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Abstract

Introduction. The emergence of new epidemiologically significant variants of SARS-CoV-2 has shifted emphasis
to development of a live vaccine, which would be able to provide protection against a wide range of antigenic
variants of the virus. The aim of the study was to obtain SARS-CoV-2 variants attenuated through cold adaptation
and to provide their biological characterization.

Materials and methods. The Dubrovka laboratory strain of SARS-CoV-2 and its variants were cultured on
Vero and Calu-3 cells. The virus quantification was performed by virus titration in Vero cells and by real-time
reverse transcription-polymerase chain reaction. SARS-CoV-2 virions were analyzed using transmission electron
microscopy. Genome sequences of the virus were identified by nanopore sequencing. The attenuation (att)
phenotype of SARS-CoV-2 variants was identified using Syrian hamsters as an animal model for COVID-19.
Results. Cold-adapted (ca) SARS-CoV-2 variants — Dubrovka-ca-B4 and Dubrovka-ca-D2 were produced by
continued passaging of the Dubrovka strain in the Vero cell culture at the temperature being gradually decreased
to 23°C and by subsequent cloning. Up to 20 nucleotide substitutions and 18 amino acid substitutions were
detected in genomes of ca-variants. Ca-variants, as distinct from the parent Dubrovka strain, actively replicated
at 23°C, while the Dubrovka-ca-D2 variant had a temperature-sensitive (ts) phenotype (did not replicate at 39°C).
Ca-variants of the virus replicated poorly at 37°C in the Calu-3 human lung cell culture, which, along with the
ts-phenotype, can be a marker of virus attenuation for humans. In the intranasally infected Syrian hamsters,
ca-variants of the virus demonstrated an attenuation phenotype: they did not cause loss of appetite, fatigue,
drowsiness, did not slow down weight gain, replicating much more slowly in the lungs and brain compared to the
virulent Dubrovka strain.

Conclusion. The obtained attenuated SARS-CoV-2 ca-variants, Dubrovka-ca-B4 and Dubrovka-ca-D2, should
be studied further as candidate vaccine strains for a live attenuated vaccine against COVID-19.
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AHHOMauyusi

BBeneHue. B cBA3M ¢ NosABNEHNEM HOBbIX 3NNAEMMNONOrMYECKU 3Ha4UUMbIX BapuaHToB SARS-CoV-2 akTyanbHowm
ABnsieTcsl paspaboTka XMNBOW BaKLUMHbI, COCOB6HOM 06ecnevnTh 3alwmnTy NPOTUB LLUMPOKOTO CMEKTpa aHTUrEeHHbIX
BapunaHToB BMpyca. Llenbro nccrnegoBaHus SBnsnuck nonyyeHve u bronornyeckas xapakTepuctvka aTTeHympo-
BaHHbIX MYTEM X0rogoson aganTtauum BapmaHtoB SARS-CoV-2.

Martepuanbl u metoabl. JlabopatopHbivi wtamm SARS-CoV-2 Dubrovka n ero BapuaHTbl KynbsTMBMpOBanv B
knetkax Vero n Calu-3. KonnyectBeHHOE onpegeneHne Bypyca NpoBOAMIN NYTEM TUTPOBaHMSA B kneTkax Vero u
METOAO0M MOMNMMEPa3HON LieMHOW peakuum ¢ 06paTHON TpaHCKPUNLUMEN B PEXMME pearnbHOro BpemeHu. BUproHbl
SARS-CoV-2 xapakTtepu3oBann MeETOAOM TPAHCMUCCUOHHOW 3MEKTPOHHOW MUKPOCKONUW. [eHOMHbIE nocrneno-
BaTeNbHOCTM BMpyca ONpenensny MetogoM HaHOMOPOBOrO CEKBEHUPOBaHWS. ATTeHyauuoHHbIV (aft) deHoTmn
BapuaHToB SARS-CoV-2 onpegenanu Ha xuBoTHo mogenu COVID-19 Ha CMPUNCKNX XOMSKaX.

PesynbraThl. B pesynsraTte gnutensHoro naccupoBaHus Wwitamma Dubrovka B KynbType knetok Vero npu nocre-
NneHHo noHwkaemMon go 23°C Temnepartype v MOCNeayoLWero KNoHMPOBaHUS NoMyYeHbl XonoaoaganTupoBaH-
Hble (ca, cold-adapted) BapnanTel SARS-CoV-2 Dubrovka-ca-B4 n Dubrovka-ca-D2. B reHomax ca-BapuaHToB
06Hapy>xeHo o 20 HyKNeoTUaHbIX U 18 aMUHOKMUCIOTHbIX 3ameH. Ca-BapuaHTbl, B OTNIMYME OT poAOoHaYanbHOro
wrtamma Dubrovka, adpcekTvBHO pasmHoxanucb npu 23°C, a BapuaHT Dubrovka-ca-D2 nmen temneparypoyys-
CcTBUTENLHLIV (S) beHoTMN (He pasamHoxancsa npu Temnepatype 39°C). Ca-BapuaHTbl BUpYyca NNoXo pasmMHOXa-
nunce npu Temnepatype 37°C B KynbType KNeTok nérkux Yenoseka Calu-3, 4to, Hapsay C ts-peHoTUNoM, MOXET
ObITb MapKkepoM aTTeHyaLun BUpyca Mo OTHOLLEHMIO K YenoBeky. [pu uHTpaHasanbHOM 3apaXKeHUM CUPUNCKMX
XOMSIKOB Ca-BapuaHTbl BUpYyCa NPOSIBUNM aTTEHYALUMOHHbBIN (DEHOTUN — HEe MPUBOOUIIN K CHWXKEHUIO anneTuta,
BANOCTW, COHMMBOCTW, HE 3aMeAfsinv NPMpocTa Macchl Tena, 3HaYUTENbHO MeASIEHHEE Pa3MHOXarMCb B NETKUX
M MO3re Mo CpaBHEHUIO C BUPYNEHTHbIM wtammom Dubrovka.

3akntoueHue. lNonyyeHHble B HacTodwen paboTe aTtTeHympoBaHHble ca-BapuaHTel SARS-CoV-2 Dubrovka-
ca-B4 v Dubrovka-ca-D2 npeacrtaBnsitoT MHTEpeC Ans SanbHENWero nccnegoBaHms B Ka4ecTBe KaHaMAATHbIX
BaKUMWHHBIX LUTAMMOB 4191 CO3[aHUSI XXKMBOW aTTEeHyMPOBaHHON BakumHbl npotne COVID-19.

KnioueBble cnoBa: SARS-CoV-2, xornodoadanmuposaHHbIl 8UpyC, ammeHyupo8aHHbIl 8UPYC, 8aKUUHHbIU
wmamm
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Introduction

Preventive vaccination offers the most efficient
solution aimed to decrease the COVID-19 incidence
and mortality. Vaccines based on viral vectors, self-rep-
licating RNA, recombinant and native viral antigens
are widely used for prevention of the novel coronavi-
rus infection [1-5]. These platforms are efficient for
development of vaccines that can induce protective
immune responses. The main downsides of such vac-
cines are relatively short-term immune responses, an
incomplete range of viral antigens, fast emergence of
mutant viruses evading the post-vaccination immunity,
and high manufacturing costs. In spite of the unprece-
dented epidemic control measures and wide use of vac-
cines against COVID-19, the pandemic spread of the
SARS-CoV-2 coronavirus continues even in countries
having high vaccination coverage'. New SARS-CoV-2
strains of increased epidemiological significance are
reported regularly [6—8]. From August to November
2021, the Delta (B.1.617.2) variant that superseded Al-
pha, Beta, and Gamma variants accounted for 95% in
the global incidence structure [9]. The Delta variant is
highly contagious and is less efficiently neutralized by
antisera obtained from recovered COVID-19 patients
who had been infected with other variants of the virus
[10—12]. November 2021 started with the rapid world-
wide spread of another variant of SARS-CoV-2 — Omi-
cron (B.1.1.529), which became dominant by February
2022, accounting for more than 95% among the strains
identified by sequencing’. The Omicron variant has
several deletions in the genome and more than 30 ami-
no acid substitutions in the S protein, which resulted
an enhanced binding affinity to the host ACE2-receptor
and, consequently, increased transmissibility and a bet-
ter ability to escape from neutralizing antibodies [13—
18]. Bowen et al. [14] have found that the neutralizing
activity of sera from recovered patients and individuals
vaccinated with different vaccines against COVID-19:
mRNA-1273 (Moderna), BNT162b2 (Pfizer/BioN-
Tech), COVID-19 Vaccine AstraZeneca (AstraZeneca),
Sputnik V (Gamaleya Research Institute of Epidemio-
logy and Microbiology), Novavax COVID-19 vaccine
(Novavax), BBIP-CorV (Sinopharm), Ad26.COV2.S
(Johnson & Johnson) is decreased toward two Omicron
lineages — BA.1 and BA.2. The sera from patients re-
covered after infection with other variants of the virus
has decreased neutralizing activity toward the Omicron
variant [ 15]. The neutralizing activity of sera from peo-
ple vaccinated with CoronaVac (Sinovac Biotech Ltd.)
was significantly reduced or absent toward the Omicron
variant [13, 16]. Monoclonal antibodies, which are ex-
tensively used in COVID-19 treatment, are less effec-

! WHO Coronavirus (COVID-19) Dashboard.

URL: https://covid19.who.int/ (gata obpamenus: 13.05.2022).
2 The GISAID Initiative.

URL: https://www.gisaid.org/ (nata obpamenus: 13.05.2022)

tive toward the Omicron variant [17, 18].

Undoubtedly, studies on vaccines demonstrating
high protective activity toward a wide range of antigen-
ic variants of SARS-CoV-2 are of critical importance.
Live vaccines are among vaccines capable of inducing
the immune response both to structural and non-struc-
tural viral proteins and activating not only the humoral,
but also cell-mediated immunity. Multiple studies have
demonstrated that the adaptation of viruses to growth at
sub-optimal low temperatures leads to generation of a
temperature-sensitive (¢s) phenotype (decreased repli-
cation at 37°C or above), which is associated with viru-
lence attenuation in the normal host [19]. The resulting
cold-adapted (ca) attenuated virus provides safe and
effective protection against infection with the wild-type
virus in immunized individuals [19]. Therefore, the aim
of the study was to obtain ca-variants of SARS-CoV-2
and to provide their biological characterization.

Materials and methods

The virus and cell culture. The study was per-
formed using the SARS-CoV-2 laboratory strain — Du-
brovka (GenBank accession number: MW514307.1)
[20] and its variants: Dubrovka-37, Dubrovka-ca, Du-
brovka-ca-B4, Dubrovka-ca-D2 (GenBank accession
numbers: ON380441.1, ON040960.1, ON059701.1,
and ON040961.1, respectively). Vero CCL81 (ATCC)
African green monkey kidney epithelial cells (further
referred to as Vero cells) and Calu-3 HTB-55 (ATCC)
human lung cancer cell culture (further referred to as
Calu-3 cells) were used for virus culturing and experi-
mental infection. The cells were cultured at 37°C in the
DMEM medium based on Earle’s buffer (PanEco) with
5% fetal calf serum (Gibco), 300 pg/ml L-glutamine
(PanEco), 40 pg/ml gentamicin (PanEco) with 5% CO.,.
The three-day monolayer of Vero or Calu-3 cells was
infected with SARS-CoV-2 at preferred multiplicity of
infection (MOI). The virus adsorption was performed
in a CO, incubator for 60 min; then maintenance medi-
um (DMEM, 300 pg/ml L-glutamine, 40 pg/ml genta-
micin) was added, and the cells were incubated at 23—
39°C for 3-8 days (depending on the virus variant and
the purpose of the test) with 5% CO,. To analyze the
kinetics of virus reproduction, culture liquid samples
were collected daily for 4-8 days and stored at —80°C
till titration or quantitative real-time reverse transcrip-
tion-polymerase chain reaction (real-time RT-PCR).

Animals. The study was performed using 36 gold-
en Syrian female hamsters weighing 40—50 g (Nursery
for Laboratory animals of the Institute of Bioorgan-
ic Chemistry of the Russian Academy of Sciences).
The animals were randomly divided into 4 groups
(n = 9), including three groups intended for infection
with SARS-CoV-2 variants and the control group of
non-infected animals. Authors confirm compliance
with institutional and national standards for the use
of laboratory animals in accordance with «Consensus
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Sequences of primers, probe, and oligonucleotide used in the tests

Name Sequence 5'-3’ Application Source
COVID-19-N-F GCGTTCTTCGGAATGTCG Forward primer [22]
COVID-19-N-R TTGGATCTTTGTCATCCAATTTG Reverse primer
COVID-19-N-P FAM-AACGTGGTTGACCTACACAGGT-BHQ1 Probe
COVN-PC GCGTTCTTCGGAATGTCGCGCATTGGCATGGAAGTCACACCTTCGGGAA  Calibration sample  In-house design

CGTGGTTGACCTACACAGGTGCCATCAAATTGGATGACAAAGATCCAA

Author Guidelines for Animal Use» (IAVES, 23 Ju-
ly 2010). The research protocol was approved by the
Ethics Committee of the I.I. Mechnikov Research In-
stitute of Vaccines and Sera (Protocol No. 2, May 24,
2021).

Virus titration. The SARS-CoV-2 titer was mea-
sured by the endpoint of the displayed cytopathic effect
(CPE) in the Vero cell culture. The serial ten-fold di-
lutions of the virus in the maintenance medium were
added to the wells of the 96-well plate and incubat-
ed for 5 days with 5% CO, at 37°C (ca-variants - at
30°C). The titration results were assessed visually by
microscopic examination of the cell monolayer for the
presence of typical CPE on the 5" day after the in-
fection (cell rounding and partial detachment of cells
from the monolayer). The virus titer was calculated
by the Ramakrishnan method [21] and expressed as Ig
TCID, /ml.

Quantification of SARS-CoV-2 RNA. The viral
RNA was extracted using two techniques: The Mag-
noPrime Uni commercial reagent kit for DNA/RNA
extraction from biological material (NextBio) in ac-
cordance with the manufacturer’s instruction or the
Triton X-100 reagent kit. In the latter case, 10 pl of
4.5% Triton X-100 solution was added to 100 pl vi-
rus-containing culture liquid; the resulting mixture was
refrigerated. After defrosting, the specimen was mixed,
ten-fold diluted with RNase-free water and immediate-
ly put through real-time RT-PCR (the dilution factor of
10 was used for calculation of the viral RNA concen-
tration).

To detect viral RNA by real-time RT-PCR, we
used primers and the probe to the SARS-CoV-2 nu-
cleocapsid N gene: COVID-19-N-F, COVID-19-N-R,
COVID-19-N-P (Table) [22]. To perform real-time RT-
PCR, we used the reagent kit "2.5x reaction mix for re-
al-time PCR with Taq DNA polymerase" and M-MLV
reverse transcriptase (Syntol). The reaction mix of 25
ul contained 10 pmol of each primer and 5 pmol of the
probe, Taq DNA polymerase, 30 units of reverse tran-
scriptase. The temperature and time parameters were
as follows: 45°C — 10 min (1 cycle); 95°C — 5 min
(1 cycle); 95°C — 5 sec, 55°C — 45 sec (45 cycles).
The reaction was performed in a DTprime thermocycler
(DNA-Technology). All the primers and probes were
produced by Syntol. To build the calibration graph, we
used specimens obtained from serial ten-fold dilutions

of synthetic oligonucleotide COVN-PC (Table) with
the specified concentration.

Sequencing of coronavirus genome. To receive
a pool of amplicons for the subsequent whole-genome
sequencing, we used the NEBNext® ARTIC SARS-
CoV-2 library preparation kit (Oxford Nanopore Tech-
nologies) (New England Biolabs). The kit is designed
for whole-genome sequencing of SARS-CoV-2 in ac-
cordance with the SARS-CoV-2 McGill Nanopore se-
quencing protocol SuperScript IV_42C ArticV3 [23].
To prepare the pool, we used Ligation Sequencing kit
1D and Native Barcoding Kit 1D kits (Oxford Nanopore
Technologies). The sequencing was conducted in the
Flow Cell R9.4 using the MinKNOW software (Oxford
Nanopore Technologies). The genome was assembled
using the Minimap2 v. 2.24 program®.

SARS-CoV-2 inactivation by ultraviolet (UV) ra-
diation. The culture liquid from flasks with Vero cells
was collected 72 hours after the infection with the vi-
rus; then the liquid was clarified by centrifugation at
4,000 rpm and titrated. The virus was inactivated by
ultraviolet light (A = 253.7 nm) using the TUV 30W/
G30 T8 germicidal lamp (Philips). The 150 mm-diame-
ter Petri dish with the 50 ml of viral material was placed
under the lamp at a distance of 30 cm and irradiated
for 4 min; the liquid was stirred three times at regu-
lar intervals. The virus inactivation was confirmed by
3 consecutive "blind" passages of the irradiated viral
material on Vero cell culture, including CPE and viral
RNA concentration monitoring at each passage level.

Analysis of antigenic properties of UV-inacti-
vated SARS-CoV-2. The dilutions of UV-inactivated
SARS-CoV-2 were analyzed by the immunochroma-
tography test using the SARS-CoV-2 Rapid Antigen
Test reagent kit (SD Biosensor Inc.) in accordance with
the user’s manual.

Identification of the ts-phenotype of SARS-
CoV-2 ca-variants. The Vero cells were infected with
ca-variants of SARS-CoV-2 and the Dubrovka strain
at MOI 0.001 and 0.00001 and incubated at 37°C and
39°C with 5% CO, for 3 days. Samples of the culture
liquid were collected daily and stored at —80°C until the
examination. The collected samples were used to mea-
sure the virus titer and viral RNA concentration. The
difference in the virus titer or viral RNA concentration

3 URL: https://github.com/lh3/minimap2
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by 4.0 g and greater compared to the infection with the
Dubrovka strain was indicative of the presence of the
ts-phenotype in the virus.

Identification of attenuation (att) phenotype
of SARS-CoV-2 ca-variants. The Syrian hamsters
were infected intranasally with the Dubrovka strain
and ca-variants of the virus at a dose of 4.0 Ig TCID,
(n =9 in each group). The animals were examined dai-
ly, and their body weight was checked every 2 days.
Four days after they had been infected, 4 hamsters from
each group were euthanized; their lungs and brains
were extracted, homogenized and stored at —80°C until
the examination. The health of the other animals was
monitored, and their weight was checked for 8 days
after they had been infected. The organ homogenates
were used to measure the virus titer and viral RNA con-
centration. Significant differences in the weight, virus
titer, or viral RNA concentration in the lungs and brain
compared to the infection with the Dubrovka strain
were indicative of the presence of the atf-phenotype in
the virus.

Transmission electron microscopy (TEM). Spe-
cimens of the ultraviolet-inactivated viral material
were applied to TEM grids with carbon films (Ted Pella
Carbon Type B, 300 mesh) and negatively contrasted
with 1% uranyl acetate. The TEM images were re-
ceived using a JEM-2100, 200 kV electron microscope
(Jeol) equipped with a Gatan Orius SC200D (2k x 2k)
camera.

Statistical analysis of the data. The statistical
analysis of the data was performed using the Graphpad
Prism v.5.03 software. The significance of differences
was assessed by the Mann—Whitney U test with a 95%
confidence interval.

Safety requirements. All the tests on SARS-CoV-2
were conducted in compliance with the requirements of
the sanitary rules and regulations SanPiN 3.3686-21 in
the biosafety level 3 laboratory.

Results

Obtaining cold-adapted variants of SARS-CoV-2

The study was performed using the laboratory
strain of SARS-CoV-2 — Dubrovka, which had been
previously analyzed at the Mechnikov Research Insti-
tute for Vaccines and Sera. The Dubrovka strain was
obtained in summer 2020, being isolated from the clin-
ical sample collected from the patient with the con-
firmed diagnosis of COVID-19 and grown in the Ve-
ro cell culture. The virus identification was performed
using real-time RT-PCR, the neutralization test with
sera from the patients recovered from COVID-19, and
whole-genome sequencing (GenBank accession num-
ber MW514307.1), which confirmed that the isolate
belonged to the Severe acute respiratory syndrome-re-
lated coronavirus (SARS-CoV-2, clade GR accord-
ing to the GISAID classification, lineage B.1.1.317

according to the PANGOLIN classification) [20]. The
distinctive feature of the Dubrovka strain is that it has
a 27 nt deletion in the S gene (9 amino acids from 68
to 76 aa — YMSLGPMVL) compared to the S gene
of the Wuhan-Hu-1 strain (GenBank accession number
NC 045512.2) [20]. All the variants of the Dubrovka
strain, which were obtained during this study, had this
deletion.

To study the adaption characteristics of SARS-
CoV-2, the Dubrovka strain was passaged for a long
time in the Vero cell culture at the constant tempera-
ture of 37°C or at the temperature that was gradually
decreased to 23°C during 42 passages. The obtained
variants of the virus were called Dubrovka-37 and Du-
brovka-ca (cold-adapted), respectively (Fig. 1). The
Dubrovka-ca variant was obtained through the follow-
ing process: 10 passages at 37°C; then the temperature
was decreased by 1°C every 2 passages; the final 6 pas-
sages were performed at 23°C (the total number of pas-
sages was 42). Then, using three-fold limiting dilution
cloning at 23°C, based on the Dubrovka-ca variant, we
received two clones — B4 and D2 (further referred to as
Dubrovka-ca-B4 and Dubrovka-ca-D2 variants).

Whole-genome sequences (GenBank accession
numbers ON380441.1, ON040960.1, ON059701.1, and
ONO040961.1, respectively) were identified for variants
of the Dubrovka strain: Dubrovka-37, Dubrovka-ca,
Dubrovka-ca-B4, and Dubrovka-ca-D2. The primary
analysis of genomes of different variants of the Du-
brovka strain detected multiple nucleotide substitu-
tions, most of which were nonsynonymous (resulted
in amino acid substitution). After the continued adap-
tation to the Vero cell culture at 37°C, the genome of
the Dubrovka-37 variant had 7 nucleotide substitutions,
5 of which were nonsynonymous. The cold adaptation
in the Vero cell culture caused 17 nucleotide substi-
tutions in the genome of the Dubrovka-ca variant; 16
substitutions were nonsynonymous. At the same time,
16 and 20 nucleotide substitutions were detected in the
genomes of clones of Dubrovka-ca-B4 and Dubrov-
ka-ca-D2 ca-variants, causing 14 and 17 amino acid
substitutions, respectively. The largest number of non-
synonymous substitutions was located in the S gene:

Isolate Dubrovka
42 passages at 37°C 42 passages at 37°C—23°C

Dubrovka-37
Clones Dubrovka-ca-B4 Dubrovka-ca-D2

Fig. 1. The schematic diagram of SARS-CoV-2 adaptation
to the Vero cell culture and growth at low temperature.
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Fig. 2. Cytopathic effect of the Dubrovka-ca strain in the
Vero cell culture at 23°C (the 7" day after the infection).
a — non-infected cells; b — Dubrovka-ca. MOI 0.001.

2 — in the Dubrovka-37 genome, 5 — Dubrovka-ca,
6 — Dubrovka-ca-B4, 7 — Dubrovka-ca-D2. Inter-
estingly, in the genome of the Dubrovka-ca-D2 vari-
ant having the zs-phenotype, out of 20 nucleotide sub-
stitutions, 11 were unique in respect of Dubrovka-37,
Dubrovka-ca, and Dubrovka-ca-B4; 9 of them caused
amino acid substitutions.

Phenotypical characterization of SARS-CoV-2 variants

During passages in the Vero cell culture at 37°C,
the virus titer increased (from 4.3 Ig TCID, /ml in the
2" passage to 9.0 g TCID, /ml in the 30" passage),
and CPE was becoming more pronounced. While af-
ter the infection with the virus of the 2™ passage, the
survivability of the Vero cells was 92% on the Sthe
day after the infection, it went down to the minimum
level (2-4%) by the 14" passage [20]. During the cold
adaptation process, the time of the CPE development
increased from 2-3 days at 37°C to 5-7 days after the
infection at 23°C. The infection with the Dubrovka-ca
variant produced CPE manifested in disruption of the
monolayer integrity, clusters of rounded cells without
their detaching from the flask surface (Fig. 2).

The Dubrovka-ca variant replicated much more
slowly at 23°C compared to the parent Dubrovka strain

ORIGINAL RESEARCHES

at its optimal temperature of 37°C. Therefore, the cells
were infected with a larger dose of the Dubrovka-ca
variant and extended the incubation time. While the
peak of replication of the Dubrovka strain (17" pas-
sage) at 37°C (MOI 0.00001) was observed on the 2™
day, reaching 9.0 1g TCID, /ml, the replication of the
Dubrovka-ca variant at 23°C (MOI 0.001) reached its
peak on the 7" day, reaching 8.0 Ig TCID, /ml (Fig. 3).
The viral replication was accompanied by accumula-
tion of the viral RNA in the culture liquid (Fig. 3).

The Dubrovka-37 variant did not replicate in the
Vero cell culture at 23°C, while the Dubrovka-ca, Du-
brovka-ca-B4, and Dubrovka-ca-D2 variants on the 7%
day reached the titer of 4.5-8.0 TCID, /ml, depending
on MOL

Using the immunochromatographic test, the
SARS-CoV-2 antigen was detected in all the UV inacti-
vated virus variants — Dubrovka, Dubrovka-ca-B4, and
Dubrovka-ca-D2. The TEM examination also detected
virus-like particles having morpho-diagnostic signs of
the coronavirus: the virions had a rounded shape and
had distinctive spikes of 12—15 nm on the envelope
(S-protein trimers) (Fig. 4). The virion was 90-110
nm in diameter. The shape and size of the obtained

Ig RNA copies/ml

Incubation time, day

Ig RNA copies/ml

Incubation time, day
Fig. 3. Kinetics of virus replication and viral RNA
accumulation for the Dubrovka strain (at 37°C) and the
Dubrovka-ca variant (at 23°C) in Vero cell culture.
The results of 2 independent tests are presented as mean values.

The infection with the Dubrovka strain was performed at MOI
0.00001, the infection with the Dubrovka-ca variant — at MOI 0.001.
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a b

Fig. 4. Electron microphotography of UV inactivated variants of SARS-CoV-2.

a — Dubrovka; b — Dubrovka-ca-B4; ¢ — Dubrovka-ca-D2. TEM. Negative contrasting with 1% uranyl acetate.
The arrow shows S-protein trimers on the surface of the coronavirus. The scale bar — 100 nm.

virus-like particles matched the micrograph images of

SARS-CoV-2, which had been made earlier [5, 24].
The obtained clones of the Dubrovka-ca variant

were examined for the presence of the temperature-sen-

Ig RNA copies/ml

Incubation time, day

Ig RNA copies/ml

Incubation time, day

Fig. 5. Accumulation of the viral RNA in the Vero cell
culture after the infection with the Dubrovka strain and
Dubrovka-ca-B4 and Dubrovka-ca-D2 variants at the culture
temperature of 37°C or 39°C.

The cells were infected at MOl = 0.001; samples of the culture liquid
were collected daily, and the concentration of the viral RNA was

measured. The results of 2 independent tests are presented
as mean values.

sitive (zs)-phenotype, which demonstrates the inability
of the virus to replicate effectively at 37°C or 39°C. The
replication intensity of Dubrovka-ca-B4 and Dubrov-
ka-ca-D2 clones (MOI10,001) at the Vero cell culture tem-
perature of 37°C was high and did not differ significantly
from that of the Dubrovka strain (Fig. 5). At the culture
temperature of 39°C, the Dubrovka-ca-D2 variant did
not replicate (Fig. 6), and the viral RNA concentration in
the culture liquid was 4.0—6.0 Ig lower compared to the
Dubrovka strain and Dubrovka-ca-B4 variant (Fig. 5).
Thus, it has been found that the Dubrovka-ca-D2 variant
has a distinct ¢s-phenotype. The Dubrovka-ca-B4 variant
also had signs of the #s-phenotype, though only at low

lg TCID,/ml

MOI

Fig. 6. The virus titer on the 3 day after the Vero cell
culture had been infected with the Dubrovka strain and
Dubrovka-ca-B4 and Dubrovka-ca-D2 variants; at the culture
temperature of 39°C and different MOI.

The cells were infected with virus variants, and the virus titer was
measured in the culture liquid 72 hours after the infection. The
results of 2 independent tests are presented as mean values.
n/d — not detected.
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Ig RNA copies/ml

Fig. 7. Concentration of the viral RNA in Calu-3 cells infected
with SARS-CoV-2 variants, the 3™ day after the infection,
at MOI 0.001.

1 — Dubrovka strain (the 2™ passage); 2 — Dubrovka-ca-B4;

3 — Dubrovka-ca-D2; 4 — Dubrovka-37. The results of 2
independent tests are presented as mean values.

Ig RNA copies/ml

Lungs Brains

Fig. 9. Concentration of the viral RNA in lung and brain
homogenates from hamsters infected intranasally with the
Dubrovka strain and Dubrovka-ca-B4 and Dubrovka-ca-D2

variants, 4" day after the infection.

n = 4 per group. K— — non-infected hamsters.

MOI (0.00001) and the temperature of 39°C — on the 3™
day the difference in the virus titer was 3.0 lg compared
to the Dubrovka strain (Fig. 5).

The Dubrovka-37 and Dubrovka-ca-B4 variants
adapted throughout more than 40 passages in the mon-
key kidney Vero cell culture lost their ability to repli-
cate in the Calu-3 human lung cancer cell culture. The
Dubrovka-ca-D2 variant replicated in Calu-3 cells,
though significantly more slowly than the Dubrovka
strain (Fig. 7).

The experimental intranasal infection of ham-
sters was performed to detect the attenuation (atr)
phenotype of ca-variants of SARS-CoV-2. The ham-
sters infected with ca-variants of SARS-CoV-2 did
had no body weight loss and changes in the behavior
compared to the negative control group. On the oth-
er hand, the infection with the virulent virus (the Du-
brovka strain) caused a significant delay in the weight

ORIGINAL RESEARCHES

Weight, g

Day

Fig. 8. Kinetics of the weight of hamsters infected
intranasally with the Dubrovka strain and Dubrovka-ca-B4
and Dubrovka-ca-D2 variants.

From the 0™ to the 4" day — n = 9 per group; from the 6" to the
8" day — n = 5 per group. The infective dose — 4.0 Ig TCID,,.
K— — non-infected hamsters.

lg TCID, /ml

Lungs Brains

Fig. 10. The virus titer in lung and brain homogenates from

hamsters infected intranasally with the Dubrovka strain and

Dubrovka-ca-B4 and Dubrovka-ca-D2 variants, the 4" day
after the infection.

n =4 per group. K— — non-infected hamsters.

gain, and on the 2" day after the infection it was
8.2%, on the 4" day — 13.4%, on the 6™ day — 10.5%
(p < 0.05), while on the 8" day the difference was
insignificant (Fig. 8). The animals infected with the
virulent strain demonstrated loss of appetite, fatiguem
and drowsiness on the 2-6™ day.

On the 4™ day after the infection with virus ca-vari-
ants, the viral RNA concentration in the animals’ lungs
and brain was significantly lower compared to the con-
centration observed in the control group infected with
the virulent Dubrovka strain (Fig. 9). The lowest con-
centration of the viral RNA in the organs was observed
after the infection with the Dubrovka-ca-D2 variant: in
lungs — 6.5 g RNA copies/ml, in the brain — 3.3 g RNA
copies/ml, being by 1.6 and 3.2 Ig lower than in the
control group (p< 0.05).

On the 4™ day after the infection with virus ca-vari-
ants, the virus titer in animals’ lung homogenates was
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5.0 1g TCID, /ml or by 1.2 lg lower than in the control
group (p < 0.05) (Fig. 10). The titration did not detect
the infectious virus in the brain on the 4" day after the
infection with ca-variants, while after the infection with
the Dubrovka strain, the virus titer in the brain homo-
genates reached 5.0 Ig TCID, /ml (Fig. 10). Note that
the organ homogenates used for virus titration in 1 : 10
and 1 : 100 dilutions were toxic for cells, making it dif-
ficult to measure the viral CPE and reducing the titra-
tion sensitivity.

Discussion

The wide use of live virus vaccines included in na-
tional immunization schedules resulted in global eradi-
cation of smallpox and pushed such diseases as measles,
rubella, chickenpox, mumps, and poliomyelitis to the
brink of extinction in developed countries [25]. The vi-
rus strains used in development of most of the live virus
vaccines were obtained by attenuation of wild variants
of the respective viruses through adaptation to growth
at low temperatures and/or in animal cells [25, 26].
Numerous studies provided evidence that human and
animal viruses can be adapted to growth at sub-optimal
low temperatures [19]. Almost all cases demonstrated
correlation between the temperature sensitivity acquired
by these viruses in the tissue culture and the attenua-
tion in the normal host — an animal or a human [19].
Tests demonstrated that cold adaptation can be used
to produce an attenuated virus, which, when used for
immunization, provides safe and effective protection
against infection with the wild-type virus [19]. The
seasonal live attenuated intranasal influenza vaccines
developed in the Soviet Union and the United States
[27-29] have significant advantages over inactiva-
ted vaccines, as they induce systemic, mucosal, and
cell-mediated immunity, provide extensive cross-pro-
tection, and are easy to use. The use of live virus vac-
cines is justified not only by their high immunological
efficacy, but also by their cost effectiveness resulting in
low manufacturing costs [25].

In the meantime, based on the WHO data as of
13/5/2022, out of 153 COVID-19 vaccines approved
and tested through clinical trials, only 2 (1.3%) vac-
cines are based on live attenuated strains: COVI-VAC
(Codagenix/Serum Institute of India, India) and MV-
014-212 (Meissa Vaccines, Inc., United States)*. Both
vaccines are intranasal. The strains used in these vac-
cines were attenuated by codon pair deoptimization.

Our study demonstrated that SARS-CoV-2 can be
adapted to growth at the temperature of 23°C, which
is non-permissive for the wild-type virus, to produce
ts-mutants. The obtained ca-variants of the virus — Du-

* R&D Blue Print. World Health Organization. COVID-19 vaccine
tracker and landscape. URL: https://www.who.int/publications/m/
item/draft-landscape-of-covid-19-candidate-vaccines (mata 006-
pamenwus: 13.05.2022).

brovka-ca-B4 and Dubrovka-ca-D2 — had significant
genomic differences compared to the parent Dubrov-
ka strain; they replicated effectively at 23°C; however,
only the Dubrovka-ca-D2 variant had zs-phenotype, i.e.
it did not replicate at 39°C. Furthermore, the Dubrov-
ka-ca-D2 and Dubrovka-ca-B4 clones adapted to the
monkey kidney Vero cell culture replicated significant-
ly more slowly than the wild-type strain at 37°C in the
human lung cancer Calu-3 cell culture, which, together
with the #s-phenotype, can serve as a marker of virus
attenuation in human. Therefore, we have grounds to
assume that both the Dubrovka-ca-D2 clone, which
has the s-phenotype, and the Dubrovka-ca-B4 clone,
which does not have the zs-phenotype, are characterized
by low virulence, i.e. are attenuated.

In the test performed using Syrian hamsters, the
animal model for COVID-19 confirmed the assump-
tion about the attenuation of ca-variants of the Du-
brovka strain. The hamsters infected intranasally with
the Dubrovka-ca-B4 and Dubrovka-ca-D2 variants
did not have any loss of appetite, fatigue, drowsi-
ness, or slow weight gain compared to the hamsters
infected with virulent Dubrovka strain. In the lungs
and brain of the animals infected with ca-variants, the
viral RNA concentration and the infectious virus titers
were 1.2-3.3 lg lower compared to the virulent strain;
the lowest reproductive activity in vivo was demon-
strated by the #s+ Dubrovka-ca-D2 clone. Note that
in the brain of hamsters infected with ca-variants, the
infectious virus was not detected, while in the ham-
sters infected with the virulent Dubrovka strain, the
virus titer reached 5.0 lg TCID, /ml of the homoge-
nate. Considering the neurovirulence of SARS-CoV-2
in humans, the decrease in the replication activity of
virus ca-variants in the brain of hamsters infected
intranasally decreases the risk of neurological dam-
age in vivo and is an important marker of the virus
attenuation. Thus, the obtained ca-variants of Du-
brovka-ca-B4 and Dubrovka-ca-D2 have a distinct
att-phenotype for Syrian hamsters and offer promis-
ing opportunities for the further studies as candidate
vaccine strains for development of a live attenuated
vaccine against COVID-19.

It should be noted that the attenuation phenotype
of virus ca-variants was obtained using Syrian hamsters
and should be studied further on other models. The data
on the virus virulence, which were obtained using an-
imal models, cannot be automatically extrapolated to
humans. Preclinical trials using animal models provide
only an approximate idea about safety of clinical use
and human susceptibility to attenuated strains of the vi-
rus. Furthermore, the possible reversion of the vaccine
strain virulence due to point mutations or recombina-
tions can be a serious risk factor in using live attenu-
ated vaccines. It calls for further studies of the genetic
stability of SARS-CoV-2 ca-variants and the associated
stability of the att-phenotype.
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Scientific publications describe SARS-CoV-2 ca-
strains with the fs-phenotype and the aft-phenotype,
which when administered intranasally, were able to
induce a protective immune response against the vi-
rulent strain SARS-CoV-2 in immunized animals (Syr-
ian hamsters or transgenic mice hACE-2 (K18-hACE2)
[30-32]. In the above studies, different techniques were
used to obtain s+ strains of SARS-CoV-2. Seo et al.
[30] used the approach similar to the technique we used
in our study — continued passaging at the tempera-
ture gradually decreasing from 37°C to 22°C in Vero
cells. In their study, Okamura et al. used the SARS-
CoV-2 clinical isolate to generate a large library of 659
clones containing random mutations; these clones were
used to select variants causing CPE in the cell culture at
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