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Computationally designed Spike antigens
induce neutralising responses against the
breadth of SARS-COV-2 variants

Check for updates

Sneha Vishwanath 1, George William Carnell 1, Martina Billmeier2, Luis Ohlendorf1,
Patrick Neckermann2, Benedikt Asbach2, Charlotte George 1, Maria Suau Sans1, Andrew Chan1,
Joey Olivier1, Angalee Nadesalingam1, Sebastian Einhauser2, Nigel Temperton 3, Diego Cantoni4,
Joe Grove4, Ingo Jordan 5, Volker Sandig5, Paul Tonks1, Johannes Geiger6, Christian Dohmen6,
Verena Mummert6, Anne Rosalind Samuel6, Christian Plank6, Rebecca Kinsley1,7, Ralf Wagner2,7,8 &
Jonathan Luke Heeney 1,7

Updates of SARS-CoV-2 vaccines are required to generate immunity in the population against
constantly evolving SARS-CoV-2 variants of concerns (VOCs). Here we describe three novel in-silico
designed spike-based antigens capable of inducing neutralising antibodies across a spectrum of
SARS-CoV-2 VOCs. Three sets of antigens utilising pre-Delta (T2_32), and post-Gamma sequence
data (T2_35 and T2_36) were designed. T2_32 elicited superior neutralising responses against VOCs
compared to the Wuhan-1 spike antigen in DNA prime-boost immunisation regime in guinea pigs.
Heterologous boosting with the attenuated poxvirus - Modified vaccinia Ankara expressing T2_32
induced broader neutralising immune responses in all primed animals. T2_32, T2_35 and T2_36
elicited broader neutralising capacity compared to the Omicron BA.1 spike antigen administered by
mRNA immunisation in mice. These findings demonstrate the utility of structure-informed
computationally derivedmodifications of spike-based antigens for inducing broad immune responses
covering more than 2 years of evolved SARS-CoV-2 variants.

Since human-to-human transmission of SARS-CoV-2 began to spread in
late 2019, the virus began to accumulate mutations with different effects on
its interaction with the host. As humans began to acquire immunity by
vaccination and/or infection, virus variants evolved that were able to escape
pre-existing human immune responses and continued to circulate1. In
addition to the evolution of SARS-CoV-2 in humans, the virus infected
other mammals such as mink, cat, dogs, and certain species of deer2. Cross-
species infections of SARS-CoV-2 contributes to the rate of evolution, fit-
ness, and immune escape features that may enable future SARS-CoV-2
variant epidemics when they re-infect humans3,4. Since late 2020, many
variants of concern (VOCs) have been reported, beginning with the Alpha,
Beta, Gamma,Delta, and the variants of theOmicron lineage. It is primarily
the evolution of the spike protein that enabled immune escape and evasion.

The emergence of adaptive mutations in the spike protein strongly impacts
host tropism and viral transmission1,5. Facing an increasingly immune
population, immunological escape from host immunity is now a feature of
SARS-CoV-2 variants that facilitates the global spread in the immune
human population6.

With the emergence of each subsequent variant of concerns (VOCs) or
sub-variant, there has been a declining neutralising activity of antibodies
induced by first generation vaccines based on SARS-CoV-2 Wuhan-1
(Wu-Hu-1) strain.Out of these,Delta, andOmicron sub-variants have been
reported with higher transmission rates and immune escape from both
naturally as well as vaccine acquired immunity7–9. This has necessitated
continuous update of SARS-CoV-2 vaccines to match the prevalent circu-
lating strains. Leading COVID-19 licenced vaccine manufacturers have
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adapted their vaccine to omicron lineage and administered either as a
monovalent vaccine or a bivalent vaccine10–12. Bivalent vaccines were
introduced to generate a broader response covering both the original
Wu-Hu-1 strain and recent Omicron lineage, however they have since been
shown to be inferior to boosting by single antigen BA.1/BA.5 based
vaccine11,12. It is suggested that this is due to immune imprinting by the first
Wu-Hu-1 spike antigen sequence that was first used by all vaccine manu-
facturers. Monovalent Spike vaccines have since been recommended over
bi-valent vaccines by WHO (https://www.who.int/emergencies/diseases/
novel-coronavirus-2019/covid-19-vaccines). Since early 2022, rapid evolu-
tion of SARS-CoV-2 occurred in part due to recombination of circulating
variants and the antigenic changes selected in partially immune hosts6. The
Omicron lineage expanded, facilitated by multiple strains dominant in
different geographic locations and populations with different SARS-CoV-2
immunity. Under such circumstances of multiple dominant strains,
adapting the vaccine to match a single strain or dominant VOC is a sub-
optimal approach to provide sufficient protective immunity in the global
community. Indeed, the situation may acquire similarities with the annual
Influenza vaccine field where wild-type strain selection causes variable
vaccine efficaciousness from year to year13.

Given the emergence of multiple VOCs and different VOCs being
dominant at different geographical locations, we hypothesised that vaccine
candidates expressing diverse epitopeswould bemore effective than current
practice of using a single or bivalent wild-type strain from the past season.
Utilising publicly available sequence data, we developed three computa-
tionally designed Spike antigens. One pre-Delta (T2_32), and two different
post-Gamma (T2_35 and T2_36) designs were taken forward for immu-
nogenicity studies in small animals. The design - T2_32 and the designs -
T2_35, andT2_36wasdesigned independently at the start ofDeltawave and
Omicronwave respectively. The T2_32 antigenwas first comparedwith the
Wu-Hu-1 based Spike antigen in Guinea pigs using DNA-MVA platform.
Subsequently these Spike antigensweredelivered bymRNAvaccine tonaïve
BALB/c mice.We compared the antigens against the wild-type sequence of
the Wu-Hu-1 and Omicron BA.1 Spike antigen in mice. Importantly all
these novel Spike vaccine antigens demonstrated broader neutralisation
profiles as compared towild-type antigens. The superiority of neutralisation
breadth against past and future VOCs that subsequently emerged, more
than a year following their original design, underscores the importance of
this class of designed vaccine antigens for inclusion as next generation
COVID-19 booster vaccine candidates given the superiority in neutralisa-
tionbreadth compared towild-type SARS-CoV-2 strains. This data suggests
that spike-based antigens expressing multiple epitopes may provide better
neutralising titre against existing and emerging VOCs than vaccines using
wild-type SARS-CoV-2 VOCs.

Results
In-silico design of the antigens
The structure of the spike protein of SARS-CoV-2 can be antigenically
divided into three distinct regions, the N-terminal domain (NTD), the
receptor binding domain (RBD) including the C-terminal domain of
S1 subunit (S1-CTD), and the stalk (S2) region. The RBD possesses most of
the experimentally characterised epitopes, followed by the NTD and the
stalk. The frequent emergence of multiple mutations in the RBD and NTD
of the SARS-CoV-2 VOCs suggest that these epitopes are important targets
for protective neutralising antibodies. Our computational antigen design
approach for the SARS-CoV-2 Spike involved mapping the observed
mutations that characterised theVOCs -Alpha, Beta, andGamma, onto the
spike protein ofWu-Hu-1 as a scaffold.We thenmapped thesemutations as
epitope regions, for instance using the epitope information from IEDB14

database with those defined as immunodominant epitopes using the pep-
tides reported by Lu et al. 15. All themutations in immunodominant regions
were labelled with the VOC it has been observed in and the region it
corresponds to in the spikeprotein. Beta andGammavariants have the same
mutations in the immunodominant region of the RBD (E484K, N501Y)
exceptK417N/T. In addition to theRBDregion, theGammavariant alsohas

mutations in the reported immunodominant region of NTD (L18F, T20N,
P26S). As mutations in Gamma variant was reported in two immunodo-
minant regions, set of mutations reported in NTD of the Gamma variant
were included in this design. Based on the clustering of mutations – sets of
NTDmutations reported in for Alpha (69HΔ, 70VΔ, 144YΔ) and Gamma
(L18F, T20N, P26S) variants; with RBD mutations reported for Beta
(K417N, E484K) VOC; and S1-CTDmutations reported in Alpha (P681H)
variants, along with the common N501Y and D614G mutations –were
included in the different designs. The Q498R mutation reported by
Schreiber et al was also included due to its defined potent role in immune
escape and high affinity mutation studied by in-vitro evolution16. This
mutationwas later observed in theOmicron lineage (late 2021). In addition,
K986P17,18, V987P17,18, and deletion of 19 amino acids from C-terminal
(dER) were introduced to stabilise the antigen - T2_32 (Fig. 1). Deletion of
19 amino acid from the C-terminal region was reported to increase the
expression of the spike protein on the surface of an infected (or transfected)
cell in comparison to the full-length Spike protein19 resulting in higher levels
of antigen expression. This antigen was evaluated in DNA-MVA prime-
boost regime in Guinea pigs so that sufficient antiserum could be collected.

Importantly, in context, T2_32 was designed before the global dom-
inance of Delta and Omicron variants was known. The VOCs Delta and
Omicronwere both reported to escape pre-existing antibody responses that
had been acquired in the human cohorts studied, and were attributable to
having accumulated the greatest number of reported mutations at that
time8,20, we designed another set of antigens as pre-emptive measure to
circumvent immune escape and tested these designs as mRNA antigens
in mice.

Due to the re-combinatorial nature of the Omicron lineage with
multiple distinct mutations in different immunodominant regions of the
Spike protein compared to the earlier Delta variant, we undertook to a
different approach to the T2_32 Spike design. For the Delta-Omicron
designs we combined different sets of mutations on the backbone of Wu-
Hu-1 in two distinct ways. In the first instance the NTD and the S2 regions
were enriched with the mutation observed in the Delta variant, while the
RBD and S1-CTD regions were enriched with the mutations observed in
Omicron BA.1 variant - T2_35 (Fig. 1). For the second Delta-Omicron
design - T2_36 Fig. 1), the NTD and the S2 regions were enriched with the
mutationobserved in theOmicronBA.1variantwhile theRBDandS1-CTD
regions were enriched with the mutations observed in Delta variant. This
strategy was to ensure all the important immunodominant regions are
represented for majority of the VOCs reported up to Dec. 2021 if future
recombination betweenVOCs of past and presentmay occur. In addition to
all the other stabilising mutations in the T2_32 design, the Furin cleavage
site was knocked-out (682RRAR toGSAS)17 in the twoOmicron generation
antigen designs. In addition,mutationsQ677H, and I834Vwere introduced
in T2_35. Q677H mutation was predicted to increase viral infectivity and
neutralisation escape and were observed in many of the variants circulating
between February 2021 and December 202121,22. I834V was observed in
some of theDelta variants circulating inAsia23,24 and hencewere included in
the design. The K417Nmutation was further introduced in T2_36. Notably
a Furin cleavage site modified version of T2_32 (henceforth referred as
T2_32_mFur) was also generated for comparison in mRNA platform.

Spike vaccine antigen (T2_32) delivered by DNA and MVA in
Guinea pigs
As an initial proof of concept, wefirst evaluated ourfirst spike design, T2_32
in Guinea pigs using a DNA prime, MVA boost immunisation protocol.
Guinea pigs were immunised thrice with the antigens –T2_32, and the dER
versionofWu-Hu-1 spike (WTdER) in apEVACplasmid andboosted once
with MVA.CR19 expressing T2_32 (Fig. 2A). The neutralising titres were
longitudinally analysed forWTdERagainst pseudoviruses (PVs) expressing
Wu-Hu-1 spike. The neutralising antibodies titres peaked first by the 4th
bleed following three immunisations and peaked again at bleed 6 following
MVA boosting (Fig. 2B). The neutralising titre against the VOCs and the
Wu-Hu-1 strain were measured for these bleeds (Fig. 2C, D).
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Fig. 1 | In-silico design of Spike antigens. Surface representation of the extra-virion
region of the Spike protein of SARS-CoV-2. The three subunits are coloured in pale
yellow, pale blue, and grey. The structural domains – N-terminal domain (NTD),
receptor binding domain (RBD), C-terminal domain of the S1 region (S1-CTD) and
the stalk region (S2) are highlighted by green, black, magenta, and yellow-brown
outlines respectively. The mutations reported in different variants are coloured as

red sphere in the surface representation and indicated by red lines in the linear
representation. Themutations introduced in the spike vaccine antigens are coloured
as orange spheres in the surface representation and indicated by orange lines in the
linear representation for T2_32, T2_35, T2_36 and T2_32_mFur. The surface
representation was generated and rendered using PyMol51 using PDB id. 7ZR952.
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Both the antigens inducedneutralising titres against Beta,Gamma, and
Delta variants, after three DNA immunisations (Fig. 2C). Higher neu-
tralising titres against BA.1 and BA.2 variants were observed only inGuinea
pigs immunisedwithT2_32 (Fig. 2C).Against the recent variants–XBBand
XBB.1.5 variants, only one of the guinea pigs immunised with T2_32 gen-
erated neutralising titre (Fig. 2C). Except againstWu-Hu-1 andDelta strain,
T2_32generated at least a loghigher titre than theWTdERantigen. Forboth
Wu-Hu-1 andDelta strains, the titreswere comparable for both the antigen.
As higher titres were observed in the group immunised with T2_32 and to

study the influence of heterologous boost on background of vaccination by
Wu-Hu-1 strain, we boosted both the group of guinea pigs with hetero-
logous vector – MVA expressing T2_32. MVA has been shown as a pro-
mising heterologous boost to DNA, resulting in increased neutralising
titres25. On boosting withMVA expressing T2_32, higher neutralising titres
of at least a log-fold for both groups of guinea pigs across the entire VOC
panel (Fig. 2D) was observed. Most importantly, significantly higher titres
were observed for three of the Omicron variants – BA.1, BA.2, and XBB for
both the groups of guinea pigs, as well as significant high titres were for

Fig. 2 | Immunogenicity of T2_32 in Guinea pigs. A Immunisation and bleeding
schedule in Guinea pigs.BDistribution of the neutralisation titres againstWu-Hu-1
pseudotype on immunisationwithWTdER. The x-axis represents the bleed number,
and the y-axis represents the log10(IC50) values. CDistribution of the neutralisation
titres at bleed 4 against Wu-Hu-1 and the VOCs; Beta, Gamma, Delta, BA.1, BA.2,
XBB, XBB.1.5. The x-axis represents the pseudoviruses tested for neutralisation, and
the y-axis represents the log10(IC50) values.DDistribution of the neutralisation titre
of bleed 6 against Wu-Hu-1 and VOCs – Beta, Gamma, Delta, BA.1, BA.2, XBB,

XBB.1.5. The x-axis represents the pseudoviruses tested for neutralisation, and the
y-axis represents the log10(IC50) values. The boxplots are colour coded according to
vaccines. The boxes represent the quartiles (25th, 50th and 75th percentiles) of the
distribution, and the whiskers represent the minimum and maximum of the dis-
tribution (excluding outliers) and the fliers represented as filled circle represent the
outliers. Mann–Whitney U test is used as statistical significance test in all the plots
(p value: * ≤0.05, **<0.01, *** ≤ 0.001). The distributions that are not statistically
significant are not labelled in the plot. n= 4 for C and D.
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XBB.1.5 in groups primed with T2_32. Taken together, these results show
that our T2_32-design is far superior toWu-Hu-1 based Spike antigens and
proved to be future proofed to many of the VOCs when administered
as boost.

Spikevaccineantigens (T2_35,T2_36,andT2_32_mFur)delivered
by mRNA in mice
While the T2_32 Guinea pig studies were ongoing, omicron variants
became globally dominant in the human population. Omicron variants
were reported to show higher resistance to sera from infected and/or vac-
cinated individuals aswell asmajority of the known therapeutic antibodies26.
As a pre-emptive measure to circumvent immune escape by vaccines we
designed two additional antigens, T2_35 and T2_36 and formulated them
for mRNA delivery. The dER version of Omicron BA.1 and Wu-Hu-1

sequencewereused as comparison controls in this immunogenicity study.A
21 day mRNA immunisation regime was followed by bleeds at 42 and
63 days (Fig. 3A). Notably the Omicron generation – T2_35 and
T2_36 spike antigens were able to induce broad neutralising responses
against Alpha, Beta, Gamma, Delta, and many of the important Omicron/
Omicron-like lineages (Fig. 3B, C). Interestingly while both Omicron gen-
eration antigens generated a robust neutralising titre against all the VOCs,
there was a distinctly different pattern against the VOCs that occurred
before and after the first Omicron variants appeared. T2_35 generated
higher neutralising titres against VOCs from BA.1 forward into the later
omicron sub-lineages, while T2_36 generated higher neutralising titres to
pre-omicron VOCs (Alpha through to Delta Fig. 3B, C). This difference in
the neutralising patterns against the VOCs could be explained on the dif-
ferent sets ofmutations used in different regions in these twodesigns. T2_35

Fig. 3 | Comparison of breadth of neutralisation of T2_35, T2_36, and
T2_32_mFur in mRNA immunised mice. A Immunisation and bleed schedule in
mice.B,CDistribution of the neutralisation titres of terminal bleed againstWu-Hu-
1 and VOCs. The x-axis represents the pseudoviruses tested for neutralisation, and
the y-axis represents the log10(IC50) values. The boxplots are colour coded according
to vaccines. The boxes represent the quartiles (25th, 50th and 75th percentiles) of the

distribution, and the whiskers represent the minimum and maximum of the dis-
tribution (excluding outliers) with outliers are represented as filled circles.
Mann–Whitney U test is used as statistical significance test in all the plots (p value: *
≤0.05, **<0.01, *** ≤ 0.001). The distributions that are not statistically significant
are not labelled in the plot. n= 6 for B and C.
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is enriched with mutations observed in Omicron BA.1 variant in the RBD
region while T2_36 is enriched with mutations observed in Delta variant in
the same RBD region. This data confirms previous reports on immuno-
dominance epitopes in the RBD over the NTD or S2 regions.

Interestingly, the T2_35 candidate generated neutralising titres com-
parable to BA.1 antigen against all the Omicron variants, but a significantly
higher titres to Delta variant than BA.1 antigen. Although the T2_36 gen-
erated lower neutralising titres against Omicron variants compared to BA.1
antigen, it significantly induced higher neutralising antibody titres against
non-Omicron VOCs as compared to BA.1 antigen.

We further asked if the Furin cleavage site modified T2_32
(T2_32_mFur) was as immunogenic as compared to the antigens - T2_35,
dER versions of Omicron BA.1 and Wu-Hu-1. Interestingly the
T2_32_mFur demonstrated superior immunogenic responses to all the
VOCs tested compared to Wu-Hu-1 antigen, with comparable immuno-
genicity to BA.1 antigen (Fig. 3C). The immunogenic response of
T2_32_mFur against the Omicron sub-lineage could be attributed to the
commonmutations in someof the immunodominant regions. For example,
HV69-70Δ is common between T2_32_mFur and BA.2.86, BF.7, BQ.1.12,
and BQ.1.1; while Y144Δ is common between XBB.1.5, BA.2.86, and
T2_32mFur. While the K417N, Q496R, N501Y, and P681H mutations in
T2_32_mFur were observed in all the tested Omicron lineage.

Though neutralising titres have been observed against many of the
VOCs by T2_35 and T2_32_mFur antigens, it must be noted that the titres
are lower for current VOCs such as BQ.1.1, XBB.1.5 etc., than the VOCs
such as Delta, BA.2. The decrease in titre is due to higher number of
diverging mutations in these VOCs. In view of this observation, the designs
may need to be updated for highly divergent VOCs or any future variant
with completely different set of mutations at immunodominant epitopes.
Overall, the data supports the broader neutralisation profile of the designed
spike antigens, even neutralising the VOCs detected more than two-years
after the first design.

Discussion
Despite the critical role that currently licensed vaccines have had in miti-
gating the severity ofCOVID-19disease, the continued emergence of SARS-
CoV-2 variants with their increasingly complex immune evasion char-
acteristics, suggest that alternative vaccine booster strategies are needed.
Furthermore because of strong selective pressures posed by existing
immune responses, generated either by natural infection or vaccination,
emerging variants of SARS-CoV-2 retain a high probability of reinfection.
Although boosting of the immune response with the original, historical
Spike antigen increases antibody titres27, they are ineffective against future
immune evasive variants such as the XBB and BQ.1 lineage27–29. In view of
these challenges, theWHO has recommended the COVID vaccine antigen
to match the pre-dominant circulating variant or strain30. Over the four
years of the evolution of SARS-CoV-2 variants, the vaccine composition has
been updated multiple times with wild-type variants in an effort to match
the prevalent circulating strains. This is intended to update the immune
landscape of the human population with the evolving landscape of emer-
gence of SARS-CoV-2 variants. Though the updated vaccine composition
has resulted in the increased titre towards the variants in circulation, they
have proved to have lower titres against the emerging VOCs27. Moreover,
the problem of “annually” immunising with wild-type viral Spikes vaccines
from viral strains that have (even recently) occurred in the past, may not
provide effective protection against the circulating variants due tomismatch
between the variants circulating across the globe, a problem observed with
Influenza vaccines eachyear.Notably in the fall 2023 theCOVID-19vaccine
booster consisted of monovalent XBB.1.5, which was first detected on the
22nd of October 2022 (https://www.ecdc.europa.eu/en/news-events/update-
sars-cov-2-variants-ecdc-assessment-xbb15-sub-lineage). The current
practice is reactive and behind the curve. The time between identification of
VOC XBB.1.5, and the time the vaccine had been manufactured and dis-
tributed was approximately a year, giving the targeted vaccine strain sig-
nificant time to circulate globally and acquire new immune evasive

characteristics in partially immune populations. An early approach thatwas
adopted by the industry to increase the breadth of the vaccines was intro-
duction of bivalent vaccines. But bivalent vaccines were soon demonstrated
to be inferior to single antigen-based vaccines, due to the impact of immune
imprinting (stronger boosting of immune memory responses to previously
recognises SARS-CoV-2 epitopes). Hence, higher titres were observed
against the original Wu-Hu-1 strain in comparison to titres against new
BA.1 and BA.5 variants11,12. Therefore, in the face of the continuously
evolving landscape of vaccine evasive SARS-CoV-2 variants, we developed a
broader, pro-active strategy using novel synthetic antigens with marked
antigenic properties that incorporate critical mutations providing superior
breadth of immune responses against future variants.

Advances in genomic tracking of viral epidemics, as witnessed during
theCOVID-19pandemic, have enabled the real-time assessmentof vaccines
to neutralise emerging viral variants. Here we leverage the patterns of
pathogen genomics and vaccine escape to design next generation vaccine
antigens for COVID-19 with neutralisation capacity against multiple
lineages of variants of SARS-CoV-2.Wedemonstrate that these novel spike-
based antigens that incorporate critical mutations observed in the evolution
of SARS-CoV-2 VOCs to target multiple lineages of SARS-CoV-2 variants.
Wedemonstrated that boosting of animals previously immunisedwithWu-
Hu-1 spike antigen, with our T2_32 vaccine antigen, significantly increased
the titres against all the testedVOCs. This observation validated the utility of
anon-wild-typebooster antigenwhichwas able to expand thebreadthof the
immune response encompassingmany of the future variants. The observed
immunogenicity of T2_32 validated our rationale that novel spike antigens
consisting of multiple epitopes from VOCs will provide greater vaccine
efficacy against future VOCs compared to current variant/strain-selection
approaches. In practise, this observation is important in the context of
utilizing new designs for populations that have been primed and boosted
with first generation COVID-19 vaccines.

During these studies the Omicron lineages arose and became domi-
nant in the human population. The Omicron lineage accrued multiple
mutations in both the NTD and RBD regions of the spike protein and was
reported to escape previous existing COVID-19 vaccine immunity8,20. As a
pre-emptivemeasure to counter immune escapewedesigned twoadditional
antigens (T2_35 andT2_36) and delivered themas LNP formulatedmRNA
to mice. Both the candidates T2_35 and T2_36 generated a neutralising
response against all the tested VOCs representing evolved variants over
more than 2 years.Notably the immunogenicity profile of T2_36against the
Omicron lineage in comparison to Wu-Hu-1 spike antigen supports the
role of antibodies generated against the NTD/stalk region in broader
immune responses against VOCs. Comparison of the breadth and potency
induced in mice across the VOCs tested for, T2_35 was found to have the
best immunological profile, followedbyT2_36over thewild typeBA.1Spike
vaccine. As we observed neutralising response against some of the variants
from Omicron lineage by T2_32 in DNA-MVA regime, we further tested
the immunogenicity of Furin cleavage site modified version of T2_32
(T2_32_mFur) delivered bymRNAimmunisation inmice. Interestingly the
T2_32_mFur showed good neutralisation titre against many variants of
Omicron lineages with titres comparable to BA.1 and T2_35. Taken toge-
ther, the observation of a significantly broader neutralisation profile of the
designs–T2_32, T2_35, andT2_36 antigens in comparison to thewild-type
Spike – Wu-Hu-1 and BA.1 antigens, validated the superiority of compu-
tationally designed antigens over a single wild-type VOC Spike based
antigens.

Novel SARS-CoV-2 vaccines have been developed and tested by other
and our groups, including the use of nanoparticles expressingmultipe wild-
type RBDs from different Sarbecoviruses lineages31, single antigen targeting
multiple sarbecoviruses32, as well as consensus-based approach to variant
proof designs33 that have shownpromisingpre-clinical broad-neutralisation
of VOCs. Of these approaches, our Digital Immune Optimised Synthetic
Vaccine (DIOSynVax) antigen designs are related but computationally
different to the consensus based SPAN approach33, which have also
observed broader neutralisation ability of their design in comparison to the
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prototype wild-type based vaccines. The SPAN approach is based on gen-
eration of consensus sequence. In contrast, our DIOSynVax approach uses
specific and unique immunodominant mutations from VOCs to construct
novel Spike structures. In conclusion, the Digital Immune Optimised
Synthetic multi-epitope vaccine antigen designs generated broad neu-
tralising responses covering over 2 years of evolved SARS-CoV-2 variants,
offering a superior vaccine antigen strategy to the current practice of using
wild-type vaccine evasive spike antigens as booster vaccines.

Methods
In-silico design of the vaccine antigens
A consensus sequence was generated for spike protein of VOCs - Alpha,
Beta, and Gamma using the sequences deposited in NCBI Virus (Feb.
2021)34. Multiple sequence alignment (MSA) was generated for Wu-Hu-1
(NC_045512.2), Alpha, Beta, and Gamma using MAFFT algorithm35. The
mutated amino acids for each VOCs were identified. Information on epi-
tope residues were retrieved from the Immune Epitope DataBase (IEDB)14

and mapped along the length of the MSA to identify the mutations asso-
ciated with immune inducing region of the spike protein. Further, epitope
regions were classified as immunodominant region based on literature15.
For further analyses, only mutations occurring in the immunodominant
epitope region of the spike protein were considered, as they would con-
tribute maximally to immune escape. Eachmutation in immunodominant
epitope were assigned to the four structural domains –N-terminal domain
(NTD), receptor binding domain (RBD), C-terminal domain of S1 (S1-
CTD), and stalk (S2) region and labelled with the VOCs it is observed in.
The set of mutations from the NTD of the Alpha and Gamma variants, the
set of mutations from the RBD region of the Beta, and the set of mutations
from the S1-CTD of the Alpha variant were introduced on the backbone of
the Wu-Hu-1 strain. Further mutations - K986P17,18, V987P17,18 and
Q498R16 and deletion of 19 amino acids from C-Terminal of Spike protein
were introduced to the final design -T2_32 (Fig. 1).

Using the similar design protocol, two designs – T2_35 and T2_36
were generated using MSA including the consensus Delta and Omicron
BA.1 (Dec. 2021). Sets of mutations from the NTD and S2 domain of Delta
variant and set of mutations from the RBD and S1-CTD of Omicron BA.1
were introduced on the backbone of Wu-Hu-1. In addition, mutations
Q677H, I834V, K986P17,18, V987P17,18, replacing Furin cleavage site with
GSAS motif 17, and deletion of 19 amino acids from C-Terminal of Spike
protein were introduced to the final design – T2_35 (Fig. 1). Sets of
mutations fromtheNTDandS2domainofOmicronBA.1variant and set of
mutations from the RBD and S1-CTD of Delta were introduced on the
backbone of Wu-Hu-1. In addition, mutations K417N, K986P17,18,
V987P17,18, replacing Furin cleavage site withGSAS motif 17, and deletion of
19 amino acids from C-Terminal of Spike protein were introduced to the
final design – T2_36 (Fig. 1).

The structural integrity of the resultant vaccine antigens was checked
for by generating homology models using Modeller algorithm36. The 19
amino acids from theC-terminal of the spike proteinwere removed fromall
the wild-type controls as well. Subsequently, a Furin cleavage site modified
version of T2_32 (referred as T2_32_mFur) was also designed.

Production and transformation of plasmids
Sequences of vaccine designs (T2_32 and Wu-Hu-1) were RNA- and
codon-optimised for high level expression in human cells via the Gen-
eOptimizer algorithm37. These genes were cloned into pEVAC38 (GeneArt/
Thermofisher, Germany) via restriction digestion using kpn1 and not1.
Plasmids were transformed via heat-shock in chemically competent E. coli
DH5α cells (Invitrogen 18265-017). Plasmid DNA was extracted from
transformedbacterial cultures via thePlasmidMiniKit (Qiagen12125).The
DNAplasmidswere purified using theEndoFree PlasmidMega kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Plasmids
were quality controlled by sanger sequencing and quantified using UV
spectrophotometry (NanoDrop™ -Thermo Scientific) and assessed for
absence of endotoxin.

Production of MVA
The MVA strain used in this study was MVA-CR1939. Recombinant MVA
that expresses T2_32 was generated as described previously25. Briefly, for
homologous recombination adherent CR.pIX cells were infected withMVA-
CR19-GFP with different MOIs ranging from 0.5 to 0.006 and transfected
with 0.4 μg shuttle plasmid pMVA Trans TK- SARS-CoV-2 T2_32 using
Effectene (Qiagen,Germany).After 48 h the lysateswere harvested, treated by
three freeze-thaw cycles and sonicated. Then, different dilutions of the virus
lysates were transferred to a freshmonolayer ofAGE1.CR.pIX cells. After 2 h,
a semisolid agarose overlay was applied and recombinant MVAs were iden-
tified by lacZ-staining using X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galac-
topyranoside) and isolated with a pipette tip 72 h post infection. Genomic
DNA was extracted from the isolated plaques after each agarose plaque
purification round using theQuick-DNAMiniprepKit fromZymoResearch
according to themanufacturer’s instructions. The correct integration into the
TK locus was verified by PCR analysis using primers flanking the TK locus
(CTCTCTAGCTACCACCGCAA and ATGCGTCCATAGTCCCGTTC).
PCR products were separated on a 1% agarose gel, excised, and the expected
sequence was confirmed by Sanger sequencing. The recombinant MVA-
CR19 encoding T2_32 was plaque purified for additional three rounds and
purified via two ultracentrifugation rounds at 20000 rpm at 4 °C using a 35%
sucrose cushion.

The resulting recombinant MVA-CR19 T2_32 (MVA T2_32) virus
stock was produced in suspension AGE1.CR.pIX cells as described
previously40. Briefly, cells were seeded in shake flasks in a final volume of
45mL in a mixture of CD-U7 (Xell) and DMEM (Gibco) (1:1) chemically-
defined media, infected with an MOI of 0.1, and incubated in a shaking
incubator with 180 rpm, 5 cm amplitude, 37 °C, and 5% CO2 (HT Multi-
tron Cell, Infors AG, Switzerland). The culture was centrifuged 48 h post
infection with 1100 × g for 5min and 35mL of the supernatant were
discarded. The pellet was re-suspendend in 10mL of the supernatant. This
suspension was distributed into 10 vials and sonicated with a Vial Tweeter
(Hielscher) for 20 s at 100% cycle and 90% amplitude.The virus titer in the
lysate was determined on DF-1 cells using crystal violet staining. The
absence of revertant or parental MVA and T2_32 insert identity was con-
firmed by PCR amplification and Sanger sequencing. Correct expression of
T2_32 was confirmed byWestern blot (40150-T62, Sino Biological; China)
with cell lysates from HEK293 cells harvested 24 h after infection (MOI 2)
with MVA T2_32.

Vaccination experiments in Guinea pigs
Two groups of four seven-week-old female Hartley guinea pigs were pur-
chased from Envigo (Maastricht, Netherlands). Guinea pigs were immu-
nised at 14 days intervals with 200 µg DNA vaccines bearing the antigen
gene in the pEVAC vector, administered by intradermal route using the
Pharmajet© device in a total volume of 200 µl over the hind legs. A third
dose of DNA was administered at day 70 post prime and at day 112 was
boosted intramuscular with MVA encoding T2_32 with 2.0E7 PFU/dose.
Bleedswere taken through the saphenous vein andanimals euthanisedat the
end of experiments using Pentoject under non-recovery anaesthesia.

Synthesis and packaging of mRNA
mRNA encoding the sequences of the vaccine antigens (T2_35, T2_36,
T2_32_mFur,Wuhan-Hu-1, andOmicronBA.1)were synthesisedby invitro
transcription (IVT) from linearised plasmid DNA templates using modified
nucleotides to generate partial modified mRNAs. IVT was performed for
120min at 37 °C using T7-RNA polymerase and co-transcriptional capping
via Anti-Reverse Cap Analog (ARCA), followed by digestion of the template
using DNAse I. After IVT, mRNAs were dephosphorylated for 15min at
37 °C using alkaline phosphatase and enzymatically polyadenylated for 10-
30min at 37 °C using PolyA polymerase to produce a Poly A tail of
approximately 120 nucleotides. Purification steps were performed by pre-
cipitation and subsequently formulated in water for injection at a con-
centration of 1mg/mL. mRNAs were stored at -80 °C until LNP
encapsulation. Each mRNA was LNP encapsulated via nanoprecipitation by
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microfluidic mixing of mRNA in citrate buffer (pH 4.5) with ionizable-,
structural-, helper- and polyethylene glycol (PEG) lipids in ethanol, followed
by buffer exchange and concentration via tangential flow filtration. mRNA
LNPswere filtered through a 0.2μmmembrane and stored at -20 °Cuntil use.
After manufacturing and freezing, the drug product was analytically char-
acterised for particle size ( ≤ 100 nm), particle polydispersity ( ≤ 0.20),
encapsulation efficiency (≥ 90%), mRNA integrity (≥ 90%) and mRNA
identity (confirmed length).

Immunisation of mice
Female 8–10-week-old BALB/c mice (Charles River Laboratories, Kent,
United Kingdom) were immunised twice at an interval of 21 days. A total
volume of 100 µl of PBS containing 10 µg of lipid encapsulated mRNA
encoding the antigens was administered intramuscularly over the two hind
legs. The naïve mice group were administered 100 µl of vehicle only control.
Bleedswere taken 3weeks after each immunisation, and afinal terminal bleed
6 weeks after the second immunisation under non-recovery anaesthesia.

Production of lentiviral pseudotypes
Lentiviral pseudotypeswere produced by transient transfection ofHEK293T/
17cellswithpackagingplasmidsp8.9141,42 andpCSFLW43 anddifferent SARS-
CoV-2 VOC spike-bearing expression plasmids in the pEVAC backbone,
using theFugene-HD(PromegaE2311) transfectionreagent44,45. Supernatants
wereharvestedafter 48 h, passed througha0.45 µmcellulose acetatefilter, and
titrated on HEK293T/17 cells transiently expressing human ACE-2 and
TMPRSS2. Target HEK293T/17 cells were transfected 24 h prior with 2 µg
pCAGGS-huACE-2 and 150 ng pCAGGS-TMPRSS2 in a T75 tissue culture
flask46,47. The sequences of the VOCs spike used for the production of pseu-
dotypes are provided in the supplementary file.

Pseudotype-based micro-neutralisation assay
Pseudotype-based micro-neutralisation assays (pMN) were performed as
described previously48. Briefly, serial dilutions of serum were incubated with
lentiviral pseudotypes bearing SARS-CoV-2, and SARS-CoV-2 VOC spikes
for 1 h at 37 °C, 5% CO2 in 96-well white cell culture plates. 1.5 × 104

HEK293T/17 cells transiently expressing humanACE-2 and TMPRSS2 were
then added per well and plates incubated for 48 h at 37 °C, 5% CO2 in a
humidified incubator. Bright-Glo (Promega)was then added to eachwell and
luminescence read after a five-minute incubation period. Experimental data
points were normalised to 100% and 0% neutralisation using cell only and
virus + cell control wells respectively and non-linear regression analysis
performed in GraphPad Prism 9 to produce neutralisation curves and IC50

values.

Statistical analyses
Two-tailed Mann–Whitney U tests were performed for all the pairwise
comparisons using the Python sklearn package49. All the plots were gener-
ated using the Python Matplotlib package and statannotat package50.

Data availability
The main data supporting the results in this study are available within the
paper. The sequences used for designing the vaccine antigenswere retrieved
from the publicly available NCBI virus database.
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