with the ancestral virus or the two variant viruses was in most cases either limited or undetect-

able, with no significant differences between the two vaccine groups. In addition, while all control animals

showed high-grade bronchioalveolar hyperplasia (i.e. type II pneumocyte hyperplasia) at day 10 following

challenge with the ancestral virus or the two variant viruses, COH04S1- and COH04S351-vaccinated animals

showed no bronchioalveolar hyperplasia in almost all cases, regardless of the challenge virus (Figures 4D–

4F). Furthermore, lung inflammation assessed at day 3 and 10 following challenge with the ancestral virus or

the two variant viruses in COH04S1- and COH04S351-vaccinated hamsters was significantly reduced when

compared to control animals, independent of the used challenge strain (Figures 4G–4I and S2). Lung

inflammation in COH04S1- and COH04S351-vaccinated hamsters appeared nearly identical, although

COH04S1-vaccinated animals did not show lung inflammation at day 10 following challenge with the ances-

tral virus or the Delta variant, whereas COH04S351-vaccinated animals did not show lung inflammation at

day 10 following challenge with Beta variant. Finally, we consistently observed an inverse correlation be-

tween vaccine-induced humoral immunity and post-challenge virological and histopathological measure-

ments (Figure S3). When vaccine immunogenicity and protective efficacy were stratified by sex, we

observed minor differences between female- and male-vaccinated hamsters (Figure S4). A significant

body weight reduction in male versus female animals was observed after five days in control hamsters

following challenge with the Beta and Delta VOC, which appears consistent with the known differential

susceptibility of female and male hamsters to SARS-CoV-2 (Yuan et al., 2021). In addition, female

COH04S351-vaccinated hamsters showed significantly improved body weight than male COH04S351-

vaccinated hamsters at late time points following challenge with Delta. Immune responses and protection

against lung viral loads and lung pathology appeared generally similar betweenmale and female hamsters,

although male COH04S351-vaccinated hamsters showed significant higher Delta-specific NAb responses

than female COH04S351-vaccinated hamsters, while lung viral loads in male COH04S1-vaccinated ham-

sters were significantly lower than those in female COH04S1-vaccinated hamsters, indicating a minor

strain-specific vaccine impact depending on sex. These results demonstrate that COH04S1 and

COH04S351 afford potent efficacy to protect Syrian hamsters from lung pathology following challenge

with ancestral SARS-CoV-2 and SARS-CoV-2 Beta and Delta variants.

DISCUSSION

The ongoing emergence of SARS-CoV-2 VOC jeopardizes the efficacy of approved COVID-19 vaccines that

were antigenically designed based on the original Wuhan-Hu-1 reference isolate. It is therefore of critical

importance to address whether Wuhan-Hu-1-specific vaccines have the capacity to protect against major

SARS-CoV-2 VOC as much as it is important to assess whether COVID-19 vaccine efficacy against SARS-

CoV-2 VOC can be improved through variant-adapted vaccine formulations. Several studies indicate

that Wuhan-Hu-1-based COVID-19 vaccines have the capacity to protect against SARS-CoV-2 Alpha and

Beta variants in different animal models (Yu et al., 2021; Hoffmann et al., 2021; Wuertz et al., 2021), while

more recent animal studies have also shown efficacy of approved COVID-19 vaccines against the highly in-

fectious Delta variant (Gagne et al., 2022; Potts et al., 2021). In this study, we have shown that multiantigen

sMVA-vectored COVID-19 vaccine COH04S1 based on Wuhan-Hu-1-specific S and N antigens and a Beta

variant-adapted vaccine analog (COH04S351) protect against ancestral SARS-CoV-2 and SARS-CoV-2 Beta

and Delta variants in Syrian hamsters. These results support the clinical evaluation of COH04S1 or an anal-

ogous variant-adapted vaccine candidate based on the sMVA platform. While repeated booster immuni-

zations have been shown to improve the clinical effectiveness of approved COVID-19 vaccines against

emerging SARS-CoV-2 VOC (Andrews et al., 2022; Regev-Yochay et al., 2022), COH04S1 or COH04S351

could function as a complementary booster shot to approved COVID-19 vaccines to improve the quality

and durability of cross-protective SARS-CoV-2 immunity.

In contrast tomost approvedCOVID-19 vaccines, includingmRNAvaccines BNT162b2 andmRNA-1273 and

the adenovirus-vectored Ad26.CoV2.S vaccine, COH04S1 and COH04S351 were not designed to utilize S

antigens with prefusion-stabilizing 2P modification. Early reports in animal studies for COVID-19 vaccine

development using the MVA vector system have indicated that the 2P modification does not significantly

improve the stimulation of SARS-CoV-2-specific NAb responses (Liu et al., 2021). The precise reasons for
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this finding remain unclear, although it may be associated with the robust MVA antigen expression system

that potentially results in effective immune exposure of various S antigen forms, including the prefusion in-

termediate known to promote NAb stimulation. These findings for an MVA-vectored COVID-19 vaccine

seems to be different from approved COVID-19 vaccines, such as Ad26.CoV2.S, where the prefusion stabi-

lization has been shown to significantly improve the vaccine immunogenicity and efficacy in animal models

(Mercado et al., 2020). Whether 2P-mediated prefusion stabilization of the S antigen could potentially

further enhance the efficacy of COH04S1 and COH04S351 remains to be clarified in future studies.

Figure 4. COH04S1 and COH04S351 protect hamsters from lung pathology following challenge with SARS-CoV-2 ancestral virus and Beta and

Delta variants

Hematoxylin/eosin-stained lung sections of COH04S1- and COH04S351-vaccinated hamsters and control animals at days 3 and 10 following challenge with

ancestral SARS-CoV-2 (A, D, G) or SARS-CoV-2 Beta (B, E, H) and Delta (C, F, I) variants were evaluated by a board-certified pathologist and microscopic

findings were graded based on severity on a scale from one to 5 (Table S3).

Panels A–C show the cumulative pathology score of all histopathologic findings in each group.

Panels D–F show grading of bronchioalveolar hyperplasia disease severity in each group.

Panels G–I show the severity of lung inflammatory microscopic findings. Lines indicate median values. Two-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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Prior studies in mice and non-human primates and our recently published Phase 1 clinical trial with

COH04S1 have shown that this vaccine stimulates potent T cell responses against both the S and N anti-

gens (Chiuppesi et al., 2020, 2022a, 2022b), suggesting that T cells may have partially contributed to the

observed vaccine efficacy of COH04S1 and COH04S351 in hamsters. While the precise role of N-specific

immune responses for the protection against SARS-CoV-2 remains unclear, the N protein, in addition to

the S protein, is well recognized as a dominant target of T cell responses (Grifoni et al., 2020). In addition,

recent data suggest that the N protein is a dominant target of non-neutralizing humoral responses that

promote potent antibody-dependent cellular cytotoxicity (ADCC) (Fielding et al., 2021; López-Muñoz

et al., 2021), and N-specific responses have been shown to provide protection against SARS-CoV-2 in an-

imals models (Trimpert et al., 2021; Dangi et al., 2021, 2022). The inclusion of the N antigen in COH04S1 and

COH04S351 may be important to broaden or enhance the stimulation of T cell responses, as well as being

important for the stimulation of protective non-neutralizing antibody functions. Furthermore, considering

the low degree of variability of the N protein compared to the S protein, immune responses to N may

provide broader cross-reactivity against SARS-CoV-2 VOC than S-specific immune responses.

While COH04S1 stimulated robust humoral immunity against the ancestral virus but reduced antibody

levels against the Beta and Delta variants, COH04S351 elicited significantly elevated humoral responses

against the Beta and Delta variant but reduced antibody responses against the ancestral virus. The precise

reasons for the differential strain-specific neutralizing responses induced by the two vaccines remain un-

clear, although they may reflect differences in the epitope specificity and antigenicity of the S antigens.

Despite the strain-specific neutralizing responses elicited by the two vaccines, both vaccines provided

potent protection against the ancestral virus and the two variants. This suggests that only relatively low

levels of strain-specific NAb responses were required for vaccine protection, which appears consistent

with prior observations for COVID-19 vaccines in animal models (McMahan et al., 2021). Whether these

strain-specific differences in neutralization by the vaccine-elicited antibodies in hamsters will have clinically

relevant consequences is difficult to conclude. NAb titers haves been shown to be highly predictive of

immune protection against SARS-CoV-2 (Khoury et al., 2021). The observation that COH04S351 stimulated

higher neutralizing titers against the two variant viruses than COH04S1 in the hamster model may suggest

that the Beta variant-adapted COH04S351 vaccine could provide superior clinical efficacy against

emerging SARS-CoV-2 VOC than the original ancestral-specific COH04S1 vaccine.

Both COH04S1 and COH04S351 afforded potent efficacy to protect Syrian hamsters from weight loss,

lower respiratory tract infection, and lung pathology following challenge with either the ancestral virus

or the two VOC-specific viruses, consistently demonstrating that both vaccines elicited broadly cross-

protective SARS-CoV-2 immunity. However, considering the strain-specific neutralizing responses stimu-

lated by the two vaccines, it was surprising that the two vaccines appeared to largely afford similar levels

of protection to prevent lung pathology following challenge with the ancestral virus or the two variant

viruses, while COH04S351 appeared consistently more effective than COH04S1 to control lower respira-

tory tract infection by the ancestral virus or the two variant viruses. While the precise reasons for this

discrepancy between the strain-specific neutralizing responses and the different levels of protection

against lung pathology and lower respiratory tract infection remain unclear, they could be associated

with qualitative differences in the vaccine-elicited ancestral and VOC-specific immune responses. The

Beta variant-adapted COH04S351 vaccine may be more effective than the ancestral-specific COH04S1

vaccine in eliciting protective NAb responses to conserved epitopes that are shared between the ances-

tral and VOC-specific viruses, thereby providing improved control of lower respiratory tract infection by

the ancestral virus and the variant viruses in vivo. Other reasons may also account for the differential

efficacy observed with the two vaccines, including differences in non-neutralizing effector functions of

S- and N-specific antibody responses or differences in antigen-specific T cell responses elicited by the

two vaccines. Regardless of the precise reasons for the improved vaccine impact of COH04S351

compared to COH04S1 on lower respiratory tract infection, these findings may suggest that variant-spe-

cific vaccine adaptation can augment the stimulation of cross-protective immune responses against

SARS-CoV-2 and its emerging VOC.

Limitations of the study

A major limitation of the study was that we did not independently address the contribution of the S and

N antigens to the protective efficacy observed with COH04S1 and COH04S351, nor did we evaluate

T cell responses elicited by the two vaccines in this animal model. Another limitation was that we
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used a 3-fold higher challenge dose of the Delta variant compared to the ancestral virus and the Beta

variant to compensate for the reduced pathogenicity observed with the Delta strain in a prior dose-titra-

tion experiment. Yet, despite using an increased viral challenge dose of the Delta virus, the Delta chal-

lenge seemed less aggressive than the challenge with the ancestral virus or the Beta variant. The

apparent attenuation of the Delta challenge virus could be seen in the less severe weight loss and lower

viral loads measured in control animals challenged with Delta variant compared to control animals chal-

lenged with the ancestral virus or the Beta variant. Post-hoc sequencing analysis indicated that the Delta

strain used in this study contained a deletion in Orf7a, a known type-I interferon signaling antagonist (Xia

et al., 2020), which may have accounted for the reduced pathogenicity and the elevated NAb responses

observed with the used Delta strain. However, the mutations within the S and N protein, the two viral

proteins targeted by the vaccine-induced immune responses, were identical to those of the native Delta

variant. Therefore, we conclude that despite the attenuation, the observed vaccine efficacy against the

mutated Delta variant closely resembles the vaccine efficacy against the wild-type Delta variant in this

model.
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Materials availability
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made available on request after completion of a Materials Transfer Agreement.

Data and code availability

All data supporting the findings of this study are available within the paper and are available from the cor-

responding author upon request. This paper does not include original code. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Vaccine vectors

COH04S1 is a double-plaque purified virus isolate derived from the previously described sMVA-N/S vector

(GenBank: MW036243) with N and S antigen sequences inserted into the MVA deletion sites 2 and 3, re-

spectively(Chiuppesi et al., 2020, 2022a). COH04S1 co-expresses full-length, unmodified S and N antigen

sequences based on the Wuhan-Hu-1 reference strain (GenBank: NC_045512). COH04S351 is a double-

plaque purified virus isolate with analogous vaccine construction compared to the original COH04S1 vec-

tor and co-expresses modified S and N antigen sequences based on the B.1.351 Beta variant (Table S1)

(Zhou et al., 2021; Garcia-Beltran et al., 2021). COH04S1 and COH04S351 were generated using the

sMVA platform as previously described(Chiuppesi et al., 2020). Virus stocks of the vaccine vectors and

sMVA control vector were produced using chicken embryo fibroblasts (CEF) and prepared by 36% sucrose

cushion ultracentrifugation and virus resuspension in 1 mM Tris-HCl (pH 9). Virus stocks were stored at

�80�C and titrated on CEF by plaque immunostaining as described(Chiuppesi et al., 2020). Viral stocks

were validated for antigen insertion and expression by PCR, sequencing, and Immunoblot.

Animals, study design and challenge

In life portion of the hamster studies were carried out at Bioqual Inc. (Rockville, MD). Ninety 6–8 weeks old

Syrian hamsters were randomly assigned to the groups, with 5 females and 5males in each challenge group.

Hamsters were intramuscularly vaccinated four weeks apart with 1 3 108 PFU of COH04S1, COH04S351 or

sMVA virus stocks diluted in phosphate-buffered saline (PBS). Two weeks after the second vaccine dose

animals were challenged intranasally (50mL/nare) with 8.0x106 Median Tissue Culture Infectious Dose,

[TCID50]) of SARS-CoV-2 USA-WA1/2020 (produced at Bioqual using Calu-3), 8.0x106 TCID50 of SARS-

CoV-2 Beta variant (isolate hCoV-19/South Africa/KRISP-K005325/2020, lot no. 03062021-750, expanded

from NR-54974 lot no. 70041987, BEI Resources), or 1.3x107 TCID50 of SARS-CoV-2 Delta variant (isolate

hCoV-19/USA/PHC658/2021, BEI Resources, NR-55612 lot no. 70045240). The USA-WA1/2020 and Beta

variant stocks were produced by infecting Calu-3 cells (HTB-55, ATCC) and titrated using TCID50 assay

on Vero E6 TMPRSS2 cells (Supplied byDr. AdrianCreanga [VRC]). Sequence identity verification of the virus

stocks by next generation sequencing confirmed a Orf7a deletion (aa-44-100) in the Delta isolate. Body

weight was recorded daily for 10 days. Hamsters were humanely euthanized for lung and turbinate samples

collection at day 3 (n = 5/group) and day 10 (n = 5/group) post-challenge. All animal studies were conducted

in compliance with local, state, and federal regulations and were approved by Bioqual and City of Hope

Institutional Animal Care and Use Committees (IACUC).

METHOD DETAILS

Binding antibody detection

SARS-CoV-2-specific binding antibodies in hamster serum samples were detected by indirect ELISA using

purified ancestral-specific S, RBD, and N proteins (Sino Biological 40589-V08B1, 40592-V08H, 40588-V08B),

or Beta-, Delta-, and Omicron-specific S proteins (Acro Biosystems SPN-C52Hk, SPN-C52He, and

SPN-C52Hz). 96-well plates were coated with 100ul/well of protein at a concentration of 1 mg/ml in PBS

and incubated overnight at 4�C. Plates were washed 5X with wash buffer (0.05% Tween-20/PBS), then

blocked with 250mL/well of blocking buffer (0.5% casein/154mM NaCl/10mM Tris-HCl [pH 7.6]) for 2 hours
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at room temperature. After washing, 3-fold diluted heat-inactivated serum in blocking buffer was added to

the plates and incubated 2 hours at room temperature. After washing, anti-Hamster IgG HRP secondary

antibodies measuring total IgG(H+L), IgG1, or IgG2/IgG3 (Southern Biotech 6061-05, 1940-05, 1935-05)

were diluted 1:1,000 in blocking buffer and added to the plates. After 1 hour incubation, plates were

washed and developed with 1 Step TMB-Ultra (Thermo Fisher 34029). The reaction was stopped with 1M

H2SO4 and plates were immediately read on FilterMax F3 (Molecular Devices). Endpoint titers were calcu-

lated as the highest dilution to have an absorbance >0.100nm.

Neutralization assay

NAb were measured by plaque reduction neutralization assay (PRNT) assay using ancestral SARS-CoV-2

(USA-WA1/2020 strain), or Beta (isolate hCoV-19/South Africa/KRISP-K005325/2020-p4) and Delta (isolate

hCoV-19/USA/PHC658/2021) variants. Ancestral SARS-CoV-2 stock was generated using Vero-E6 cells in-

fected with seed stock virus obtained from Kenneth Plante at UTMB (lot # TVP 23156). Vero E6 cells (ATCC,

CRL-1586) were seeded in 24-well plates at 175,000 cells/well in DMEM/10% FBS/Gentamicin. Serial 3-fold

serum dilutions were incubated in 96-well plates with 30 PFU of SARS-CoV-2 ancestral, beta or delta strains

for 1 hour at 37�C. The serum/virus mixture was transferred to Vero-E6 cells and incubated for 1 hour at

37�C. After that, 1 mL of 0.5% methylcellulose media was added to each well and plates were incubated

at 37�C for three days. Plates were washed, and cells were fixed with methanol. Crystal violet staining

was performed, and plaques were recorded. IC50 titers were calculated as the serum dilution that gave

a 50% reduction in viral plaques in comparison to control wells.

Subgenomic RNA quantification

SARS-CoV-2 sgRNA copies were assessed through quantification of N gene mRNA by qRT-PCR as previ-

ously described(Chiuppesi et al., 2021). Briefly, SARS-CoV-2 RNA was extracted from tissues using TRIzol,

precipitated and resuspended in RNAse-free water. For quantification, the standard curve of a plasmid

containing a cDNA copy of the N gene mRNA target was used. Applied Biosystems 7500 Real-Time PCR

System was used for amplification with the following program: 48�C for 30 minutes, 95�C for 10 minutes

followed by 40 cycles of 95�C for 15 seconds, and 1 minute at 55�C. The number of copies of RNA per

mL was calculated by extrapolation from the standard curve and multiplying by the reciprocal of 0.2 mL

extraction volume. Primer/probe sequences: 50-CGA TCT CTT GTA GAT CTG TTC TC-30; 50-GGT GAA

CCA AGA CGC AGT AT-30; 50-FAM- TAA CCA GAA TGG AGA ACG CAG TGG G-BHQ-3’.

Histopathology

Histopathological evaluation of hamster lung sections was performed by Experimental Pathology Labora-

tories, Inc. (Sterling, VA). At necropsy organs were collected and placed in 10% neutral buffered formalin for

histopathologic analysis. Tissues were processed through to paraffin blocks, sectioned once at approxi-

mately 5 microns thickness, and stained with hematoxylin/eosin. Board certified pathologists were blinded

to the vaccine groups and mock controls were used as a comparator.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 8 (GraphPad, v8.3.0). One-way ANOVA and two-way

ANOVA with Tukey’s multiple comparison test and Spearman correlation analysis were used for statistical

evaluation. The significance level for each test is indicated in the figure legends. Prism 8 was used to derive

correlation matrices.
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