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Abstract—Influenza A virus and secondary bacterial infection may have remote effects in the form of cardio-
vascular complications or fibrosis in different organs. However, the mechanisms governing the development
of complications remain poorly studied. The present work reports the comparative assessment of the func-
tional changes which take place in human ECV-304 endothelial cell sublines obtained previously by the long-
term culturing of cells after exposure to varying infectious doses (IDs) of influenza A virus, and/or bacterial
lipopolysaccharide (LPS). It has been demonstrated that, in the course of long-term culturing (six passages)
after exposure to pathogenic agents (influenza virus and/or LPS), endothelial cells maintain changes in their
migratory activity, permeability, and expression of mRNA for cytokines TNFα and TGFβ (along with the
changes in their proliferation activity, which has been demonstrated earlier). The pattern of changes depended
on the type of the agent (agents) to which the cells were exposed. The differences in migratory activity (which
was at its maximum 4 h after wounding) between the cell sublines at the sixth passage correlated with the dif-
ferences in their proliferation activity at the first passage (proliferation data were obtained previously). In par-
ticular, an increase in migration and proliferation was observed in the sublines exposed to low virus doses
(ECV-1ID), as well as exposed to LPS (ECV-LPS), while the suppression of migration and proliferation was
observed in the subline exposed to high virus doses (ECV-1000ID). In the ECV-1ID, ECV-LPS, and most
notably in ECV-1ID + LPS sublines, we detected an increase in the expression of mRNA for cytokines TNFα
and TGFβ, which, however, didn’t lead to the induction of apoptosis. We have also demonstrated an increase
in cell permeability in the analyzed sublines, which was indicated by a decrease in the expression of the
mRNAs for the genes encoding occludin and ZO-1, the tight junctions proteins. This paper also reports an
evaluation of the effects of the antiviral preparations rimantadine and alpisarin on the functional state of cell
sublines. As a result, it has been demonstrated that these drugs may be able to prevent the development of the
pathological changes caused by influenza A virus and/or LPS in endothelial cells. The results obtained in the
present work may be of use when studying the mechanisms of development of the influenza A virus and sec-
ondary bacterial infection complications.
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INTRODUCTION
Endothelial cells form a semipermeable barrier

between circulating liquid and the surrounding tissues.
Changes in the endothelial barrier function contribute
significantly to the development of different patholog-
ical states including inflammation and impaired
wound sealing. Moreover, they may contribute to the

development of acute encephalopathies and organ
dysfunctions (as a result of cardiovascular system
involvement), organ fibrosis, increased angiogenesis,
and oncogenesis (Di Pietro, 2016; You and Stallcup,
2017). Disruption of the endothelial barrier in the
lungs (in particular, as a result of influenza virus or
bacterial infection) may cause liquid to penetrate into
alveoli, resulting in pulmonary edema and develop-
ment of acute respiratory distress syndrome (ARDS)
(Kwok et al., 2016). Impaired migration of endothe-
liocytes and changes in their proliferation and apop-
totic activity, as well as altered cell permeability, are
critical for the development of pathological states.

Abbreviations: ROS—reactive oxygen species, ID—infective
dose, LPS—lipopolysaccharide, MOI—multiplicity of infec-
tion, FBS—fetal bovine serum, AJ—adherence junctions,
CLDN5—claudin-5, OCLD—occludin, TGFβ—transforming
growth factor beta, TJ—tight junctions, TNFα—tumor necrosis
factor alpha, VEGF—vascular endothelial growth factor.
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The ability of endothelial cells to regenerate a dam-
aged intravascular layer relies on the activation of
migration of the cells most closely located to the
wound, as well as on strengthening of their capacity to
proliferate. The process of cell migration includes cell
polarization, formation of protrusions in the direction
of movement, and detachment and contraction of the
posterior cell margin, which are associated with
dynamic reorganization of the actin cytoskeleton and
microtubules involving signaling molecules from the
Rho family of small GTPases (Kasa et al., 2015).

Key physiological regulators of intracellular signal-
ing pathways in endothelial cells are represented by
reactive oxygen and nitrogen species (Breton-
Romero, Lamas, 2014). Endogenous hydrogen perox-
ide (H2O2) accumulates in actively migrating endothe-
lial cells at the site of injury caused by the inflamma-
tion inducers of different type, in particular, of bacte-
rial or viral nature. The main source of reactive oxygen
species (ROS) are Nox NAD(P)H oxidases. Endothe-
lial cells are rich in Nox2 and its homolog Nox4
(Basuroy et al., 2009). A particularly important role in
the stimulation of the signaling systems associated
with endothelial cell migration is played by the vascu-
lar endothelium growth factor (VEGF) which inter-
acts with ROS produced not only in the cytosol by
Nox2 and Nox4, but also in mitochondria (Kim et al.,
2017).

Endothelial barrier is controlled by the locally pro-
duced vasoactive agents, such as histamine, prosta-
glandin, thrombin, and VEGF. They modulate cell
membrane permeability by promoting dynamic
changes in adherens (AJ) and tight junctions (TJ), and
regulate the centripetal cell tension as a result of the
cortical actin layer reorganization and formation of
actomyosin stress fibers (Dejana et al., 2008; Kasa
et al., 2015).

An increase in endothelial cell migration in the
presence of bacterial lipopolysaccharide (LPS) is used
as an indicator of the conversion of endothelial cells
into activated fibroblasts via the endothelial to mesen-
chymal transition (Sarmiento et al., 2014).

Similarly to LPS, influenza virus is also able to
trigger ROS production in epithelial and endothelial
cells by means of Nox2 and Nox4 induction, which
may also facilitate the reproduction of the virus itself
(Armatore et al., 2015). It has been demonstrated that
the infection of endothelial cells with influenza virus
leads to the disruption of intercellular contacts and a
decrease in the content of claudin-4 and claudin-5
(CLDN5) proteins that form part of TJs (Armstrong
et al., 2012; Short et al., 2016).

Inflammatory response in the cells, induction of
apoptosis, increase in cell permeability, and reorgani-
zation of cytoskeleton proteins are all performed by
influenza A virus through the same cellular mecha-
nisms and signaling pathways (Rho/ROCK, p38, and
C

JNK), which form part of the mechanism of action of
LPS (Zhang et al., 2014; Liu et al., 2015).

The data presented above were obtained for in vivo
acute viral infection or during the early period (12–
24 h) after the exposure to LPS or high infectious
doses (IDs) of influenza A virus in vitro. However, we
haven’t found any data on the effects of simultaneous
exposure of cell cultures to influenza virus and LPS.

Earlier, we have for the first time demonstrated an
increase in proliferation of the influenza virus-
infected human ECV-304 endothelial cells, which are
nonpermissive for the influenza virus, with the
decrease in the virus ID for 3–5 days after the infec-
tion, which was accompanied by an increase in cell
apoptosis. Normal reproduction of influenza virus is
impaired in nonpermissive cells, and the presence of
virus is detected only at the level of the viral
surface protein mRNA during no more than one or
two passages (Danilenko et al., 2016). The change in
the physiological state of the cells at the first passage
(3–5 days) was the first stage in the changes induced
in the cells by influenza virus, with further cell cultur-
ing (passages 3 to 8) resulting in the stably increased
proliferation at low apoptosis levels (Smirnova et al.,
2018).

The aim of the current work was to find a link
between the primary exposure of ECV-304 cells to the
agents (high and low influenza virus IDs and/or LPS)
and the pattern of remote functional changes in the
ECV-304 cell sublines at the sixth passage after the
exposure. We have analyzed the changes in the migra-
tory activity of the cells and gene expression at mRNA
level, including the genes encoding tumor necrosis
factor alpha (TNFα), transforming growth factor beta
(TGFβ), and NOX4, as well as the proteins forming
part of TJ and controlling the permeability of cell
membranes, CLDN5, occludin (OCLD), and ZO-1.
Additionally, we assessed the correlation between the
functional changes and the proliferation activity and
apoptosis in cells of sublines that were analyzed previ-
ously (Smirnova et al., 2018), as well as evaluating the
ability of rimantadine and alpisarin antiviral prepara-
tions to restore the normal functioning of endothelial
cells.

MATERIALS AND METHODS

Sublines of the passaged human endothelium ECV-
304 cell line obtained after the infection with the influ-
enza A virus Brisbane/10/07 (H3N2) were used in the
work. Cells were infected with the low virus dose
(1 ID) corresponding to the multiplicity of infection
(MOI) equal to 0.000001 or high virus dose (1000 ID,
MOI = 0.001) and additionally (or exclusively)
exposed to 100 ng/mL of the Escherichia coli LPS
(Sigma, United States). Cell were passaged on the
sixth to seventh day after infection by splitting them in
a ratio of 1 : 3 using the alpha-MEM medium (Biolot,
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Table 1. Nucleotide sequences of primers and TaqMan probes used to analyze mRNA expression for the genes encoding
cytokines, tight junction proteins, and other cellular factors

Gene Forward primer 5'–3' Probe 5'–3' Reverse primer 5'–3'

TNFα ACTTTGGAGTGATCGGCC ROX–CGAACCCCGAGTGA-
CAAGCCT–BHQ2

GCTTGAGGGTTTGCTA-
CAAC

TGFβ TGAGGGCTTTCGCCTTAGC HEX–CTCCTGTGACAGCAGG-
GATAACACACTGC–BHQ1

CGGTAGTGAACCCGTT-
GATGT

NOX4 CTGGACCTTTGTGCCTGTACTG ROX–AGCAATAAGCCAGTCAC-
CATCATTTCGGTC–BHQ2

ACCATTCGGATTTCCATG-
ACA

CLDN5 CTGGTCTTTACTCCATCG ROX–ACTCCCGCCCTCTCT-
CAA–BHQ2

AGCAGATTCTTAGCCTTC

OCLD ACAAGAGCTTACAATCAGA HEX–TGTATTCATCAGCAGCAG-
CCAT–BHQ1

CTTCACTTGCTTCAGTCT

ZO-1 GCTACGCTATTGAATGTC HEX–TCCACTCTGCTAATG-
CCTCTG–BHQ1

GTGATCGACCAGAATGAT

ACTB TCTACAATGAGCTGCGTGTGGCTCCC CY5–CAAGGCCAACCGC-
GAGAAGATGACCCAGATCAT–
BHQ2

AGCAACGTACATGGCTG-
GGGTGTTGAA
Russia) containing 1% fetal bovine serum (FBS)
(HyClone, United States) without antibiotics. To
detach cells from the surface, a solution containing
vercene and chymopsin was used. Both control
(intact) and experimental cells were at the sixth pas-
sage after the exposure to the agents (Smirnova et al.,
2018). Depending on the agent (virus and correspond-
ing ID, LPS, or virus and LPS together), the cell sub-
lines were given the following names: ECV-1ID, ECV-
1000ID, ECV-LPS, ECV-1ID + LPS, and ECV-
1000ID + LPS.

Assessment of migratory activity. Cell suspensions
of the corresponding sublines were inoculated into the
wells of six-well plates (Nunc, Denmark) in a concen-
tration of 7 × 104 cells/mL (4 mL per well) in the
alpha-MEM medium with 1% FBS, and the plates
were placed into the CO2 incubator (37°C and 5%
CO2). The next day, the cell monolayer was scratched
with a 200-μL tip, cells were washed with serum-free
medium, and alpha-MEM medium with 1% FBS was
added to the cells. An amount of 0.4 mL
(1/10 medium volume) of tenfold solutions of each of
the two analyzed antiviral preparation were applied
into the wells. Immediately after the application of the
antiviral preparations (point zero) and then 4, 8, 12,
and 24 h after the application, the selected region of
the wound surface was imaged using the Axio Vert A1
microscope (Carl Zeiss, Germany) with 10× magnifi-
cation. With the aid of the AxioVision Rel. 4.8 soft-
ware, the wound surface area was calculated in the
obtained images, and the change in the surface area
with time, i.e., wound sealing, was determined. The
end result was expressed as a percentage relative to the
CELL AND TISSUE BIOLOGY  Vol. 13  No. 4  2019
change in the wound surface area in the control sam-
ples (which were not subjected to infection and treated
with antiviral drugs) at each time point.

Analysis of gene expression. On the fourth day after
wounding (when the wound was almost completely
sealed), cells were removed from the well surface,
counted, washed with the serum-free medium, centri-
fuged, and used to assess the changes in the expression
of the genes encoding cytokines and other cellular fac-
tors by real-time PCR. RNA was isolated from the
analyzed samples using the AmpliPraim RIBO-prep
kit (Central Research Institute of Epidemiology, Rus-
sia) according to the manufacturer’s instructions. To
assess gene expression, cDNA was synthesized on the
RNA template in reverse transcription reaction using
the Reverta-L kit (Central Research Institute of Epi-
demiology, Russia). Amplification reaction was car-
ried out in the Rotor-Gene 6000 thermal cycler (Cor-
bett Research, Australia) according to the following
program: denaturation at 95°C for 10 min, 40 cycles
including 95°C for 20 s, then 57°C for 40 s, and 72°C
for 20 s, each. The reaction mixture contained 5 μL of
DNA, An amount of 10 μL of ready-made 2.5× PCR
buffer (Sintol, Russia), 0.5 μL of SynTaq DNA poly-
merase (5 U/μL), and 0.5 μL of each primer and probe
(10 pmol/μL) (DNA-Sintez, Russia) in 25 μL. Primer
for the actin gene (ACTB) were used as an internal
standard. The nucleotide sequences of the oligonucle-
otide primers and probes for TNFα, TGFβ, NOX4,
CLDN5, OCLD, ZO-1, and ACTB are provided in
Table 1. Expression levels were determined for two or
three times, and the end result was expressed in rela-
tive units, indicating a change in gene expression rela-
tive to the control, and calculated according to the for-
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mula 2–ΔΔCt, where Ct is the cycle threshold value for
the analyzed sample (Wong and Medrano, 2005).

Rimantadine (Sigma, Germany) and alpisarin (All-
Russia Research Institute of Medicinal and Aromatic
Plants, Russia) solutions were prepared using serum-
free alpha-MEM medium and were used in final con-
centrations of 20 μg/mL and 50 μg/mL, respectively.

At each time point, two wells were analyzed.
Experiments were performed not less than in tripli-
cates.

Statistical data analysis was performed using the
Mann–Whitney U test for the comparison of the two
groups of nonparametric samplings. Differences were
considered significant with P < 0.05.

RESULTS
Analysis of cell migration was performed using the

previously obtained ECV-304 cell sublines (Smirnova
et al., 2018) at the sixth passage after the exposure to
influenza virus and/or LPS treatment. Migratory
activity was assessed by the change in wound surface
area with time (wound sealing). As a result, we have
demonstrated that the maximum migratory activity is
observed in all cell sublines (compared to the control
intact cells) during the first 4 h (here and in what fol-
lows, time is given in hours after wounding). Cell
migration grew slower by the 8th–12th hours and
remained almost at the 12-h and control levels up to
the 24th hours (Fig. 1a). The comparison of different
sublines showed that highest migratory activity was
exhibited by the endothelial cells after the contact with
the minimum infective dose of influenza A virus
(ECV-1ID subline, migratory activity 141% of the
control activity 4 h after wounding). The migration
exhibited by the cells infected with the high virus dose
(ECV-1000ID) was the minimum (54% of the control
4 h after wounding). The cells after the contact with
LPS (both in the case of individual exposure and
together with the virus) showed slightly increased
migratory activity during the first hours after wound-
ing (4–8 h), while later migration remained at the
control level (Fig. 1a).

To assess the effects of the antiviral preparations
(rimantadine and alpisarin) on the migratory activity
of the cells, the preparations were applied to the wells
containing cells immediately after wounding. As a
result, it was demonstrated that they significantly
affect cell migration. Rimantadine decreased the
migratory activity of the control cells by 73% 4 h after
wounding, while alpisarin decreased it by 67%; how-
ever, migration was restored to the control level 8 h
after wounding. Rimantadine had almost no effect on
the migration of the ECV-1ID subline cells (148% in
4 h), while the level of ECV-1000ID subline cell
migration in the presence of this drug grew higher than
the control level (up to 123% in 4 h). Alpisarin caused
even higher increase in the migratory activity of these
C

subline cells in 4 h (up to 200% in ECV-1ID subline
and up to 147% in the ECV-1000ID subline). The
highest increase in cell migration was caused by both
preparations in the sublines treated with LPS, namely,
ECV-LPS (up to 238% in the case of rimantadine and
219% in the case of alpisarin), ECV-1ID + LPS (219
and 204%, respectively), and ECV-1000ID + LPS
(197 and 175%, respectively). In all the sublines, max-
imum migration level in the presence of the antivirals
was also observed 4 h after wounding, together with a
decrease in the level of migration by eighth hour; how-
ever, in this case, migratory activity remained higher
than in the control (Fig. 1a).

We have also revealed that the pattern of differ-
ences in the migratory activity between the cell sub-
lines at the sixth passage at the maximum activity
point (4 h after wounding) correlated with the pattern
of changes in proliferation activity of the cells at the
first passage (proliferation data were obtained previ-
ously (Smirnova et al., 2018)). In particular, the
enhancement of cell migration and proliferation was
observed in the ECV-1ID and ECV-LPS sublines,
while enhancement of suppression was observed in the
ECV-1000ID subline (Figs. 1b, 1c). Comparison of
the migration and proliferation patterns for the cells at
the sixth passage showed that the similarity was
retained for most sublines, except for the ECV-LPS
subline, in which proliferation activity decreased at the
sixth passage, and the ECV-1000ID subline, in which,
by contrast, an increase in proliferation was detected
(Figs. 1b, 1c).

Therefore, the differences in the migratory activity
of the cells in the analyzed sublines at the sixth passage
are determined by the initial (at the first passage)
effects of the agents (high or low doses of the virus
and/or LPS).

On the fourth day after wounding (when the wound
was almost completely sealed), the analyzed subline
cells were detached from the surface of the six-well
plates and used to determine the expression levels of
mRNAs for cytokines (TNFα and TGFβ), NOX4 oxi-
dase, and TJ proteins (OCLD, ZO-1, and CLDN5)
(ECV-1000ID and ECV-1000ID + LPS sublines were
not used).

PCR has revealed an increased expression of
mRNAs for the cytokines TNFα and TGFβ in the
cells that were exposed to the virus and/or LPS, with
the highest level of expression for these cytokines hav-
ing been observed in the ECV-1ID + LPS subline cells
(46 and 19 times higher, respectively, than in the con-
trol). Treatment with the antiviral preparations riman-
tadine and alpisarin considerably decreased the
expression of the mRNAs for these cytokines
enhanced by the exposure to virus and/or LPS,
although, rimantadine on its own stimulated the
expression of TNFα mRNA (19 times higher than in
the control) (Fig. 2).
ELL AND TISSUE BIOLOGY  Vol. 13  No. 4  2019



LONG-TERM MAINTENANCE OF THE FUNCTIONAL CHANGES INDUCED 287

Fig. 1. Migratory (sixth passage) (a, b) and proliferation (c; first and sixth passages) activity of the ECV-304 cell sublines obtained
by a one-time exposure to the influenza A virus Brisbane/10/07 (H3N2) and/or treatment with 100 ng/mL of E. coli lipopoly-
saccharide (LPS) at the first passage; effects of the antiviral preparations (20 μg/mL of rimantadine and 50 μg/mL of alpisarin)
applied immediately after wounding at the sixth passage on the migratory activity of the ECV-304 cell sublines (a). Here and in
what follows, ID is infectious dose, and the control is ECV-304 cells cultured in the medium without the addition of any agents.
Depending on the agent used (virus ID, LPS, or virus and LPS together), cell sublines were given the following names: ECV-1ID,
ECV-1000ID, ECV-LPS, ECV-1ID + LPS, and ECV-1000ID + LPS. Migratory activity was assessed by the change in the
wound sealing area 4, 8, 12, and 24 h after scraping. The results were expressed in % relative to the change in wound surface area
in the control samples at each time point; asterisk indicates significant difference from the control with P < 0.05. c: data are taken
from Smirnova et al., 2018.
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A slight increase in the expression level of NOX4
mRNA was detected only in the ECV-1ID subline
(1.4 times higher than in the control), while antiviral
preparations reversed it to the control levels. The
expression of the mRNA for the CLDN5 gene encod-
ing the TJ protein was at the control level in all cell
sublines except for ECV-1ID + LPS, in which CLDN5
mRNA expression was 2.5 times higher than in the
control. The treatment with antiviral preparations
increased mRNA expression level for the gene encod-
ing this protein in all sublines, and especially so in the
case of alpisarin (with the maximum increase—by
7.3 times—being in the ECV-LPS subline), which may
indicate that cell permeability returns to its normal
level (Fig. 2).

In a separate experiment, we assessed the expres-
sion levels of mRNAs for the genes encoding
other proteins within the TJ family, namely, OCLD
CELL AND TISSUE BIOLOGY  Vol. 13  No. 4  2019
and ZO-1. The obtained results revealed that the
expression level of mRNAs for these genes gradually
decreased in ECV-304 cells from the first passage to
the fifth passage after a single exposure to different
doses of influenza A virus and/or LPS, this effect
being clearer in the case of OCLD than in the case of
ZO-1 (Fig. 3). These data provide evidence that the
exposure to influenza virus and/or LPS leads to an
increase in the permeability of cell membranes, which
is further maintained in the analyzed cell sublines for a
long period of time.

DISCUSSION

Angiogenesis plays an important role in many
physiological and pathological processes, while apop-
tosis serves as one of the regulatory factors of angio-
genesis. The ability of the highly virulent avian influ-
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Fig. 2. Analysis of TNFα, TGFβ, NOX4, and claudin-5 (CLDN5) gene expression in the ECV-304 cell sublines on day 4 of the
sixth passage after complete wound sealing. Based on real-time PCR data. In Figs. 2 and 3, results are given in relative units rep-
resenting the change in gene expression relative to the control that were calculated according to the formula 2–ΔΔCt; control is
taken as 1.
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enza virus strains to cause a lethal disease in chicken as
a result of apoptosis of the endothelial cells in different
organs is well-known (Swayne, 2007). However, the
pathological mechanisms of influenza infection, in
particular, the link between the infection and apopto-
sis and barrier function impairment, are not always
clear. It has been demonstrated in vitro that human
influenza A viruses are able to trigger TNF-induced
apoptosis of endothelial cells (Sumikoshi et al., 2008).
At the same time, increased cell permeability in
human microvascular endothelium (HMVEC) and
association with apoptosis has been demonstrated
only for live (infectious) influenza A virus; UV-inacti-
vated avirulent influenza virus also caused an increase
in cell permeability, but in this case not as a result of
apoptosis, but rather as a result of the degradation of
the TJ protein CLDN-5 (Armstrong et al., 2012). The
role of the cytokines TNFα and TGFβ in both apop-
tosis induction and cell barrier function impairment is
well-known, although these processes often develop
independently of each other (Petrache et al., 2001; van
Meeteren and ten Dijke, 2012).

In our previous work, we have demonstrated very
low levels of apoptosis, just as in control cells, in all the
obtained endothelium cell sublines cultured during
more than three passages (six passages, in particular).
At the same time, the antiviral preparations rimanta-
C

dine and alpisarin reduced the increased proliferation
of the ECV-1ID subline cells at the sixth passage and
simultaneously stimulated apoptosis in all the ana-
lyzed sublines (Smirnova et al., 2018).

The comparative study of the human endothelial
ECV-304 cell sublines carried out in the present work
and in our previous work (Smirnova et al., 2018) has
demonstrated that the infection of nonpermissive cells
with influenza A virus (both in high and in very low
doses) and exposure to LPS can change migratory,
proliferation, and apoptotic activity of cells and impair
cell barrier function. We have shown for the first time
that these functional changes may be observed during
a long period of cell culturing after the exposure.

In the analyzed cell sublines, the expression of
mRNA for OCLD and ZO-1 encoding the proteins
that form part of the TJ complex gradually decreased
with an increase in the passage number, which indi-
cated an increase in cell permeability (Kasa et al.,
2015). The results obtained in the present work, as well
as in the previous one (Smirnova et al., 2018), show
that all sublines of endothelial cells acquire resistance
to apoptosis in the process of culturing (after the third
passage), notwithstanding the high level of expression
of mRNA for both TNFα and TGFβ, especially in the
ECV-1ID + LPS subline. This indicates a link
ELL AND TISSUE BIOLOGY  Vol. 13  No. 4  2019
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Fig. 3. Analysis of expression of the genes encoding the tight junction proteins occludin (OCLD) and ZO-1 in the ECV-304 cell
sublines during the time period from the first to the fifth passage. Based on real-time PCR data.
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between the cytokines TNFα and TGFβ and the
increase in cell permeability, but not the induction of
apoptosis in this case. This conclusion is supported
also by the fact that, in the presence of the antivirals
rimantadine and alpisarin, expression of TNFα and
TGFβ genes is inhibited and cell permeability is
restored (due to the increase in the CLDR5 mRNA
expression) with a simultaneous increase in the apop-
tosis level, which also indicates that these drugs are
capable of restoring the functional state of the cells.

It is characteristic that the level of NOX4 mRNA
expression appeared to be only slightly increased and
only in a single subline, which was obtained after the
infection with the low dose of influenza virus (ECV-
1ID) and differed from all others in its increased pro-
liferation level. This allows it to be suggested that the
dysfunction of cells in the analyzed sublines that
develops over the period of their long-term culturing
may be caused by the increase in ROS content not
only in the cytosol (produced by Nox2 and Nox4 oxi-
dases), but, apparently, to a greater extent in mito-
chondria (Harel et al., 2017).

The multifunctional cytokine TGFβ can enhance
cell proliferation and apoptosis resistance through the
ALK5 Smad 2/3/NF-κB signaling pathway, which
induces the transformation of endothelial cells into
miofibroblasts (van Meeteren and ten Dijke, 2012;
Montorfano et al., 2014). TGFβ is considered to be
the key cytokine participating in fibrosis. Reduced
sensitivity of lung fibroblasts to Fas-induced apoptosis
(resistance to apoptosis) with increased alveolar epi-
thelial cell apoptosis level is a characteristic feature of
pulmonary fibrosis, in which the regions of a disrupted
epithelial cell layer with reduced reparation capacity
are filled with apoptosis-resistant fibroblasts (Maher
et al., 2010; Liu and Desai, 2015). Our findings
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(increased expression level for TGFβ mRNA along
with the development of apoptosis resistance) provide
support for the idea that there is a link between influ-
enza virus infection and, especially, LPS treatment
with myofibroblast formation and the possibility of
pulmonary fibrosis development. Thus, the addition
of LPS at the time of ECV-304 cell infection with
influenza A virus leads to a more serious dysfunction
of endothelial cells, in the same way as a secondary
bacterial infection, even in the case of mild influenza
infection leads to serious and, in many cases, compli-
cations that occur much later (McCullers, 2006).

Our data also indicate that endothelial cells
infected only with influenza A virus may become
atypical (demonstrate increased proliferation activity
and an extremely low apoptosis level), which may
facilitate the expansion of these cells and hinder the
reparation of damaged blood vessel regions with nor-
mal endothelial cells. This may lead to enhanced
angiogenesis, which in turn promotes oncogenesis,
and may possibly cause intravascular lesions of
unknown origin with the characteristics of pseudotu-
mor hyperplasia (Diaz-Flores et al., 2017).

To summarize, the results of the present work have
revealed that under our experimental conditions (the
use of varying virus doses and/or LPS with subsequent
long cell culturing), changes in endothelial cell func-
tioning can be observed for a long period of time after
the exposure. We have also demonstrated that there is
a connection between the agent used (virus and/or
LPS) and the direction of functional changes
(increase or decrease) in migratory and proliferation
activity and cell permeability. The antiviral prepara-
tions rimantadine and alpisarin have a substantial
effect on all the analyzed live processes in the cell sub-
lines, which indicates that these preparations may pre-
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vent pathological changes in the endothelial cells
caused by influenza A virus and/or LPS.

The obtained results may be helpful in the search
for the mechanisms of development of influenza and
secondary bacterial infection complications.
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