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Abstract

Introduction. The COVID-19 pandemic caused by SARS-CoV-2 has created serious health problems worldwide.
The most effective way to prevent the occurrence of new epidemic outbreaks is vaccination. One of the modern
and effective approaches to vaccine development is the use of virus-like particles (VLPs).

The aim of the study is to develop a technology for production of VLP based on recombinant SARS-CoV-2 pro-
teins (E, M, N and S) in insect cells.

Materials and methods. Synthetic genes encoding coronavirus proteins E, M, N and S were used. VLP with various
surface proteins of strains similar to the Wuhan virus, Delta, Alpha and Omicron were developed and cloned into the
pFastBac plasmid. The proteins were synthesized in the baculovirus expression system and assembled into VLP in
the portable Trichoplusia ni cell. The presence of insertion in the baculovirus genome was determined by PCR. ELISA
and immunoblotting were used to study the antigenic activity of VLP. VLP purification was performed by ultracen-
trifugation using 20% sucrose. Morphology was assessed using electron microscopy and dynamic light scattering.
Results. VLPs consisting of recombinant SARS-CoV-2 proteins (S, M, E and N) were obtained and characterized.
The specific binding of antigenic determinants in synthesized VLPs with antibodies to SARS-CoV-2 proteins has
been demonstrated. The immunogenic properties of VLPs have been studied.

Conclusion. The production and purification of recombinant VLPs consisting of full-length SARS-CoV-2 proteins
with a universal set of surface antigens have been developed and optimized. Self-assembling particles that mimic
the coronavirus virion induce a specific immune response against SARS-CoV-2.
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Pestome

BBepeHue. MNMangemnss COVID-19, BbIdaBaHHas kopoHaBupycoMm SARS-CoV-2, nopoguna cepbesHble npobnembl
B 30paBOOXPaHEHNM MO BCEMY MUPY. YUeHbIM B KpaTyalllne CPOKM NPULLMOCh pellaTb 3agadv no paspabortke
METOAOB feveHns n NpodunakTukm atoro 3abonesaHusa. Hanbonee adppekTMBHLIM cnocobom npepbiBaHUSA pas-
BMBAKOLLNXCS HOBbIX 3NMAEMUYECKNX BCMbILLEK ABNAETCA BakumMHaums. OgHUM 13 COBPEMEHHbIX U 3P EKTUBHBIX
noaxonoB Npuv paspaboTke BakUMH ABNAETCSA UCNonb3oBaHue B1pyconoaobHbix yactuy, (Virus like particles, VLP).
Llenb uccnegoBaHus — pa3paboTtaTb TexHonoruio nonyvexHms VLP Ha ocHoBe pekomMOUHaHTHbIX 6enkoB SARS-
CoV-2 (E, M, N n S), npogyumpyembix B KNneTKax HaceKoMbIX, U AaTb UX KOMMIIEKCHYIO XapaKTepUCTUKY.
MaTepuanbl u metoabl. /ICTOYHNKOM BUPYCHBLIX GEMKOB MOCMYXWUIMU CUHTETUYECKUE FeHbl, Kogupytowme 6enkm
kopoHaBupyca E, M, N n S. Bbinm paspabotaHbl VLP ¢ pasHbiMM NOBEPXHOCTHbIMKU S-6enkamn 4 LWTamMmmoB KO-
poHaBupyca: nogobHbI BUpycy YxaHb, Delta, Alpha u Omicron, knoHupoBaHHble B nnasmugy pFastBac. Benku
ObINn CMHTE3NPOBaHbI B 6aKyrnoBUPYCHON cnucteMe akcrnpeccum n cobpaxel B VLP B nepeBrBaemon NMHUN KNEToK
Trichoplusia ni (T.ni). CUHTE3 reHoB, KNOHWPOBaHUE B TpaHCHEPHbIE NNasMuabl U NonyyYeHne peKoMOUHAHTHBLIX
6aKynoBunpycoB MPOBOAUNY CTaHAApPTHLIMW MeTodamMu. Hanuune BCTaBku B reHoMe GakyrnoBupyca onpeaensnu
MEeTOAOM MNonMMepasHon LenHow peakumu. [ns nccnegoBaHnsa aHTUreHHow aktuBHocT VLP npumensnu nvmy-
HOOEPMEHTHBIV aHanu3, UMMYHOBNOTTMHE. Ouunctky VLP nposogmnu ynstpaueHTpudyrnposaHunem yepes 20%
caxaposy. OueHKy Moponornm BeIMOMHANM C MOMOLLbIO 3NEKTPOHHON MUKPOCKONUM U METOAOM AMHAMUYECKOTO
cBeTopaccesHus.

PesynkTathl. [MonyyeHbl 1 oxapaktepusoBaHbl VLP, cocTosiwme n3 pekombuHaHTHbIX 6enkoB S, M, E n N, Ha
OCHOBE KOHCEHCYCHbIX MOCneaoBaTenibHOCTEN, UMPKyNupyoLWwmnx B mupe reHoBapuaHtoB SARS-CoV-2. Noka3sa-
Ha CNeundUYHOCTb aHTUIrEHHbIX AETEePMUHAHT CUHTE3UPOBaHHbIX VLP aHTuTenam, dopmMupytowmmes k 6enkam
SARS-CoV-2, nsy4eHbl MMMyHoreHHble ceorncTtea VLP.

3akntoyeHue. PaspaboTtaHbl cnocobbl nonyveHms u odmctknm VLP ¢ yHuBepcanbHbiM HabopoM NOBEPXHOCTHbIX
aHTUreHoB, CNOCOOHbIX K camocbopke 1 MHOYLMpYoLWuX cneumdunydeckun ummyHutet npotus SARS-CoV-2.

KntoueBble cnoBa: 8upycornodobHbie Yacmuuybl, pekoMbuHaHmHble 8akuyuHbl; COVID-19; SARS-CoV-2; 6akyrno-
8upycHasi cucmema JKcrpeccuu
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kuH A.B., Metpos I.B., BopkyHosa K., lapnyes B.®., PeasakunHa W.T., YepenywkuH C.A., Linbesos B.B., OxakoBa
K.A., Kynukosa H.1O., NNebenesa B.B., AkynuH [O.10., Kosnosa A.A., bapaHneu M.C., FOpnos K.W., JlecHosa E.U.,
IpebeHHmkoBa T.B. Pa3paboTka, nonyyeHue n xapakrepuctuka smpyconogobHbix yactuy SARS-CoV-2 (Corona-
viridae: Orthocoronavirinae: Betacoronavirus: Sarbecovirus). Bornpocsi supycomnozauu. 2024; 69(2): 175-186. DOI:
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®duHaHcupoBaHue. PaboTta dmHaHcMpoBaHa ocynapCTBEHHOM TeMaTuko MUHUCTepCTBa 3apaBooxpaHeHus Poccui-
ckon ®enepauunn «PaspaboTka npoToTMna BakuUMHbl Ha ocHoBe VLP ansi npodunaktuku COVID-19» (pernctpaunoHHbIi
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KoHdnukT nHTepecoB. ABTOpbI AEKNAPUPYIOT OTCYTCTBME SIBHLIX U NMOTEHLMANbHbIX KOH(UKTOB MHTEPECOB, CBSA3aH-
HbIX C NyGruKaumen HacTosLweln cTaTby.

OTnyeckoe yTBepxaeHue. ABTOpbl NOATBEPXKAAIOT COOMIOAEHNE MHCTUTYLIMOHAMNBHBIX Y HALMOHAarbHbIX CTaHAapTOB
Nno MCNonb30BaHMIO NTabopaTopHbIX XXMBOTHbIX B cooTBeTCcTBMM ¢ Consensus Author Guidelines for Animal Use (IAVES,
23 July 2010). MpoTokon nccnenosaHusi ogobpeH 3Tndeckum kommtetom PIBY «HULIOM nm. H.®. Mamaneun»
Mwunsgpasa Poccum (npotokon Ne 03/2021 ot 14.09.2021).
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Introduction

According to WHO, as of November 8, 2023, there are
more than 770 million confirmed cases of COVID-19
worldwide, including 6.9 million deaths. As of Novem-
ber 4, 2023, a total of 13,534,474,309 vaccine doses have
been administered!. In Russia, there were 22,993 recov-
ered, 5,042 hospitalized, and 63 deaths among the 34,191
identified COVID-19 cases in 44 weeks of 20232,

Vaccination is one of the most effective and affordable
medical interventions that saves millions of lives every
year [1]. Despite this, vaccine-preventable diseases re-
occur and vaccine acceptability rates remain suboptimal
for both routine vaccinations and those that are not in-
cluded in the vaccination calendar [2]. Existing vaccines
against SARS-CoV-2 are vector-based, mRNA-based,
inactivated and virus-like particle (VLP) vaccines [3].
The efficacy of vaccines is affected by the continuous
acquisition of viral mutations due to the inherent high
error rate of viral RNA-dependent RNA polymerase and
the existence of a highly variable receptor binding motif
in the S protein [4].

A promising approach to creating effective vaccines is
VLP-based vaccines, which are viral structural proteins
capable of self-assembly, mimicking the virion but not
carrying the viral genome. The VLP-based vaccines cur-
rently undergoing different phases of clinical trials are
NVX-CoV2373 (Novavax) [5], Covifenz (Medicago)
[6], ABNCoV2 (Radboud University) [7] and LYB001
(Yantai Patronus Biotech Co Ltd) [8]. However, only the
S protein of SARS-CoV-2 is included in these vaccines.
It seems more promising to develop vaccines based on
the coronavirus 4 structural proteins to mimic the SARS-
CoV-2 virion.

SARS-CoV-2 belongs to the f-Coronavirus genus of
the Coronaviridae family of the Nidovirales order [9].
The SARS-CoV-2 genome is represented by RNA of a
positive polarity of approximately 30,000 nucleotides in
length and has approximately 82% sequence identity with
SARS-CoV and MERS-CoV and > 90% sequence iden-
tity of key enzymes and structural proteins. The SARS-
CoV-2 virion consists of four structural proteins, which
include spike (S), envelope (E), membrane (M) and nu-
cleocapsid (N) proteins [10, 11].

The N protein binds to the RNA of the virus to form
a ribonucleocapsid inside the viral particle. Protein N is
the most conserved protein of the coronavirus. Proteins
E and M are relatively small proteins (75 and 222 amino
acids in length respectively), that make up the viral enve-
lope. Protein S makes up the spike on the surface of the
virus. This protein plays a critical role in the pathogenesis
of the virus. Receptor binding domain (RBD), a domain
within this protein, is responsible for the binding of the
viral particle to the cellular receptor. It is believed that an-
tibodies which neutralize the virus are produced against
this protein.

OPUTUHAJbHbBIE NCCNEAOBAHUA

VLPs contain a large number of repetitive fragments of
viral surface proteins, which are conformational viral epi-
topes that can induce T-cell and B-cell immune respons-
es. During immunization, VLPs stimulate dendritic cells
that capture the appropriate antigens for presentation to
T- and B- lymphocytes [12].

The technology of VLP production allows to quickly
change their composition, if necessary, according to the
current epidemic situation. Since the gene encoding the
coronavirus protein is initially located as DNA in the
plasmid vector, its sequence can be modified by site-di-
rected mutagenesis, and thus the antigenic composition
of the vaccine can be adjusted, providing the formation
of a wide range of antibodies against pandemic variants
of SARS-CoV-2.

The aim of our study was to develop a technology for
the production and purification of VLP based on recom-
binant E, M, N, and S SARS-CoV-2 proteins assembled
in insect cells and to comprehensively characterize them.

Materials and methods

Molecular epidemiological studies

After comprehensive epidemiological studies to identi-
fy actual epidemically significant virus strains, virus gene
sequences were selected and optimized for subsequent
cloning into a donor plasmid and then into a bacmid [13].

Production of recombinant baculoviruses

The coding sequences were obtained synthetically,
and the frequency of codon usage was optimized for
expression in insect cell culture. The Bac-to-Bac ex-
pression system was used to create each genetic con-
struct. The pFastBac transfer vector (donor plasmid)
was used to produce a baculovirus expressing the M, E,
N, and S proteins of topical coronavirus strains. This
vector contains an expression cassette that contains
flanking sequences of the Tn7 transposon in addition
to the cloned genes. The recombinant transfer plasmid
is used to transform DH10Bac Escherichia coli cells,
which contain a modified baculovirus genome as a
bacmid and a helper vector encoding the transposase
enzyme. Recombinant DH10Bac clones were selected
using the color test method. In selected white colonies,
transfer of the expression cassette into the baculovirus
genome was confirmed by PCR with primers, one spe-
cific to the cloned sequence and the other specific to
the baculovirus genome.

Production and purification of VLP

Transfection of the transgenic Spodoptera frugiper-
da Sf-21 cell line was performed with purified bacmid
DNA preparations containing codon-optimized corona-
virus gene sequences using the cationic liposomal agent
Cellfectin (Invitrogen, USA); two clones were used for

'World Health Organization. COVID-19. Available at: https://covid19.who.int/
In Russia, 22,993 people recovered in a week. Working hours: https://o6bsicusiem .Russian Federation/stopkoronavirus/v-rossii-za-nedelyu-

vyzdorovelo-22-993-cheloveka/
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each construct (seeding concentration of 5 x 10° cells/ml
per 10 pl of bacmid). After transfection, two more pas-
sages were performed on Sf-9 cells.

VLPs were obtained by coinfection, i.e. simultaneous
infection of a transviable insect cell line Trichoplusia ni
(T.ni) with different combinations of recombinant bacu-
loviruses. The transviable T.ni insect cell culture was cul-
tured for 4 days after infection.

After culturing, the culture fluid (CF) was clarified by
low-speed centrifugation to free cells and cellular debris
at 1000 rpm for 5 min and 6000 rpm for 20 min, respec-
tively (4 °C, Sorval SS34 rotor).

For isolation and purification of synthesized VLPs,
clarified CF was layered in ultracentrifuge tubes on a lay-
er of 6 ml of 20% sucrose solution (without mixing) pre-
pared with TNS buffer (10 mM Tris-HCI, 140 mM Na-
Cl, 10 mM CaCl, pH 7.4). Centrifugation was performed
for 2 hours at 28,000 rpm (Optima XE-100 centrifuge,
SW 32Ti rotor, Beckman Coulter, +4 °C). The superna-
tant was removed, the precipitate was resuspended in
TNC buffer and stored at 4 °C.

VLP properties

Electron microscopy. Purified VLPs in a volume of 3 pl
were applied to a copper grid coated on a carbon sub-
strate (Ted Pella, USA) and processed in a glow dis-
charge atmosphere. They were incubated for 30 seconds
at room temperature. Then a drop of 2% uranium ace-
tate solution was applied and incubated for 30 seconds.
The study was performed in a JEOL 2100 transmission
electron microscope (JEOL, Japan) equipped with a lan-
thanum hexaborite cathode at an accelerating voltage
of 200 kV. Images were acquired at x25,000 magnifica-
tion using a Gatan X100 CCD camera with a sensor size
of 2000 x 2000 pixels (Gatan, USA).

VLP physical size. The physical size and distribution
uniformity of VLPs in the purified suspension were de-
termined by dynamic light scattering on a Malvern Zeta
Sizer NANO instrument.

Protein concentration determination. The concentra-
tion of total protein in prepared purified VLP preparations
was determined using a commercial BCA Protein Assay
Kit (Thermo, USA).

Western blot. VLP structural proteins were analyzed by
electrophoresis in 12% polyacrylamide gel with sodium
dodecyl sulfate (PAAG-DSN) according to the method
of Laemmli (1970) on a Mini-PROTEAN II device (Bio-
Rad, USA) according to the manufacturer’s instructions.
After electrophoresis, proteins were transferred to nitro-
cellulose membrane (0.45 pm, Schleicher & Schuell, Ger-
many) in a Mini Trans-Blot cell (Bio-Rad, cat. no. 170-
3930) according to the manufacturer’s method. Mem-
branes were incubated with positive sera from COVID-19
reconvalescents and negative sera collected 20 years
before the pandemic, at a dilution of 1 : 50. Antibodies
that interacted with VLP proteins on the membrane were
incubated with antibodies to human IgG conjugated with
horseradish peroxidase (Sorbent, Russia) at a dilution
of 1:200, and after incubation were detected using Super
Signal West Femto Maximum (Thermo Scientific, USA)
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according to the manufacturer’s protocol. To detect the
chemiluminescence signal, green-sensitive X-ray film
(cat. No. 126041, Carestream, USA) was exposed on the
membrane. The film was developed with the materials
from VIPS-MED (Russia) according to the manufactur-
er’s method.

Neutralization reaction with sera from COVID-19 re-
convalescents. Vero E6 cells were infected with SARS-
CoV-2, and when cytopathic effect (CPE) was ob-
served, the vial was frozen, thawed, CF was centrifuged
at 3000 rpm, aliquoted, and frozen. Virus titer was deter-
mined by the finite dilution method, for which CF was
added to a monolayer of Vero E6 cells at dilutions ranging
from 107" to 107%. The virus titer was considered to be the
last dilution where CPE was detected. The 50% tissue cy-
topathic infectious dose (TCID, ) was calculated accord-
ing to the method of Reed and Mench. For the neutral-
ization test (NT), a dilution of CF containing 100 TCID
in 100 pl was used.

Blood sera from COVID-19 reconvalescents were
prepared in dilutions from 1 : 10 to 1 : 1280 and add-
ed 100 pl each to the wells of a 96-well plate. 100 pl
of virus-containing suspension was added to the serum
dilutions and the mixture was incubated for one hour
at 37 °C. The mixture was then transferred to a 96-well
plate with a monolayer of Vero E6 cells. After 72 hours,
the reaction was counted by viewing the wells of the plate
in a microscope. If there are virus neutralizing antibodies
in the serum, the virus will not induce cell CPE. The se-
rum titer (last neutralizing dilution) was considered to be
the dilution at which 100% cell protection (no CPE) was
achieved.

Specific activity. The identity of antigens in the VLP
to antigens in the SARS-CoV-2 viral particle was as-
sessed by ELISA by interaction with antibodies to SARS-
CoV-2 in the sera of COVID-19 reconvalescents previ-
ously characterized in NT. VLPs were sorbed into the
wells of the plate for 18 hours at 4 °C. Then, sera from
healthy individuals (negative control) and COVID-19
reconvalescentsat a dilution of 1 : 100 were added to
the wells with sorbed VLPs and incubated for 1 hour
at 37 °C. Then, antibodies to human IgG conjugated with
horseradish peroxidase were added. (Sigma, USA). Af-
ter incubation for 15 min (20-25 °C), the reaction was
stopped with IM H,SO,. The color intensity in the wells
was determined on a spectrophotometer at a wavelength
of 450 nm.

The level of VLP synthesis was assessed by quantifi-
cation of S protein RBD by ELISA. Monoclonal antibod-
ies (MCA) to RBD, obtained and characterized earlier
in the laboratory, were used as capture and detection an-
tibodies. The wells of immunoassay plates were sorbed
with MCA at a concentration of 10 pg/mL for 18 hours
at 4 °C. Then recombinant RBD was added at concen-
trations of 15.6; 31.25; 62.5; 125;250; 500; 1000 ng/mL
to construct a calibration curve and the tested VLP
samples at dilution 1 : 200 to 1 : 400. After incubation
for 1 hour at 37 °C, MCA peroxidase conjugate was
added and incubated for 1 hour at 37 °C. Then a chro-
mogen-substrate mixture with tetramethylbenzidine
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(Chema, Russia) was added. The reaction was incubat-
ed for 15 min (20-25 °C) and stopped with 1M H,SO,.
The color intensity in the wells was determined on a
spectrophotometer at a wavelength of 450 nm. The
quantitative VLP content was expressed in RBD con-
centration, which was calculated from the optical den-
sity value using the calibration curve according to the
following formula:

C...,=(A,./k) xn,

where: k iS(a)mgle of the calibration curve;

n — dilution rate of the VLP sample.

VLP immunogenicity

To assess the immunogenicity of VLP, we studied the
formation of humoral (NT and indirect ELISA as de-
scribed above) and cellular immune response (lympho-
cyte blast-transformation test, LBTT) after triple im-
munization of golden hamsters (Mesocricetus auratus)
by intramuscular injection of VLP in the concentration
of 40 pg per animal.

Lymphocyte blast-transformation test

All manipulations were performed under sterile con-
ditions. Spleens were extracted from hamsters and
homogenized in 3 ml of pure RPMI-1640 medium in
a sterile homogenizer. The cell suspension was centri-
fuged on a one-step ficoll-pak density gradient (Histo-
Paque-1077, Sigma, USA), the mononuclear cell frac-
tion was isolated and washed twice in pure RPMI-1640
medium and placed in 96-well culture plates with a con-
centration of 105 cells in 100 pl per well. Stimulato-
ry antigens were added 100 ul per well to cells to final
concentrations. Splenocytes activated with Concanav-
alin A (ConA, 12.5 mg, PanEco, Russia) served as posi-
tive controls. Splenocytes from spleens of unimmunized
hamsters; splenocytes without antigen stimulation, as
well as splenocytes stimulated with nonspecific antigen
(Crimean-Congo hemorrhagic fever virus) were used
as negative controls. Cells were cultured in full-thick-
ness RPMI-1640 medium, with 20% EFV, 2 mM gluta-
mine, 4.5 g/L glucose, 50 pg/mL gentamicin, 0.2 units/
mL insulin at 37 °C in an atmosphere of 5% CO.,. Sple-
nocyte proliferation was evaluated in the blast-transfor-
mation test after 4-5 days using an inverted microscope
(x400 magnification). The results of LBTT were ex-
pressed as lymphocyte proliferation assay (LPA) — the
ratio of the average number of blasts in the presence of
stimulants to the average number of blasts in the ab-
sence of stimulants. The result was considered positive
if the LPA exceeded 2.

The humoral immune response was assessed by indi-
rect ELISA and NT methods with hamster sera after sec-
ond and third immunizations. Cellular immunity (LBTT)
was assessed after first and second immunizations.

Statistical processing of the results

Statistical processing of the results was performed us-
ing Prizm Graphpad 8.4.3 (Graph Pad Software, USA)
and Statistica 12.6 (Stat Soft Inc., USA) programs. The
results were considered statistically significant at p <0.05.

OPUTUHAJbHbBIE NCCNEAOBAHUA

Results

Molecular epidemiologic studies and production
of recombinant baculoviruses

As a result of molecular epidemiologic studies [13],
the S protein genes of 4 topical strains most prevalent in
the Russian Federation and Europe — Wuhan-like, Delta,
Alpha and Omicron and the E, M and N protein genes
of SARS-CoV-2 were selected to produce recombinant
proteins as vaccine antigens. The selected protein-coding
sequences were optimized for expression in insect
cells and cloned into the pFastBacDual transfer vector.
Recombinant baculoviruses carrying the S protein genes
of four different strains as well as the E, M, and N proteins
of SARS-CoV-2 were obtained. The presence of gene
insertions in recombinant baculoviruses was confirmed
by PCR (Fig. 1).

To optimize the conditions for the production of SARS-
CoV-2 proteins, 3 passages of recombinant baculoviruses
were used, which were infected with a transient culture
of T.ni insect cells. The accumulation of target products
was assessed by electrophoresis in polyacrylamide gel,
as well as by enzyme immunoassay, in which the lysate
of insect cells infected with recombinant baculoviruses
at different doses was used as the material for the study,
taking into account the duration of incubation (2—5 days
after infection of cells). Monoclonal antibodies to the
RBD domain of the S-protein of SARS-CoV-2 were
used as detection antibodies. As a result of this work, the
optimal clones for each construct were determined, as
well as the duration of incubation of insect cell culture
infected with different recombinant baculoviruses.

Fig. 1. Gene inserts of the appropriate size in recombinant baculovi-
ruses obtained as a result of PCR.

1 — diagnostic fragment of the S protein gene (597 bp); 2 — marker of mo-
lecular weights; 3 — insert containing the M protein gene (768 bp); 4 — insert
containing the N protein gene (1359 bp); 5 — an insert containing the E protein
gene (327 bp).
Puc. 1. BcTaBku reHOB COOTBETCTBYIOILETO pa3Mepa B PEKOMOU-
HAHTHBIX 0aKyJIOBUpYCaX, MOMydeHHbIe B pe3ynsrare [1L[P.
1 — muarHocTHdeckuii pparMenT reHa 6enka S (597 m.H.); 2 — MapKep MOJIeKy-
JISIPHBIX Macc; 3 — BCTaBKa, coaepxarias red oenka M (768 1.H.); 4 — BcTaBka,

coneprkarmast reH 6enka N (1359 m.H.); 5 — BcTaBKa, cofepxanias reH oenxa E
(327 n.u.).
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The obtained data were used in experiments aimed at
optimizing the parameters of coinfection-simultaneous
infection of a transviable insect cell line T.ni with
different combinations of recombinant baculoviruses.
In the first step, recombinant baculoviruses were
used at the same infection dose (0.02 TCD,). As a
result, 4 different VLPs containing different S proteins
of SARS-CoV-2 were constructed: each particle had
one of the 4 S proteins of the actual strains, as well as
E, M and N proteins on its surface, as confirmed by
immunoblotting (Fig. 2).

Thus, using western blot, it was proved that the protein
bands accounted for in the samples of recombinant
VLP proteins are specific and correspond to spike (S)
glycoprotein, small envelope (E) glycoprotein, membrane
(M) glycoprotein and nucleocapsid (N) protein.

Characterization of purified VLP preparations

The morphology, physical size and distribution
uniformity of purified VLPs were determined by electron
microscopy and by dynamic light scattering on a Malvern
Zeta Sizer NANO instrument (Fig. 3).

The specificity and synthesis level of purified VLPs
were evaluated by the concentration of total protein and
the concentration of receptor-binding RBD domain of S
protein. The obtained VLPs were considered to be specifi-
cally active if the RBD content was greater than 5 ug/mL.
Based on electron microscopy data, if more than 90% of
the obtained VLPs were collected correctly and not de-
graded, the concentration of total protein in the purified
VLP preparations could be taken as the VLP concentra-
tion. Table 1 shows the average values of VLP content
obtained from 1 L of culture fluid.

Assessment of VLP immune specificity using sera from
healthy individuals and COVID-19 reconvalescents

The synthesized and purified VLPs mimic the structure
of the SARS-CoV-2 virion, with antigenic determinants
similar to those of SARS-CoV-2. The results of the

ala

immune specificity study (Fig. 4) with sera of COVID-19
reconvalescents indicate the specificity of the obtained
VLPs.

Thus, the obtained VLPs are effectively recognized
by specific antibodies from the sera of COVID-19
reconvalescents. There was a correlation between the titer
in the neutralization reaction and the optical density in
the enzyme immunoassay, which proves the presence of
specific interacting antibodies with VLPs.

Immunogenicity of VLP

To evaluate the immunogenicity of VLP, we studied the
formation of humoral (NT and ELISA) after 2 and 3 immu-
nizations and cellular immunity (LBTT) after 1 and 2 im-
munizations of golden hamsters (Mesocricetus auratus)
by intramuscular administration of VLP preparation at a
concentration of 40 pg /dose. Using a set of methods, the
results were obtained and presented as mean + standard
deviation (M £+ SEM) in Table 2.

It is shown that twofold immunization is sufficient
for the formation of cellular immunity. After the sec-
ond immunization there is a statistically significant,
almost twenty-fold increase in LPA (8.9 £ 0.91) com-
pared to the first immunization (0.4 + 0.01) (p < 0.05).
The study of humoral immunity showed that specific
viral neutralizing IgG antibodies are detected after the
second and third immunization of hamsters. IgG level
does not change depending on the number of immuni-
zations (OD: 1.094 + 0.26 and 1.613 + 0.01 after sec-
ond and third immunizations, respectively) (p > 0.05).
At the same time, there was a significant increase in vi-
ral neutralizing antibodies after the third immunization
almost 4 times compared to the second immunization
(OD: 1280+0 and 340+173 after second and third immu-
nizations, respectively) (p < 0.05). Thus, the obtained
results indicate the formation of specific humoral and
cellular response in all immunized hamsters studied in
response to intramuscular injection of VLP at a concen-
tration of 40 pg /dose.

b/6

Fig. 2. Western blot of recombinant VLP proteins after treatment with positive () and negative serum (b).
Tracks: 1 —negative control (cells T.ni); 2 —N; 3 —M; 4 — E; 5 — S (Wuhan-like virus); 6 — S (Omicron); 7 — S (Delta); 8 — S (Alpha); 9 — positive control (SARS-CoV-2).
Puc. 2. BecrepH-6110T pexomOnHaHTHBIX GenkoB VLP mocie 00paboTKH MOIOKUTENBHON (@) M OTPHIIATENILHON CBIBOPOTKOI (6).

Jopoxku: 1 — orpunatensuslit koHTpons (kietku T.ni); 2 — N; 3 — M; 4 — E; 5 — S (mono6Hbli Bupycy Yxans), 6 — S (Omicron); 7 — S (Delta); 8 — S (Alpha);
9 — nonoxuTtenbHblit KOHTPONb (SARS-CoV-2).
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Fig. 3. Morphology and physical dimensions of purified VLPs.
a — electron microscopy of VLP; b — histogram of VLP size distribution.
Puc. 3. Mopdosnorus u pusnyeckue pazmeps! ouniieHHbIX VLP.

a — snekTpoHHas Mukpockonus VLP; 6 — ructorpamma pacnpenenenus VLP no pasmepy.

Table 1. Efficiency of VLP synthesis of 4 coronavirus strains containing S protein: similar to the Wuhan-like virus, Delta, Alpha and Omicron
Ta6mma 1. DddexruBHOCTh cunTe3a VLP, conepxaiux S-0enok 4 mraMMOB KOpOHaBHpYca: MOI00HbIH BUpycCy YxaHb, Delta, Alpha u Omicron

Total protein content in purified VLPs obtained from 1 liter of culture fluid, mg (» = 10)

VLP SARS-CoV-2 Coneprxanue odero 6enka B ounmeHHslx VLP, nomyuennsix u3 1 1 KK, mr (n = 10)
Wuhan-like virus/ [Tono6HsIi Bupycy YxaHb 56419
(n=8) 6+1,
Delta
(n=11) 59+1,7
Alpha
(n=11) 6,2+1,2
Omicron
(n=8) 55+1,9

Fig. 4. Results of a study of the immune specificity of VLP in ELISA with human sera characterized by NT.

The X-axis shows human sera characterized in NT; the Y-axis shows optical density at a wavelength of 450 nm, legend — VLP at concentrations of 8, 2, 0.5
and 0.125 micrograms/well: otp 1 — serum negative in NT; otp 2 — serum negative in NT collected more than 20 years ago; 1 : 320 — serum positive in NT,
titer 1 : 320; 1 : 160 —serum positive in NT, titer 1 : 160; 1 : 80 — serum positive in NT, titer 1 : 80.

Puc. 4. Pesynbrarer uccienosanus ummyHocnenuduanoctn VLP B UDA ¢ ceIBOpoTKaMH KpOBH JIHI], OXapakTepu30BaHHbIX B PH.

ITo ocu abermce npencTaBieHbl CHIBOPOTKU KPOBH, OXapakTepr3oBaHHblie B PH; 110 ocu opirHaT — onrTiyeckast IIOTHOCTb [IPH JUIHHE BOJIHBI 450 HM, JereHaa —
VLP B xoHuentpanusix 8, 2, 0,5 u 0,125 mxr/nyHky: otp 1 — cbiBopoTKa, oTpruarensHas B PH; oTp 2 — ceiBopoTKa, oTpuuarensias B PH, B3sras 6onee 20 ner
Hazaj; 1 : 320 — ceiBOpoTKa, nosoxkurensHas B PH, tutp 1 : 320; 1 : 160 — ceiBopoTka, nonoxurensHas B PH, Tutp 1 : 160; 1 : 80 — cbIBOpOTKa, MOJI0KHUTENIbHAS
B PH, Tutp 1 : 80.
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Table 2. Results of the presence of specific IgG, neutralizing antibodies and LPAs in the serum and blood of golden hamsters immunized intramuscu-

larly with VLP at a concentration of 40 nug /dose, M + SEM

Taomuua 2. Pesynsrarsl Hanmuuus cnenuduyeckux [gG, veritpanusyromux antuten U VCII B CIBOPOTKE KPOBH M KPOBH 30JI0THCTHIX XOMSIUKOB,
UMMYHH3UPOBaHHBIX BHYTpUMbIeqyHO VLP B konnentpanun 40 Mxr/nosa, M + SEM

Immunization LPA Immunization NT, val. ELISA, opt.dens. Reciprocal titer value
WmmyHuzanus HCIT MmmyHnzanus PH, 06p.3H. VDA, onr.m. H®DA, o6p.3u. TuTpa ELISA
1 0,4+0,01 2 340+ 173 1,094 £ 0,26 12,800
2 8,9+0,91* 3 1280 + 0* 1,613 £ 0,01 12,800

Note. * — values significantly different from the value of the previous immunization (p < 0.05).

Ilpumeuanue. * — 3HaUCHMS, JOCTOBEPHO OTIIMYAIOIINECS OT 3HAUYCHHMs Mpeabayel BakunHauuu (p < 0,05).

Discussion

The COVID-19 pandemic has had a serious impact on
the world from both a social and economic standpoint.
From the beginning, SARS-CoV-2, the COVID-19 patho-
gen, has been constantly changing and continues to evolve
to this day. To date, many SARS-CoV-2 genetic variants
have been reported in different regions of the world. There
are serious concerns about the efficacy of existing vac-
cines against new variants of the virus. Taking this into
account, the problem of developing new vaccine prepara-
tions that not only induce an effective immune response
but also induce cross-reactive immunity, providing pro-
tection against new SARS-CoV-2 variants, remains ex-
tremely urgent [14]. The studies of unique SARS-CoV-2
genetic variants circulating in Europe and in the Russian
Federation have shown which antigenic determinants
should be taken into account when developing a vaccine
preparation. The variability of the SARS-CoV-2 genome
during the spread of COVID-19 was analyzed.

In the present study, VLPs mimicking SARS-CoV-2
virion containing 4 structural proteins — E, M, N and S
of SARS-CoV-2 were obtained. At the same time, sur-
face determinants are represented by S proteins of actual
clades — Wuhan-like strain (19A), Indian (Delta), British
(Alpha) and Omicron. Therefore, a vaccine based on the
derived VLPs provides broad-spectrum antibody forma-
tion and will help prevent infection caused by different
strains of SARS-CoV-2, as well as generate an immune
response similar to that induced during natural infection
[15]. A significant advantage of VLP-based vaccines is
the absence of genetic material, which eliminates the
possibility of viral genome replication. Furthermore, an-
tigens presented on the surface of VLPs in their native
conformation are more stable than in the form of sub-
units, which leads to the use of smaller doses of antigen
required to trigger a protective immune response.

Between the Wuhan and Omicron strains, T cell epi-
topes are highly conserved, while many neutralizing
antibody epitopes are located in the spike-trimer vari-
able regions, and Omicron BA-1 to BA.5 subvariants,
have mutations in the RBD, which reduces the neutral-
izing ability of antibodies generated by current vaccines
[15, 16]. This emphasizes the need for new approaches
in vaccine development and the addition of other anti-
gens such as E, M, N proteins that are less mutated than
S in the COVID-19 vaccine formulation. Because anti-
body response is less effective against novel virus vari-
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ants than T cell response, a vaccine that induces both
cellular and humoral immunity may have a significant
advantage.

Therefore, synthesized VLPs that mimic the SARS-
CoV-2 virion, contain 4 structural proteins, E, M, N, and
S of SARS-CoV-2 topical clades, and stimulate the for-
mation of humoral and cellular immunity are promising
antigens for further development of a VLP-based vac-
cine that will provide effective protection against SARS-
CoV-2 [15, 16].

The baculovirus expression system used in this work in
insect cells to create VLPs has several advantages: bac-
uloviruses do not infect humans, making the work safe;
insect cells grow in serum-free medium that is free of
animal products, retroviruses and is not oncogenic; and
VLP synthesis in a baculovirus expression system can be
scaled and optimized for commercial production of im-
munobiological drugs.

Nowadays, approved and commercially available VLP-
based vaccines include vaccines against human papillo-
mavirus (Cervarix Gardasil, Gardasil 9), against hepatitis
B virus (Engerix Glaxo Smith Kline, Recombivax) [17].
Against COVID-19 infection, the VLP vaccine 6p-VLP-
58-1023-Al-K3 with CpG ODN/alum adjuvant express-
ing all four structural protein antigens of SARS-CoV-2
has shown immunogenic and protective properties in
mice, rats and ferrets [18]. This vaccine has undergone
phase 1 clinical trials in humans [19].

Conclusion

The system of synthesis and purification of virus-
like particles from recombinant proteins synthesized
in baculovirus expression system was optimized. As
a result, stable virus-like particles consisting of four
recombinant SARS-CoV-2 proteins, E, M, N and S,
mimicking the SARS-CoV-2 virion, capable of inducing
a specific immune response against SARS-CoV-2 were
obtained. The specificity of the obtained VLPs was
proved. The developed VLPs can be used as an antigen
in an immunobiologic drug product for COVID-19
prophylaxis.
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