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A B S T R A C T

The emergence of new SARS-CoV-2 variants of concern associated with waning immunity induced by natural
infection or vaccines currently in use suggests that the COVID-19 pandemic will become endemic. Investing in
new booster vaccines using different platforms is a promising way to enhance protection and keep the disease
under control. Here, we evaluated the immunogenicity, ef�cacy, and safety of the SpiN-Tec vaccine, based on a
chimeric recombinant protein (SpiN) adjuvanted with CTVad1 (MF59-based adjuvant), aiming at boosting im-
munity against variants of concern of SARS-CoV-2. Immunization of K18-hACE-2 transgenic mice and hamsters
induced high antibody titers and cellular immune response to the SpiN protein as well as to its components, RBD
and N proteins. Importantly in a heterologous prime/boost protocol with a COVID-19 vaccine approved for
emergency use (ChAdOx1), SpiN-Tec enhanced the level of circulation neutralizing antibodies (nAb). In addition
to protection against the Wuhan isolate, protection against the Delta and Omicron variants was also observed as
shown by reduced viral load and lung pathology. Toxicity and safety tests performed in rats demonstrated that
the SpiN-Tec vaccine was safe and, based on these results, the SpiN-Tec phase I/II clinical trial was approved.

1. Introduction

The continuous emergence of new SARS-CoV-2 variants/subvariants
that escape the immunity provided by the vaccines in use has made
COVID-19 an endemic disease. Updating vaccines according to the
circulating variant/subvariant or developing new ones through different

platforms is the best strategy, given that during the pandemic, vaccines
approved for emergency use were able to reduce severe cases, hospi-
talizations, and deaths. The development of safe and effective vaccines
using different platforms, capable of inducing a diversi�ed immune
response is highly recommended, particularly if they are associated with
relatively easy low-cost production and are stable at refrigerator
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temperature storage conditions. Considering that most vaccines against
COVID-19 are based on the SARS-CoV-2 Spike protein, which is sus-
ceptible to mutations favoring the emergence of variants of concern
(VOCs), current vaccines may not provide long-lasting robust protec-
tion. Therefore, the inclusion of other SARS-CoV-2 antigens such as the
nucleocapsid (N) protein in the process of development of new COVID-
19 vaccines that can be used as booster vaccines has been suggested, as
N protein is widely conserved and may provide strong immunity to
novel viral variants [1].

We have developed a vaccine based on a chimeric antigen (SpiN)
comprising the receptor binding domain (RBD) from the Spike and the
full-length sequence of the N protein from SARS-CoV-2. Mice immuni-
zation with SpiN adjuvanted with Poly ICLC induced a strong IFN-γ
response by T cells and high levels of antibodies. Syrian hamsters and
human Angiotensin Convertase Enzyme-2-transgenic (K18-hACE-2)
mice showed strong resistance to the infection with the Wuhan SARS-
CoV-2 and this protection is mediated by CD4+ and CD8+ T cells.
Furthermore, immunization with SpiN also protected K18-hACE-2 mice
against infection with the Delta and Omicron SARS-CoV-2 isolates [2].

Emerging data are increasingly consolidating the involvement of
CD4+ and CD8+ T cells in protection against SARS-CoV-2. Studies on
immune responses to the mRNA-based vaccine in use have shown that
vaccinated individuals have robust anti-S and anti-RBD antibody re-
sponses, which decline over the months post-vaccination but can be
restored with booster doses. Spike-speci�c CD4+ and CD8+ T cells are
also induced by mRNA vaccines. The CD4+ and CD8+ T cells are
detectable months after vaccination [3] and cross-react to SARS-CoV-2
variants [4]. Several studies have demonstrated that despite declining
neutralizing antibodies (nAb) levels, individuals immunized with a
Spike-based vaccine containing sequences of the Wuhan SARS-CoV-2 as
well as COVID-19 convalescents show a robust cross-reactivity of CD4+
and CD8+ T cells against VOCs, suggesting that protection against severe
disease is mediated by T cells [3,5–8]. Other studies show that vaccines
combining Spike and nucleocapsid proteins improve control of a SARS-
CoV-2 infection by increasing T cell responses [9,10]. Considering that
heterologous booster vaccine schedules for COVID-19 resulted in
increased protection against reinfection and severe disease compared to
a homologous booster protocol [11,12], the development of different
vaccine formulations, especially those capable of inducing T cell re-
sponses, is a relevant strategy to control infection.

Despite the promising results obtained with SpiN chimeric protein
adjuvanted with Poly ICLC, this adjuvant is not approved for human use,
so we decided to switch to an MF59-based adjuvant, aiming for a
formulation that can meet regulatory requirements for products for
human use. Here, we evaluated the immunogenicity, ef�cacy, and safety
of SpiN-Tec, the SpiN recombinant chimeric protein adjuvanted with the
MF59-based adjuvant named CTVad, in a preclinical study using Syrian
hamsters and K18-hACE-2 mice. The SpiN-Tec vaccine is aimed to be
used as a booster vaccine that is capable of protecting against distinct
variants of concern. Our �ndings indicate that using a heterologous
prime-boost protocol, SpiN-Tec induces high levels of IFN-γ produced by
T cells, as well as high levels of circulating nAbs. Importantly, an
extensive characterization and stability study of the adjuvant produced
in our laboratories (CTVad1) was performed as well as in vivo experi-
ments with the SpiN-CTVad1 adjuvanted vaccine (named SpiN-Tec). All
critical process parameters, both for the CTVad1 production and the
formulation of SpiN-Tec were met including critical quality attributes
required for approval by Brazilian regulatory agencies [13].

2. Material and methods

2.1. Ethical statement

The experiments were carried out following the principles of conduct
of the Brazilian Guide to Practices for the Care and Use of Animals for
Scienti�c and Didactic Purposes of Conselho Nacional de Controle de

Experimentação Animal (CONCEA) (http://www.sbcal.org.br). The
experimental protocols used were previously approved by the Com-
mittee on Ethics in the Use of Animals (CEUA) of Fundação Oswaldo
Cruz (CEUA protocol LW25/20), Universidade de São Paulo (CEUA
protocol 105/2020) and Centro de Inovação e Ensaios Pré-Clínicos
(CIEnP) (CEUA protocol 308/00).

2.2. Experimental animals

Immunogenicity assays were carried out with female C57BL/6 mice,
6–10 weeks old, from Center for Laboratory Animal Facilities of the
Universidade Federal de Minas Gerais (CEBIO-UFMG). Human
angiotensin-converting enzyme 2 transgenic mice (K18-hACE2), were
bred at the Fiocruz-Minas Laboratory Animal Facilities after purchasing
matrices from The Jackson Laboratory. Knockout mice for B cells and
transgenic for angiotensin-converting enzyme 2 (K18-hACE2/B-KO),
were bred at Fiocruz-Minas animal facilities. K18-hACE2 and K18-
hACE2/B-KO mice, 6–10 weeks old, were used as a model of severe
COVID-19. Golden Syrian hamsters, 6–10 weeks old, from FIOCRUZ-
Minas Animal Facilities, were used as a model of moderate COVID-19.
Sprague Dawley rats, 6–10 weeks old, were used in the safety and
toxicity tests at CIEnP.

2.3. Virus and Cells

The ancestral strain of SARS-CoV-2 (isolated BRA/SP02/2020),
Delta variant (EPI_ISL_2965577) and Omicron (EPI_ISL_7699344) used
in the challenge and PRNT50 assays were isolated from clinical samples
from Brazilian patients with COVID-19. All virus used were sequenced to
con�rm the strain/variant. VERO E6 cells (ATCC CRL-1586) were
incubated in the presence of the virus for 1 h under agitation. After this
period, the cells were incubated for 72 h in DMEM medium, supple-
mented with 2 % fetal bovine serum (Sigma) and 1 % of penicillin/
streptomycin (Sigma). The cells were removed with the aid of a cell
scraper and the suspension was centrifuged for viral clari�cation. The
viral stocks obtained were serially diluted in a ratio of [1:10 to
1:1,000,000 (v/v)] for viral titration using Vero E6 cells in 48-well
plates at a ratio of 5 × 104 cells/well.

2.4. SpiN protein production and SpiN-Tec vaccine

The SpiN protein design was performed by epitope prediction
through the Immune Epitope Database (IEDB) platform for HLA-ABC
and MHC class I analysis and NetMHCII for HLA-DR and MHC class II
considering the sequences of Spike (6VSB https://doi.org/10.2210/pd
b6VSB/pdb) and Nucleocapsid (7SD4_1 https://doi.org/10.2210/pd
b7SD4/pdb) proteins from Wuhan isolate. Gene sequences encoding
the chimeric SpiN protein were codon-optimized for expression in E. coli
and synthesized by GenScript using the pET24 expression vector. E. coli
ShufNe bacteria were transformed using the pET24_SpiN plasmid and
grown in LBmedium supplemented with kanamycin (50 μg/mL) at 37 ◦C
until reaching an OD600 from 0.4 to 0.6. Protein expression was induced
by adding IPTG at a �nal concentration of 0.5 mM for a period of 15 h at
37 ◦C. SpiN protein was puri�ed from insoluble fractions by adding 8 M
of urea and submitted to anion exchange with Hitrap Q XL column (GE
HealthCare), followed by a cation exchange chromatography with
Hitrap SP HP column (GE HealthCare). The puri�ed SpiN protein was
diluted in sodium phosphate buffer (100 mM), urea (100 mM), sodium
chloride (150 mM), glycerol (10 %), and water to a �nal concentration
of 0.40 mg/mL, pH = 7.5, constituting the active pharmaceutical
ingredient (API) of SpiN-Tec vaccine. The technology for SpiN protein
production was developed by Centro de Tecnologia de Vacinas (CT-
Vacinas – UFMG) and transferred to the University of Nebraska, where
the API was produced under good laboratory practice (GLP). Finally, the
API was associated with the nanoemulsion CTVad1 (adjuvant) produced
by CT-Vacinas, generating the SpiN-Tec vaccine.
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2.5. Immunization and challenge experiments

Two lots of SpiN-Tec were used for immunization: 100 μg/mL (Lot:
21/1880) and 200 μg/mL (Lot: 21/1879). All experimental animals
were immunized with two doses of SpiN-Tec intramuscularly 21 days
apart. C57BL/6 and K18-hACE2 mice were immunized with 10 μg or 20
μg of SpiN (100 μL/dose), hamsters were immunized with 25 μg or 50 μg
of SpiN (250 μL/dose) and rats were immunized with 50 μg or 100 μg of
SpiN (500 μL/dose) in the tibial muscle. The control groups received an
equivalent volume of CTVad + Vehicle. Thirty days after the booster
dose, K18-hACE2mice were challenged intranasally with 5× 104 PFU of
the ancestral SARS-CoV-2 (Wuhan) or 2.5 × 104 PFU of the Omicron
variant. Hamsters were challenged with 105 PFU for all variants used
(Wuhan, Delta, and Omicron). For heterologous prime/boost, K18-
hACE2 mice were immunized with PBS or ChAdOx1 (1 × 1010 PV;
Lot: L218VCD245W – Fiocruz/Bio-Manguinhos) and boosted with SpiN-
Tec (10 μg; Lot: 21/1880) or ChAdOx1.

2.6. Detection of mouse, hamster, and rat antigen-speci8c antibodies

Total IgG and subclasses were quanti�ed by ELISA in 96-well plates
(Nunc Maxisorp, Thermo Fisher Scienti�c) coated with 4 μg/mL of RBD,
N, SpiN (produced at CT-Vacinas) or RBD Omicron (Fapon Biotech)
recombinant protein diluted in carbonate buffer and incubated over-
night at 4 ◦C. The next day, plates were washed and blocked for 2 h with
PBS containing 2 % BSA (Sigma) at 37 ◦C. Serial sera sample dilutions in
PBS-BSA 2% from 1:100 to 1:625,000 (v/v) were incubated for 1 h at 37
◦C. The plates were washed and incubated for 2 h at 37 ◦C with anti-
mouse total IgG, IgG1 or IgG2c, anti-hamster total IgG, IgG1 or IgG2/
IgG3 or anti-rat total IgG, IgG1 or IgG2b, conjugated with streptavidin-
HRP (Southern Biotech), all diluted at a ratio of 1:5,000 (v/v). After
successive washes, the plates were incubated with the substrate solution
One-Step TMB (Scienco), for 20 min protected from light at room tem-
perature. The reaction was stopped by adding 2 N H2SO4 (Sigma). Plate
reading was performed at 450 nm in the Multiskan GO (Thermo Scien-
ti�c). The evaluation of the humoral immune response was carried out
through the quanti�cation of antibody titers, calculated by the inverse of
the maximum dilution at which the absorbance value was higher than
the cutoff (average of the control group at dilution 1:100 plus 3 standard
deviations) [14].

2.7. Plaque Reduction Neutralization Test (PRNT)

Vero E6 cells were cultured in 48-well plates using Dulbecco’s
Modi�ed Eagle’s Medium (DMEM) supplemented with 1 % penicillin/
streptomycin and 10 % fetal bovine serum. Sera samples were inacti-
vated at 56 ◦C, serially diluted in DMEM [1:20 to 1:625,000 (v/v)],
mixed with 100 PFU of SARS-CoV-2 (Wuhan) or Omicron variant, and
incubated at 37 ◦C for 1 h. To determine the viral neutralizing capacity
of sera antibodies from immunized animals, the virus suspension added
to sera was incubated for 1 h in Vero E6 cells, allowing the infection of
cells by non-neutralized viral particles. Then, prewarmed DMEM sup-
plemented with 2 % fetal bovine serum (FBS) and 2 % carboxymethyl-
cellulose (CMC) was gently added to the plates and incubated for 4–5
days at 37 ◦C and 5%CO2 to allow the viral plaque formation. Cells were
�xed with 4 % formaldehyde for 2 h and stained with a 1 % solution of
Naphthol blue black (Sigma) for 1 h for visualization of the plaques. The
neutralizing activity was determined by plaques numbers reduction
when compared to the positive control.

2.8. Cytokines measurement

Mice were euthanized thirty days after administration of the booster
dose. Spleens were removed, and splenocytes were isolated by macer-
ation in a 100 μm pore cell strainer (Cell Strainer, BD Falcon). Ammo-
nium-chloride‑potassium (ACK) buffer was used for red blood cells lysis

and the cell number was adjusted to 1 × 106 cells/well. Splenocytes
were stimulated with 10 μg/mL of RBD, N, or SpiN protein for 72 h at 37
◦C in 5 % CO2. The medium was used as a negative control and
Concanavalin A (Sigma) at 5 μg/mL was used as a positive control. For
Cytometric Bead Array (CBA) assay, beads speci�c for each cytokine
were mixed and incubated with the supernatant culture or standard in
the presence of the PE reagent for 2 h at RT protected from the light. The
samples were washed with wash buffer and the samples were acquired
in FACSVerse (BD Bioscience).

2.9. Determination of viral load by qRT-PCR

A fragment of the left lobe of the lung was collected in Trizol Reagent
(Invitrogen) and stored at −80 ◦C. At the time of RNA extraction, sam-
ples were macerated using the TissueLyser LT (Qiagen), and the RNA
was extracted according to the manufacturer’s instructions. To quantify
the viral load, a qRT-PCR reaction was performed with GoTaq Probe 1-
step (Promega), primers (Fw: 5′ACAGGTACGTTAATAGTTAATAGCGT3′

and Rv: 5′ATATTGCAGCAGTACGCACACA 3′), probe (FAM-ACAC-
TAGCCATCCTTACTGCGCTTCG-BBQ) and 75 ng RNA, according to the
manufacturer’s instructions. A standard curve made with serial dilutions
of the plasmid containing the SARS-CoV-2 E gene was used to quantify
the pulmonary viral load in challenged animals.

2.10. Flow cytometry

B and T cells were evaluated in SpiN-Tec immunized mice (spleno-
cytes) and animals immunized and challenged with the Omicron variant
(lung and splenocytes). Splenocytes from immunized mice were ob-
tained thirty days after administration of the second dose and on 5 DPI in
immunized and challenged mice. The animals were euthanized and
splenocytes were isolated by spleen maceration using a 100 μm pore cell
strainer (Cell Strainer, BD Falcon), followed by erythrocytes lysis with
ammonium-chloride‑potassium (ACK) buffer. The cell number was
adjusted to 2 × 106 cells/well for intracellular staining. Splenocytes
from immunized mice were stimulated with 10 μg/mL of SpiN protein
for 24 h. PMA (50 ng/mL), Ionomycin (500 ng/uL), Golgi Plug (BD
Bioscience), and Stop Golgi (BD Bioscience) were added in the last 6 h of
culture [15]. Mice lungs were perfused with cold PBS and then digested
with 100 μg/mL liberase (Roche) at 37 ◦C for 30 min. Cells were �ltered
using a 100 μm pore cell strainer (Cell Strainer, BD Falcon) and puri�ed
using a 30 % isotonic Percoll gradient. Erythrocytes were lysed with
ammonium-chloride‑potassium (ACK) buffer and the cell number was
adjusted to 2 × 106 cells/well. Lung cells and splenocytes from chal-
lenged mice were stimulated with PMA (50 ng/mL) and Ionomycin (500
ng/uL) for 4 h added with Golgi Plug (BD Bioscience) and Stop Golgi (BD
Bioscience).

Lung cells and splenocytes were stained with Live/Dead stain
(Acqua, Invitrogen) for 20 min at 4 ◦C in the dark, incubated with
FcBlock (BD Bioscience) for 20 min at 4 ◦C and then stained with anti-
CD3 (eFluor450; Cat. # 48–0032-82; 1:100; eBioscience or PerCP-
Cy5.5; Cat. # 551163; 1:100; BD Bioscience), anti-CD4 (Fitc; Cat. #
553729; 1:250; BD Bioscience), anti-CD8 (APC-Cy7; Cat. # 100714;
1:200; Biolegend) and anti-CD19 (PE; Cat. # 557399; 1:400; BD
Bioscience). Cells were permeabilized with Cyto�x/Cytoperm (BD
Bioscience) for 20 min at 4 ◦C in the dark and incubated with anti-IFN-γ
(PerCp-Cy5.5; Cat. # 45–7311-82; 1:80; eBioscience or APC; Cat. #
554413; 1:100; BD Bioscience) and anti-Granzyme B (eFluor450; Cat. #
48–8898-82; 1.25:100; Invitrogen) for 30 min at 4 ◦C. Gate strategies for
the analyses of samples from immunized mice are showed in Supple-
mentary Fig. 1 and from challenged mice in Supplementary Fig. 2.
Representative density plots are presented in Supplementary Figs. 3a-b
and Supplementary Figs. 4a-d. Flow cytometry acquisition was per-
formed using a CytoFLEX (Beckman Coulter) and ~ 200,000 live cells
were acquired. Data were analyzed using FlowJo v10.5.3 software.
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2.11. CD4+/CD8+ T cell depletion and sera transfer

K18-hACE2 mice immunized with two doses of SpiN-Tec were
treated with monoclonal antibodies to deplete T cells in vivo. Mice were
treated on days−3,−2 and− 1 before the infection with i.p. injection of
0.5 mg/mouse of rat anti-mouse CD4a mAb (clone GK1.5; Cat. #
BE0003–1; BioXCell) and 0.5 mg/mouse of rat anti-mouse CD8a mAb
(clone 2.43; Cat. # BE0061; BioXCell) or 0.2 mg/mouse of rat anti-KLH
IgG (clone LTF-2; Cat. # BP0090; BioXCell). T cell depletion was
con�rmed in blood samples by Now cytometry (Supplementary Fig. 4e).
In the sera transfer experiment, one day before the infection, K18-hACE2
non-immunized mice received an i.p. injection with 200 μL of sera from
mice immunized with SpiN-Tec. Antibodies levels in recipient mice were
determined one day after sera transfer by Elisa (Supplementary Fig. 4f).

2.12. Safety test

SpiN-Tec immunized rats were monitored daily, and body weight,
clinical signs, and survival were evaluated. Assessment of clinical signs
included vocal fremitus, irritability, touch response, general activity,
gripping strength, lacrimation and salivation, piloerection, general
appearance, tail pinching, ataxia, ocular assessment, defecation/urina-
tion and respiration/heart rate. Body temperature was evaluated before
(T0) and 3 h and 24 h after immunization (T3 and T24), on days D0 and
D21. Hematological and biochemical parameters were also evaluated
before immunization (D0), two days after the �rst dose and booster (D2
and D23) and at the end-point (D35). Normal reference values range for
hematological and biochemical parameters were taken from the litera-
ture: hematological parameters, blood urea nitrogen (BUN) and creati-
nine [16], liver enzymes [17], and coagulation parameters [18]. The
main group was euthanized two days after the booster dose (D23) and
the recovery group 14 days after the booster dose (D35). During the
necropsy, macroscopic alterations were investigated in organs like ad-
renal glands, spleen, brain, heart, kidneys, thymus, liver, testicles,
epididymis, and ovaries. These organs were weight, relative weight was
calculated in relation to body weight and organ samples were submitted
to histopathological analyses. The safety tests were carried out inde-
pendently at the CIEnP, and the CIEnP researchers performed animal
monitoring, hematological and biochemical assays, and histopatholog-
ical analyses.

2.13. Histopathology

To perform the histopathological analyses, samples were �xed in 10
% formaldehyde for 7 days, processed using the PT05 TS tissue processor
(LUPETEC, UK), and embedded in histological paraf�n (Histosec,
Sigma). Tissues were sectioned at 4 μm thickness using the RM2125 RTS
microtome (Leica) and stained with hematoxylin and eosin. Two inde-
pendent pathologists carried out the histopathological analyses.

2.14. Statistical analysis

Statistical analysis was performed using the Prism 8.0 software
(GraphPad Inc., USA). Data distribution was veri�ed using the D’Ag-
ostino & Pearson test. When the sample size (’n’) was suf�cient to
calculate the data distribution but the data did not pass the normality
test, the presence of outliers was assessed using Grubb’s test. The anti-
body titers with prime or prime/boost were compared using the Wil-
coxon matched-pairs signed rank test. For comparison between non-
immunized and immunized groups, the t-test or Mann-Whitney U test
was performed, according to data distribution. Multiple comparisons
analyses were performed using one-way ANOVA followed by the post-
hoc Bonferroni test or Kruskal-Wallis followed by the post-hoc Dunn’s
test, according to data distribution. For survival analyses, the log-rank
test was used. Signi�cant differences were considered p values ≤0.05.

3. Results

3.1. SpiN-Tec is highly immunogenic and protects K18-hACE2 mice from
challenge with the Wuhan isolate

Mice (n = 4 mice/group or more) were immunized with two doses of
SpiN-Tec (10 μg or 20 μg) three weeks apart by intramuscular injection.
As a control group, mice received only adjuvant (CTVad). A blood
sample was collected two days before the booster dose for determination
of antibody titers, and the animals were euthanized thirty days after the
boost to evaluate humoral and cellular immune response (Fig. 1).
Immunized mice developed high titers of speci�c antibodies against
proteins from SARS-CoV-2 and SpiN. Different levels of antibody against
RBD, N, or SpiN were observed (Fig. 2a-c). High titers of total anti-RBD
IgG were observed in mice from the immunized groups. Higher levels of
total anti-N and anti-SpiN IgG were observed independently of the dose
(Fig. 2a). Since IgG switching is regulated by cytokines, we also inves-
tigated the titers of IgG subsets (IgG1 and IgG2c) after immunization
with SpiN-Tec, to understand the cytokine responses induced by SpiN-
Tec. Some animals did not produce anti-RBD IgG1 with one dose of
SpiN-Tec. However, a high anti-RBD IgG1 titer was obtained after prime-
boost with 20 μg of SpiN-Tec (Fig. 2b). Similar levels of IgG1 anti-N and
anti-SpiN were observed regardless of the dose administered (10 μg or
20 μg) (Fig. 2b). High IgG2c anti-RBD and anti-N titers were observed
after the second dose (Fig. 2c). IgG2c anti-SpiN titers were lower
compared to anti-RBD and anti-N titers (Fig. 2c). Importantly, no sta-
tistically signi�cant difference was observed in antibody levels induced
by prime-boost protocol using 10 μg or 20 μg of SpiN-Tec for the IgG
subclasses evaluated. Culture supernatants of splenocytes from immu-
nized mice and restimulated in vitro with RBD, N, or SpiN protein
showed increased production of IFN-γ, TNF, IL-6, IL-17, and IL-2 (p <

0.01) (Fig. 2d-e). In contrast, IL-4 was only detected in the supernatants
of splenocytes from immunized mice restimulated with N and SpiN and
IL-10 in cultures restimulated with RBD and SpiN (p < 0.05) (Fig. 2e).
Regarding the cellular immune response, a high number of CD8+ T cells
producing IFN-γwas observed in splenocytes from immunized mice non-
stimulated (medium) (p < 0.05). Higher number of CD4+ and CD8+ T
cells producing IFN-γ in SpiN-Tec immunized mice restimulated with
SpiN associated with PMA/Ionomycin were observed, the numbers
being more pronounced for CD8+ T cells (p < 0.01) (Fig. 2f). As ex-
pected, in control experiments, splenocytes that were stimulated with
PMA/Ionomycin, no difference was observed between the groups
(Fig. 2f). To determine its protection capacity, SpiN-Tec immunized
K18-hACE2mice (ACE-2) and K18-hACE2 de�cient in B cells mice (ACE-
2/B-KO) were challenged with the Wuhan isolate and followed for 12
days (Fig. 1 – red line). ACE-2 mice immunized with SpiN-Tec (dark blue
lines) did not lose weight (p < 0.05) and showed 100 % survival (p <

0.01) (Fig. 2g-h). In contrast, the majority of immunized ACE-2/B-KO
mice lost weight, and around 50 % recovered and survived (light blue
dotted lines). As expected, all animals from control groups (CTVad +

Vehicle) lost weight and died up to 10DPI (black and gray lines) (Fig. 2g-
h).

3.2. SpiN-Tec protects K18-hACE2 mice against Omicron variant by
cellular and humoral immune response

SpiN-Tec immunized K18-hACE2 mice challenged with the Omicron
variant were euthanized at 5 DPI, and the viral load was evaluated in
lung samples by qPCR. Immunization with SpiN-Tec reduced viral RNA
by more than 100-fold, compared to the control group (p < 0.01)
(Fig. 3a). Histopathological analyses of lungs from the control, non-
immunized group showed a focal alveolar collapse of moderate in-
tensity (yellow arrow), congested blood vessels (red arrow), mild hem-
orrhage (green arrow) associated with the presence of a mixed
inNammatory in�ltrate located in the perivascular region (black arrow),
and �brino-leukocytic exudate in the alveolar spaces (blue arrow)
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(Fig. 3b). On the other hand, SpiN-Tec immunized K18-hACE2 mice
showed preserved tissue architecture with inNammatory in�ltrate in the
perivascular region (black arrow) (Fig. 3c). We also evaluated T
response during infection with the Omicron variant, since T cell epitopes
were highly conserved between Wuhan and Omicron variant (Supple-
mentary Tables 1 and 2). SpiN-Tec immunized K18-hACE2 mice showed
a strong cellular response with an increased number of total T cells
(CD3+) (p< 0.01), CD4+ (p< 0.05), and CD8+ (p< 0.05) T cells at 5 DPI
in both the lung and spleen (Fig. 3d and g). On the other hand, no sta-
tistically signi�cant difference was observed for B cells (CD19+) in both
organs (Fig. 3d and g). In addition, a higher number of CD8+ T cells
producing IFN-γ (p< 0.01) (Fig. 3e) and Granzyme B (p< 0.05) (Fig. 3f)
was detected in the mice lungs of SpiN-Tec immunized and challenged
with Omicron variant. In the spleen samples, a higher number of both
subsets of T cells (CD4+ and CD8+) producing IFN-γ were observed (p <
0.01) (Fig. 3g), as well as, CD8+ T cells producing Granzyme B (p< 0.01)
(Fig. 3i). To elucidate the role of T cells in the protection against the
Omicron variant, SpiN-Tec immunized K18-hACE2 mice were depleted
of T cells with speci�c monoclonal antibodies before the challenge with
the Omicron variant. SpiN-Tec immunized mice treated with isotype
control antibody (αKLH) showed a signi�cant reduction of viral load in
the lung in comparison to control group (p < 0.001). In contrast, SpiN-
Tec immunized mice that were treated with antibodies against T cells
(αCD4/αCD8) presented a lower reduction in lung viral load in com-
parison to the control group (p < 0.05) (Fig. 3j). However, in the nasal
wash, T cells depleted immunized mice exhibited a higher viral load in
comparison to non-depleted mice (p < 0.05), with a viral load similar to
control group (Fig. 3k). Sera transfer was performed to evaluated the
role of the antibodies in the protection against the Omicron variant.
K18-hACE mice that received sera transfer from SpiN-Tec immunized
mice showed a reduction of around 10-fold in viral load in lung samples
(p < 0.01) (Fig. 3l). However, no difference was observed in the viral
load of the nasal wash (Fig. 3m).

3.3. Homologous and heterologous prime/boost protocols using SpiN-Tec
induce antibodies against the Omicron variant

Mice were immunized with ChAdOx1 and SpiN-Tec in homologous
and heterologous prime/boost schedules (Fig. 4a). Mice that received 2
doses of SpiN-Tec (10 μg) developed high titers of total IgG, IgG1, and
IgG2c against RBD from the Omicron variant (Figs. 4b-d). In contrast,
mice that received either one or 2 doses of ChAdOx1 (1 × 1010 PV) have
similar titers of total IgG, IgG1, and IgG2c against RBD from the Omi-
cron variant (Figs. 4b-d). The heterologous prime/boost protocol
(ChadOx1/SpiN-Tec) induced higher levels of total IgG (p < 0.05)

(Fig. 4b). Although immunization with SpiN-Tec does not result in the
production of neutralizing antibodies, higher levels of nAbs against
Wuhan isolate were detected when SpiN-Tec was used as a booster dose
(green circles), compared to a single dose of ChAdOx1 (p < 0.0001) or
two doses of ChAdOx1 (p = 0.001) (Fig. 4e). The ChAdOx1 homologous
prime/boost (�lled red circles) did not enhance nAb titers compared to a
single dose of ChAdOx1 (empty red circles) (Fig. 4e). We also evaluated
the nAb anti-Omicron titers. Although not statistically signi�cant, the
boost with SpiN-Tec induced a slight increase in the median of nAb titers
against Omicron variant (Fig. 4f). The T cell response was also evaluated
using homologous and heterologous prime/boost immunization pro-
tocols. Higher production of IFN-γ by splenocytes was observed for both
heterologous (ChAdOx1/SpiN-Tec) and homologous (ChAdOx1/ChA-
dOx1) immunization protocol, in response to restimulation with RBD (p
< 0.001) and SpiN (p < 0.5) recombinant proteins in comparison to
control group (Fig. 4g). No statistically signi�cant difference was
observed between heterologous (ChAdOx1/SpiN-Tec) and homologous
(ChAdOx1/ChAdOx1) immunization protocols (Fig. 4g).

3.4. SpiN-Tec induces humoral immune response in hamsters

We have also immunized hamsters with two doses of SpiN-Tec three
weeks apart by intramuscular injection and antibody titers were eval-
uated two days before and thirty days after the boost (Fig. 1). As
observed in the mice model, hamsters immunized with SpiN-Tec also
showed different levels of antibody against RBD, N, or SpiN. Total anti-
RBD IgG titer after the prime-boost was similar independently of the
dose used (25 μg or 50 μg) (Fig. 5a). Total anti-N and anti-SpiN IgG titers
were more homogeneous within groups (Fig. 5a). Anti-RBD IgG1 was
not detected (Fig. 5b). High IgG1 titers after two doses of SpiN-Tec were
detected for N and SpiN (Fig. 5b). Importantly, only anti-SpiN IgG1 titer
showed a signi�cant difference between the 2 doses tested (25 μg or 50
μg), being more pronounced for SpiN-Tec 50 μg (Fig. 5b). Anti-RBD
IgG2/IgG3 production was observed in all animals after prime-boost
(Fig. 5c). There was no increase in anti-N and anti-SpiN IgG2/IgG3
after the booster dose for the tested doses (25 μg or 50 μg) (Fig. 5c).

3.5. SpiN-Tec protects hamsters from challenge with Wuhan isolate, Delta
and Omicron variants

Hamsters are considered a model for moderate COVID-19 since they
control the infection and recover [19,20]. Immunized animals were
challenged with the Wuhan isolate, Delta and Omicron variants and
euthanized 4 days after infection to measure viral load and to evaluate
histopathology �ndings. Hamsters immunized with SpiN-Tec and

Fig. 1. Schematic representation of mice and hamsters study design. Animals were immunized via i.m. with two doses of SpiN-Tec, 21 days apart. A blood
sample was collected two days before the booster dose (D19) to evaluate antibody titer. Thirty days after the boost (D51), some animals were euthanized for
evaluation of the immunogenicity of SpiN-Tec, and another part was challenged with SARS-CoV-2. SpiN-Tec immunized K18-hACE2 mice were challenged with 5 ×

104 PFU of Wuhan strain and were monitored daily until D63 for survival. K18-hACE2 mice immunized with SpiN-Tec and challenged with 2.5 × 104 PFU of Omicron
variant were euthanized �ve days post-challenged (D56), and lung samples were collected to evaluate viral load and histopathology. SpiN-Tec immunized hamsters
were challenged with 1 × 105 PFU for all variants and euthanized four days after being challenged (D55) to evaluate viral load and histopathology in the lungs.
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Fig. 2. SpiN-Tec immunogenicity and protection against Wuhan isolate in mice model. (a) Total anti-RBD, anti-N, and anti-SpiN IgG titers in mice that received
CTVad + Vehicle (black circles), SpiN-Tec 10 μg (light blue circles) or SpiN-Tec 20 μg (dark blue circles) after �rst immunization (prime) or two doses (prime/boost)
[n = 4 mice/group]. (b) Anti-RBD, anti-N, and anti-SpiN IgG1 titers in mice that received CTVad + Vehicle (black circles), SpiN-Tec 10 μg (light blue circles) or SpiN-
Tec 20 μg (dark blue circles) after �rst immunization (prime) or two doses (prime/boost) [n = 4 mice/group]. (c) Anti-RBD, anti-N, and anti-SpiN IgG2c titers in mice
that received CTVad + Vehicle (black circles), SpiN-Tec 10 μg (light blue circles) or SpiN-Tec 20 μg (dark blue circles) after �rst immunization (prime) or two doses
(prime/boost) [n = 4 mice/group]. IFN-γ, TNF, IL-6, IL-17 (d) and IL-2, IL-4, and IL-10 (e) produced by splenocytes from CTVad + Vehicle (black circles) or SpiN-Tec
10 μg (blue circles) mice after 72 h of incubation with medium (negative control) and restimulation with recombinant RBD, N or SpiN protein [n = 7 mice/group]. (f)
Number of CD4+ and CD8+ T cells producing IFN-γ from splenocytes of mice that received CTVad + Vehicle (black circles) or were immunized with SpiN-Tec 10 μg
(blue circles), after restimulation in vitro with SpiN protein for 24 h [n = 7mice/group]. Body weight (g) and survival (h) of K18-hACE2 mice that received CTVad +

Vehicle (black lines) or SpiN-Tec 10 μg (blue lines) and K18-hACE2/B-KO that received CTVad + Vehicle (gray lines) or SpiN-Tec 10 μg (light blue dotted lines) and
were challenged with the Wuhan isolate of SARS-CoV-2 [K18-hACE2: n = 4 mice/group; K18-hACE2/B-KO: 6–10 mice/group] [* K18-hACE2: CTVad + Vehicle vs
SpiN-Tec]. The statistical analysis of cytokines production and IFN-γ producing T cells was carried out using Mann-Whitney U test, lines represent median with an
interquartile range. The statistical analysis of body weight curves was performed by area under the curve followed by the Kruskal-Wallis test followed by the post-hoc
Dunn’s test. The statistical analysis of survival was performed using the log-rank test. *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to
colour in this �gure legend, the reader is referred to the web version of this article.)
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challenged with the Wuhan isolate showed a signi�cant reduction (65
%) in viral RNA in lung samples in comparison to control group (p <

0.01) (Fig. 6a). Non-immunized hamsters challenged with the Wuhan
isolate developed diffuse interstitial pneumonia, with the presence of
congestion (red arrow), associated with a focal mononuclear inNam-
matory in�ltrate characterized by neutrophilic predominance in the
alveolar septum (black arrow) (Fig. 6b). In contrast, hamsters immu-
nized with SpiN-Tec and challenged with the Wuhan isolate showed
preserved lung tissue architecture without morphological alterations
(Fig. 6c). Immunized hamsters challenged with the Delta variant also
showed a signi�cant reduction (65 %) on viral RNA load in the lungs in
comparison to the non-immunized group (p< 0.01) (Fig. 6d). Regarding
histopathological evaluation, hamsters from the control group (CTVad+
Vehicle) challenged with the Delta variant showed pulmonary involve-
ment, with focal septal thickening (brace), hemorrhagic focus (green
arrow), and congestion (red arrow) associated with peribronchovascular
mononuclear inNammatory in�ltrate (black arrow) (Fig. 6e). In contrast,
the group immunized with SpiN-Tec showed preserved lung architecture
and airspace, with the presence of congestion (red arrow) (Fig. 6f). SpiN-
Tec immunized hamsters challenged with the Omicron variant exhibited
around 10-fold reduction (~87 %) in viral RNA in lung samples in
comparison to the control group (p < 0.01) (Fig. 6g). Non-immunized
hamsters challenged with the Omicron variant presented an inNamma-
tory in�ltrate with the predominance of mononuclear cells, concen-
trated in the peribronchovascular region (black arrow), associated with
edema (blue arrow) and septal thickening (brace) demonstrating mod-
erate involvement of the lung (Fig. 6h). On the other hand, SpiN-Tec
immunized animals and challenged with the Omicron variant pre-
sented mild lung involvement, with preserved lung tissue architecture
associated with a focal hemorrhage (green arrow) and septal thickening
(brace) (Fig. 6i).

3.6. SpiN-Tec is immunogenic and is safe for rats

To evaluate SpiN-Tec toxicity and safety, Sprague Dawley rats were
immunized with two doses of SpiN-Tec three weeks apart by intramus-
cular injection. Blood samples were collected before immunization (D0),
two days after the �rst and second dose (D2 and D23, respectively), and
at endpoint (D35) for evaluation of hematological and biochemical pa-
rameters. Humoral response was assessed 14 days after the �rst dose and
at the endpoint (D14 and D35, respectively). Some animals were
euthanized two days after the second dose (D23 - Main Group) and
another group was euthanized at the endpoint (D35 – Recovery Group)
(Fig. 7a). Rats immunized with two doses of SpiN-Tec developed high
titers of speci�c antibodies against proteins from SARS-CoV-2 and SpiN.
Different antibody levels were observed against RBD, N, and SpiN, with
higher total IgG titers of anti-N and anti-SpiN, compared to anti-RBD for

both females and males (Fig. 7b). Similar results were observed for IgG1
titers, with higher anti-N and anti-SpiN levels for both females andmales
(Fig. 7c). Although most of the animals did not produce anti-RBD IgG2b
with one dose of SpiN-Tec, all animals produced signi�cant titers after
the SpiN-Tec booster dose (Fig. 7d). Higher IgG2b titers anti-N and anti-
SpiN were detected after two doses of SpiN-Tec (Figs. 7d).

Body weight was evaluated daily for all animals from the main
groups (Fig. 8a). There was no statistically signi�cant difference among
groups. All animals gained weight over time, being more pronounced in
male rats, regardless the experimental group (Fig. 8a). Similar result was
observed for rats from the recovery group (Supplementary Fig. 5a). The
body temperature was evaluated before immunization (T0), 3 h, and 24
h after the �rst (D0) and booster dose (D21) (Fig. 8b). As expected, some
alterations in body temperature were detected. However, it is important
to highlight that the body temperature remained within the normal
reference value range (35.9–37.5 ◦C) for all experimental groups from
the main group (Fig. 8b). A similar result was observed to the animals
from recovery group (Supplementary Fig. 5b). Regarding hematological
parameters, an increase in the white blood cell count (WBC) (Supple-
mentary Fig. 5c - upper panels) was observed for both females and males
after immunizations. However, the WBC count remained within the
normal reference value range (3–17 × 103 cells/μL). In addition, at the
endpoint (D35) the WBC values returned to initial levels (D0 - baseline).
Similarly, alterations in the percentage of lymphocytes, monocytes, and
neutrophils remained within the normal reference value range (Sup-
plementary Fig. 5c). Variations in the number of red blood cells (RBC)
and hemoglobin were also observed, but all were within the normal
reference value range (Supplementary Fig. 5c).

The liver and kidney functions were evaluated by measuring liver
enzymes, blood urea nitrogen (BUN), and creatinine (Fig. 8c). The
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
liver enzymes did not show alterations during the experimental time for
both females and males of all experimental groups (Fig. 8c – upper
panels). The BUN and creatinine values were also within the normal
range (Fig. 8c – lower panels). We also investigated alterations in
coagulation parameters (Fig. 8d). An increase in �brinogen levels were
observed in animals that received adjuvant alone or SpiN-Tec (Fig. 8d –

upper panels). However, the �brinogen levels returned to basal levels
(D0) at D35 (recovery group). Some alterations were detected for pro-
thrombin time and activated partial thromboplastin time (aPTT), and
the levels did not return to basal levels in some experimental groups
(Fig. 8d – middle panels). It is important to observe that the control
group (vehicle) also presented alterations in prothrombin and aPTT
time. The platelets count showed some variation among time, but all
within the normal reference value range (Fig. 8d – lower panels).

No signi�cant alteration in clinical signs was observed during the
safety and toxicity test, and all animals survived. No alteration was

Fig. 3. SpiN-Tec protection against the Omicron variant in mice model. (a) Lung viral load from CTVad + Vehicle (black circles), or SpiN-Tec 10 μg immunized
K18-hACE2 mice (pink circles) and challenged with the Omicron variant at 5 DPI [n = 8 mice/group]. Histopathological sections of lungs from CTVad + Vehicle (b),
and SpiN-Tec 10 μg immunized K18-hACE2 mice (c) at 5 DPI [n = 8 mice/group]. The inNammatory in�ltrate in the perivascular region (black arrow), vascular
congestion (red arrow), alveolar collapse (yellow arrow), hemorrhage (green arrow), and edema (blue arrow) at 10× (200 μm) and 40× (50 μm) magni�cation. (d)
Number of total T cells (CD3+) and subsets (CD4+ and CD8+) and B cells (CD19+) in the lungs of K18-hACE2 mice that received CTVad + Vehicle (black circles) or
SpiN-Tec (pink circles) at 5 DPI with Omicron variant [n = 6 mice/group). Number of CD4+ and CD8+ T cells producing IFN-γ (e) or CD8+ T cells producing
Granzyme B (f) in the lungs of K18-hACE2 mice that received CTVad + Vehicle (black circles) or SpiN-Tec (pink circles) at 5 DPI with Omicron variant [n = 6 mice/
group]. (g) Number of total T cells (CD3+) and subsets (CD4+ and CD8+) and B cells (CD19+) in the spleen of K18-hACE2 mice that received CTVad + Vehicle (black
circles) or SpiN-Tec (pink circles) at 5 DPI with Omicron variant [n = 6 mice/group]. Number of CD4+ and CD8+ T cells producing IFN-γ (h) or CD8+ T cells
producing Granzyme B (i) in the spleen of K18-hACE2 mice that received CTVad + Vehicle (black circles) or SpiN-Tec (pink circles) at 5 DPI with Omicron variant [n
= 6 mice/group]. Viral load in lung (j) and nasal wash (k) of K18-hACE2 mice immunized with SpiN-Tec treated with isotype control antibodies (pink circles) or anti-
T cells antibodies (orange circles) at 5 DPI with Omicron variant [n = 8 mice/group]. Viral load in the lung (l) and nasal wash (m) of K18-hACE2 mice that received
sera transfer from mice that received CTVad + Vehicle (black circles) or SpiN-Tec immunized (pink circles) at 5 DPI with Omicron variant [n = 5 mice/group]. The
statistical analysis of viral load in mice challenged with Omicron was performed using the unpaired t-test. The statistical analysis of T and B cells, T cells producing
IFN-γ, and Granzyme B were performed using the Mann-Whitney U test, lines represent the median with the interquartile range. The statistical analysis of T cell
depletion was performed by the Kruskal-Wallis test followed by post-hoc Dunn’s test. The statistical analysis of the viral load of mice that received sera transfer was
performed using the Mann-Whitney U test. *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to colour in this �gure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Immunogenicity of homologous and heterologous prime/boost vaccination with SpiN-Tec. (a) Animals were immunized via i.m. with one dose of
SpiN-Tec or ChadOx1, two doses of SpiN-Tec or ChadOx1 (homologous protocol), or one dose of ChadOx1 followed by one dose of SpiN-Tec (heterologous protocol),
21 days apart. Thirty days after the boost (D51), the animals were euthanized for evaluation of the immunogenicity. Anti-RBD Omicron total IgG (b), IgG1 (c), and
IgG2c (d) titers in mice that received PBS (black circles), SpiN-Tec (empty blue circle), ChAdOx1 (empty red circles), SpiN-Tec/SpiN-Tec (�lled blue circles),
ChAdOx1/ChAdOx1 (�lled red circles) or ChAdOx1/SpiN-Tec (�lled green circles) [n = 8 mice/group]. nAbs titers against Wuhan isolate (e) or Omicron variant (f)
in mice that received PBS (black circles), SpiN-Tec (empty blue circle), ChAdOx1 (empty red circles), SpiN-Tec/SpiN-Tec (�lled blue circles), ChAdOx1/ChAdOx1
(�lled red circles) or ChAdOx1/SpiN-Tec (�lled green circles) [n = 8 mice/group]. (g) IFN-γ produced by splenocytes from mice that received PBS (black circles),
SpiN-Tec (empty blue circle), ChAdOx1 (empty red circles), SpiN-Tec/SpiN-Tec (�lled blue circles), ChAdOx1/ChAdOx1 (�lled red circles) or ChAdOx1/SpiN-Tec
(�lled green circles) [n = 10 mice/group]. The statistical analysis of IgG titer was performed using the Kruskal-Wallis test followed by the post-hoc Dunn’s test.
The statistical analysis of nAbs was performed using One-Way ANOVA followed by post-hoc Bonferroni test (Wuhan) or Kruskal-Wallis followed by post-hoc Dunn’s
test (Omicron). The statistical analysis of IFN-γ production was performed using One-Way ANOVA followed by post-hoc Sidak’s test. One outlier was removed in the
following groups: PBS (N and SpiN), ChAdOx1 (N and SpiN), and ChAdOx1/SpiN-Tec (N). *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references
to colour in this �gure legend, the reader is referred to the web version of this article.)
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observed at the vaccination site, such as irritation, erythema, or any
other parameter evaluated in the Draize test. During the necropsy the
adrenal gland, brain, heart, kidney, liver, spleen, thymus, ovary,
epididymis, and testicle were removed and weighed. In the main group
(D23), it was observed an increase in spleen relative weight for females
and males in comparison to the control group (vehicle). However, this
difference was not observed in the recovery group, euthanized at D35
(Supplementary Table 3). Furthermore, an increase in the relative
weight of female kidneys was observed in the rats of the main group
(D23), being normalized in the recovery group (D35) (Supplementary
Table 3). No signi�cant macroscopic �ndings were found in the organs
evaluated during the necropsy for both the main and recovery groups.
The histopathological analysis of the main group indicated edema
associated with focal and diffuse inNammatory in�ltrate in the site of
immunization (muscle tissue). However, it is important to emphasize
that the main group was euthanized 2 days after the booster dose.
Regarding the recovery group, low-grade �brosis was observed at the
injection site, but without any active inNammatory reaction. In
conclusion, immunization with SpiN-Tec did not show signi�cant
changes in parameters indicative of toxicity, such as mortality and/or
morbidity and relevant clinical signs, indicating that the vaccine is safe.

4. Discussion

Vaccination has proved to be critically important for the control of
the COVID-19 pandemic and to prevent severe disease and deaths.
However, according to the update made by WHO, from April 28 to May
26, 2024, approximately 129,000 cases and 1792 fatalities were still
reported worldwide. These numbers may not reNect the actual number
as many countries have interrupted or changed the reporting frequency
[21]. These data suggest that COVID-19 has become endemic. The

monovalent COVID-19 vaccines currently in use primarily target the
Spike protein or RDB (receptor-binding domain) and are capable of
inducing robust humoral and cellular responses [22]. However, waning
immunity over time and the emergence of VOCs, with numerous mu-
tations in the Spike protein, have reduced the effectiveness of these
vaccines, enabling breakthrough infections. Therefore, the emergence of
new SARS-CoV-2 variants capable of escaping neutralizing Abs induced
by vaccines based on the Spike protein from the ancestral isolate, in
addition to waning immunity, has encouraged the development of new
vaccines aiming to improve T-cell mediated immunity to circulating
variants [23].

Importantly, different studies have shown that individuals immu-
nized with vaccines designed with the sequence of wild-type strain Spike
protein retain T cell immunity to the SARS-CoV-2 Omicron variant, and
protect against severe disease caused by VOCs, even in the absence or
low titers of nAbs that recognize the VOCs [3,6–8,24,25]. Thus, it is
possible that the immune mediated resistance to Omicron variant is
dependent on effector T cells. These �ndings reinforce the necessity for
the development of vaccines that focus not only on nAbs, but also on T
cells to control the infection. Therefore, we developed a chimeric protein
composed of the full-length N-protein and the RBD portion of the Spike
protein, since both proteins have been shown immunogenic and highly
enriched for CD4+ T and CD8+ T cell epitopes [2,26–28].

In addition, to be conserved among the SARS-CoV-2 VOCs, the N is
highly expressed in the host cells cytosol and is likely to be presented by
the MHC class I, being a good target for cytotoxic CD8+ T cells [29].
Indeed, studies performed in our laboratory and elsewhere indicate that
the N protein is highly immunogenic, inducing both humoral and
cellular immune responses [30–32] that control viral load in mice and
hamsters challenged with SARS-CoV-2 VOCs [2,26,33,34].

Although the N protein is highly immunogenic, the RDB portion in

Fig. 5. SpiN-Tec immunogenicity in hamster model. (a) Total anti-RBD, anti-N, and anti-SpiN IgG titer in hamsters that received CTVad + Vehicle (black circles),
SpiN-Tec 25 μg (light blue circles) or SpiN-Tec 50 μg (dark blue circles) after �rst immunization (prime) or two doses (prime/boost) [n = 5 animals/group]. (b) Anti-
RBD, anti-N, and anti-SpiN IgG1 titer in hamsters that received CTVad + Vehicle (black circles), SpiN-Tec 25 μg (light blue circles) or SpiN-Tec 50 μg (dark blue
circles) after �rst immunization (prime) or two doses (prime/boost) [n = 5 animals/group]. (c) Anti-RBD, anti-N, and anti-SpiN IgG2/IgG3 titer in hamsters that
received CTVad + Vehicle (black circles), SpiN-Tec 25 μg (light blue circles) or SpiN-Tec 50 μg (dark blue circles) after �rst immunization (prime) or two doses
(prime/boost) [n = 5 animals/group]. The statistical analysis of IgG titer between SpiN-Tec 25 μg and SpiN-Tec 50 μg was performed using the Mann-Whitney U test.
**p < 0.01. (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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Fig. 6. Protection against variants of concern in SpiN-Tec immunized Syrian hamsters. (a) Lung viral load in CTVad + Vehicle (black circles) or SpiN-Tec 50 μg
(blue circles) immunized Syrian hamsters and challenged with the Wuhan isolate at 4 DPI [n = 8 animals/group]. Histopathological sections of lungs from CTVad +

Vehicle (b) and SpiN-Tec 50 μg (c) immunized hamsters and challenged with the Wuhan isolate at 4 DPI [n = 8 animals/group]. InNammatory in�ltrate in the
perivascular region (black arrow), vascular congestion (red arrow). (d) Viral load in CTVad + Vehicle (black circles) or SpiN-Tec 50 μg (green circles) immunized
hamsters and challenged with the Delta variant at 4 DPI [n = 8 animals/group]. Histopathological sections of lungs from CTVad + Vehicle (e) and SpiN-Tec 50 μg (f)
immunized hamsters and challenged with Delta variant at 4 DPI [n = 8 animals/group]. InNammatory in�ltrate in the perivascular region (black arrow), vascular
congestion (red arrow), hemorrhage (green arrow), and septal thickening (brace). (g) Viral load in CTVad + Vehicle (black circles) or SpiN-Tec 50 μg (pink circles)
immunized hamsters and challenged with the Omicron variant at 4 DPI [n = 6 animals/group]. Histopathological sections of lungs from CTVad + Vehicle (h) and
SpiN-Tec 50 μg (i) immunized hamsters and challenged with the Omicron variant at 4 DPI [n = 6 animals/group]. InNammatory in�ltrate in the perivascular region
(black arrow), edema (blue arrow), hemorrhage (green arrow), and septal thickening (brace). Histology images represent 10× (200 μm) and 40× (50 μm)
magni�cation. The statistical analysis of viral load was performed using an unpaired t-test (Wuhan and Delta) and Mann-Whitney U test (Omicron). **p < 0.01. (For
interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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the SpiN chimeric vaccine was shown essential to protect 100 % of the
mice challenged with the wild type (Wuhan) as well as the Delta and
Omicron variants of SARS-CoV-2 [2]. We hypothesize that, upon infec-
tion, priming with RBD epitopes could favor helper CD4+ T cells to
accelerate the production of antibodies that recognize conserved regions
of RBD. Importantly, despite of low levels of nAbs, a recent study
demonstrates that an RBD-speci�c antibody triggers Fc-dependent
effector functions that protect mice challenged with Omicron sub-
variants [35]. Like our previous report [2], studies performed else-
where showed that an mRNA vaccine that expresses only the N protein
of SARS-CoV-2, although immunogenic, modestly controlled infection

by Delta and Omicron variants. Yet, in combination with an mRNA
vaccine expressing the S protein, it was able to induce robust control
against these variants in the lungs, with a signi�cant reduction in the
viral load in the upper respiratory tract [36].

We have previously reported the immunogenicity and ef�cacy of a
recombinant chimeric RDB/N (SpiN) chimeric vaccine adjuvanted with
Poly ICLC in mice and hamsters [2]. Aiming to approve a phase I/II
clinical trial, we further investigated the immune response induced by
immunization of mice and hamsters with SpiN protein adjuvanted with
CTVad1 (MF59-based adjuvant). MF59 is a squalene oil-in-water
emulsion with demonstrated safety and ef�cacy for human use and

Fig. 7. SpiN-Tec immunogenicity in rat model. (a) Animals were immunized via i.m. with two doses of SpiN-Tec, 21 days apart. Blood samples were collected
before immunization (D0), 2 and 14 days after the �rst dose (D2 and D14, respectively), two days after the booster dose (D23), and at end-point (D35). Hematological
and biochemical parameters were evaluated at D0, D2, D23, and D35. Antibody titers were measured at D14 and D35. The main group was euthanized two days after
the booster dose (D23) for toxicity evaluation, and the recovery group was euthanized at the end-point (D35) for safety evaluation. (b) Total anti-RBD, anti-N, and
anti-SpiN IgG titer in female and male rats that received CTVad + Vehicle (black circles) or SpiN-Tec 100 μg (red circles – females; blue circles - males) after �rst
immunization (prime) or two doses (prime/boost) [n = 5 rats/group]. (c) Anti-RBD, anti-N, and anti-SpiN IgG1 titer in female and male rats that received CTVad +

Vehicle (black circles) or SpiN-Tec 100 μg (red circles – females; blue circles - males) after �rst immunization (prime) or two doses (prime/boost) [n = 5 rats/group].
(d) Anti-RBD, anti-N, and anti-SpiN IgG2b titer in female and male rats that received CTVad + Vehicle (black circles) or SpiN-Tec 100 μg (red circles – females; blue
circles - males) after �rst immunization (prime) or two doses (prime/boost) [n = 5 rats/group]. (For interpretation of the references to colour in this �gure legend,
the reader is referred to the web version of this article.)

N.S. Hojo-Souza et al. Vaccine 42 (2024) 126394 

12 



Fig. 8. Safety test in the rat model. Body weight (a) and temperature (b) of animals from the main group. (c) Liver and kidney functions were evaluated by
measuring ALT (alanine aminotransferase), AST (aspartate aminotransferase), BUN (blood urea nitrogen), and creatinine in blood samples from animals of the main
and recovery groups at different time points. (d) The coagulation was evaluated by measuring �brinogen, prothrombin time, aPTT (activated partial thromboplastin
time), and platelets count in blood samples from animals of the main and recovery groups at different time points. Vehicle (pink lines), CTVad + Vehicle (black lines),
SpiN-Tec 50 μg (light blue lines), and SpiN-Tec 100 μg (dark blue lines). The dotted lines represent the normal reference value range for all biochemicals and
hematological parameters. Some normal reference value range varies according to the sex of the animal. The statistical analysis of weight curves and body tem-
perature was performed by area under the curve followed and one-way ANOVA followed by the post-hoc Bonferroni test. The statistical analysis of biochemical
parameters was performed by one-way ANOVA followed by the post-hoc Bonferroni test. *p < 0.05; **p < 0.01; ***p < 0.001 (* V x CT; # V x SpiN 50 μg; $ V x SpiN
100 μg). (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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included in registered and commercially approved human vaccines [37]
that enhance both humoral and cellular response [38]. Hence, we
generated the SpiN-Tec vaccine containing the SpiN chimeric protein
adjuvanted with CTVad1 [13].

Like SpiN associated with Poly ICLC, SpiN-Tec induced a strong
humoral and cellular immune response. We observed high levels of IgG
antibodies against RDB, N, and SpiN proteins and signi�cantly increased
production of IFN-γ, IL-2, and TNF, but no IL-4 produced by T cells. In
addition, the IgG2 levels of anti-RBD and anti-N were higher than IgG1
in all experimental models, indicating that the SpiN-Tec vaccine induced
a type I immune response.

Antibodies play a crucial role in protecting against viral infection by
mechanisms such as viral neutralization, complement-dependent cyto-
toxicity, antibody-dependent cellular cytotoxicity (ADCC), and
antibody-dependent cellular phagocytosis (ADCP), depending on the
effector cell to which they bind. Cells such as Natural Killer and neu-
trophils express the FcγRIII receptor that could mediate ADCC. Virus-
speci�c antibodies can exert antiviral activity by Fc-dependent anti-
body effector functions in SARS-CoV-2 infection [39]. Understanding of
the effector functions of non-neutralizing antibodies is still limited, but
non-neutralizing Abs could contribute to immunity to SARS-CoV-2
through their effector functions acting synergistically [40]. Non-
neutralizing sera from individuals after recovering from SARS-CoV-2
infection, as well as from vaccinated individuals can stimulate
antibody-dependent cellular cytotoxicity (ADCC), contributing to the
effectiveness of vaccines [41–43]. In addition, non-neutralizing Abs
induced by SARS-CoV-2 infection or COVID-19 vaccines have been
associated with protection against Omicron variants via Fc-mediated
non-neutralizing effector functions [44,45]. The vaccine effectiveness
produced against the SARS-CoV-2 ancestral virus remains high for pre-
venting severe disease and hospitalization caused by VOCs such as
Omicron. This protection is probably mediated, at least in part, by the
effector functions of Fc-dependent antibodies, in addition to T cell re-
sponses against spike proteins or more conserved antigens [39]. Serum
transfer experiments from mice immunized with SpiN-Tec showed that
antibodies, although non-neutralizing, partially protect the lungs
against challenge with the Omicron variant. Therefore, our studies
corroborate previous �ndings suggesting that non-neutralizing Abs may
contribute to protection from severe disease, even if they cannot prevent
infection. However, we did not investigate the role of the Fc portion,
which may exert effector functions of non-neutralizing antibodies,
contributing to immunity to SARS-CoV-2. Importantly, another study
showed that antibodies from COVID-19 patients against the N protein
and S protein RBD domains could stimulate high levels of ADCC
response, whichmay support our RDB and N protein-based vaccine [46].

In parallel the role of T cells in protection against the Omicron
variant was suggested by the increased number of CD4+ and CD8+ T
cells producing IFN-γ and CD8+ T cells producing Granzyme B in K18-
hACE2 mice vaccinated with SpiN-Tec and challenged with Omicron.
Animals depleted of CD4+ and CD8+ T cells showed a signi�cantly
higher viral load in the nasal wash than those non-depleted, further
suggesting the participation of T cells in controlling viral dissemination.

During the COVID-19 pandemic, vaccines based on different plat-
forms were developed and approved for emergency use. Comparative
studies between homologous and heterologous prime/boost vaccination
schedules have indicated that the heterologous ChAdOx1/mRNA vac-
cine (ChAdOx1/Comirnaty or mRNA-1273) regimen is well tolerated
and induces strong immune humoral and cellular response compared to
one dose or two doses of ChAdOx1 [28,47–53]. Furthermore, given the
emergence of SARS-CoV-2 variants, various studies have demonstrated
the ef�cacy of the homologous/heterologous schedule ChAdOx1 vaccine
against variants such as Delta or Omicron [54–56].

Here, we demonstrated that the SpiN-Tec vaccine protected K18-
hACE2 mice and hamsters challenged with the Wuhan, Delta and Om-
icron variants from lethality and lung pathology. In addition, SpiN-Tec
has been shown to be a safe and effective vaccine in tests performed

in a rat model, allowing us to advance to phase I/II clinical trials.
Although SpiN-Tec did not induce nAb production, heterologous im-
munization using priming with ChAdOx1 demonstrated that SpiN-Tec
enhances the nAbs response when used as a booster dose. In addition,
SpiN-Tec induced a similar T cell response by splenocytes stimulated
with recombinant RBD and SpiN, compared to ChAdOx1, indicating that
SpiN-Tec is a potential vaccine candidate to be used as a booster.

Overall, this preclinical study carried out in mouse, hamster, and rat
models provides consistent data on the safety, immunogenicity, and
ef�cacy of the SpiN-Tec vaccine for the wild-type strain (Wuhan), and
Delta and Omicron variants, further highlighting the importance of the T
cell-mediated immune response, in addition to speci�c non-neutralizing
Abs, in protecting against severe disease that may be caused by new
circulating variants.
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materials.
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Natália S. Hojo-Souza: Writing – review & editing, Writing – orig-
inal draft, Visualization, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Júlia T. de Castro: Visualization,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Graziella G. Rivelli: Methodology, Investigation, Formal
analysis. Patrick O. Azevedo: Writing – review & editing, Writing –

original draft, Visualization, Methodology, Investigation, Formal anal-
ysis, Conceptualization. Emiliano R. Oliveira: Investigation. Lídia P.
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et al. Immunogenicity and reactogenicity of BNT162b2 booster in ChAdOx1-S-
primed participants (CombiVacS): a multicentre, open-label, randomised,
controlled, phase 2 trial. Lancet 2021;398(10295):121–30. https://doi.org/
10.1016/S0140-6736(21)01420-3.

[48] Schmidt T, Klemis V, Schub D, Mihm J, Hielscher F, Marx S, et al. Immunogenicity
and reactogenicity of heterologous ChAdOx1 nCoV-19/mRNA vaccination. Nat
Med 2021;27(9):1530–5. https://doi.org/10.1038/s41591-021-01464-w.

[49] Hillus D, Schwarz T, Tober-Lau P, Vanshylla K, Hastor H, Thibeault C, et al. Safety,
reactogenicity, and immunogenicity of homologous and heterologous prime-boost
immunisation with ChAdOx1 nCoV-19 and BNT162b2: a prospective cohort study.
Lancet Respir Med 2021;9(11):1255–65. https://doi.org/10.1016/S2213-2600(21)
00357-X.

[50] Hermosilla E, Coma E, Xie J, Feng S, Cabezas C, Méndez-Boo L, et al. Comparative
effectiveness and safety of homologous two-dose ChAdOx1 versus heterologous
vaccination with ChAdOx1 and BNT162b2. Nat Commun 2022;13(1):1639.
https://doi.org/10.1038/s41467-022-29301-9.

[51] Klemis V, Schmidt T, Schub D, Mihm J, Marx S, Abu-Omar A, et al. Comparative
immunogenicity and reactogenicity of heterologous ChAdOx1-nCoV-19-priming
and BNT162b2 or mRNA-1273-boosting with homologous COVID-19 vaccine
regimens. Nat Commun 2022;13(1):4710. https://doi.org/10.1038/s41467-022-
32321-0.

[52] Vogel E, Kocher K, Priller A, Cheng CC, Steininger P, Liao BH, et al. Dynamics of
humoral and cellular immune responses after homologous and heterologous SARS-
CoV-2 vaccination with ChAdOx1 nCoV-19 and BNT162b2. EBioMedicine 2022;85:
104294. https://doi.org/10.1016/j.ebiom.2022.104294.

[53] Bae S, Ko JH, Choi JY, Park WJ, Lim SY, Ahn JY, et al. Heterologous ChAdOx1 and
Bnt162b2 vaccination induces strong neutralizing antibody responses against
SARS-CoV-2 including delta variant with tolerable reactogenicity. Clin Microbiol
Infect 2022;28(10):1390.e1–7. https://doi.org/10.1016/j.cmi.2022.04.019.

[54] Groß R, Zanoni M, Seidel A, Conzelmann C, Gilg A, Krnavek D, et al. Heterologous
ChAdOx1 nCoV-19 and BNT162b2 prime-boost vaccination elicits potent
neutralizing antibody responses and T cell reactivity against prevalent SARS-CoV-2
variants. EBioMedicine 2022;75:103761. https://doi.org/10.1016/j.
ebiom.2021.103761.

[55] Shen CF, Fu YC, Ho TS, Chen PL, Lee NY, Tsai BY, et al. Pre-existing humoral
immunity and CD4+ T cell response correlate with cross-reactivity against SARS-
CoV-2 omicron subvariants after heterologous prime-boost vaccination. Clin
Immunol 2023;251:109342. https://doi.org/10.1016/j.clim.2023.109342.

[56] Yoo J, Kim Y, Mi Cha Y, Lee J, Jeong YJ, Kim SH, et al. Heterologous vaccination
(ChAdOx1 and BNT162b2) induces a better immune response against the omicron
variant than homologous vaccination. J Infect Public Health 2023;16(10):
1537–43. https://doi.org/10.1016/j.jiph.2023.07.017.

N.S. Hojo-Souza et al. Vaccine 42 (2024) 126394 

16 

https://doi.org/10.1038/s41577-022-00813-1
https://doi.org/10.1038/s41577-022-00813-1
https://doi.org/10.1016/j.celrep.2022.110368
https://doi.org/10.1038/s41392-021-00759-1
https://doi.org/10.1371/journal.pone.0247640
https://doi.org/10.1371/journal.pone.0247640
https://doi.org/10.1002/eji.202149470
https://doi.org/10.1002/eji.202149470
https://doi.org/10.1016/j.celrep.2022.111544
https://doi.org/10.1016/j.celrep.2022.111544
https://doi.org/10.1016/j.chom.2022.03.029
https://doi.org/10.1002/jmv.29638
https://doi.org/10.1016/S0140-6736(21)01420-3
https://doi.org/10.1016/S0140-6736(21)01420-3
https://doi.org/10.1038/s41591-021-01464-w
https://doi.org/10.1016/S2213-2600(21)00357-X
https://doi.org/10.1016/S2213-2600(21)00357-X
https://doi.org/10.1038/s41467-022-29301-9
https://doi.org/10.1038/s41467-022-32321-0
https://doi.org/10.1038/s41467-022-32321-0
https://doi.org/10.1016/j.ebiom.2022.104294
https://doi.org/10.1016/j.cmi.2022.04.019
https://doi.org/10.1016/j.ebiom.2021.103761
https://doi.org/10.1016/j.ebiom.2021.103761
https://doi.org/10.1016/j.clim.2023.109342
https://doi.org/10.1016/j.jiph.2023.07.017

	SpiN-Tec: A T cell-based recombinant vaccine that is safe, immunogenic, and shows high efficacy in experimental models chal ...
	1 Introduction
	2 Material and methods
	2.1 Ethical statement
	2.2 Experimental animals
	2.3 Virus and Cells
	2.4 SpiN protein production and SpiN-Tec vaccine
	2.5 Immunization and challenge experiments
	2.6 Detection of mouse, hamster, and rat antigen-specific antibodies
	2.7 Plaque Reduction Neutralization Test (PRNT)
	2.8 Cytokines measurement
	2.9 Determination of viral load by qRT-PCR
	2.10 Flow cytometry
	2.11 CD4+/CD8+ T cell depletion and sera transfer
	2.12 Safety test
	2.13 Histopathology
	2.14 Statistical analysis

	3 Results
	3.1 SpiN-Tec is highly immunogenic and protects K18-hACE2 mice from challenge with the Wuhan isolate
	3.2 SpiN-Tec protects K18-hACE2 mice against Omicron variant by cellular and humoral immune response
	3.3 Homologous and heterologous prime/boost protocols using SpiN-Tec induce antibodies against the Omicron variant
	3.4 SpiN-Tec induces humoral immune response in hamsters
	3.5 SpiN-Tec protects hamsters from challenge with Wuhan isolate, Delta and Omicron variants
	3.6 SpiN-Tec is immunogenic and is safe for rats

	4 Discussion
	Data and materials availability
	Competing interests
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


