ISSN 1990-519X, Cell and Tissue Biology, 2023, Vol. 17, No. 2, pp. 146—152. © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2022, published in Tsitologiya, 2022, Vol. 64, No. 6, pp. 557—564.

The Effect of Drugs with a-Glutamyl—Tryptophan for Cytokine

Secretion and Level of Surface Molecule ICAM-1 In Vitro

E. G. Golovacheva* *, E. A. Starikova® ¢, T. A. Kudryavtseva’, and V. A. Apryatina?
4 Smorodintsev Research Institute of Influenza, Russian Ministry of Health, St. Petersburg, 197376 Russia

b Institute of Experimental Medicine, Northwest Branch, Russian Academy of Medical Sciences, St. Petersburg, 197376 Russia

¢ Department of Immunology, First Paviov State Medical University, St. Petersburg, 197022 Russia
d St. Petersburg Institute of Bioregulation and Gerontology, St. Petersburg, 197110 Russia
*e-mail: okdixi@mail.ru
Received July 13, 2022; revised August 20, 2022; accepted August 30, 2022

Abstract—The study of the molecular mechanisms underlying the action of immunomodulatory drugs is
important for substantiating their therapeutic effect. In the present work, spontaneous and TNFa-induced
secretion of IL-1o and IL-8 pro-inflammatory cytokines, as well as the level of the ICAM-1 adhesion mol-
ecule in EA.hy 926 endothelial cell culture and peripheral blood mononuclear cells of healthy donors, is stud-
ied using an in vitro model of inflammation in the presence of oi-glutamyl—tryptophan (o-Glu—Trp) and
Cytovir-3. The aim was to evaluate cellular mechanisms mediating the immunomodulatory effect of a-Glu—
Trp and Cytovir-3 drugs. It was shown that a-Glu—Trp reduced TNFo-induced IL-10 production and
increased TNFo-stimulated level of the ICAM-1 surface molecule of endothelial cells. At the same time,
the drug reduced secretion of the IL-8 cytokine induced by TNFo and increased the spontaneous level of
ICAM-1 in mononuclear cells. Cytovir-3 had an activating effect on EA.hy 926 endothelial cells and human
peripheral blood mononuclear leukocytes. In its presence, there was an increase in the spontaneous secretion
of IL-8 by endothelial and mononuclear cells. In addition, Cytovir-3 increased the level of TNFa-induced
ICAM-1 on endothelial cells and increased the spontaneous level of this surface molecule on mononuclear
cells. Suppression of stimulated production of pro-inflammatory cytokines under the action of ot-Glu—Trp
both separately and as a part of Cytovir-3 may determine its anti-inflammatory properties. However, an
increased level of the surface ICAM-1 molecule indicates mechanisms that enhance the functional activity of
these cells, which is equally important for the implementation of an effective immune response to infection
and repair of damaged tissues during inflammatory response.
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INTRODUCTION

The high variability of the antigenic composition of
the influenza virus, as well as a significant number of
ARVI pathogens, poses major challenges for develop-
ment of effective drugs to treat these infections
(Smirnov et al. 2020; Malainou and Herold, 2019;
Zinina et al., 2021). Relatedly, the prevention and
treatment of SARS is still an important problem that
needs to be resolved.

o-Glutamyl—tryptophan (o-Glu—Trp) is a syn-
thetic peptide immunomodulator that is widely used
as a drug for the treatment of immunodeficiency. It is
known that the drug has a modulating effect on meta-
bolic processes in cells; stimulates the functional
activity of cells of the immune system; has an antioxi-

Abbreviations: ELISA—enzyme immunoassay; o-Glu—Trp—o-
glutamyl—tryptophan.

dant effect; stimulates tissue regeneration; accelerates
wound healing; activates the functions of connective
tissue cells, endotheliocytes, macrophages, and leuko-
cytes in the lesion; and inhibits the production of his-
tamine and serotonin during inflammation (Smirnov
et al., 2021; Khavinson et al., 2021). Based on these
properties, the pharmaceutical company JSC
Cytomed (St. Petersburg, Russia) created the drug
Cytovir-3 for the treatment and prevention of influ-
enza and ARVI in adults and children. The drug is a
combination of three medicinal substances: bendazole
hydrochloride (Dibazol), o-Glu—Trp—sodium
(Timogen® sodium), and ascorbic acid.

Cytovir-3 is an agent in etiotropic and immuno-
stimulating therapy and has an antiviral effect against
influenza A and B and other viruses that cause acute
respiratory viral diseases. The drug can be used both
for emergency prevention and treatment, including
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COVID-19 coronavirus infection (Shipitsyn et al.,
2010; Khavinson et al., 2020; Golovacheva et al.,
2021; Smirnov et al., 2021). The therapeutic effect of
the drug is due to the combined action of its constitu-
ent substances. It has now been proven that bendazole
and its derivatives can be agonists of TLR-3, TLR-8,
and RLR receptors that recognize patterns associated
with pathogenic microorganisms (Beesu et al., 2014,
2016). The interaction of benzimidazole analogs with
these molecules inhibits the production of pro-
inflammatory cytokines (Ullah et al., 2022; Eskandari
etal., 2022). Ascorbic acid is a substance with a proven
antioxidant and anti-inflammatory effect (Smirnov
et al., 2020; Oudemans-Straaten et al., 2014).

The o-Glu—Trp test substance presumably has an
immunomodulatory effect in vivo by modulating the
expression of genes of pro-inflammatory factors that
are under control of the NF-kB transcription factor.

The aim of this work was to study the cellular
mechanisms mediating the immunomodulatory effect
of a-Glu—Trp. We examined in vitro possible mecha-
nisms of the implementation of the pharmacological
effect of a-Glu—Trp and the drug Cytovir-3, which
contains a-Glu—Trp, in EA.hy 926 and peripheral
blood mononuclear leukocytes. The TNFo pro-
inflammatory cytokine, which has a wide range of
activities, was used to model cell activation. To assess
the immunomodulating effect of drugs, we studied the
secretion of the IL-1a and IL-8 pro-inflammatory
cytokines, which regulate the development of inflam-
mation during infection. Additionally, surface expres-
sion of the inducible ICAM-1 molecule was analyzed.

The selection of the cellular model of research was
due to the fact that leukocytes are the main regulatory
and effector elements in the development of inflam-
mation and immune response. One of the main func-
tions of endothelial cells is to regulate the leukocyte
from the bloodstream to tissues due to the secretion of
cytokines and expression of adhesion molecules,
which contributes to repair processes. Leukocytes and
endothelial cells are the targets of various pro-inflam-
matory factors (cytokines, components of microor-
ganisms, etc.) and express receptors for these factors
on their surface (Moskalets, 2018; Chong et al., 2021).

TNFRI receptors are present on almost all cell
types, while TNFRII receptors are present predomi-
nantly on cells of the immune system. The binding of
TNFa to receptors activates, in particular, NF-kB
transcription factor, i.e., to the classical pathway of
induction of pro-inflammatory cytokines. The
expression of all the studied factors is under the con-
trol of the NF-kB transcription factor, and, therefore,
the obtained data allow us to indirectly assess the pos-
sibility of modulating NF-kB activation under the
influence of the studied substances (Markey et al.,
2015; Zhang et al., 2020).

IL-1oe and IL-1P are traditionally classified as
IL-1 because these cytokines interact with the same
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receptor cells and their effects are indistinguishable.
IL-1o is produced by macrophages, dendritic cells,
endothelial and stromal cells, and B-lymphocytes.
Macrophages are important to control the immune
reaction, switching the stages of the immune response,
and implementing effective phagocytosis. The recep-
tors of the TLR family cause the activation of classical
pro-inflammatory signaling cascades, which induces
the expression of the main inflammatory cytokines:
IL-1f and IL-12 interleukins, tumor necrosis factor o
(TNFa), and a number of major chemokines, includ-
ing IL-8. The active immune response of macro-
phages is maintained by type-1 T helpers (Thl) (Guo
et al., 2012; Beesu et al., 2014; Kaneko et al., 2019).

Secreted IL-1ot is processed by extracellular prote-
ases to form an active cytokine. Processing of IL-1B
takes place inside the cell with the participation of
caspase-1. Caspase-1 activation occurs within the
inflammasome, and this requires binding of intracel-
Iular NLR receptors to PAMP. IL-1 receptors are
spontaneously expressed on many cell types. The
major targets of this cytokine are endothelial cells and
leukocytes, which induce the expression of more than
100 genes. The main effects of IL-1 are the activation
and migration of leukocytes (Markey et al., 2015;
Chong et al., 2021).

IL-8 is a pro-inflammatory chemokine produced
by myeloid and endothelial cells after their activation.
The stimulus for the IL-8 synthesis is the binding of
TLR to agonists (microbial and viral products) or the
action of pro-inflammatory cytokines (IL-1, TNFq,
etc.). IL-8 belongs to the chemokine family and plays
a critical role in the activation and recruitment of neu-
trophils to the inflammatory focus of the upper respi-
ratory tract. An important effect of IL-8 is its angio-
genic effect, both in the development of inflammation
and in wound healing (Guo et al., 2012; Khalil et al.,
2021; Matsushima et al., 2022).

ICAM-1 is an adhesion molecule that has a low
spontaneous level of expression in cells. The level of
the surface molecule increases under the influence of
pro-inflammatory cytokines, which are components
of microorganisms, as well as various stress factors on
cells (Moskalets, 2018; Bui et al., 2020). The molecule
provides intercellular interactions in conditions of
inflammation. On endothelial cells, ICAM-1 is a
counterligand for leukocyte integrin receptors and
ensures their migration into tissues under conditions
of inflammation. It is a protective factor in the fight
against infectious agents. ICAM-1, which is expressed
on mononuclear phagocytes, is involved in the forma-
tion of the immunological synapse and antigen pre-
sentation, which can be used in the design of new vac-
cines or immunomodulatory drugs (Guo, 2012;
Soema et al., 2015; Khavinson et al., 2021).
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MATERIALS AND METHODS
Cells

Endothelial cells of the EA.hy 926 permanent cell
line were obtained from the University of North Car-
olina (United States), and mononuclear leukocytes of
peripheral blood of healthy donors were received from
the bank of the Blood Transfusion Department, First
Pavlov State Medical University, St. Petersburg.

Cell Culture

EA.hy 926 endothelial cells were cultured in com-
plete culture medium containing DMEM/F12 and
10% fetal calf serum (ICN, United States) and
100 U/mL penicillin, 100 pg/mL streptomycin, and
2 mM glutamine (Flow Laboratories, United King-
dom). To disintegrate the monolayer, 0.25% EDTA
solution (Biolot, Russia) was used. Cells were subcul-
tured every 3—4 days and splat at a ratio of 1 : 3.

Granulocyte and mononuclear leukocyte fractions
were isolated from heparinized blood by cell sedimen-
tation in ficoll—verografin with a density gradient of
1.077 g/cm? (Biolot, Russia). Whole blood was diluted
twofold with buffered physiological saline (pH 7.2);
8 mL of diluted blood was layered on 4 mL of ficoll—
verografin solution and centrifuged in a horizontal
rotor at 400 g for 30 min. Mononuclear leukocytes
were taken from the interphase ring formed at the
interface between the ficoll—verografin mixture and
diluted blood and washed three times with the same
buffer at pH 7.2. Cell viability was determined by
staining with 0.2% Trypan Blue solution. Cells were
counted in a Goryaev’s chamber. Mononuclear leuco-
cytes were resuspended in RPMI-1640 medium con-
taining 10% inactivated fetal calf serum (ICN, United
States), 50 pug/mL gentamicin sulfate (Samson, Rus-
sia), and 2 mM L-glutamine (ICN, United States).

Drugs

The effects of the following drugs were tested:
0-Glu—Trp—sodium and Cytovir-3, this being a mix-
ture of three active components—o-Glu—Trp—
sodium, bendazole—hydrochloride (MBNPK
Cytomed, Russia), and ascorbic acid. The prepara-
tions were diluted in complete DM EM/F12 (for endo-
thelial cells) or RPMI-1640 (for mononuclear leuko-
cytes) culture medium (Biolot, Russia).

For the most adequate assessment of effective dos-
ages of the drugs, their minimum toxic dose was pre-
liminarily determined by dilution in complete culture
medium. The concentration range of drugs that are
not toxic to cells were estimated with routine cytotoxic
tests. Cytovir-3 toxicity to suspension cells was exam-
ined with flow cytometry using staining with propid-
ium iodide DNA-binding dye (Sigma-Aldrich, United
States) to stain dead cells. The toxicity of Cytovir-3 to
endothelial cells was studied by a colorimetric
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method, staining the cell monolayer with crystal vio-
let. The toxicity o.-Glu—Trp preparation for mononu-
clear leukocytes was evaluated of the basis of the activ-
ity of mitochondrial dehydrogenases with the MTT
test (Van Meerloo et al., 2011). Based on the results of
the studies, concentrations of the a-Glu—Trp prepara-
tion of 100.0, 10.0, and 1.0 ug/mL and of the Cytovir-3
preparation of 10.0, 1.0, and 0.1 ng/mL were chosen
for further experiments.

Drug Treatment

To test the effect of the drugs on spontaneous and
induced secretion of IL-10, IL-8, and IFNo cyto-
kines, EA.hy 926 endothelial cells were seeded in wells
of a 24-well plate at a concentration of 10° cells/mL of
culture medium containing 10% fetal calf serum. The
cells were cultivated in a CO, incubator for 4 h in the
presence or absence of 50 U/mL TNFa pro-inflam-
matory cytokine (Refnolin, recombinant TNFo; San-
itas, Lithuania; specific activity of the drug: 1 U corre-
sponds to 0.06 ng). Next, a culture medium contain-
ing the test preparations in three concentrations that
was nontoxic for the cells selected in the preliminary
experiment was added to the plate wells and cultivated
for 24 h. The supernatants were, then, harvested and
stored at —20°C for subsequent enzyme immunoassay
(ELISA).

Peripheral blood mononuclear cells from healthy
donors were resuspended in complete RPMI-1640
culture medium and added to the wells of a 24-well
plate at a concentration of 10° cells/mL. Subsequent
procedures were the same as those described above for
EA . hy 926 endothelial cells.

Enzyme Immunoassay

The secretion of cytokines by cells was assessed by
ELISA using commercial test systems (Cytokine,
Russia) according to the manufacturer’s recommen-
dations. The optical density in the wells was measured
with a Bio-Rad Model 680 spectrophotometer (Bio-
Rad, United States).

Flow Cytometry

To assess the spontaneous and induced level of the
surface ICAM-1 molecules, suspensions of EA.hy 926
endothelial cells and peripheral blood mononuclear
cells after stimulation, as in the case of cytokines, were
transferred to test tubes for flow cytometric analysis
and stained using monoclonal antibodies against
ICAM-1 that were labeled with FITC (Beckman
Coulter, United States) according to the manufac-
turer’s recommendations. Samples were analyzed on a
NAVIOS flow cytometer (Beckman Coulter, United
States). The level of the surface molecule of ICAM-1
was assessed by quantitative determination of the
mean fluorescence intensity.
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Fig. 1. Effect of Cytovir-3 and o-Glu—Trp drugs on the secretion of (a, b) IL-8 and (c, d) IL-1a by (a, ¢c) EA.hy 926 endothelial
cells and (b, d) mononuclear (MN) leukocytes of donor peripheral blood. The cells were cultured for 4 h in the presence or
absence of TNFo. pro-inflammatory cytokine and, then, with Cytovir-3 and a-Glu—Trp at various concentrations or without the
drug (C, control) in the complete RPMI-1640 culture medium for 24 h. IL-8 and IL- 10 were assessed by ELISA in spontaneous
and induced TNFo-induced supernatants of cell samples. Data are presented as mean values and standard deviations. * Differ-

ences are significant compared with the control group at p < 0.05.

Statistical Treatment

Mean values and standard deviation from three
independent experiments were determined using Mic-
rosoft Office Excel, 2010. Student’s 7-test was used to
assess statistical significance. p < 0.05 was considered
to be statistically significant.

RESULTS
Production of IL-8 by EA.hy 926 Endothelial Cells

EA .hy 926 endothelial cells had a high spontaneous
level of IL-8 secretion, which increased by more than
fivefold in the presence of TNFo (Fig. 1a). The
o-Glu—Trp preparation did not statistically signifi-
cantly change the spontaneous and TNFo-enhanced
secretion of IL-8 by EA.hy 926 cells. However, a dose-
dependent decline in the induced production of this
cytokine was observed (at an o.-Glu—Trp concentra-
tion of 1 ug/mL, the decrease was 26.37%, p > 0.05)
(Fig. 1a).
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Production of IL-8 by Mononuclear Cells

Mononuclear leukocytes had a high spontaneous
level of IL-8 synthesis, which increased by more than
three times under the influence of TNFo (Fig. 1b).
‘When cultivating in the presence of Cytovir-3 at a con-
centration of 1 ng/mL, spontaneous secretion of 1L-8
increased by 49.46% (p < 0.05) was noted, which,
however, decreased after induction with TNFo.
o-Glu—Trp alone had no effect on the spontaneous
secretion of IL-8; however, at a concentration of
1 ug/mL, it statistically significantly suppressed—by
36.28% (p < 0.05)—the cytokine secretion induced in
the presence of TNFa. (Fig. 1b).

Production of IL- 1o by EA.hy 926 Endothelial Cells

The spontaneous level of IL-10a secretion in endo-
thelial cell culture was low, but it significantly
increased under the influence of TNFo (Fig. 1c).
Cytovir-3 had no effect on spontaneous and TNFa-
induced IL-1o production by these cells. a-Glu—Trp
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Fig. 2. Effect of Cytovir-3 and o.-Glu—Trp drugs on the level of the ICAM-1 surface molecule of (a) EA.hy 926 endothelial cells
and (b) mononuclear (MN) leukocytes of peripheral blood donors. Cells were cultured for 4 h in the presence or absence of the
pro-inflammatory cytokine TNFa and, then, with Cytovir-3 and a-Glu—Trp at various concentrations or without the drug (C,
control) in complete RPMI-1640 culture medium for 24 h. The fluorescence intensity values (FI) of FITC-labeled ICAM-1 was
assessed by flow cytometry in spontaneous and TNFa-induced cell samples. Mean values and their standard deviations are
shown. * Differences are significant compared with the control group at p < 0.05. ** Differences are significant compared with

the control group at p < 0.01.

also had no effect on the spontaneous secretion of this
cytokine; however, at a concentration of 10 ug/mL, it
reduced the secretion enhanced by TNFo by 22.79%
(» <0.05). At a concentration of 1 ug/mlL, it increased
it by 31.64% (p > 0.05), which was not statistically sig-
nificant with a large scatter of values (Fig. 1c).

Production of IL- 10, by Mononuclear Cells

A low level of spontaneous IL-1a secretion was
registered in the culture of mononuclear leukocytes. It
changed insignificantly in the presence of TNFa.
Cultivation with Cytovir-3 and o-Glu—Trp did not
have a significant effect on the spontaneous level of
IL-1a secretion by mononuclear leukocytes; however,
there was a trend towards a decrease in the level of IL-
la induced by TNFa (Fig. 1d).

ICAM- 1 Expression on EA.hy 926 Endothelial Cells

EA_.hy 926 endothelial cells had a low spontaneous
level of the ICAM-1 adhesion molecule. It increased
when cells were cultured in the presence of TNFo
(Fig. 2a). Cytovir-3 did not affect the spontaneous
level of ICAM-1 in endothelial cells, but, at a concen-
tration of 10 ng/mlL, it statistically significantly
increased the level of the molecule induced by TNFo
by 12.14% (p < 0.05). Cultivation with a-Glu—Trp also
had no effect on the spontaneous level of ICAM-1,
but, at a concentration of 100 ug/mL, it increased the
mean fluorescence intensity of this molecule induced
by TNFa by 8.27% (p < 0.05) (Fig. 2a).
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ICAM-1 Expression on Mononuclear Cells

Mononuclear leukocytes also had low spontaneous
levels of ICAM-1. However, the level of this molecule
induced by TNFo was significantly lower than in
endothelial cells (Fig. 2b). Cytovir-3 at concentrations
of 10 and 1 ng/mL increased the spontaneous level of
ICAM-1 on cells by 66.67% (p < 0.05) and 33.33%
(p < 0.01), respectively. The o-Glu—Trp preparation
at all concentrations (100, 10, and 1 ug/mL) increased
the spontaneous mean fluorescence intensity of
mononuclear cells by 36.67, 66.67, and 20.00%,
respectively (p < 0.05). Neither Cytovir-3 nor o.-Glu—
Trp significantly affected the level of the surface
ICAM-1 molecule after TNFo stimulation (Fig. 2b).

DISCUSSION

Thus, the data obtained on the model of endothe-
lial EA.hy 926 cells and mononuclear leukocytes
showed similar multidirectional effects of the studied
drugs on cells of different origin.

When endothelial cells were cultivated in the pres-
ence of o.-Glu—Trp at a concentration of 10 pug/mL,
the production of IL-1a induced by TNFo decreased,
while at the level of the surface ICAM-1 molecule
stimulated by this pro-inflammatory cytokine
increased a concentration of 100 pg/mL.

The effect of a-Glu—Trp on mononuclear leuko-
cytes was also multidirectional. In its presence at con-
centration of 1 ug/mL, significantly decreased
TNFoa-induced IL-8 production was registered. At all
three concentrations (100, 10, and 1 ug/mL), the
drug increased the spontaneous level of the surface
ICAM-1 molecule, increasing the mean fluorescence
intensity by 1—2 arb. units. Suppression of the produc-
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tion of pro-inflammatory cytokines by o-Glu—Trp
may be responsible for its anti-inflammatory proper-
ties, but its ability to increase the level of the ICAM-1
molecule indicates the ability of o-Glu—Trp to acti-
vate cells (Bui et al., 2020; Moser et al., 2021). Taking
it into account that the effect of the o.-Glu—Trp on the
studied cell functions was multidirectional, it seems
unlikely that the drug can directly affect the level of
phosphorylation of the NF-kB factor (Chong et al.,
2021).

Experiments have shown that Cytovir-3 had a sim-
ilar activating effect on EA.hy 926 endothelial cells
and human peripheral-blood mononuclear leukocytes
at various concentrations. The detected stimulating
effect of Cytovir-3 may also be associated with the
effect of bendazole in the composition of the drug. It
has been shown that the drug itself and its derivatives
can be agonists of receptors that recognize the conser-
vative structures of microorganisms TLR and
RLR. Activation of intracellular MAP kinases (mito-
gen-activated protein kinases) and NF-kB signaling
pathways mediated by these interactions increases the
cellular expression of activation markers such as
ICAM-1, but decreases the production of pro-inflam-
matory cytokines induced by various factors (Chong
et al., 2021; Eskandari et al., 2022).

In conclusion, the revealed effects of o-Glu—Trp
and Cytovir-3 indicate that they have an anti-inflam-
matory effect due to the suppression of stimulated
production of pro-inflammatory cytokines. Their
ability to activate cells by increasing the level of the
surface ICAM-1 molecule makes it possible to imple-
ment protective mechanisms in the fight against infec-
tion of various etiology, as well as improving the repair
of tissues damaged by the inflammatory process.
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