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The threat of spillovers of coronaviruses associated with the severe acute
respiratory syndrome (SARS) from animals to humans necessitates

vaccines that offer broader protection from sarbecoviruses. By

leveraging a viral-genome-informed computational method for selecting
immune-optimized and structurally engineered antigens, here we show that
asingle antigen based on the receptor binding domain of the spike protein
of sarbecoviruses elicits broad humoral responses against SARS-CoV-1,
SARS-CoV-2, WIV16 and RaTG13 in mice, rabbits and guinea pigs. When
administered as a DNA immunogen or by a vector based on a modified
vaccinia virus Ankara, the optimized antigen induced vaccine protection
from the Delta variant of SARS-CoV-2 in mice genetically engineered to
express angiotensin-converting enzyme 2 and primed by a viral-vector
vaccine (AZD1222) against SARS-CoV-2. A vaccine formulation incorporating
mRNA coding for the optimized antigen further validated its broad immun-
ogenicity. Vaccines that elicit broad immune responses across subgroups

of coronaviruses may counteract the threat of zoonotic spillovers

of betacoronaviruses.

Amongthe coronaviruses of the greatest pandemicrisk are the viruses
of the Betacoronavirus genus that bind to angiotensin-converting
enzyme 2 (ACE-2)"*. Over the past two decades, two ACE-2-binding
sarbecoviruses have spilled over into human populations, causing the
severe acute respiratory syndrome (SARS) epidemic in 2002-2003
and the current SARS coronavirus 2 (SARS-CoV-2) pandemic. Batsare a

reservoir of alarge number of SARS-CoV-like ACE-2-binding sarbecovi-
ruses which pose a constant threat for future spilloverinto humans, with
the potential to cause new epidemics®*. In addition to the emergence of
new ACE-2-binding viruses fromzoonotic reservoirs, another concernis
the emergence of mutationsin variants of these viruses that are capable
of escaping vaccine-induced immunity—a constant observation and
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concernin the current pandemic. As human infections increase glob-
ally during the pandemic, the virus has continued to accrue mutations,
most notably in the spike protein®. An accumulating number of vari-
ants of concern (VOCs) have implications for increased transmission
and escape from natural and vaccine-induced immunity®°. The N501Y
(asparagine to tyrosine) substitution in the receptor binding domain
(RBD) of the spike protein isacommon feature of VOCs andis associated
with increased affinity of the viral spike protein to the ACE-2 receptor
and with asubsequentincreasein transmission'’. Notably, the majority
ofthese mutations reportedin VOCs arein the receptor binding motif
inthe RBD (or around it), which interacts with ACE-2, as well as in the
regions thatinduce highly potent neutralizing antibodies™". In the key
RBD epitopes, the Delta VOC"” has L452R and T478K mutations, whereas
the Omicron lineage VOCs have multiple mutations™. The continued
emergence of these VOCs during the ongoing coronavirus disease 2019
(COVID-19) pandemic and the constant threat of new zoonotic spillo-
vers of coronaviruses from animals to humans highlight the need for
next generation vaccines with broader protection from ACE-2-binding
sarbecoviruses as well as from the emerging VOCs.

In this study, to increase the coverage to all the viruses of the
Sarbecovirus subgenus of betacoronaviruses, we used a digitally
immune-optimized synthetic vaccine (DIOSynVax) technology to
designantigens. These computationallyimmune-optimized and struc-
turally engineered antigens are selected in vivo to induce immune
responses across a group of related viruses. First, we generated a
phylogenetically informed RBD-based antigen by comparing all the
known human and animal reservoir Sarbecovirus sequences. This
antigen design was further used as a backbone for designing both
epitope-optimized and immune-refocused designs using available
structural data for the spike protein in complex with RBD-binding
monoclonal antibodies, in this case specifically those that bound both
SARS-CoV and SARS-CoV-2, such as S309 (ref. 15) and CR3022 (ref. 16).
The nucleic acid sequences of these in-silico-designed antigens were
optimized for expressionin human cells, and synthetic genes express-
ing each unique antigen were shuttled in an expression cassette for con-
secutiveinvitroandinvivoscreensin Baggalbinolaboratory (BALB/c)
mice. The best-in-class immunologically optimal antigen, which we
designated as ‘T2_17’, was further validated by DNA immunization
screensinguinea pigs and rabbits. To further validate the utility of this
antigento boost specific responses on the background of spike-specific
immune responses to pre-existing early Wuhanisolates (used by most
licensed vaccines), the T2_17 antigen was administered as a heterolo-
gous boost using either DNA or MVA immunogens to transgenic mice
expressing human ACE-2 (K18-hACE-2) previously primed with the
AZD1222 vaccine for SARS-CoV-2. RBD-specific immune responses
were observed in groups immunized with the T2_17 antigen. Further
immunogenicity of the T2_17 antigen was confirmed in mice and guinea
pigs as a messenger (m)RNA-delivered immunogen based on chemi-
cally modified mRNA" in alipidoid nanoparticle formulation (LNP)*s.
These studies confirmed that these computationally derived antigens
caninduce broad humoral responses, using a single RBD-based antigen
covering SARS-CoV, SARS-CoV-2 (including VOCs) and related bat
sarbecoviruses.

Results

Insilico design of antigens

Sequences of spike protein of viruses belonging to the Sarbecovirus
subgenus were compiled from the National Centre for Biotechnol-
ogy Information (NCBI) virus database" and further pruned to
remove poor-quality and redundant sequences. The hCoV-19/Wuhan/
IVDC-HB-01/2019 strain of SARS-CoV-2 was used for the analyses. The
phylogenetictree of these sequencesis presentedin Fig.1a. Two distinct
clades are observed in the tree: clade 1 viruses, which do not interact
with the ACE-2 receptor'?’,and clade 2 viruses, which do. Clade 1 viruses
share many of the sequence features of the members of clade 2 but

possess deletions within the ACE-2 binding region (Supplementary
Fig.1). An optimized core sequence (T2_13) was designed, such that
the antigen was phylogenetically the closest to all the sarbecoviruses
represented in the phylogenetic tree shown in Fig. 1a. Due to the evo-
lutionary relatedness between the input sequences and the evolution
modelusedinthe pipeline, the design captures both the conserved as
well as distinct epitopes of the input sequences. To further understand
theimportance of the amino acid composition of epitopes in generat-
ing antibody responses, we modified T2_13 to display the exact amino
acid sequences of epitopes of SARS-CoV for monoclonal antibodies
S309 (ref.15) (T2 14) and CR3022 (ref.16) (T2_15) and of SARS-CoV-2 for
monoclonal antibody B38 (ref. 11) (T2_16). The sequences of epitopes
formonoclonal antibodies S309 (ref.15) and CR3022 (ref. 16) are highly
conserved across the sequences considered in this study, while the
sequence of epitopes for monoclonal antibody B38 (ref. 11) is highly
divergent (Fig. 1b). These antibodies were chosen for the analyses,
as these were the only biochemically and structurally characterized
antibodies available at the time of generating the antigen designs.
We further modified the epitope region for monoclonal antibody B38
(ref. 11) by introducing a glycosylation site on the backbone of T2_14
(T2_17) and T2_15(T2_18). This was done to mask the divergent epitope
regionand enhance the presentation of the conserved epitopes to the
immune system. The masking of epitopes by introducing glycans has
been exploited by many viruses such as hepatitis C virus”, Lassa virus?
andinfluenza virus® to escape naturalimmunity and we used this strat-
egytotraintheimmune systemto elicit preferentialimmune response
towards the conserved but subdominant epitopes. To compare the
immunogenicity of soluble and membrane-anchored RBD-based vac-
cines, membrane-anchored forms of T2_13and T2 17 (T2_13_ TM and
T2_17_TM, respectively) were generated. The structural stability of
these designs was evaluated in silico using the BUILD module of the
FoldX**algorithm, with T2_13 as the reference model. Structural models
of these vaccine antigens are presented in Fig. 1c.

Antigen selection and immunogenicity confirmationin
BALB/c mice
Invivo screening in BALB/c mice was performed by immunizing mice
with the in silico designed antigens and SARS-CoV-2 RBD (hCoV-19/
Wuhan/IVDC-HB-01/2019) asa DNA immunogen (Fig. 2a). The serafrom
immunized mice were assessed for cross-reactive antibodies against
spike proteins in a flow cytometry-based cell-surface display assay.
Binding against four spike proteins, namely SARS-CoV (SARS-Tor2),
SARS-CoV-2 (hCoV-19/Wuhan/IVDC-HB-01/2019), WIV16 and RaTG13,
were tested. Serataken2 weeks following the second immunization with
the antigen designs demonstrated the binding profile of serainduced
by the vaccine candidates for different spike proteins (Fig. 2b). Sera
from all antigen-immunized mice showed higher binding than those
of PBS-immunized mice across the four spike proteins, suggesting
seroconversion of the mice onimmunization with the antigens.
Across the four spike proteins, no significant differences in bind-
ing were observed for sera from mice immunized with T2_13 and sera
from miceimmunized with SARS-CoV-2RBD (all P> 0.05, Mann-Whit-
ney U(MWU) test), suggesting that epitopes in this design are biased
towards SARS-CoV-2 RBD. For the T2_16 design, in which the epitope
region for mAb B38 was mutated to the epitope region on SARS-CoV-2,
binding to SARS-CoV, WIV16 and RaTG13 declined in comparison
with T2_13 (P < 0.05, MWU test) without significant changes in bind-
ing to SARS-CoV-2. Matching of the epitopes of S309 and CR3022 to
SARS-CoV (T2_14 and T2_15) enhanced the binding to SARS-CoV spike
(P<0.05,MWU test) but not to other spike proteins. Introduction ofa
glycosylation site in design T2_17 significantly enhanced the binding
of elicited antibodies to SARS-CoV and RaTG13 (P < 0.01, MWU test)
in comparison with T2_14, but no difference was observed in T2_18 in
comparison with T2_15. There was no statistical difference between
transmembrane-anchored and soluble designs when delivered asaDNA
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Fig.1|Insilico design of antigen candidates. a, Phylogenetic tree generated
for sarbecoviruses using the protein sequence of the RBD of the spike proteins.
The tree was generated using IQ-TREE®. Human viruses are represented in green,
palm civet viruses in pink and bat viruses in dark grey. The two distinct clades

are colouredin red (non-ACE-2 binding) and blue (ACE-2 binding). b, Structural
models of RBD with epitope regions highlighted as spheres. The backbone

of RBDis coloured according to the conservation of amino acid as calculated
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by the CONSURF algorithm® using the alignment utilized for construction of
the phylogenetic tree. The figure was generated and rendered using PyMOL®°
utilizing PDB* IDs 6WPS (ref. 15), 6W41 (ref. 16) and 7BZ5 (ref. 11). ¢, Structural
representation of the different antigen designs used in the study. The epitopes
that were modified to match the wild-type SARS-CoV (coloured orange) and
wild-type SARS-CoV-2 (coloured grey) are represented as spheres. The further
glycosylation site modificationis represented in green.

immunogen. As T2 17 has either the best (or second best) median bind-
ing to the four spike proteins, we choose T2_17 as the lead candidate
for furtherimmunological assays.

Elicitation of cross-binding antibodies by T2_17 was further con-
firmed by enzyme-linkedimmunosorbent assay (ELISA) with SARS-CoV
RBD and SARS-CoV-2 RBD (Fig. 2¢), revealing robust binding anti-
body responses to both SARS-CoV and SARS-CoV-2 within 2 weeks of
the second immunization. T2_17 elicited stronger responses against
SARS-CoVin comparison with SARS-CoV-2 RBD. Against SARS-CoV-2,
the two antigens SARS-CoV-2RBD and T2_17 generated similar binding
antibody responses.

Immunogenicity confirmation of T2_17 in outbred animals

To determine the breadth of antibody response and neutralization
potency of T2_17 asa DNAimmunogen in outbred animals, guinea pigs
were immunized using the European conformity approved and clini-
cally validated Pharmajet Tropis needleless, intradermal delivery device
toensure standardized intradermal delivery (Fig.3a). Asa control, we
used a C-terminal glycosylation modified SARS-CoV-2 RBD (SARS2_
RBD_P521N) (Fig. 3b) which we had previously evaluated in BALB/c
mice” (Supplementary Fig. 2). Generation of neutralizing antibodies
toboth SARS-CoV and SARS-CoV-2 was confirmed using pseudoviruses
expressing full-length spike proteins of SARS-CoV and SARS-CoV-2.
Whileboth T2_17 and SARS2_RBD_P521N generated binding antibodies
against both SARS-CoV and SARS-CoV-2 (Extended Data Fig. 1) after
oneimmunization, T2_17 elicited significantly higher antibodies than
SARS2_RBD_P521N to SARS-CoV and comparable antibodies against
SARS-CoV-2. Higher titres of binding antibodies were detected for T2_17
to SARS-CoVin comparison with SARS2_RBD_P521N after two immuni-
zations, while the responses were comparable for SARS-CoV-2. After

threeimmunizations, SARS2_RBD_P521N induced a higher response to
SARS-CoV-2, while T2_17 had higher responses to SARS-CoV (Extended
DataFig. 1). Neutralizing antibodies were detected for SARS-CoV-2
after the firstimmunization, while significant neutralizing responses
to SARS-CoV developed after two immunizations, although these
were more potent from T2_17 than from SARS2_RBD_P521N (Fig. 3c).
Higher binding and neutralizing responses by SARS2_RBD_P521N to
SARS-CoV-2 were expected as it differs from SARS-CoV-2 by only one
amino acid. To further confirm whether the T2_17 antigen generates
broader responsesthan SARS2_RBD _P521IN, we compared serainduced
by these two antigens 28 d post third immunization for neutraliza-
tion against SARS-CoV (SARS-Tor2), SARS-CoV-2 (hCoV-19/Wuhan/
IVDC-HB-01/2019), WIV16 and RaTG13 pseudoviruses. Statistically
significant higher neutralizing antibody titres were generated by T2_17
against SARS-CoV, WIV16 and RaTG13 (Fig. 3d). To further confirm
that anti-serato T2_17 could abrogate hACE-2 receptor binding, we
performed an ELISA-based competition assay (Fig. 3e), demonstrat-
ing that T2_17 and SARS2_RBD_P521N anti-sera abrogated binding
to the hACE-2 receptor and are comparable to the WHO standard of
pooled convalescent COVID-19 patient sera (NIBSC standard 20/162).
These findings demonstrated important proof-of-concept of T2_17
as asingle gene-delivered, structurally engineered antigen capable
of eliciting broad pan-sarbecovirus neutralizing antibodies. Before
clinical trials in humans, a good manufacturing practice lot of T2_17
DNA was manufactured and evaluated for safety and immunogenic-
ity in rabbits using the same gene delivery device to ensure uniform
intradermal administration (Fig. 3f). After oneimmunization, binding
antibodies to SARS-CoV and SARS-CoV-2 were elicited (Extended Data
Fig.2), increasing on subsequent immunizations until a plateau was
reached by the fourth immunization. Robust neutralizing antibodies
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Fig.2|Invitro selection and in vivo immunogenicity of antigens in BALB/c
mice. a, Immunization and bleed schedule of BALB/c mice. Mice were immunized
atintervals of 30 d and bled every 15 d. b, FACS binding data for the antigens.
Sera from mice immunized with designed antigens were screened for binding to
SARS-CoV, SARS-CoV-2, WIV16 and RaTG13 spike proteins. The x axis represents
all the vaccine designs considered for screening, and the y axis represents the
mean fluorescence intensity (MFI). For each mouse serum, two replicates of

MFI (represented as filled circles and filled stars) are reported. ¢, Elicitation of

binding antibodies against SARS-CoV and SARS-CoV-2 by T2_17 was confirmed
using ELISA, with SARS-CoV-2 RBD as control vaccine design. T2_17 generated
cross-binding antibodies. The x axis represents the bleeds, and the y axis
represents the area under the curve (AUC) from ELISA binding curves. The boxes
represent the quartiles (25th, 50th and 75th percentiles) of the distribution, the
whiskers represent the minimum and maximum (excluding outliers) and the
fliers represented as filled circles denote outliers. Two-tailed Mann-Whitney
Utests demonstrated statistical significance.n=6forband c.

were observed 2 weeks following the third immunization (Fig. 3g).
Sera post 14 d after four immunizations (bleed 4) showed broad neu-
tralizing antibody responses against the SARS-CoV, SARS-CoV-2, Beta,
Gamma, Deltaand Omicron (BA.1) VOCs and bat sarbecoviruses, WIV16
and RaTG13 (Fig. 3h).

Challenge studies in mice expressing K18-hACE-2

As almost all the human population is seroconverted either due to
natural infection, vaccination or both, we tested the efficacy of the
T2_ 17 antigen when given as a booster following AZD1222 (ChAdOx1

nCoV-19) as prime vaccine. Although the presentimmune landscape
of the human populationis complex due to multiple immunizations
and infections by different SARS-CoV-2 variants, we aimed to study
the baselineimmunogenicity of T2_17 in the background of vaccina-
tion. To address this, homozygous K18-hACE-2 transgenic mice were
immunized with 1.4 x 10° viral particles of AZD1222 and 4 weeks later
boosted with either T2_17 or the licensed AZD1222 vaccine (Fig. 4a),
while the control group received only PBS with each immunization.
We administered T2_17 either asa DNAimmunogen or amodified vac-
ciniavirus Ankara (MVA) immunogen. The ChadOx-MVA prime-boost
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regime has been shown to be effective in Ebola’*?. Eight weeks Increased binding antibody titres to both SARS-CoV and
post boost, all groups of mice were challenged with either a SARS-CoV-2afterboosting with either AZD1222 or T2_17 were observed
January 2020 isolate of SARS-CoV-2 (Victoria) or the Delta variantof ~ (Extended DataFig.3). Statistically significant differencesin antibody

SARS-CoV-2 (Table1). titres to SARS-CoV-2 were observed 4 weeks after boosting with T2_17 as
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Fig.3 | Immunogenicity studies in guinea pigs and rabbits. a, Immunization
andbleed schedule of guinea pigs. Guinea pigs were immunized with DNA
delivered intradermally using the Tropis PharmaJet device at 28-d intervals and
bled every 14 d. b, Structure models of the antigen designs used for the study in
guinea pigs. The glycosylation site and the modified epitope are represented
asgreen and orange spheres, respectively. ¢, Neutralization of SARS-CoV and
SARS-CoV-2 pseudoviruses by guinea pig seraimmunized with T2_17 and SARS2_
RBD_P521IN. The x axis represents the bleed number, and the y axis represents the
log,,ICs, values for neutralization curves. d, Broad neutralization of SARS-CoV,
WIV16, RaTG13 and SARS-CoV-2 pseudoviruses by T2_17 in comparison with
SARS2_RBD_P521N. Sera post 28 d after three immunizations (bleed 6) were used
for comparison. e, ACE-2 competition ELISA. Sera from guinea pigs immunized
withT2_17 and SARS2_RBD_P521IN. The NIBSC standard (20/162) was used as

control. f,Immunization and bleed schedule of rabbits. Rabbits were immunized
atintervals of 14 d and bled every 14 d. g, Neutralization of SARS-CoV and SARS-
CoV-2 pseudoviruses by rabbit seraimmunized with T2_17. The x axis represents
thebleed number, and the y axis represents the log;ICs, values for neutralization
curves. h, Broad neutralization of SARS-CoV, WIV16, RaTG13, SARS-CoV-2,
SARS-CoV-2 Beta, SARS-CoV-2 Gamma, SARS-CoV-2 Delta and SARS-CoV-2 BA.1
pseudoviruses by T2_17. Sera taken 14 d after the fourthimmunization (bleed

4) were used for comparison. NIBSC standards for SARS-CoV-2 and SARS-CoV
antiserum were used as reference. The boxes represent the quartiles (25th, 50th
and 75th percentiles) of the distribution, the whiskers represent the minimum
and maximum (excluding outliers) and the fliers represented as filled circles
denote outliers. Two-tailed Mann-Whitney Utests demonstrated statistical
significance.n=8forc,dand e;10 forgandh.

DNA or MVA immunogen in comparison with boosting with AZD1222,
while a statistically significant increase in binding antibody titres
to SARS-CoV was observed on boosting with T2_17 as MVA immuno-
gen (Extended Data Fig. 3). Generation of neutralizing antibodies
to SARS-CoV, SARS-CoV-2 and the Delta VOC was confirmed using
pseudoviruses expressing full-length spike proteins of SARS-CoV,
SARS-CoV-2andtheDeltaVOC. Neutralizing antibodies for SARS-CoV-2
and the Delta VOC were detected for all of the groups, except the con-
trol group before challenge, while neutralizing antibodies against
SARS-CoV were detected only for the T2_17 MVA-boosted group
(Fig.4b). Two weeks post boost, the antibodies elicited by T2_17 both as
DNA and MVA immunogens neutralized the Delta variant significantly
better than the sera from mice boosted with AZD1222 (Fig. 4b). Mice
from all the groups, except the controls, survived and continued to
gain weight following challenge with either the Victoria strain or the
Delta variant (Fig. 4c).

Longitudinal serology study in K18-hACE-2 mice

As all the groups were protected in the challenge studies and simi-
lar levels of neutralizing antibodies were observed for SARS-CoV-2,
we explored whether this could be due to the short interval between
the prime and the boost in the challenge study. For this, we primed
another group of K18-hACE-2 mice with AZD1222 vaccine and boosted
the mice 20 weeks afterwards (Fig. 4d). The mice were boosted with
either AZD1222, T2_17(DNA), T2_17(MVA) or PBS (Table 2). A group
of PBS primed mice was immunized with T2_17(MVA) at week 20 as a
control. The AZD1222/PBS group was included to monitor the antibody
titres over time in the absence of the boost.

Only neutralizing antibody titres against SARS-CoV-2 were meas-
ured for this longitudinal analysis. In this study as well, significantly
higher titres were again observed for the T2_17(MVA)-boosted group
(Fig.4e) at4 weeks postboost. No antibody titres were observedin the
T2_17(MVA) primed group, suggesting that MVA is aweakerimmunogen
whendelivered only as prime. The antibody levels were maintained up
to 44 weeks post prime. As T2_17 is an RBD-based antigen, we further
explored whether higher RBD-specific antibodies were generated

on boosting with T2_17 in comparison with boosting with AZD1222.
Terminal bleed serafrom 4 mice with the highest neutralizing antibody
titres for the vaccine groups PBS/PBS, PBS/T2_17(MVA), AZD1222/
AZD1222and AZD1222/T2_17(MVA) were tested against 15-mer peptides
with overlap of 14 from SARS-CoV RBD, SARS-CoV-2 RBD and T2_17
using PEPperPRINT microarray technology. The intensities of the vac-
cination groups were normalized to that of the PBS/PBS mice group.
The microarray data are shown in Fig. 4f. A higher number of peptide
hits was observed for the T2_17(MVA)-boosted group in comparison
with the AZD1222-boosted group, suggesting that the T2_17-boosted
group induced a greater number of RBD-specific antibodies.

Immunogenicity of the vaccine candidate as mRNA

To further validate the immunogenicity of the T2_17 antigen in the
mRNA technology, we immunized BALB/c mice with T2_17 as an
mRNA immunogen. A previous study on Middle East Respiratory Syn-
drome (MERS)-based vaccine has shown that membrane-anchored,
prefusion-stabilized, full-length MERS spike antigen elicited more
potent pseudovirus-neutralizing antibody responses than the soluble
form, as mRNA immunogen?®. To test this, T2_17 was also delivered
as amembrane-anchored form (T2_17_TM) mRNA immunogen to
mice. The mRNA immunogen (T2_17 and T2_17_TM) was delivered in
a prime-boost regime at 4-week intervals in BALB/c mice (Extended
Data Fig. 4a) at different doses (5 pg and 10 pg). Full-length spike
protein with a double proline mutation in the lipid formulation,
similar to the one used for T2 17 and T2 17 TM, was used as a con-
trol. In addition, BNT162b2 vaccine was used as a further control. All
the antigen-immunized mice generated binding antibodies against
SARS-CoV-2. The transmembrane-anchored T2_17 (T2_17_TM) gener-
ated higher binding antibody titres at the 5-pg dose in comparison
with soluble T2_17 (Extended Data Fig. 4b). No significant differ-
ence was observed for T2_17_TM at the two test doses. T2_17 at the
higher dose of 10 pg generated binding antibody titres equivalent
to those of T2_17_TM (Extended Data Fig. 4b). As higher antibody
titres were observed for T2 17 TM at lower doses, we further evalu-
ated immunogenicity of T2_17_TM in guinea pigs. Guinea pigs were

Fig. 4| Immunogenicity and challenge studies in K18-hACE-2 mice.

a, Immunization, bleed and challenge schedule of K18-hACE-2 mice. K18-hACE-2
mice were primed with AZD1222 vaccine and then boosted with either AZD122
or T2_17 after 4 weeks. The mice were challenged after 8 weeks with either the
Victoria strain of SARS-CoV-2 or the Delta variant. b, Neutralization of SARS-CoV,
SARS-CoV-2 and the Delta variant of SARS-CoV-2 pseudoviruses by K18-hACE-2
mice sera. Sera of mice boosted with T2_17(DNA) and T2_17(MVA) significantly
neutralized the Delta variant (B.1.617.2) in comparison with those boosted

by AZD1222 at bleed 4. The x axis represents the bleed number, and the y axis
represents the log;,1Cs, values for neutralization curves. ¢, Weight loss profile
of K18-hACE-2 mice following challenge with the Victoria strain and the Delta
variant. All mice except the naive were protected. d, Immunization and bleed
schedule of K18-hACE-2 mice for longitudinal analysis. e, Neutralization of

SARS-CoV-2 pseudoviruses by K18-hACE-2 mice sera. Neutralization by sera of
mice boosted with T2_17(MVA) is statistically higher than that by sera of mice
boosted with AZD1222 at bleed 2. The x axis represents the bleed number, and
the yaxis represents the log,,1Cs, values for neutralization curves. f, Peptide
microarray analyses of the ACE-2 longitudinal analysis. The x axis represents the
mice sera, and the y axis represents the different linear peptides. The last
column represents the conservation of the corresponding peptidein
SARS-CoV, SARS-CoV-2and T2_17. The boxes represent the quartiles (25th, 50th
and 75th percentiles) of the distribution, the whiskers represent the minimum
and maximum (excluding outliers) and the fliers represented as filled circles
denote outliers. Two-tailed Mann-Whitney U tests demonstrated statistical
significance.n=12forb; 6 forcande.
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Table 1| Prime-boost regime of the K18-hACE-2-mice
challenge

Prime Boost Challenge
PBS PBS Victoria
AZD1222 AZD1222 Victoria
AZD1222 T2_17(DNA) Victoria
AZD1222 T2_17(MVA) Victoria
PBS PBS Delta
AZD1222 AZD1222 Delta
AZD1222 T2_17(DNA) Delta
AZD1222 T2_17(MVA) Delta

Table 2 | Prime-boost regime of the longitudinal serology
study in K18-hACE-2 mice

Prime Boost

PBS PBS

PBS T2_17(MVA)
AZD1222 PBS
AZD1222 AZD1222
AZD1222 T2_17(DNA)
AZD1222 T2_17(MVA)

immunized either with T2_17_TM at a dose of 3.15 pg or full-length spike
with double proline mutations at a dose of 15 pg at 3-week intervals
(Fig. 5a). Three weeks post prime, T2_17_TM induced binding anti-
bodies against SARS-CoV as well as SARS-CoV-2, while the full-length
spike antigen did notinduce binding antibodies against SARS-CoV but
induced binding antibodies against SARS-CoV-2 (Extended Data Fig. 5).
T2_17_TMinduced s ignificantly higher binding antibody titres against
SARS-CoV-2 in comparison with full-length spike 3 weeks post boost
(Extended Data Fig. 5). Three weeks post boost, higher neutralizing
antibody titres against SARS-CoV were observed for T2_17_TM. Three
of the guinea pigs immunized with full-length spike induced neutral-
izing titres against SARS-CoV 3 weeks post boost. Neutralizing titres
declined to low levels afterwards in this group but remained high in
animals vaccinated with T2_17_TM, although neutralizing antibody
titres against SARS-CoV-2 were lower after vaccination with T2_17_TM
incomparison with full-length spike. The breadth of antibody immune
responses elicited by the T2_17_TM antigen is demonstrated by sig-
nificantly higher neutralizing titres than those induced by full-length
spike against WIV16, SARS-CoV and the SARS-CoV-2 Omicron variant
(BA.1) pseudoviruses 6 weeks post boost (Fig. 5c). The neutralizing
titres induced by the full-length spike were almost negligible for the
SARS-CoV-2 Omicron (BA.1) variant. We further tested for neutrali-
zation titre against one of the recent prominent variants, XBB.1.5.
No neutralizing titres were observed for both T2_17_TM at 3.15-pg
dose and full-length spike vaccine at 15-pg dose. To check whether
the low neutralizing titre of T2_17_TM was due to the low dose of
3.15 pg, we tested the sera of guinea pigs immunized with 15 pg of
T2_17_TMand compared them with sera of guinea pigsimmunized with
15 pg of full-length spike. The sera from guinea pigs immunized with
15 pg of T2_17_TM neutralized pseudoviruses expressing the XBB.1.5
variant (Fig. 5d).

Discussion
Two human SARS epidemics were caused in the past two decades
by zoonotic sarbecoviruses that infect through the ACE-2 receptor.

Vaccines that can provide broad protection against such lineages
are urgently needed. Strategies to achieve pan-sarbecovirus and
pan-betacoronavirus protectioninclude synthetic mRNAs expressing
chimaeric versions of different spike proteins®, and mosaic or cocktail
nanoparticles expressing RBDs derived from different coronaviruses™.
These strategies have been reported to be effective in generating
immune responses to pan-sarbecoviruses and pan-betacoronaviruses
but require the synthesis, manufacture and formulation of multiple
gene constructs, which adds regulatory and technical complexity to
large-scale manufacturing. In addition to the zoonotic spillover from
the related bat or other mammal sarbecoviruses, another cause of
concern s the rapid accumulation of immune-escape mutations in
circulating SARS-CoV-2. Since late 2020, many mutations leading to
immune escapeor toincreased transmissibility (or to both) havebeen
reported, with the latest circulating Omicron lineage reporting the
greatest number of mutations in the SARS-CoV-2 viral genome™. An
ideal vaccine candidate targeting circulating and emerging VOCs would
be a single antigen providing protection against the diverse group of
sarbecoviruses.

In this study we report preclinical data for a single-antigen
RBD-subunit-based vaccine that induces immune responses against
SARS-CoV, SARS-CoV-2,RaTG13, WIV16 and VOCs. The core backbone
ofthe antigen was designed using DIOSynVax technology. It integrates
phylogenetic relationships between the input sequences and struc-
tural bioinformatics to generate a core antigen sequence that ideally
should generate immune responses against a diverse group of phy-
logenetically related viruses. We further modified the core antigen
sequence by mutating some of the known epitopes within the RBD or
by introducing a glycosylation site (or both) to enhance the immuno-
genicity of the antigen. This resulted in a panel of antigens, referred
toas T2 13 to T2_17. The designs were generated inJune 2020 and the
epitopeinformation was derived from the structural data availablein
June 2020. Epitope regions of CR3022 (ref. 16), S309 (ref. 15) and B38
(ref. 11) were considered for these designs. Antibodies binding to the
RBD were later classified into four classes (classes 1-4)*. Out of the four
classes, three classes (namely, class 1, class 2 and class 3) are potent
neutralizers. The antibody B38 belongs to class 1, S309 to class 3 and
CR3022to class 4. By introducing a glycosylation site at an epitope of
B38, we masked the epitoperegion correspondingto class-1antibodies,
while the antibodies targeting class 2 and class 3 are still available in the
constructs and would induce neutralizing antibodies. The introduction
of glycosylation was aimed to mask one of the divergent epitopes and
tore-rank the order of the epitope presentation to theimmune system,
thus generating a pool of polyclonal seraenriched in both neutralizing
and variant-resilient antibodies.

The strength and breadth of immune responses against differ-
ent spike proteins were confirmed in BALB/c mice. From the binding
profile of the sera of mice immunized with the designed antigens,
we selected T2_17 for further preclinical studies. Mice immunized
with T2_17 as a DNA immunogen produced significant binding anti-
body titres against both SARS-CoV and SARS-CoV-2. Neutralizing
antibodies were also measured in outbred guinea pigs and outbred
rabbits against both SARS-CoV and SARS-CoV-2. Notably, rabbit sera
neutralized a wide panel of SARS-CoV-2 VOCs, namely Alpha, Beta,
Gamma, Delta and Omicron BA.1. These broad humoral responses
validate the use of the DIOSynVax technology for the generation of
apan-sarbecovirus RBD-based antigen. The breadth of the antibody
immune responses elicited by the antigen T2_17 against VOCs up to
BA.1lis particularly encouraging, as the antigen was designed using
the hCoV-19/Wuhan/IVDC-HB-01/2019 strain of SARS-CoV-2, suggest-
ing the applicability of the technology to capture some of the future
variants, if not all of them.

To assess the suitability of a T2_17 antigen as a booster within
the background of the non-naive population, K18-hACE-2 mice were
primed with the AZD1222 vaccine and boosted with AZD1222 or T2_17

Nature Biomedical Engineering | Volume 9 | February 2025 | 153-166

160


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-023-01094-2

a b SARS1 SARS2
o PBS o PBS
Prime 614 T217.T™ ® T2.17.T™M
X Boost @ Full_length_spike o Full_length_spike 0.0037
Guinea 51 0.0124 0.0444 0.005 0.0043
Pigs 3 44 00043 0.0039 0.0022 RO
o i - .
Days O 21 42 63 o, H -~ 0o0os  Ed  oooss L
Bleeds O 1 2 3 g S . - -
2 o - . he
|- e
11 e — —| oo .
01— T T T T T T T T T T T
N N N [s] (s [s) N N o~ (s} (s} (&}
e ael ael el el el ael o o e e) el
Q Q Q Q [0 Q Q (9] (] Q Q (9]
9 2 Q Q L) i) ) 2 < ° < <
o o [an] o m o [aa] [an] [an] om o o
c SARS1 WIV16 RaTG13 SARS2 SARS2_BA.1
6 0.0018 0.0037
0.0284 0.0263 0.0043
54 0.0444 - 0.0096 -
_ | 0.0039 0.0353 > - .
i - 0.0039 |
= | I & . - 0.0055 +
& 31 < e .0055 . | 0.015
Ke) hd s ] -
2 | k5 N
14 o= - = - = - . . -
o T T T T T T T T T T T T T T T
1% Q w s Q 0 s o 0 = o 0 = )
m e~ o £ X o gFE X @O g X o g X
N T T S T S
o~ S o~ S o~ 5 1N 5 o~ S
= &) = ) = ) Ll o Ll )
C C C C C
< < ° ° °
! ! - - -
=] =] =] = S
[T [ o [y o
d SARS2_Wuhan SARS2_XBB.1.5
6
5 | 0.0041
2 4l 0.0043
O - -—s
5 N 0.0005 —0:00%5.
2 - —
2 . -~ i
1 O . O
0 T T T T T T
[99) s ) 0 s )
E ::l 9 E ::I g
~ < . £
= <) = )
C =
° °
! !
= S
[T w

Fig. 5| Immunogenicity of mRNA in guinea pigs. a, Inmunization and bleed
schedule of guinea pigs. The guinea pigs were immunized with mRNA at 3-week
intervals. b, Neutralization of SARS-CoV and SARS-CoV-2 pseudoviruses by
guinea pig sera. The x axis represents the bleed number, and the y axis represents
the log,,ICs, values for neutralization curves. ¢, Broad neutralization of SARS-
CoV, WIV16, RaTG13, SARS-CoV-2 and SARS-CoV-2 Omicron by T2_17 at adose of
3.15 pg. Sera taken 6 weeks post boost (bleed 3) were used for comparison.

d, Neutralization of SARS-CoV-2 and SARS-CoV-2 XBB.1.5by T2_17 ata dose

of 15 pg. Sera taken 6 weeks post boost (bleed 3) were used for comparison.

The boxes represent the quartiles (25th, 50th and 75th percentiles) of the
distribution, the whiskers represent the minimum and maximum (excluding
outliers) and the fliers represented as filled circles denote outliers. Two-tailed
Mann-Whitney Utests demonstrated statistical significance.n = 6 forb, cand d.

as a DNA or MVA-vectored immunogen at 4-week intervals and chal-
lenged with either the Victoria or Delta strains of SARS-CoV-2. All the
antigen-immunized mice were protected against the challenge, with
increasesin neutralizing antibody titres (4 weeks after boost) against
Delta in the T2_17-boosted group. Neutralizing antibodies against
SARS-CoV were observed in the T2_17(MVA) group. T2_17(DNA) did
notinduce neutralizing antibodies against SARS-CoV. We believe that
this is due to the difference in vaccine vector between AZD1222 and
DNA, but this has not been addressed in the present study. Responses
against SARS1were substantially better in the group that was boosted
with T2_17(MVA). A longitudinal serology study was carried out to

understand theinfluence of boosting K18-hACE-2 mice at 20 weeks post
prime. The antibody titres remained high for 12 weeks post prime. Four
weeks after boosting, the T2_17(MVA)-boosted group showed higher
neutralizing antibody titres than other groups. Equivalent neutralizing
antibody titres were observed for all the boosted groups at termi-
nal bleed. Peptide microarrays were used on the terminal sera of the
K18-hACE-2 mice from the longitudinal study to check for differential
immuneresponsesin different boost groups. A higher number of pep-
tide hits for the RBD regions were observed for the T2_17(MVA)-boosted
group, suggesting a greater elicitation of the RBD-specific humoral
response in the regime of adenovirus prime and MVA boost.
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Considering the important successes of mRNA vaccines in the
current COVID-19 pandemic®?, T2 17 was tested as an mRNA immuno-
gen in mice and guinea pigs using chemically modified mRNA" in an
LNP formulation’. A previous report on an mRNA vaccine has shown
thatamembrane-anchored and prefusion-stabilized full-length MERS
spike antigen elicited more potent pseudovirus-neutralizing antibody
responses than the soluble form®, In our study, inaddition, T2_17 was
alsodelivered as atransmembrane-anchored form (T2 17 TM) mRNA
immunogen to mice at different doses of 5 uyg and 10 pg. T2_17.TM
showed significantly higher binding antibody titres than T2_17 at the
lower dose of 5 pg, but both had comparable binding antibody titres
at the 10 pg dose. On the basis of these observations, T2_17_ TM was
further validated asan mRNA immunogen in guinea pigs. Both binding
and neutralizing antibodies were induced by T2_17_TM. Six weeks post
boost, only guinea pigsimmunized with T2_17_TM showed neutralizing
antibodies against SARS-CoV and the SARS-CoV-2 Omicron (BA.1) vari-
antatthelower dose of 3.15 pg and against XBB.1.5 at the higher dose of
15 pg. The group immunized with the full-length SARS-CoV-2 spike did
notshow arobust neutralizingimmune response against SARS-CoV or
the SARS-CoV-2 Omicron variants at the 15-pg dose. Higher antibody
titres against SARS-CoV-2 and RaTG13 were observed for the full-length
spike, but it must be noted that the full-length homotrimer spike pre-
sents three RBD subunits that are homologous to the SARS-CoV-2
spike tested here and would always induce higher titresin comparison
with any other heterologous antigens. Moreover, the high similarity
between the S2 regions of SARS-CoV-2 and RaTG13 would also induce
higher cross-neutralizing antibodies between RaTG13 and SARS-CoV-2
and would lead to higher antibody titres for the full-length spike in
comparison withT2_17.

Atthetime of the design of T2_17, none of the SARS-CoV-2 variants
had yet been observed. Although T2_17 still generates neutralizing
antibodies against VOCs including the recent XBB.1.5, the titres are
lower than observed against the Wuhan strain. With the extraordinary
variation owing to the global distribution of SARS-CoV-2 in animals
and humans, future updates may be needed for T2_17, such as includ-
ing the sequence information of the VOCs as well as combining it with
other conserved structural and non-structural antigens. Furthermore,
to understand the immunogenicity of T2_17 in the background of the
currentcompleximmunity observed in the human population, phase-1
clinical trials have now been initiated.

Allthe studies combinedindicate that T2_17is an efficacious single
antigen for targeting multiple sarbecoviruses and supportits applica-
bility across different vaccine technologies. Immunization with T2_17
generated a robust humoral immune response against SARS-CoV,
SARS-CoV-2,RaTG13, WIV16 and the SARS-CoV-2 variants Alpha, Beta,
Gamma, Deltaand Omicron (BA.1, XBB.1.5). That the design predated
the emergence of these VOCs and none of the sequences were included
intheinitial designis strong validation of the efficacy of the DIOSynVax
technology. Given the continuous emergence of new variants, new vac-
cine antigens should be substantially different from the Wuhan strain
or from other variants to surpass the boosting of the immunodomi-
nant epitopes conserved in these strains®**. All the current vaccines
use the full-length spike as the antigen and only 16% of the antibodies
generated against the spike antigen are RBD-directed®. As T2_17isan
RBD-based antigen substantially differing from the Wuhan-Hu-1strain
of SARS-CoV-2, it could be used as abooster vaccine candidate for over-
comingimmuneimprinting by vaccines that use the full-length spike.

Methods

Phylogenetic analysis

Protein sequences of spike proteins were downloaded from the NCBI
virus database for all the known sarbecoviruses (June 2020). A multiple
sequence alignment was generated using MUSCLE®. The resulting
multiple sequence alignment was pruned to the RBD region, filtered
at 95% sequence identity and used as input for phylogenetic tree

reconstruction. The phylogenetic tree was generated with IQ-TREE”
using the protein model with the best Bayesian information criterion
score. Theresultant tree was used for generating the phylogenetically
optimized design using HyPhy?s.

Epitopeidentification

Available structural data (June 2020) for spike protein—-antibody com-
plexesfor SARS-CoV and SARS-CoV-2 were downloaded fromthe Protein
Data Bank (PDB)*. Structural data were then pruned for antigen-anti-
body complexes where the epitopes were on the RBD. Amino acid resi-
dues of antigen that have at least one atom within 5 A radii of at least
one atom of an amino acid of the antibody were defined as epitope
residues, with epitope regions defined as contiguous stretches of at
least 5amino acids.

Glycosylation site modification

The position of the glycosylation site was determined by in silico
mutation of triplets of amino acids in the epitopes to the glycosyla-
tion sequon, N-X-T/S*°, using the FoldX algorithm?*. Briefly, residues
succeeding the N-X motif, where X can be any amino acid except pro-
line, were mutated to either threonine or serine, or residues preceding
X-T/S, where X can be any amino acid except proline, were mutated to
asparagine to generate N-X-T/S motifs. The mutations with the least
energy cost as calculated by the Build module of FoldX* were selected.

Molecular modelling

Structural models were generated for T2_13 using MODELLER**?, with
both SARS-CoV and SARS-CoV-2structures as templates. The structural
modelwith the highest discrete optimized potential energy score* was
chosen as the working model for further molecular modelling. The
side chains for the model were further optimized using SCWRL** and
energy minimized using GROMACS®. For T2_14 to T2_18, mutations
were introduced using T2_13 as the reference structure, utilizing the
BUILD module of the FoldX algorithm?*, and checked for structural
stability using the FoldX forcefield*.

Production and transformation of plasmids

Sequences of antigens were codon optimized for expressionin humans
via the GeneOptimizer algorithm®*®. These genes were cloned into
pEVAC plasmid (GeneArt) via restriction digestion. Plasmids were
transformed via heat shock in chemically induced competent E. coli
DH5a cells (Invitrogen, 18265-017). Plasmid DNA was extracted from
transformed bacterial cultures viathe Plasmid Mini Kit (Qiagen, 12125).
All plasmids were subsequently quantified using UV spectrophotom-
etry (NanoDrop, Thermo Scientific)*.

Vaccination experimentsin mice

Tengroups of six 8-10-week-old female BALB/c mice were purchased from
CharlesRiver Laboratories. Mice wereimmunized atotal of 4 timesat 30-d
intervals. Atotal volume of 50 pl of PBS containing 50 pg of plasmid DNA
wasadministered viasubcutaneousroutein the rear flank. Blood was sam-
pledfromthesaphenousveinat15-dintervalsand animals were terminally
bled by cardiac puncture under non-recovery anaesthesia at day 150.

Fluorescence-activated cell sorting (FACS) assay

HEK293T cells were transfected with an expression plasmid express-
ing wild-type spike glycoprotein of each of the four ACE-2 bind-
ing sarbecoviruses including SARS-CoV (SARS-Tor2), SARS-CoV-2
(hCoV-19/Wuhan/IVDC-HB-01/2019), WIV16 (accession ID: ALK02457)
and RaTG13 (accessionID: QHR63300). At 48 h after transfection, cells
were transferred into V-bottom 96-well plates (50,000 cells per well).
Cellswereincubated with sera (diluted at1:50 in PBS) or anti-mouse IgG
isotype negative control (Invitrogen, 10400C, diluted to 20 pg ml™in
PBS) for 30 min, washed with FACS buffer (PBS,1% FBS, 0.02% Tween 20)
and stained with goat anti-mouse IgG (H + L) Alexa Fluor 647 secondary

Nature Biomedical Engineering | Volume 9 | February 2025 | 153-166

162


http://www.nature.com/natbiomedeng
https://www.ncbi.nlm.nih.gov/protein/ALK02457
https://www.ncbi.nlm.nih.gov/protein/QHR63300

Article

https://doi.org/10.1038/s41551-023-01094-2

antibody (Invitrogen, A32728, diluted at 20 pg ml™ in FACS buffer)
for 30 min in the dark. Cells were washed with FACS buffer and sam-
ples were run on an Attune NxT flow cytometer (Invitrogen) with a
high-throughput auto sampler. Dead cells were excluded from the
analysis by staining cells with 7-aminoactinomycin D (7-AAD) and gat-
ing 7-AAD-negative live cells (Supplementary Fig. 3).

ELISA

The assays were adapted from those originally described in ref. 47.
Briefly, Nunc MaxiSorp flat-bottom plates were coated with 50 pl per
well of 1 pg mI™ RBD from SARS-CoV (SARS1) or SARS-CoV-2 (SARS2) in
DPBS (-Ca*/-Mg?") and incubated overnight at 4 °C. The next day, the
plates were blocked with 3% milkin PBST (0.1% w/v Tween 20 in PBS) for
1h. After removing the blocking buffer, 50 pl per well of serum samples
diluted in PBST-NFM (1% w/w non-fat milk in PBST) was added to the
platesandincubated onaplate shaker for2 hat20 °C. The plates were
washed 3 times with 200 pl of PBST, and then 50 pl of HRP-conjugated
goatanti-mouse IgG (H and L chains) (Jackson ImmunoResearch) was
addedto eachwell and left toincubate on a plate shaker for 1 h. Plates
were washed 3 times with200 pl of PBST before 50 pl per well of 1-Step
Ultra TMB chromogenic substrate (Sigma) was added to the plates and
the chemical reaction was stopped 3 minlater with 50 pl2 NH,SO,.The
optical density at awavelength of 450 nm (OD,,) was measured using
aBioRad microplate reader. Values from the dilution curve were used
to determine the areaunder the curve.

Intradermal nucleic acid immunization in guinea pigs

Two groups of eight 7-week-old female Dunkin Hartley guinea pigs
(Envigo RMS) wereimmunized atotal of 3 times at 28-d intervals. A total
volume of 200 pl of PBS containing 400 pg of plasmid DNA was admin-
istered using the Pharmajet Tropis intradermal device, split over each
hind leg. Blood was sampled from the saphenous veinat 14-d intervals.

Intradermal nucleic acidimmunization in rabbits

Ten mature (5 male, 5 female) rabbits were immunized with a good
manufacturing practice lot of pEVAC_T2_17 (clinical pEVAC_PS) intra-
dermally using Pharmajet Tropis needleless delivery to the upper left
and right hind limbs (300 pl at 2 mg ml™). For the control group, 10
mature (5male, 5female) rabbits were injected with PBS. Arterial blood
was sampled at 14-d intervals.

Production of lentiviral pseudotypes

Lentiviral pseudotypes were produced by transient transfection of
HEK293T/17 cells with packaging plasmids p8.91 (refs. 48,49) and pCS-
FLW*? and different SARS-CoV-2 VOC spike-bearing expression plas-
mids using the FuGENE HD Transfection Reagent®™*2. Supernatants were
collected after 48 h, passed through a 0.45 pm cellulose acetate filter
andtitrated on HEK293T/17 cells transiently expressing human ACE-2
and TMPRSS2. Target HEK293T/17 cells were transfected 24 h earlier
with2 ng pCAGGS-huACE-2 and 75 ng pCAGGS-TMPRSS2 (refs. 53,54).

Pseudotype-based microneutralization assay
Pseudotype-based microneutralization assays (pMN) were performed
as described previously®. Briefly, serial dilutions of serum were incu-
bated with SARS-CoV-2, RaTG13, SARS-CoV, WIV16 and SARS-CoV-2
variant spike bearing lentiviral pseudotypes for 1 h at 37 °C and 5%
CO, in 96-well white cell culture plates. HEK293T/17 cells (1.5 x 10*)
transiently expressing human ACE-2 and TMPRSS2 were then added
per well and plates incubated for 48 h at 37 °C and 5% CO, in a humidi-
fied incubator. Bright-Glo (Promega) was then added to each well and
luminescence read after a 5-min incubation period. Experimental
data points were normalized to 100% and 0% neutralization controls,
and nonlinear regression analysis performed in GraphPad Prism 9 to
produce neutralization curves and half-maximal inhibitory concentra-
tion (ICs,) values.

ACE-2 competition assay

The SARS-CoV-2 surrogate virus neutralization test (SVNT, Genscript)
was carried out following manufacturer instructions. Briefly, serawere
dilutedin PBS across an 8 point 1:2 dilution series from a starting con-
centration of 1:50. Samples were further diluted in the provided sample
bufferatal:9 ratio and then mixed with HRP conjugated to SARS-CoV-2
RBD protein, incubated at 37 °Cfor 30 minand added to human ACE-2
protein coated wellsin 96-well plate format. The reaction was incubated
at 37 °C for 15 min and then washed 4 times with the provided wash
buffer. TMB solution was then added and the plates were incubated for
15 mininthe darkatroomtemperature to allow the reactionto develop.
Thereaction was then quenched using the provided stop solution and
absorbance was read at 450 nm.

MVA production

The MVA strain used in this study was MVA-CR19. Recombinant MVA
that expresses SARS-CoV-2 RBD T2-17 was generated as described
previously*. Inbrief, for in vivo recombination, adherent AGE1.CR.pIX
were infected with parental MVA-CR19 TK-GFP at different multiplicity
of infection (MOls) ranging from 0.5 to 0.006 particle forming unit.
After 2 h, the cells were transfected with 0.4 pg of the shuttle vector
pMVA_RBD T2 _17 using Effectene (Qiagen) according to manufacturer
instructions. After 48 h, the cells were collected, lysed using three
freeze-thaw cycles and sonicated. Pure recombinant viruses were
obtained by sequential plaque purification under agarose overlays
and confirmed to be free of contaminating parental MVA-CR19 TK-GFP
by PCR screening. This recombinant MVA encoding SARS-CoV-2 RBD
T2-17 was plaque purified for an additional three rounds. The result-
ing recombinant MVA-CR19 RBD-T2_17 (MVA T2_17) virus stock was
produced in suspension AGEL.CR.plX cells, purified via two ultracen-
trifugation rounds over a 35% sucrose cushion and titrated on DF-1
cells using crystal violet staining. The sequence of recombinant MVA
and the absence of revertant MVA was confirmed by PCR amplification
and Sanger sequencing. The expression of RBD T2_17 was confirmed
by western blot analysis with monoclonal antibody CR3022, with cell
lysates from HEK293 cells collected 24 h after infection (MOI 2) with
MVAT2_17.

Vaccine boost efficacy studies in K18-hACE-2 mice

Eight groups of six 8-15-week-old homozygous female K18-hACE-2
mice (Jax) were primed with 1.4 x 10° viral particles of AZD1222 or PBS
by intramuscular route, in a total volume of 100 pl split over the two
rear legs. After 28 d, 2 groups of 6 mice were boosted with either PBS,
AZD1222,T2 17(DNA) or T2_17(MVA). Mice were bled at 2-week intervals
and challenged at day 84 with either Victoria/1/2020 (B-lineage) or
Delta SARS-CoV-2 by intranasal route, in a total volume of 40 pl over
both nares. Mice were weighed daily and monitored for clinical signs
for a period of 14 d before being humanely culled by terminal bleed.

Longitudinal serology studies in K18-hACE-2 mice

Six groups of six 8-15-week-old homozygous female K18-hACE-2 mice
(Jax) were primed with 1.4 x 10° viral particles of AZD1222 or PBS by
intramuscular route, in a total volume of 100 pl split over the two rear
legs. After 20 weeks, groups of 6 mice were boosted either with PBS,
AZD1222,T2 17(DNA) or T2 17(MVA). Mice were bled at 12 and 24 weeks
post prime, and terminally bled at week 44 post prime.

Peptide microarray

Foursamples were selected from the terminal bleeds of the K18-hACE-2
mice used for the longitudinal study (ACE-2AZD1222 vaccine prime,
T2_17 boost samples). The samples were selected on the basis of the
quality of serum and performanceinthe pMN assay against SARS-CoV-2
Wuhan. Aliquots (30 pl) of each sample were sent to PEPperPRINT for
peptide microarray analysis. Briefly, 15-mer peptides spanning the
SARS-CoV RBD (213 amino acid (aa)), SARS-CoV-2 RBD (214 aa) and
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T2_17 RBD (214 aa) with a 14-aa overlap were printed in duplicate per
array copy for a total of five array copies. HA and c-Myc control pep-
tides were included in each array copy. The protein sequences were
elongated by neutral GSGSGSG linkers to avoid truncated peptides,
andidentical peptides were removed. Intotal, 1,310 peptide sequences
were synthesized and spotted in duplicate onto the PEPperCHIP micro-
array platform. The corrected raw intensities were log transformed for
allthe serum samples. For each vaccine group, namely PBS/T2_17MVA,
AZD1222/AZD1222 and AZD1222/T2_17MVA, the peptides with raw
intensities twofold higher than the maximum intensity observed in
the PBS/PBS group were considered as antibody epitope hits.

mRNA vaccine production

mRNA sequences encoding the SARS-CoV-2 spike protein with
2 proline mutations, T2_17 and T2_17_TM, were synthesized by in vitro
transcription fromlinearized plasmid DNA templates using modified
nucleotides to generate partial modified mRNAs. After in vitro tran-
scription, mRNAs were dephosphorylated and enzymatically polyade-
nylated. Purification steps were performed by precipitationand mRNA
subsequently formulated in water for injection at a concentration of
1 mg ml™. mRNAs were stored at -80 °C until LNP encapsulation. Each
mRNA was LNP encapsulated via nanoprecipitation by microfluidic
mixing of mRNA in citrate buffer (pH 4.5) with ionizable, structural,
helper and polyethylene glycol lipids in ethanol, followed by buffer
exchange and concentration viatangential flow filtration. mRNA LNPs
were filtered through a 0.2-pum membrane and stored at —20 °C until
use. Thedrug product was analytically characterized and evaluated as
acceptable forinvivo use.

Immunization of BALB/c mice with mRNA

Seven groups of six 8-10-week-old female BALB/c mice were purchased
from Charles River Laboratories. Mice were immunized twice ata 21-d
interval. Atotal volume of 100 pl of vehicle containing various amounts
of mMRNA was administered via intramuscular route in each hind leg.
Blood was sampled from the saphenous vein at 21-d intervals and
animals were terminally bled by cardiac puncture under non-recovery
anaesthesia at day 63.

Immunization of guinea pigs with mRNA

Three groups of six 8-10-week-old female Hartley guinea pigs were
purchased from Envigo. Guinea pigs were immunized twice at a 21-d
interval. A total volume of 200 pl of vehicle containing various amounts
of mRNA (3.15 pg or 15 pg) was administered via intramuscular route
in each hind leg. Blood was sampled from the saphenous vein at 21-d
intervals and animals were humanely euthanized after the final bleed
onday 63.

Statistical analyses

Two-tailed Mann-Whitney Utests were performed for all the compari-
sons using the Python sklearn package®’. All plots were generated using
the Python Matplotlib package and statannotat package®.

Animal-work ethics

Animal studies were approved by the Animal Welfare and Ethical Review
Body, University of Cambridge, and experiments were carried out
under an approved UK home office licence (P8143424B).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available
withinthe paper andits Supplementary Information. The sequences
used for designing the vaccine antigens were retrieved from the

publicly available NCBI virus database. The structure coordinates of
the antigen-antibody complexes used for the analyses are available
in the Protein Data Bank. The sequences of the antigens have been
patented under UK Patent Application No. 2303150.3, Coronavirus
Vaccines.
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Extended Data Fig. 1| Binding antibody data for T2_17 in guinea pigs.
Elicitation of binding antibodies against SARS-CoV and SARS-CoV-2by T2_17
and SARS2_RBD_P521N was confirmed using ELISA. The pre-bleed (Bleed 0) is
considered as the control for non-specific binding. The X-axis represents the
bleed number, and the Y-axis represents the area under the curve (AUC) from

the ELISA binding curve. The boxes represent the quartiles (25th, 50th and 75th
percentiles) of the distribution, and the whiskers represent the minimumand
maximum of the distribution (excluding outliers) and the fliers represented as
filled circle represent the outliers. Two-tailed Mann-Whitney U demonstrated
statistical significance. Sample size is eight.
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Extended Data Fig. 2| Binding antibody data for T2_17 in rabbits. Elicitation and the whiskers represent the minimum and maximum of the distribution
ofbinding antibodies against SARS-CoV and SARS-CoV-2 by T2_17 was confirmed (excluding outliers) and the fliers represented as filled circle represent the
using ELISA. The X-axis represents the bleed number, and the Y-axis represents outliers. Two-tailed Mann-Whitney U demonstrated statistical significance.
the area under the curve (AUC) from the ELISA binding curve. The boxes Sample sizeis ten.

represent the quartiles (25th, 50th and 75th percentiles) of the distribution,
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Extended Data Fig. 3| ELISA binding data of K18-hACE2 sera. Binding
antibodies were observed 4 weeks post immunization with AZD1222 and

4 weeks post boosting. The X-axis represents the bleed number, and the Y-axis
represents the area under the curve (AUC) from ELISA binding curves. The boxes
represent the quartiles (25th, 50th and 75th percentiles) of the distribution,

and the whiskers represent the minimum and maximum of the distribution

(excluding outliers) and the fliers represented as filled circle represent the
outliers. The boxes represent the quartiles (25th, 50th and 75th percentiles) of
the distribution, and the whiskers represent the minimum and maximum of
the distribution (excluding outliers) and the fliers represented as filled circle
represent the outliers. Two-tailed Mann-Whitney U demonstrated statistical
significance, Sample size is twelve.
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Extended Data Fig. 4 | Immunogenicity of mRNA vaccine in BALB/c mice.

(a) Immunization and bleed schedule of BALB/c mice. The mice were immunized
with mRNA at 4-week intervals. (b) Elicitation of binding antibodies against
SARS-CoV-2 was confirmed using ELISA for sera 2 weeks post boost (bleed 3).
The X-axis represents the antigens, and the Y-axis represents the area under the

curve (AUC) from ELISA binding curves. The boxes represent the quartiles (25th,
50th and 75th percentiles) of the distribution, and the whiskers represent the
minimum and maximum of the distribution (excluding outliers) and the fliers
represented as filled circle represent the outliers. Sample size is six.
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Extended Data Fig. 5| Immunogenicity of mRNA vaccine inguinea pigs. and the whiskers represent the minimum and maximum of the distribution
Elicitation of binding antibodies against SARS-CoV and SARS-CoV-2 in guinea (excluding outliers) and the fliers represented as filled circle represent the
pigs was confirmed using ELISA. The X-axis represents the bleeds, and the Y-axis outliers. Two-tailed Mann-Whitney U demonstrated statistical significance.

represents the area under the curve (AUC) from ELISA binding curves. The boxes Sample sizeis six.
represent the quartiles (25th, 50th and 75th percentiles) of the distribution,
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Sequence data were downloaded from the NCBI virus database using the NCBI download tool.
Structure data were downloaded from the PDB using the PDB download tool.

Data analysis Sequence cleaning and pruning were done using custom codes written in python 3.
Sequence alignments were generated using the MUSCLE algorithm version 3.8.
The phylogenetic tree was built using the iQtree algorithm version 1.6.1 with the in-built statistical packages.
Novel sequences were designed using the HyPhy package, version 2.5.
Structure visualization and the rendering of images were done using PyMol ver 2.5.
Stability calculations were done using the FOLDX 5 algorithm.
Energy minimization was done using the Gromacs-2019.4 package with in-built force-fields and parameters.
Plots were generated using custom codes written in python and using the matplotlib package.
Statistical analyses were done using the numpy package in python 3.
All the software was used with Academic license.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in this study are available within the paper and its Supplementary Information. The sequences used for designing the vaccine
antigens were retrieved from the publicly available NCBI virus database. The structure coordinates of the antigen—antibody complexes used for the analyses are
available in the Protein Data Bank. The sequences of the antigens have been patented under UK Patent Application No. 2303150.3, Coronavirus Vaccines.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
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Reporting on sex and gender The study did not involve human participants.
Reporting on race, ethnicity, or —

other socially relevant

groupings

Population characteristics —
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Ethics oversight —

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We used groups of 6 mice as the lowest number of mice suitable for performing the statistical analyses.
Data exclusions  No data were excluded from the analyses.

Replication All the reported experiments were done in duplicate.

Randomization  The animals in all the animals studies were randomly assigned to groups.

Blinding The investigators were blinded to the assigned groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines D E Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Antibodies

Antibodies used Clone CR3022 (absolute antibody Ab01680-10.0 and Ab01680-3.0).
1gG Isotype negative control (Invitrogen 10400C).
Alexa Fluor 647 Secondary Antibody (Invitrogen A32728).
HRP-conjugated goat anti Ig (H and L chains) (Jackson ImmunoResearch, 109-035-088 (anti-human), and 706-035-148 (anti-guinea
pig)).
HRP-conjugated goat anti Ig (H and L chain) (Thermo Fischer Scientific, 31460 (anti-rabbit)).
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Validation All antibodies used were from commercial sources and validated by them.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T/17, from ATCC.

HEK293T, from ATCC.

Suspension of AGE1.CR.plX cells, from ProBioGenAG.
Authentication None of the cell lines used were authenticated.

Mycoplasma contamination All cells lines were tested, and confirmed negative for mycoplasma.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals BALB/c mice (BALB/cAnNCrl Charles River), 8-to-10-weeks old, female (Charles River Laboratories).
Homozygous K18-hACE2 mice (B6.Cg-Tg(K18-ACE2)2Primn/J, Jax), 8-to-15-weeks old, female (Charles River Laboratories).
All mice used in this study were female, 8-15 weeks old and weighing 20-30g at the time of use.
Dunkin Hartley Guinea pigs, 7-week-old female (Envigo).
Rabbits, 5 female and 5 male (Charles River Laboratories).

Wild animals The study did not involve wild animals.
Reporting on sex Only females were used in this study, with the exception of rabbits (50% male, 50% female).
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight UK Home Office License P8143424B. Characterization of vaccine candidates against viral diseases. Each individual animal study was
submitted to a portal to the local AWERB University of Cambridge.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
X] All plots are contour plots with outliers or pseudocolor plots.
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Methodology
Sample preparation Transfected HEK293T (from ATCC).
Instrument Attune NxT Flow Cytometer
Software Attune Cytometric Software
Cell population abundance Not applicable for binding studies.
Gating strategy Preliminary FSC/SSC gates were set on the starting cell population. Singlets were then gated by plotting FSC-H versus FSC-A,

followed by gating live cells as 7-AAD negative. The live-cell population was visualized as a histogram in the RL-1 channel. The
PMT of the negative cell population was set between 10”2 and 10”3 to reduce background noise. The MFI values of the
negative population, which consisted of untransfected cells stained with primary and secondary AF647 antibodies, were
subtracted from the MFI of the test samples to correct for non-specific binding.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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