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ABSTRACT

The study examines the DNA transformation dynamics of BHK-21/SUSP/ARRIAH subline cells during rabies virus reproduction. Cells infected with the virus and
control intact cells were cultivated under similar conditions. The identification of dependence of the virus infectivity on reproduction time revealed that the virus
infectivity titre increased from (3.2 +0.2) Ig CCID, /cm?’ at the time of inoculation to (7.63 + 0.3) Ig CCID, /cm? after 48 hours of reproduction, with the most
intensive increase having been observed within the first 24 hours. The cell concentration changed from 0.5 to 1.9 million/cm?, i.e. increased by a factor of 3.8.
After 24 hours, the cell growth rate slowed down. Findings from the examination of cell cycle phases during rabies virus reproduction in the host cell allowed for
the estimation of duration and predominance of G1, S, G2 + M phases at different stages of cultivation. The dynamics of changes in the apoptotic cell population
in the control and test samples was similar within 36 hours of cultivation. After the said period, the proportion of apoptotic infected cells was 28—42% higher than
that of apoptotic control cells. After 9 hours, the proportion of cells undergoing G1 phase increased by 11.7% in the test samples, whereas it decreased by 16.6%
in the control samples. Subsequently, the number of G1 phase cells in the control and test samples changed in the same way: a 40% decrease was observed after
15-18 hours, it was followed by a 45—46% growth jump, then again a 39-40% decrease and an increase were observed. After 33 hours of reproduction and till
the end of cultivation, the proportion of infected cells undergoing G1 phase was significantly higher (by 12-21%) as compared with control cells. The percentage
of S phase cellsin the test and control samples was the same during the first day of the virus reproduction, with sharp jump-like 3.4- and 2.4-fold increases having
been observed after 15 and 24 hours, respectively. After 24 hours, the infected and control cells began to demonstrate differences, which gradually increased from 8
to 137% by the end of reproduction. After 30 hours of reproduction, the proportion of test sample cells undergoing G2 + M phase began to decrease by 17-28%
as compared with the control cells. The cell switch-over to the synthesis of complete rabies virus particles occurred after 24 hours of reproduction. This is indicated
by changes in the host cell cycle phases, as well as by the slowing down of BHK-21/SUSP/ARRIAH cell population growth.
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WccneoBaHne MeTo0M NPOTOYHON LIUTOMETPUN AUHAMUKY
TpaHchopmauuu HK B kynbtype knetok BHK-21/SUSP/ARRIAH
npu penpoayKLmmn BUpYca OeLeHCTBa
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PE3IOME
ViccnepoBatne nocaALeHo u3yyeruto AuHamukn Tpancdopmavmn IHK knetok cybnunmm BHK-21/SUSP/ARRIAH npu penpogyKuuu B Hux Bupyca beLuen-
(1Ba. NHuLMpoBaHHble Bo36yANTENeM 1 KOHTPONbHBIE UHTAKTHble KNETKY KyNbTUBMPOBANUCH B aHANOTNYHBIX YCNOBUAX. [TpK BbIABNEHUN 3aBUCUMOCTH
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MHOEKLMOHHOCTI BUPYCa OT BpEMeHM PENpOAyKLNY YCTAHOBIIW, YTO TUTP €ro MHOEKLMOHHOV aKTUBHOCTY yBennuMBanca ot (3,2 £ 0,2) lg KKII, /cv® npu
uHokynaumu 1o (7,63 + 0,3) g KKII, /cm® yepes 48 y penpoaykuny, Ho 6oMiee UHTEHCMBHO OH BO3pacTan B NepBbie 24 u. KoHLEHTPaLMA KNIeToK npu 37om
n3meHunach ¢ 0,5 4o 1,9 MaH/cm?, To ecTb BbIpocia B 3,8 pa3a. CnycTal 24 4 KpaTHOCTb NPUPOCT KNETOK 3amMeaAnach. B npovecce nyyeHns ¢a3 knetouHoro
LMKNa NPy PenpoyKLMn B KNeTKe-X03A1He BUPYyCa OeLleHCTBa NoNyyeHbl pe3ynbTaTbl, N03BONANLLME OLEHUTb NPOAOIKUTENLHOCTL U JOMUHUPOBaHNe
$a3 G1, S, G2 + M Ha pa3Hbix 3Tanax KynbTBUPOBaHNA. [IuHaMMKa M3MeHeHWI NONYNALMI KNETOK, HAXOAALLMXCA B anonTo3e, B KOHTPOAIE 1 onbiTe Obina
OZMHAKOBOI B TeueHue 36 4 KynbTBUPOBaHMA. 1o NpoLLecTBUM AaHHOTO BpeMeHY MHOULMPOBAHHDIX KNETOK B CTaZun anonTo3a 6bino Ha 28—42% 6onbLue
110 CPaBHEHNI0 € TAKOBbIMY B KOHTpOE. JlonA KNeToK, HaxoAAwwmuxea B cragun ¢asbl G1, yepe3 9 4 B onbITHbIX 06pa3Liax yBenuuunach Ha 11,7%, B KOHTPONb-
HbIX, Ha060pOT, yMeHbLLIMAACh Ha 16,6%. B fanbHeliiem KonnuecTBo KneTok B G1-dase v B KOHTPONIE, 11 B OMbITE U3MEHANOCb OAMHAKOBO: Yepe3 1518 y
Habnioganu ymeHbLueHue Ha 40%, fanee — pocToBOIA CKauoK Ha 45—46%, NoTom onATb CHUXeHue Ha 39—40%, 3aTem BHOBb yBenuueHue. Mocne 33 4
PenpoyKLMN 1 0 OKOHYAHNA KyNbTUBMPOBAHNA A0NA MHGULMPOBAHHDIX KNETOK, HaxoAAwWuxcA B dase G1, 6bina 3HaunTenbHo bonbLue (Ha 12-21%), uem
KOHTPOMbHbIX. KonnyecTBo KneTok B Gase S B onbiTe 1 KOHTPONE B NepBble CYTKN PenpoAyKLMK BUpyca 6bino 0AMHAKOBbIM, NPy 3TOM HabnlAanu peskoe
kauykoobpasHoe yBennuenue yepes 151 24 4B 3,4 1 2,4 pa3a cooTBETCTBEHHO. Yepe3 24 u Mexay MHOULMPOBAHHBIMY 1 KOHTPONbHBIMU KNETKaMI Hayanu
NPOABAATLCA Pa3fnynA, KoTopble NocTeneHHo Bo3pactani ¢ 8 4o 137% k okoHuaHuio penpogykumn. B dase G2 + M uepe3s 30 y penpoayKLmMu KOANYECTBO
KNeTOK OMbITHbIX 00pa3Li0B HAaUMHaNo yMeHbLIATbCA Ha 17-28% No CpaBHEHMIO C KOHTPONbHBIMIA. [lepecTpoiika KNeTKIn Ha CUHTE3 MOMHbBIX YacTuL, BUpYca
6ewweHCTBa HacTynana yepes 24 4 penpogykuuu. 06 370M roBOPAT U3MeHeHuA B (asax KNeTOUHOTO LMKNa KNeTKI-X03AMHa 1 3aMeZNeHie NpupocTa camoit
nonynauum knetok nunim BHK-21/SUSP/ARRIAH.

KnioueBble cnoBa: npotouHas UNTOMETPUA, (asbl KNETOUHOTO LMKNa, cycnen3ua knetok BHK-21, Bupyc Gelwencrea

bnaropapHocTu: UccnepoBaue nposeaeHo 3a cuet cpeacts OBY «BHUN3M» B pamkax HayuHo-nccnesoBatenbckix pabot no Teme «BetepunapHoe 6naro-
nonyyme.
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INTRODUCTION

Rabies is an acute disease of warm-blooded animals
that affects the central nervous system. All domestic and
wild animal species, as well as human beings are suscep-
tible to the disease [1, 2, 3, 4, 5].

The virus reproduction cycle includes its adsorption
onto the cell surface, penetration into the cell, uncoating,
transcription, translation, replication, assembly and bud-
ding.

Primary transcription does not require structural pro-
tein synthesis. There are 2 types of rabies virus transcrip-
tion: 1) at first, leader RNA is transcribed with genomic
RNA, then 5 monocistronic mRNAs are sequentially tran-
scribed, from which N, P, M, L proteins are translated in
the cytoplasm, and G gene mRNA is translated in poly-
somes associated with the Golgi apparatus membrane;
2) transcription of antigenomic (positive-sense) RNAs,
which serve as templates for the synthesis of new gen-
erations of negative-sense genomic RNAs, with genomic
RNA. Unlike primary transcription, genomic RNA repli-
cation by the described mechanism can occur only si-
multaneously with translation and synthesis of structural
proteins, especially N and P ones, necessary for RNA en-
capsidation by nucleocapsid structures. L, N, and P pro-
teins mainly control RNA transcription and replication,
whereas M protein occupies an intermediate position
between the nucleocapsid and the virion shell and par-
ticipates in RNA condensation. Besides, M protein plays
a key role in RNA synthesis regulation and budding of the

virus [6, 7]. At the final stage of assembly and budding,
nucleocapsids “put on”the viral envelope represented by
G protein integrated into the cell membrane. Glycopro-
tein determines the neurovirulence and neuroinvasive-
ness of rabies virus.

The place of viral particle formation depends on the
virus and host cells. For representatives of the genus Lyssa-
virus of the family Rhabdoviridae, to which rabies virus be-
longs, the synthesis and assembly of nucleocapsids occur
in the cytoplasm, and budding occurs through the plasma
membrane of the cell, from which the virion acquires an
additional lipid layer.

Rabies virus does not cause characteristic cytopathic
changes in cells. All transcription and replication events
occur in the cytoplasm inside Negri bodies. These struc-
tures are typical for rabies and, thus, can be used as
a pathognomonic symptom of the infection [8].

Flow cytometry is a modern technology that ensures
rapid, high-quality and multiparametric analysis of cells. It
is widely used in such fields of medicine as immunology,
pharmacology, cytology, oncology, hematology, genetics,
infectology [9, 10, 11,12, 13, 14, 15].

Flow cytometry makes it possible to collect a va-
riety of data: to determine DNA and RNA content in a
cell, the total number of proteins and the number of
specific proteins recognized by monoclonal antibodies,
to investigate cell metabolism, to study the transport
of calcium ions and the kinetics of enzymatic reactions
[15,16,17,18, 19, 20].
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Each cell has its life cycle from the moment of its
formation by mother cell division to mitosis or death. It
is called a cell cycle. The cell cycle consists of two peri-
ods: 1) cell growth period (interphase); 2) cell division
period called M phase (from the Greek word “mitos”,
meaning “thread”). In its turn, each of the said periods
has several phases. Usually, the interphase takes at least
90% of the time of the entire cell cycle. Most of cell com-
ponents are synthesized throughout the interphase,
and this makes it difficult to identify individual stages
within it.

The interphase is divided into G1, S and G2 subphases.
A period within the interphase, during which cell nucleus
DNA is replicated, is called “S phase” (from the word “syn-
thesis”). It should be noted that not only DNA replication,
but also the basic biosynthesis of structural and functional
proteins of the cell occurs during the interphase (mainly
in S phase). A period between M phase and the begin-
ning of S phase is called G1 phase (from the word “gap”),
and a period between the end of S phase and subsequent
M phase is called G2 phase [21].

The use of flow cytometers in the studies made it pos-
sible to identify important data on the reproduction cycle
phases of cells, as well as to obtain the results that allowed
for the estimation of duration and predominance of the
corresponding cell cycle G1, S, G2 + M phases at different
stages of cultivation [18, 19, 20, 22, 23]. In the light of the
above, it can be concluded that the nature of changes in
the cell cycle during virus replication in a cell is important
for understanding the process of virus reproduction, but
is understudied.

The aim of the study was to examine the dynamics
of DNA transformation in BHK-21/SUSP/ARRIAH cell cul-
ture during rabies virus reproduction using flow cytometry.

MATERIALS AND METHODS

Cell line. Suspension continuous culture of newborn
Syrian hamster kidney cells BHK-21/SUSP/ARRIAH was
used in the work [24]. The cells were grown in metal bio-
reactors with a working capacity of up to 1,800 dm? in ac-
cordance with the “Master formula record for production
of vaccine against foot-and-mouth disease of different
types” approved by the Director of the Federal Centre for
Animal Health.

Rabies virus. Production “ARRIAH” strain of rabies virus
was used to infect the cells.

Nutrient medium used to grow cells. Eagle’s medium sup-
plemented with 5% of fetal bovine serum (Serana, Germa-
ny) and 0.25% blood protein hydrolysate (Russia) was used.

Rabies virus cultivation. Rabies virus reproduction was
carried out during 48 hours in 0.5 dm? flasks using Mini-
sart® RC25 Syringe Filters 17764-ACK @ 25 mm (Sartorius,
Germany).

Growth rate was calculated as the ratio of the final (after
48 hours) and initial cell concentrations within one pas-
sage.

Cellinfection with rabies virus. Suspension BHK-21/SUSP/
ARRIAH cell culture was inoculated with culture rabies vi-
rus at a dose of 0.1 CCID, /cell. Samples containing infec-
ted cells were designated as test samples; cells not inocu-
lated with the virus served as control and were cultivated
under similar conditions.

The identification of cell cycle stages was carried out us-
ing an Accuri™ C6 flow cytometer and a BD Cycletest™ kit

for working with a cytometer, as well as a reagent kit for
quantitative DNA content analysis in cells C6 Flow Cyto-
meter Fluid Kit (Becton Dickinson and Company, USA).

The determination of rabies virus infectivity titre was
carried out in accordance with “Methodical guidelines
for indirect determination of infectivity titre of culture ra-
bies virus “ARRIAH" strain in vaccine production seed with
real-time reverse transcription polymerase chain reaction
(real-time RT-PCR)".

Samples were collected every 3 hours throughout
the entire time of rabies virus reproduction. The concentra-
tion of BHK-21/SUSP/ARRIAH cells in the suspension was
determined using a Goryaev chamber for counting blood
cells,dA0.000.851, compliant with TU 64-1-816-84.The cell
suspension in a volume of 1 cm® was supplemented with
an equal volume of 0.2% trypan blue solution, thoroughly
mixed and used to fill the chamber. The number of cells
in 1 cm? of the suspension was calculated using the for-
mula [21]:

X=A><B><4,000

% 1,000,
3,600

where Xis the number of cells in 1 cm3; A is the total num-
ber of cells in the chamber; B is the suspension dilution.

The counting was performed using a microscope at 10x
magnification.

Statistical data processing. Numerical data were statisti-
cally processed with generally accepted methods of vari-
ation statistics, using a personal computer and Microsoft
Excel software.

RESULTS AND DISCUSSION

The virus reproduction dynamics was assessed based
on the following indicators:

- dependence of the virus infectivity titre on reproduc-
tion time;

- changes in apoptosis and debris;

- changes in cell cycle stages (G1, S, G2 + M).

During cultivation, the hydrogen ion concentration
(pH) of the suspension was checked every 3 hours.

Figure 1 shows the dynamics of rabies virus infectivity
during its reproduction in BHK-21/SUSP/ARRIAH cell cul-
ture.

It was found that the virus infectivity titre increased
from (3.2+0.2) Ig CCID, /cm? at the time of inoculation to
(7.63 + 0.3) Ig CCID, /cm? after 48 hours of reproduction,
with the most intensive increase having been observed
within the first 24 hours (up to 6.76 CCID, /cm?).

Within 48 hours, the cell concentration changed
from 0.5 to 1.9 million/cm?, i.e. increased by a factor of 3.8
(Fig. 2).

At the next stage, experiments were conducted
to study changes in rabies virus infectivity titre in BHK-21/
SUSP/ARRIAH cells with different initial concentrations:
(0.77 £0.1); (3.0 £ 0.2) and (1.1 £ 0.1) million/cm?. It was
found that the accumulation of complete viral particles
in the infected cells with different concentrations oc-
curred within the first 12 hours of reproduction (Fig. 3).

" Doronin M. I, Mikhalishin D. V., Borisov A.V., Balashov A. N., Mudrak N. S.,
Zakharov V. M. Methodical guidelines for indirect determination

of infectivity titre of culture rabies virus “ARRIAH" strain in vaccine
production seed with real-time reverse transcription polymerase chain
reaction (real-time RT-PCR): approved by FGBI“ARRIAH" 23.12.2021

No. 66-21. Vladimir; 2021. 59 p.
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Fig. 1. Rabies virus infectivity dynamics during its reproduction in cell
culture (n=3,p < 0.05)
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Fig. 2. BHK-21/SUSP/ARRIAH cell concentration dynamics during rabies
virus reproduction (n =3, p < 0.05)
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Fig. 3. Rabies virus accumulation dynamics during its reproduction in cells
with different initial concentrations (n = 3, p < 0.05)
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Subsequently, the virus accumulated 1.1-1.2 times more
intensively in the culture with initial cell concentration of
(0.77 £ 0.10) million/cm?3. This is probably due to the limi-
ted amount of nutrients for the reproduction and growth
of cells with a higher concentration.

Tests were carried out to study changes in cell cy-
cle phases during rabies virus cultivation in suspen-
sion BHK-21/SUSP/ARRIAH cells. Under standard op-
timal conditions, intact populations are distributed
according to cell cycle phases as follows: G1 - 30-75%,
G2 + M - 2-18%, S — 2-33%, polyploids — up to 4% and
debris - 1-20% [23].

It was found that the dynamics of changes in the apop-
totic cell population in the control and test samples was
similar within 36 hours of cultivation (a small time shift
of 3 hours between the test and control samples was ob-
served after 9 and 12 hours of reproduction). The propor-
tion of apoptotic infected cells was 28-42% higher than
that of apoptotic control cells 36 hours after the start
of cultivation (Fig. 4).

After 9 hours, the proportion of cells undergoing
G1 phase increased by 11.7% in the test samples, whereas
it decreased by 16.6% in the control samples. Subsequent-
ly, the number of G1 phase cells in the control and test
samples changed in the same way: a 40% decrease was
observed after 15-18 hours, it was followed by a 45-46%
growth jump, then again a 39-40% decrease and an in-
crease were observed. After 33 hours of reproduction and
till the end of cultivation, the proportion of infected cells
undergoing G1 phase was significantly higher (by 12-21%)
as compared with the control cells.

The comparison of the number of cells undergoing
apoptosis + debris and G1 phase revealed a certain
synchronicity between these phases: after 9 hours of
the virus cultivation, G1 phase increased by 10-12%,
at the same time apoptosis decreased by 10-11%, then
a decrease in the percentage of G1 phase cells and an
increase in the proportion of cells in apoptosis and
debris were observed. A more pronounced “mirroring”
of these cell cycle phases was observed after 24 hours
of cultivation. A similar pattern was seen in the study
of the cell cycle during foot-and-mouth disease virus
reproduction [22].

The diploid phase of the cell cycle (G1), during which
the synthesis of mRNA, structural proteins and other cell
components began, prevailed in the cell cycle of intact
BHK-21/SUSP/ARRIAH population. This phase accounted
for 30 to 75% of cells, depending on the cultivation con-
ditions, which is reflected in earlier studies [23].

It is known that during G1 phase, cells start to grow
in size, mRNA and enzymes required for subsequent DNA
replication are activated [21].

G1 phase cells in the suspension culture were main-
tained at 37-70% throughout the entire virus repro-
duction time, i.e. cells infected with the virus served as
a source of energy and material for the synthesis of viral
components, as well as for the assembly of complete
virions.

The transition from diploid (G1) phase to synthetic (S)
phase is one of the check points of the cell cycle. Depend-
ing on the amount of nutrients and energy, as well as on
external factors of cultivation, the cell“decides” whether to
enter the cell cycle or to go into a non-dividing quiescent
state known as GO phase that leads to apoptosis. The main
event of S phase is DNA replication, which has its specific
features [21].

In our tests, the percentage of S phase cells in the
test and control samples was the same during the first
day of the virus reproduction, with sharp jump-like
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3.4- and 2.4-fold increases having been observed after
15 and 24 hours, respectively (Fig. 5). After 24 hours,
the infected and control cells began to demonstrate
differences, which gradually increased from 8 to 137%
by the end of reproduction. It can be assumed that the
cells undergoing the said phase also participated in the
virus reproduction.

In G2 phase, the last of three successive phases of
the cell cycle interphase, and M phase, a tetraploid popu-
lation was formed. In the intact and rabies virus infected
cells of BHK-21/SUSP/ARRIAH line, the phase of prepara-
tion for mitosis and mitosis itself accounted for 2 to 20%
of the entire population. After 30 hours of reproduction,
the proportion of test sample cells undergoing these
phases began to decrease by 17-28% as compared with
the control cells (Fig. 6). This was probably due to the fact
that the overall biosynthesis and functions of the host
cell were inhibited as a result of the biosynthesis of rabies
virus components; therefore, the percentage of G2 + M
phase cells decreased.

The number of polyploid cells in the test samples
was approximately equal during 45 hours, with a sharp
2.0-2.5-fold increase having been observed only within
the last hours of the virus reproduction. In the control
cells, the population ploidy was abrupt: 2.06-, 2.7-, 1.56-
and 3.18-fold increases were observed after 9, 21, 42 and
48 hours, respectively. It can be assumed that polyploid
cells were partially resistant to the virus. This fact has al-
ready been noted earlier in the study of foot-and-mouth
disease virus reproduction in BHK-21 cells [22].

The DNA histograms of BHK-21/SUSP/ARRIAH cells
during rabies virus reproduction 24 hours after the start
of infection and after 42 hours of cultivation (Fig. 7) sum-
marize the graphs shown in Figures 4-6.

CONCLUSION

The phases of the cell cycle during rabies virus reproduc-
tion in the host cell were examined, the results obtained
allowed for the estimation of duration and predominance
of the corresponding cell cycle G1, S, G2 + M phases at
different stages of cultivation.

When studying the dynamics of changes in the DNA
of BHK-21/SUSP/ARRIAH cells infected with rabies virus, it
was found that after 24 hours of the virus cultivation, the
proportion of cells in G1 phase increased as compared
with the control cells (by 12-21%). Since mRNA, structu-
ral proteins, other cell components that are also necessary
for rabies virus virion assembly are synthesized during
G1 phase, the growth of cells in this phase of the cycle
can be considered expectable.

It was found that since the main event of S phase is DNA
replication, a linear decrease of S phase during rabies virus
cultivation after 24 hours of reproduction may also be in-
dicative of the cell switch-over from cell DNA replication
to viral RNA synthesis.

It was revealed that G2 phase and M phase (post-
synthetic, or premitotic phase, and mitosis itself) of
the test sample cell life cycle were relatively decreased
(by 17-28%) as compared with the control cells, i.e. the
infected cells spent less time in the division stage than
the uninfected ones. This was probably due to the fact
that the overall biosynthesis and functions of the host
cell were inhibited as a result of the biosynthesis of rabies
virus components.
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Fig. 4. Changes in percentages of cells undergoing apoptosis + debris
and G1 phase in BHK-21/SUSP/ARRIAH culture during rabies virus
reproduction (n =3, p < 0.05)
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Fig. 5. Changes in percentages of cells undergoing S phase
in BHK-21/SUSP/ARRIAH culture during rabies virus reproduction
(n=3,p<0.05)
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Fig. 6. Changes in percentages of G2 + M phase cells
in BHK-21/SUSP/ARRIAH culture during rabies virus reproduction
(n=3,p<0.05)

The polyploid cells formed during the cell and virus cul-
tivation were found to be partially resistant to rabies virus
and probably had the least sensitivity.
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Fig. 7. Comparison of DNA histograms of BHK-21/SUSP/ARRIAH cells during rabies virus reproduction and
those of control samples after 24 hours (A - test, B — control) and after 42 hours (C - test, D — control)

It was established that BHK-21/SUSP/ARRIAH cell
switch-over to the synthesis of complete rabies virus
particles occurred after 24 hours of reproduction, as indi-
cated by changes in the host cell cycle phases, as well as by
the slowing down of the cell population growth.
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