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Abstract: The vast majority of SARS-CoV-2 vaccines which are licensed or under development focus
on the spike (S) protein and its receptor binding domain (RBD). However, the S protein shows
considerable sequence variations among variants of concern. The aim of this study was to develop
and characterize a SARS-CoV-2 vaccine targeting the highly conserved nucleocapsid (N) protein.
Recombinant N protein was expressed in Escherichia coli, purified to homogeneity by chromatography
and characterized by SDS-PAGE, immunoblotting, mass spectrometry, dynamic light scattering and
differential scanning calorimetry. The vaccine, formulated as a squalane-based emulsion, was used to
immunize Balb/c mice and NOD SCID gamma (NSG) mice engrafted with human PBMCs, rabbits
and marmoset monkeys. Safety and immunogenicity of the vaccine was assessed via ELISA, cytokine
titer assays and CFSE dilution assays. The protective effect of the vaccine was studied in SARS-
CoV-2-infected Syrian hamsters. Immunization induced sustainable N-specific IgG responses and
an N-specific mixed Th1/Th2 cytokine response. In marmoset monkeys, an N-specific CD4+/CD8+

T cell response was observed. Vaccinated Syrian hamsters showed reduced lung histopathology,
lower virus proliferation, lower lung weight relative to the body, and faster body weight recovery.
Convacell® thus is shown to be effective and may augment the existing armamentarium of vaccines
against COVID-19.

Keywords: protein N; nucleocapsid; vaccine; SARS-CoV-2; COVID-19

1. Introduction

Available data strongly suggest that introduction of COVID-19 vaccines was successful
in controlling the COVID-19 pandemic and reduced SARS-CoV-2-related deaths [1,2]. Most
of the COVID-19 vaccine development has so far focused on the response against the
viral S (spike) protein, which by induction of neutralizing antibodies directed against the
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receptor-binding domain (RBD) of the S protein can protect against infection by preventing
the virus from binding to its cellular receptor, ACE2 [3]. Currently, mainly genetic vaccines
which deliver nucleic acid coding for the S protein with adenovirus vectors or introduce
S-encoding mRNA into cells of the vaccinated person are licensed [4–7].

While these vaccines represented an initial breakthrough in the fight against COVID-19,
several disadvantages of genetic vaccination have subsequently been recognized. Firstly,
genetic vaccines targeting the S protein induce a quite variable immune response, possibly
due to the fact that the amount of antigen produced by the host cells cannot be controlled,
and a considerable percentage of vaccinated subjects, in particular vulnerable patients,
remain non-responders [7–11]. Furthermore, genetic vaccination-induced antibody re-
sponses drop relatively quickly in titers [12–14], ensuring that repeated vaccinations are
necessary to maintain protective immunity. Accordingly, adenovirus-based vaccines are
now used less frequently because repeated boosting may reduce vaccine efficacy by in-
ducing adenovirus-specific antibodies. Immunization with genetic SARS-CoV-2 vaccines,
although generally considered safe, has also been associated with adverse events such as
myocarditis [15–17], thromboembolic events [18–20], allergic reactions [21,22], neurological
problems [23] and immunization-related deaths [24]. These associations are strengthened
by detectable S antigen in blood combined with increased cytokine production being a
notable marker of negative post-mRNA vaccine symptoms [25]. A potential solution to the
side effects of genetic COVID-19 vaccines would be to change the platform and develop
recombinant subunit vaccines, to be used in cases where genetic vaccines are unlikely to
be safe or effective, or to provide long-lasting immunity in situations where arranging
multiple boosting is difficult.

A more serious problem with S-based vaccines is the emergence of novel SARS-CoV-2
variants, in particular Omicron and its subvariants, which feature significantly different
S sequences from the earlier strains against which the vaccines have been created. Both
neutralizing antibody and T cell responses are affected by S protein alterations in the new
variants [26,27], accordingly, it has become clear that currently available COVID-19 vaccines
may confer less protection against Omicron infection [28–30]. One way to overcome the
immune evasion of newly emerging SARS-CoV-2 variants is to consider conservative
viral proteins as vaccine targets, for example the N (nucleocapsid), M (membrane) and E
(envelope) [31–34]. Protein N, in particular, is an interesting vaccine candidate since it is
one of the most conserved antigens [35–37] and is highly abundant [38,39]. T-cell immune
responses specific for N protein of SARS-CoV-1 were found to be extremely long-lived (i.e.,
more than 17 years post infection) [40], and pre-clinical studies showed that specific anti-N
antibodies against SARS-CoV-2 were maintained at a plateau for more than 5 months in
mice after immunization [37]. A recent study has demonstrated that N can appear on the
surface of infected cells, indicating that it can be a target for antibody-dependent cellular
cytotoxicity (ADCC) and for cytotoxic T-cells [41]. Furthermore, several studies indicate
that vaccination with N in combination with S or RBD may increase anti-SARS-CoV-2
immunity [42–44]. Accordingly, researchers have started to investigate N as a candidate
antigen for the development of a SARS-CoV-2 vaccine [45–47].

Here we report the development, physicochemical, immunological and in vivo char-
acterization of a SARS-CoV-2 subunit vaccine, Convacell®, which is based on recombinant
N protein formulated as squalane-based emulsion. Importantly, we demonstrate that
immunization with Convacell® protects Syrian hamsters against development of severe
disease after SARS-CoV-2 infection.

2. Materials and Methods
2.1. Production of N Protein and Vaccine Formulation

The nucleotide sequence of wild-type SARS-CoV-2 N protein (GenBank: YP_009724397.2)
was optimized for expression in E. coli and cloned into the pET-28b(+) vector. E. coli strain
Lemo21 (DE3) (NEB, Ipswich, United States, cat. C2528J) was transformed with the ob-
tained plasmid. Culture media was grown in a 5 L Biostat B bioreactor (Sartorius, Göttingen,
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Germany) using LB media supplemented with 0.3% glycerol. Induction of protein expres-
sion was achieved using 5052 media [48]. Cells were harvested and stored at −80 ◦C. After
thawing biomass was homogenized using Panda plus 1000 (GEA, Düsseldorf, Germany) in
lysis buffer (50 mM Tris-HCl, pH 8, 1 M NaCl, 0.1% Triton X-100, 4 mM MgCl2, 5 mM EDTA,
0.1 mM PMSF) and the soluble fraction of proteins was collected for further purification.
Host proteins were precipitated in 15% ammonium sulfate and removed. Then target
protein fraction was precipitated in 30% ammonium sulfate and resuspended in buffer for
ion-exchange chromatography (50 mM Tris-HCl buffer, pH 9, 0.1 mM PMSF). The first step
of purification was anion-exchange chromatography (Capto Q by Cytiva, Marlborough,
United States) in flow-through mode, followed by a cation-exchange step (WorkBeads 40S
by BioWorks, Boston, United States) in binding mode and elution with 1 M NaCl gradient
was carried out. The hydrophobic interaction chromatography (Capto Phenyl ImpRes by
Cytiva, Marlborough, United States) in binding mode was performed after addition of am-
monium sulfate to 1 M final concentration in phosphate buffer (50 mM sodium phosphate,
pH 7.5, 5 mM EDTA). Elution was performed with 1 M to 0 M ammonium sulfate gradient.
Finally, the buffer was exchanged to phosphate buffered saline (PBS) using 30 kDa MWCO
tangential filtration (Vivaflow 200 by Sartorius, Göttingen, Germany). Protein N solution
was sterile filtered through a 0.22 µm PES membrane (Sarstedt, Nümbrecht, Germany) and
stored at 4 ◦C before use.

In all in vivo experiments 50 µg of protein per dose were injected into animals. In the
case of a 0.5 mL dose volume the protein N solution in PBS was mixed in an equal volume
of squalane-based emulsion (squalane, (D,L)-α-tocopherol, polysorbate 80) to obtain final
concentration of 0.1 mg/mL. In the case of a 0.2 mL dose volume a final concentration of
0.5 mg/mL concentration of protein N solution was used. The emulsion was prepared
by mixing squalane, (D,L)-α-tocopherol and polysorbate 80 in PBS and further sonicating.
The vaccine formulation contained a final concentration of: 30 mg/mL squalane (Acros,
Geel, Belgium, cat. 215355000), 10 mg/mL (D,L)-α-tocopherol (Sigma-Aldrich, St. Louis,
United States, cat. 90669) and 10 mg/mL polysorbate 80 (Sigma-Aldrich, cat. 59924). The
placebo preparations contained 30 mg/mL squalane (Acros, Geel, Belgium, cat. 215355000),
10 mg/mL (D,L)-α-tocopherol (Sigma-Aldrich, St. Louis, United States, cat. 90669) and
10 mg/mL polysorbate 80 (Sigma-Aldrich, St. Louis, United States, cat. 59924) and PBS
instead of N protein.

2.2. Stability of Vaccine

The stability of the vaccine was assessed by measurement of N-specific antibodies that
are induced by immunization with samples of vaccine stored at 2–8 ◦C for 0, 1, 2, 3, 6, 9, 12
and 15 months. Vaccines from three lots were used for study (Lot #490821R, #500821R and
#560821R, SPbSRIVS, Saint-Petersburg, Russia). For each time point two groups of female
Balb/c mice, 6–8 weeks age, 6 animals per group, were immunized with either placebo
or Convacell® on day 0 and 7. On day 14 blood was collected, processed to plasma and
analyzed using an ELISA protocol described in “Measurement of N-specific antibodies”
section of Materials and Methods.

2.3. N Protein Characterization

Electrophoresis: SDS-PAGE protein separation in 15% gel was performed using a
Mini-Protean Tetra Cell setup (Bio-Rad, Hercules, United States) with 200 V voltage until
dye reached the bottom of the gel. Native PAGE was run for 2 h using 6% gel and 200 V
voltage with inverted polarity due to the positive charge of protein N. Mw marker from 10
to 250 kDa (NEB, Ipswich, United States, cat. P7719S) was used. Staining was performed
with Coomassie R250 (Bio-Rad, Hercules, CA, USA).

Western blotting (WB): an SDS-PAGE of the protein sample was run on a 12.5% gel,
with further transfer onto a 0.2 µm PVDF membrane (Bio-Rad, cat. 1620177) using a
semi-dry transfer method (Towbin transfer buffer) [49]. After transfer, the membrane
was incubated in blocking buffer (3% non-fat milk in 20 mM Tris-HCl pH 7.5, 500 mM
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NaCl, 0.05% Tween-20, 0.2% Triton-100) by placing it on an orbital shaker for 60 min. The
membrane was further incubated for 60 min with anti-N antibodies (Anti-SARS-CoV-2 Nu-
cleocapsid antibody, clone 1A6, Antibodies Online, Aachen, Germany, cat. ABIN6952664)
diluted to a titer of 1:5000 with blocking buffer. Anti-N antibodies are the recombinant
mouse ScFv of clone 1A6, with a human IgG1 Fc tag on the C-terminal, expressed in
HEK293. The membrane was further washed in blocking buffer for 10 min. The washing
procedure was repeated four times. Following the washing procedure, the membrane
was incubated for 60 min with secondary antibodies (rabbit anti-human IgG horseradish
peroxidase conjugated, Bio-Rad, Hercules, United States, cat. 1706515) diluted to a titer
of 1:2000 with blocking buffer. The membrane was further washed in the washing buffer
(2 mM Tris-HCl pH 7.5, 250 mM NaCl, 0.05% Tween-20, 0.2% Triton X-100) for 10 min. The
washing procedure was repeated three times. After washing, the sample was visualized on
membrane by incubation in 3 mL of stabilized TMB solution for 3–5 min.

Dynamic light scattering correlograms for protein and vaccine samples were measured
using the Zetasizer Nano ZS system (Malvern Panalytical, Malvern, United Kingdom) at
173◦ angle in a plastic 1 cm cuvette. The wavelength was 630 nm. The built-in Zetasizer
Default software (v. 7.13, Malvern Panalytical, Malvern, UK) processing protocol was used
to obtain intensity weighted size-distribution.

MALDI-MS analysis was performed using a Bruker ultrafleXtreme MALDI-TOF/TOF
mass spectrometer. The whole protein molecular weight was determined in samples that
were zip-tip desalted in advance. Protein sequencing was done on samples subjected to
digestion by Trypsin-EDTA Solution 10X (Sigma-Aldrich, St. Louis, MO, USA, cat. 59418C-
100ML). The sample was analyzed by SDS-PAGE then protein bands were cut and washed
twice with 30 mM ammonium bicarbonate, 40% acetonitrile in water. The remaining water
was removed by incubation of the cut band in 100% acetonitrile and drying. The trypsin
at concentration 20 µg/mL in 50 mM ammonium bicarbonate buffer was added to gel
fragments. After incubation for 18 h at 37 ◦C the reaction was stopped by addition of 0.1%
trifluoroacetic acid. After preparation, samples were mixed with the DHB matrix (Sigma-
Aldrich, St. Louis, United States) in equal volumes, applied to a steel target, and measured
in the reflex mode of detecting positive ions. At least 5000 laser pulses were applied to
accumulate each spectrum. Protein identification was carried out using MASCOT with
SwissProt database (https://www.uniprot.org, accessed on 11 August 2022) [50,51]. The
mass determination accuracy was limited to 20 ppm. At least three samples were measured
in each experiment.

Residual bacterial endotoxins, were determined using Fujifilm Wako Chemicals (Rich-
mond, United States) WPEPK4-20015 kit, residual E. coli protein and DNA contents were
determined using Cygnus Technologies (Southport, United States) F410 and D410T kits,
respectively. Kits were used according to manufacturer instructions.

DSC analysis. Differential scanning calorimetry analysis of N protein samples was
performed in triplicate on 0.2 mg/mL samples of recombinant protein N obtained via the
method described above. Analysis was performed in closed 100 µL cells. Analysis was
performed twice. Temperature was increased at a rate of 1 K/min.

2.4. Animals and Ethics

All study protocols were approved by the respective ethical committees at facilities
where studies were carried out. Decision credentials are given in Table S1.

Animals were assigned to groups based on block randomization, with individual
animals first being randomly assigned to one of five blocks, and then each block being
randomly assigned to one of the experimental groups or the placebo group. No exclusion
criteria for animals were established. Technicians performing the experiment were blinded
to the nature of each group during the course of the study, with group assignment data
available only to the study coordinators. During the course of the experiment, mice were
housed in groups of ten animals of the same sex, on wood chip bedding in plastic cages with
wire lids. Feed prepared according to Russian GOST (“State standard”) 34566-2019 was

https://www.uniprot.org
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deposited in recesses on the lids and purified water was provided in sipper bottles. Callithrix
jacchus monkeys were housed in groups of two animals of the same sex, in wire cages
equipped with wooden hides/nests and wooden branches and shelves for enrichment.
Feed prepared in the laboratory was deposited into each cage twice per day. Purified
water was provided in autoclavable sipper bottles. A humane endpoint was established
during the experiment, where an animal that reached a certain number of points on the
observable distress rubric would be euthanized. However, no animals approached the
humane endpoint. Syrian hamsters were housed in groups of five animals of the same sex
in conditions otherwise identical to those of mice.

During the infection challenge experiment, infected Syrian hamsters were housed in
BSL-3 facilities in the M.P. Chumakov Federal Scientific Center for Research and Develop-
ment of Immunobiological Drugs. Rabbits were housed in groups of two animals of the
same sex, in wire cages equipped with sipper bottles and rest areas with sheet flooring.
Feed prepared according to Russian GOST (“State standard”) 32897-2014 was deposited
into feeder apertures in cage doors. Purified water was provided in sipper bottles. Human
PBMC-engrafted mice were housed in individually ventilated polysulfone cages with
HEPA filtered air at a density of up to five mice per cage. Laboratory-formulated feed and
filtered water were freely provided.

2.5. Safety Assessment

Vaccine safety assessment was performed in accordance with ICH M3 and ICH S6
guidelines and included the repeated dose toxicity (RDT) study in mice and rabbits, with
the experimental unit being an individual animal. Sample sizes were chosen to involve the
smallest possible number of animals while still providing accurate results.

Five groups of ten male and ten female mice were used, with one such group being
used as control through injection with placebo, two groups injected with 0.5 mL of vaccine
and two groups injected with 1 mL of vaccine. The total number of animals used in the
experiment was 100.

Five groups of eight male and eight female Soviet Chinchilla rabbits were also used,
with one such group being used as control through injection with placebo, two groups
being injected with 0.5 mL of vaccine and two groups injected with 1 mL of vaccine. The
total number of animals used in the experiment was 40.

Animals were immunized on days 1, 8 and 15. Half of the animals were euthanized
on day 17 and the remainder on day 43. Mice were euthanized using CO2 asphyxiation
followed by exsanguination. Rabbits were euthanized using Zoletil 100 (Virbac, Carros,
France) and Xylazine (Interchemie, Venray, The Netherlands) overdose followed by removal
of vital organs. Clinical observations were carried out daily to assess the presence of any
signs of intoxication or local inflammation or irritation.

Weighing was performed weekly. Hematological parameters of the blood collected dur-
ing euthanasia were assessed via Mythic 18 Vet (Orphée, Geneva, Switzerland) hematologi-
cal analyzer and included: erythrocyte count, hemoglobin level, hematocrit, thrombocyte
and leucocyte count and lymphocyte, monocyte and granulocyte abundance. Biochemical
parameters of the blood samples were analyzed via Random Access ‘A-25′ (BioSystems,
Barcelona, Spain) analyzer using reagents from the same company. The parameters in-
cluded alanine aminotransferase, aspartate aminotransferase, urea, total protein, creatinine,
cholesterol, albumin, globulin, triglyceride, bilirubin, alkaline phosphatase and glucose levels.

Aorta, heart, trachea, lungs with bronchi, thymus, esophagus, stomach, small intestine,
large intestine, pancreas, liver, spleen, kidneys, bladder, adrenal glands, testicles, ovaries,
popliteal lymph nodes, thyroid gland, brain, skin with the femoral muscle of the right and
left pelvic limbs (injection site) were collected after euthanasia and examined via histological
analysis. The RDT studies included assessment of electrocardiogram parameters, blood
pressure, respiratory rate in rabbits and an open field test in mice that assessed horizontal
locomotor activity, rearing, urination and defecation, shelter exploration and autogrooming.
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Pyrogenicity testing was carried out in rabbits (n = 3, experimental unit is a single animal)
according to the Russian Pharmacopoeia [52].

2.6. Measurement of N-Specific Antibodies

N-specific IgG antibody responses were evaluated in Balb/c mice, Syrian hamsters
and rabbits, with the experimental unit being an individual animal in each case. Sample
sizes were chosen to involve the smallest possible number of animals while still providing
accurate results.

One group of 40 female Balb/c mice, 6–8 weeks of age, was immunized intramuscu-
larly with 0.5 mL of Convacell® (SPbSRIVS, Saint-Petersburg, Russia), containing 50 µg
of protein N, on days 0 and 14 of the experiment. An identical group of 40 mice was
immunized with the same volume of placebo using the same schedule and used as the
control. The total number of animals used in the experiment was 80.

On days 0, 7, 14, 21, 28, 43, 161 and 312, five animals from each group were anesthetized
by 20 mg/kg Zoletil 100 (Virbac, Carros, France) and 5 mg/kg Xylazine (Interchemie,
Venray, Netherlands) and blood samples were collected in tubes with 2 mg/mL EDTA.
After that, the animals were subjected to exsanguination from the cavities of the heart. This
type of euthanasia of animals is accompanied by a minimum of pain, suffering and distress
and was carried out by competent staff. Additionally, mouse spleens were collected.

One group of 60 female Syrian hamsters, 6–8 weeks of age, was immunized intramus-
cularly with 0.5 mL of Convacell® (SPbSRIVS, Saint-Petersburg, Russia) on days 0 and 14 of
the experiment. An identical group was immunized with placebo with the same schedule
and used as the control. The total number of animals used in the experiment was 120.

On days 0, 7, 14, 21, 28, 42, 161 and 386, five animals from each group were anesthetized
using 20 mg/kg Zoletil 100 (Virbac, Carros, France) and 5 mg/kg Xylazine (Interchemie,
Venray, Netherlands) and blood samples were collected in tubes with 2 mg/mL EDTA.
After that, the animals were subjected to exsanguination from the cavities of the heart. This
type of euthanasia of animals is accompanied by a minimum of pain, suffering and distress
and was carried out by competent staff.

Two groups of ten male rabbits, 12–20 weeks of age, were immunized intramuscularly
with 0.5 mL of either Convacell® (SPbSRIVS, Saint-Petersburg, Russia) or placebo on days
0 and 14 of the experiment.

Blood was collected without euthanasia via catheter from the marginal dorsal ear vein
on days 0, 7, 14, 21, 28, 42, 161 and 386.

After coagulation, blood samples were centrifuged at room temperature at 300× g for
15 min. Plasma was frozen at −80 ◦C for further analysis.

The IgG N protein titer specific for SARS-CoV-2 was determined by indirect enzyme
immunoassay (ELISA). Ninety-six-well plates with a high degree of binding were used for
analysis (Costar by Corning, Corning, United States, cat. 2592). The plates were coated
with N-protein (SPbSRIVS, Saint-Petersburg, Russia) at a concentration of 1 µg/mL in
0.05 M carbonate–bicarbonate buffer solution (pH 9.6) 100 µL/well and incubated for 1 h
at 37 ◦C and 600 rpm on a ST-3L shaker (ELMI, Riga, Latvia). The wells were washed
with 300 µL of a washing buffer solution (0.01 M PBS containing 0.1% polysorbate 20,
pH 7.4). To block non-specific binding sites, 300 µL of blocking buffer solution (0.5% milk
powder in the washing buffer) was added to the wells and incubated for 30 min at 37 ◦C
600 rpm. At the end of incubation, the wells were washed four times with a washing
buffer solution. Before analysis, mouse serum samples, positive and negative controls
were diluted in blocking buffer solution. Serial dilutions of mouse samples were prepared
1:250–256,000 times. A 100 µL blank (in at least 10 replicates), samples of positive and
negative controls (in 2 replicas), serial dilutions of the studied samples (in 3 replicas) were
added to the wells of the tablet. A blocking buffer solution was used as a blank for the
analysis of samples. The sample plates were incubated for 1 h at 37 ◦C 600 rpm. At the end
of incubation, the wells were washed four times with a washing buffer solution. At the
next stage, 100 µL of diluted (1:64,000) secondary antibodies according to the species (HPR
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Goat Anti-Mouse IgG (H + L) (cat. 170-6516, Bio-Rad, Hercules, United States), HRP Rabbit
Anti-Hamster IgG (H + L) (cat. SAB3700491, Sigma-Aldrich, St. Louis, United States), HRP
Goat Anti-Rabbit IgG (H + L) (cat. ab6721, Abcam, Cambridge, United Kingdom) were
added to each well and incubated for 1 h at 37 ◦C 600 rpm, washed four times with 300 µL
of washing buffer solution. Then, 100 µL of a solution of 3,3′,5,5′-tetramethylbenzidine
substrate (TMB-substrate, JSC BTK Bioservice, Moscow, Russia) was added to the wells, the
plate was incubated in the dark at room temperature for 12 min. To stop the reaction, 100 µL
of a stop solution (0.18 M sulfuric acid) was added to each of the wells. The optical density
was measured using a CLARIOstar (BMG Labtech, Ortenberg, Germany) multifunctional
microplate reader at two wavelengths of 450 nm (main wavelength) and 620 nm (control
wavelength). Calculations were carried out for the optical density at 450 nm. The mean
optical density for the blank wells (DBlk) was calculated. A reference wavelength of 620 nm
was used to assess the degree of reaction termination. The positive–negative threshold
(cut-off point) was calculated using the formula: Cut-off = DBlk + 0.05. The cutoff value
was subtracted from the optical density of the samples. The dilution of the sample was
taken as a titer when the optical density value after subtracting the Cut-off value was
positive and the smallest obtained for the entire series of dilutions.

The specificity of the ELISA method for the N-protein of SARS-CoV-2 was evaluated
for different manufacturers of protein N used for immobilization on plates. Measured
anti-N antibody titers were the same within one dilution for N protein produced by
SPbSRIVS (Saint-Petersburg, Russia), Biovendor (Brno, Czechia, cat. RI973598100) and
Saint-Petersburg Pasteur Institute (Saint-Petersburg, Russia, cat. N-CoV-2-IgG PS).

2.7. Measurement of N-Specific Cellular Responses

Two groups of four marmoset monkeys (Callithrix jacchus) each, 2–5 years old, were
used to assess N-specific lymphocyte proliferation, with the experimental unit being an
individual animal. Animals from one group were injected intramuscularly with 0.5 mL of
vaccine preparation (50 µg of protein N) on days 10 and 31. Animals from the other group
were injected in the same manner with placebo.

On days 0, 10, 24, 38 and 45, aliquots of 1 mL of blood were taken from the animals by
puncture of the femoral vein using syringes with a volume of 2.5 mL with 25 G needles,
in which 0.1 M sodium-EDTA solution was pre-added (the final concentration is 5 mM).
Peripheral blood mononuclear cells were isolated on lymphocyte isolation medium (LSM;
MP biomedicals, Solon, USA) according to the manufacturer’s protocol. Cells in the
resulting suspension were counted in a Goryaev chamber via a Zeiss light microscope
Observer A1 (Zeiss, Oberkochen, Germany). Cells were then stained with CFSE (CellTrace,
Invitrogen, Waltham, United States) via a 10-min incubation. Aliquots of 2 × 105 PBMCs
were suspended in 200 µL of complete medium RPMI-1640 (PanEco, Moscow, Russia)
supplemented with 10% FBS (Hyclone, Logan, USA) and penicillin-streptomycin mixtures
(PanEco, Moscow, Russia) were added into wells of a 96-well plate and stimulated with
1 µg/mL of peptivator (PepTivator® SARS-CoV-2 ProtN, Miltenyi, Bergisch Gladbach,
Germany, cat. 130-126-698). Five µg/mL of concanavalin A (PanEco, Moscow, Russia)
was used as positive control. The cells were incubated for 96 h in 5% CO2 at 37 ◦C, then
stained for surface antigens CD3, CD4 and CD8 via purified anti-marmoset antibodies
(BD, Biolegend, San Diego, United States) and viability via 4′,6-diamidino-2-phenylindole
(DAPI). Proliferation detection was carried out by flow cytometry on the CytoFlex device
(Beckman Coulter, Brea, United States) with 104 events per gate. Specific proliferation
was considered to occur if more than 0.5% of cells in subpopulation were detected with
decreased CFSE fluorescence intensity.

Harvested Balb/c mouse spleens were used to obtain splenocytes through homog-
enization and filtration through cell strainers. The number of cells in the cultures was
determined using a Countess cell counter (Invitrogen, Waltham, United States). Two mil-
lion cells were seeded in 24-well culture plates in a total volume of 1 mL of complete
culture medium (RPMI-1640 with 5% fetal bovine serum, 2 mM L-glutamine, 100 U/mL



Vaccines 2023, 11, 874 8 of 20

penicillin, 100 µg/mL streptomycin) per well. Three wells with cells were prepared. In the
first well, peptides from the N protein were added according to manufacturer instructions
(PepTivator® SARS-CoV-2 ProtN, Miltenyi, Bergisch Gladbach, Germany, cat. 130-126-698).
In the second well, concanavalin A was added to the cells at 5 µg/mL final concentration
as a positive control. In the third well the equal volume of RPMI-1640 medium was added
as a negative control. Cells were cultured for 96 h in 5% CO2 at 37 ◦C. After incubation,
the plates were agitated on a shaker (5 min, 300 rpm). Then the contents of the well were
completely transferred into microtubes. The samples were centrifuged to pellet the cells
(5 min, 300 g). Aliquots of the supernatant were taken and frozen at −70 ◦C. A multi-
plex immunofluorescent assay for murine cytokine quantification was performed using
a High Sensitivity T-Cell Magnetic Bead Panel kit (Merck, Burlington, United States, cat.
MHSTCMAG-70K) on Bio-Plex 200 (Bio-Rad, Hercules, United States,) according to the
manufacturer’s protocol. Results were counted if cytokine concentration was above the
one determined in the negative control and below the one in the positive control.

Human PBMC-engrafted NSG-(KbDb)null (IA)null mice (JAX Stock #025216) were used
to study human chemokine and cytokine levels in murine blood after vaccination with
Convacell® (SPbSRIVS, Saint-Petersburg, Russia), with the experimental unit being an
individual animal. Mice 7–8 weeks old were divided into four groups of ten animals each:
group 1—intact animals, group 2—PBMC-engrafted animals, group 3—PBMC-engrafted
and injected with placebo, and group 4—PBMC-engrafted and injected with vaccine. On
day 0, mice in groups 2–4 were irradiated with 140 cGy from an X-ray irradiator source. At
least 4 h post-irradiation, 107 PBMCs from a single COVID-19 naïve donor per mouse were
intravenously injected in 100 µL volume in PBS. Mice in groups 3 and 4 on day 5 and day
19 were injected with placebo (formulation without protein N) or vaccine intramuscularly
with 0.1 mL vaccine preparation (50 µg of protein N), respectively. During the study one
animal in group 2, one animal in group 3 and two animals in group 4 were discarded due to
premature death. On study day 35 all animals were euthanized via CO2 asphyxiation. Blood
was collected by cardiac puncture, processed to plasma and sent for analysis of human
cytokines (V-PLEX Human Cytokine 30-Plex Kit, by Meso Scale Discovery, Rockville,
United States, cat. K15054D-1).

2.8. SARS-CoV-2 Infection Challenge of Syrian Hamsters

Female Syrian hamsters, 6–8 weeks old, were divided into four groups of ten animals
each: group 1—intact animals, group 2—infected animals, group 3—injected with placebo
and infected, and group 4—injected with Convacell® (SPbSRIVS, Saint-Petersburg, Russia)
and infected. Animals in groups 3 and 4 on day 0 and day 14 were injected with placebo
(formulation without protein N) or with the vaccine intramuscularly with 0.5 mL vaccine
preparation (50 µg of protein N), respectively. The experimental unit was an individual
animal. The total number of animals used in the experiment was 40.

On day 29, anesthetized animals of groups 2–4 were infected intranasally with
105 TCID50 of SARS-CoV-2 in 50 µL of buffer (Clinical isolate strain PIK35 GISAID ID
EPI_ISL_428852) [53]. After infection (i.e., day 29), body weights of all animals were mon-
itored daily. On day 3 after infection five animals from each group were euthanized by
exsanguination under 20 mg/kg Zoletil 100 (Virbac, Carros, France) and 5 mg/kg Xy-
lazine (Interchemie, Venray, Netherlands) anesthesia. Animal lungs were then harvested.
Lungs were weighted to calculate the % of body weight. The left lung was then used for
histopathological evaluation in RMC “Home of pharmacy” JSC, the right lung was used
for RT-PCR analysis. On day 7 after infection the same procedures were carried out with
remaining five animals in each group.

The lungs were homogenized using a TissueLyser homogenizer (Qiagen, Hilden, Ger-
many). The obtained homogenate was analyzed using a Polyvir SARS-CoV-2 assay (Lytech,
Moscow, Russia) according to the manufacturer’s instructions with the determination of
Ct (threshold cycle of fluorescence). In detail, 200 µL of homogenate and 5 µL of internal
control samples, were added to the RNA express reagent, vortexed for 10 s, incubated for
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15 min at +95 ◦C and centrifuged for 1 min at 12,000 rpm. After that, 7 µL of the obtained
supernatant was used for setting up a RT-PCR. A total of 28 µL of the amplification mixture
(buffer solution containing enzymes, primers, probes, nucleotides, etc.) was added to the
reaction. RT-PCR program: +42 ◦C-40 min; +95 ◦C-2 min; +95 ◦C-20 s; +64 ◦C-40 s-5 cycles;
+95 ◦C-20 s; +64 ◦C-40 s (signal reading)-40 cycles. Ct was determined according to the
instructions. Samples with an undetectable signal (Ct > 40) were considered negative.

The material for histological examination was fixed in a 10% neutral formaldehyde
solution for 24 h, then embedded in paraffin. Paraffin sections 5–7 µm in thickness were
prepared and stained with hematoxylin and eosin. Analysis was performed by a certified
veterinary pathologist who was blinded regarding the animal’s manipulations in an organi-
zation different from the one where animals were housed and manipulated. Morphological
examination of the slides was performed using an Axio Scope A1 light optical microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Microphotography was performed
using an AxioCamICc 1 digital camera and ToupView software (v.4.11, ToupTek, Hangzhou,
China). The severity of lung pathologic lesions were analyzed using the inflammation
scoring system adapted from Osterrieder et al. [54] (see Table S2).

2.9. Statistical Analysis

Group data was analyzed for normal distribution via the Shapiro–Wilk W test. If
data was normally distributed, mean and SD were calculated, otherwise, median and
interquartile range were calculated. Pairwise group comparisons were performed using
a two-tailed unpaired Student’s T-test or Mann–Whitney U test [55]. Analysis was made
using GraphPad Prism v.9.1.1 software (GraphPad, San Diego, CA, USA) and Statistica
v.10.0 software (StatSoft, Tulsa, United States). Differences were considered significant at
p < 0.05.

3. Results
3.1. Production, Formulation and Biochemical Characterization of a Subunit Vaccine Based on
Recombinant N, Termed Convacell®

A dose (0.5 mL) of Convacell® comprises 50 µg of recombinant protein N. Recombinant
protein N was obtained by expression in E. coli in the soluble cell fraction. Purification of
protein yielded approximately 40–50 mg of pharmaceutical quality grade protein per 1 l of
culture medium. The final solution contained <100 ppm of residual E. coli protein, <200 ppm
of host cell DNA and <10 units of endotoxin per ml. The migration of recombinant N in
SDS-PAGE was in agreement with its predicted molecular weight (45.6 kDa) (Figure 1A).
The Western blot (WB) probed with monoclonal anti-N antibodies revealed a main band
at the same molecular weight as the recombinant protein in SDS-PAGE (see lane 2 in
Figure 1A). Comparison of lanes 1 and 2 in Figure 1A reveals minor bands below the main
protein N band—these minor bands were due to shortened forms of the N protein. MALDI-
MS analysis identified them as C-terminally cleaved fragments (data not shown). The
molecular weight and sequence of the recombinant N protein was confirmed using MALDI-
MS (Figure 1B) with a sequence coverage of 96.7%. Underlined peptides were additionally
evaluated using MS/MS fragmentation to confirm a lack of oxidative modifications and
deamidation. The recombinant N protein forms oligomers that disassemble at 93 ◦C
according to DSC data (Figure 1C). The distribution of the recombinant N protein under
native conditions was assessed using native PAGE (lane 3 in Figure 1A) and dynamic light
scattering (blue curve in Figure 1D), revealing that the protein exists as one species of 13 nm
diameter corresponding to a tetramer.
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Figure 1. Biochemical characterization of recombinant SARS-CoV-2 N protein. (A) SDS-PAGE and
Western blotting confirm the molecular weight and recognition by N-specific antibodies. Native
PAGE shows homogeneous distribution of recombinant N as one species. Lanes: 1—SDS-PAGE
of recombinant N protein solution; 2—Western blot of recombinant N protein solution; 3—native
PAGE of recombinant N-protein solution. Uncropped photo of Western Blot membrane is presented
in Figure S2. (B) MALDI-MS confirms the predicted molecular weight of monomeric recombinant
nucleocapsid protein and 96.7% of sequence coverage was achieved. Confirmed sequence is marked
in bold. Peptides subjected to MS/MS analysis are underlined. (C) Differential scanning calorimetry
thermograms of 0.2 mg/mL N-protein samples show no endothermic peaks corresponding to protein
globule melting but show a distinct exothermic peak at 93 ◦C corresponding to oligomer particles
melting. (D) Nucleocapsid protein forms oligomeric structures with a hydrodynamic diameter of
approximately 13 nm (red line) which corresponds to a Mw of approximately 200 kDa suggesting the
formation of a tetramer. The emulsion formed by squalane, (D,L)-α-tocopherol and polysorbate 80
exposes the protein on oil in water drops with a size of approximately 150 nm in diameter (blue line).

The vaccine is formulated as a squalane-based emulsion stabilized with (D,L)-α-
tocopherol and polysorbate 80. It provides antigen presentation in the form of particles
with a mean diameter of approximately 150 nm (Figure 1D). It can be stored at 2–8 ◦C for
at least 1 year without loss of specific activity (see Figure S1). The placebo preparation
consisted of adjuvant and buffer but without N protein.

3.2. Convacell® Induces a Robust and Long-Lasting Antibody Response in Mice, Rabbits and
Syrian Hamsters

Convacell® was evaluated for its ability to induce N-specific antibodies by immuniza-
tion of mice, rabbits and Syrian hamsters. Vaccine administration led to production of N
protein specific IgG already at day 14 in all three species studied (Figure 2). The value of
antibody titers peaked on days 21–28 after the first immunization. Importantly, antibody
responses remain high even on day 386 indicating that Convacell® induces a sustainable
N-specific antibody response as was found in infected subjects and in preclinical studies
with N-based vaccines [36,37,56,57]. The specificity of vaccine-induced anti-N antibodies
and their sustained levels were also confirmed in clinical trials with Convacell® (phase
1/2) [58] using Abbott Architect anti-N IgG detection system.
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Figure 2. N-specific IgG titers (y-axis: median values and Q1:Q3 ranges) measured in immunized
mice (n = 5 per time point), hamsters (n = 5 per time point) and rabbits (n = 10 per time point).
Animals were immunized on days 0 and 14.

3.3. Convacell® Induced N-Specific T Cell Response with Mixed Th1/Th2 Phenotype

In the first set of experiments, we studied if immunization with Convacell® can induce
N-specific T cell responses in Callithrix jacchus marmoset monkeys. The percentages of N-
specific proliferated CD3+, CD4+ and CD8+ T cells were determined in immunized animals
and in non-immunized animals via a CFSE dilution technique [59] (for FACS gating strategy,
see Figure S3) at different time points after vaccination. In the vaccinated group, CD3+,
CD4+ and CD8+ cells subpopulations proliferate after stimulation with N-peptivator in
immunized animals (Table 1). The vaccinated animals had circulating N-specific CD3+,
CD4+ and/or CD8+ cells on the 14th and 28th days post-vaccination, though none were
detected on the 35th day post-vaccination. No T cell proliferation of any of the cell types at
any time was detected in the placebo group which had received the emulsion formulation
without recombinant protein N.

Table 1. Percentages of proliferated CD3+, CD4+ and CD8+ T cells in immunized marmoset monkeys
(n = 4; M = male; F = female) at different time points after vaccination. Values < 0.5% are considered
as being below the cut-off.

Animal, Sex Cell Phenotype
Days after First Immunization

0 14 28 35

1, F

CD3+ - 0.82 - -

CD3+CD4+CD8− - 0.63 - -

CD3+CD4−CD8+ - 0.54 0.55 -

2, M

CD3+ - - 0.57 -

CD3+CD4+CD8− - - - -

CD3+CD4−CD8+ - - - -

3, M

CD3+ - 0.76 0.90 -

CD3+CD4+CD8− - 1.07 0.81 -

CD3+CD4−CD8+ - - 0.52 -

4, F

CD3+ - 0.71 - -

CD3+CD4+CD8− - - - -

CD3+CD4−CD8+ - 1.09 - -
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After we showed that immunization with Convacell® can induce N-specific CD4+ and
CD8+ T cell responses, we investigated the type of the N-specific cytokine response. We
used two experimental animal models to study this question: Balb/c mice and NSG mice
which had been engrafted with PBMC from a COVID-naïve, unvaccinated human subject.

Figure 3 shows that immunization with Convacell® induced a mixed Th1/Th2 cy-
tokine secretion profile in mice which was characterized by increased N-specific IFNγ and
IL-4 levels in cultured PBMC as compared to non-immunized mice. A similar observation
was made for immunized NSG mice—immunization with Convacell® also induced a mixed
Th1/Th2 human cytokine secretion profile as indicated by elevated N-specific human IFNγ

and IP-10 levels (i.e., Th1) and elevated human IL-4 and IL-5 levels (i.e., Th2) in the plasma
of immunized mice as compared to non-immunized mice (Figure 3).

3.4. Vaccination with Convacell® Is Safe and Protects Syrian Hamsters against
SARS-CoV-2 Infection

In order to assess the safety of Convacell®, we performed an extensive repeated dose
toxicity study in mice and rabbits with different doses of Convacell®: the anticipated
human dose and the double human dose. The results of the repeated dose toxicity studies
demonstrated that Convacell® is safe and well-tolerated and does not affect any organ
systems, blood or laboratory parameters compared to placebo. A detailed presentation of
these results can be found in the supplementary part of this article reporting the hematolog-
ical and biochemical blood analysis, clinical observations, weighting, heart and circulatory
parameters, neurological assessment, electrocardiogram, pyrogenicity and other relevant
safety data (Figures S4–S7, Tables S3–S19). The only adverse effects found for Convacell®

were local irritations at the site of injection, which could be attributed to the use of the
squalane-based oil in water adjuvant [60].

Results obtained in a Syrian hamster SARS-CoV-2 infection model demonstrate that
Convacell®-vaccinated and then infected hamsters increased their body weight significantly
earlier as compared to non-vaccinated infected animals on day 6 after infection (Figure 4A).
Furthermore, there was approximately one order of magnitude reduction in virus RNA
concentration in vaccinated animals compared to non-vaccinated or placebo-treated animals
in the lower respiratory tract 7 days after challenge as determined by RT-PCR (Figure 4B).
The significant increase in lung mass coefficient induced by infection is not observed in
the vaccinated + infected group as opposed to placebo-treated + infected and non-treated
+ infected groups (Figure 4C). Histological analysis of lungs on day 7 after challenge
revealed a tendency (p = 0.1) for a decrease in overall score for inflammation, edema and
infiltration in vaccinated animals compared to the placebo group. Interestingly, a reduction
in the lung histology score was also observed by placebo treatment containing only the
adjuvant. However, vaccination led to a significant (p = 0.02) decrease in histopathology
score compared to the negative control group (Figure 4D). Histological changes were well
correlated with decrease in macroscopic signs of pneumonia in the experimental group.
Figure 5 and Figure S8 illustrate the reduced lung inflammation in the vaccinated group.
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Figure 3. Murine IFNγ (A) and IL-4 (B) levels in supernatants of splenocytes isolated from Convacell®-
immunized or from non-immunized Balb/c. Human IFNγ (C), IP-10 (D), IL-4 (E) and IL-5 (F) levels
in plasma from Convacell®-immunized or from non-immunized NSG mice engrafted with human
PMBCs. On panels C-F “PBMC ctrl” represents PBMC-engrafted NSG mice, “Intact” represents non-
engrafted NSG mice. Statistically significant differences (p < 0.05) according to the Mann–Whitney
test with two-stage step-up are indicated with an asterisk.
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changes after SARS-CoV-2 challenge, M ± SEM. (B) Virus RNA quantification results presented as a
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score (see Table S2 for details of score rubric), Me(Q1;Q3). Statistically significant differences (p < 0.05)
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Figure 5. Representative examples of microscopic (magnification 40×) lesions of SARS-CoV-2 in
Syrian hamsters. (A) Intact animals’ group, (B) non-vaccinated and infected group, (C) placebo-
treated and infected group, and (D) vaccinated and infected group. See also Figure S8.

4. Discussion

Several lines of evidence indicate that the nucleocapsid (N) protein of SARS-CoV-2
may represent a possible target for vaccination against COVID-19. Vaccines targeting
the N protein of the virus have been suggested as an intervention scenario alternative to
approached targeting of the RBD-ACE2 binding [36,37,42–46,61,62]. In particular, N protein
is capable of inducing the creation of tissue memory cells (TRM cells) in lungs, which for
years retain the ability to respond to the pathogen, stopping its spread at the very beginning
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of the infectious process [47]. Furthermore, it has been shown that immunization with N
proteins from other viruses such as the influenza A virus protects from lethal infection with
various strains [63,64]. Likewise, vaccination with N-protein from Dengue virus has been
suggested [65].

Along these lines, our study reports the development, biochemical, immunological
and in vivo characterization of a subunit vaccine for COVID-19 (i.e., Convacell®) which
is based on E. coli-expressed purified N protein. Protein N is formulated as a squalane-
based emulsion. The vaccine is stable for at least 1 year at 2–8 ◦C. Repeated dose–toxicity
studies performed in two animal models demonstrated that Convacell® is a safe and well
tolerated vaccine. It induced a robust, early rising (i.e., already 14 days after the first injection)
and long-lasting N-specific antibody response. Convacell® stimulated an N-specific CD4+

and CD8+ T cell response which was characterized by a mixed Th1/Th2 cytokine profile
in mice and in NSG mice engrafted with human PBMCs similar to that observed after
natural SARS-CoV-2 infection [66]. Importantly, vaccination with Convacell® protected
Syrian hamsters against infection with SARS-CoV-2 as demonstrated by reduced weight
loss, lowered virus RNA and ameliorated lung pathology as compared to non-immunized
animals. Interestingly, a significant reduction in virus replication as compared to placebo,
or no vaccination, was only noted for the N protein-containing vaccine whereas regarding
lung histology/inflammation adjuvant alone seemed to also exert some positive effect,
indicating that administration of squalene has a positive effect presumably by activation of
innate immunity against SARS-CoV-2.

Not being based on the RBD domain of the S-protein, Convacell® clearly has other
modes of action as compared to S-protein or RBD-based vaccines. According to our data
and current knowledge of SARS-CoV-2 biology [41] the following mechanisms may be
considered for the protective effect of Convacell®. First, vaccination with Convacell® in-
duces IgG antibodies against N which may recognize SARS-CoV-2 infected cells presenting
N on their surface as has been recently demonstrated by López-Muñoz et al. [41], and
through mechanisms of ADCC may contribute to the elimination of infected cells. In this
context it should be mentioned that internal virus proteins have been demonstrated to be
presented on the surface of infected cells, for influenza A [67], vesicular stomatitis virus [68],
measles [69], respiratory syncytial virus [70], lymphocytic choriomeningitis [71] and human
immunodeficiency virus [72].

We also observed the induction of N-specific CD8+ T cell responses after vaccination
with Convacell®. Cytotoxic CD8+ T cells may also contribute to the elimination of virus-
infected cells expressing N protein. Furthermore, it is possible that N-specific antibodies
can enter the infected cells which are susceptible to antibody uptake. N-specific antibodies
may then interfere with virus replication. In fact, it has been shown that cells may be either
intrinsically or transiently permissive for antibody penetration [73,74], which would enable
interactions of intracellular N protein and anti-N antibodies. This could hinder N protein
interaction with nucleic acids or its dimerization, which would hamper virion assembly
and viral RNA replication [75]. At present we can only speculate about the mechanisms by
which vaccination with Convacell® protects against development of severe disease after
SARS-CoV-2 infection because experiments in this direction would be beyond the scope of
our study. However, the overall strong immunogenicity and results obtained by using the
infection model of Syrian hamsters demonstrate the in vivo efficacy of Convacell®.

It should also be mentioned that several other studies support the usefulness of vacci-
nation with N-based SARS-CoV-2 vaccines. For example, there are studies suggesting that
vaccination with N and S or RBD may increase anti-SARS-CoV-2 immunity [42–44]. It may
therefore be envisioned that Convacell® can be combined with other S- or RBD-targeting
vaccines to increase the armamentarium of COVID-19 vaccines. Possible advantages of
N-based vaccines could be that the N-protein is highly conserved among different coron-
avirus strains and that accordingly, one may expect broader cross-protection to emerging
virus variants. In fact, the N protein of SARS-CoV-2 has 90% homology with SARS-CoV-1,
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99% with Bat-CoV, 88% with Pangolin CoV [76]. It is also likely, that there will be fewer
non-responders to N-based vaccines as compared to S-based vaccines.

In summary, Convacell® is an effective, highly stable under regular storage conditions
and easy to manufacture and transport SARS-CoV-2 vaccine. The usage of conservative N
protein as an antigen allows Convacell® to be considered as a candidate pan-sarbecovirus
vaccine. It may be useful in the fight against the COVID-19 pandemic despite the emergence
of new virus variants [77], and accordingly clinical trials with Convacell® have been
initiated [58].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines11040874/s1, Figure S1: Measurement of N-specific
IgG antibodies in serum of mice that were immunized with vaccine samples stored at 2–8 ◦C
for 15 months; Figure S2: Western blot of recombinant protein N solution, uncropped photo of
membrane; Figure S3: Gating strategy to assess phenotype of proliferating N-specific T-cells in
Convacell®-injected marmoset monkeys; Figure S4: Animal weight of Male (A) and Female (B)
Balb/c mice during safety assessment; Figure S5: Organ weight as % of body weight of Male
(A, B) and Female (B, C) Balb/c mice on safety study days 17 and 43; Figure S6: Representative
microphotographs of immunocompetent organs of Convacell®-injected male rabbits; Figure S7:
Representative microphotographs of heart, lung and brain of Convacell®-injected male rabbits; Figure
S8: Representative lungs microphotographs of female Syrian hamsters injected with Convacell®; Table
S1: Ethics committees and decisions credentials; Table S2: Semi-quantitative lung histological analysis
scores used in the Convacell® protectiveness experiment in Syrian hamsters; Table S3: Behavioral and
motor activity of male Balb/c mice in open field test on the 16th day of Convacell® safety experiment,
Me(Q1;Q3), n = 5; Table S4: Behavioral and motor activity of female Balb/c mice in open field test on
the 16th day of Convacell® safety experiment, Me(Q1;Q3), n = 5; Table S5: Behavioral and Locomotor
activity of male Balb/c mice in open field test on the 41st day of Convacell® safety experiment,
Me(Q1;Q3), n = 5; Table S6: Behavioral and Locomotor activity of female Balb/c mice in open field
test on the 41st day of Convacell® safety experiment, Me(Q1;Q3), n = 5; Table S7: Hematological
parameters of male rabbits used in the Convacell® safety experiment (17th day), M ± SD, n = 4;
Table S8: Hematological parameters of female rabbits used in the Convacell® safety experiment (17th
day), M ± SD, n = 4; Table S9: Hematological parameters of male rabbits used in the Convacell®

safety experiment (43th day), M ± SD, n = 4; Table S10: Hematological parameters of male rabbits
used in the Convacell® safety experiment (43th day), M ± SD, n = 4; Table S11: Blood biochemical
male rabbits used in the Convacell® safety experiment (17th day), M ± SD, n = 4; Table S12: Blood
biochemical female rabbits used in the Convacell® safety experiment (17th day), M ± SD, n = 4;
Table S13: Blood biochemical parameters of male rabbits used in the Convacell® safety experiment
(43th day), M ± SD, n = 4; Table S14: Blood biochemical parameters of female rabbits used in the
Convacell® safety experiment (43th day), M ± SD, n = 4; Table S15: Electrocardiogram parameters
of male rabbits used in the Convacell® safety experiment (15th day), M ± SD, n = 4; Table S16:
Electrocardiogram parameters of female rabbits used in the Convacell® safety experiment (16th day),
M ± SD, n = 4; Table S17: Arterial blood pressure of male and female rabbits used in the Convacell®

safety experiment (15th and 16th days), mmHg M± SD, n = 4; Table S18: Respiratory rate of male and
female rabbits used in the Convacell® safety experiment (15th and 16th days), n = 4; Table S19: Results
of Convacell® pyrogenicity testing in rabbits; Table S20: Mann-Whitney test with two-stage step-up
results for RT-PCR in study of Convacell® protective effect in Syrian hamsters model; Table S21:
Mann-Whitney test with two-stage step-up results for histology in study of Convacell® protective
effect in Syrian hamsters model.

Author Contributions: Conceptualization: project administration and methodology: S.O.R., E.A.R.,
S.A.A., I.V.A., I.A.K., M.R.K., R.V., D.S.K., I.A.B., N.S.B., A.E.E., V.P.T. and V.I.S. Investigation and
resources: S.O.R., I.V.P., N.S.S., K.L.K., A.E.K., P.P.B., L.N.F., A.S.S., G.O.R. and N.S.B. Data curation,
formal analysis: S.O.R., E.A.R., S.A.A. and N.S.B. Writing of the original draft, review and editing,
visualization: S.O.R. and G.O.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/vaccines11040874/s1
https://www.mdpi.com/article/10.3390/vaccines11040874/s1


Vaccines 2023, 11, 874 17 of 20

Institutional Review Board Statement: All study protocols were approved by the respective ethical
committees at facilities where studies were carried out. Decisions credentials are given in Table S1.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data will be made available by the authors upon request with-
out reservation.

Acknowledgments: The authors thank for support in conducting experiments: Maria Syzrantseva
for the native PAGE experiments, Yana Zabrodskaya and Mikhail Grudinin for the MALDI-MS
experiments, Vadim Novakovsky and Mikhail Chislov for the DSC experiments, Daniel Sussman
for the NSG mice experiments, Ilya Gordeychuk for the experiments with marmoset monkeys. The
authors thank the entire staff of the St. Petersburg Research Institute of Vaccines and Serums of the
Federal Medical and Biological Agency of Russia for their comprehensive assistance.

Conflicts of Interest: Sevastyan O. Rabdano, Iuliia V. Pletyukhina, Nikita S. Saveliev, Liliya N.
Fakhretdinova, Sergei A. Arakelov, Natalia S. Belozerova, Anatoly E. Evtushenko, Musa R. Khaitov,
Viktor P. Truhin and Veronika I. Skvortsova report patents for genetic constructs and vaccine com-
position. Rudolf Valenta has received research grants from HVD Life-Sciences, Vienna, Austria,
WORG Pharmaceuticals, Hangzhou, China and from Viravaxx AG, Vienna, Austria. He serves as
a consultant for Viravaxx AG and WORG Pharmaceuticals. The other authors have no conflict of
interest to declare. Furthermore, the authors with Russian affiliation declare that they have prepared
the article in their “personal capacity” and/or that they are employed at an academic/research
institution where research or education is the primary function of the entity.

References
1. Rodriguez-Coira, J.; Sokolowska, M. SARS-CoV-2 Candidate Vaccines—Composition, Mechanisms of Action and Stages of

Clinical Development. Allergy 2021, 76, 1922–1924. [CrossRef] [PubMed]
2. Bok, K.; Sitar, S.; Graham, B.S.; Mascola, J.R. Accelerated COVID-19 Vaccine Development: Milestones, Lessons, and Prospects.

Immunity 2021, 54, 1636–1651. [CrossRef] [PubMed]
3. Heinz, F.X.; Stiasny, K. Distinguishing Features of Current COVID-19 Vaccines: Knowns and Unknowns of Antigen Presentation

and Modes of Action. NPJ Vaccines 2021, 6, 104. [CrossRef] [PubMed]
4. WHO. R&D Blueprint Team COVID-19 Vaccine Tracker and Landscape. Available online: https://www.who.int/publications/

m/item/draft-landscape-of-covid-19-candidate-vaccines (accessed on 2 April 2023).
5. Jafari, A.; Danesh Pouya, F.; Niknam, Z.; Abdollahpour-Alitappeh, M.; Rezaei-Tavirani, M.; Rasmi, Y. Current Advances and

Challenges in COVID-19 Vaccine Development: From Conventional Vaccines to next-Generation Vaccine Platforms. Mol. Biol.
Rep. 2022, 49, 4943–4957. [CrossRef]

6. Hartley, G.E.; Edwards, E.S.J.; O’Hehir, R.E.; van Zelm, M.C. New Insights into Human Immune Memory from SARS-COV-2
Infection and Vaccination. Allergy 2022, 77, 3553–3566. [CrossRef]

7. Gattinger, P.; Kratzer, B.; Tulaeva, I.; Niespodziana, K.; Ohradanova-Repic, A.; Gebetsberger, L.; Borochova, K.; Garner-Spitzer, E.;
Trapin, D.; Hofer, G.; et al. Vaccine Based on Folded Receptor Binding Domain-PreS Fusion Protein with Potential to Induce
Sterilizing Immunity to SARS-CoV-2 Variants. Allergy 2022, 77, 2431–2445. [CrossRef] [PubMed]

8. Francis, A.I.; Ghany, S.; Gilkes, T.; Umakanthan, S. Review of COVID-19 Vaccine Subtypes, Efficacy and Geographical Distribu-
tions. Postgrad. Med. J. 2022, 98, 389–394. [CrossRef]

9. Ferri, C.; Ursini, F.; Gragnani, L.; Raimondo, V.; Giuggioli, D.; Foti, R.; Caminiti, M.; Olivo, D.; Cuomo, G.; Visentini, M.; et al.
Impaired Immunogenicity to COVID-19 Vaccines in Autoimmune Systemic Diseases. High Prevalence of Non-Response in
Different Patients’ Subgroups. J. Autoimmun. 2021, 125, 102744. [CrossRef]

10. Mair, M.J.; Mitterer, M.; Gattinger, P.; Berger, J.M.; Trutschnig, W.; Bathke, A.C.; Gansterer, M.; Berghoff, A.S.; Laengle, S.;
Gottmann, L.; et al. Enhanced SARS-CoV-2 Breakthrough Infections in Patients with Hematologic and Solid Cancers Due to
Omicron. Cancer Cell 2022, 40, 444–446. [CrossRef]

11. Wagner, A.; Garner-Spitzer, E.; Schötta, A.-M.; Orola, M.; Wessely, A.; Zwazl, I.; Ohradanova-Repic, A.; Weseslindtner, L.; Tajti, G.;
Gebetsberger, L.; et al. SARS-CoV-2-MRNA Booster Vaccination Reverses Non-Responsiveness and Early Antibody Waning in
Immunocompromised Patients—A Phase Four Study Comparing Immune Responses in Patients with Solid Cancers, Multiple
Myeloma and Inflammatory Bowel Disease. Front. Immunol. 2022, 13, 889138. [CrossRef]

12. Tea, F.; Ospina Stella, A.; Aggarwal, A.; Ross Darley, D.; Pilli, D.; Vitale, D.; Merheb, V.; Lee, F.X.Z.; Cunningham, P.; Walker, G.J.;
et al. SARS-CoV-2 Neutralizing Antibodies: Longevity, Breadth, and Evasion by Emerging Viral Variants. PLoS Med. 2021, 18,
e1003656. [CrossRef]

13. Bonnet, B.; Chabrolles, H.; Archimbaud, C.; Brebion, A.; Cosme, J.; Dutheil, F.; Lambert, C.; Junda, M.; Mirand, A.; Ollier, A.;
et al. Decline of Humoral and Cellular Immune Responses Against SARS-CoV-2 6 Months After Full BNT162b2 Vaccination in
Hospital Healthcare Workers. Front. Immunol. 2022, 13, 842912. [CrossRef] [PubMed]

https://doi.org/10.1111/all.14714
https://www.ncbi.nlm.nih.gov/pubmed/33340417
https://doi.org/10.1016/j.immuni.2021.07.017
https://www.ncbi.nlm.nih.gov/pubmed/34348117
https://doi.org/10.1038/s41541-021-00369-6
https://www.ncbi.nlm.nih.gov/pubmed/34400651
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1007/s11033-022-07132-7
https://doi.org/10.1111/all.15502
https://doi.org/10.1111/all.15305
https://www.ncbi.nlm.nih.gov/pubmed/35357709
https://doi.org/10.1136/postgradmedj-2021-140654
https://doi.org/10.1016/j.jaut.2021.102744
https://doi.org/10.1016/j.ccell.2022.04.003
https://doi.org/10.3389/fimmu.2022.889138
https://doi.org/10.1371/journal.pmed.1003656
https://doi.org/10.3389/fimmu.2022.842912
https://www.ncbi.nlm.nih.gov/pubmed/35309363


Vaccines 2023, 11, 874 18 of 20

14. Guo, L.; Wang, G.; Wang, Y.; Zhang, Q.; Ren, L.; Gu, X.; Huang, T.; Zhong, J.; Wang, Y.; Wang, X.; et al. SARS-CoV-2-Specific
Antibody and T-Cell Responses 1 Year after Infection in People Recovered from COVID-19: A Longitudinal Cohort Study. Lancet
Microbe 2022, 3, e348–e356. [CrossRef] [PubMed]

15. Barda, N.; Dagan, N.; Ben-Shlomo, Y.; Kepten, E.; Waxman, J.; Ohana, R.; Hernán, M.A.; Lipsitch, M.; Kohane, I.; Netzer, D.; et al.
Safety of the BNT162b2 MRNA COVID-19 Vaccine in a Nationwide Setting. N. Engl. J. Med. 2021, 385, 1078–1090. [CrossRef]

16. Dionne, A.; Sperotto, F.; Chamberlain, S.; Baker, A.L.; Powell, A.J.; Prakash, A.; Castellanos, D.A.; Saleeb, S.F.; de Ferranti,
S.D.; Newburger, J.W.; et al. Association of Myocarditis with BNT162b2 Messenger RNA COVID-19 Vaccine in a Case Series of
Children. JAMA Cardiol. 2021, 6, 1446–1450. [CrossRef]

17. Foltran, D.; Delmas, C.; Flumian, C.; De Paoli, P.; Salvo, F.; Gautier, S.; Drici, M.-D.; Karsenty, C.; Montastruc, F. Myocarditis and
Pericarditis in Adolescents after First and Second Doses of MRNA COVID-19 Vaccines. Eur. Heart J. Qual. Care Clin. Outcomes
2022, 8, 99–103. [CrossRef] [PubMed]

18. Greinacher, A.; Thiele, T.; Warkentin, T.E.; Weisser, K.; Kyrle, P.A.; Eichinger, S. Thrombotic Thrombocytopenia after ChAdOx1
NCov-19 Vaccination. N. Engl. J. Med. 2021, 384, 2092–2101. [CrossRef] [PubMed]

19. Scully, M.; Singh, D.; Lown, R.; Poles, A.; Solomon, T.; Levi, M.; Goldblatt, D.; Kotoucek, P.; Thomas, W.; Lester, W. Pathologic
Antibodies to Platelet Factor 4 after ChAdOx1 NCoV-19 Vaccination. N. Engl. J. Med. 2021, 384, 2202–2211. [CrossRef]

20. Pavord, S.; Scully, M.; Hunt, B.J.; Lester, W.; Bagot, C.; Craven, B.; Rampotas, A.; Ambler, G.; Makris, M. Clinical Features of
Vaccine-Induced Immune Thrombocytopenia and Thrombosis. N. Engl. J. Med. 2021, 385, 1680–1689. [CrossRef]

21. Cabanillas, B.; Akdis, C.A.; Novak, N. Allergic Reactions to the First COVID-19 Vaccine: A Potential Role of Polyethylene Glycol?
Allergy 2021, 76, 1617–1618. [CrossRef]

22. Cabanillas, B.; Novak, N.; Akdis, C.A. The Form of PEG Matters: PEG Conjugated with Lipids and Not PEG Alone Could Be the
Specific Form Involved in Allergic Reactions to COVID-19 Vaccines. Allergy 2022, 77, 1658–1660. [CrossRef]

23. Patone, M.; Handunnetthi, L.; Saatci, D.; Pan, J.; Katikireddi, S.V.; Razvi, S.; Hunt, D.; Mei, X.W.; Dixon, S.; Zaccardi, F.; et al.
Neurological Complications after First Dose of COVID-19 Vaccines and SARS-CoV-2 Infection. Nat. Med. 2021, 27, 2144–2153.
[CrossRef] [PubMed]

24. Sessa, F.; Salerno, M.; Esposito, M.; Di Nunno, N.; Zamboni, P.; Pomara, C. Autopsy Findings and Causality Relationship between
Death and COVID-19 Vaccination: A Systematic Review. J. Clin. Med. 2021, 10, 5876. [CrossRef] [PubMed]

25. Yonker, L.M.; Swank, Z.; Bartsch, Y.C.; Burns, M.D.; Kane, A.; Boribong, B.P.; Davis, J.P.; Loiselle, M.; Novak, T.; Senussi, Y.; et al.
Circulating Spike Protein Detected in Post–COVID-19 MRNA Vaccine Myocarditis. Circulation 2023, 147, 867–876. [CrossRef]
[PubMed]

26. Garcia-Valtanen, P.; Hope, C.M.; Masavuli, M.G.; Yeow, A.E.L.; Balachandran, H.; Mekonnen, Z.A.; Al-Delfi, Z.; Abayasingam,
A.; Agapiou, D.; Stella, A.O.; et al. SARS-CoV-2 Omicron Variant Escapes Neutralizing Antibodies and T Cell Responses More
Efficiently than Other Variants in Mild COVID-19 Convalescents. Cell Rep. Med. 2022, 3, 100651. [CrossRef]

27. Dolton, G.; Rius, C.; Hasan, M.S.; Wall, A.; Szomolay, B.; Behiry, E.; Whalley, T.; Southgate, J.; Fuller, A.; Morin, T.; et al. Emergence
of Immune Escape at Dominant SARS-CoV-2 Killer T Cell Epitope. Cell 2022, 185, 2936–2951.e19. [CrossRef]

28. Gattinger, P.; Tulaeva, I.; Borochova, K.; Kratzer, B.; Trapin, D.; Kropfmüller, A.; Pickl, W.F.; Valenta, R. Omicron: A SARS-CoV-2
Variant of Real Concern. Allergy 2022, 77, 1616–1620. [CrossRef]

29. Lu, L.; Mok, B.W.Y.; Chen, L.L.; Chan, J.M.C.; Tsang, O.T.Y.; Lam, B.H.S.; Chuang, V.W.M.; Chu, A.W.H.; Chan, W.M.; Ip, J.D.; et al.
Neutralization of Severe Acute Respiratory Syndrome Coronavirus 2 Omicron Variant by Sera from BNT162b2 or CoronaVac
Vaccine Recipients. Clin. Infect. Dis. 2022, 75, e822–e826. [CrossRef]

30. Dejnirattisai, W.; Shaw, R.H.; Supasa, P.; Liu, C.; Stuart, A.S.; Pollard, A.J.; Liu, X.; Lambe, T.; Crook, D.; Stuart, D.I.; et al. Reduced
Neutralisation of SARS-CoV-2 Omicron B.1.1.529 Variant by Post-Immunisation Serum. Lancet 2022, 399, 234–236. [CrossRef]

31. Yang, H.; Rao, Z. Structural Biology of SARS-CoV-2 and Implications for Therapeutic Development. Nat. Rev. Microbiol. 2021, 19,
685–700. [CrossRef]

32. Dai, L.; Gao, G.F. Viral Targets for Vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73–82. [CrossRef]
33. Pack, S.M.; Peters, P.J. SARS-CoV-2-Specific Vaccine Candidates; the Contribution of Structural Vaccinology. Vaccines 2022, 10, 236.

[CrossRef]
34. Bhattacharya, S.; Banerjee, A.; Ray, S. Development of New Vaccine Target against SARS-CoV2 Using Envelope (E) Protein: An

Evolutionary, Molecular Modeling and Docking Based Study. Int. J. Biol. Macromol. 2021, 172, 74–81. [CrossRef] [PubMed]
35. Dutta, N.K.; Mazumdar, K.; Gordy, J.T. The Nucleocapsid Protein of SARS–CoV-2: A Target for Vaccine Development. J. Virol.

2020, 94, e00647-20. [CrossRef]
36. Phatarphekar, A.; Reddy, G.E.C.V.; Gokhale, A.; Karanam, G.; Kuchroo, P.; Shinde, K.; Masand, G.; Pagare, S.; Khadpe, N.; Pai,

S.S.; et al. RelCoVax®, a Two Antigen Subunit Protein Vaccine Candidate against SARS-CoV-2 Induces Strong Immune Responses
in Mice. Vaccine 2022, 40, 4522–4530. [CrossRef] [PubMed]

37. Thura, M.; Sng, J.X.E.; Ang, K.H.; Li, J.; Gupta, A.; Hong, J.M.; Hong, C.W.; Zeng, Q. Targeting Intra-Viral Conserved Nucleocapsid
(N) Proteins as Novel Vaccines against SARS-CoVs. Biosci. Rep. 2021, 41, BSR20211491. [CrossRef] [PubMed]

38. Zhang, X.-Y.; Guo, J.; Wan, X.; Zhou, J.-G.; Jin, W.-P.; Lu, J.; Wang, W.-H.; Yang, A.-N.; Liu, D.X.; Shi, Z.-L.; et al. Biochemical and
Antigenic Characterization of the Structural Proteins and Their Post-Translational Modifications in Purified SARS-CoV-2 Virions
of an Inactivated Vaccine Candidate. Emerg. Microbes Infect. 2020, 9, 2653–2662. [CrossRef] [PubMed]

https://doi.org/10.1016/S2666-5247(22)00036-2
https://www.ncbi.nlm.nih.gov/pubmed/35345417
https://doi.org/10.1056/NEJMoa2110475
https://doi.org/10.1001/jamacardio.2021.3471
https://doi.org/10.1093/ehjqcco/qcab090
https://www.ncbi.nlm.nih.gov/pubmed/34849667
https://doi.org/10.1056/NEJMoa2104840
https://www.ncbi.nlm.nih.gov/pubmed/33835769
https://doi.org/10.1056/NEJMoa2105385
https://doi.org/10.1056/NEJMoa2109908
https://doi.org/10.1111/all.14711
https://doi.org/10.1111/all.15187
https://doi.org/10.1038/s41591-021-01556-7
https://www.ncbi.nlm.nih.gov/pubmed/34697502
https://doi.org/10.3390/jcm10245876
https://www.ncbi.nlm.nih.gov/pubmed/34945172
https://doi.org/10.1161/CIRCULATIONAHA.122.061025
https://www.ncbi.nlm.nih.gov/pubmed/36597886
https://doi.org/10.1016/j.xcrm.2022.100651
https://doi.org/10.1016/j.cell.2022.07.002
https://doi.org/10.1111/all.15264
https://doi.org/10.1093/cid/ciab1041
https://doi.org/10.1016/S0140-6736(21)02844-0
https://doi.org/10.1038/s41579-021-00630-8
https://doi.org/10.1038/s41577-020-00480-0
https://doi.org/10.3390/vaccines10020236
https://doi.org/10.1016/j.ijbiomac.2020.12.192
https://www.ncbi.nlm.nih.gov/pubmed/33385461
https://doi.org/10.1128/JVI.00647-20
https://doi.org/10.1016/j.vaccine.2022.06.026
https://www.ncbi.nlm.nih.gov/pubmed/35718590
https://doi.org/10.1042/BSR20211491
https://www.ncbi.nlm.nih.gov/pubmed/34519332
https://doi.org/10.1080/22221751.2020.1855945
https://www.ncbi.nlm.nih.gov/pubmed/33232205


Vaccines 2023, 11, 874 19 of 20

39. Yu, S.; Wei, Y.; Liang, H.; Ji, W.; Chang, Z.; Xie, S.; Wang, Y.; Li, W.; Liu, Y.; Wu, H.; et al. Comparison of Physical and Biochemical
Characterizations of SARS-CoV-2 Inactivated by Different Treatments. Viruses 2022, 14, 1938. [CrossRef] [PubMed]

40. Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y.; Lin, M.; Tan, N.; Linster, M.; et al.
SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS, and Uninfected Controls. Nature 2020, 584, 457–462.
[CrossRef]

41. López-Muñoz, A.D.; Kosik, I.; Holly, J.; Yewdell, J.W. Cell Surface SARS-CoV-2 Nucleocapsid Protein Modulates Innate and
Adaptive Immunity. Sci. Adv. 2022, 8, eabp9770. [CrossRef]

42. Hong, S.-H.; Oh, H.; Park, Y.W.; Kwak, H.W.; Oh, E.Y.; Park, H.-J.; Kang, K.W.; Kim, G.; Koo, B.-S.; Hwang, E.-H.; et al.
Immunization with RBD-P2 and N Protects against SARS-CoV-2 in Nonhuman Primates. Sci. Adv. 2021, 7, eabg7156. [CrossRef]
[PubMed]

43. Sieling, P.; King, T.; Wong, R.; Nguyen, A.; Wnuk, K.; Gabitzsch, E.; Rice, A.; Adisetiyo, H.; Hermreck, M.; Verma, M.; et al. Prime
HAd5 Spike + Nucleocapsid Vaccination Induces Ten-Fold Increases in Mean T-Cell Responses in Phase 1 Subjects That Are
Sustained Against Spike Variants. medRxiv 2021. [CrossRef]

44. Brentville, V.; Vankemmelbeke, M.; Metheringham, R.; Symonds, P.; Cook, K.; Urbanowicz, R.; Tsoleridis, T.; Coleman, C.; Chang,
K.-C.; Skinner, A.; et al. A Novel Bivalent DNA Vaccine Encoding Both Spike Protein Receptor-Binding Domain and Nucleocapsid
Protein of SARS-CoV-2 to Elicit T Cell and Neutralising Antibody Responses That Cross React with Variants. bioRxiv 2021.
[CrossRef]

45. Kuwentrai, C.; Yu, J.; Zhang, B.; Hu, Y.; Dou, Y.; Gong, H.; Huang, J.-D.; Xu, C. Induction of Humoral and Cellular Immunity by
Intradermal Delivery of SARS-CoV-2 Nucleocapsid Protein Using Dissolvable Microneedles. J. Immunol. Res. 2021, 2021, 5531220.
[CrossRef]

46. Matchett, W.E.; Joag, V.; Stolley, J.M.; Shepherd, F.K.; Quarnstrom, C.F.; Mickelson, C.K.; Wijeyesinghe, S.; Soerens, A.G.; Becker, S.;
Thiede, J.M.; et al. Cutting Edge: Nucleocapsid Vaccine Elicits Spike-Independent SARS-CoV-2 Protective Immunity. J. Immunol.
2021, 207, 376–379. [CrossRef]

47. He, J.; Huang, J.; Zhang, Y.; Zhang, J. SARS-CoV-2 Nucleocapsid Protein Intranasal Inoculation Induces Local and Systemic T Cell
Responses in Mice. J. Med. Virol. 2021, 93, 1923–1925. [CrossRef]

48. Studier, F.W. Protein Production by Auto-Induction in High-Density Shaking Cultures. Protein Expr. Purif. 2005, 41, 207–234.
[CrossRef]

49. Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic Transfer of Proteins from Polyacrylamide Gels to Nitrocellulose Sheets:
Procedure and Some Applications. Proc. Natl. Acad. Sci. USA 1979, 76, 4350–4354. [CrossRef] [PubMed]

50. Perkins, D.N.; Pappin, D.J.C.; Creasy, D.M.; Cottrell, J.S. Probability-Based Protein Identification by Searching Sequence Databases
Using Mass Spectrometry Data. Electrophoresis 1999, 20, 3551–3567. [CrossRef]

51. Bairoch, A. The SWISS-PROT Protein Sequence Database and Its Supplement TrEMBL in 2000. Nucleic Acids Res. 2000, 28, 45–48.
[CrossRef]

52. Russian State Pharmacopoeia 14th ed. eBook. Moscow; 2018. Chapter GPA.1.2.4.0005.15, Pyrogenicity. Available online:
https://femb.ru/record/pharmacopea14 (accessed on 4 January 2023).

53. Kozlovskaya, L.; Piniaeva, A.; Ignatyev, G.; Selivanov, A.; Shishova, A.; Kovpak, A.; Gordeychuk, I.; Ivin, Y.; Berestovskaya, A.;
Prokhortchouk, E.; et al. Isolation and Phylogenetic Analysis of SARS-CoV-2 Variants Collected in Russia during the COVID-19
Outbreak. Int. J. Infect. Dis. 2020, 99, 40–46. [CrossRef]

54. Osterrieder, N.; Bertzbach, L.D.; Dietert, K.; Abdelgawad, A.; Vladimirova, D.; Kunec, D.; Hoffmann, D.; Beer, M.; Gruber, A.D.;
Trimpert, J. Age-Dependent Progression of SARS-CoV-2 Infection in Syrian Hamsters. Viruses 2020, 12, 779. [CrossRef] [PubMed]

55. Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann.
Math. Stat. 1947, 18, 50–60. [CrossRef]

56. Smits, V.A.J.; Hernández-Carralero, E.; Paz-Cabrera, M.C.; Cabrera, E.; Hernández-Reyes, Y.; Hernández-Fernaud, J.R.; Gillespie,
D.A.; Salido, E.; Hernández-Porto, M.; Freire, R. The Nucleocapsid Protein Triggers the Main Humoral Immune Response in
COVID-19 Patients. Biochem. Biophys. Res. Commun. 2021, 543, 45–49. [CrossRef]

57. Van Elslande, J.; Oyaert, M.; Ailliet, S.; Van Ranst, M.; Lorent, N.; Vande Weygaerde, Y.; André, E.; Lagrou, K.; Vandendriessche,
S.; Vermeersch, P. Longitudinal Follow-up of IgG Anti-Nucleocapsid Antibodies in SARS-CoV-2 Infected Patients up to Eight
Months after Infection. J. Clin. Virol. 2021, 136, 104765. [CrossRef] [PubMed]

58. St. Petersburg Research Institute of Vaccines and Sera. Study of the Immunogenicity, Safety and Tolerability of the Convacell Vaccine.
Available online: https://clinicaltrials.gov/ct2/show/NCT05156723 (accessed on 2 April 2023).

59. Lyons, A.B.; Blake, S.J.; Doherty, K.V. Flow Cytometric Analysis of Cell Division by Dilution of CFSE and Related Dyes. Curr.
Protoc. Cytom. 2013, 64, 9–11. [CrossRef] [PubMed]

60. Allison, A.C. Squalene and Squalane Emulsions as Adjvants. Methods 1999, 19, 87–93. [CrossRef]
61. Fielding, C.A.; Sabberwal, P.; Williamson, J.C.; Greenwood, E.J.; Crozier, T.W.; Zelek, W.; Seow, J.; Graham, C.; Huettner, I.;

Edgeworth, J.D.; et al. SARS-CoV-2 Host-Shutoff Impacts Innate NK Cell Functions, but Antibody-Dependent NK Activity Is
Strongly Activated through Non-Spike Antibodies. eLife 2022, 11, e74489. [CrossRef]
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