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Abstract

Introduction. The continued epidemic relevance of SARS-CoV-2, even after the end of the associated COVID-19
pandemic in 2023, necessitates further study of the interaction of this virus with the first line of cellular defense,
neutrophils.

The aim of the study was to determine the enzymatic activity of peripheral blood leukocytes of Syrian hamsters
(Mesocricetus auratus) in the dynamics of ex vivo SARS-CoV-2 infection, which characterizes the microbicidal
potential of innate immunity cells.

Materials and methods. The SARS-CoV-2/Vladivostok/R-8726/2021 strain was used at infectious doses of
31g (TCID,/mL) and 2 Ig (TCID,/mL) (TCID, is the 50% tissue cytopathic dose for the Vero E6 cell line); the
contact time of the infecting virus-containing liquid with the cell culture was 1 h. The number of viable cells in
the adherent leukocyte culture was counted using an inverted microscope equipped with a digital camera and
MCView program. The specific (per 1 viable cell) activities of adenosine triphosphatase (ATPase), 5-nucleotidase
(adenosine monophosphatase, AMPase), lactate dehydrogenase (LDH), succinate dehydrogenase (SDH),
myeloperoxidase (MPQO) and cytochrome oxidase (CCO) were determined spectrophotometrically after incubation
with specific substrates of infected and uninfected cell cultures 1, 16, 24, 48 h after virus inoculation.

Results. The enzymatic activity of leukocytes 1 h after virus inoculation, compared to uninfected leukocytes,
was as follows: specific activity of ATPase, MPO was decreased, activity of AMPase, LDH, SDH was increased;
16 h after virus inoculation, activity of MPO was decreased, activity of AMPase, LDH, SDH was increased, activity
of ATPase and CCO was at the initial level, i.e. approximately at the level of the uninfected control; 24 h after virus
inoculation, AMPase activity was decreased, ATPase activity was increased, LDH, SDH, MPO, CCO activity was
at the initial level; 48 h after virus inoculation, ATPase, LDH, SDH, MPO, CCO activity was increased, AMPase
activity was at the initial level. Changes in enzymatic activity depend on the infecting dose and correlate with virus
accumulation in the culture medium.

Conclusion. The revealed dynamics of enzymatic activity in the primary culture of adherent leukocytes ex vivo
infected with SARS-CoV-2 indicates a decrease in the microbicidal potential of cells of innate immunity in the
course of this infection.

Keywords: SARS-CoV-2, leukocytes, neutrophils, ATPase, 5-nucleotidase, lactate dehydrogenase, succinate
dehydrogenase, myeloperoxidase, cytochrome oxidase, microbicidal potential
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AnHamunka pepmMeHTaTUBHON aKTUBHOCTU B NePBUYHOMN
KynbType aAre3svBHbIX JIENKOLUTOB CUPUNINCKOro XOMAYKA,
3apaxéHHbiX SARS-CoV-2 ex vivo

A6pamosa C.A."™, NlanyH U.H.", Apo6oT E.1.!, Kpbinosa H.B." 2, lyHnxnHa O.B."?,
Jly6oBa B.A.', Mepnos E.K.', benos l0.A." 2, ComoBa JI1.M., LLlenkaHos M.10." 2

'HayuHo-rccneoBaTebCKUin UHCTUTYT ANUGEMMONIOTN 1 MUKpobuonorum umenu I.IN. Comosa PocnotpebHaa3opa,

BnagueocTok, Poccus;
2[lanbHEBOCTOUHBIN PpefepanbHbl yHUBepcmTeT, BnagneocTtok, Poccus

AHHOMauus

BBepeHue. CoxpaHstoLwiasncsa anugemmdeckasn aktyansHocTb SARS-CoV-2 gaxe nocne 3aseplueHusa B 2023 r.
CBsi3aHHOW C HUM naHgemun COVID-19 onpenensieT HEOGXOAMMOCTb AanbHENLLErO U3yYEeHUs] B3aUMOLENCTBUSA
3TOro BMpYCa C KNeTKkaMu NepBovi NTMHWM 3aLUUTbl — HeWTpodunamu.

Llenb pabotbl — onpegenutb hepMEeHTaTMBHYIO aKTUBHOCTb NEVKOLMTOB Nepudepuyeckon KpoBU CUPUACKNX
xoMms4koB (Mesocricetus auratus) B auHamuke SARS-CoV-2-MHEKUMN ex Vivo, XapaKTepuayoLyr MUKPOOK-
UMOHbIA NOTEHUMar KNeTok BPOXAEHHOIO MMMYHMTETA.

Matepuansbl n metopabl. B pabote ncnonbsosanca wramm SARS-CoV-2/Viadivostok/R-8726/2021 B 3apaxa-
towmx gosax 3 Ig (TULO,/mn) v 2 1g (TUL, /mn) (TUAD,, — 50% TkaHeBas uutonarmyeckas [os3a AN NUHUM
knetok Vero E6); Bpemsi KOHTaKTa 3apakatoLLen Bupyccoaepallen XUAKOCTU C KNEeTOYHOM KynbTypon — 1 .
KonunuecTtBo %n3HEeCNnoCoBHbIX KNETOK B KyNbType afare3vBHbIX NTIENKOLMTOB MOACUUTBLIBANIN C MOMOLLbIO MHBEP-
TMPOBaHHOIO MUKPOCKONa, OCHALLEHHOro LMdpoBon kamepon, u nporpammbl MCView. YaenbHyto (B pacyéTte
Ha 1 >KM3HECMNOCOOHYIO KINETKY) aKTUBHOCTU afeHo3nHTpudocdaTtasbl (ATPasbl), 5'-Hykneotnaasbl (aaeHO3MH-
MoHodocdartasel, AMPasel), naktatgernaporeHassl (JIAI), cykumHataernaporeHassel (COIN), mnenonepokcuaa-
3bl (MIMO) n untoxpomokeuaassl (LXO) onpenensinu cnekTpooTOMETPUYECKUM METOAOM Mocne UHKybauum co
crneundmyeckumm cybctpataMmm MHULMPOBAHHBIX U HEMHULMPOBAHHbBIX KNETOYHbIX KynbTyp Yepes 1, 16, 24,
48 4 nocne nHoKynsaumm Bupyca (n.u.B.).

PesynbraTbl. Yepes 1 4 n.1.B. N0 CPaBHEHWUIO C HEMHMULIMPOBAHHLIMU NENKOLMTaMmn Obina CHXeHa yaenbHas
akTnBHocTb AT®asbl, MINO, noBbiweHa akTnBHOCTE AM®asbl, AN, CAOIT; Yyepes 16 4 n.u.B. CHUXKEHA aKTMBHOCTb
MMO, nosbiweHa akTnBHocTb AM®asbl, JIAI, CAl, Ha ncxogHOM ypoBHeE, T. €. MPUMEPHO Ha YPOBHE HEMHMULN-
POBaHHOIO KOHTPOIs Haxoautcsa aktuBHOCTb AT®asbl, LIXO; yepes 24 4 n.u.B. CHUXKeHa akTMBHOCTb AM®askbl,
noBblleHa akTMBHOCTbL ATdasbl, Ha ucxogHOM ypoBHe — akTmBHocTb JIAMN, CAIN, MMO, LUXO; yepes 48 4 n.u.B.
noBbllweHa aktmeBHocTb AT®asbl, N4, CAI, MIMO, LXO, Ha ncxogHom ypoBHe — akTMBHOCTb AM®asbl. Name-
HeHUsi hepMeHTaTUBHON aKTUBHOCTU 3aBUCHT OT BEMMWYMHbI 3apakatoLLe [03bl U KOPPENUPYHOT C HaKOMNEHNEM
BMpYyCa B KynbTypanbHOu cpeae.

3akntoyeHue. BoigBneHHas guHamuka hepMeHTaTMBHOW akTUBHOCTU B MEPBUYHON KyNbTYpe aare3uBHbIX nen-
KouuMTOB, MHULUMpOoBaHHbIX SARS-CoV-2 ex vivo, CBUOETENBLCTBYET O CHKEHUN MUKPOOULMAHOMO NoTeHumana
KNeToK BPOXAEHHOIO MMMYHUTETa B NPOLIECCE 3TON MHMDEKLUN.

KnioueBble cnoBa: SARS-CoV-2, nelikoyumsi, Helimpocgpusibi, adeHo3uHmpugocghamasa, 5'-Hykneomudasa,
nakmamdezaudpozeHa3sa, CykuyuHamoeaudpoeceHasa, Muesionepokcudasa, UumoxpomMmokcudasa, MUKpobuyuOHbIl
nomexuuarn

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNOAEHNE MHCTUTYLMOHANbHBIX U HALMOHanbHbIX CTaHaap-
TOB MO MCMNOMb30BaHMIO NabopaTopHbIX XXUBOTHLIX B cOOTBETCTBUMK ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NMpoTokon nccneposaHns ogobpeH 3tudeckum komutetom HAM annaemmonorum n mukpobrono-
rum um. .M. ComoBa PocnotpebHaasopa (npotokon Ne 2 ot 16.05.2024).

HUcmoyHuk huHaHcupoeaHusi. PaboTta BbINOMHEHA B paMKax rocyapCTBEHHOro 3adaHusi HayuHo-uccnegosatenb-
CKOro MHCTUTYTa anuaemMmornorumn n myukpobuonorum um. .M. Comosa Pocnotpe6Hansopa (Ne 141-00017-24-01) «Mo-
neKynsipHo-reHeTU4Yeckne u GeHOTUNNYECKNe CBONCTBa BO3DyauUTENEW pecnupaTtopHbiX uHdekumid. MNouck adpdpek-
TUBHBIX COEAMHEHUI U3 Ha3eMHOW 1 Mopckon 6uoTkl [lanbHero Boctoka ansa pa3pabotku cpeacTB NpodunakTukmn n
neyeHus».

KoHbriukm uHmepecoe. ABTOpbI OEeKNapupyoT OTCYTCTBME SIBHBLIX M NOTEHLMANbHBIX KOH(IMKTOB MHTEPECOoB, CBSi-
3aHHbIX ¢ NyGnnKaumen HacTosLen cTaTbu.

Ansi yumupoeaHus: Abpamosa C.A., JlanyH N.H., Opo6ot E.WN., Kpbinosa H.B., MyHuxuHa O.B., Jly6osa B.A., Mep-
noB E.K., benos 0.A., ComoBa J1.M., LLlenkaHoB M.1O. OuHamvka doepMeHTaTMBHOW aKTUBHOCTU B NEPBUYHON Kyrb-
Type aare3vBHbIX MENKOLMTOB CUPUIACKOrO XOMsiUKa, 3apaxéHHbix SARS-CoV-2 ex vivo. XKypHan mukpobuonozauu,
anudemuornoauu u ummyHobuonoauu. 2025;102(2):168-178.
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Introduction

Severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2) (Nidovirales: Coronaviridae,
Betacoronavirus, subgenus Sarbecovirus) is the etiolog-
ic agent of the 2019 coronavirus disease (COVID-19),
which pandemic (2020-2023) was the longest and one
of the deadliest among acute respiratory diseases in re-
cent human history [1]. After the end of the pandemic
period, SARS-CoV-2 did not disappear from the human
population, but became one of the components in the
structure of the seasonal rise in the incidence of acute
respiratory diseases [2]. For this reason, the study of the
pathogenesis of SARS-CoV-2 infection does not lose
its relevance, as a number of aspects of this process are
not fully understood. In this regard, the process of virus
interaction with peripheral blood cells, especially with
cells of innate immunity (neutrophils and monocytes) is
of particular interest.

The available literature contains theoretical specu-
lations about the possible ability of SARS-CoV-2 virus
to infect neutrophils. Thus, N. Rong ef al. reported that
the CD147 receptor, an alternative to the ACE2 receptor,
which determines virus tropism, is expressed in neutro-
phils of healthy donors and activated in COVID-19 pa-
tients [3]. Another non-canonical receptor is the C-type
lectin receptor, which mediates neutrophil extracellular
trap formation in COVID-19 [4]. Based on this, it can
be inferred that the virus is able to directly affect blood
leukocytes.

The previously described morphological changes
in peripheral blood leukocytes also indicate their sig-
nificant involvement in the process of SARS-CoV-2
infection [5—8]. However, the scientific literature lacks
detailed information on the nature and dynamics of en-
zymatic activity of leukocytes during infection with this
virus. There are some reports about changes in the ac-
tivity of myeloperoxidase (MPO) and lactate dehydro-
genase (LDH) in the serum of patients diagnosed with
COVID-19, and the severity of these changes correlates
with the severity of the underlying disease [9-11]. For
this reason, it is necessary to study not only morpholog-
ical, but also morpho-functional changes in complex in
order to judge the metabolic processes of innate immu-
nity cells under the influence of SARS-CoV-2.

The aim of this study is to determine the enzy-
matic activity of peripheral blood leukocytes of Syri-
an hamsters in the dynamics of ex vivo SARS-CoV-2
infection, characterizing the microbicidal potential of
innate immunity cells.

Materials and methods

Primary adhesive culture of leukocytes of the
Syrian hamster (Mesocricetus auratus) was obtained
from the blood of 15 individuals aged 4 months and
weighing about 100 g. All procedures with animals
were performed strictly in accordance with the require-
ments of the European Convention for the Protection of
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Vertebrate Animals Used for Experimental and Other
Scientific Purposes of 18.03.1986. The study protocol
was approved by the Ethical Committee of the Somov
Research Institute of Epidemiology and Microbiology
of Rospotrebnadzor (protocol No. 2 of 16.05.2024).

Blood was collected from the heart into glass tubes
with heparin added to each tube at a rate of 5 U/mL.
The tubes were placed in a thermostat at 45° and 37°C
for 1 h, after which the top layer of plasma was care-
fully removed, and the leukocyte film was collected,
adjusted to a concentration of 2 x 10°cells/mL with nu-
trient medium 199 (BioloT), and dispensed 100 pL into
the wells of a flat-bottom 96-well plate (TFS), which
was placed in a thermostat (5% CO,, 37°C) for 40 min;
then the medium with non-adherent cells was removed
and the wells were washed three times with 150 pL of
medium 199.

The number of live adherent cells in the well
was determined using a MIB-R inverted microscope
(LOMO) equipped with a MC-8.3 C digital camera
(LOMO). Using the MCView program (LOMO-Mi-
crosystems), the area of the field of view, not including
the edge of the well, was set equal to 0.26 mm?, the
number (n) of living (attached with an integral outer
membrane) cells was counted in it; the cells crossing
the outer boundary were counted on the left/upper
edges of the square of the field of view and not counted
on the right/bottom edges. Since the total area of the
well is 35 mm?, the total number of cells in the well (V)
was estimated by the formula:

35,00 mm?
0,26 MmMm>

N=nx =~ 134,62 xn. (1)

The final estimation of the number of live cells
in each well was performed by 10 randomly selected
fields of view.

Ex vivo infection of the primary culture of adher-
ent leukocytes of Syrian hamster was performed by
adding 100 pL of medium 199 with working dilution
of supernatant of Vero E6 cell culture supernatant into
wells with cell monolayer, infected with SARS-CoV-2
(in control samples — without virus-containing super-
natant), followed by incubation for 1 h at 37°C, after
which the wells were washed three times and filled
with culture medium containing medium 199 with 15%
fetal bovine serum (FBS) and 0.004% gentamicin K
(BioloT). Two infectious doses were used: 3 Ig
(TCID50/mL) and 2 1g (TCID50/mL), where TCID50
is the 50% tissue cytopathic dose for the African green
monkey (Chlorocebus sabaeus, Q) kidney cell line
(Vero E6).

The SARS-CoV-2/Vladivostok/R-8726/2021
strain was obtained from the Collection of Patho-
genic Microorganisms of the Somov Research Insti-
tute of Epidemiology and Microbiology. This strain
belongs to genotype Delta (AY.121) (VGARus ID:
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prim000041; GenBank ID: 0Q318430; GISAID ID:
EPI ISL 16643370) and was isolated from the naso-
pharyngeal wash of a COVID-19 patient in December
2021 on the Vero E6 cell line model [2].

SARS-CoV-2 RNA was detected by reverse tran-
scription followed by real-time polymerase chain reac-
tion (RT-qPCR) using the RT-qPCR-SARS-CoV-2 re-
agent kit (Syntol). RNA was isolated using the M-Sorb-
NK reagent kit (Syntol). All manipulations were
performed according to the manufacturer’s protocols.
The threshold cycle (threshold cycle, CT) of RT-qPCR
was considered as a semi-quantitative characteristic of
the content of viral particles in the medium: the higher
their content, the lower the CT. The absence of virus
corresponded to CT > 36.

ATPase and AMPase activity was determined af-
ter double washing of adherent leukocytes with growth
medium without FCS by adding 50 pL of substrate for
ATPase (8 mg/mL adenosine-5'-triphosphate in 10-fold
diluted Tris-HCl-buffer, pH 7.8, containing 87 mg
NaCl, 28.7 mg KCI, 5.2 mg MgCl, x 6 H,0) and for
AMPase (4 mg/mL adenosine-5'-monophosphate in
the same buffer solution containing 87 mg NaCl and
70 mg MgClL,). The samples were left at 37°C for 30
and 60 min, respectively. The reaction was stopped by
adding 50 uL of a 1 : 1 mixture of ascorbic acid and mo-
lybdic acid. After 20 min, the absorbance of the solu-
tions was measured | at a wavelength of 620 nm [12].

Myeloperoxidase (MPO) and cytochrome oxi-
dase (CCO) activity was determined after double
washing of adherent leukocytes with growth medium
without FCS by adding 100 pL of orthophenylen-
ediamine solution (Merck), 0,4 mg/mL for MPO or
3,3’-diaminobenzidine (Merck), 2 mg/mL for CCO
in phosphate-citrate buffer pH 5.0 with 0.033% H,O,
and incubated for 10 min at room temperature. The
reaction was stopped by adding 100 pL of 10% sul-
furic acid solution. Optical density was measured at a
wavelength of 492 nm [12].

Viral load in the dynamics of SARS-CoV-2 infec-
tion was determined by semi-quantitative method based
on the change of threshold cycle in RT-qgPCR (C, (0)),
after 1 h (C, (1)) — in virus-containing fluid after con-
tact with cells; 16 h (C, (16)), 24 h (C, (24)) and 48 h
(C, (48)) — in growth medium of infected cells.

The enzymatic activity of cells under the influence
of SARS-CoV-2 infection was determined 1, 16, 24,
48 h after virus inoculation by comparing the ratios of
specific (per 1 cell) enzymatic activities of infected and
uninfected cells: for each time point t, the coefficient of
change in specific enzymatic activity y(f) was calcula-
ted according to the formula:

! Hereinafter, photometric measurements were performed using a
Multiscan RC spectrophotometer (LabSystems). Blanking was
performed on a solution of equal amounts of medium without the
corresponding substrates and cells.

D
v = BOx e

where the optical density and the number of living cells
for uninfected (D(¢) and z(¢)) and infected (D~(¢) and
z~(t)) samples, respectively, are taken into account [13,
14]. Of course, there is an a priori equation of:
y() = 1. 3
Statistical processing of the results was based on
the fact that at each time point t for each of the 6 en-
zymes, measurements were performed in 3 wells with
uninfected cells and in 3 wells with infected cells. For
this purpose, the maintenance medium was removed at
the beginning in order to introduce media with appro-
priate substrates after washing. The enzymes are num-
bered in any order using the index f=1, 2, ...6. Then
at each time instant ¢ there are 6 x 3 = 18 samples of
virus-containing fluid: C /(t) j=1,2,3.Thus C_ (1)
represented the viral load in the samples as a resuit of
virus accumulation in de novo medium: after the initial
virus-containing fluid C, -(0) had been in contact with
cells for 1 h; C,_(16), C (24) and C (24) Thus, for
t=1, 16, 24, 4! é h, the sample mean <C (0> and the
standard deviation of the sample mean m ., are deter-
mined using standard formulas as modified as follows::

1
(Ct)= _8 XfZ Z CT f(t) 4)

1
m XEZCt<Ct2“2 5
eyl IR CHORL I O

The initial sample was a single copy and its viral
load was characterized by a single C(0) value.

After the chemical reactions catalyzed by the
studied enzymes, the optical density was measured in
3 wells with uninfected cells (D(#), i = 1, 2, 3) and in
3 wells with infected cells (D~ (t) j=1,2, 3) Prior
to this, the number of live cells'was nleasured in each
well: z(t) (i = 1, 2, 3) and Z~(t) (G =1, 2, 3). Each
value of z(t) and z~ (t) was evaluated by 10 fields of
view accordlng to (1)2 z,(0), k=1,2,..10 and z~, (?),
h =1, 2, ..10. Thus all measurements D (?), z,(?),
D~(1), z~ h(t) are independent and equal at any values
of the coefficients. There are 30 values of the fraction
D~j(t)/z jh(t), 30 values of the fraction z,(¢)/D(¢) and

2 The counting of viable cells in suspension cultures is most easily
performed in a Goryaev chamber, extracting a small volume
of growth medium with cell suspension. This method is more
convenient for a single measurement (which does not give
sufficient statistical accuracy), but is difficult in case of several
repetitions; moreover, the reliability of MTT-test results when
working with suspension cell cultures is additionally reduced
by artifactual capture of cells during washing, which has to
be compensated by the use of pipette tips of special design

(S-tips) [15].
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900 variants of their products of the form (2), i.e., the
sample consists of 900 values of y(¢). Therefore, the
sample mean <y(¢)> and the standard deviation of the
sample mean m,  were calculated using standard for-
mulas modified for this case:

1 3 10 3 10 5j(t) Zik(t)'

O xX T T % = . (6
Y@ 900 j=1k=1j=1h=1 Zjh(t) D(1) (©)
~ 1 310 3 10 50)
"0 304899 Ueaita et 2,0
i=lk=1j=1h=1 zjh()
12
z,(0) 2
“ D) _<V(’)>) ; (7

The significance of differences between samples
of 900 values for the time values, y(#,) and v(z,), and
between samples of 18 values for the time values C,
(¢)and C, (z,), where t, = 1,16, 24,48 h, 1, = 1, 16, 24,
48 h, ¢, # t,, was assessed using the Mann—-Whitney—
Wilcoxon test. This nonparametric test does not require
a priori assumptions about the distribution function of
random variables, the realization of which are the val-
ues of y(7) and C, (). The assessment was considered
reliable when the probability of realization of the alter-
native hypothesis was p < 0.05.

Results

The content of SARS-CoV-2 in the growth me-
dium of adherent leukocyte culture is shown in Fig. 1
(hereinafter, it should be kept in mind that a higher C,
value corresponds to a lower virus content in the test
sample). During the 1st hour after virus inoculation,
when the virus-containing fluid was in contact with the
cells, the cells were infected. After removal of the vi-
rus-containing fluid, new particles in the medium accu-
mulated as a result of virus replication in the infected
cells. Taking into account the fact that these are differ-
ent stages of the infection process, a break was made in
the dynamic curves presented in Fig. 1.

One hour after virus inoculation (toward the end
of the infection process), the ATPase activity of adher-
ent leukocytes under SARS-CoV-2 infection ex vivo de-
creased relative to the uninfected control in a dose-de-
pendent manner (y(1) < 1), but then began to increase
also in a dose-dependent manner: y(16) ~ 1; y(24) = 1.2;
v(48) = 1.6 (Fig. 2, a). The increase in ATPase ac-
tivity between 16 and 48 h was nearly linear with a
slight but reproducible excess of activity for a dose
of 3 1g(TCID, ) compared with 2 1g(TCID).

AMPase activity changed differently from
ATPase activity during infection (Fig. 2, ). During the
initial period of infection, the level of 5'-nucleotidase
increased rapidly compared with the uninfected con-

ORIGINAL RESEARCHES

trol and remained at this level for at least 16 h after
virus inoculation, then decreased by 24 h (y(24) = 0.8
for both infecting doses) and increased slowly over the
following 24 h (y(48) ~ 1).

Changes in LDH (Fig. 2, ¢) and SDH (Fig. 2,
d) activity during infection were similar: first a small
sharp increase (y(1) = y(16) = 1.2), then a return to the
activity value of the uninfected control (y(24) ~ 1) and
an increase over the following 24 h (y(48) = 1.8). The
decrease in dehydrogenase activity 24 h after infection
is reproduced in all cases and is likely to be dose-de-
pendent (most pronounced for ADH).

MPO activity in infected cells decreased rapidly
in a dose-dependent manner compared with the unin-
fected control already within 1 h after virus inoculation
(Fig. 2, e) and recovered to the previous level after 24 h
(y(24) ~ 1), and then it increased (y(48) = 1.4).

CHO activity initially decreased in a dose-depen-
dent manner (Fig. 2, e) but then returned to the level
of the uninfected control as early as 16 h after virus
inoculation (y(16) = y(24) = 1.0), and then it increased
to y(48) = 1.2 for dose 2 1g(TCID,)) and to y(48) = 1.4
for dose 3 1g(TCID,).

Discussion

Syrian hamsters (Mesocricetus auratus) are a con-
venient experimental model for reproducing SARS-
CoV-2 coronavirus infection [1, 16, 17]. In this work,
we used ex vivo infection of adherent leukocyte culture,
which contains the main fraction of neutrophils under-
going a complex of morphofunctional changes upon
contact with infectious agents [18]. Neutrophils, a very
important innate immune cells, are rather short-lived
leukocytes, and after 48 h their adhesive population is
rapidly depleted (this, in particular, determines the cho-
sen duration of the experiment).

It is known that AMPase (5'-nucleotidase) and
ATPase are actively involved in the process of spatial
transformation of the neutrophil plasma membrane
during chemotaxis [18, 19]. In particular, 5'-nucleo-
tidase is a regulator of the level of cyclic AMPase,
which ensures the transmission of signals from the
plasmalemma inside the cell and regulates the for-
mation of extracellular adenosine, which mediates
cytoprotection and a variety of physiological effects
(suppression of inflammation, vasodilation, inhibition
of thrombosis, anti-adrenergic, etc.) through specific
receptors. [20]. When cells are damaged, they increase
AMP and decrease ATP [21, 22]. Accordingly, an in-
crease in AMPase activity and a decrease in ATPase
activity were recorded during the first 16 h after virus
inoculation. The early stages of coronavirus damage
to target cells are associated with receptor-mediated
fusion of virus-cell membranes and formation of spe-
cial cisternae in the rough endoplasmic reticulum of
the infected cells, in which virions are assembled [23,
24]. The monotonic increase in ATPase activity, start-
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Fig. 1. Dynamics of viral load: lower C, values correspond to higher virion concentration values, and vice versa.

During the 1st hour after virus inoculation, the concentration of virions decreases due to their penetration into target cells.
After that, the medium changes and de novo accumulation of progeny virions produced by infected cells begins
(*p = 0.05 when compared to the C. value at the previous time point).

ing at about 16 h after virus inoculation, is associated
with active synthesis of viral proteins (both structural
and regulatory) and virus-specific RNA. The repeated
increase in AMPase activity later than 24 h after virus
inoculation (Fig. 2, a, b) apparently reflects the pro-
cess of secondary infection of leukocytes (including
as a result of syncytium formation).

LDH is a zinc-containing intracellular enzyme
that catalyzes the oxidation of lactic acid into pyruvate,
takes part in glucose metabolism, is found in almost all
cells of the body and is released when they are dam-
aged [25]. Therefore, the level of serum LDH reliably
marks the level of adverse effects of inflammatory re-
actions and other pathological processes. In particular,
serum LDH levels have been found to be informative
for assessing clinical severity and monitoring response
to treatment in pneumonia in COVID-19 patients [26].
LDH belongs to coenzyme-independent flavoproteins
and is part of the membrane-bound respiratory chain of
membranes. The flavin group of this enzyme contains
4 iron atoms and is covalently bound to the protein, and
the enzymatic activity of SDH depends on SH groups
[25]. Mammalian SDH is not only involved in energy
generation in mitochondria, but also plays a role in the
oxygen sensitivity of the cells [27]. Dehydrogenase ac-
tivity of infected cells first increases due to virus stim-
ulation of replication processes and then decreases as
a result of virus-induced cytodestruction: in the model
of human immunodeficiency virus type 1 (Ortervirales:
Retroviridae, Lentivirus) and immortalized cell lines of

different origin, it was shown that the magnitude and
rate of such dehydrogenase shift are proportional to
the infecting dose and the level of pathogenicity of a
particular strain (at the same infecting dose) [13, 14].
Under the conditions of the experiment described in
this article, the dehydrogenase activity of SARS-CoV-
2-infected primary culture of adherent leukocytes of the
Syrian hamster (Fig. 2, ¢, d) has two maxima: on the 1%
day, which is associated with virus entry into the cell,
and after the 1% day — due to de novo virus production
(Fig. 1, 2). Another explanation (related to the previous
one): the first peak of dehydrogenase activity is associ-
ated with neutrophil viability, and the second peak with
longer-lived monocytes (but the peak of the maximum
was not reached due to the fact that the aim of the ex-
periment was to study primarily the biochemistry of in-
fected neutrophils).

MPO is a hemoprotein present in the azurophilic
granules of neutrophils, released upon cell activation
into the phagolysosome [28]. This enzyme is involved
in the conversion of superoxide anion radical to hypo-
chlorous acid, realizing the cell's defense against ex-
cessive reactive oxygen species mediators [29]. After
phagocyte activation, degranulation occurs and MPO
is secreted into the phagosome or into the extracellular
space. MPO is an important part of antimicrobial ac-
tivity of phagocytes, providing innate nonspecific im-
munity. /n vivo, MPO is released into the extracellular
fluid (specifically, into the blood) if for any reason the
neutrophil is unable to phagocytize a pathogen, during
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Fig. 2. Changes in enzyme activities as a result of SARS-CoV-2 infection: ATPase (a); AMPase (5'-nucleotidase) (b); LDH (c);
SDH (d); MPO (e); CCO (f).
*p < 0.05 when compared with the y value at the previous time point

cell lysis, or when the neutrophil is exposed to various
soluble factors [28].

When using automated cytochemical blood cell
counters in patients diagnosed with COVID-19, a de-
crease in MPO activity was observed [9]. At the same
time, when neutrophil extracellular traps forming one
of the lines of defense against pathogens (together
with viruses, including SARS-CoV-2) are formed, an
increase in MPO activity in the extracellular space is
detected [30-32]. The decrease in MPO content in
adherent leukocyte culture within 1 day after virus
inoculation (Fig. 1, e) can be explained by the fact

that under the influence of SARS-CoV-2 infection
neutrophils excrete MPO into the extracellular space
and form neutrophil-like extracellular trap structures
ex vivo.

CCO localizes mainly on the inner mitochondrial
membrane, where it captures protons from the intra-
mitochondrial matrix and, by transferring electrons
from cytochrome ¢ to oxygen, reduces O, to H,O. This
enzyme plays an important role in the functioning of
the aerobic link of the respiratory chain and energy pro-
duction in eukaryotic cells [25]. Therefore, the decrease
in CCO activity correlates with the decrease in ATPase
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activity during the first hours after virus inoculation
(see Fig. 2, a, e). Furthermore, in leukocytes, the acti-
vity of CCO serves as a reliable indicator of the level of
oxidative metabolism, and its activity increases during
cell death [25] — this is the effect observed in the cul-
ture of adherent leukocytes by the end of the 1% day
after virus inoculation (Fig. 2, ).

The observed changes in the enzymatic spectrum
of SARS-CoV-2-infected leukocytes are dose-depen-
dent (Fig. 2): the modulus of such changes is propor-
tional to the infecting dose of the virus. When analyzing
the dynamics of enzymatic activity, it should be taken
into account that by the end of the 1st day after virus in-
oculation, the cellular composition of the adherent leu-
kocyte culture decreases at the expense of short-lived
neutrophils, but at the same time, longer-lived cells re-
main in the culture.

Of course, we cannot exclude that SARS-CoV-2
virus-infected Vero E6 cells produce soluble exogenous
factors that could affect cell physiology during infec-
tion, since virus-containing Vero E6 cell culture super-
natant was used. However, it is known that Vero and
Vero E6 cell lines do not produce type | interferon due
to loss of the type I interferon gene cluster [33, 34] and
are defective in the production of interferons-a-1/13,
a-2, a-4, a-6, 0-8, 0-14, a-17, a-21, B-1 and ©-1 [33].
As for the remaining virus-containing soluble factors,
they may be the subject of further studies.

Conclusion

The observed changes in enzymatic activity in
neutrophils ex vivo infected with SARS-CoV-2 indicate
a decrease in the microbicidal potential of these innate
immunity cells, which is one of the causes of immune
system dysfunction in COVID-19.
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