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Summary
Background The SARS-CoV-2 global pandemic has fuelled the generation of vaccines at an unprecedented pace and
scale. However, many challenges remain, including: the emergence of vaccine-resistant mutant viruses, vaccine
stability during storage and transport, waning vaccine-induced immunity, and concerns about infrequent adverse
events associated with existing vaccines.

MethodsWe report on a protein subunit vaccine comprising the receptor-binding domain (RBD) of the ancestral SARS-
CoV-2 spike protein, dimerised with an immunoglobulin IgG1 Fc domain. These were tested in conjunction with three
different adjuvants: a TLR2 agonist R4-Pam2Cys, an NKT cell agonist glycolipid α-Galactosylceramide, or MF59®

squalene oil-in-water adjuvant, using mice, rats and hamsters. We also developed an RBD-human IgG1 Fc vaccine
with an RBD sequence of the immuno-evasive beta variant (N501Y, E484K, K417N). These vaccines were also tested
as a heterologous third dose booster in mice, following priming with whole spike vaccine.

Findings Each formulation of the RBD-Fc vaccines drove strong neutralising antibody (nAb) responses and provided
durable and highly protective immunity against lower and upper airway infection in mouse models of COVID-19.
*Corresponding author.
E-mail address: godfrey@unimelb.edu.au (D.I. Godfrey).
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The ‘beta variant’ RBD vaccine, combined with MF59® adjuvant, induced strong protection in mice against the beta
strain as well as the ancestral strain. Furthermore, when used as a heterologous third dose booster, the RBD-Fc
vaccines combined with MF59

®

increased titres of nAb against other variants including alpha, delta, delta+,
gamma, lambda, mu, and omicron BA.1, BA.2 and BA.5.

Interpretation These results demonstrated that an RBD-Fc protein subunit/MF59® adjuvanted vaccine can induce
high levels of broadly reactive nAbs, including when used as a booster following prior immunisation of mice with
whole ancestral-strain spike vaccines. This vaccine platform offers a potential approach to augment some of the
currently approved vaccines in the face of emerging variants of concern, and it has now entered a phase I clinical trial.
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Introduction
Widespread vaccination across all the world’s regions is
viewed as our best chance to overcome, or at least live
comfortably with, COVID-19 infection. There are
several vaccines now approved for use in many coun-
tries, mostly based on the induction of neutralising
antibodies (nAb) to spike (S) protein using the ancestral
SARS-CoV-2 S sequence. These include mRNA vaccines
(eg, BNT162b21 and mRNA-12732), viral vector vaccines
(eg, ChadOx1,3 Ad26.COV2.S4), whole inactivated virus
vaccines (eg, BBIBP-CorV5 and CoronaVac6) and protein
subunit vaccines (NVX-CoV2373,7 ZF20018). These
vaccines have demonstrated efficacy ranging from
∼50% to 95% against symptomatic infection with the
ancestral SARS-CoV-2 strain (reviewed in 9,10). How-
ever, SARS-CoV-2 continues to evolve, leading to the
repeated emergence of variants of concern (VOC), that
can reduce vaccine efficacy. This is highlighted by the
most recent VOC, omicron and its subvariants, that are
highly infectious and immuno-evasive even in pop-
ulations that have received up to four doses of existing
vaccines.11–14

It is likely that the world will require ongoing
boosters to minimise viral transmission, infection and
severe disease, and to limit emergence of new SARS-
CoV-2 variants. This has prompted the question of
whether immunity to SARS-CoV-2 can be improved
through the development of vaccines tailored to VOC,
with several vaccine candidates in trials.15–20 To achieve a
more comprehensive global coverage and limit the
spread and/or development of VOC, current licensed
vaccines require improvement. Improvements in vac-
cine design regarding storage and transportability are
required to ensure that vaccines can be distributed
through regions that lack the infrastructure for cold-
chain storage and transport. As well as overcoming
potential problems that may confound the efficacy of
vaccines that are modified against SARS-CoV-2 VOC,
including rare but serious adverse reactions, including
thrombosis with thrombocytopenia syndrome (TTS)
associated with some viral vector vaccines (reviewed in
21) and myocarditis and pericarditis associated with
some mRNA vaccines (reviewed in 22). Yet, perhaps the
greatest obstacle to re-directing the immune responses
to VOC is the phenomenon of immunological
imprinting, also known as original antigenic sin, a well-
recognised problem in the context of influenza infection
and vaccination (reviewed in 23). Emerging evidence
suggests that this same problem limits the boosting
effect of whole S-based booster vaccines that incorporate
VOC S protein sequences, presumably because the im-
mune system prefers to target common epitopes shared
between the mutant spike vaccine and the ancestral
strain to which all approved vaccines are aligned24,25

(reviewed in 26). Interestingly, some studies have sug-
gested that exposure to the beta VOC, either by infection
or vaccination, provides broader neutralising antibodies
against a range of VOC including omicron.19,27–29

In an effort to circumvent some of these problems,
our objective was to develop and test a vaccine candidate
based on the SARS-CoV-2 receptor-binding domain
(RBD), generated as an Fc fusion protein, to facilitate
multimeric presentation to the immune system while
also engaging Fc receptor (FcR)+ antigen-presenting cells
for enhanced immunological priming. While an RBD
vaccine does not necessarily overcome the imprinting
problem, there will be no distraction of the immune
system to spike epitopes outside of the RBD. Non-RBD
www.thelancet.com Vol 92 June, 2023
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Research in context

Evidence before this study
Several vaccines targeting the SARS-CoV-2 virus have been
approved, using a range of formulations including mRNA,
viral vector, inactivated virus and protein subunit vaccines.
While these vaccines have helped to reduce disease spread and
severity, many challenges remain, including: the emergence of
vaccine-resistant mutant viruses, vaccine stability during
storage and transport and access for developing countries,
waning vaccine-induced immunity, and concerns about
infrequent adverse events associated with existing vaccines.
The phenomenon of immunological imprinting is proving to
be limiting for the development of new variant-targeting
vaccines comprising the whole SARS-CoV-2 spike protein,
because many of the conserved epitopes are non-neutralising.
The impact of immunological imprinting can be minimised
using the receptor-binding domain (RBD) of the spike, which
is the target of >90% of neutralising antibodies (nAb) in
individuals immunised with whole spike vaccine, because the
RBD-targeted response is enriched for nAb. While several
RBD-targeting vaccines are in various stages of pre-clinical or
clinical development, only one, an RBD single-chain dimer,
has received limited emergency use authorisation in a small
number of countries.

Added value of this study
We developed RBD-Fc dimeric protein subunit vaccines,
including mouse and human IgG1 Fc regions, and ancestral
and beta variant RBD sequences, and showed them to be
highly immunogenic in mice, rats and hamsters. We also
tested three different adjuvants with these vaccines: a TLR2
agonist R4-Pam2Cys, an NKT cell agonist glycolipid
α-Galactosylceramide, or MF59® squalene oil-in-water
adjuvant, and observed durable and highly protective
immunity against lower and upper airway infection in mouse
models of COVID-19. We show that the RBD-Fc vaccine
formulation is more immunogenic than RBD monomer and

RBD single-chain dimer protein formulations. The ‘beta
variant’ RBD vaccine, combined with MF59® adjuvant,
induced strong protection in mice against the beta strain as
well as the ancestral strain, which is consistent with reports
suggesting that the beta variant of SARS-CoV-2 drives broad
nAb responses. Furthermore, when used as a heterologous
third dose booster, the RBD-Fc vaccines combined with
MF59® increased titres of nAb against other variants including
alpha, delta, delta+, gamma, lambda, mu, and omicron BA.1,
BA.2 and BA.5.

Implications of all the available evidence
COVID-19 vaccination programs have been important for
limiting disease severity, although the SARS-CoV-2 pandemic
continues to cause worldwide disruption including long term
health complications and death. Variant-specific vaccines
targeting whole spike of the virus are being developed, but
improvements over ancestral strain vaccines appear to be
incremental at best, most likely due to immunological
imprinting. It is increasingly clear that next generation
vaccines that can promote high levels of broadly-reactive nAb
are required to further limit or stop the spread of SARS-CoV-
2. This is especially true in developing countries that lack
adequate cold chain storage and transport required for
existing mRNA vaccines. The beta RBD-Fc protein subunit/
MF59® adjuvanted vaccine can induce high levels of broadly-
reactive nAbs, including when used as a booster following
prior immunisation of mice with whole ancestral-strain spike
vaccines. This vaccine platform, which is highly efficient to
produce and is stable for >12 months at refrigerator
temperatures, offers a potential approach to augment some
of the currently approved vaccines in the face of emerging
variants of concern, and could help with vaccine distribution
in developing countries, and a phase I clinical trial is now
underway.

Articles
epitopes represent the major part of the antibody
response to spike, and while some of these, such as the N
terminal domain (NTD), fusion peptide and S2 stem
region, are important targets for nAb, removal of RBD-
reactive Ab from sera of spike immunised individuals
removes >90% of neutralising antibodies.30–33 Thus, RBD
epitopes, whether VOC-specific or shared with the
ancestral strain, are enriched for targets of nAb. Testing
was performed in small animal models including mice,
rats and hamsters, as appropriate for preclinical investi-
gation of vaccine immunity and efficacy, including virus
challenge models. This RBD vaccine induced high titres
of RBD-specific antibodies, including high nAb titres, in
mice following a prime and boost regimen. Immunity
induced by this vaccine was durable and provided com-
plete protection against heterologous strain virus
www.thelancet.com Vol 92 June, 2023
challenge in mouse models of SARS-CoV-2 infection.
Furthermore, this vaccine is highly adaptable to incor-
porate RBD sequence changes, and we have engi-
neered versions corresponding to several VOC RBDs.
For clinical testing, we engineered a beta variant
version of our RBD human IgG1-Fc vaccine, which
based on recent studies, may yield broader immune
responses to VOC including omicron.19,27–29 Indeed, this
beta RBD vaccine induced a potent nAb response
against the beta SARS-CoV-2 virus, and protected mice
against infection with this strain, as well as a mouse-
tropic version of the ancestral SARS-CoV-2 strain,
and generated strong nAb against other VOC. To
replicate the current community situation where most
individuals have been vaccinated with spike-based vac-
cines, we also tested our beta-RBD-Fc vaccine as a
3
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heterologous boost in mice that have previously
received two doses of SARS-CoV-2 S protein vaccine.
These results showed that our beta RBD vaccine as a
third injection provided a stronger immune boost for
generating RBD-targeting antibodies, including nAb,
compared to a third ancestral or beta variant whole
spike vaccine boost. We also provide evidence that this
boosted immunity was also increased for the ancestral
strain and other VOC including, alpha, gamma, delta,
kappa and omicron BA.1, BA.2 and BA.5. A phase I
clinical trial of our vaccine in individuals previously
primed and boosted with licenced SARS-CoV-2 vac-
cines is currently underway.
Methods
Study design
This study was designed to carry out pre-clinical
testing of a SARS-CoV-2 RBD vaccine in small ani-
mal models. The vaccine was tested as a prime and
boost candidate and also as a heterologous third dose
boost candidate. The key readouts were the induction
of total and neutralising antibodies against SARS-CoV-
2 ancestral strain and variants of concern, and pro-
tection against SARS-CoV-2 infection in small animal
models.

Recombinant RBD protein constructs
RBD-mouse IgG1 Fc-fusion proteins (WT RBD-mFc)
Recombinant DNA fragments encoding the trun-
cated RBD of the WT isolate of SARS-CoV-2 (N334-
P527; genbank accession NC_045512) were syn-
thesised between a 5′ AgeI and a 3′ BamHI cloning
site (GeneArt Gene Strings, Thermo Scientific).
These were then cloned into the mammalian
expression vector pHLSec, fusing the C-terminus of
the RBD to the Fc-domain of mouse IgG1 from the
core hinge region through to the C-terminal lysine
via a GSGSG linker.

RBD-human IgG1 Fc-fusion protein (WT RBD-hFc)
Recombinant DNA fragments encoding the truncated
RBD as above, fused via a GSGSG linker to the Fc
domain of human IgG1 from the core-hinge region to
the C-terminal lysine were codon-optimised for
mammalian expression (GeneArt Gene Strings, Thermo
Scientific), synthesised between a 5′ NheI and a 3′ XhoI
cloning site (IDT), and cloned into the mammalian
expression vector pHLSec.

Beta variant RBD-human IgG1 Fc-fusion (beta RBD-hFc)
For clinical-grade product, the WT construct above was
subcloned into pXC-17.4 for production of stable CHO
cells, after HindII and EcoRI cloning sites were intro-
duced via PCR. PCR mutagenesis was then used to
introduce K417N, E484K and N501Y, correlating with
the RBD mutations of the beta VOC.
RBD monomers
Recombinant DNA fragments encoding the truncated
WT RBD as above or delta isolate (https://www.cdc.gov/
coronavirus/2019-ncov/variants/variant-info.html) were
codon-optimised for mammalian expression (GeneArt
Gene Strings, Thermo Scientific), synthesised between a
5′ NheI and a 3′ BamHI cloning site (IDT) and cloned
into the mammalian expression vector pHLSec to
incorporate a C-terminal 6-HIS tag. The beta RBD
monomer (residues 332–532) used for ELISA assays was
a gift from Professor Heidi Drummer, and Dr Rob
Center, Burnet Institute, Melbourne, Australia.

Single chain RBD dimer
Recombinant DNA fragments encoding a tandem dimer
of consecutive WT RBDs (as described elsewhere8) were
codon-optimised for mammalian expression (GeneArt
Gene Strings, Thermo Scientific), synthesised between a
5′ NheI and a 3′ BamHI cloning site (IDT) and cloned
into the mammalian expression vector pHLSec to
incorporate a C-terminal 6-HIS tag.

Protein expressions
All RBD proteins, except for the beta RBD human IgG1
Fc fusion protein and beta RBDmonomer,were expressed
by transient transfection of Expi293F cells
(RRID:CVCL_D615; ThermoFisher Scientific) using
ExpiFectamine 293 Transfection Kits as per manufac-
turer’s instructions (ThermoFisher Scientific). Proteins
were harvested on day six. RBD-Fc proteins were purified
from supernatants by Protein A Sepharose (CL-4B, Cytiva)
and RBD monomers and single-chain dimers were puri-
fied by Ni-NTA resin (HisPur, Thermo Scientific). All
proteins were further purified by gel filtration size exclu-
sion chromatography: RBD-Fc using a Superdex-200 col-
umn (Cytiva), andRBDmonomers and single-chaindimer
using a Superdex S75 column (Cytiva). Proteins were
sterile filtered and stored at −80 ◦C prior to use.

For RBD-beta human IgG1 Fc fusion protein, stable
cell lines were generated using the Lonza GS Xceed®

System (Lonza, Basel, Switzerland). CHOK1SV GS-
KO® cells (RRID:CVCL_DR97) were transfected via
electroporation with linearised GS expression vector
encoding beta-RBD-Fc as per manufacturer’s in-
structions (GS Xceed® manual, Version 06 2019).
Enriched minipools were selected using 50 μM L-
Methionine sulfoximine (MSX) over a period of 3–4
weeks. Lonza’s abridged fed-batch shake flask screen
was performed to assess the minipools and choose the
lead pool.

For beta RBD monomer, proteins were expressed in
Expi-293F cells (RRID:CVCL_D615; ThermoFisher Sci-
entific). Four days after transfection, tissue culture su-
pernatants were clarified, and target proteins were
purified by IMAC using Talon metal affinity resin
(Clontech Laboratories) following the manufacturer’s
recommendations. The eluted proteins were subject to
www.thelancet.com Vol 92 June, 2023
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gel filtration using a Superdex 200 16/600 column (GE
Healthcare) with PBS as the liquid phase. Fractions
corresponding to monomeric RBD were pooled and
concentrated in Amicon Ultra 30 kDa devices (Merck)
prior to use.

Experimental mice
Male C57BL/6 and BALB/c mice aged 6–10 weeks were
used in this study. Mice were maintained in the Biolog-
ical Research Facility (SPF conditions) in the Department
of Microbiology and Immunology at the University of
Melbourne. Mice were housed in the Technoplast
Greenline™ independently ventilated cage (IVC) system.
These cages have a solid floor, filtered air and a food rack.
Water is provided by a central system integrated into the
rack or sipper sacs™ (purpose designed plastic bags)
which both use the same style nozzle for delivery. There
is a maximum of five mice per cage. Environmental
enrichment for nesting and play includes shredded pa-
per, tissues, cardboard cylinders, plastic boxes and
wooden bars. Mouse studies were conducted in accor-
dance with institutional regulations following review and
approval by the University of Melbourne Animal Ethics
Committee (10002, 20092). Sample sizes of at least 5
mice per group per experiment were used where possible
unless otherwise stated in figure legends.

Experimental rats
Male and female Sprague Dawley rats (50% of each
sex) were sourced from Animal Resources Centre,
Canning Vale WA, Australia, for use in this study.
After a 6-day acclimation period, dosing started at 6
weeks of age. Sample size of 30 rats per group were
used. The study was performed at TetraQ, University
of Queensland, approved by the University of
Queensland Animal Ethics Committee and assigned
the following project code: 2021/AE000384. Rats were
housed in their study groups up to three rats per cage
per sex in an individually ventilated BioZone Global
cage system. These solid floor cages are ventilated
with filtered air at a minimum of 15 air changes per
hour and the rats are provided food ad-libitum and
enrichment including red Perspex hutches, aspen
chew sticks and kimwipes.

Rats were monitored daily for any adverse reactions
to the treatments. Daily monitoring of the rats included
examination for changes in skin and fur, eyes and
mucous membranes, respiratory and circulatory func-
tion, gait and posture, behaviour, tremors or convul-
sions and any other abnormal findings. These
observations also included daily examination of the in-
jection site for reactions including oedema and ery-
thema. A humane endpoint of 15% body weight loss
was established and severe findings in the above cate-
gories would have triggered an immediate inspection by
the study veterinarian. No humane endpoints were
reached in this study.
www.thelancet.com Vol 92 June, 2023
Human samples
Human plasma samples were obtained from individuals
two-weeks following second dose with BNT162b2 vac-
cine. One plasma sample was also collected from a
convalescent breakthrough infected individual after
their third BNT162b2 vaccine dose. The study protocols
were approved by the University of Melbourne Human
Research Ethics Committee (2021-21198-15398-3,
2056689), and all associated procedures were carried out
in accordance with approved guidelines. All participants
provided written informed consent in accordance with
the Declaration of Helsinki.

Vaccination of mice
C57BL/6 and BALB/c mice were vaccinated either via
the subcutaneous route at the base of the tail (100 μl),
intranasally to the upper respiratory tract (15 μl) or
intramuscularly into the right caudal thigh muscula-
ture (50 μl). For all vaccination routes, mice were
anaesthetised by isoflurane inhalation using an
anaesthetic machine with a controlled oxygen flow
rate, and a controlled anaesthetic vapour flow con-
centration. RBD protein antigens were either admin-
istered in the absence of adjuvant or administered in
the presence of 0.3 nmoles of PEGylated R4-Pam2Cys
(produced in house),34 0.2 μg α-GalCer (Enzo life
sciences) or (50% vol/vol) MF59® adjuvant (Seqirus).
In some experiments, different doses were used as
indicated in figure legends. Mice were primed on day
0 and boosted on either day 14, 21 or 28 (as indicated
in figure legends). Submandibular venous bleeds of
mice were carried prior to the first vaccination (pre-
bleed), just prior to the second injection (1◦ bleed),
and at multiple timepoints following the second in-
jection (2◦ bleeds).

Enzyme-linked immunosorbent assay (ELISA) for
measurement of RBD-specific antibody responses
WT and variant RBD-specific total antibody responses in
the sera of mice pre- and post-inoculation were investi-
gated by ELISA using the RBD monomer from either the
WT, beta or delta variant strain. Flat bottom 96 well
maxisorp plates (ThermoFisher Scientific) were coated
with 50 μl/well of RBD monomer at a concentration of
2 μg/ml in Dulbecco’s phosphate buffered saline (DPBS;
Gibco Life Technologies). Plates were incubated over-
night at 4 ◦C in a humidified atmosphere. Unbound
antibody was removed, and wells were blocked with 100
μl/well of 1% bovine serum albumin (BSA fraction V,
Invitrogen Corporation, Gibco) in PBS for 1–2 h before
washing 3 times with PBS containing 0.05% v/v Tween-
20 (PBST). Serial dilutions of mouse sera were added to
wells and left to incubate overnight at room temperature.
After washing, bound Ab was detected using horseradish
peroxidase (HRP)-conjugated rabbit anti-mouse Ig Ab
(RRID:AB_2636929; Dako, Denmark). The detection
antibody was incubated for 1 h at room temperature in a
5
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humidified atmosphere and the plates then washed five
times with PBST. 100 μl of tetramethylbenzidine sub-
strate (TMB, BD Biosciences) was then added to each
well and the reaction was stopped after 5–7 min by the
addition of 100 μl/well of 1M orthophosphoric acid (BDH
Chemicals, Australia). A Labsystems Multiskan micro-
plate reader (Labsystems, Finland) was used to measure
the optical density (OD) of each well at wavelengths of
450 nm and 540 nm. The titres of Ab are expressed as the
reciprocal of the highest dilution of serum required to
achieve an OD of 0.3 which represents at least five times
the background level of binding.

In vitro microneutralisation assay (mNT)
An in vitro micro-neutralisation assay measured the
level of SARS-CoV-2-specific nAb in sera of immunised
or infected mice. SARS-CoV-2 isolates used in the
microneutralisation assay were propagated in Vero cell
(RRID:CVCL_JF53) cultures and stored at −80 ◦C. Flat-
bottom 96-well plates were seeded with Vero cells at
2 × 104 cells/well the day before assay. Serial 2-fold di-
lutions of heat-inactivated sera were incubated with 100
TCID50 (50% tissue culture infectious dose) of SARS-
CoV-2 ancestral (SARS-CoV-2/Australia/VIC01/2020
GenBank accession number: MT007544.1 or GISAID
accession number: EPI_ISL_406844) or beta VOC
(SARS-CoV-2/Australia/QLD1520/2020; GISAID: EPI_-
ISL_968081); for 45 min and residual virus infectivity was
assessed in quadruplicate wells of Vero cells. For SARS-
CoV-2 omicron SARS-CoV-2/Australia/NSW/RPAH-
1933/2021 (B.1.1.529.1) GISAID accession number:
EPI_ISL_6814922, VERO E6-TMPRSS2 cells (Cell Bank
Australia, code JCRB1819) (RRID:CVCL_YQ49) were
used. Viruses were kindly provided by Dr Julian Druce,
VIDRL, Australia. Plates were incubated at 37 ◦C and
viral cytopathic effect (CPE) was read on day 5. The
dilution of serum that completely prevented CPE in 50%
of the wells (ID50) was calculated by the Reed-Muench
formula.35 Limit of detection (LoD) based on lowest sera
dilution tested is indicated in figures. Samples that lacked
neutralising activity at this dose were assigned a value
10–25% lower (depending on the scale) to visually
distinguish them from samples that displayed neutralis-
ing activity at the LoD.

In vitro surrogate virus neutralization test (sVNT)
As an independent validation of the neutralising po-
tential of sera from vaccinated or infected animals an
FDA approved surrogate virus neutralization test
(sVNT),36 (GeneScript), was applied. This test measures
the ability of antibodies in the sera of vaccinated or
infected animals to inhibit binding of horseradish
peroxidase (HRP) conjugated recombinant WT SARS-
CoV-2 RBD to plate-bound human-ACE2 protein. Re-
sults are expressed as percent inhibition.
RBD multiplex binding assay
A cocktail of RBD-variant coupled beads were incubated
with serial dilutions of sera from vaccinated mice.
Relative RBD antibody binding was detected using anti-
mouse IgG R-Phycoerythrin (PE) Conjugate (Southern
Biotech, Cat. 1030-09). The binding of IgG was detected
as phycoerythrin-labelled reporter measured as MFI
(Median Fluorescence Intensity). Results are expressed
as half-maximal effective dilution (ED50). SARS-CoV-2
RBD variants were selected from the GISAID RBD
surveillance repository as previously described.37

RBD-ACE2 multiplex inhibition assay
A cocktail of RBD-variant coupled beads were incubated
with serial dilutions of sera from vaccinated mice. Sam-
ples were incubated for 1 h before addition of biotinylated
human ACE2 (produced in house). After further 1 h in-
cubation wells were washed and ACE2 binding was
detected with Streptavidin (Thermo Fisher Scientific, Cat.
S866) followed by the addition of R-Phycoerythrin Biotin
Conjugate. The binding of ACE2 was detected as
phycoerythrin-labelled reporter measured as MFI (Me-
dian Fluorescence Intensity). Maximal ACE2 binding
MFI was determined by the mean (quadruplicate) of
ACE2 only (no inhibitor) controls. Results are expressed
as half-maximal inhibitory dilution (ID50).

Multiplex sVNT
Multiplex sVNT against 20 different sarbecoviruses was
performed as previously described.38 Briefly, Luminex
avidin beads coated with biotinylated RBD proteins were
incubated with serial dilutions of sera from vaccinated
mice for 15 min before addition of R-Phycoerythrin-
conjugated human ACE2, followed by 15 min-
incubation. The binding or loss of binding of ACE2
was measured as MFI by the Luminex MagPix instru-
ment. Results are expressed as neutralization titre 50%.

In vitro pseudovirus neutralisation test
To determine the neutralising activity of hamster
plasma, heat inactivated plasma was serially diluted and
incubated with 200 TCID50 of pseudovirus expressing
SARS-CoV-2 spike of WT (HKU-13). The plasma-virus
mixtures were added to HEK 293T-hACE2 cells. After
48 h, infected cells were lysed, and luciferase activity
was measured using Luciferase Assay System kits
(Promega) in a Victor3-1420 Multilabel Counter (Perki-
nElmer). The 50% inhibitory dilution (ID50) of each
plasma sample were calculated using non-linear
regression in GraphPad Prism v8 to reflect anti-SARS-
CoV-2 potency. Limit of detection based on lowest sera
dilution tested is indicated in figures. Samples that
lacked neutralising activity at this dose were assigned a
value 10–20% lower to distinguish from samples that
displayed neutralising activity at the LoD.
www.thelancet.com Vol 92 June, 2023
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In vitro plaque reduction neutralisation test
An in vitro plaque reduction neutralisation test (PRNT)
measured the level of SARS-CoV-2-specific nAb in sera
of immunised hamsters. Diluted sera samples were
incubated with an equal volume of medium containing
approximately 200 pfu/0.1 ml of SARS-CoV-2 WA-01/
USA (WT) virus. The 90% neutralizing titres (PRNT90)
were calculated as the highest dilution of serum
showing >90% neutralisation of virus. The titre of non-
neutralised virus was calculated as the mean of triplicate
wells of virus incubated with diluent only, and that value
was used to calculate the 90% neutralising titre. Limit of
detection based on lowest sera dilution tested is indi-
cated in figures. Samples that lacked neutralising activ-
ity at this dose were assigned a value 10% lower to
distinguish from samples that displayed neutralising
activity at the LoD.

Mouse SARS-CoV-2 challenge model
Protective efficacy against upper (nasal turbinates) and
lower (lung) airways infection was assessed using a
mouse SARS-CoV-2 challenge model with a human
clinical isolate of SARS-CoV-2, VIC2089 (N501Y) variant
(hCoV-19/Australia/VIC2089/2020) or a naturally arisen
beta (K417N, E484K, N501Y) variant B.1.351. Mice were
housed in the Technoplast GreenlineTM independently
ventilated cage (IVC) system. These cages have a solid
floor, filtered air and a food rack, and there is a
maximum of six mice per cage. The standard bedding
used is autoclaved 1/8 inch corn cob (Corn-cob-ology)
and standard nesting material is supplied in the form of
tissues and domes. Rotating enrichment (eg, treats, egg
cartons, shredded paper, wooden sticks) is provided
each week, where not contra-indicated to affect research
outcomes. Mice are supplied with food (Mouse Breeder
Cube, irradiated 25Gy, from Ridley Barastoc) and water
ad libitum, provided as filtered (to 0.2 micron) and
acidified (to pH3) and supplied to the cages in a 250 ml
Tecniplast bottle. Vaccinated and unvaccinated control
mice were aerosol challenged with 1.5 × 107 TCID50
infectious units of venturi-nebulised VIC2089 or
B.1.351. All experimental procedures involving SARS-
CoV-2-challenged mice were approved by WEHI Animal
Ethics Committee (2020.016) and all procedures were
carried out in the WEHI level 3 containment (PC3) fa-
cility, and mice were monitored daily. Mice do not
typically display overt signs of illness or weight loss or
respiratory distress for any of the clinical isolate SARS-
CoV-2 strains used in this study. Upon infection, mice
were weighed and physically checked daily. Humane
endpoints, adverse events, and signs of distress (not
observed in this study), include non-transient weight
loss (>10% loss compared to starting weight for 3
consecutive days) or weight loss on any given day >15%
of starting weight, signs of illness or distress, ruffled
fur, hunched position, lethargy, decreased mobility,
laboured breathing, sunken eyes, or not moving unless
www.thelancet.com Vol 92 June, 2023
provoked. Three days after virus challenge, the mice
were euthanised and infectious virus titres (TCID50;
50% tissue culture infectious dose) in the lungs and
nasal turbinates of individual mice were determined by
titrating lung and nasal supernatants on Vero cell
monolayers and measuring viral CPE 5 days later. Limit
of detection, based on lowest dilution of sample, is
indicated in figures. Samples with undetectable virus at
this dilution were assigned a value 10–20% lower
(depending on the scale) to distinguish from samples
that contained detectable virus at the LoD.

Hamster SARS-CoV-2 challenge models
Two separate hamster facilities were used for these
studies. At The University of Hong Kong (HKU), pro-
tective efficacy against upper (nasal turbinates) and
lower (lung) airways infection was assessed using a
golden Syrian hamster (Mesocricetus auratus) SARS-
CoV-2 challenge model with a human clinical isolate
of WT SARS-CoV-2 (HKU-13 strain, GenBank accession
number MT835140). The experiments were approved by
the HKU Committee on the Use of Live Animals in
Teaching and Research (CULATR 5377-20). Vaccinated
and unvaccinated control hamsters were challenged
intranasally with 50 μl containing 105 plaque forming
units (pfu) of virus under ketamine/xylazine anaes-
thesia.39 Four days later, the challenged hamsters were
euthanised and infectious virus titres (pfu/ml) in the
lungs and nasal turbinates of individual hamsters were
determined by titrating lung and nasal supernatants on
Vero-E6 cell monolayers and counting plaques 3 days
later. Maximum 5 hamsters per cage were housed in the
independently ventilated cage (IVC) system. These cages
have a solid floor, filtered air and a food rack. Water is
provided by a clear bottle, and wood particle and paper
towel served as enrichment.

At Colorado State University, protective efficacy
against upper (oropharynx) and lower (lung) airways
infection was assessed using a golden Syrian hamster
SARS-CoV-2 challenge model with a human clinical
isolate of SARS-CoV-2, WT (WA-01/USA) or a naturally
arising beta (K417N, E484K, N501Y) variant, B.1.351.
These studies were conducted under approval number
1106 from the Colorado State University Institutional
Animal Care and Use Committee (13Jul2020). Male
hamsters were vaccinated with 30, 10 or 3 μg of the WT
RBD-hFc dimer with MF59® or beta RBD-hFc dimer
with MF59®, receiving 2 intramuscular doses on days
0 and 21. A 3rd dose was administered on day 63, and
challenge performed on day 85. Hamsters were chal-
lenged under ketamine-xylazine anesthesia by intranasal
instillation of 104 pfu of SARS-CoV-2 virus in a volume
of 100 μl. Oropharygeal swabs were collected on days 1,
2, and 3 post-challenge. Three days post-challenge,
hamsters were sacrificed and infectious virus titres
(pfu/g) in turbinate, cranial lung and caudal lung tissue
were determined by plaque assay of homogenates on
7

www.thelancet.com/digital-health


Articles

8

Vero cell monolayers. Neutralising antibody titres
against the WT strain were assessed in sera collected 2
weeks after the third dose of vaccine using the plaque
reduction neutralisation test (PRNT) using a 90% cutoff.
Sample sizes of 5–10 hamsters per group were used
except for one group in the HKU study that had 4
hamsters and one hamster in the CSU study that failed
to recover from anaesthesia associated with virus chal-
lenge, leaving 4 hamsters in that group for the challenge
part of the study. Hamsters were housed 4 per cage in
Technoplast GR900 HEPA ventilated cages on wood
shavings, and cardboard tubes were used for enrich-
ment. Water and free choice rodent chow was constantly
available. Humane endpoint was loss of 20% or more of
challenge day body weight, which was not observed.
Monitoring for activity, nasal discharge and other clin-
ical signs was performed daily.

Ethical approval
Relevant ethical approval information is provided in the
previous sections describing mouse, rat, hamster and
human studies.

Statistical analysis
Descriptive statistical analysis to determine means,
standard error of means or geometric mean and geo-
metric standard deviation (detailed in Figure legends)
was determined using Graphpad Prism software.

Role of funders
Funders had no role in the design, data collection, data
analysis, interpretation or writing of the report.
Results
Strong immunogenicity and protection in mice
using a SARS-CoV-2 RBD-Fc vaccine
The SARS-CoV-2 receptor-binding domain (RBD) is
responsible for viral binding to the host-cell receptor,
Angiotensin-converting enzyme-2 (ACE-2) and facili-
tating virus entry.40 This small region of the virus is the
target of over 90% of nAb following SARS-CoV-2
infection.30–32 For these reasons, we engineered a solu-
ble form of the SARS-CoV-2 RBD as an RBD-Fc dimer
fusion protein, fusing the N334-P527 of the RBD to the
core hinge region of mouse IgG1 via a short serine/
glycine linker (Fig. 1A and Supplementary Fig. S1), to
use as a protein subunit vaccine against SARS-CoV-2
virus. We confirmed the activity of this protein by
demonstrating that it specifically bound to ACE2-
transduced HEK-293T cell lines but not control HEK-
293T cells transduced with an irrelevant protein
(Supplementary Fig. S1).

Groups of BALB/c mice were immunised with this
vaccine via subcutaneous or intranasal routes, either in
the absence of adjuvant, or with two experimental ad-
juvants: R4-Pam2Cys, a TLR-2 agonist34 or
α-galactosylceramide (α-GalCer), an NKT cell agonist.42

Both adjuvants are known to promote dendritic cell
maturation and enhanced adaptive immunity to protein
antigens. Controls included pre-immunisation bleeds
and unvaccinated controls. Both subcutaneous and
intranasal administration of two doses of the RBD-Fc
dimer vaccine induced high anti-RBD antibody
(Fig. 1B) and nAb titres, as measured by an in vitro
SARS-CoV-2 microneutralisation assay (Fig. 1C) and by
a surrogate virus neutralization test (sVNT)36 (Fig. 1D),
but only in the presence of adjuvant, with little distinc-
tion between the two adjuvants tested. Using a
microbead based assay, we determined that sera from
the immunised mice were capable of binding to a broad
range of RBDs with point mutations (Supplementary
Fig. S2A) including the N501Y mutation that repre-
sents the alpha variant RBD. Furthermore, anti-sera
from the immunised mice neutralised a naturally
arising D614G/N501Y SARS-CoV-2 clinical variant
(VIC2089) that we had isolated and adapted for use in a
microneutralisation assay (Fig. 1E). This variant is
capable of productive infection in mice (Supplementary
Fig. S2B),43 allowing us to develop a challenge model to
test the protective capabilities of the vaccine. Mice
immunised via either the subcutaneous or intranasal
routes, samples from which are depicted in Fig. 1B–E,
were challenged with VIC2089 and lungs and nasal
turbinates harvested 3 days post-challenge. Complete
protection against lung infection was observed in mice
immunised with the RBD-Fc vaccine in combination
with either R4-Pam2Cys or α-GalCer adjuvant, whereas
no protection was observed with protein alone (no
adjuvant group) (Fig. 1F). There was also a clear
reduction in viral titres in the upper airways (nasal
turbinates), from 105 TCID50/ml down to less than 103

TCID50/ml, in RBD-Fc + adjuvant-immunised mice,
with more than half of the mice showing no detectable
virus (Fig. 1G). In the subcutaneous immunisation
group, α-GalCer cleared the virus from nasal turbinates
in 4/5 mice whereas R4-Pam2Cys markedly reduced,
but did not clear, the virus following this administration
route. These data demonstrate that the RBD-Fc dimeric
vaccine provides strong protection against SARS-CoV-2
infection in mice following a prime/boost regimen,
but only when used in the presence of adjuvant, and
both R4-Pam2Cys and α-GalCer adjuvants were highly
effective at inhibiting infection in this site, particularly
following intranasal administration.

Intramuscular injection of the RBD vaccine provides
strong and durable immunity in mice
As most vaccines used in humans are given via the
intramuscular route, we next tested the efficacy of the
RBD-Fc vaccine injected into the quadricep of mice, in
the presence of R4-Pam2Cys adjuvant. Furthermore, to
ensure that the vaccine was immunogenic in more than
one mouse strain, we compared this response in both
www.thelancet.com Vol 92 June, 2023
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Fig. 1: Immunogenicity and protection in mice using a SARS-CoV-2 RBD-Fc vaccine. (A) Cartoon diagram of SARS-CoV-2 virus covered in
spike proteins at its surface and highlighting the receptor-binding domain (RBD) which binds ACE2 to elicit viral entry into cells. Cartoon
diagram of RBD monomer and RBD-Fc dimer proteins (cartoon adapted from 41). (B–G) BALB/c mice (n = 5 mice per group) were vaccinated

Articles

www.thelancet.com Vol 92 June, 2023 9

www.thelancet.com/digital-health


Articles

10
C57BL/6 and BALB/c mice. This route of injection
resulted in high total RBD-specific (Fig. 2A) and nAb
titres, as measured by microneutralisation assay
(Fig. 2B). When these mice were challenged with SARS-
CoV-2 virus, we were unable to detect virus in lungs of
either strain (Fig. 2C). Virus was also undetectable in
nasal turbinates of all C57BL/6 mice and two of the
BALB/c mice, but three of the BALB/c mice still had
some virus, albeit lower than any of the unimmunised
BALB/c mice (Fig. 2D). It is noteworthy that the pro-
tection was durable, as mice were challenged 75 days
after the boost. We also observed that the RBD-Fc vac-
cine with R4-Pam2Cys was highly immunogenic in both
mouse strains via the subcutaneous route, however,
C57BL/6 mice showed a weaker response compared to
BALB/c mice when immunised via the intranasal route
(data not shown). Further testing via the intranasal route
is warranted but has not been performed. In summary,
these data suggest that this RBD vaccine, introduced via
the intramuscular route, reduces viral burden in both
lower and upper airways, at least in mice, and if this also
applies to humans, this may also help to reduce SARS-
CoV-2 transmission.

RBD-Fc dimer vaccine provides superior immunity
to RBD monomer and single chain dimer vaccines
Given that other RBD protein-based vaccines, including
RBD monomers44 and single chain dimers8,45 have used
a third dose in mice to generate a strong neutralising
immune response, we assessed whether the Fc-dimer
form of our vaccine was responsible for the high level
of immunity observed with just two doses. We directly
compared our chimeric RBD-mouse IgG1 Fc dimeric
protein to a simple RBD monomeric protein domain
(Fig. 3A), immunising mice with these vaccines com-
bined with R4-Pam2Cys adjuvant in a prime-boost
regimen. These vaccines were injected via the intra-
muscular route, and total anti-RBD antibody tested at
d28 after the primary injection and d13 after the sec-
ondary. nAb were tested 28 days following the secondary
(Fig. 3B and C). The results demonstrated that the RBD-
Fc dimer form of our vaccine provided superior total
and nAb responses following both the prime and boost
stages. We then tested the potential of these two ver-
sions of RBD vaccines to protect in the SARS-CoV-2
subcutaneously or intranasally with 10 μg ancestral RBD-mFc only (No ad
(0.2 μg) on day 0 and 29. (B) Total WT RBD antibody titres in primary
Neutralisation of ancestral index strain VIC01 via micro-neutralisation assa
41) sera. (D) Percent inhibition of RBD binding to ACE2 using sVNT assay
neutralisation of index strain VIC01 to VIC2089 (N501Y, D614G) via mi
datapoints are repeated from 1C secondary sera samples. (F and G) Titr
VIC2089 (N501Y, D614G). Mice were aerosol challenged with VIC2089 SA
matched unvaccinated control BALB/c mice (n = 7) were also challenged at
titre of infectious virus in the lungs (F) and nasal turbinates (G) of indiv
supernatants on Vero cell monolayers and measuring viral cytopathic eff
LoD: Limit of detection.
VIC2089 (N501Y) mouse challenge model. While both
forms of the RBD vaccine (+adjuvant) were capable of
suppressing virus infection in lungs, 2/10 mice immu-
nised with RBD monomer still showed high viral loads
in lungs (Fig. 3D), and all these mice had high viral ti-
tres in nasal turbinates (Fig. 3E). In contrast, mice
immunised with the RBD-Fc vaccine (+adjuvant)
showed complete protection against infection in both
lungs and nasal turbinates, with no detectable virus in
either sample for 10/10 mice (Fig. 3D and E). These data
suggest that the RBD-Fc dimer vaccine will be superior
to RBD monomer vaccine. We also compared the
immunogenicity of our RBD-Fc dimer vaccine to a
single-chain RBD dimer vaccine that is similar to that
which was previously published.44 These results sug-
gested that when mice receive 10 μg of either vaccine,
the Fc dimeric format provides higher antibody titres
following the primary injection, and similar levels of
antibodies following the secondary injection
(Supplementary Fig. S3). When we compared equimolar
amounts of either vaccine (0.1 nmol and 0.02 nmol), we
again saw superior primary responses (day 28) and
stronger and more sustained secondary responses from
our Fc dimeric vaccine, particularly at the lower
(0.02 nmol) dose. We contend that stronger primary
antibody responses from the RBD-Fc dimer vaccine
following a single injection are important, particularly if
the vaccine is to be used as a VOC-targeting booster,
when trying to prime naïve B cell responses against
novel epitopes such as those present in SARS-CoV-2
VOC.

Adaptation of the RBD-Fc protein vaccine for
clinical use
As the goal was to progress our vaccine to human
clinical trials, we generated an RBD-human Fc dimer
protein (using the human IgG1 Fc region) and
compared the immunogenicity of this protein to the
RBD-mouse Fc dimer in both BALB/c and C57BL/6
strains. Mice were immunised with a prime boost
regimen, via the intramuscular route, with RBD-mouse
or human Fc vaccines combined with R4-Pam2Cys. As
shown in Fig. 4A, the human Fc form of the RBD vac-
cine induced a similar level of anti-RBD antibodies to
the mouse Fc form, albeit slightly lower in C57BL/6
juvant), or 10 μg RBD-mFc with R4-Pam2Cys (0.3 nmole) or α-GalCer
(1◦, day 13) and secondary (2◦, day 41) sera measured by ELISA. (C)
y. Neutralisation titres of primary (1◦, day 27) and secondary (2◦, day
on secondary (day 41) sera from immunised mice. (E) Comparison of
cro-neutralisation assay using secondary (day 41) sera. Note - VIC01
e of virus in the lungs and nasal turbinates of mice challenged with
RS-CoV-2 strain, 74 days after the second immunisation. Age and sex
the same time. Three days later, challenged mice were killed, and the
idual mice was determined by titrating homogenised lung and nasal
ect (CPE) 5 days later. Means and SEMs are depicted for each group.
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Fig. 2: Immunogenicity and protection in BALB/c and C57BL/6 mice inoculated intramuscularly with a SARS-CoV-2 RBD-Fc vaccine. (A)
Total anti-RBD antibody titres in primary (1◦, day 13) and secondary (2◦, day 27) sera from n = 10 mice (n = 5 C57BL/6 and n = 5 BALB/c)
inoculated via the intramuscular route with 10 μg WT RBD-mFc with 0.3 nmoles of R4-Pam2Cys on days 0 and 13. (B) Neutralisation of WT
Index strain VIC01 via micro-neutralisation assay. Neutralisation titres of secondary (2◦, day 27) sera were determined. (C and D) Mice were
aerosol challenged with VIC2089 on day 89 (75 days after the second immunisation). Age and sex matched unvaccinated control C57BL/6 and
BALB/c mice were challenged at the same time. Three days after challenge, mice were killed, and the titre of infectious virus in the lungs (C) and
nasal turbinates (D) of individual mice were determined. n = 5 mice per test group; n = 4 and 1 randomly selected pre-bleed controls included
for each group in (A) and (B) respectively. Means and SEMs are depicted for each group. LoD: Limit of detection.
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mice. In both mouse strains, the mouse and human Fc
form of the RBD vaccine induced durable antibody re-
sponses that were generally maintained at a constant
level up to day 115 (87 days post-boost) (Fig. 4A). While
the human Fc form induced slightly lower responses
than the mouse Fc form at some timepoints in C57BL/6
mice, the opposite was true in BALB/c mice where it
induced a higher response than the mouse Fc form at
earlier timepoints. The reason for these differences is
unclear but may reflect limitations between human Fc
and mouse FcR interactions, and may suggest that the
human Fc form of our vaccine will under-represent the
immunogenic potential of RBD-Fc vaccines in mice.
www.thelancet.com Vol 92 June, 2023
We also investigated whether a human-IgG1 Fc form
of our vaccine would work with a clinically approved
and widely used oil-in-water adjuvant, MF59®. The RBD-
human-Fc dimer was mixed with MF59® adjuvant and
mice immunised via the intramuscular route with a
prime-boost regimen. This vaccine formulation resulted
in high levels of total RBD-specific antibody (Fig. 4B) and
nAb including against the immuno-evasive beta VOC
(Fig. 4C) and provided complete protection in mice
challenged with the VIC2089 strain, with no detectable
virus in lungs or nasal turbinates (Fig. 4D).

To determine whether scaling up the dose in mice
might further enhance the antibody response, the RBD-
11
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Fig. 3: Immunogenicity and protective efficacy of RBD monomer and RBD-Fc dimer vaccines. (A) Cartoon diagram of RBD monomer and
RBD-Fc dimer proteins. (B) Total WT RBD antibody titres in primary (1◦, day 28) and secondary (2◦, day 41) sera from BALB/c mice inoculated
via the intramuscular route with 10 μg RBD monomer or 10 μg RBD-mFc dimer in the presence of 0.3 nmoles R4-Pam2Cys (n = 10 mice per
group). (C) Percent inhibition of RBD binding to ACE2 using sVNT assay on secondary (day 41) sera. n = 8 (B) or n = 2 (C) randomly selected
pre-bleed controls included. (D and E) Titre of virus in the lungs and nasal turbinates of mice challenged with VIC2089. Mice were aerosol
challenged 20 days after the second immunisation. Age and sex matched unvaccinated control BALB/c mice (n = 5) were also challenged.
Unvaccinated control mouse data is repeated from Fig. 2C and D because the virus challenge experiments for vaccinated mice in this figure and
Fig. 2 were conducted at the same time using the same group of control mice. Three days after challenge, mice were killed, and the titre of
infectious virus in the lungs (D) and nasal turbinates (E) of individual mice was determined. Means and SEMs are depicted for each group. LoD:
Limit of detection.
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mFc dimer was tested at a range of doses (10, 30 and
50 μg per injection), with or without MF59® adjuvant,
as a single injection. Whereas increasing doses made
little difference to the low responses observed in the
absence of adjuvant, surprisingly, an inverse
relationship was detected between the dose of RBD-mFc
vaccine with MF59® and the amount of total and nAb
(Fig. 4E). This suggests that higher doses may not be
advantageous and may even result in suboptimal im-
mune responses. Furthermore, a single 10 μg dose of
www.thelancet.com Vol 92 June, 2023
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this vaccine with MF59® adjuvant was able to induce a
strong nAb response.

A SARS-CoV-2 beta variant RBD-human IgG1Fc
vaccine
SARS-CoV-2 VOC such as the beta, delta and omicron
strains can at least partially resist vaccine-induced im-
munity mediated by ancestral strain-based vaccines.11–14,16

In preparing vaccine for a phase I clinical trial, we
reproduced the RBD-hFc using a Chinese hamster ovary
(CHO) cell line approved for production of clinical grade
recombinant proteins. We took this opportunity to
generate a version of the protein that carried three mu-
tations: N501Y, E484K and K417N, corresponding with
the highly immuno-evasive beta variant which was prev-
alent at the time when we commenced vaccine produc-
tion of the clinical-grade material in early 2021.

As before, mice were immunised via the intra-
muscular route with the beta RBD-human Fc vaccine,
alongside other mice immunised with the ancestral
(wildtype (WT)) RBD-human-Fc vaccine described
above. Considering the inverse dose relationship
observed in Fig. 4E, we also tested a lower dose range
including 10, 3, 1 and 0.3 μg doses. Antibody titres
were measured against both WT and beta RBD anti-
gen targets in ELISA and we observed similar anti-
body titres from mice that had received either vaccine
(Fig. 5A and B). Also unexpectedly, while the 10 μg
dose produced the highest average antibody titres, the
lowest 0.3 μg dose was still very immunogenic with
titres of approximately 104. As a more direct measure
of the immunogenicity and protective potential of the
beta RBD vaccine, we directly compared neutralisa-
tion of the WT and the beta variant strains of SARS-
CoV-2 by microneutralisation assay. These results
demonstrated that the mean neutralising titres of
serum samples from mice immunised with the beta
variant RBD vaccine were moderately higher against
the beta variant virus than against the ancestral virus
(Fig. 5C).
Fig. 4: Immunogenicity and protective efficacy of RBD-human Fc va
secondary (day 41, 55, 76 and 115) sera from BALB/c and C57BL/6 mice v
or 10 μg RBD-human Fc, combined with 0.3 nmoles of R4-Pam2Cys. (
controls). (B) Total anti-RBD antibody titres in primary (1◦, day 20) an
muscularly with 10 μg RBD-human Fc + MF59® on day 0 and 21 (n = 5
Neutralisation titres of secondary (day 45) sera against ancestral (WT) inde
(n = 5 mice per test group; and one randomly selected pre-bleed). (D) C57B
RBD-hFc formulated with MF59® were aerosol challenged with VIC2089
vaccinated control C57BL/6 mice were also challenged at the same time
challenge, mice were killed, and the titre of infectious virus in the lungs
nogenicity of higher antigen doses of RBD-mouse Fc formulated with M
were primed via the intramuscular route with 10, 30 or 50 μg of RBD-mFc
day 43 post-priming were assayed for total anti-RBD antibody levels m
inhibition of RBD binding to ACE2 using the sVNT. Means and SEMs are
Protective efficacy against lung infection was
assessed in the mouse SARS-CoV-2 challenge model
using VIC2089 (N501Y) and the beta VOC (B.1.351) as
challenge strains. On day 76 of the study (55 days after
the boost) 5 of the 10 mice from each vaccination group
immunised with 10, 3, 1 or 0.3 μg of either WT RBD-
hFc or beta RBD-hFc in the presence of MF59® were
challenged with VIC2089 (Fig. 5D). On day 83 of the
study (62 days after the boost) the remaining 5 mice in
each group were challenged with the beta variant
B.1.351 (Fig. 5E). Complete protection against lower
airway infection after challenge with either VIC2089 or
beta variant was indicated in all C57BL/6 mice vacci-
nated intramuscularly with 10, 3, 1 or 0.3 μg of beta
RBD-hFc in the presence of MF59®. Of the mice
vaccinated with WT RBD-hFc + MF59®, 19 of the 20
mice challenged with VIC2089 and 17 of the 20 mice
challenged with beta variant had no detectable virus in
their lungs (Fig. 5D and E).

Rat and hamster studies
The immunogenicity of the beta RBD-hFc vaccine with
or without MF59® adjuvant in rats was also assessed as
an alternative model to mice. As part of a pre-clinical
toxicology study, Sprague Dawley rats were vaccinated
intramuscularly on days 0, 22 and 43 with saline, 50 μg
of beta RBD-hFc or 50 μg of beta RBD-hFc with MF59®

adjuvant. Blood samples were collected within 2 days
(day 44–45), or 13 days (day 56) after the third vaccina-
tion and assessed for antibody responses against both
ancestral (WT) and beta variant RBDs by ELISA
(Fig. 6A). The beta RBD-hFc vaccine with MF59® was
highly immunogenic and, with the exception of only one
rat, the other 29 rats produced high antibody titres
against both RBD antigens. In contrast, only 3 of the 30
rats that were immunised with beta RBD-hFc without
MF59® produced detectable antibodies against WT and
beta RBDs. These samples were also analysed using the
sVNT assay for nAb, clearly showing that all rats that
received beta RBD-hFc vaccine with MF59® produced
ccine. (A) Total anti-RBD antibody titres in primary (day 27) and
accinated intramuscularly on day 0 and 28 with 10 μg RBD-mouse Fc
n = 5 mice per group; with n = 8 randomly selected pre-bleeds as
d secondary (2◦, day 33) sera from C57BL/6 mice vaccinated intra-
mice per test group; with n = 4 randomly selected pre-bleeds). (C)
x strain VIC01, or Beta variant B.1.351, via micro-neutralization assay
L/6 mice vaccinated intramuscularly on days 0 and 21 with 10 μg WT
60 days after the second immunisation. Age and sex matched un-
(n = 4 test mice and 5 unvaccinated control mice). Three days after
and nasal turbinates of individual mice was determined. (E) Immu-
F59® after a single vaccination. C57BL/6 mice (n = 5 per test group)
in the absence (No adjuvant) or presence of MF59®. Sera collected on
easured by ELISA, and neutralising activity assessed as the percent
depicted for each group. LoD: Limit of detection.
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nAb, with all but one still neutralising out to a 1:80
dilution (Fig. 6B).

We also tested our RBD-human Fc vaccines in
hamsters. In the first experiment, performed at
The University of Hong Kong, we tested the ancestral
RBD-hFc vaccine with either MF59® or R4-Pam2Cys
adjuvant. While both formulations induced an antibody
response in hamsters (Supplementary Fig. S4A), it was
not as strong as the responses in mice, so a third dose
was administered. Most hamsters produced anti-RBD
antibody (Supplementary Fig. S4A), but for unknown
reasons, there were also positive readings from PBS-
injected hamsters following the third vaccination. Neu-
tralising antibodies were detected in most immunised
hamsters, but not in the PBS-injected hamsters. How-
ever, three hamsters from the 30 μg RBD-hFc + MF59®

group and two from the 10 μg RBD-hFc + MF59® group
had low or undetectable nAb titres (Supplementary
Fig. S4B). Of these, one hamster in the 30 μg group,
and all in the 10 μg group showed detectable nAb titres 4
days post SARS-CoV-2 virus challenge whereas the PBS-
injected group remained negative for nAb. All hamsters
that received RBD-hFc with R4-Pam2Cys produced nAb.
Three weeks after the third vaccination, hamsters were
challenged with SARS-CoV-2 virus and killed 4 days
later to measure viral load in lung and nasal tissues
(Supplementary Fig. S4C). Four of five hamsters in the
group that received 10 μg RBD-hFc with MF59®

demonstrated clear protection with no detectable or low
lung or nasal virus titres. Curiously, of hamsters that
received the higher 30 μg dose of RBD-hFc with
MF59®, three exhibited low or negligible viral titres
(<1000 PFU/ml), but two showed no reduction in viral
load. This is reminiscent of the data from above
(Fig. 4E) where a higher dose of the RBD-hFc with
MF59® vaccine may be inferior to a lower 10 μg dose of
vaccine. Of the hamsters that received RBD-hFc with
R4-Pam2Cys at 30 and 10 μg, all had low or undetectable
viral titres in lung and nasal tissues.

A second hamster study was conducted at Colorado
State University, USA, where it was possible to chal-
lenge hamsters with both a WT strain (WA-01/USA)
and beta variant (B.1.351) of SARS-CoV-2. In this
experiment, hamsters were vaccinated with 30 or 10 μg
of the WT RBD-hFc + MF59® or 30, 10 or 3 μg beta
Fig. 5: Immunogenicity and protective efficacy of a SARS-CoV-2 beta v
titres (A) and beta RBD-specific antibody titres (B) in secondary sera (day
with (10, 3, 1 or 0.3 μg) of WT RBD-hFc or Beta RBD-hFc in the presence o
bleed samples were included in each assay. (C) Neutralisation of index stra
Neutralisation titres of secondary (day 33) sera were determined for serum
n = 10 mice per test group and one randomly selected pre-bleed sample
variant B.1.351 (E) 55 or 62 days respectively, after the second immunisat
and sex matched unvaccinated control C57BL/6 mice were also challenged
the titre of infectious virus in the lungs of individual mice were determ
detection.
RBD-hFc + MF59®, receiving 3 intramuscular doses on
days 0, 21 and 63. Fourteen to 21 days after each
vaccination, antibody titres were measured against both
WT and beta variant RBDs as coating antigens in ELISA
(Supplementary Fig. S5A). Antibody responses were
detectable in most hamsters after the first immunisa-
tion and were clearly increased after the second and
third immunisation, although the antibody titres were
not as high as we observed for mice and rats. We
observed similar antibody responses against the two
RBD antigens in hamsters vaccinated with beta RBD-
hFc with MF59®, however hamsters vaccinated with
WT RBD-hFc with MF59® displayed slightly higher
average responses against the WT RBD antigen. Neu-
tralising Ab titres against WT SARS-CoV-2 virus were
assessed 2 weeks after the third vaccine dose using the
plaque reduction neutralisation test (PRNT). Results
demonstrate that 7 of 10 hamsters immunised with WT
RBD-hFc dimer, and 15 of 30 hamsters immunised
with beta RBD-hFc dimer, had detectable nAb re-
sponses (Supplementary Fig. S5B). While there was a
high degree of variability between hamsters, the 30 μg
vaccine dose appeared to be no better than the 10 μg
dose at driving total Ab or nAb responses. Hamsters
were then challenged with either WT or beta variant
SARS-CoV-2 virus; oropharyngeal swabs collected every
day for 3 days and hamsters euthanised after 3 days for
lung virus titre assessment. Titres of virus in oropha-
ryngeal swabs, and viral load/mg of cranial and caudal
lung tissue and turbinate tissue, on day 3 post-
challenge, is presented. Consistent with the moderate
and variable nAb response observed (Supplementary
Fig. S5B), the immunised hamsters also had varied
levels of resistance to viral challenge (Supplementary
Fig. S5C and D). For the WT virus challenge, the
mean viral load in the oropharyngeal swabs of control
hamsters administered saline declined rapidly (by two
orders of magnitude) between day 1 and day 3, with one
having undetectable virus at day 3, which left little room
for improved responses with the vaccinated hamsters.
Nonetheless, in day 2 swabs, there was more than 10-
fold lower mean viral loads in hamsters immunised
with 30 μg and 10 μg WT RBD-hFc (282 and 212 PFU/
swab) compared to saline controls (5510 PFU/swab). By
day 3, three hamsters treated with 30 μg WT RBD-hFc
ariant RBD-human Fc vaccine. Ancestral (WT) RBD-specific antibody
56) from C57BL/6 mice vaccinated intramuscularly on days 0 and 21
f MF59®. n = 9–10 mice per test group. n = 8 randomly selected pre-
in VIC01 (WT) or beta variant B.1.351 via micro-neutralisation assay.
samples from mice immunised with 10 and 3 μg of beta-RBD-hFc.

. (D and E) Mice were aerosol challenged with VIC2089 (D), or beta
ion (n = 5 mice (1 cage) per test group were randomly selected). Age
(n = 10 per group). Three days after challenge mice were killed, and
ined. Means and SEMs are depicted for each group. LoD: Limit of
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had undetectable, and two had low, virus titres (mean
13 PFU/swab) while the 10 μg WT RBD-hFc group all
had low but detectable virus (mean 42 PFU/swab). For
hamsters immunised with 10 or 3 μg beta RBD-hFc and
challenged with WT virus, by day 2 they also had mean
reductions of more than 10-fold (530 and 176 PFU/
swab respectively compared to 5510 PFU/swab in
controls). In contrast, the mean viral titre in the 30 μg
group was not much lower than the control group (3263
versus 5510). By day 3, mean virus titres were low in all
groups (29, 18 and 61 PFU/swab, respectively) with
several at or below the lower limit of detection, but as
mentioned above, the saline control treated hamsters
also had low titres (77 PFU/swab) by day 3
(Supplementary Fig. S5C).

Hamsters challenged with the beta variant (B.1.351)
virus sustained high viral loads in the PBS-treated group
over the 3 days post-challenge (day 3 mean 1200 PFU/
swab) and vaccine-induced protection was apparent in
day 3 swab samples. Thus, all hamsters immunised with
beta RBD-hFc, except for one in the 3 μg group, had
lower viral loads, below the range of the control group
(mean PFU/swab of 110, 32 and 250 from the 30, 10
and 3 μg treated groups, respectively) (Supplementary
Fig. S5C). Results from day 3 cranial and caudal lung
tissue gave similar evidence, with modest to strong re-
ductions in pfu in some but not all groups, while the
nasal turbinate data only showed a strong (>10-fold)
reduction in viral titres at the 10 μg dose
(Supplementary Fig. S5E). Collectively, these hamster
data show partial protection in a dose-dependent
A

Fig. 6: Immunogenicity of beta RBD-hFc in rats. Six-week old Sprague-D
saline, 50 μg of beta RBD-hFc or 50 μg of beta RBD-hFc + MF59® adjuv
collected within 2 days (day 44–45) (n = 20 per group), or 13 days (day 56
SARS-CoV-2 RBD-specific and beta SARS-CoV-2 RBD-specific antibody resp
80 dilutions (B). Due to limitations in sVNT assay capacity, 10 samples we
6 randomly selected control serum samples from the Saline group were
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manner, and interestingly, they suggested that the
10 μg dose was more effective than the 30 μg dose for
both the WT and beta variant vaccines in the hamster
models.

Thus, while the rat and hamster studies both
demonstrated immunogenicity and induction of pro-
tective nAb, the results from hamsters were more vari-
able compared to the rat and mouse models. A possible
limitation of these hamster studies is that, as shown
previously, RBD-based vaccines may be less immuno-
genic in hamsters, for reasons that are unclear.46 This
limitation does not apply to humans where RBD-based
vaccines are effective.8,47,48

Heterologous boosting with RBD-Fc vaccines
Given nAb titres wane within months with currently
approved vaccines, particularly against SARS-CoV-2
variants that can at least partially evade pre-existing
immunity, booster vaccines are now being used to
enhance immunity to levels that exceed those after the
second dose.17,49–53 Some of these boosters are heterolo-
gous (different from the priming vaccine) and some are
designed to target VOC although in most cases, these do
not appear to markedly improve the immune response
to those VOC when compared to boosting with the
ancestral strain-based vaccine.15–20

We investigated whether the beta RBD-hFc vaccine
could act as a heterologous boost in animals that had
previously been primed, or primed and boosted, with
whole WT S protein vaccine plus MF59® adjuvant.
Groups of mice were primed with ancestral (WT) S
B

awley rats were vaccinated intramuscularly on days 0, 22 and 43 with
ant (n = 30 per group, 50% male and female). Blood samples were
) (n = 10 per group), after the third vaccination and assessed for WT
onses by ELISA (A) and nAb measured by sVNT assay at 1/10 and 1/
re randomly selected from the beta RBD-hFc (no adjuvant) group (B).
included (A and B). Means and SEMs are depicted for each group.
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Fig. 7: Heterologous boosting with RBD-Fc vaccines. (A and B) C57BL/6 mice (n = 5) were vaccinated intramuscularly on day 0 and 21 with
either the spike antigens or the RBD-hFc antigens as indicated above each column. More than half of the mass of RBD-Fc vaccine is Fc, therefore
mice were boosted with 10 μg of RBD-Fc vaccine (∼4.5 μg of virus protein) or 4.5 μg S vaccine. All antigens were administered with MF59®. (A)
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vaccine, then boosted with various combinations of WT
S vaccine, beta S vaccine, WT RBD-hFc vaccine or beta
RBD-hFc vaccine, each in the presence of MF59®

adjuvant. For the first part of this experiment, we
examined the response in mice, measuring anti-WT
RBD-reactive antibodies after priming (day 21) and
boosting (day 35) (Fig. 7A). Strong primary responses
were observed in the sera of all groups after priming,
although in this experiment the beta RBD-hFc primed
mice had moderately lower mean titre relative to the
other groups. Markedly increased levels of ancestral
RBD-specific antibodies were detected in sera collected
2 weeks after the second dose (day 35) in all groups of
mice, regardless of whether they were boosted with WT
S, beta S, WT RBD-hFc or beta RBD-hFc vaccines
(Fig. 7A). Post-boost serum samples from these mice
were then tested against either the WT RBD, or beta or
delta RBDs, in a separate ELISA (Fig. 7B). All groups
showed very strong and comparable responses against
each RBD. This demonstrates that the RBD-Fc vaccines
provide at least comparable boosting ability to the whole
S vaccines. In this experiment, we separated data from
the 4 groups of 5 mice that were primed and boosted
with WT S vaccine (labelled 1–4, Fig. 7A) as they were
subsequently used for a heterologous third dose boost
experiment (below).

Because many people have already been primed and
boosted with whole S vaccines, we next tested the ability
of the RBD-hFc vaccines to provide a second boost (third
injection) using the 4 groups of 5 mice that had been
primed and boosted with ancestral S vaccine (from the
experiment presented above in Fig. 7A and B). These
mice were boosted on day 70 (49 days after their second
dose) with either WT S protein, WT RBD-hFc, beta
RBD-hFc, or beta S protein, each with MF59® adjuvant.
Secondary boost sera collected 5 weeks (day 56)
following two doses of the WT S protein (2◦ bleed) and
tertiary sera collected 16 days (day 86) following the
Total WT RBD-specific antibody titres determined by ELISA, in primary (1◦
WT RBD, beta variant (β) RBD, and delta variant (δ) RBD in secondary (da
vaccinated intramuscularly on day 0 and 21 with 4.5 μg of the WT-spike
10 μg beta RBD-hFc, 4.5 μg of WT-spike or 4.5 μg of beta-spike in the pr
IgG antibody responses to WT, beta and delta RBD monomers in seconda
tertiary sera (3◦) collected 16 days following the third immunisation. Half-
and (D) in an RBD-ACE2 multiplex inhibition assay for their ability to inh
variant (δ) RBD where half-maximal inhibitory dilution (ID50) is indicated
further assessed in a microneutralisation assay for nAb responses against
taken from a later timepoint (day 30) following the third immunisation w
TMPRSS2-overexpressing Vero cells, alongside a VIC01 microneutralisat
following the third immunisation were tested in a multiplex sVNT inhibitio
CoV RBD variants, including SARS-CoV-2 VOC (Alpha, Beta, Gamma, Delt
CoV-2-related coronaviruses (BANAL-52, BANAL-236, GD-1, RaTG13 and G
WIV-1, RsSHC014) and SARS-CoV-1. Omicron BA.5 was tested subsequen
using a grey colour. Due to depleted samples, three (indicated with unfill
dilution (ID50) is indicated for each serum sample. Horizontal bars depict m
SEM (A, B, E, F, G) or geometric SD (C and D). LoD: limit of detection.
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third immunisation (3◦ bleed) were assessed using a
multiplex bead-based assay for binding to WT RBD, beta
RBD and delta RBD (Fig. 7C). These data suggested that
the third injection with RBD vaccine, either WT or beta,
provided a stronger boost with higher mean ED50 titres
compared to a third injection with whole WT or beta S
vaccines. It is noteworthy that for all vaccinated mouse
samples in this experiment, regardless of which boost
they received, the mean titres were considerably higher
than antibody titres from 5 adult human donors previ-
ously primed and boosted with the BNT162b2 (Com-
irnatyTM) vaccine and tested in the same assay (Fig. 7C).
We also examined nAb responses from these mice us-
ing a multiplex bead-based RBD-ACE2 binding inhibi-
tion assay (Fig. 7D). Strong neutralising activity against
the WT RBD, beta RBD and delta RBD (indicated as
half-maximal inhibitory dilution (ID50)) was observed in
secondary sera from all groups of mice when compared
to those from samples from the ComirnatyTM vaccinee
human donors. Two weeks after the third vaccination,
mean nAb levels were highest in mice that had received
a third dose of an RBD-hFc vaccine relative to the mice
that were boosted with spike-based vaccines (Fig. 7D)
although there was not much difference between the
WT and the beta RBD vaccine boosts. An expanded
version of these data, incorporating both binding ED50
titres and neutralising ID50 titres for other mutant
RBDs including S477N, E484K, L452R, alpha, gamma
and kappa sequences is provided in Supplementary
Fig. S6A and B. In general, the RBD vaccine boosts
induced at least a moderately higher mean nAb titre
than the whole S vaccine boost. Furthermore, these
mean ED50 and ID50 readings were all higher than
those from the ComirnatyTM vaccinee human donors.

A selection of samples from the mice described
above were assessed for nAb against both WT (VIC01)
and beta VOC (B.1.351) SARS-CoV-2 viruses using a
SARS-CoV-2 virus micro-neutralisation assay. Four sets
, day 21) and secondary (2◦, day 35) sera. (B) Total antibody titres to
y 56) sera determined by ELISA. (C–G) The 4 groups of C57BL/6 mice
with MF59® were boosted on day 70 with either 10 μg WT RBD-hFc,
esence of MF59®. (C) Multiplex bead-based assay was used to assess
ry (2◦) sera collected 35 days following the second immunisation and
maximal effective dilution (ED50) is indicated for each serum sample
ibit the binding of ACE2 to WT-RBD, beta variant (β) RBD and delta
for each serum sample. (E) A selection of these serum samples were
WT VIC01 or beta variant B.1.351. (F) A selection of serum samples
ere tested in an omicron-BA.1 variant microneutralisation assay using
ion assay using conventional Vero cells. (G) Samples from day 30
n assay for their ability to inhibit the binding of ACE2 to 20 different
a, Delta+, Lambda, Mu, Omicron BA.1, BA.2 and BA.5), animal SARS-
X-P5L), animal SARS-CoV-1 related coronaviruses (Rs2018B, LYRa11,
tly and has therefore been distinguished from the rest of the figure
ed circles) came from a later bleed (day 90). Half-maximal inhibitory
eans (A, B, E, F, G) or geometric means (C and D); Error bars depict
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of mouse samples were tested: 1. Primed and boosted
with WT S + MF59®; 2. The same mice from 1. that
were again boosted on day 70 with WT S + MF59®; 3.
Primed and boosted with WT spike + MF59®; 4. The
same mice from 3. that were again boosted on day 70
with beta RBD-hFc + MF59® (Fig. 7E). These results
demonstrated that the beta RBD-hFc + MF59® boost
induced higher mean nAb responses against both the
WT virus and the beta variant strain compared to pre-
boost levels. By this assay, the boost provided by the
beta RBD-hFc + MF59® was at least equal to, if not
better than, the boost provided by the third dose of WT
spike + MF59® vaccine, for both WT and beta viruses.

We next tested serum samples from these mice for
their ability to neutralise the omicron VOCs (using a
later bleed, 30 days after the third dose boost). In this
assay, we tested mice that had received third dose boosts
with WT S, WT RBD-hFc, beta RBD-hFc and beta S. We
initially performed a micro-neutralisation assay where
omicron BA.1 virus was added at a standard dose of 100
TCID50/well, however, in this assay, all samples from
mice immunised with 3 doses of ancestral S showed no
neutralising activity above the lower limit of detection
(Fig. 7F). Similarly, all but one sample from beta S-
boosted mice had undetectable nAb against BA.1. In
contrast, 2/5 samples from WT RBD-boosted mice and
4/5 from beta RBD-boosted mice had clearly detectable
nAb titres. As the dynamic range of this assay appeared
to be too low to compare nAb titres between the four
groups, we also tested samples in a similar assay, set up
with a lower amount of BA.1 virus (10 TCID50/well) for
improved sensitivity (Supplementary Fig. S7). While the
trends were similar to the previous assay (Fig. 7F), this
assay revealed a mean titre of 112 for the WT-S 3-dose
group; and 51 for the beta S vaccine-boosted group,
versus 203 for WT-RBD-Fc vaccine-boosted mice and
the highest mean nAb titre of 290 for beta RBD-boosted
mice.

As new VOC are constantly emerging, including
several omicron sub-lineages, it is increasingly clear that
we require a vaccine that can provide broad immunity
against SARS-CoV-2 variants, ideally including future
variants. Therefore, we tested serum samples from the
heterologous third dose boost experiments described
above, in a different RBD-ACE2 binding inhibition
(sVNT) bead assay carrying a 20-plex panel of CoV-
derived RBDs including some of the SARS-CoV-2
VOC RBDs described above, as well as Omicron BA.1
and BA.2, plus a panel of bat and pangolin CoVs and
SARS-CoV-1 RBD38 (Fig. 7G). Samples from 30 days
after the third dose boost were tested in this assay which
should have allowed more time for affinity maturation
of RBD-reactive B cells. These data highlighted the
breadth of nAb induced by the ancestral and beta RBD-
hFc vaccines. Thus, mean ID50 readings were between
3 and 7-fold higher for samples from the WT and beta
RBD boosted mice for all the SARS-CoV-2 RBDs tested,
including ancestral (WT), alpha, beta, gamma, delta,
delta+, lambda, mu, omicron BA.1, omicron BA.2
(Fig. 7G). Similarly, the RBD boosts resulted in
increased mean titres against bat CoVs BANAL-52,
BANAL-236 and the pangolin CoV GD-1. Compared to
the WT S boost, there were also increased mean titres
for the WT RBD boosted mice against bat CoVs
RS2018B, RsSHCO14, LyRa11, WIV-1, and pangolin
CoV GxP-5L (Fig. 7G). Interestingly, for RaTg13, Gx-
P5L, Rs2018B, RsSHCO14, LYRa11, WIV-1 and SARS-
CoV-1 RBDs, mean nAb titres in serum samples from
beta RBD-boosted mice were similar to beta S-boosted
mice (Fig. 7G). Inhibition of omicron BA.5 RBD-ACE-2
binding was also tested in a similar assay, subsequently
to the other VOC (Fig. 7G). While the ID50 titres against
BA.5 were generally lower in each group, the WT and
beta-RBD vaccine boosts still resulted in two to three-
fold higher mean titres than the WT S boost.

Collectively, these data suggest that the RBD-targeted
vaccine can work well as a heterologous boost following
priming and boosting with whole S-based vaccine.
Moreover, these data suggest that the RBD-targeted
vaccines can augment nAb responses toward RBD epi-
topes that are shared between the S vaccine prime/boost
and the RBD vaccine third dose boost. Many of these
epitopes are common to all VOC, including omicron,
which also carries the mutations N501Y and K417N that
are shared between omicron and beta RBDs. In contrast,
the whole beta S vaccine boost may be more likely to
target many of the shared non-RBD epitopes that are
less likely to be neutralising. Taken together, these
studies suggest that the beta-variant RBD-human IgG1-
Fc + MF59® vaccine is a good candidate for heterolo-
gous boosting of subjects previously primed or primed
and boosted with whole spike vaccines. This vaccine is
currently being assessed in a phase I clinical trial
(ClinicalTrials.gov Identifier: NCT05272605).
Discussion
The production of vaccines, via a variety of platforms,
seek to protect against SARS-CoV-2 infection. The cur-
rent vaccine program has had a major impact on the
severity of COVID-19 in communities with access to
these vaccines. However, in light of waning immunity
and the continuing emergence of new VOC with
increasing degrees of resistance to vaccine or prior
infection-induced immune responses, vaccine boosters
are now widely used. While these are capable of boost-
ing immunity, the breadth of protection and durability
of booster responses against new variants still appears to
be limited, particularly in the face of the omicron vari-
ants.11–14,18 To address the problems posed by emerging
VOC, variant-targeted or bivalent vaccine boosters are
being trialled, but at best, these only appear to provide
roughly 2-fold immune boost over the ancestral strain-
targeting vaccines.17–20 This is potentially due, at least
www.thelancet.com Vol 92 June, 2023
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in part, to the phenomenon of immunological
imprinting, or original antigenic sin14,23,24,54 (reviewed in
26,53) which restricts immune responses against spike-
based vaccines to epitopes that are shared with the
ancestral strain. It is therefore prudent to explore new
vaccine platforms that provide potential ways around
these problems, whilst still offering the potential for
rapid adaptability and repeated immunisation without
cumulative side effects. A major advantage of an RBD
vaccine is that it focusses the immune response on the
most important target of the virus in terms of nAb
neutralisation, because even though the RBD only
comprises roughly 15% of the S protein, 90% or more of
nAb are directed toward this region of the virus.30–32 It
follows that if a variant-targeted booster version of the
RBD vaccine is introduced, there will be far fewer orig-
inal ancestral strain epitopes, most of which are non-
neutralising, in the booster RBD vaccine, compared to a
variant whole S booster vaccine. While imprinting may
still occur with an RBD variant vaccine, at least the epi-
topes that are common between the old and new strains
will all be directed to the RBD region and therefore more
likely to promote nAb, regardless of whether they are
targeting ancestral or VOC RBD epitopes.

Our evidence using the beta RBD-Fc vaccine
described in this paper is noteworthy in this regard,
because we demonstrated that the response when this is
used as a third dose boost, following priming and
boosting with an ancestral (WT) strain S vaccine, results
in higher mean antibody levels, including nAb,
compared to a third dose boost with either WT, or a beta
variant, S vaccine. While this was apparent for the beta
VOC to which our RBD vaccine is targeted, encourag-
ingly it was also observed for other variants, including
alpha, gamma, delta, delta+, lambda, mu, omicron BA.1,
BA.2, BA.5 and some bat and pangolin CoVs. While
delta shares none of the RBD mutations with beta,
omicron shares two (N501Y and K417N), plus in both
beta and omicron, E484 is mutated, however, in beta it
is mutated to E484K, while in omicron it is mutated to
E484A. Therefore, we suggest that the beta RBD-Fc
vaccine provided a strong boost response mainly
because it is amplifying and focussing existing S vaccine
driven immunity to the RBD region of the virus, and
this may further benefit from alignment of some of the
RBD mutations with the VOC being targeted.

Based on the mouse data, the RBD-hFc vaccine ap-
pears to be most effective at low μg doses (1–10 μg), and
this combined with high production yields of ∼1 g per
litre (not shown), means that if a similar low dose range
is optimal in humans, this candidate vaccine platform
could be a very efficient means for high level produc-
tion. The Fc dimeric form of this vaccine produced in
mammalian cells means that production and purifica-
tion can utilise industry manufacturing platforms
already established for rapid and large-scale production
and purification of antibody-based therapeutics,
www.thelancet.com Vol 92 June, 2023
avoiding delays associated with complex production of
other vaccine platforms. Furthermore, stability studies
thus far have shown that this vaccine is stable for up to
at least 12 months at 2–8 ◦C, and at least 2 weeks at
37 ◦C (not shown), it will be highly amenable to trans-
portation and storage in regions where a reliable frozen/
cold chain infrastructure is lacking.

Several RBD protein vaccines are in various stages of
development and testing (https://covid19.trackvaccines.
org/vaccines),8,44,47,48,55–65 and one, ZF2001,8,57 is now
approved for emergency use in several countries,
including China, Uzbekistan, Indonesia and Columbia
(https://covid19.trackvaccines.org/vaccines/27/). This is
a dimeric RBD vaccine where two RBD subunits are
linked via an engineered single-chain construct and
administered with Alum adjuvant as a three-dose
schedule.8 A similar dimeric RBD vaccine, combined
with Alum plus Neisseria meningitidis outer membrane
vesicles, is also in phase I clinical trials.58 Another RBD-
human IgG1-Fc dimer, fused to IFN-α and an MHC
class-II binding element, combined with Alum adju-
vant, has also recently been through phase I-III clinical
trials47,59 and beta and delta VOC versions of this are in
preclinical testing.60 This vaccine was well-tolerated and
induced nAb in all subjects, generally exceeding those of
convalescent serum. Results from a phase I/II trial of an
RBD-human IgG1 Fc vaccine (ancestral strain) with
montenide oil-in-water adjuvant in a two-dose prime-
boost schedule provided evidence of strong neutralising
antibody responses with low levels of reactogenicity.48,55

Another approach used to develop an RBD-based vac-
cine was to fuse two RBDs to a hepatitis B surface an-
tigen (PreS) plus Alum, which generated robust
responses in rabbits and in a single human volunteer.61

Others have developed RBD monomeric vaccines with
Alum or Alum-based adjuvants also administered as
three-dose schedules44,62 one of which is in human
clinical trials.62 A recent pre-clinical study of an “RBD
mosaic” nanoparticle vaccine including RBDs from 8
different sarbecoviruses, adjuvanted with AddavaxTM

(an MF59®-like adjuvant), demonstrated impressively
broad immunity against SARS-CoV-2 VOC as well as
other Sarbecoviruses including SARS-CoV-1.63 One
study described a monomeric RBD vaccine that, when
used with AddaVaxTM, proved to be a potent vaccine
when used in a heterologous prime/boost approach in
animals, where whole spike protein vaccine with Adda-
VaxTM was used to either prime the response followed
by the RBD boost, or vice versa.64 Taken together, these
studies demonstrate that RBD-based protein vaccines
are immunogenic in humans. This supports our view
that our uniquely formulated beta-variant RBD-hFc
dimer/MF59® adjuvanted vaccine will work well as a
heterologous booster subsequent to S-based vaccination
in humans, particularly considering the increased
breadth of immune responses that appear to be pro-
moted by the beta variant.19,27–29
21
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Our evidence suggests that the Fc dimer design of
our vaccine is a key to why our vaccine can promote
stronger immune responses after only one or two in-
jections in naïve mice compared to mice given RBD
monomer or RBD single chain dimer vaccines. There
may be several reasons for why the Fc-dimer works
better than the monomer: The Fc-dimeric construct is
likely to have increased stability in vivo compared to the
non-Fc-bearing constructs; it may also bind to
FcR+ antigen-presenting cells such as dendritic cells,
macrophages and B cells, presenting a multimeric array
of RBD protein in the context of professional antigen
presenting cells, to enhance RBD-specific B cell activa-
tion. Furthermore, the ligation of FcR may activate the
FcR-expressing cells, enhancing immunity to the vac-
cine.66 Future studies can test these possibilities by
comparing the response to RBD Fc dimers to RBD
single chain dimers and RBD monomers in FcgR gene-
deleted mice. Regardless of the reason, the superior
ability of an Fc-conjugated vaccine to prime new im-
mune responses may be crucial for enhancing re-
sponses using VOC-targeted boosters, because novel
epitopes are generated in VOC that require priming of
new VOC-specific immune cells. In addition to the FcR
binding, we tested our vaccine with three different ad-
juvants including R4-Pam2Cys, α-GalCer and MF59®

and determined that each adjuvant augmented the im-
mune response to our vaccine. MF59® was selected for
further investigation because it is a widely used oil-in-
water adjuvant that has been injected into more than a
hundred million people in association with influenza
vaccines.67 This adjuvant has a proven safety profile with
little if any reactogenicity reported, aside from transient
local pain at the injection site. We have shown that
MF59® works exceptionally well as an adjuvant in as-
sociation with this RBD protein vaccine, and it seems
likely that it will be at least as effective in humans.
Moreover, as the human IgG1 Fc based vaccine
appeared to be very potent in mice, we would expect that
this format should also enhance RBD immunity in
humans because the human IgG1 Fc region will interact
strongly with human FcR+ cells, further enhancing the
immune response to this RBD-Fc vaccine. That R4-
Pam2Cys and α-GalCer were also very effective with
the RBD-Fc vaccine justifies further investigation of
their potential for translational studies, including as
intranasal vaccines which also induced robust immunity
in mice. Indeed, a recent study demonstrated the po-
tential for Pam2Cys to act as an effective adjuvant for
intranasal vaccination of mice with a SARS-CoV-2 S
protein vaccine.68 We also investigated whether the Fc
component of the RBD-Fc dimer vaccine could break
self-tolerance to promote anti-Fc antibodies. We tested
mouse serum following up to three injections with the
RBD-mouse IgG1 Fc dimer vaccine or the single-chain
RBD dimer vaccine (which lacks an Fc component)
and found that anti-Fc antibodies remained at
background levels (Supplementary Fig. S8). In contrast,
when mice were immunised with RBD-human IgG1 Fc
dimer, they were able to respond to human IgG1 Fc
(Supplementary Fig. S8), which is expected because this
is a foreign protein in mice. This is consistent with self-
tolerance preventing anti-self-Fc antibody responses.

There are several limitations to this study. While the
vaccine has been extensively tested in mice, including
mouse and human Fc versions, as well as rats and
hamsters, we await the results of clinical trials to
determine how immunogenic our vaccine is in humans.
Based on results from phase I/II clinical trials of other
experimental ancestral strain RBD-Fc protein vaccines
used in prime-boost regimen in humans, albeit with
different adjuvants,47,48,59 and our preclinical data, we
anticipate that our vaccine used as a fourth dose boost
will augment nAb responses in humans. While ham-
sters also responded to a prime-boost regimen with our
RBD vaccines, the response was more varied and not as
robust as was observed in mice and rats, which may
reflect findings in a report of limitations in the extent to
which hamsters respond to RBD-based vaccines.46

Another potential limitation is that, compared to
whole spike vaccines, RBD vaccines which obviously
contain only some of the T cell epitopes present
throughout S protein, may not induce as broad T cell
immune responses as whole S vaccines. While we did
not measure T cell responses in this study, this region of
the S protein is known to contain immunodominant T
cell epitopes69–71 and it is clear that this vaccine is capable
of driving isotype-switching leading to high levels of IgG
production. Importantly, while the vaccine is capable of
priming and boosting in an immunologically naïve
setting, given that many people have either been
immunised or infected or both, we are primarily inter-
ested in its potential to augment nAb responses as a
booster vaccine. As increased nAb responses are a
correlate of protection against VOC viruses,72 our
mouse-based data suggests that this will be a strength of
our vaccine. It is possible that the isolated RBD domain
may reveal cryptic epitopes normally hidden in the
context of S protein. This may also occur with degraded
virions, however, and it seems unlikely that this will
impact on the quality of the immune response. Lastly,
our lead vaccine candidate is based on the RBD from the
beta VOC. While this is no longer a circulating VOC,
having since been replaced by others and most recently
omicron VOC, our findings are that the beta RBD-hFc
boost drives a broad nAb response that spans all of
the SARS-CoV-2 VOC we tested. Furthermore, studies
with human samples have shown that exposure to the
beta VOC was superior to the ancestral strain at driving
broadly cross-reactive nAb, including those that can
target omicron.19,27–29

In summary, we describe an RBD-Fc protein subunit
vaccine that induces potent nAb and complete and du-
rable protection against lower and upper airway
www.thelancet.com Vol 92 June, 2023
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infection in a mouse model of SARS-CoV-2 infection.
Furthermore, we show that an RBD-Fc vaccine incor-
porating three mutated residues from the beta VOC can
promote potent nAb responses that target the beta
variant virus in in vitro microneutralisation assays,
while still driving a broad response that can also
neutralise the ancestral strain in vitro and in a mouse
challenge model. And importantly, the breadth of this
response suggests that this vaccine can also boost nAb
against other VOC including delta, and omicron, as well
as other variants. This vaccine is now in phase I clinical
trial as a fourth dose boost. The future of COVID-19
vaccines, including those specific for VOC, will
require rapid and scalable manufacturing. The RBD-Fc
fusion protein should be a suitable candidate for com-
mercialisation. The manufacturing of this product using
mammalian cells and primary capture using Protein-A-
based chromatography allows utilisation of existing
commercial biotechnology infrastructure used for
products like recombinant monoclonal antibodies.
These facilities could rapidly output large numbers of
doses, including for the developing world, given the
promising stability profile without the need for frozen
storage and transport.
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