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Gene delivery of a single, structurally engineered Coronavirus vaccine antigen elicits pan-1 

Sarbecovirus neutralisation and protects from Delta variant challenge 2 

 3 
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Abstract 6 

Of the coronaviruses that have caused zoonotic spill-overs in past two decades, the diverse 7 

group of betacoronaviruses (B-CoVs) represent the greatest threats. Towards achieving broad 8 

vaccine protection from these viruses, vaccines composed of multiple antigens, each capable 9 

of eliciting broad neutralising responses across a subgroup will be required. Here we describe 10 

a novel platform for selecting immune optimized, structurally engineered antigens capable of 11 

eliciting protective responses across a group of related viruses and demonstrate proof-of-12 

concept against the sarbecoviruses subgenus with a single antigen  structure. From an array of 13 

phylogenetically informed antigen structures displaying different broad neutralising epitopes, 14 

synthetic genes expressing these were selected based on broad immune responses in BALB/C 15 

mice. Improved protection against the Delta variant was observed in K18-hACE2 mice on 16 

boosting with the lead designs of mice primed by an approved COVID-19 vaccine. 17 

Immunogenicity of the lead vaccine antigen was confirmed in guinea pigs using needleless 18 

intradermal immunisation. The broad neutralising immune profile against SARS-CoV, SARS-19 

CoV-2, WIV16, and RaTG13 was further confirmed in rabbits with GMP manufactured DNA 20 

immunogen. Notably, sera from immunised rabbits showed potent antibody responses against 21 

Beta, Gamma, and Delta variants of concern. Here we demonstrate proof-of-concept of this 22 

Digitally Immune Optimised, Selected vaccine (DIOSvax) antigen pipeline for the in vivo 23 

selection of single nucleic acid-based immunogens. Such gene-based antigens can be readily 24 

delivered alone or, in combination for vaccines designed to prevent future pandemics, can be 25 

seamlessly scaled with vaccine delivery modalities such as viral vector or mRNA based 26 

vaccines.  27 

  28 
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Main 29 

Amongst the coronaviruses of the greatest pandemic risk are the angiotensin-converting 30 

enzyme 2 (ACE-2) binding viruses of  b-Coronaviruses genus 1,2. Over the last two decades, 31 

two ACE-2 binding sarbecoviruses (a sub-genus of β-coronaviruses) have spilled over into 32 

human population causing the SARS epidemic in 2002/2003 and the current on-going SARS-33 

CoV-2 pandemic. Bats are the reservoir of a large number of SARS-CoV-like ACE-2 binding 34 

sarbecoviruses which pose a constant threat for future spill-over into human population, and 35 

potentially new epidemics3,4. In addition to emergence of new ACE-2 binding viruses from 36 

zoonotic reservoirs, another concern is the emergence of variants of these viruses capable of 37 

escaping vaccine-induced immunity, a constant concern in the current on-going pandemic. As 38 

human infections increase globally during the current  pandemic, the virus has continued to 39 

accrue mutations, most significantly in the spike protein5. An accumulating number of variants 40 

of concern (VOCs) have implications for increased transmission and escape from natural and 41 

vaccine immunity6–9. The N501Y asparagine to tyrosine substitution in the receptor binding 42 

domain (RBD) of the spike protein is a common feature of VOCs and is associated with 43 

increased affinity of the viral spike protein to the ACE-2 receptor and subsequent increase in 44 

transmission10. To date, two variants have K417N/T and E484K mutations in the RBD and are 45 

reported to escape immune responses generated by most approved vaccines7,8. The Delta 46 

VOC11 is the most contagious variant reported to date, with L452R and T478K mutations in 47 

the RBD. Notably, the majority of these mutations reported in VOCs are in or around the region 48 

in RBD that interacts with ACE-2 as well as one of the regions that induce highly potent 49 

neutralising antibodies12,13. The continued emergence of these VOCs during the on-going 50 

COVID-19 pandemic, and the constant threat of new zoonotic spillovers of coronaviruses from 51 

animals to humans, highlights the need for next generation vaccines with broader protection 52 

from ACE-2 binding sarbecoviruses as well as the emerging VOCs. To increase the coverage 53 
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to all ACE-2 receptor using viruses of the sarbecovirus sub-genus of b-coronaviruses, we 54 

utilised a computational structure-based, RBD subunit-based vaccine strategy comparing all 55 

the known human and animal reservoir sarbecoviruses. This design was further used as 56 

backbone for designing both epitope optimised and immune re-focussed designs using 57 

available structural data for spike protein in complex with monoclonal antibodies, specifically 58 

those targeting the ACE-2 receptor binding domain (RBD), such as S30914 and CR302215 that 59 

bind both SARS-CoV, and SARS-CoV-2. The nucleic acid sequence of these in silico designed 60 

vaccine antigens were optimised for expression in humans and synthetic genes expressing each 61 

unique antigen structure was shuttled in an expression cassette for consecutive in vitro and in 62 

vivo screens in different species to select the best-in-class immunologically optimal antigen as 63 

the vaccine candidate for nucleic acid vaccine delivery. 64 

 65 

Sequences of spike protein of viruses belonging to the sarbecovirus lineage were compiled 66 

from NCBI virus database16 and further pruned. The phylogenetic tree of these sequences is 67 

represented in Fig. 1A. Two distinct clades are observed in the tree, separating those in clade 68 

1, which do not interact with ACE-2 receptor1,17 from those in clade 2, which do. Clade 1 69 

viruses share many of the sequence features of the members of clade 2 but possess deletions 70 

around the ACE-2 binding region (Fig. S1). An optimised core sequence (T2_13) was 71 

designed, such that each amino acid position in this sequence was optimised to be 72 

phylogenetically closer to all the sarbecoviruses represented in the phylogenetic tree in Fig. 73 

1A. To further understand the importance of amino-acid composition of epitopes in generating 74 

antibody responses, we further modified T2_13 to display the epitopes of SARS-CoV for 75 

monoclonal antibodies -  S30914 (T2_14), and CR302215 (T2_15) and of SARS-CoV-2 for 76 

monoclonal antibody - B3812 (T2_16). The sequence of epitopes for monoclonal antibodies -  77 

S30914, and CR302215 are highly conserved across the sequences considered in this study while 78 
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the sequence of epitopes for monoclonal antibody - B3812 is highly divergent (Fig. 1B).  We 79 

further modified the epitope region for monoclonal antibody - B3812 by introducing a 80 

glycosylation site on the backbone of T2_14 (T2_17) and T2_15 (T2_16). This was done to 81 

mask the divergent epitope region and enhance the presentation of the conserved epitopes to 82 

the immune system. The masking of epitopes by introducing glycans has been exploited by 83 

many viruses such as Hepatitis C Virus18, Lassa virus19, and Influenza20 to escape natural 84 

immunity. To compare the immunogenicity of soluble and membrane bound RBD subunit-85 

based vaccine, membrane bound forms of T2_13 and T2_17 (T2_13_TM and T2_17_TM 86 

respectively) were generated. The structural stability of these designs was evaluated in-silico 87 

using the FOLDX21 algorithm using T2_13 as the reference model. Structural models of these 88 

vaccine antigens are represented in Fig. 1C.   89 

 90 

In vivo screening in BALB/c mice was performed by immunising with different lead antigen 91 

designs (Fig. 1D) and assaying for cross reactive antibodies against different sarbecovirus spike 92 

proteins in a flow cytometry based cell-surface display assay. Sera taken two weeks following 93 

the second immunisation with antigen designs (T2_13 through to T2_18 and the membrane 94 

bound designs), demonstrated the binding profile of the vaccine candidates for different spike 95 

proteins (Fig. 1E). As expected, sera from SARS-CoV RBD immunised mice bound strongly 96 

to both homologous SARS-CoV spike protein and closely related WIV16 spike protein in 97 

comparison to other vaccine designs, while sera from SARS-CoV-2 RBD immunised mice 98 

bound homologous SARS-CoV-2 spike protein and closely related RaTG13 spike protein in 99 

the similar range of other vaccine designs. Sera from SARS-CoV immunised mice showed 100 

binding to SARS-CoV-2 spike, though significantly less than sera from SARS-CoV-2 RBD 101 

immunised mice (p = 0.02) and comparable to PBS (p > 0.05). Across the four spike proteins, 102 

no significant differences in binding were observed for sera from mice immunised with T2_13 103 
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and sera from mice immunised with SARS-CoV-2 RBD (all p > 0.05), demonstrating that 104 

epitopes in this design is biased towards SARS-CoV-2 RBD. For the T2_16 design, in which 105 

the epitope region for mAb B38 was mutated to epitope region on SARS-CoV-2, binding to 106 

SARS-CoV, WIV16, and RaTG13 declined in comparison to T2_13 (p < 0.05) without 107 

statistical changes in binding to SARS-CoV-2. This observation is suggestive of 108 

immunodominance of this region in comparison to other sites. Matching of the epitopes of 109 

S309 and CR3022 to SARS-CoV (T2_14 and T2_15), enhanced the binding to SARS-CoV (p 110 

< 0.05) but not to other spike proteins. Introduction of glycosylation site in design T2_17 111 

significantly enhanced the binding of elicited antibodies to SARS-CoV and RaTG13 (p < 0.01) 112 

in comparison to T2_14, but no difference was observed in T2_18 in comparison to T2_15. 113 

There was no difference between trans-membrane and non- trans-membrane bound designs. 114 

As T2_17 has either the best (or second best) median binding to the four spike proteins apart 115 

from the homologous RBD vaccine antigen, we choose T2_17 as the lead candidate for further 116 

immunological assays.  117 

 118 

Elicitation of cross-binding antibodies by T2_17 was further confirmed by ELISA with SARS-119 

CoV RBD and SARS-CoV-2 RBD (Fig. 1F), revealing robust binding antibody responses to 120 

both SARS-CoV and SARS-CoV-2 within two weeks of the second immunisation. While the 121 

T2_17 antigen elicited stronger responses against SARS-CoV, it was lower than those induced 122 

by the homologous SARS-CoV antigen, but significantly higher than SARS-CoV-2. Against 123 

SARS-CoV-2, all the three antigens – SARS-CoV RBD, SARS-CoV-2 RBD, and T2_17 124 

generated similar binding antibody responses. Given the breadth of antibody responses induced 125 

by the T2_17 antigen, we asked if this antigen could boost and broaden the efficacy of current 126 

licensed vaccines against SARS-CoV-2 VOCs. To address this, we used homozygous K18-127 

hACE2 transgenic mice and immunised them with 1.4x109 vp of commercially available 128 
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AZD1222 (ChAdOx1 nCoV-19) and 4 weeks later boosted with either T2_17, or the licensed 129 

AZD1222 vaccine (Fig. 1G), while the control group received only PBS with each 130 

immunisation. Eight weeks post boost, all groups of mice were challenged with either a January 131 

2020 isolate of SARS-CoV-2 (Victoria) or the more recent Delta variant of SARS-CoV-2 (Fig. 132 

1H). Increased binding antibodies titres to both SARS-CoV and SARS-CoV-2 after boosting 133 

by either AZD1222 or T2_17 (Fig. S2) was observed. Significant difference in antibody titres 134 

to SARS-CoV-2 were observed four weeks after boosting with T2_17 in comparison to 135 

boosting by AZD1222 (Fig. 1I). Neutralising antibodies for SARS-CoV-2 and the Delta VOC 136 

were detected for all the groups, except the control group prior to challenge (Fig. S3). After 137 

two weeks post boost, T2_17 neutralised the Delta variant significantly better than the sera 138 

from mice boosted with AZD1222 (Fig. 1J). Mice from all the groups, except controls, 139 

survived and continued to gain weight following challenge with either the Victoria strain or 140 

Delta variant (Fig. 1K).   141 

 142 
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 143 
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Figure 1| In-silico design and in-vivo selection of vaccine antigen candidate. 144 

A. Phylogenetic tree generated for sarbecoviruses using protein sequence of receptor binding 145 

domain (RBD) of the spike protein. The tree was generated using IQ-Tree22. Human viruses 146 

are represented in green, palm civet viruses in pink and bat viruses in dark grey. The distinct 147 

two clades are coloured in red (non-ACE-2 binding) and blue (ACE-2 binding). B. Structural 148 

models of RBD with epitope regions highlighted as spheres. The backbone of RBD is coloured 149 

according to the CONSURF23 score calculated using the alignment used for construction of 150 

phylogenetic tree.  The figure was generated and rendered using PyMol24 using PDB25 id 151 

6wps14, 6w4115, and 7bz512. C. Structural representation of the different vaccine designs used 152 

in this study. The epitopes that were modified to match the wild-type SARS-CoV (coloured 153 

orange) and wild-type SARS-CoV-2 (coloured grey) are represented in spheres. Further 154 

glycosylation site modification is represented in green sphere. D. Immunisation and bleed 155 

schedule of BALB/c mice. Mice were immunised at interval of 30 days and bled every 15 days. 156 

E. FACS binding data for different vaccine designs. Sera from mice immunised with these 157 

vaccine antigens were screened for binding to SARS-CoV, SARS-CoV-2, WIV16, and 158 

RaTG13 spike proteins. The X-axis represents the mean fluorescence intensity (MFI), and the 159 

Y-axis represents all the vaccine designs considered for screening. For each mouse sera, two 160 

replicates of MFI have been reported. F. Elicitation of binding anti-bodies against SARS-CoV 161 

and SARS-CoV-2 by T2_17 was confirmed using ELISA, with SARS-CoV and SARS-CoV-162 

2 RBD as control vaccine design. T2_17 generated cross-binding antibodies. The X-axis 163 

represents the vaccine designs, and the Y-axis represents the area under the curve (AUC) for 164 

ELISA binding curves. G. Immunisation, bleed, and challenge schedule of K18-hACE2 mice. 165 

H. K18-hACE2 mice were primed with AZD1222 vaccine and then boosted with either 166 

AZD1222, or T2_17 after four weeks. The mice were challenged after 8 weeks with either 167 

Victoria strain of SARS-CoV-2 or the Delta variant. I.  Elicitation of binding antibodies against 168 

SARS-CoV and SARS-CoV-2 before challenge was confirmed using ELISA using K18-169 

hACE2 mice sera 4 weeks post boost (bleed4). Boost by T2_17 significantly increased the 170 

binding antibody titres in comparison to boost by AZD1222. The X-axis represents the vaccine 171 

designs, and the Y-axis represents the area under the curve (AUC) for ELISA binding curves 172 

for each serum. J. Neutralisation of SARS-CoV, SARS-CoV-2, and delta variant of SARS-173 

CoV-2 by K18-hACE2 mice sera 4 weeks post boost (bleed4). Sera of mice boosted with 174 

T2_17 significantly neutralised the Delta variant (B.1.617.2) in comparison to those boosted 175 

by AZD1222. The X-axis represents the bleed number, and the Y-axis represents the log10IC50 176 

values for neutralisation curves. K. Weight loss profile of K18-hACE2 mice following 177 

challenge by the Victoria strain and the Delta variant. All the mice, except naïve were protected. 178 

Mann-Whitney U test is used as statistical significance test in all the plots (p-value: * ≤0.05, 179 

**<0.01, *** ≤ 0.001). 180 

 181 

To determine the breadth of antibody response and neutralisation in outbred animals, guinea 182 

pigs were immunised with T2_17 DNA using the CE approved, and clinically validated 183 

Pharmajet Tropis needleless, intradermal delivery device to ensure standardised intradermal 184 
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delivery (Fig. 2A). As a control we used a C-terminal glycosylation modified SARS-CoV-2 185 

RBD (SARS2_RBD_P521N) (Fig. 2B) which we had previously evaluated in BALB/c mice 186 

(Fig. S4). Generation of neutralising antibodies to both SARS-CoV and SARS-CoV-2 was 187 

confirmed using pseudoviruses expressing full-length spike proteins of SARS-CoV, and 188 

SARS-CoV-2. While both T2_17 and SARS2_RBD_P521N generated binding antibodies 189 

against both SARS-CoV and SARS-CoV-2 (Fig. 2C) after one immunisation, T2_17 elicited 190 

significantly higher antibodies than SARS2_RBD_P521N to SARS-CoV and comparable 191 

antibodies against SARS-CoV-2. Higher binding antibodies were detected for T2_17 to SARS-192 

CoV in comparison to SARS2_RBD_P521N after two immunisations while the responses were 193 

comparable for SARS-CoV-2. After three immunisations SARS2_RBD_P521N induced a 194 

higher response to SARS-CoV-2, while T2_17 had higher responses to SARS-CoV. 195 

Neutralising antibodies were detected for SARS-CoV-2 after first immunisation, while 196 

significant neutralising responses to SARS-CoV developed after two immunisations, though 197 

more potent for T2_17 than SARS2_RBD_P521N (Fig. 2D).  Better binding and neutralising 198 

responses by SARS2_RBD_P521N to SARS-CoV-2 were expected as it differs from SARS-199 

CoV-2 by only one amino acid. To further confirm, whether T2_17 vaccine design generates 200 

broader responses, we compared sera induced by SARS2_RBD_P521N, 28 days post 3rd 201 

immunisation for neutralisation against SARS-CoV, WIV16, RaTG13, and SARS-CoV-2. 202 

Statistically significant higher titre neutralising antibodies were generated by T2_17 against 203 

SARS-CoV, WIV16, and RaTG13 (Fig. 2E). To further confirm T2_17 anti-sera could 204 

abrogate hACE2 receptor binding, we performed an ELISA based competition assay (Fig. 2F) 205 

demonstrating T2_17 and SARS2_RBD_P521N anti-sera abrogated binding to hACE-2 206 

receptor and are comparable to the WHO standard of pooled convalescent COVID-19 patient 207 

sera. These findings demonstrated important proof-of-concept of T2_17 as a single gene 208 

delivered, structurally engineered antigen capable of eliciting broad pan-sarbeco Coronavirus 209 
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neutralising antibodies. Prior to clinical trials in humans, a GMP lot of pEVAC T2_17 was 210 

manufactured and evaluated for safety and immunogenicity in rabbits using the same gene 211 

delivery device to ensure uniform intradermal administration (Fig. 2G). After one 212 

immunisation, binding antibodies to SARS-CoV and SARS-CoV-2 were elicited (Fig. 2H), 213 

increasing on subsequent immunisations until a plateau was reached by the fourth 214 

immunisation. Robust neutralising antibodies were observed 2 weeks following the third 215 

immunisation (Fig. 2I) revealing broad neutralising antibody responses against the SARS-216 

CoV, SARS-CoV-2, Beta, Gamma, and Delta VOCs as well as the bat sarbecoviruses – 217 

WIV16, and RaTG13 elicited by gene delivery of the engineered T2_17 pan-Sarbeco vaccine 218 

antigen candidate (Fig. 2J).  219 

 220 
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 221 

Figure 2| Immunogenicity studies in guinea pigs and rabbits 222 

A. Immunisation and bleed schedule of guinea pigs. Guinea pigs were immunised with DNA 223 

delivered intradermally (i.d) by the Tropis ParmaJet device at 28 day intervals and bled every 224 

14 days. B. Structure models of the vaccine designs used for the study in guinea pigs. The 225 

glycosylation site and the modified epitope are represented as green and orange spheres 226 
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respectively. C. Elicitation of binding antibodies against SARS-CoV and SARS-CoV-2 by 227 

T2_17 and SARS2_RBD_P521N was confirmed using ELISA. T2_17 and 228 

SARS2_RBD_P521N generated cross-binding antibodies after one immunisation. The pre-229 

bleed (Bleed 0) is considered as the control for non-specific binding. The X-axis represents the 230 

bleed number, and the Y-axis represents the area under the curve (AUC) for ELISA binding 231 

curve. D. Neutralisation by guinea pig sera immunised with T2_17 and SARS2_RBD_P521N. 232 

Both T2_17 and SARS2_RBD_P521N generated neutralising antibodies against SARS-CoV 233 

and SARS-CoV-2. The X-axis represents the bleed number, and the Y-axis represents the 234 

log10IC50 values for neutralisation curves. E. Broad-neutralisation of SARS-CoV, WIV16, 235 

RaTG13, and SARS-CoV-2 by T2_17 in comparison to SARS2_RBD_P521N. Sera post 28 236 

days after three immunisation (bleed 6) was used for comparison. F. ACE-2 competition 237 

ELISA. Sera from Guinea pigs immunised with T2_17 and SARS2_RBD_P521N effectively 238 

abrogated the interaction of SARS-CoV-2 RBD with ACE-2 receptor. The NIBSC standard 239 

(20/162) was used as control. G. Immunisation and bleed schedule of Rabbits. Rabbits were 240 

immunised at interval of 14 days and bled every 14 days. H. Elicitation of binding antibodies 241 

against SARS-CoV and SARS-CoV-2 by T2_17 was confirmed using ELISA. T2_17 242 

generated cross-binding antibodies after one immunisation. The X-axis represents the bleed 243 

number, and the Y-axis represents the area under the curve (AUC) for ELISA binding curve. 244 

I. Neutralisation by rabbit sera immunised with T2_17. T2_17 generated neutralising 245 

antibodies against SARS-CoV and SARS-CoV-2. The X-axis represents the bleed number, and 246 

the Y-axis represents the log10IC50 values for neutralisation curves. J. Broad-neutralisation of 247 

SARS-CoV, WIV16, RaTG13, SARS-CoV-2, SARS-CoV-2 Beta, SARS-CoV-2 Gamma, and 248 

SARS-CoV-2 Delta by T2_17. Sera post 14 days after four immunisation (bleed 4) was used 249 

for comparison. NISBSC standard for SARS-CoV-2 and SARS-CoV antiserum are used as 250 

reference. Mann-Whitney U demonstrated statistical significance (p-value: * ≤0.05, **<0.01, 251 

*** ≤ 0.001).  252 

 253 

Emergence of two human epidemics caused by ACE-2 using sarbecoviruses in past two 254 

decades highlights the urgent need for vaccines that can provide broad protection from SARS-255 

CoV-2 VOCs as well as to all the ACE-2 receptor using sarbecoviruses that have the potential 256 

to spill-over from zoonotic animal reservoirs. To achieve pan-Sarbeco/pan-Beta coronavirus 257 

protection, various vaccine strategies have been employed such as mRNA expressing chimeric 258 

version of spike proteins from different coronaviruses26, as well as mosaic and cocktail 259 

nanoparticles expressing RBDs of different coronaviruses27. Though these strategies have been 260 

reported to be effective in generating pan-Sarbeco/pan-Beta coronaviruses immune responses, 261 

these require synthesis, manufacturing and formulation of multiple gene constructs. Here, we 262 
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describe a new structural informatics platform pipeline for generating a single novel antigen 263 

for sarbecoviruses, which generated broader responses to SARS-CoV, SARS-CoV-2 and 264 

related bat sarbecoviruses. The informatics platform pipeline generates novel antigens as 265 

synthetic genes allowing seamless down-stream immune screening of libraries of broadly 266 

reactive vaccine antigens that can be compared and selected for optimal in vivo immune 267 

responses by nucleic acid delivery. As proof of concept, lead pan-sarbecovirus vaccine antigen 268 

candidates were immune selected for the broadest neutralisation profile, as confirmed in 3 269 

species against SARS-CoV, WIV16, RaTG13, SARS-CoV-2 and it’s VOCs. Further 270 

broadening of vaccine protection across the betacoronavirus genus is being expanded using 271 

combinations of multiple, digitally immune optimised antigens selected to immunologically 272 

recruit additional T and B effector responses for maximising breadth and depth of immunity to 273 

pre-emergent Coronaviruses. This approach is applicable for other complex and variable virus 274 

families such as the Influenza viruses which represent current and future pandemic threats. 275 
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 341 

Methods 342 

Phylogenetic analysis 343 

Protein sequences of spike proteins were downloaded from the NCBI virus database for all the 344 

known sarbecoviruses. A multiple sequence alignment (MSA) was generated usingMUSCLE1. 345 

The resulting MSA was pruned to the RBD region and used as input for phylogenetic tree 346 

reconstruction. The phylogenetic tree was generated using IQTREE 2 using the protein model 347 

with the best BIC score. The resultant tree was used for generation of phylogenetically 348 

optimised design using HyPhy3.  349 

 350 

Epitope identification 351 

Available structural data for spike protein-antibody complexes for SARS-CoV and SARS-352 

CoV-2 were downloaded from the Protein Databank (PDB)4. Structural data were then pruned 353 

for antigen-antibody complexes where the epitopes were on the RBD. Amino acid residues of 354 

antigen that have at least one atom within 5Å radii of at least one atom of amino acid of 355 

antibody were defined as epitope residues,with epitope regions defined as contiguous stretches 356 

of at least 5 amino acids.   357 

 358 
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Molecular modelling 359 

Structural models were generated for T2_13 using MODELLER5,6 using both SARS-CoV and 360 

SARS-CoV-2 structures as templates. The structural model with the highest DOPE score7 was 361 

chosen as the working model for further molecular modelling. The side chains for the model 362 

were further optimised using SCWRL8 and energy minimised using GROMACS 9. For T2-14 363 

to T2-18, mutations were introduced using T2-13 as the reference structure using BUILD 364 

module of FOLDX algorithm10 and checked for structural stability using FOLDX forcefield10. 365 

 366 

Production and transformation of plasmids. 367 

Sequences of vaccine designs were gene-optimized and adapted to human codon use via the 368 

GeneOptimizer algorithm11.  These genes were cloned into pEVAC (GeneArt, Germany) via 369 

restriction digestion.  Plasmids were transformed via heat-shock in chemically induced 370 

competent E. coli DH5α cells (Invitrogen 18265-017). Plasmid DNA was extracted from 371 

transformed bacterial cultures via the Plasmid Mini Kit (Qiagen 12125). All plasmids were 372 

subsequently quantified using UV spectrophotometry (NanoDrop™ -Thermo Scientific).   373 

 374 

Vaccination Experiments in Mice. 375 

Eleven groups of six female 8–10-week-old BALB/c mice were purchased from Charles River 376 

Laboratories (Kent, United Kingdom). Mice were immunised a total of four times with 30 days 377 

intervals. A total volume of 50µl of PBS containing 50µg of plasmid DNA was administered 378 

via subcutaneous route in the rear flank. Blood was sampled from the saphenous vein at 15 379 

days intervals, and animals were terminally bled by cardiac puncture under non-recovery 380 

anaesthesia at day 150. 381 

 382 
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Fluorescence assisted cell sorting (FACS) assay 383 

HEK293T cells were transfected with an expression plasmid expressing wild-type spike 384 

glycoprotein of each of the four ACE-2 binding sarbecoviruses including SARS-CoV, SARS-385 

-CoV-2, RaTG13, and WIV16. 48 hours after transfection, cells were transferred into V-bottom 386 

96-well plates (50,000 cells/well). Cells were incubated with sera (diluted at 1:50 in PBS) or 387 

anti-mouse IgG Isotype negative control (Invitrogen 10400C, diluted at 20µg/mL in PBS) for 388 

30 min, washed with FACS buffer (PBS, 1% FBS, 0.02% Tween 20) and stained with Goat 389 

anti-mouse IgG (H+L) Alexa Fluor 647 Secondary Antibody (Invitrogen A32728, diluted at 390 

20µg/mL in FACS buffer), for 30 min in the dark. Cells were washed with FACS buffer and 391 

samples were run on a Attune NxT Flow Cytometer (Invitrogen) with a high-throughput auto 392 

sampler. Dead cells were excluded from the analysis by staining cells with 7-393 

Aminoactinomycin D (7-AAD) and gating 7-AAD negative live cells. 394 

 395 

Enzyme-linked immunosorbent assay (ELISA) 396 

The assays were adapted from those originally described by Amanat and co-workers12. Briefly, 397 

Nunc MaxiSorp™ flat-bottom plates were coated with 50μl per well of 1μg/ml of RBD from 398 

SARS-1 or SARS-2 DPBS (-Ca2+/-Mg2+) and incubated overnight at 4°C. The next day, the 399 

plates were blocked with 3% milk in PBST (0.1% w/v Tween20 in PBS) for 1 hour. After 400 

removing the blocking buffer, 50μl/well of serum samples diluted in PBST-NFM (1% w/w 401 

non-fat milk in PBST) were added to the plates and incubated on a plate shaker for two hours 402 

at 20°C. The plates were washed three times with 200μl of PBST, and  then 50μl of HRP-403 

conjugated goat anti Ig (H and L chains) (Jackson ImmunoResearch) was added to each well 404 

and left to incubate for one hour on a plate shaker for 1 hour. Plates were washed three times 405 

with 200μl of PBST, 50μl/well of 1-Step Ultra TMB chromogenic substrate (Sigma) was added 406 

to the plates and the chemical reaction was stopped three minutes later with 50μl 2N H2SO4. 407 
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The optical density at a wavelength of 450nm (OD450) was measured using a BioRad 408 

microplate reader. Values from the dilution curve were used to determine the area under the 409 

curve. 410 

 411 

Pseudotype-based micro-neutralisation assay 412 

Pseudotype-based micro-neutralisation assay was performed as described previously13.  413 

Briefly, serial dilutions of serum were incubated with SARS-CoV-2/RaTG13/SARS-414 

CoV/WIV16 spike bearing lentiviral pseudotypes for 1 h at 37°C, 5% CO2 in 96-well white 415 

cell culture plates. 1.5x104 HEK293T/17 transiently expressing human ACE-2 and TMPRSS2 416 

were then added per well and plates incubated for 48 hrs at 37°C, 5% CO2 in a humidified 417 

incubator. Bright-Glo (Promega) was then added to each well and luminescence read after a 418 

five-minute incubation period.  Experimental data points were normalised to 100% and 0% 419 

neutralisation controls and non-linear regression analysis performed in GraphPad Prism 9 to 420 

produce neutralisation curves and IC50 values. 421 

 422 

Vaccine boost efficacy studies in K18-hACE2 mice. 423 

Ten groups of six female 8–15-week-old homozygous K18-hACE2 mice (Jax) were primed 424 

with 1.4x109 viral particles of AZD1222 or PBS by intramuscular route, in a total volume of 425 

100µl split over the two rear legs.  After 28 days, two groups of six mice were boosted with 426 

PBS, AZD1222, or T2_17 DNA.  Mice were bled at two-week intervals and challenged at day 427 

84 with either Victoria/1/2020 (B-type) or Delta SARS-CoV-2 by intranasal route, in a total 428 

volume of 40µl over both nares. Mice were weighed daily and monitored for clinical signs for 429 

a period of 10 days before being culled by terminal bleed.  430 

 431 
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Intradermal nucleic acid immunisation with Tropis PharmaJet delivery in Guinea pigs. 432 

Two groups of eight female 7-week-old Dunkin Hartley Guinea pigs (Envigo RMS, 433 

Blackthorn, United Kingdom) were immunised a total of three times with 28 days intervals. A 434 

total volume of 200µl of PBS containing 400µg of plasmid DNA was administered by 435 

PharmaJet Tropis intradermal device, split over each hind leg. Blood was sampled from the 436 

saphenous vein at 14 days intervals. 437 

 438 

Intradermal nucleic acid immunisation with Tropis PharmaJet delivery in in Rabbits. 439 

Ten mature (five male, five female) rabbits were immunised with a GMP lot pEVAC_T2_17 440 

(clinical pEVAC_PS) intradermally by PharmaJet Tropis needleless delivery to the upper left 441 

and right hind limbs (300µl at 2mg/mL). For control group, ten mature (five male, five female) 442 

rabbits were injected with PBS. Arterial blood was sampled at 14 days intervals 443 

 444 

ACE-2 competition assay 445 

The SARS-CoV-2 surrogate virus neutralisation test (SVNT, Genscript, Piscataway, New 446 

Jersey, United States) was carried out as per manufacturer’s instructions. Briefly, serum from 447 

bleed 6 guinea pigs were diluted in PBS across an 8 point 1:2 dilution series from a starting 448 

concentration of 1:50. Samples were further diluted in the provided sample buffer at a 1:9 ratio, 449 

and then mixed with HRP conjugated to SARS-CoV-2 RBD protein, incubated at 37°C for 30 450 

min and added to human ACE-2 protein coated wells in 96-well plate format. The reaction was 451 

incubated at 37°C for 15 min and then washed four times with provided wash buffer. TMB 452 

solution was then added, incubated for 15 minutes in the dark at R.T to allow the reaction to 453 

develop. The reaction was then quenched using the provided stop solution, and then absorbance 454 

read at 450 nm. 455 

 456 
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Statistical analyses 457 

Mann-Whitney U tests were performed for all the comparisons using the Python sklearn 458 

package14. All the plots were generated using the Python Matplotlib package15.    459 

 460 
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