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Abstract

Background Current COVID-19 vaccines are effective at preventing severe disease but provide limited protection
against infection and transmission, particularly as new variants emerge. Vaccines capable of inducing both systemic
and mucosal immunity and robust T cell responses, may offer broader and more long-lasting protection. This study
aimed to evaluate protein-based vaccine candidates incorporating SARS-CoV-2 spike (S) and its receptor-binding
domain (RBD), as well as nucleocapsid protein (N) antigens administered through different immunization schemes.

Methods Mice were immunized three times at four-week intervals with vaccine formulations containing Fc-fused
RBD proteins, S, and/or N proteins. Vaccines were administered intranasally, subcutaneously, or with subcutaneous
or intramuscular priming followed by intranasal boosting. Branched polyethylenimine (BPEI) was used as a mucosal
adjuvant, and Adjuvant system 04 (AS04) for intramuscular administration. Depending on the experiment, BPEI or
AS04 was used for subcutaneous immunizations. Systemic antibody responses were assessed from serum samples
and mucosal antibody responses from bronchoalveolar lavage samples by ELISA. Cellular responses were measured
from splenocytes after antigen stimulation by FluoroSpot analysis of cytokine secretion.

Results Fc-fused RBD antigens elicited higher antibody responses than whole S protein. Inclusion of low amount

of N protein enhanced RBD- and S-specific systemic and mucosal IgG and IgA responses, and significantly increased
splenocyte IL-2 and IFN-y secretion. Intranasal vaccination alone induced variable mucosal antibody responses,
whereas intramuscular priming followed by intranasal boosting consistently produced higher systemic IgG levels,
robust mucosal responses, and T cell activity. Neutralizing antibodies were negligible in intranasally primed groups
but were detectable in most animals receiving intramuscular priming. Among all regimens, the combination of
intramuscular priming with N-containing formulations generated the highest magnitude and breadth of humoral and
cellular responses. All vaccine formulations were well tolerated with no adverse effects observed.
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Conclusions Protein-based vaccines incorporating N together with Fc-fused RBD antigens significantly broaden
and enhance immune responses in mice. Intramuscular priming followed by intranasal boosting proved superior to
other regimens, inducing strong systemic, mucosal, and cellular immunity. These findings suggest that inclusion of
conserved internal virus antigens and heterologous prime-boost strategies may improve durability and breadth of
protection, supporting their development as next-generation COVID-19 vaccines.

Keywords SARS-CoV-2 virus, Next-generation COVID-19 vaccines, Coronaviruses, Protein subunit vaccines, Intranasal
vaccination, Immunogenicity, Nucleocapsid protein, Fc-fused RBD protein
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Background

Coronaviruses (CoVs) are a diverse group of enveloped
positive-sense single-stranded RNA viruses belonging to
the subfamily Orthocoronavirinae, in the family Corona-
viridae of the order Nidovirales. There are four endemic,
human CoVs (HCoVs) circulating in the human population:
HCoV-229E, HCoV-NL63, HCoV-HKU1 and HCoV-OC43,
which are generally associated with relatively mild clini-
cal symptoms and typically cause common colds. The first
highly pathogenic HCoV emerged in 2002 in China [1]. It
caused a deadly outbreak with a mortality rate of approxi-
mately 10% during 2002-2004 before it disappeared [2].
This novel CoV was designated Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV), named after the new
human illness it caused. A second novel CoV, Middle East
Respiratory Syndrome Coronavirus (MERS-CoV), appeared
in Saudi-Arabia in 2012. The virus was responsible for out-
breaks in South Korea in 2015 and in Saudi Arabia in 2018,
and it continues to circulate among the camels mainly in
the Arabic peninsula [1]. In late 2019, another novel CoV
emerged in Wuhan, China [3]. The World Health Organi-
zation (WHO) named this virus Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) and the disease
Coronavirus disease 2019 (COVID-19). To date (27 October
2025), the COVID-19 pandemic has caused over 778 mil-
lion cases and over 7.1 million deaths [4].

The genome of SARS-CoV-2 encodes 16 non-struc-
tural proteins and four major structural proteins: spike
(S), envelope (E), membrane (M), and nucleocapsid
(N) proteins. S, E, and M proteins form the capsid of
SARS-CoV-2, while the N protein resides inside the
capsid to pack the genomic RNA. S protein is par-
ticularly important for the virus, as it contains a vital
receptor-binding domain (RBD), which is responsible
for the recognition of host cell surface receptors that
enable virus entry [5]. Since S protein protrudes prom-
inently from the viral surface, it is also a direct target
for host immune responses, making it the major target
of neutralizing antibodies [6].

Prior to SARS-CoV, MERS-CoV and SARS-CoV-2
outbreaks, coronavirus vaccine development was
focused solely on veterinary CoVs and routinely used
to prevent serious disease in young animals [1]. SARS-
CoV and MERS-CoV outbreaks sped up the vaccine
development for CoVs. Various forms of vaccines tar-
geting SARS-CoV and MERS-CoV were developed
and tested in preclinical models. However, only a
few of them entered clinical trials and none of them
were approved by the U.S. Food & Drug Administra-
tion (FDA) [7-9]. The subunit vaccines developed
against SARS-CoV and MERS-CoV were mainly based
on the full-length S protein or on the RBD domain
due to their ability to induce neutralizing antibod-
ies against the virus [10]. Additionally, a few N and M
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protein-based SARS-CoV vaccines were developed and
preclinically tested, because several immunodominant
B and T cell epitopes have been identified in these pro-
teins [11-13]. With the emergence of SARS-CoV-2, the
coronavirus vaccine development scene exploded. In
response to the COVID-19 pandemic, extensive efforts
were undertaken globally to develop effective vaccines.
Many of these received emergency authorisation from
both the European Medicines Agency (EMA) and FDA.
While these vaccines have reduced the global burden
of COVID-19 disease, they remain insufficient in the
combat against SARS-CoV-2. In 2023, there were over
380 vaccines in different stages of pre-clinical or clini-
cal trials. Out of the 183 vaccines in different clinical
phases, most were utilizing protein subunit (32%) or
RNA (24%) platforms and non-mucosal administration
routes (89.6%). For the vaccines in pre-clinical phase,
protein subunit (38.7%) and viral vectors (22.1%) were
the most utilized platforms [14]. Currently, there are
only five EMA authorised COVID-19 vaccines on
the market: Bimervax (previously COVID-19 Vac-
cine HIPRA) by HIPRA Human Health S.L.U., Comir-
naty developed by BioNTech and Pfizer, Kostaive by
Arcturus Therapeutics Europe B.V., Nuvaxovid by
Novavax CZ, a.s., and Spikevax (previously COVID-
19 Vaccine Moderna) by Moderna Biotech Spain S.L.
[15]. These current vaccines provide 56—-95% effi-
cacy against symptomatic COVID-19, but for persis-
tent immunity booster immunizations are required
[16—19]. In addition to waning immunity, a key limi-
tation of the current vaccines is their intramuscular
administration. While intramuscularly administered
COVID-19 vaccines provide robust systemic antibody
responses and prevent the incidence of severe disease,
they cannot fully prevent infection and transmission
leading to breakthrough infections [20-22].

Therefore, inducing a local mucosal immune
response could be an effective way to protect against
SARS-CoV-2 infection and transmission. In order to
establish respiratory immunity with resident memory
T and B cells in the upper airways and lungs, the vac-
cine must be administered locally in the respiratory
tract [23, 24]. Intramuscular administration of SARS-
CoV-2 vaccines induces high levels of circulating anti-
bodies, memory B cells, and circulating effector CD4+
and CD8+ T cells in animal models and humans [25—
27]. However, non-mucosal vaccines do not induce
high levels of potent antiviral immune memory at
mucosal surfaces, such as tissue-resident memory B
cells (BRM cells) and T cells (TRM cells) as well as
mucosal immunoglobulin G (IgG) and dimeric IgA
[28-31]. Vaccines targeting the respiratory mucosa
could address the shortcomings of non-mucosal vac-
cination; recent assessments of intranasally delivered
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SARS-CoV-2 spike encoding adenoviral vectors and
recombinant spike proteins have shown mucosal
immunogenicity as well as protection and reduced
viral shedding in mice, hamsters, and nonhuman pri-
mates [31-39].

Key factors for a mucosally administered protein-
based vaccine against COVID-19 include effective
antigen presentation, robust immune activation, and
long-lasting protection [40, 41]. Engineering of the Fc
(fragment, crystallizable) portion of an immunoglobu-
lin (Ig) offers a promising way to achieve these goals by
optimizing interactions with immune cells. Incorpo-
rating the Fc portion of an IgG molecule into a vaccine
antigen provides several immunological advantages.
The IgG Fc portion enables targeted binding to Fc-
gamma receptors (FcyRs) on antigen-presenting cells
(APCs), facilitating efficient antigen uptake, process-
ing and presentation to T cells [42—-45]. This process
is critical for initiating a strong adaptive immune
response. Inducing antigen specific T cell responses
via MHC:antigen peptide-T cell receptor (TCR) is
essential for mounting long-lasting, effective immu-
nity which in the case of soluble protein antigens is to
a considerable extent controlled by FcyR function [45].
Furthermore, Fc-mediated effector functions, such as
antibody-dependent cellular cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP),
amplify the antiviral activity of the vaccine-induced
antibodies [44, 45]. The Fc portion of IgG also inter-
acts with the neonatal Fc receptor (FcRn), which medi-
ates the transfer of IgG across epithelial cells [46, 47].
Within epithelial cells in the endosome or on the cell
surface, the FcRn-IgG goes through a non-degradative
vesicular transport pathway and the FcRn transports
its bound IgG or, in the case of vaccine, the Fc fused
antigen across the mucosal barrier and releases it into
the lumen or submucosa upon exposure to physiologi-
cal pH [48]. Through binding, FcRn also extends the
half-life of IgG and, therefore, the half-life of Fc fused
antigen [49]. This prolonged exposure enhances both
the magnitude and durability of the immune response,
making Fc-fusion strategies a compelling approach for
next-generation COVID-19 vaccines.

In addition to enhancing the immune response with
Fc engineering, the role of mucosal adjuvants is criti-
cal in developing mucosally administered protein-
based vaccines [50]. Protein-based vaccines usually
lack endogenous innate immune stimulators possessed
by live attenuated or killed whole pathogens, such
as bacterial cell wall products and genomic nucleic
acids, which act as pathogen-associated molecu-
lar patterns (PAMPs) and are able to induce adap-
tive immune responses [51]. Although adjuvant
requirements are mostly the same for parenteral and
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mucosal vaccines, the development of mucosal vac-
cine adjuvants requires specialized considerations of
adapting the adjuvants to characteristic mucosal con-
ditions. Currently, there are no mucosal adjuvants
that hold market approval or are in clinical use. The
most studied and potent mucosal adjuvants are chol-
era toxin (CT), the heat-labile toxin (LT) produced
by Escherichia coli and diphtheria toxin. These tox-
ins have an adjuvant effect and are considered to be a
gold standard of mucosal adjuvants. However, due to
their harmful toxic effect, they are not used for clinical
application [52]. Although to avoid these toxic effects,
mutants that are less toxic have been created [53, 54].
Molina Estupinan and colleagues have recently used
dmLT (double mutant detoxified version of the heat-
labile enterotoxin) and mmCT (non-toxic multiple
mutant of cholera toxin) in their study to adjuvant
intranasally administered pneumococcal conjugate
vaccine [55]. Another class of adjuvants is the pattern
recognition receptors (PRRs) ligands. These adjuvants
are based on PAMPs activation and act through Toll-
like receptor (TLR) stimulus. Examples of these kinds
of adjuvants, which have been administered intrana-
sally in preclinical phases, are CpG oligodeoxynucleo-
tides (ODNs) [31] and polyinosinic-polycytidylic acid
(Poly(I:C)) [56]. In addition, cytokines and chemokines
have been shown to work in mucosal sites as adjuvants
[52]. An adjuvant (CP-15) combining two TLR ago-
nists, CpG ODNs and poly(I:C), with cytokine IL15,
has been used as a mucosal adjuvant in a preclinical
SARS-CoV-2 study [39]. Adjuvants can also be clas-
sified as delivery adjuvants which comprise nano- or
microparticles, polymers, emulsion, liposomes and
immune-stimulating complexes (ISCOM) that are used
to encapsulate the antigen and deliver it to a specific
cell [52]. Intranasally administered examples of these
in preclinical studies are Montanide ISA™ 51 (blend of
mannide monooleate surfactant and mineral oil) [57],
Alhydrogel® [58] and polyethyleneimine (PEI) [53, 54].
An oil-in-water adjuvant, Wg,5EC (NanoVax®), has
even been tested in clinical phase [59].

In this study, we developed and evaluated a protein-
based SARS-CoV-2 vaccine strategy guided by two
related hypotheses. First, we hypothesized that the
inclusion of the conserved SARS-CoV-2 nucleocap-
sid protein in spike-containing formulations would
broaden the cellular immunity, particularly T cell
responses. Second, we hypothesized that mucosal
delivery of S- and N-containing protein vaccines, in
combination with selected adjuvants, would elicit an
immune profile distinct from conventional parenteral
vaccination, characterized by enhanced mucosal and
cellular immunity. To test these hypotheses, we sys-
tematically optimized antigen composition, dosage,
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and route of administration using whole N and S pro-
teins as well as Fc-fused RBD domains from multiple
SARS-CoV-2 variants (Wuhan, beta B.1.351, and omi-
cron BA.4/BA.5) at different doses in a murine model.
We compared intranasal, subcutaneous, and intra-
muscular immunization strategies and additionally
assessed branched PEI (BPEI) as a potential mucosal
adjuvant. Our findings demonstrate that incorporating
a low amount of N protein into RBD-based formula-
tions and using an intramuscular prime — intranasal
boost strategy substantially enhances the breadth and
durability of both humoral and cellular immunity.
Importantly, identifying an optimal antigen combi-
nation and administration strategy provides a frame-
work for rational design of next-generation COVID-19
vaccines capable of eliciting more cross-protective
and long-lasting immunity. Further work is needed to
define the most effective mucosal adjuvant to support
this approach.

Methods

Design of the vaccine antigens

The N protein was produced based on the original SARS-
CoV-2 strain (first identified in Wuhan, GenBank ID:
YP_009724397.2). Prefusion stabilized S protein was pro-
duced based on SARS-CoV-2 Alpha strain (B.1.1.7, Gen-
Bank ID: QQX99439.1). The design of the spike protein is
similar as the design described previously [60]. Six amino
acids (K986, V987, F817, A892, A899, and A942) in the S2
portion of the S head region were replaced with 6 prolines.
The furin cleavage site was mutated from RRAR to AGAG
(residues 682—-685) to prevent S1-S2 cleavage [61], and the
C-terminal transmembrane/cytoplasmic tail domain of
S was replaced with a T4 fibritin self-trimerizing domain
(GenBank ID: IRFO_A).

The genes for S and N proteins were codon optimized for
insect cell expression and synthesized by GenScript Biotech
(Piscataway, NJ, USA). The S coding gene was cloned down-
stream of the polyhedrin promoter and honeybee melittin
signal sequence [62] in the pOET5 plasmid vector (Oxford
Expression Technologies, Oxford, UK) along with the addi-
tion of C-terminal 8xHis tag. The N coding gene was cloned
downstream of p10 promoter in the pOET5 plasmid vector
(Oxford Expression Technologies) without the inclusion of
an affinity purification tag.

SARS-CoV-2 S-protein RBD domain variants were
designed to be produced in mammalian cells based on
strains of the original (Wuhan, GenBank ID: NC_045512.1),
the beta (B.1.351, first identified in South Africa, GenBank
ID: OR939248) and subvariants of omicron (omicron BA.4/
BA.5, GenBank IDs: OP093374 and OP093373, respec-
tively). A codon optimized synthetic 1531 bp cDNA (Gen-
Bank ID: PP599180.1) encoding SARS-CoV-2 RBD amino
acids 319-541 as an N-terminal fusion protein attached
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through a 6 amino acid GSGGGG linker to mouse IgG2a Fc
part (amino acid residues 238—469) followed by a 10 amino
acid GSHHHHHHHH tag was designed based on the origi-
nal isolate Wuhan-Hu-1 and synthesized by GeneUniversal
(Newark, DE, USA). The same construct was used to gen-
erate wuRBD-GS-8his by deleting the mFc portion flanked
by introduced BamHI restriction enzyme sites. Separate
saRBD-GS-8his and BA.4/5-RBD-GS-8his synthetic con-
structs were generated to cover the respective SARS-CoV-2
RBD 319-541 amino acids of the beta “South Africa” vari-
ant and the omicron BA.4/5 variant and these were used
for expressing antigens for ELISA. Furthermore, mFc-6his
tagged versions of these variants were developed for obtain-
ing saRBD-mFc-6his and BA.4/5-mFc-6his antigens for
vaccine formulations. All these RBD ¢cDNA variants were
subcloned into a mammalian expression plasmid vector
with a CAG-promoter and internal ribosomal entry site
driven puromycin selection gene.

Production and purification of vaccine antigens

The N and S proteins were produced and purified simi-
larly as described before for CVB1-VLPs produced in our
research group [63]. Briefly, the recombinant baculovirus
stocks were generated using flashBAC ULTRA baculo-
virus kit (Oxford Expression Technologies) according to
manufacturer’s instructions. The titres of the baculovirus
stocks were determined using a BacPAK™ Baculovirus
Rapid Titre Kit (TaKaRa, Mountain View, USA).

The N protein was produced in High Five cells in Insect-
XPRESS™ Protein-free Insect Cell Medium (Lonza, Basel,
Switzerland) using a multiplicity of infection (MOI) value
of 1 pfu/cell and cultivation time of 4 days. The cultured
supernatant was harvested by filtering the culture with
Sartoclear Dynamics® Lab V 1000 mL Kit 0.22 um pore
size (Sartorius, Gottingen, Germany). The N protein was
concentrated from the culture supernatant by Tangen-
tial Flow Filtration (TFF), utilising 10 MWCO hollow
fiber with an AKTA Flux system (Cytiva, Marlborough,
MA, USA). The buffer was exchanged to 50mM NaHPO,
(pH 7.4) with the same system. The protein was bound
to 5ml SP FF cation exchange column (Cytiva) in 50 mM
NaHPO, (pH 7.4) buffer and eluted using stepwise NaCl
gradient (>95% pure protein peak with 0.5M NacCl).

The S protein was produced in High Five cells in Insect-
XPRESS™ Protein-free Insect Cell Medium (Lonza) using
a MOI value of 10 pfu/cell and cultivation time of 5days
or a MOI value of 20 pfu/cell and cultivation time of
4 days. The protein was collected from the culture super-
natant by filtering the culture with Sartoclear Dynam-
ics®* Lab V 1000mL Kit 0.22um pore size (Sartorius).
Prior to chromatography, the supernatant was diluted
1:1 with 50mM NaHPO, (pH 7.4) buffer. The protein was
bound to HisTrap Excel column (Cytiva) at 4 °C, eluted
with stepwise imidazole gradient (>95% pure protein
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peak with 0.25M imidazole), and dialyzed by gradually
decreasing imidazole concentration against phosphate
buffered saline (PBS) until the imidazole was completely
removed from the sample.

SARS-CoV-2 RBD domains fused to mouse IgG2a Fc
regions (RBDmFc proteins) were produced in mamma-
lian cells and purified as described before [64]. Briefly,
the expression plasmids were transfected to human
embryonic kidney (HEK293F) cells with Fugene 6 (Pro-
mega, Madison, WI, USA) and selected for stable cell
production with puromycin (Gibco, Waltham, MA,
USA). The cell line was adapted to suspension culture
in CD OptiCHO medium (Gibco) supplemented with
2mmol/l Ultraglutamine (Lonza) for large-scale produc-
tion. The cell culture was maintained in a square-bottom
glass flask at 37 °C, then shifted to 33 °C for 5-8days to
promote protein production. The culture media were
collected and filtered through a 0.22-um Steritop™ mem-
brane (Merck, Darmstadt, Germany). Recombinant pro-
teins were subsequently captured using either Protino
Ni-NTA column (Macherey-Nagel, Diiren, Germany) or
HisTrap Excel column (Cytiva) at 4 °C, eluted with a gra-
dient of increasing imidazole concentrations, and finally
dialyzed against PBS.

Vaccine antigen characterization

Purified vaccine antigens were analysed with Criterion
TGX stain-free precast gels (Bio-Rad Laboratories, Her-
cules, CA, USA). The amount of impurities in the vac-
cine antigens were assessed by densitometry analysis of
stain-free stained SDS-PAGE gels using the Image]J Fiji
software v2.16.0 [65] (https://imagej.net/). Protein conce
ntration was determined with UV/Vis spectroscopy using
Nanodrop (Thermo Fisher Scientific, Waltham, MA,
USA).

Table 1 Vaccination groups and regimens in the first study

Group n  Vaccine Dose Administration route
GR1 6 Buffer 2XSs.C.
GR2 6 N 4ug 2Xs.C
GR3 6 N 8ug 2Xs.cC
GR4 6 S 4ug 2Xs.C
GR5 6 S 8ug 2Xs.C
GR6 6 N+S 4+4ug 2Xs.C
GR7 6 N+S 8+8ug 2Xs.C
GR8 3 Buffer - 2xin.
GR9 3 N+S 2+2ug 2xin.
GR10 3 N+wuRBDmFc 4 +4ug 2xin.
GR11 3 N+wuRBDmFc  8+8ug 2Xin.

A total of 54 female BALB/c mice were randomly assigned to eleven different
vaccination groups (n=3 or n=6). Six groups (GR2-7) received two doses of
different formulations of the vaccine subcutaneously (s.c.) with a four-week
interval and three groups (GR9-11) received two doses of different formulations
of the vaccine intranasally (i.n.). GR1 and GR8 were control groups and received
PBS instead of the vaccine formulations. wuRBDmFc stands for RBD from the
original “Wuhan” strain fused with mouse IgG2a Fc region
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The morphologies of N and S proteins as well as the
RBDmFc proteins were analysed with mass photometry.
Prior to analysis, all the proteins were diluted to a con-
centration of 200nM with sterile filtered PBS (Gibco).
Before measuring the samples, standard samples with
known morphologies and masses were analysed to
acquire a standard curve to which sample measurements
could be compared to. In this case, the used standards
were beta-amylase (Sigma-Aldrich, St. Louis, MO, USA)
and thyroglobulin (Sigma-Aldrich). Every measure-
ment was executed in a droplet of filtered PBS so that
the measuring concentration of the samples was 20nM,
40nM or 100nM and recorded for 60seconds. Refeyn
TwoMP mass photometer (Refeyn Ltd, Oxford, UK) and
AcquireMP software (Refeyn Ltd) were used for the mea-
surements and DiscoverMP software (Refeyn Ltd) for the
analysis.

Additionally, endotoxin concentrations were deter-
mined from the vaccine antigen stocks with ENDO-
ZYME® II GO STRIPS (BioMerieux, Marcy-I'Etoile,
France) and measured with Spark® multimode plate
reader (Tecan, Minnedorf, Switzerland). The amount of
residual DNA in the stocks was measured with Qubit™
1X dsDNA HS Assay Kit (Invitrogen, Waltham, MA,
USA) and Qubit™ fluorometer (Invitrogen).

Vaccine formulation, immunizations, and sampling of mice
All mouse immunizations and sample collections were
carried out following similar procedures as previously
detailed in our research group’s studies on the immuno-
genicity of the CVB1-VLP and SARS-CoV-2 vaccines [63,
66, 67]. For the first immunization study, vaccines were
formulated by diluting the antigens using PBS (Gibco) as
a diluent to a final volume of 45 pl for intranasal immuni-
zations and to a final volume of 150l for subcutaneous
immunizations. 5pg per dose of MPLA-SM Vaccigrade™
(Invivogen, San Diego, CA, USA) and 50 ug per dose of
Alhydrogel® adjuvant 2% (Invivogen) were added prior
to administration and vaccine-adjuvant mixtures were
mixed for 5minutes at room temperature (RT) to allow
the Alhydrogel to effectively adsorb the antigens. 6-week-
old female BALB/cJRj mice (Janvier Labs, Le Genest-
Saint-Isle, France) were divided into groups of 3 or 6 mice
(Table 1). Seven groups were administered the 150 ul
dose subcutaneously (s.c.) on weeks 0 and 4. Four groups
were administered the 45pul dose intranasally (i.n.) by
gradually pipetting 22.5ul of adjuvanted vaccine to each
nasal opening on weeks 0 and 4. PBS (Gibco) with adju-
vant was used as a negative control. Blood samples from
tail veins were collected prior to immunizations on weeks
0, 4, 6, and 8 under inhalation anaesthesia by isoflurane
(Attane vet, Vet Medic Animal Health, Hattula, Finland).
The blood samples were centrifuged 3500g for 20 min-
utes at +4 °C and the subsequent serums were stored at
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-80 °C until further use in ELISA. Mice were euthanised
on week 10 with CO, and whole blood was collected to
BD Microtainer® blood collection tubes (Becton Dick-
inson Biosciences, New Jersey, NJ, USA) through heart
puncture.

For the second immunization study, vaccines were
prepared by diluting the antigens using PBS (Gibco) as a
diluent either to a final volume of 26 ul (i.n. administra-
tion) or to a final volume of 150 pl (s.c. administration).
10pug per dose of 25kDa branched polyethylenimine
(BPEI) (Sigma-Aldrich) was added prior to administra-
tion and left to incubate for 2hours at RT. 6-week-old
female BALB/cJRj mice (Janvier Labs) were divided into
groups of 3 or 6 mice (Table 2). All the groups except for
group 5 were administered the 26 pl dose i.n. by gradually
pipetting 13 pl of adjuvanted vaccine to each nasal open-
ing of the mouse on week 0, 4 and 8. Group 5 received
their first vaccine dose of 150l through the s.c. route
on week 0 and the next two doses i.n. on week 4 and 8.
Blood samples from tail veins were collected on week
0, 4, 6, 8, and 10 under inhalation anaesthesia by isoflu-
rane (Attane vet, Vet Medic Animal Health). The blood
samples were centrifuged 3500¢g for 20 minutes at +4 °C
and the serum specimens were stored at —80 °C until
further use in ELISA. Mice were euthanised on week
12 and whole blood was collected to BD Microtainer®
blood collection tubes (Becton Dickinson Biosciences)
from axillary vein under terminal anaesthesia by a lethal
dose of ketamine hydrochloride (Ketaminol vet, MSD
Animal Health, Rahway, NJ, USA) and medetomidine
hydrochloride (Dorbene vet, Vetcare Oy, Helsinki, Fin-
land). Finally, the euthanisation was ensured by cervical
dislocation. The whole blood samples were centrifuged
8000g for 90seconds at RT and the serum specimens

Table 2 Vaccination groups and regimens in the second study

Group n Vaccine Dose Admin-
istration
route

GR1 3 Buffer 3xin.

GR2 6  WURBDmFc+saRBD-  1.3+13+13ug 3xin.

mFc+S

GR3 6  wuRBDmFc+saRBD-  13+13+13+05ug 3xin.

mFc+S+0.5N

GR4 6  wuRBDmFc+saRBD-  13+13+13+1ug 3xin.

mFc+S+N

GR5 6 WURBDmFc+saRBD-  13+13+13+1ug 1%

mFc+S+N SC+H2X

i.n.

A total of 27 female BALB/C mice were randomly assigned to five different
vaccination groups (n=3 or n=6). Three groups (GR2-4) received three doses of
different formulations of the vaccine intranasally (i.n.) with four-week intervals.
One group (GR5) received the first dose subcutaneously (s.c.) and the following
two doses i.n. GR1 was a control group and received PBS instead of the vaccine
formulations. wuRBDmFc stands for RBD from the original “Wuhan” strain
fused with mouse IgG2a Fc region and saRBDmFc for RBD from the beta “South
Africa” strain fused with mouse IgG2a Fc region
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were stored at —80 °C until further use in ELISA. Addi-
tionally, bronchoalveolar lavage (BAL) samples were
collected by orotracheal intubation of terminally anaes-
thetized mice by flushing the lungs with 2ml of PBS
(Gibco) supplemented with EDTA-free Pierce™ Protease
Inhibitor Mini Tablets (Thermo Fisher Scientific) using
an olive tip cannula (Acufirm, Berlin, Germany) [68].
The BAL samples were centrifuged 20,000g for 5min at
+4 °C before storing the supernatants at —-80 °C until fur-
ther use in ELISA. Finally, the spleens of the immunized
mice were also collected and splenocytes were extracted
as follows: spleens were smashed through sterile 40 um
cell strainers (Thermo Fisher Scientific) to get single-cell
suspensions and washed with washing buffer containing
PBS (Gibco) supplemented with 1% FBS (Sigma-Aldrich)
and 2mM EDTA (Sigma-Aldrich). The cells were cen-
trifuged 400g for 5min and red blood cells were lysed
with 1 ml of ACK buffer (Gibco) for 1 min. The lysed cells
were removed by washing the cells with washing buffer
and centrifuged. One final washing step was conducted,
the suspensions centrifuged, and then the cells were
suspended in washing buffer for cell counting. The cell
counting was performed with Countess™ Automated Cell
Counter (Invitrogen). After counting, the cells were cen-
trifuged, suspended in freezing buffer consisting of 50%
RPMI-1640 Medium (Thermo Fisher Scientific), 40% FBS
(Sigma-Aldrich) and 10% DMSO (Sigma-Aldrich) and
cryopreserved until further use.

For the third immunization study, vaccines were pre-
pared by diluting the antigens using PBS (Gibco) as a
diluent either to a final volume of 26 l (i.n. administra-
tion) or to a final volume of 50 pl (intramuscular admin-
istration). 10pug per dose of BPEI (Sigma-Aldrich) was
added prior to i.n. administration and left to incubate for
2hours at RT. Prior to intramuscular (i.m.) administra-
tion, 5 ug per dose of MPLA-SM Vaccigrade™ (Invivogen)
and 50 ug per dose of Alhydrogel® adjuvant 2% (Invivo-
gen) were added and the vaccine-adjuvant mixtures were
mixed for 5minutes at RT to allow the Alhydrogel to
effectively adsorb the antigens. 6-week-old female BALB/
¢JRj mice (Janvier Labs) were divided into groups of 5 or
8 mice (Table 3). Groups 1-3 were administered the 26 ul
dose i.n. by gradually pipetting 13l of adjuvanted vac-
cine to each nasal opening on weeks 0, 4 and 8. Groups
4 and 5 received their first vaccine dose of 50 ul through
the i.m. route on week 0 and the next two doses i.n. on
weeks 4 and 8. 5 mice of each group were euthanised on
week 12 and 3 mice from groups 2 to 5 were followed up
for eight weeks and euthanised on week 20. Blood sam-
ples were collected from the follow-up mice on weeks
14, 16, and 18. All the sample collection, handling and
the following procedures were performed as in the previ-
ous animal study (second immunisation study) with the
exception that the extracted splenocytes were suspended
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Table 3 Vaccination groups and regimens in the third study

Group n Vaccine Dose Administration route
GR1 5  Buffer - 3xin.

GR2 8 BA4/5RBDmFc 4ug 3xin.

GR3 8 BA4/5RBDmFc+N 4+05ug 3 xin.

GR4 8 BA4/5RBDmFc 4ug 1 Xim.+2xin.

GR5 8 BA4/5RBDmFc+N 4+05ug 1xim.+2xin.

A total of 37 female BALB/C mice were randomly assigned to five different
vaccination groups (n=5 or n=8). Groups 2 and 3 received three doses of
different formulations of the vaccine intranasally (i.n) with four-week intervals.
Groups 4 and 5 received the first dose intramuscularly (i.m.) and the following
two doses i.n. GR1 was a control group and received PBS instead of the vaccine
formulations. BA.4/5 RBDmFc stands for RBD containing the mutations from
both the BA.4 and BA.5 subvariant of omicron strain fused with mouse 1gG2a
Fcregion

in splenocyte incubation medium consisting of RPMI
1640 Medium supplemented with GlutaMAX (Thermo
Fisher Scientific), 500U Penicillin-Streptomycin (Sigma-
Aldrich), 10% FBS (Sigma-Aldrich), and 25mM HEPES
(Sigma-Aldrich) for cell counting and used directly for
FluoroSpot assays without cryopreserving them first.

Prior to the start of the pre-clinical experiments, all
animals were randomly divided into the groups and
allowed to acclimate for 7days. All mice were housed
in pathogen-free environment in individually ven-
tilated NexGen™ IVC cages (Allentown LLC, Allen-
town, NJ, USA) and food and water were provided ad
libitum. The pre-clinical experiments were done in
accordance with the regulations and guidelines of the
Finnish National Experiment Board (Permission number
ESAV1/48887/2023). All efforts were made to minimize
animal suffering and to reduce the number of animals
used. The welfare of the animals was monitored through-
out the experiment and Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines were followed.
The laboratory animal usage permission (Regional State
Administrative Agency, Pirkanmaa, Finland; decision
number ESAVI/1408/2021) held by the research group
(Virology and Vaccine Immunology at the Tampere Uni-
versity) covers all animal experiments conducted in this
study.

Antigens forimmunological analyses

The N and S protein based on the same antigens as in the
vaccinations were used in this study in measuring the
antigen-specific immunoglobulin levels in ELISA analy-
ses and as stimulants in FluoroSpot analyses. For measur-
ing the RBD-specific immunoglobulin levels from sera
and mucosal samples, RBD proteins without the IgG2a
Fc region were produced. Briefly, RBD ¢cDNAs were sub-
cloned with C-terminal 8xHis tag into a mammalian
expression plasmid vector with a CAG-promoter and
internal ribosomal entry site driven puromycin selection
gene. Puromycin selection, protein expression, purifica-
tion and characterization were done with same methods
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as described earlier for the RBDmFc vaccine antigens in
this study.

Antigen specific IgG and 1gG subtype antibodies in serum
Antigen specific IgG, 1gG, and IgG,, antibodies were
determined with indirect enzyme-linked immunosor-
bent assays (ELISA) from serum samples. F96 Maxi-
sorp Nunc-Immuno plates (Thermo Scientific) were
coated with 10mM carbonate buffer (pH 9.4) contain-
ing 50 ng of N protein, 100 ng of S protein or 25 ng of
RBD domain without the mFc fragment per well and
incubated overnight at RT. After washing the plates with
washing buffer (PBS supplemented with 0.85% NaCl and
0.05% Tween20) the plates were blocked with PBS buffer
containing 0.1% bovine serum albumin (BSA) (Sigma-
Aldrich). EIA buffer (PBS supplemented with 2% NaCl,
1% BSA and 0.05% Tween20) was used as a dilution buf-
fer. Serially diluted mouse sera from the immunization
experiment were added to the wells after blocking and
incubated for an hour at 37 °C. After incubation, the
plates were washed and horseradish peroxidase (HRP)
conjugated anti-mouse secondary antibodies IgG (diluted
1:2300 in EIA, Vector Laboratories, Newark, CA, USA),
Ig@G; (diluted 1:2300 in EIA, Invitrogen) or IgG,, (diluted
1:2300 in EIA, Invitrogen) were added to the wells and
incubated for an hour at 37 °C. After washing, the antigen
specific IgG and IgG subtype antibodies were detected
using o-Phenylenediamine (OPD) substrate (Sigma-
Aldrich). Measurement of absorbance was performed at
490 nm with VICTOR® Nivo™ microplate reader (Revvity,
Waltham, MA, USA).

Positivity cut-off value for the end-point titre was
determined as previously described in [63]. Briefly, the
positivity cut-off value for the end-point titre was estab-
lished using buffer (PBS) mouse OD readings and cal-
culated as the mean OD plus three times the standard
deviation. The end-point titre for each antibody was
defined as the highest dilution exceeding this calculated
cut-oft. Individual sample titres were then plotted, and
the results were presented as the geometric mean titre
(GMT) for each experimental group. For consistency, the
positivity cut-off was assigned an arbitrary value equiva-
lent to one fourth of the starting titre for the 2-fold serum
dilutions, corresponding to a 1:100 dilution for serum.

Antigen specific IgA and IgG antibodies in bronchoalveolar
lavages

Antigen specific IgA and IgG antibodies were deter-
mined from BAL samples with indirect ELISA similarly
to the IgG antibodies from serum. The only exception
was the secondary antibody used in IgA ELISA assays.
In this case, HRP-conjugated goat anti-mouse IgA sec-
ondary antibody (1:1000 diluted in EIA, Invitrogen) was
used to detect IgA antibodies. Positivity cut-off value
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was determined exactly as with IgG antibodies. End-
point titre values for each sample were plotted in graphs
expressing the GMT of each experimental group. The
positivity cutoff value was given an arbitrary value of one
fourth of the titre of which the 2-fold BAL dilutions were
started (positivity cutoft being 1:2.5 dilution for BAL
samples).

Neutralizing antibodies in termination serum

The neutralization ability of the antibodies was deter-
mined from termination serum samples with SARS-
CoV-2 Neutralizing Antibody ELISA Kit (Omicron BA .4/
BA.5/BE7/BQ.1/XBB.1.5) (GeneTex, Irvine, CA, USA).
The assay was set up in duplicate and performed accord-
ing to the manufacturer’s instructions. Briefly, the needed
number of 8-well strips pre-coated with recombinant
ACE2 protein were placed in a holder. Positive control
(PC) and negative control (NC) provided in the kit and
undiluted termination serum samples were added to the
wells together with a working solution of His-tagged
BAO0.4/5 RBD protein provided in the kit. This mixture
was incubated at RT for 1.5h and then the strips were
washed with wash buffer provided in the kit. A working
conjugate solution containing HRP-conjugated Anti-His
Tag antibody was added to the wells and incubated at
RT for 1h. The strips were then washed and TMB solu-
tion was added to each well. The strips were incubated
in the dark for 15minutes and the reaction was stopped
with Stop solution provided in the kit. Measurement of
absorbance was performed at 450nm with VICTOR®
Nivo™ microplate reader (Revvity). The inhibition rate
was calculated using the following formula: Inhibition
rate (IR)=[1-(average absorbance value of tested serum
sample/average absorbance value of NC)]*100%. Neutral-
ization effect was determined to be present if the IR value
was over 30%.

T-cell specific cytokine secretion from stimulated
splenocytes

Prior to starting the FluoroSpot assays, cryopreserved
splenocytes from vaccinated mice were thawed in sple-
nocyte incubation medium consisting of RPMI 1640
Medium supplemented with GlutaMAX (Thermo
Fisher Scientific), 500U Penicillin-Streptomycin (Sigma-
Aldrich), 10% FBS (Sigma-Aldrich), and 25mM HEPES
(Sigma-Aldrich) and rested for 1h at 37 °C in a humified
incubator with 5% CO,.

Simultaneous secretion of IFN-y, IL-2, and TNF was
analysed with Mouse IFN-y/IL-2/TNF-a FluoroSpot-
PLUS kit (Mabtech, Stockholm, Sweden) as previously
described [63, 69]. The assay was set up in duplicate
under sterile conditions and the splenocytes of individ-
ual mice were tested separately according to the manu-
facturer’s instructions. Briefly, the plates pre-coated
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with monoclonal antibodies (mAbs) AN18, 1A12, and
MT1C8/23C9 from the kit were washed with ster-
ile PBS (Gibco) and blocked with splenocyte incuba-
tion medium. After blocking, 1pg of stimulant (antigen)
diluted in splenocyte incubation medium together with
250,000 splenocytes were added to each well and incu-
bated at 37 °C in a humified incubator with 5% CO, over-
night. Concanavalin A (Sigma-Aldrich) (2 pg/well) and
splenocyte incubation medium were used as positive and
negative controls, respectively. Additionally, anti-CD28
mAb (diluted 1:1000 in splenocyte incubation medium)
from the kit was used as a co-stimulator in each well to
enhance antigen-specific responses, as recommended
by the manufacturer. After the overnight incubation, the
cells were removed by washing the plates with sterile PBS.
The detection antibodies were diluted in PBS containing
0.1% BSA (1:200 BAM-tagged anti-IFN-y mAb, 1:500
biotinylated anti-IL-2 mAb and 1:200 WASP-tagged anti-
TNF-a mAb) and added to the plates. The plates were
then incubated for 2hours at RT and washed with sterile
PBS. Subsequently, anti-BAM-490, Streptavidin-550, and
anti-WASP-640 fluorophore conjugates (diluted 1:200
in PBS+0.1% BSA) were added to the plates, which were
incubated for 1 hour at RT. The plates were then washed
with sterile PBS and Fluorescence enhancer provided in
the kit was added. After a 15-minute incubation at RT,
the Fluorescence enhancer and the underdrains from the
plates were removed. Plates were then dried and shipped
to Mabtech for automated spot analysis with Mabtech
IRIS 2 FluoroSpot reader and the numbers of cytokine-
secreting cells specifically activated by a stimulant were
received as a readout. For each mouse and stimulant
used, an average of the duplicate wells was calculated,
and the positivity cut-off value subtracted. The positivity
cut-off value was determined for each mouse separately
as the average number of spots in the negative control
wells + 3*(standard deviation). The final frequencies of
responding cells were expressed as the number of spot-
forming units/10° splenocytes.

Statistical analysis

Statistical analyses were done with GraphPad Prism
10.0.1. Immunological data was treated as non-paramet-
ric and the comparison between groups was done using
Kruskal Wallis test followed with Dunn’s Multiple Com-
parison test.

Results

Production, purification and characterization of the
vaccine antigens

In the present study, we produced recombinant vac-
cine antigens based on N protein, secreted S protein and
secreted RBD domains. The N protein did not contain
any amino acid modifications, whereas the S protein was
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Fig. 1 (See legend on next page.)

stabilized by two mutations in the furin cleavage site to
prevent the S1/S2 cleavage as well as 6 strategic amino
acids replaced with prolines in the S2 region as previ-
ously has been done for the original SARS-CoV-2 spike-
protein [60, 70]. For the prefusion state stabilized spike,
a T4 fibritin trimerization domain was also included to

make the vaccine antigen closely resembling the native
spike-protein conformation.

The N protein was purified using cation exchange chro-
matography. The N protein was captured to SP FF cation
exchange chromatography column and eluted from the
column using stepwise NaCl gradient. The pure N pro-
tein eluted from the column with 0.5M NaCl (boxed red
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(See figure on previous page.)

Fig. 1 Chromatography purification and characterization of the purified vaccine antigens. (A) In the chromatography purification step of nucleocapsid
protein (N), a buffer containing 50 MM NaHPO4 (pH 7.4), was used as the running buffer, and the same buffer containing 1 M NaCl was used as the elution
buffer. After sample loading, unbound proteins were washed out from the column with running buffer and column-bound N proteins eluted at approxi-
mately 0.5M NaCl. Boxed red area indicates the peak belonging to N protein. (B) SDS-PAGE analysis and stain-free total protein staining of the purified
N protein (N protein indicated by arrow). Full gel image can be found in Additional file 1: Supplementary Fig. TA. (C) In the chromatography purification
step of prefusion stabilized spike (S) protein, a buffer containing 50 MM NaHPO4 (pH 7.4), was used as the running buffer, and the same buffer contain-
ing 0.5M imidazole was used as the elution buffer. After sample loading, unbound proteins were washed out from the column with running buffer and
column-bound S proteins eluted at approximately 0.25 M imidazole. Boxed red area indicates the peak belonging to S protein. (D) SDS-PAGE analysis and
stain-free total protein staining of the purified S protein (S protein indicated by arrow). Full gel image can be found in Additional file 1: Supplementary
Fig. 1B. (E) Representative image of RBDmFc purification process. In the chromatography purification step of RBDmFc proteins, a buffer containing 50 mm
NaHPO4 (pH 7.4) and 5 mM imidazole was used as the running buffer, and the same buffer containing 0.5 M imidazole was used as the elution buffer. After
sample loading, unbound proteins were washed out from the column with running buffer and column-bound RBDmFc proteins eluted at approximately
0.25M imidazole. Boxed red area indicates the peak belonging to RBDmFc protein. Here the purified protein is BA.4/5 RBDmFc. (F) SDS-PAGE analysis
and stain-free total protein staining of the purified RBDmFc protein (RBDmFc protein indicated by arrow). Full gel image can be found in Additional file

1: Supplementary Fig. 1C

area in Fig. 1A). SDS-PAGE analysis and the subsequent
detection of the purified proteins with a stain-free stain-
ing method (Fig. 1B) revealed proteins of approximately
46 kDa corresponding to the SARS-CoV-2 N protein. The
final yield of the >95% pure N-protein was 90 mg/1.

The S protein was purified with immobilized nickel-
affinity chromatography. The protein was eluted from
the column with stepwise imidazole gradient with 0.25M
imidazole (boxed red area in Fig. 1C). SDS-PAGE analy-
sis and the subsequent detection of the purified proteins
with a stain-free staining method (Fig. 1D) revealed pro-
teins of approximately 140 kDa corresponding to the
SARS-CoV-2 S protein. The final yield of the 295% pure S
protein was moderate (2.3 mg/l).

SARS-CoV-2 RBDmFc proteins were also purified with
immobilized nickel-affinity chromatography. RBDmFc
protein was eluted with increasing imidazole concentra-
tion and pure protein eluted with approximately 0.25 M
imidazole (boxed red area in Fig. 1E). SDS-PAGE analy-
sis and the subsequent detection of the purified pro-
teins with a stain-free staining method (Fig. 1F) revealed
proteins of approximately 55 kDa corresponding to the
SARS-CoV-2 RBDmFc protein. The final yields of the
295% pure RBDmFc proteins were 1000mg/] (original
“Wuhan” strain), 1300mg/l (Beta, “South Africa” strain)
and 800 mg/1 (omicron BA 4/5).

To assess the oligomerization status of the vaccine anti-
gens, we used mass photometry. Mass photometry mea-
sures light scattering of single particles as they adsorb
onto a glass microscope slide allowing rapid determi-
nation of mass and oligomeric state of different macro-
molecules. Based on the results received from the mass
photometry measurements, the N protein is a mono-
mer with a mass of approximately 42 kDa as expected
(Fig. 2A). In contrast, the S protein, produced in insect
cell, was mostly in monomeric form (~124 kDa), with a
subset forming possibly tetramers (~564 kDa) (Fig. 2B).
With the RBD domains, we utilized Fc engineering in
the vaccine antigen design and hypothesized that fusing
a mouse Fc fragment to an RBD domain would dimerize

the RBD domain and, thus, make it better recognizable
by antigen presenting cells and, therefore, more immuno-
genic. The monomer mass calculated from the sequences
is 55 kDa for every RBDmFc protein. According to the
measurements, the C-terminally fused RBDmFc proteins
seem to dimerize (size range of approx. 120 to 125 kDa)
and even oligomerize into bigger structures (tetramers
244-249 kDa, hexamers 363-370 kDa, and octamers
493-495 kDa) through the disulfide bridge present in the
Fc region (Fig. 2C, E and G). Fc region may also provide
the protein enhanced stability, but also immunogenicity
as non-linear epitopes may be conformational epitopes
in the dimerized protein. To confirm this Fc dimeriza-
tion/oligomerization, we also analysed the RBD domains
without the Fc fragment fusion. As expected, these RBD
domains are in monomeric form and in the size range
of approximately 35 to 40 kDa (Fig. 2D, F and H) which
is in accordance with the masses calculated from the
sequences (approx. 28 kDa) with the approximated mass
of glycosylation added.

Additionally, all recombinant proteins used in vaccina-
tions were confirmed to contain <7.8 ng dsDNA per dose
and <1.5 EU endotoxins per pg of vaccine antigen, meet-
ing the criteria set for preclinical experimental vaccines
[71,72].

Recombinant protein-based vaccine induces antigen-
specific IgG in serum after subcutaneous and intranasal
immunization in mice

After producing, purifying and characterizing the vaccine
antigens, we conducted a preclinical pilot study aiming to
assess the immunogenicity of the vaccine antigens and
determining the optimal dosing regimen for the vaccine
candidates. Additionally, we tested the intranasal admin-
istration route. We used adjuvant system 04 (AS04) as an
adjuvant in the pilot study. ASO4 consists of aluminium
hydroxide and monophosphoryl lipid A (MPLA) and is a
well-established, clinically used parenteral adjuvant [73].
Mice were vaccinated two times with a four-week inter-
val either via subcutaneous (Fig. 3A) or intranasal (see
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(See figure on previous page.)

Fig. 2 Morphology analysis of the vaccine antigens by mass photometry. (A) According to mass photometry analysis SARS-CoV-2 nucleocapsid protein
(N) is a monomer with a mass of approximately 42 kDa. (B) Spike protein (alpha variant) (S) is mostly in monomeric state with a mass of approximately 124
kDa. Some S proteins have formed a tetramer with a mass of approximately 564 kDa. (C) Wuhan RBDmFc (RBD of original Wuhan strain with a fused mouse
Fc fragment (mFc)) exists in multiple forms. Most of the proteins seem to be in dimer form (120 kDa) and some in tetrameric (244 kDa) and hexameric
form (363 kDa). (D) Wuhan RBD without the Fc fragment is a monomer with a mass of approximately 34 kDa. (E) South Africa RBDmFc (RBD of beta strain
with a fused mouse Fc fragment) exists similarly to Wuhan RBDmFc in multiple forms. Most of the proteins seem to be in dimer form (124 kDa) and some
in tetrameric (248 kDa), hexameric (370 kDa) and octameric form (495 kDa). (F) South Africa RBD without the Fc fragment is a monomer with a mass of
approximately 43kDa. (G) BA.4/5 RBDmFc (RBD containing the mutations from both the BA.4 and BA.5 subvariant of omicron strain fused with mouse Fc
region) exists similarly to other RBDmFc proteins in multiple forms. Large part of the proteins seems to be in dimer form (125 kDa) and some in tetrameric

(249 kDa) and octameric form (493 kDa). (H) BA.4/5 RBD without the Fc fragment is a monomer with a mass of approximately 36 kDa

Additional file 2: Supplementary Fig. 2A) administration
route.

Through the subcutaneous route, the mice received
either N or S protein alone or combined. Overall, the
humoral immune response to the vaccine antigens
increased with the successive doses. Already, after one
dose the N-specific IgG levels were high in all the groups:
GMTs ranging from 32254 to 57470 (Fig. 3B, Table 4).
After the second dose the immune response was moni-
tored for six weeks, during which a gradual increase in
the GMTs was observed across all groups, with no evi-
dence of a decline in response. At week 8 the response
of the 4+4ug vaccinated group was significantly lower
than in those groups who received either solely 4pug
of N or the 8 +8pg vaccine, but this effect was not sus-
tained throughout the immune response (Table 4). At
later timepoints, co-administration frequently resulted in
equal or higher N-specific titers compared with N alone.
The increase in the amount of N to 8ug in the vaccine
containing solely N enhanced the elicited N-specific IgG
levels significantly at week 10 when compared to groups
containing 4 pg of N either alone or in combination with
S. These findings suggest that any early antigen interfer-
ence is transient and that co-delivery of S does not ulti-
mately suppress N-specific humoral responses.

The S-specific IgG levels were quite low after the first
immunization: GMTs ranging from 224 to 713 (Fig. 3C,
Table 4). After the second vaccine dose, the S-specific
IgG levels increased substantially and remained stable
through the following period (until week 10). The S-spe-
cific IgG levels were lower than the N-specific IgG lev-
els throughout the experiment (Table 4). The increase in
the amount of S or the addition of N protein in the vac-
cine composition did not affect the elicited S-specific IgG
levels significantly. Based on these results, the N protein
seemed to be more immunogenic than the S protein. We
concluded that decreasing the amount of N in the vac-
cine formulation for the next experiment should be done.
We anticipated that the immune system may then elicit
higher levels of antibodies against the S protein which
contains the neutralizing epitopes. Based on the elicited
S-specific I1gG levels, doubling of the dosage of S did not
significantly increase the IgG levels and, thus, we deter-
mined that 4pg was the optimal dose. The safety profile

of the vaccine was determined by monitoring the wellbe-
ing of the mice by following their weight as well as behav-
iour daily by visual inspection. The vaccine formulations
were well tolerated, and the body weights of the mice
increased over time across all groups, and no adverse
effects were observed during the study (see Additional
file 3: Supplementary Fig. 3A).

Through the intranasal route, the mice received N
protein combined with either the whole S or the wuRB-
DmFc protein (RBD from the original strain fused with
mouse IgG2a Fc region). In the first preclinical experi-
ment the intention was to pilot vaccinating via the
intranasal immunization route. Therefore, due to ethi-
cal considerations the number of animals was kept low,
and the results had no statistical significance. The used
adjuvant ASO4 is a parenteral adjuvant, but it has been
experimented in an intranasal preclinical study previ-
ously [74]. Based on the results, we could determine that
all the antigens elicited immune responses, but the vari-
ance between mice was high and we concluded that AS04
adjuvant is not optimal for mucosal immunizations.
Antigen-specific immune responses remained negligible
four weeks after the first dose. The N- and RBD-spe-
cific responses increased after the second dose and
remained at that level for at least six weeks post-vacci-
nation whereas S-specific responses remained negligible
throughout the study (see Additional file 2: Supplemen-
tary Fig. 2B-D, respectively). Again, the N protein was
more immunogenic when compared to RBD domain and
the whole S protein (GMT range at termination 4032—
10159 vs 3200-6400 and 400, respectively). The different
doses of N did not significantly increase or decrease the
N-specific IgG levels (see Additional file 2: Supplemen-
tary Fig. 2B) and, therefore, we determined that for the
next experiment the N protein amount in the vaccine for-
mulation could still be lowered. The RBD domain elicited
higher IgG levels than the whole S protein (see Additional
file 2: Supplementary Fig. 2C, D), although the dose of
the whole S was 2 ug compared to the 4 and 8 ug of the
wuRBDmFc protein. The doubling of the dose of wuRB-
DmFc did not increase the RBD-specific I1gG levels sig-
nificantly (see Additional file 2: Supplementary Fig. 2C)
and, thus, we determined that 4 ug was the optimal dose.
Although no significant differences were observed with
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points for immunizations and blood sampling. (B) Kinetics of S-specific and (C) N-specific total IgG endpoint titres depicted in serum measured with an
ELISA assay. The results are expressed as geometric means with geometric standard deviations for the groups on Log10 scale. Significant differences
between the groups are compared with Mann-Whitney U test or Kruskal-Wallis'test and Dunn’s multiple comparison and are expressed as *p <0.05 and
**p<0.01. Undetectable antibody titres are denoted with a titre of 100 and represented as a dotted line

Table 4 Antigen-specific IgG GMTs during different timepoints

Antigen Time- Geometric mean titres
point 4pgN 8ugN 4ugN+ 8ugN+
(week) 4pgS  8ugs
N 4 51200 57470 36 204 32254
6 258032 258032 409 600 364912
8 1158524 459760 182456 919521
10 2262,742 7183757 2262742 4525483
4pug S 8ug S 4ugN+ 8ugN+
4pgs 8ugSs
S 4 224 713 713 317
6 6400 8063 14 368 11404
8 7184 18 102 9051 10159
10 5702 14 368 11404 10159

the intranasal administration route, these results dem-
onstrated that wuRBDmFc and N antigens can be taken
up by immune cells via intranasal route without priming
with parenteral immunisation. However, two doses were
not enough to achieve robust immune response after
intranasal immunisation. Immunisation through intra-
nasal route was well-tolerated and the body weights of
the mice increased over time in all groups, and no health

issues were observed during the study (see Additional file
3: Supplementary Fig. 3B).

Nucleocapsid protein enhances RBD- and S-specific
humoral and cellular immune responses in mice

Based on the results of the pilot study, we concluded
that optimal immunogenicity may require an additional
booster vaccination intranasally. Therefore, in the follow-
ing preclinical study we increased the number of immu-
nizations from two to three and further optimized the
vaccine formulations by adjusting the antigen dose and
modifying the adjuvant. Groups 1-4 received three vac-
cine doses intranasally, while group 5 received the first
dose subcutaneously, followed by two intranasal doses to
see if parenteral priming enhances the immune responses
(Fig. 4A). Since there are no mucosal adjuvants that have
EMA or FDA approval for human use, branched polyeth-
ylenimine (BPEI) was tested as an adjuvant in all groups.
BPEI is a branched isoform of PEI which is an organic
polycation used as nucleic acid transfection reagents in
vitro, and gene and DNA vaccine delivery vehicles in vivo
[75, 76]. In previous studies, BPEI has been showed to
possess adjuvant properties when administered intrana-
sally [53, 54] and parenterally [77].
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Fig. 4 Comparison of humoral immune responses following different vaccination regimens in mice. (A) Vaccination regimen for groups 1-4 and for
group 5. (B) Kinetics of wuRBD-specific, (C) saRBD-specific, (D) S-specific and (E) N-specific total IgG endpoint titres from serum measured with an ELISA
assay. The results are expressed as geometric means with geometric standard deviations for the groups on Log10 scale. Significant differences compared
with Kruskal-Wallis'test and Dunn’s multiple comparison are expressed as *p < 0.05. Undetectable antibody titres are denoted with a titre of 100 and rep-
resented as dotted line. wuRBD stands for RBD from the original “Wuhan” strain and saRBD for RBD from the beta “South Africa” strain
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Table 5 Antigen specific serum IgG geometric mean titres at
different timepoints

Geometric mean titres

Antigen  Timepoint (week) Group 2 Group 3 Group 4
wuRBD 4 224 800 1131
6 12800 18102 28735
8 22807 16 127 45614
10 144 815 182456 162 550
12 325100 459 760 516 064
saRBD 4 317 200 504
6 2540 6400 8063
8 2263 4525 18102
10 28735 51200 28735
12 81275 144 815 144 815
S 4 283 178 356
6 1164 2851 4032
8 2851 4525 12800
10 28735 40 637 57470
12 81275 144 815 129016

Overall, the humoral immune responses progressively
increased with each antigen dose. At the termination
after three vaccine doses, the levels of wuRBD-, saRBD-
and S-specific immune responses were comparable
across all vaccination groups (Fig. 4B-D). Moreover,
the development of immune responses against wuRBD,
saRBD and S proteins was similar throughout the study,
indicating that the choice of vaccine antigen among these

A
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three did not influence the humoral immune response
elicited by the vaccine. Interestingly, the inclusion of N
protein at low doses in the vaccine formulation appeared
to enhance the generation of wuRBD-, saRBD-, and
S-specific immune responses. Groups 3 and 4, which
received 0.5pug or 1pg of N protein, respectively, showed
consistently higher, although not statistically significant,
IgG levels throughout the study compared to group 2,
which did not receive N in the vaccine formulation (Table
5). At termination, wuRBD-specific responses of groups 3
and 4 were 1.4-fold and 1.6-fold higher, respectively, than
the response of group 2. Similarly, the saRBD-specific
responses of groups 3 and 4 were 1.8-fold higher and the
S-specific responses 1.8-fold and 1.6-fold higher, respec-
tively, than the responses of group 2. Furthermore, the
administration route appears to have substantial effect
especially on the N-specific immune response (Fig. 4E),
which is consistently lower in group 5 which received the
first dose subcutaneously compared to group 4. Overall,
the N-specific IgG levels were lower in this study com-
pared to the pilot study (Fig. 3B, Supplementary Fig. 2B
and Fig. 4E).

The polarization of the immune response was evalu-
ated by assessing IgG subtype IgG; and IgG,, responses
from termination serum samples. The IgG,, levels,
indicative of Th1l-associated responses, were higher in all
groups compared to the corresponding IgG, levels, which
are associated with Th2-type immunity (Fig. 5A,B, Table
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Fig.5 Subtype IgG levels of vaccinated mice. (A) IgG, and (B) IgG,, endpoint titres at termination (week 12) measured with an ELISA assay. The results are
expressed as geometric means with geometric standard deviations for the groups on Log10 scale. Significant differences were compared with Kruskal-
Wallis'test and Dunn’s multiple comparison. Undetectable antibody titres are denoted with a titre of 100 and represented as dotted line. wuRBD stands
for RBD from the original “Wuhan'strain and saRBD for RBD from the beta “South Africa” strain
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Table 6 Antigen-specific IgG,:lgG,, ratios for each vaccination

group
Antigen Group Geometric mean titres
I9G, 19G,, 19G,:1gG,, ratio
wuRBD 2 224 12 800 0.018
3 800 18102 0.044
4 1131 28735 0.039
5 400 16127 0.025
saRBD 2 317 2540 0.125
3 252 6400 0.039
4 504 8063 0.063
5 400 2540 0016
S 2 283 1164 0.243
3 178 2851 0.062
4 356 4032 0.088
5 159 2016 0.079
N 3 Not detected  Not detected  Not applicable
4 Not detected 252 Not applicable
5 Not detected  Not detected  Not applicable

Ratios over 1 indicate a Th1 biased response and ratios under 1 suggest a Th2
biased response. Value Not detected means no response was observed in ELISA
assays. Value Not applicable means that 1gG;:lgG,, ratio could not be calculated
due to one or both responses being below the detection limit

6). The findings, thus, indicate a Th1-dominant immune
response to the whole S protein and the RBDmFc pro-
teins. No N-specific IgG1 response could be detected and
only group 4 elicited a weak N-specific IgG2a response
(Fig. 5A,B, Table 6). The vaccine formulation was well-
tolerated, the mice showing consistent weight gain
throughout the study (see Additional file 3: Supplemen-
tary Fig. 3C).
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Mucosal immune responses were analysed from bron-
choalveolar lavage (BAL) samples collected at the ter-
mination by measuring the antigen-specific IgA and IgG
levels by ELISA. wuRBDmFc and saRBDmFc antigens
were able to elicit IgA antibodies to some extent: GMTs
ranging from 21.6 to 50.4 and 10.4 to 35.6 respectively,
but N- and S-specific responses remained negligible (Fig.
6A) indicating that N and S proteins were likely not as
effectively taken up by antigen presenting cells as Fc-con-
jugated antigens. The IgA level in BAL samples was the
highest in group 3 (GMT for wuRBD 50.4 and for saRBD
35.6). 1gG levels in BAL samples were quite similar to
IgA levels with the exception that N and S proteins were
also able to elicit IgG antibodies to some extent (Fig. 6B).
Based on these results it seems that a very low dose of N
might boost the mucosal immune responses against RBD
antigens, but further studies are needed to confirm this
finding.

To measure T cell responses from the vaccinated
mice, the secretion of IL-2, IFN-y, and TNF was anal-
ysed from isolated mouse splenocytes following stimu-
lation with vaccine antigens using FluoroSpot assay.
IL-2 secretion was the most robust, particularly after
stimulation with both RBD proteins, where responses
were observed across all vaccination groups (Fig. 7A).
Notably, a significant IL-2 response was also detected in
group 3 after stimulation with S and N proteins whereas
the response of other groups was negligible. In contrast,
IEN-y responses were less pronounced (Fig. 7B). How-
ever, a notable response following stimulation with both
RBD proteins was observed in group 3, while responses
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Fig. 6 Mucosal immune responses in bronchoalveolar lavage samples collected upon termination. (A) Antigen-specific IgA and (B) IgG endpoint titres
from bronchoalveolar lavage samples measured with an ELISA assay. The results are expressed as geometric means with geometric standard deviations
for the groups on Log10 scale. Significant differences were compared with Kruskal-Wallis' test and Dunn's multiple comparison. Undetectable antibody
titres are denoted with a titre of 2.5 and represented as dotted line. wuRBD stands for RBD from the original strain and saRBD for RBD from the beta strain
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Fig. 7 Cellularimmune response. The secretion of (A) IL-2, (B) IFN-y and (C) TNF from isolated mouse splenocytes after stimulation with vaccine antigens.
The results are expressed as arithmetic means of responding cells which are expressed as the number of spot-forming units/106 splenocytes with stan-
dard errors of mean for the groups. Significant differences between buffer and vaccination groups are compared with Kruskal-Wallis test and Dunns'mul-
tiple comparison and expressed as *p < 0.05. wuRBD stands for RBD from the original “Wuhan”strain and saRBD for RBD from the beta “South Africa” strain

in other groups and after stimulation with S or N pro-
teins were negligible. When analysing the secretion of
IL-2 and IFN-y the addition of 0.5ug of N in the vaccine
composition seemed to boost cellular immune responses
against both RBD domains as the numbers of spot form-
ing units (SFU) per million cells were higher in group 3
than in group 2 when stimulating with wuRBD domain
(IL-2: arithmetic mean 1399 vs 1105 and IFN-y: arithme-
tic mean 54 vs 10) and saRBD domain (IL-2: arithmetic
mean 1481 vs 1130 and IFN-y: arithmetic mean 71 vs 12)
(Fig. 7A,B). Interestingly, stimulation with S or N pro-
teins led to substantial TNF secretion, even in the buf-
fer control group (Fig. 7C). This suggests the presence of
some non-specific TNF production, potentially linked to
innate immune cell activation.

Intramuscular priming followed by intranasal vaccination
improves N- and RBD-specific humoral, cellular, and
mucosal immune responses in mice

Based on the results of the second study, we wanted to
further investigate the possible booster effect of the
N protein and to see whether intramuscular priming
enhances the immune responses more than subcuta-
neous priming. Groups 1-3 received all three doses
intranasally, while group 4 and 5 received the first
dose intramuscularly, followed by two intranasal doses
(Fig. 8A). Additionally, three mice from each vaccina-
tion group (groups 2-5) were followed up for an addi-
tional eight weeks to see whether the humoral immune
response stayed stable and whether the cellular immune
response would improve over time.

Overall, the humoral immune responses progres-
sively increased with each successive dose. Already after
the first intramuscularly administered dose, both the
BA.4/5RBD- and N-specific IgG levels were high and
significantly higher than the levels elicited by intranasal
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Fig.8 Comparison of humoral immune responses following different vaccination regimens in mice. (A) Vaccination regimens for groups 1-3 and groups
4-5. Groups 2-5 initially contained 8 mice per group. 5 animals per group were terminated at week 12 for endpoint analyses and a subset of 3 mice per
group were followed up for an additional 8 weeks to assess the durability and kinetics of antibody responses. (B) Kinetics of BA0.4/5 RBD-specific and (C)
N-specific total IgG endpoint titres from serum measured with an ELISA assay. The results are expressed as geometric means with geometric standard
deviations for the groups on Log10 scale. Significant differences between groups are compared with mann-whitney U test or Kruskal-Wallis' test and
Dunn’s multiple comparison and are expressed as *p <0.05, **p <0.01, and ***p < 0.001. Undetectable antibody titres are denoted with a titre of 100 and
represented as dotted line. (D) neutralizing antibodies determined with a commercial ELISA kit. The neutralization ability of the antibodies was measured
against the SARS-CoV-2 omicron subvariant BA.4/5. Percentual inhibition rate was calculated for each mouse. Neutralization effect was deemed to pres-
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deviations for each group. BA.4/5 RBD stands for RBD containing the mutations from both the BA.4 and BA.5 subvariant of omicron strain
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Table 7 BA.4/5-specific IgG geometric mean titres during
different timepoints

Antigen Timepoint Geometric mean titres

(week) Group2 Group3 Group4 Group
5

BA4/5RBD 4 200 436 21527 21527
8 9870 4525 531185 446 672
12 23475 6 400 375605 375605
14 8063 2540 129016 258032
16 8063 2016 102 400 325100
18 10159 2 540 129016 204 800
20 25600 8063 409 600 819200

administration (Fig. 8B,C). After the second dose, IgG
levels kept increasing and a similar statistically significant
difference was seen between the different immuniza-
tion schemes as after the first dose. After the third dose,
RBD-specific antibody levels did not increase anymore
and actually decreased in the intramuscularly vaccinated
groups. N-specific antibody levels instead kept increasing
substantially. Similar statistical difference was still seen
between the different immunization schemes as after
the first and second dose. The addition of N in the vac-
cine compositions did not seem to boost or significantly
decrease the RBD-specific IgG responses during weeks
0-12 in any of the groups (Table 7). During the 8-week
follow-up period, both the RBD- and N-specific antibody
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levels first weakly decreased but then stayed approxi-
mately at the same level. During this period group 5 had
consistently higher IgG levels than group 4 (on aver-
age 2.2-fold higher), indicating that the N booster effect
might still be effective (Fig. 8B, Table 7).

The neutralization ability of the vaccine-induced anti-
bodies was analysed with a commercial neutralizing
antibody ELISA kit. In the intranasally primed groups
(groups 2 and 3) the neutralizing effect was mostly neg-
ligible (Fig. 8D). In the intramuscularly primed groups
(groups 4 and 5) most of the mice had neutralizing anti-
bodies. One mouse in group 4 and two mice in group
5 did not reach the inhibition rate (IR) of 30%, which
deemed the neutralizing effect to be present. The IR
ranged from 22 to 96%, the mean being 64% in group 4,
and from 8 to 97% the mean being 60% in group 5.

The polarization of the immune response was evalu-
ated by assessing IgG subtype IgG; and IgG,, responses
from termination serum samples (Fig. 9A-D). When
evaluating both the RBD- and N-specific IgG, levels the
intramuscularly primed groups had higher IgG; levels
than the intranasally primed groups (Fig. 9A,C, Table 8).
During the 8-week follow-up period, the levels stayed
consistent and did not decline. In addition, a weak N
booster effect could also be seen in the intramuscularly
primed groups (GMT at week 20 for group 4,479,032
and group 5,650,199) (Fig. 10A). RBD-specific IgG,,
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Table 8 Antigen-specific IgG1:lgG2a ratios for each vaccination

group
Antigen Time- Group Geometric mean titres
point I9G, 19G;, 19G;:19G,s
(week) ratio
BA4/5RBD 12 2 121775 Not Not
detected applicable
3 4935 Not Not
detected applicable
4 893 344 218 4098
5 409 600 119 3442
BA4/5RBD 20 2 64 508 Not Not
detected  applicable
3 10159 Not Not
detected applicable
4 479032 159 3013
5 650 199 400 1625
N 12 3 15222 141 108
5 3004839 9870 304
N 20 3 10159 Not Not
detected  applicable
5 3276800 32254 102

Ratios over 1 indicate a Th1 biased response and ratios under 1 suggest a Th2
biased response. Value Not detected means no response was observed in ELISA
assays. Value Not applicable means that 1gG;:lgG,, ratio could not be calculated
due to one or both responses being below the detection limit

responses were practically non-existent for all groups
(Fig. 9B, Table 8). However, an IgG,, response was seen
with group 5 when measuring the N-specific responses
(Fig. 9D, Table 8). The intramuscularly primed group 5
had significantly higher levels of I1gG,, antibodies than
the intranasally primed group 3. The group 5’s IgG,, lev-
els even increased substantially in the 8-week follow up
period (GMT at week 129,870 and at week 2,032,254). All
in all, these findings and the calculated IgG;:1gG,, ratios
indicate a clearly Th2-dominant immune response to all
vaccine antigens (Table 8).

Overall, based on the serum total IgG and subtype
IgG results, intramuscular priming seems to enhance
the humoral immune response significantly compared
to intranasal and subcutaneous priming. Intramuscular
priming also improves the neutralization ability of the
antibodies. With both immunization schemes, the vac-
cine formulations were well tolerated. The body weights
of the mice increased over time across all groups, and no
adverse effects were observed during the study (see Addi-
tional file 3: Supplementary Fig. 3D,E).

Mucosal immune responses were determined from
BAL samples by measuring IgA and IgG levels with
ELISA. Both RBD- and N-specific IgA levels were non-
existent when the vaccines were administered solely
intranasally (Fig. 11A, B). RBD-specific IgA levels were
significantly higher with intramuscularly primed groups
(groups 4 and 5) at week 12 when compared to intra-
nasally primed groups (groups 2 and 3). At week 20 the
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levels were still substantially higher in groups 4 and 5
than in groups 2 and 3, but the differences were not sta-
tistically significant. During the 8 week follow-up period,
the RBD-specific IgA levels declined more rapidly than
the RBD-specific BAL or serum IgG levels (Figs. 11A,
C and 8B). The N-specific IgA levels also declined dur-
ing the follow-up period, but less rapidly than the
RBD-specific response (Fig. 11B). When analysing the
mucosal IgG response, a similar significant difference was
observed between the different immunization schemes
as with IgA response. Groups 4 and 5 had significantly
higher IgG levels in their BAL samples than group 3 at
week 12 (Fig. 11C). Similar difference was observed at
week 20, but it was not statistically significant. A weak N
booster effect could also be observed when analysing the
RBD-specific mucosal IgG levels. Both at week 12 and 20,
group 5 had somewhat higher GMTs than group 4 (160
vs 139 and 160 vs 64). During the follow up period, the
RBD-specific mucosal IgG levels declined to negligible
levels in groups 2 and 3 but remained similar to week 12
responses in groups 4 and 5 (Fig. 11C). The N-specific
mucosal IgG levels slightly increased in group 5 (GMT
735 vs 806) and declined in group 3 (GMT 17 vs 8) (Fig.
11D).

The secretion of IL-2, IFN-y, and TNF was analysed
from isolated mouse splenocytes following stimulation
with vaccine antigens using FluoroSpot assay to mea-
sure the T cell responses. Like previously, IL-2 secretion
was the most robust, particularly after stimulation with
the RBD protein where responses were observed across
all vaccination groups (Fig. 10A). Notably, at week 12 a
significant IL-2 response was also detected in group 5
after stimulation with N protein and the vaccine of the
group (combination of RBDmFc and N) whereas the
response of group 4 was mild (Fig. 10B,C). At week 20
the IL-2 responses had increased in all groups with group
5 clearly standing out. The inclusion of N protein in the
vaccine composition and priming intramuscularly clearly
improves the IL-2 response elicited by the vaccine. Group
5 consistently had the highest mean SFU/10° cells values
within every stimulation and time point. In contrast,
IEN-y responses were less pronounced (Fig. 10D-F). Still,
group 5 stood out once again. At week 12 when stimu-
lating with RBD (Fig. 10D) or a combination of RBD and
N (Fig. 10F) a significant IFN-y response was detected
in group 5. At week 20 these responses had increased
and were higher than those seen in other groups. When
stimulating with N, IFN-y response in group 5 was higher
than that in group 3 but the differences were statistically
not significant (Fig. 10E). It seems that intramuscular
priming enhances the IFN-y response when compared
to intranasally primed groups. Additionally, when the N
protein was included in the vaccine regimen that led to a
higher IFN-y production level upon antigen stimulation
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Fig. 11 Cellularimmune responses measured by FluoroSpot assay. The secretion of IL-2, IFN-y and TNF measured from isolated mouse splenocytes after
stimulation with BA.4/5 RBD (A, D, G), N (B, E, H) and a combination of BA.4/5 RBD and N (C, F, I). The results are expressed as arithmetic means with
standard errors of the means for each group. Significant differences between groups are compared with Mann-Whitney U test or Kruskal-Wallis'test and
Dunn's multiple comparison and are expressed as *p <0.05, **p <0.01, and ***p <0.001. BA0.4/5 RBD stands for RBD containing the mutations from both

the BA4 and BA.5 subvariant of omicron strain

(group 5 vs. group 4). In the solely intranasally vacci-
nated groups IFN-y response was not detected at week
12 or 20. In turn, TNF responses across all groups were
more pronounced than IFN-y responses, but less robust
than IL-2 responses (Fig. 10G—I). When stimulating sple-
nocytes with RBD, the responses of intranasally primed
groups 2 and 3 were negligible at week 12 but increased
considerably to week 20 (at week 12 mean SFU/10° cells
GR2 4 and GR3 7 vs. at week 20 GR2 290 and GR3 159)
(Fig. 10G). With intramuscularly primed groups 4 and 5
the TNF responses were significant already at week 12
(mean SFU/10° cells GR4 138 and GR5 263) and kept
increasing to week 20 (mean SFU/10° cells GR4 222 and
GR5 1024) (Fig. 10G). Interestingly, stimulation with
N protein again led to a moderate TNF secretion even
in the buffer control group (Fig. 10H). This suggests the

presence of some non-specific TNF production, poten-
tially derived from insect cell culture and linked to innate
immune cell activation. The responses in groups 4 and
5 were prominent and increased during the follow up
period (at week 12 mean SFU/10° cells GR4 47 and GR5
128 vs. at week 20 GR4 184 and GR5 443). Stimulation
with the vaccine (combination of RBD and N) did not
elicit a TNF response from the buffer control group but
significant responses were detected with groups 4 and 5
(Fig. 10I). Once again, the responses enhanced by week
20. The increase of the response was substantially higher
in group 5 compared to that in group 4 (at week 12 mean
SFU/10° cells GR4 22 and GR5 32 vs. at week 20 GR4 137
and GR5 949) indicating once again the importance of
intramuscular priming and the inclusion of N in the vac-
cine composition. Overall, based on the cellular response
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ant of omicron strain

data intramuscular priming and the inclusion of N in the
vaccine composition boost the RBD-specific IL-2, IFN-y,
and TNF responses substantially.

Discussion

SARS-CoV-2 coronavirus was first identified in late 2019
in Wuhan, China, and shortly thereafter WHO declared
COVID-19 as a public health emergency of interna-
tional concern [3, 78]. The development of the first vac-
cines against COVID-19 was unprecedentedly fast and
within the first year from the identification of the virus
several manufacturers had already obtained market
authorization for their vaccines. As of February 2024,
at least 64 COVID-19 vaccines are approved by one or
more national regulatory authorities [79] and accord-
ing to WHO over 380 vaccine candidates are in clinical
or pre-clinical development phase [14]. These vaccines
rely on diverse platforms including inactivated viruses,
mRNA, DNA, recombinant proteins and viral vectors.
Most target the S protein or its RBD domain. Although
estimates of annual global deaths from COVID-19 have
declined by up to 95% compared with the early stages
of the pandemic, the disease continues to pose a major
public health challenge, with as many as two million new
infections occurring each year [80].

Although currently available COVID-19 vaccines are
highly effective in preventing severe disease, their abil-
ity to block infection or viral transmission is compara-
tively limited. This is evident from the continued spread
of SARS-CoV-2 within populations with high vaccina-
tion coverage, particularly following the emergence of
new variants [81, 82]. Persistent community transmis-
sion and ongoing viral replication facilitate the evolution
of additional variants that can partially evade existing
immune responses, thereby reducing the capacity of cur-
rent vaccines to prevent infection and symptomatic ill-
ness [82—85]. Therefore, annual booster doses are needed
to maintain protection. WHO has been forced to estab-
lish a Technical Advisory Group on COVID-19 Vaccine
Composition (TAG-CO-VAC) which assesses the public
health implications of emerging SARS-CoV-2 variants on
the performance of COVID-19 vaccines and issues timely
recommendations on proposed modifications to vaccine
antigen composition. WHO releases statements on the
antigen composition of COVID-19 vaccines every six
months. Thus, in the worst-case scenario manufacturers
should be able to update their vaccine compositions and
produce a new vaccine batch every six months. There-
fore, new solutions must be invented. It remains essential
to enhance the protective efficacy of vaccines, diminish
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viral shedding and transmission, and strengthen the
capacity of vaccines to confer robust immunity against
newly emerging variants of pathogenic agents.

Vaccines that induce a durable mucosal immune
response localized in the respiratory tract have the
potential to prevent SARS-CoV-2 infection, replication,
and shedding and therefore, transmission [81]. Recent
investigations have demonstrated that tissue-resident
memory T cells (TRM cells) within mucosal tissues play
a critical role in mediating long-term protection against
mucosal pathogens [86, 87]. During SARS-CoV-2 infec-
tion, TRM cells are induced in the lungs of patients with
both mild and severe disease and can persist for up to
10 months, indicating their potential contribution to sus-
tained mucosal immunity [88, 89]. Furthermore, T cell
epitopes have been shown to remain highly conserved
between the Wuhan and Omicron strains [90, 91]. In
contrast, many neutralizing antibody epitopes are located
in variable regions of the S protein, and mutations within
the RBD domain of viral variants diminish the neutral-
izing capacity of antibodies elicited by ancestral vaccine
sequences [92]. Because viral variants are more adept at
evading antibody responses than T cell responses, vac-
cines capable of inducing both robust T cell immunity
and antibody production, particularly within the respi-
ratory tract, may offer substantial advantages. In addi-
tion, the induction of mucosal IgA following vaccination
appears to contribute importantly to protection against
SARS-CoV-2 infection, particularly at the respiratory
mucosa [29]. Furthermore, targeting mucosal-associated
invariant T (MAIT) cells in protein-based SARS-CoV-2
vaccines represents a promising approach to enhance
local immunity. MAIT cells, which are abundant in the
respiratory mucosa, can be activated by cytokine-driven
or MR1-dependent pathways to rapidly produce antiviral
cytokines and cytotoxic mediators [93-95]. Incorpora-
tion of adjuvants capable of stimulating MAIT cells could
therefore potentiate mucosal immune activation and
complement adaptive immune responses [96, 97]. Thus,
vaccines that elicit both mucosal antibodies and strong T
cell responses may provide a broader and longer-lasting
protection against SARS-CoV-2.

In this study we aimed to develop a protein-based
SARS-CoV-2 vaccine capable of inducing broad protec-
tion based on mucosal antibodies and T cell responses.
We sought to tackle these aims by testing different pro-
tein compositions for the vaccine candidates and differ-
ent immunization schemes. The whole S protein or its
RBD domain are the most common immunogens in the
approved SARS-CoV-2 vaccines [79]. The choice is natu-
ral as full length S protein, its S1 subunit, and the RBD
domain are the most immunogenic antigens found in
CoVs and the main targets for neutralizing antibodies
[6]. Nevertheless, the COVID-19 pandemic made it clear
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that the variable regions in S are highly mutation-prone
leading to immune evasion and, thus, decreased vaccine
efficacy and long-term protection [85, 98]. Thus, our pro-
posed solution was to include either S or several different
RBD domains in the vaccine or N protein together with S
and/or RBD domain(s).

It has been previously proposed that mixing vaccines
from different SARS-CoV-2 strains may induce bet-
ter cellular and humoral immune responses and lead to
a better immunity against emerging variants compared
with homologous vaccination [99]. This hypothesis has
also been tested by combining key immunogens from dif-
ferent SARS-CoV-2 strains into a single protein subunit
vaccine. Xu and coworkers developed Wuhan — Beta and
Delta-Omicron RBD-dimer vaccines [100]. Both chime-
ric protein subunit vaccines elicited broader responses to
SARS-CoV-2 variants and better neutralizing antibody
responses against variants compared to homodimers
[100]. Another chimeric vaccine was developed by Liang
et al. [101]. They constructed a mutation-integrated tri-
meric form of RBDs from Wuhan, Beta and Kappa strains
and detected that it induced significantly higher titres
of neutralizing antibody responses against the Beta and
Delta variants than a homotrimer constructed from the
Wouhan strain alone [101]. Additionally, both Cohen et al.
[102] and Walls et al. [103] constructed mosaic nanopar-
ticle immunogens, in which multivalent RBDs from vari-
ous coronavirus were co-displayed on the same particle
surface. Owing to the high-dense and heterotypic arrays
of the antigens, this mosaic nanoparticle-type vaccine
candidate elicited much stronger and broader antibody
responses compared with the monomeric immunogen.
It was also immunogenically superior to the homotypic
RBD nanoparticles [102, 103]. RBD domain itself alone is
a quite small immunogen (approx. 28.5kDa). To improve
its immunogenicity as a vaccine candidate, researchers
have also utilized Fc engineering where RBD is fused to
an IgG Fc fragment. The Fc fragment has a natural abil-
ity to form dimers and, thus, fusing an RBD domain to
an Fc fragment creates RBD dimer structures. Compared
to monovalent immunogens, bivalent Fc-fused immuno-
gens may be able to elicit more robust B-cell responses
by triggering cross-linking of B-cell receptors [104].
Additionally, Fc fusion aids in transportation across the
airway [48], prolongs the half-life of the antigen [49] and
facilitates efficient antigen uptake, processing and pre-
sentation to T cells [42—45]. Previously Fc-fused protein
vaccines have been developed against MERS, SARS, and
H5N1 influenza A viruses and researchers have found
that Fc-fused proteins are more immunogenic than
those lacking the fused Fc domain [56, 105, 106]. Dur-
ing COVID-19 pandemic Fc fusion constructs have also
been utilized in the vaccine development against SARS-
CoV-2 [31, 53, 107-111]. In the latest study by Zhang and
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colleagues they showed that RBD-Fc was able to more
efficiently reach the lungs of mice and attain better reten-
tion in both nasal cavity and lungs compared to a bivalent
RBD without Fc [110].

In the present study, we aimed to compare the immu-
nogenicity of the stabilized S protein (produced in insect
cells) to the immunogenicity of RBDmFc proteins (pro-
duced in mammalian cells). It is known that SARS-CoV-2
S protein is heavily glycosylated [112—114] and approxi-
mately 40% of the protein surface is shielded by glycans
[115]. Although insect cells are not able to produce as
complex glycosylation patterns as mammalian cells, we
chose to produce the stabilized S protein in High Five
insect cells as insect cells are used in the production of
several recombinant protein and virus-like particle-based
vaccine candidates, (such as influenza [116], Japanese
encephalitis [117] and Zika virus [118]) and, therefore,
have demonstrated efficiency and scalability especially
for vaccine development. Nevertheless, we observed the
Fc-fused RBD domains to be more immunogenic than
the whole S protein. This finding may be caused by the
Fc fusion and the multimerization of the RBD constructs.
We observed that RBDmFc fusion proteins form dimers
and even oligomers such as tetramers, hexamers, and
even octamers. Here the low immunogenicity of S pro-
tein might also be due to the insect cell-produced S pro-
tein forming primarily monomers instead of the trimeric
form encountered in the native virus although it contains
the trimerization domain. The glycosylation pattern pro-
duced by the High Five insect cells could also have an
impact on the low immunogenicity of the whole S pro-
tein. S protein is a highly glycosylated protein [112-115]
and the glycosylation pattern affects the elicited humoral
immune responses [119]. In addition, we observed that
including a low dose of N protein in the vaccine compo-
sition boosted both the RBD- and S-specific humoral,
mucosal, and cellular immune responses. Furthermore,
there are several other advantages in including the N
protein in the vaccine composition. N protein has been
considered as a promising target for vaccine-induced
immune responses [120—128]. It is highly conserved [121,
129] and a prominent target of SARS-CoV-2 specific
T-cell responses during COVID-19 [130, 131]. Although
N protein is located inside the mature virions, during
infection it is expressed in virus-infected cells [132, 133]
and exposed on their membranes [134, 135] facilitat-
ing targeting and elimination by cytotoxic T cells [136,
137] and natural killer cells [138—140]. In addition, Le
Bert and colleagues have also demonstrated that previ-
ously infected SARS-CoV patients possess long lasting
memory T cells which are reactive to N protein over
17 years after the SARS epidemic in 2003 [141]. N-based
subunit vaccines have been previously evaluated in pre-
clinical or clinical studies either alone [121-123, 126] or
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in combination with S or M protein [120, 124, 125, 127,
128] and found to provide potent immunogenicity and a
strong protective effect involving T cells and other non-
neutralizing effector mechanisms. In accordance with
these previous studies [120-128], we also observed N
protein to be extremely immunogenic. In addition, we
also found out that the N-specific IgA responses waned
slower than the RBD-specific IgA responses (Fig. 11B).
Interestingly, we found that the inclusion of N in the vac-
cine increased the RBD-specific IgG and IgA levels as
well as splenocyte IL-2 and IFN-y secretion (Figs. 4B, C,
6A, Band 7A, B).

Alongside antigen selection, the immunization route
proved a crucial determinant for the quality of the
immune response. The majority of approved vaccines or
those in clinical or pre-clinical development phase rely
on intramuscular administration [14, 79] which induces
high levels of systemic IgG antibodies, but little mucosal
IgG and dimeric IgA antibodies [28—31] which are cru-
cial in promoting protective immunity against SARS-
CoV-2 [29]. Secretory, polymeric IgA can neutralize
incoming viral particles at mucosal surfaces before the
infection of epithelial cells takes place, which is impor-
tant for an optimal protection against respiratory virus
infections [142]. In the present study we sought to induce
mucosal IgA antibodies by vaccinating the mice through
the intranasal route. In addition to solely vaccinating
intranasally, we also tested immunization schemes which
combined either subcutaneous or intramuscular prim-
ing with subsequent intranasal boosting. According to
our observations, subcutaneous priming followed by
intranasal boosting elicited the lowest humoral and cel-
lular immune responses. Vaccinating solely through the
intranasal route produced variable mucosal responses.
In the second study we obtained RBD-specific muco-
sal IgA responses from mice that had solely been vac-
cinated intranasally. However, in the third experiment
these responses were not detectable. The explanation
to these different responses might lie also in the vac-
cine composition. In the second experiment the vaccine
candidates contained a whole S protein and additionally
RBD domains from two different variants when in turn
in the third experiment the candidates contained only a
single RBD domain from omicron variant BA0.4/5. Previ-
ous studies have stated that multivalent or chimeric anti-
gens elicit stronger immune responses than homomers
[100, 101]. Combining intramuscular priming with intra-
nasal boosting proved to be a superior immunization
scheme. Previously, Mao and coworkers and Lapuente
and coworkers have both come to the same conclusion in
their respective studies [32, 143]. This strategy enhanced
the systemic and mucosal immune responses signifi-
cantly compared to intranasal vaccination. Also, based
on the cellular response data intramuscular priming
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and the inclusion of the N protein in the vaccine com-
position boosted the RBD-specific IL-2, IFN-y, and
TNF responses substantially (Fig. 10). Mechanistically,
recent work by Kwon et al. [144] suggests that intranasal
delivery of unadjuvanted protein antigens elicits robust
mucosal IgA responses primarily when preceded by
parenteral priming, which enables recall of pre-existing
systemic immune memory at mucosal sites rather than
de novo induction. In this context, intramuscular prim-
ing may generate memory B-cell populations that can
be recruited to the respiratory mucosa upon intrana-
sal boosting and differentiate into IgA-secreting plasma
cells, providing a potential explanation for the reduced
efficiency of homologous intranasal immunization in
inducing durable mucosal IgA responses.

A major limitation of this study is the absence of viral
challenge or transmission-relevant experiments, which
precludes assessment of whether the observed systemic
and mucosal immune responses translate into protection
against infection, disease, or transmission. In addition,
the predominance of Th2-skewed immune responses
observed in the third study requires careful interpre-
tation. S-based SARS-CoV-2 vaccines typically elicit
Thl-leaning immunity, and the second study where S and
several RBDs were administered alone or in combination
with N showed a more balanced or weakly Th1-biased
responses. In contrast, the formulations of BA.4/5 RBD-
mFc protein+N protein and BA.4/5 RBDmFc protein
alone generated a stronger Th2 profile than anticipated.
The basis for this shift is not fully understood but may
reflect formulation-specific factors such as antigen ratios
or the immunological properties of the protein—adju-
vant combinations used here. Importantly, strongly
Th2-biased responses have been associated in some
reports with enhanced morbidity following SARS-CoV-2
infection, underscoring the need to determine whether
the immune profiles observed in this study are protec-
tive in vivo. These uncertainties limit interpretation of
the immunogenicity data and highlight the need for
follow-up studies incorporating optimized antigen dos-
ing, additional adjuvant conditions, and in vivo efficacy
models.

Together, the results demonstrate that Fc-fused RBD
constructs are highly immunogenic, the inclusion of N
enhances both antibody and T cell responses, and intra-
muscular priming followed by intranasal boosting repre-
sented the most effective delivery scheme tested. These
findings support the development of multicomponent,
heterologous vaccination strategies that combine variant
RBDs with conserved antigens such as N, administered in
ways that maximize both systemic and mucosal immu-
nity. Nevertheless, further work is still needed to screen
a broader panel of adjuvants to identify those capable of
more effectively enhancing mucosal antibody production
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and T cell-mediated responses. In addition, future stud-
ies incorporating viral challenge models will be essential
to determine whether the immune profiles elicited by
these formulations translate into meaningful protection
against infection, disease, or transmission.

Conclusions

In summary, our results demonstrate that inclusion of
the SARS-CoV-2 N protein in vaccine formulations con-
taining RBD or S enhances both humoral and cellular
immune responses against the RBD and whole S antigens
in mice. While repeated intranasal administration elic-
ited progressively increasing antibody responses, intra-
muscular priming followed by intranasal boosting proved
superior in generating robust and durable systemic and
mucosal immunity. The addition of the N protein in
the vaccine formulation with RBD domain or S protein
increased RBD- and S-specific IgG responses, supported
the induction of mucosal antibodies, and enhanced cellu-
lar immunity as detected by an increased IL-2 and IFN-y
secretion. Importantly, the combination of intramuscular
priming with N protein-containing formulations elicited
the highest magnitude and breadth of T cell responses, as
well as neutralizing antibodies, highlighting the synergis-
tic effects of antigen selection and immunization route.
All vaccine regimens were well tolerated, indicating a
favourable safety profile of the vaccines. Together, these
findings suggest that incorporating N into RBD-based
vaccines and employing a heterologous prime-boost
strategy may improve both the quality and durability of
protective immunity, offering a promising approach for
next-generation vaccine development against SARS-
CoV-2 variants and possibly other emerging coronavi-
ruses with pandemic potential.
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