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Abstract

Annual epidemics of influenza result in 3—5 million cases of severe illness and more than 600 000 deaths. Severe
forms of influenza are usually characterized by vascular endothelial cells damage. Thus, influenza A viruses,
including subtypes A(H1N1)pdm09, A(H3N2), as well as highly pathogenic avian influenza viruses, can infect
the vascular endothelium, leading to activation and subsequent dysfunction of these cells. In turn, endothelial
dysfunction resulting in systemic morphofunctional changes of endothelial cells, which leads to impaired vascular
tone, thrombosis and other complications, and is also a risk factor and profoundly implicated in the pathogenesis of
many cardiovascular diseases. Thus, endothelial dysfunction is an important aspect of the pathogenesis of severe
influenza, which must be considered in the pathogenetic therapy of this infectious disease.

The aim of the review is to analyze the causes and specify mechanisms of development of endothelial activation
and dysfunction caused by influenza A virus.
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AKTBaumsa n gUCOyHKLMA IHAOTENUA KPOBEHOCHbLIX COCYA OB

npu nH¢ekunmn, BbiIaBaHHON BUpycamu rpunna tuna A
(Alphainfluenzavirus influenzae)

MapyeHko B.A.™, XXunuHckasa .H.

®IrbOY BO «Cesepo-3anafHbiin rocyaapCTBEHHbIV MEAULIMHCKMIA yHMBepcuTeT nmenn N.1. Meynnkosa» MuH3apasa
Poccuu, 191015, r. CankT-lNeTepbypr, Poccus

Pe3siome

ExxerogHo Tsbkenoe TedeHue rpunna perncTpupytot y 3—5 MnH 6onbHbIX, Npy 3ToM y 6onee 600 Thic. YenoBek
3aboneBaHVe 3akaH4MBaeTCA neTanbHbIM UCXOAOM. B ocHOBe Taxenbix opM rpunna, Kak npaBumo, NexuT no-
paxeHne 3HOO0TENNS KPOBEHOCHbLIX COCyAoB. Tak, Bupychl rpunna A, Bkntodas noatunel A(H1N1)pdmO09, A(H3N2),
a TaKke BbICOKOMaTOreHHbIe BUPYCbl rpunna NTuL, CNOCO6HbLI MHPULMPOBATL COCYANCTLIN 3HAOTENWIA, NPUBOAS
K aKTMBaumm 1 nocneayowen AMcyHKUMN AaHHbIX KNeToK. B cBOKO ovepenpb, aHaoTennansHas AMCQyHKUNS xa-
paKkTepusyeTcs CUCTEMHbIM M3MEHEeHNeM MOPAOMYHKLMOHAMbHLIX CBOMCTB KMETOK SHAOTENUS, YTO MPUBOAUT K
HapyLLEHUIO TOHYCa KPOBEHOCHBIX COCYA0B, TPOMBO3Y 1 APYTM OCIIOXXHEHUSIM, a Takke OQHOBPEMEHHO ABMSAETCS
haKTOpOM pucKa 1 KMoYeBbIM 3BEHOM MaToreHe3a MHOrux 3aboneBaHuin cepaeyYHO-COCYANCTON CUCTEMDI. Takum
06pa3oM, AMCDYHKLMS SHAOTENNS KPOBEHOCHBIX COCYA0B SBMSETCS BaXKHbIM acrieKToM natoreHe3a TshKenoro Te-
YeHUs FpUNna, YTO HYXHO Y4UTLIBATL B NATOrEHETUYECKOW Tepanuu AaHHOro 3abonesaHus.
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Llenb AaHHOro o63opa — NpoaHanuanpoBaTh NPUYKHBLI U YTOYHUTb MEXaHWU3Mbl PA3BUTUSI aKTUBALMK U AUCHYHK-
LMW 3HAOTENUS NMPU MHAEKLMM, BbI3BAHHOW BUpycamu rpunna tuna A.
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®duHaHcupoBaHue. ABTOpPbI 3asIBMSIOT 06 OTCYTCTBUM BHELLUHENO (OMHAHCUPOBaHWS MPY NPOBEAEHUN UCCIEQ0BAHMSI.
KoHdnukT nHTepecoB. ABTOPbI AEKNapUPYIOT OTCYTCTBME SIBHBIX U NOTEHLUMANbHbIX KOH(MUKTOB MHTEPECOB,

CBsI3aHHbIX C Nybnukaumein HacTosiLLen cTaTbi.

Introduction

Influenza viruses are one of the most common pathogens
of respiratory infectious diseases. Thus, influenza affects
more than 15% of the world’s population annually, while
the severe course of influenza infection is registered in 3—5
million patients [1]. In turn, the severe course of influenza
often proceeds with the development of hemorrhagic
syndrome, which increases the risk of hemorrhagic stroke,
myocardial infarction, acute coronary syndrome, deep
vein thrombosis and other cardiovascular complications
[2-5]. According to the World Health Organization, risk
groups for the development of severe influenza include
children under 6 years of age, people over 65 years of age,
pregnant women, people with chronic somatic pathology
and immunocompromised individuals.

The vascular endothelium is known to be a target for
influenza type A viruses (IAVs) [6-8]. In severe course of
infection, influenza viruses mediate excessive activation
and damage to the vascular endothelium, which causes the
development of endothelial dysfunction (ED). In turn, ED is
an important link in the pathogenesis, as well as a risk factor
for the development of multiple cardiovascular pathologies.

This review presents current information concerning
the mechanisms of activation and ED of blood vessels in
IAV infection.

Functions of the vascular endothelium

The endothelium is a giant endocrine organ distributed
throughout all tissues of the human body, maintaining
vascular and tissue homeostasis through the production
of a variety of biologically active substances. Under
physiologic conditions, anatomically and functionally
intact vascular endothelium performs a number of
functions, including: 1) regulation of blood vessel tone
(vasomotor function); 2) regulation of leukocyte adhesion
(adhesive function); 3) regulation of the hemostasis system
(hemostatic function); 4) regulation of angiogenesis
(angiogenic function); 5) regulation of immune processes
(immune function), etc. (Fig. 1) [9, 10].

Vascular endothelium as a target for influenza A
viruses

IAVs are capable of infecting various cells of the respi-
ratory tract, including cells of the mesenteric epithelium,
as well as bronchiolar exocrinocytes [11, 12]. Influenza
viruses utilize sialic acids as a receptor for adsorption.
IAV subtypes A(HIN1)pdm09 and A(H3N2) are charac-
terized by high specificity for the a-2,6-linked sialic acid,
which is predominantly expressed on the epithelium of
the upper and lower respiratory tracts, including tracheal
and bronchial epithelium, as well as on type 1 alveolo-
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Fig. 1. Vascular endothelium functions.
Puc. 1. ®yHxumu 5HA0TENUS KPOBEHOCHBIX COCYIOB.
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cytes [13—15]. During intense reproduction, seasonal in-
fluenza viruses exert direct cytopathic effects on infected
epitheliocytes, resulting in significant damage and death
[16, 17]. This allows viruses to penetrate from the entry
gate into regional blood vessels and interact with the vas-
cular endothelium.

In turn, highly pathogenic avian influenza viruses spe-
cifically bind to a-2,3-sialic acid on the surface of lower
respiratory tract epithelial cells, including bronchiolar ep-
ithelium and type 2 alveolocytes [18, 19]. Influenza virus
replication in alveolocytes typically leads to cell apopto-
sis, allowing viruses to contact the basolateral surface of
pulmonary capillary endothelial cells [20, 21].

Endothelial cells of blood vessels, including lung mi-
crovessels, have been found to express both types of sialic
acids (a-2,3 and a-2,6) on their surface [14, 22, 23]. Thus,
in vitro studies have shown that pulmonary capillary en-
dothelial cells are sensitive to IAVs, but the titer of high-
ly pathogenic influenza A(H5N1) and A(H7N9) viruses
in endothelial cell culture is several orders of magnitude
higher than the titer of IAV subtypes A(HIN1)pdm09
and A(H3N2) — 5-8 Ig vs. 2.5-4 Ig TCD, /mL [24-26].
In vivo experiments also support the fact that [AVs can
infect vascular endothelial cells and that highly pathogen-
ic avian influenza viruses are much more likely to infect
the vascular endothelium, leading to the development of
life-threatening complications such as cytokine storm,
acute respiratory distress syndrome (ARDS) and dissemi-
nated intravascular coagulation syndrome (DIC) [27-29].
Thus, endothelial cells are not only sensitive but also per-
missive to highly pathogenic avian influenza viruses and
influenza A(HIN1) and A(H3N2) viruses.

Endothelial activation and dysfunction

Endothelial activation and dysfunction are close but
not identical concepts [30]. Thus, endothelial activation
should be considered as a variant of cellular response to
various stimuli, the intensity and/or duration of which
does not exceed the limit of cellular adaptive response.
Such activating stimuli include blood flow disturbance,
cytokinemia, hypoxia, toxic substances, pathogen-
associated molecular patterns (PAMP), damage-associated
molecular patterns (DAMP), etc. [31-33]. Furthermore,
endothelial activation is observed when cells are exposed
to reactive oxygen species (ROS) and reactive nitrogen
species (RNS). On the one hand, an increase in the level
of ROS is a necessary condition for the realization of
innate immunity mechanisms, and on the other hand, in
case of failure of the antioxidant defense system, it causes
oxidative stress and damage to cell membranes [34].

Endothelial activation is a two-stage process. Thus,
during the first stage (type I activation, or endothelial
stimulation), endothelial cells respond almost immediately
to a stimulus without a change in phenotype and de novo
protein synthesis [35]. The interaction of ligand (e.g.,
histamine) with G-protein-coupled receptors mediates
actin cytoskeleton rearrangement, cell contraction,
and exocytosis of a number of proteins, including von
Willebrand factor (vWF) and P-selectin, from Weibel—
Palade bodies to the cell surface [36].
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The second stage (type II activation) occurs as a
delayed response of endothelial cells when exposed
to a stimulus over several hours or days [30]. Type II
endothelial activation is based on cytokine-mediated
activation of the NF-kB signaling pathway, resulting in
increased expression of dozens of genes and a change in
the phenotype of endothelial cells to a pro-inflammatory
one [37, 38].

Endothelial activation can be either reversible or
irreversible. If the effect of a trigger factor on the
endothelium is limited in time, the genes supporting the
pro-inflammatory phenotype are gradually inhibited, and
the expression of genes of the vasoprotective phenotype
is restored [31]. In turn, in case of overexpressed and/or
prolonged endothelial activation, receptor, biochemical,
and morphostructural changes are observed, which lead
to endothelial cell damage and development of ED [39].

ED is characterized by persistent disturbance of
morphofunctional characteristics of endothelial cells.
In this pathological process, there is a dysregulation
of vasodilation and vasoconstriction, coagulation and
fibrinolysis, angiogenesis, inflammation and immune
response. It is ED that is both a risk factor and the
main link in the pathogenesis of many diseases of the
cardiovascular system, including atherosclerosis, arterial
hypertension, ischemic stroke and other pathologies
[30, 40, 41]. Thus, influenza can initiate the development
or aggravate the course of diseases of the cardiovascular
system.

Activation and dysfunction of endothelial cells
in influenza A: mechanisms

To date, numerous in vitro and in vivo studies have con-
firmed the fact that IAVs can cause not only activation
but also dysfunction of blood vessel endothelial cells due
to dysregulation of numerous cellular processes as a re-
sult of changes in the expression of more than 100 target
genes [42]. The mechanisms of ED development in influ-
enza are presented below.

Oxidative stress and decreased nitric oxide (NO)

bioavailability

The cornerstone of endothelial dysfunction of blood
vessels is considered to be a decrease in the synthesis and/
or bioavailability of NO as a result of dysregulation of
expression and/or activity of endothelial nitric oxide syn-
thase (eNOS) [43]. Under physiologic conditions, eNOS
is continuously expressed in the vascular endothelium
and generates NO at low concentrations. This is extreme-
ly important because it is in low concentration that NO
has anti-inflammatory, anti-proliferative, anti-thrombo-
genic and vasodilation effects [31].

When endothelial cells are infected with IAV, there is a
change in the expression of this endothelial factor. Thus,
influenza virus A(HIN1)pdm09 significantly reduces the
level of eNOS expression in endothelial cell culture, and
also causes a long-term and systemic decrease in the ex-
pression of this enzyme in vivo (at least 2 months) [8, 44].
These results are consistent with epidemiologic data on
the positive correlation between influenza morbidity and
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mortality from cardiovascular diseases within 2 months
after the end of the epidemic (also known as excess mor-
tality) [45].

It has been established that one of the main causes
of TAV-induced dysregulation of eNOS expression is
free-radical damage of cells as a result of oxidative stress.
When endothelium is activated, excessive formation of
ROS by mitochondria occurs in cells. In case of antioxi-
dant system failure, free radicals, in particular superoxide
anion radical (O*"), are able to bind to NO with the forma-
tion of peroxynitrite (ONOO"), which has an extremely
high oxidative potential [46]. In turn, peroxynitrite caus-
es oxidation of tetrohydrobiopterin, one of the cofactors
of eNOS, leading to dissociation of eNOS from its sub-
strate, as a result of which this enzyme starts to produce
superoxide anion radical instead of NO [47]. Thus, the
concentration of ROS and RNS in the cell increases dra-
matically, which increases endothelial cell damage and
aggravates ED.

It should be noted that compensatory mechanisms
aimed at restoration of NO bioavailability in conditions
of severely running infectious process, as a rule, are un-
tenable. Thus, in case of a pronounced inflammatory reac-
tion, endothelial cells and macrophages/monocytes begin
to synthesize inducible nitric oxide synthase (iNOS) [48].
However, this isoform of the enzyme generates much
higher concentrations of NO, which causes the predomi-
nance of indirect effects associated with the formation of
peroxynitrite and free-radical damage of cells [49].

Cytokinemia and the cytokine storm

Using highly pathogenic influenza A(H5N1) virus as
an example, it was shown that during infection of lung
microvascular endothelial cells, both a more pronounced
activation of the transcription factor NF-xB and addi-
tional activation of mitogen-activated protein kinase
(MAPK) signaling pathways are observed [50]. In partic-
ular, highly pathogenic influenza viruses activate the p38
MAPK pathway, which is manifested by excessive and
uncontrolled synthesis of pro-inflammatory cytokines. It
is important to note that in this case it is the activated
endothelium of pulmonary microvessels that becomes the
main producer of pro-inflammatory cytokines (interleu-
kins (IL) 1P, IL-6, tumor necrosis factor-alpha (TNF-a))
and chemokines (CXCL10, RANTES) [42, 51, 52]. In ad-
dition, the resulting hypercytokinemia mediates system-
ic damage to the endothelium of other vascular regions,
which is the cause of the development of a cytokine storm
and ARDS.

It should be emphasized that the KLF2 transcription
factor plays an important role in the development of the
cytokine storm in influenza. Under physiological con-
ditions, this transcription factor maintains NO bioavail-
ability at an optimal level, as well as barrier properties
and thromboresistance of endothelial cells [53—55]. The
results of the study by R. Huang et al. showed that during
infection with highly pathogenic influenza viruses in
BALB/c mice the level of expression of the transcription
factor KLF2 in the endothelium of lung microvessels is
significantly reduced, which accounts for the develop-

468

ment of cytokine storm, acute lung injury and ARDS.
These changes correlate with the fact that with excessive
activation of the transcription factor NF-kB, there is a de-
crease in the activity of the KLF2 factor [56].

Disruption of metabolic processes

IAVs, including subtypes A(HIN1)pdm09, A(H3N2)
and A(H5N1), depress metabolic processes in endothelial
cells and cause a twofold decrease in dehydrogenase
activity. It should be noted that a decrease in the activity
of dehydrogenases, but to a lesser extent, is also observed
in response to the introduction of separate surface
proteins of different IAV subtypes, hemagglutinin and
neuraminidase, into the culture medium [57].

It is likely that one of the reasons for such pronounced
changes in metabolic processes is the effect on endothe-
lial cells of pro-inflammatory cytokines, such as TNF-q,
IL-1B, and IL-6, which can suppress mitochondrial activ-
ity and, consequently, catabolic processes [58]. In addi-
tion, the formation of intracellular peroxynitrite against
the background of dysregulation of eNOS expression
causes damage to mitochondrial membranes, which also
contributes to the decrease in mitochondrial activity.

Disruption of barrier properties, changes in morphology
and increased endothelial permeability

Intact glycocalyx plays an important role in the main-
tenance of endothelial barrier properties. The glycoca-
lyx of vascular endothelium mainly consists of proteo-
glycans and glycoproteins bound to sialic acids [59].
The enzymatic activity of influenza virus neuraminidase
allows to cleave the bond between the terminal residue
of sialic acid and glycoprotein in the glycocalyx of en-
dotheliocytes, which causes its thinning and detach-
ment. Furthermore, IAV-activated endothelium begins
to synthesize matrix metalloproteinases-2 and -9, which
increase damage of the glycocalyx. As a result, the en-
dothelial glycocalyx undergoes degradation, loses its
negative charge, as a result of which the endothelium
becomes permeable to molecules with relatively high
molecular weight [60].

Endothelial permeability also depends on the integrity
of intercellular contacts (tight, adhesive, and gap junc-
tions) [61]. In vitro studies have shown that IAVs cause
degradation of various proteins that are part of intercel-
lular contacts (B-catenin, claudin-5, VE-cadherin, ZO-1
protein, and connexins), as well as reorganization of the
actin cytoskeleton of endotheliocytes with the formation
of stress-induced fibrils [58, 62]. As a consequence, endo-
thelial cells shrink and round with the formation of gaps
between them, which is the cause of increased vascular
permeability [42].

It should be noted that damage of endothelial gly-
cocalyx, as well as degradation of proteins, which are
part of intercellular contacts, can be observed when
endothelial cells are exposed to high concentrations of
cytokines (IL-1P and TNF-a), which also significantly
increases endothelial permeability of lung microves-
sels and underlies the development of acute lung injury
and ARDS [63-66].
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Disruption of adhesive properties

Activation of the NF-«xB signaling pathway in influen-
za leads to increased expression of various cell adhesion
molecules, including adhesive receptors of the immu-
noglobulin superfamily (ICAM-1, ICAM-2, VCAM-1,
PECAM-1) and selectins (P-selectin, E-selectin) [20, 67—-69].

In turn, increased adhesive properties allow circulating
leukocytes to perform adhesion on endothelial cells and
then migrate from the vascular channel to the focus of
inflammation. However, in the systemic inflammatory re-
action against the background of severe influenza, there is
a pronounced and unregulated adhesion of leukocytes to
the vascular endothelium, and the severity of the course
of influenza depends largely on the degree of involve-
ment of neutrophils in the inflammatory reaction [70].
Neutrophils in severe influenza become one of the main
producers of ROS and inflammatory mediators, and also
synthesize neutrophil extracellular traps (NETSs), mediat-
ing cell damage [71-73].

Disruption of hemostasis and fibrinolysis

The severe course of influenza is characterized by
disorders of coagulation and fibrinolysis by the type of
DIC [29]. IAVs mediate activation of both external and
internal pathways of coagulation (Fig. 2). In response to
infection or as a result of exposure of endothelial cells
to high concentrations of pro-inflammatory cytokines
(TNF and IL-1p), the expression of endothelial factors
with pro-coagulatory properties increases in cells: vVWF,
platelet activation factor (PAF), plasminogen activator
inhibitor-1 (PAI-1), and tissue factor (TF), a key glyco-
protein that triggers the extrinsic coagulation pathway
[20, 74-77]. The studies by F. Visseren et al. showed that
infection of endothelial cells with influenza A(HIN1) and
A(H3N2) viruses increases TF expression, which reduces
blood clotting time by 55% within 3 h after infection [78].
Similar data on the increase in TF concentration in bron-
choalveolar lavage were obtained when BALB/c mice
were infected with the A(HIN1) virus [79].

The important role of factor PAI-1 in the pathogenesis
of influenza should be noted. This endothelial factor is
an antagonist of two proteins of the fibrinolysis system
— urokinase and plasminogen TF (uPA and tPA), which
carry out the cleavage of plasminogen to plasmin [80].
In turn, plasmin can be used by influenza viruses to hy-
drolyze hemagglutinin precursor protein (HAO0), which is
necessary for maturation of newly synthesized virions.
Thus, increased expression of PAI-1, on the one hand, re-
duces the infectious activity of the virus, and on the other
hand, may be the cause of inhibition of fibrinolysis and
increased thrombosis in influenza.

In vivo activation of the extrinsic and intrinsic pathway
occurs when endothelial cells are damaged. In particular,
TF and collagen located subendothelially as a result of en-
dothelial desquamation begin to interact with factors VII
and XII, which is necessary for activation of the common
pathway of coagulation with platelet activation and forma-
tion of platelet clots. [29]. Thus, the degree of vascular en-
dothelial damage probably correlates with the severity of
activation of the coagulation system in influenza.
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In addition to taking part in hemostasis, platelets also
play an important role in the immune response. For ex-
ample, platelets are able to capture and sequester virus-
es, which helps to limit their spread [81]. However, it is
likely that endocytosis of influenza viruses is not always
complete. In their studies, M. Koupenova et al. found that
some fragments of viral particles remain exposed on the
surface of platelets. This, in turn, may mediate a longer
contact of vascular endothelial cells with pathogen-asso-
ciated molecular patterns of the virus, leading to a more
pronounced activation of endotheliocytes.

Depletion of pro-coagulative factors and the developing
thrombocytopenia may subsequently lead to a hypocoag-
ulation phase [82]. Influenza viruses due to neuramini-
dase activity can mediate the cleavage of sialic acids from
the glycocalyx of platelets, which enhances their removal
from the bloodstream up to the development of throm-
bocytopenia [83]. Furthermore, the severity of thrombo-
cytopenia depends on the virus subtype. Thus, influenza
A(H5N1) virus causes more pronounced thrombocytope-
nia compared to IAV subtypes A(HIN1) and A(H3N2).

Disruption of immune processes

The infected vascular endothelium is unable to ade-
quately support immune processes, primarily related to
antigen presentation to immunocompetent cells. In ad-
dition, there is also a dysregulation in the activation of
cells of innate immunity [84]. As noted previously, IL-1f
synthesis is significantly increased in IAV-infected endo-
thelial cells [85]. This pro-inflammatory cytokine plays
an important role in the innate immune response, as it me-
diates the process of antigen-dependent differentiation of
T-lymphocytes, as well as the differentiation of dendritic
cells. Thus, in severe influenza with the involvement of
vascular endothelial cells in the inflammatory process
due to the synthesis of IL-1f there is an excessive infiltra-
tion of pulmonary parenchyma by immune cells, which
may cause acute lung injury.

Disruption of angiogenesis processes

Changes in the expression level of endothelial factors
affecting angiogenesis are not characteristic of influen-
za infection [86]. However, the results of the study by
S. Morichi et al. showed that in children during the devel-
opment of virus-induced encephalopathy in cerebrospinal
fluid there is an increase in the expression of two mark-
ers of angiogenesis — vascular endothelial growth factor
(VEGF-A) and platelet-derived growth factor (PDGF).

Apoptosis

When endotheliocytes are infected with [AV, cell apop-
tosis can occur due to activation of both receptor-depen-
dent (external) and mitochondrial (internal) signaling
pathways. One of the reasons for activation of the extrin-
sic pathway of apoptosis is exposure of the cell to high
concentrations of TNF-o. This is confirmed by the fact
that the expression of caspase-3, an effector protease that
cleaves cytoskeleton and activates endonuclease at the
terminal stages of apoptosis, increases in infected endo-
thelial cells [26, 87].
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Fig. 2. The coagulation cascades.

1 — intact endothelial cells express antiplatelet and anticoagulant agents (thrombomodulin, antithrombin, tissue factor pathway inhibitor and ADPase) that
prevent aggregation of platelet and fibrin formation; 2 — coagulation is usually initiated by an injury to the endothelium, with the exposure of tissue factor and
collagen from the subendothelium to the blood factors and the release of von Willebrand factor (vWF); 3 — activation of platelets is initiated by exposure to tissue
factor, collagen and vWF. Activated platelets release several mediators (including ADP and vWF), leading to further platelet recruitment, activation, aggregation
and plug formation (primary hemostasis); 4 — the extrinsic pathway is initiated by the interaction between tissue factor and Factor VII; 5 — the intrinsic pathway
is initiated by the exposure of collagen to Factor XII; 6 — the extrinsic and intrinsic coagulation pathways lead into the final common pathway, which contains
cascades involved in the production of thrombin, activated Factor X and the formation of fibrin strands; 7 — fibrin strands increase stability of the platelet plug and
lead to the formation of platelet-fibrin clot (secondary hemostasis); 8 — kallikrein, tissue plasminogen activator (tPA) or urokinase plasminogen activator (uPA)
convert plasminogen to plasmin, which then degrades and reabsorbs the fibrin strands in process called fibrinolysis. Endothelial factors whose concentration in
influenza A virus infection is reliably changed are underlined (see Table).

Puc. 2. Kackan koaryasiuuu.

1 — wuHTaKTHEIE SHAOTeNHaNbHbIe KiIeTkH (OK) obecreunBaloT TpoMOOPE3HCTEHTHOCTD 33 CUET MOCTOSHHOTO CHHTE3a Psijla aHTUKOATYIISIHTOB (TPOMOOMOZY-
JIMHA, aHTUTPOMOHHA, HHTUOUTOpA Iy TH TKaHeBoro akrusaropa u AJdaspl); 2 — Kackaj KoaryJsiluH, Kak MPaBHIIO, BOSHUKAET BCIEACTBUE HoBpexaeHus DK
U CBsI3aH ¢ aKTHBanueil (akTopoB CBEPTHIBAHMS KPOBH IIPH KOHTAKTE C TKAHEBBIM (haKTOPOM H KOJLUIATEHOM H3 CyOIHIOTENHANbHON CII05, a TAKKe C BEICBOOO-
XKJeHHeM M3 KieTok (aktopa BunneOpanna (VWF); 3 — akTuBaiust TpoMOOLMTOB BOZHUKACT IIPH B3aUMOJICHCTBIH C TKAHEBBIM (hakTOpoM, KojutareHoM u VWE.
AKTHUBHPOBaHHBIE TPOMOOIIUTEI BEICBOOOXKAAIOT Psifi MEANATOPOB, Takux Kak AJI® u vWF, uTo IpHBOIUT K JanpHeiIeMy peKpyTHHTY, aKTHBAIlUH U arperariu
TPOMOOIIMTOB ¢ 00pa30BaHUEM IIEPBHYHOIO TPOMOOLUTAPHOTO CIyCTKa (IIEPBHYHBII reMocTa3); 4 — BHELIHUI MyTh CBEPTHIBAHUS HHULUHPYETCSI IPH KOHTAK-
Te (hakropa VII ¢ TkaHeBBIM (pakTOpOM; 5 — BHYTPEHHUH MyTh MHHLIMHUPYETCs NpH KoHTakTe (hakTopa XII ¢ koytareHoM; 6 — BHEIIHMI U BHYTPEHHUI MyTH
NPUBOAAT K MHULMHPOBAHHUIO OOLIEr0 IyTH CBEPTHIBAHUSI, KOTOPBIH COIEPKUT KacKa ibl, y4aCTBYIOIIE B akTUBALMH (akTopa X U TpOMOUHA ¢ 00pa3oBaHHEM
Hureit pudpuHa; 7 — HUTH GUOPHHA CIIOCOOCTBYIOT MOBBIIICHHUIO CTAOMILHOCTH TPOMOOIMTAPHOTO CIyCTKA U MIPUBOAAT K 00Pa30BaHHUIO TPOMOOLUTAPHO-(hH-
OPHMHOBOIO CrycTKa (BTOPHYHBIH reMocTas); 8 — KaJUIMKPEHH, TKAHEBOH aKTHBATOp Iua3MuHOreHa (tPA) mim ypoknHa3HbIH aKTHUBATOp IUIa3MUHOTreHa (UPA)
KOHBEPTUPYIOT IUIa3MUHOTEH B IUIA3MHH, KOTOPBIIT 3aTeM pa3pymaeT U peadbcopOupyeT HOMHMMEepHU30BaHHbIe HUTH (DHOPHHA, YTO HEOOXOAUMO IS pa3pyLICHUS
CTYCTKOB B paMKax mnporecca ¢pudpuronnsa. [loquepkHyThl 9HIO0TENHAIbHBIE (PAKTOPBI, KOHIIEHTPALKS B KPOBU KOTOPBIX IPU TPUMIIO3HONH HH(EKIMH JOCTO-
BEPHO M3MEHseTCA (CM. TabnuILy).

The intrinsic pathway of apoptosis activation is real-
ized by mitochondrial membrane damage. Intracellular
reactive oxygen and nitrogen species, in particular per-
oxynitrite, mediate damage to the membranes of these
organelles with the release of cytochrome c [88]. Further-
more, the main protein of influenza virus M1 is able to
bind to an important component of cytoprotection — the
heat shock protein 70 (Hsp70), resulting in dissociation
of Hsp70 and APAF-1 protein with the release of the lat-
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ter and formation of apoptosomes [89]. As a result, vi-
rus-induced apoptosis leads to the disruption of the in-
tegrity of the endothelial barrier, which causes increased
vascular permeability and plays a key role in the patho-
genesis of thrombosis, DIC, vasculitis and atherosclerosis
[62, 90, 91].

It should be noted that in viral infections, early acti-
vation of apoptosis in most cases makes it possible to
significantly suppress viral replication, whereas delayed
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apoptosis of infected cells causes the spread of viral par-
ticles in the body [92]. In turn, with respect to influenza
virus, in vitro studies have shown that apoptosis of in-
fected cells is delayed due to the anti-apoptotic activity
of the viral protein NS1 [93, 94]. Furthermore, in addi-
tion to apoptosis, IAV is capable of inducing other pro-
grammed cell death variants, including: 1) necroptosis
(due to HA, NS1, PBI1 proteins); 2) pyroptosis (due to
M2, PB1-F2, PB2 proteins); 3) autophagy (due to HA
protein) [92, 95].

Based on the above, it becomes evident that in the severe
course of influenza infection caused by IAV, there is a viola-
tion of all endothelial functions: vasomotor, adhesive, hemo-
static, angiogenic, immune and others (Table). As the main
causes of ED development, it is likely to be considered the
impact on the endothelium of several phlogogenic factors at
once, among which the cytopathic effect of the virus, oxida-
tive stress, cytokinemia and hypoxia are of the greatest im-
portance. Furthermore, not only the virus itself, but also its
proteins (e.g., hemagglutinin and neuraminidase) can cause
marked activation of endotheliocytes, which may cause the
development of their dysfunction [57].

Molecular mimicry

It can be assumed that molecular mimicry is also a
probable cause of ED in influenza. Thus, in different
strains of influenza viruses A(HIN1)pdm09, as well
as A(H3N2) (data not published), many amino acid
sequences have been found in proteins with a high de-
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gree of homology with amino acid sequences in vari-
ous proteins of the hemostasis system and endothelial
factors, including vWF, eNOS, PAI-1, TF, tPA, blood
coagulation factors (III, V, VI, VII, VIII, VIII, IX, X,
X1, XIII) and others. In particular, numerous sequenc-
es of 12 amino acid residues in length with homology
exceeding 80% were found in the above proteins and
various proteins of influenza viruses [103].
Bioinformatics analysis allowed us to detect a num-
ber of unique sequences in the composition of influenza
A/HINT1 virus, which caused the 1918-1920 pandemic,
mimicking fragments in the composition of proteins of
the hemostasis and fibrinolysis system (fibrinogen, tissue
factor, antithrombin-III, prothrombin, plasminogen, uro-
kinase plasminogen activator, etc.), which are absent in
the influenza A(H1N1)pdmO9 virus isolated in 2016 [92].
Interestingly, when comparing modern circulating
strains of influenza A(HIN1)pdm09 and A(H3N2) virus-
es, the latter have a large number of amino acid sequenc-
es homologous to the sequences of various factors of the
fibrinolysis system (o2-antiplasmin, o2-macroglobulin,
thrombomodulin, urokinase plasminogen activator and
kallikrein). It is worth noting that the conservation of
these sequences, both in terms of location and amino
acid composition, has been preserved in the proteins of
A(H3N2) viruses for 50 years. This feature probably al-
lows influenza A(H3N2) viruses to cause a more intense
epidemic process (compared to A(HIN1)pdmO09) and to
cause a higher level of additional mortality from influen-

Table. Alteration of vascular endothelium functions caused by Influenza A Viruses

Tadauna. HapymieHus ¢pyHKUUil cOCyAMCTOrO SHAOTEINN, BBI3BAaHHBIE BUPYCAMH IPUIINA TUIA A

Functions of endothelial cells Endothelial factors Reference
DyHKINN KIETOK dHAOTEIHUS DHpoTennanbHbie GakTopbl Hcrtounuk
Vasomotor NO (by eNOS) | [8, 75, 44]
BazomoropHas NO (3a cuer eNOS) |
Adhesion ICAM-1 1 [20, 96]
AnresusHas P-selectin/P-cenextuH 1 [6,97]
E-selectin/E-cenextuH 1 [98]
PECAM-1 1 [20, 96]
Hemostatic tPA /1 [9, 75]
I'emocraTnueckas PAL1 >/ 1 [8, 74, 75]
vWF [20]
PAF 1 [99]
TF 1 [78,79]
Angiogenic VEFG 1 [100]
AHTHOTEeHHAst PDGF 1
Immune IL-11 [85, 101, 102]
NmMmyHHas

Note. <> —modulation of the expression; 1 — increased expression; | — decreased expression. ICAM-1 — Intercellular adhesion molecule-1; PECAM-1 —
platelet and endothelial cell adhesion molecule-1; tPA — tissue plasminogen activator; PAI-1 — plasminogen activator inhibitor-1; vWF — von Wille-
brand factor; PAF — platelet-activating factor; TF — tissue factor; VEFG — vascular endothelial growth factor; PDGF — platelet-derived growth factor;

IL-1 — Interleukin-1.

IIpumeyanue. <> — MOIYIISIHS SKCIIPECCUH; T — ITOBBIIICHNE SKCIIPEcCHH; | — cHIKeHHe dKcripeccun. ICAM-1 — MexxkiieTouHast MOJICKyiIa aJre3un-1;
PECAM-1 — monekyna aare3uy TpoMOOLIMTOB M 3HAOTEIHOUNTOB-1; tPA — TkaHeBoi#l aktuBarop miasmuHoreHa; PAI-1 — uHrubuTop akTuBaropa
mwia3muHorena-1; vVWF — ¢akrop Bunnebpanna; PAF — gakrop akruBarmu Tpombonutos; TF — TkaneBoit dakrop; VEFG — dakrop pocra sHmoTEMHS

cocynoB; PDGF — dakrop pocra TpomboruToB; IL-1 — nHTEpIeHKUH-1.

471



PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2024; 69(6)
https://doi.org/10.36233/0507-4088-264

REVIEWS

za in patients with concomitant cardiovascular diseases
[104]. Thus, the presence of mimicry sequences in pro-
teins of the hemostasis system and influenza viruses, ap-
parently, increases their virulence, because it allows to
disrupt the processes of coagulation and fibrinolysis.

It is known that the severity of ED in influenza depends
not only on the virus (virulence of the strain, infectious
dose) and resistance of the organism (pre-existing im-
munity, genetic predisposition to the development of se-
vere forms of the disease), but also on the state of the
cardiovascular system. Thus, the presence of acute and
chronic diseases of the cardiovascular system in patients
causes a more severe course of influenza, which is as-
sociated with the involvement of the vascular endotheli-
um in the pathological process. This is confirmed by the
fact that after the end of the epidemic in patients with
cardiovascular diseases the rate of additional mortality
from influenza is 481 per 100 thousand of the popula-
tion against 2 per 100 thousand of the population among
healthy adults without somatic diseases.

Conclusion

IAVs can cause activation and dysfunction of the vascular
endothelium, which is a key link in the pathogenesis of
severe influenza, causing the development of complications
in the acute and delayed period of infection. In turn, ED
is both a risk factor and a key link in the pathogenesis of
many diseases of the cardiovascular system, including
atherosclerosis, arterial  hypertension, = myocardial
infarction, ischemic stroke and other pathologies.

Despite the availability of vaccination as the main
measure of influenza prevention and a number of
etiotropic drugs from different clinical-pharmacological
groups that effectively inhibit various stages of virus
reproduction, an important direction remains the
optimization of pathogenetic therapy of influenza. Taking
into account the high risk of severe influenza in patients
from risk groups, especially in patients over 65 years
old with chronic diseases of cardiovascular system, it is
reasonable to prescribe chemical medicines with proven
endothelioprotective activity to correct endothelial
dysfunction as part of pathogenetic therapy.
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