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The role of neutrophils in the pathogenesis of ischemic stroke
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ABSTRACT

Background. Immune responses and inflammation play an important role in the pathogenesis of ischemic stroke.
Aim. To analyze the involvement of neutrophils in the pathogenesis of ischemic stroke.

Results. Data on the contribution of neutrophil granulocytes to the development of local sterile inflammation
and secondary brain injury in acute ischemic stroke were summarized. Mechanisms of neutrophil influence on
thrombosis, neutrophil extracellular trap formation (NETosis), protease release, and direct interaction with
platelets with subsequent formation of platelet-leukocyte aggregates were discussed. Available information on
the effectiveness of reperfusion therapy and an association of changes in neutrophil activity with development of
infectious complications of stroke were presented. In addition, research data were presented on the contribution of
neutrophils to atherogenesis, which is one of the most important etiological factors in ischemic stroke. The review
showed that the contribution of neutrophils to the pathogenesis of ischemic stroke is associated with implementation
of their secretory, regulatory, and phagocytic functions, as well as with NETosis.

Conclusion. It was shown that neutrophils are involved in the pathogenesis of ischemic stroke and modulate a
response to treatment.

Key words: neutrophils, neutrophil extracellular traps, NETosis, ischemic stroke, post-stroke infections,
thrombolysis.
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PE3IOME

AKTya.]IbHOCTL. I/IMMyHHI)Ie peakuu u BOCHAJIUTEILHEIN Oponecc UrparT BaXKHYIO pOJIb B IAaTOI'CHE3C UILIEMU-
HYECKOr'o MHCYJIbTA.

Heas. Ha ocHOBaHUM Hay4HBIX MyOJUKAIU TPOAHATH3UPOBATh BOBJICYECHHOCTh HEUTPO(IIOB B MATOr€HE3 HIIIe-
MHYECKOT0 HHCYIIbTA.

PesyabTarsl. OGOOIICHBI JaHHBIC O BKIaJe HEUTPODHIBHBIX TPAHYJIOMUTOB B PAa3BUTHE JIOKAJIBHOTO acernTHYe-
CKOT'0 BOCIIAJICHHSI © BTOPUYHOTO TTOBPEXKACHHUSI MO3Ta MPH OCTPOM HHCYJIbTe. OOCYKICHBI MEXaHU3MBbI BIHSHHUSI
HEeUTPO(HIOB Ha Mporecc TPoMO0oOpa3oBaHusl, 00pa3oBaHHEe HEHTPOPUIEHBIX BHEKJICTOYHBIX JIOBYILEK (HETO3),
BBICBOOOXK/ICHHE MPOTEa3 M MPSIMOE B3aUMOJACHCTBHE C TPOMOOLMTAMU ¢ 0Opa30BaHHEM JISHKOLUTAPHO-TPOM-
GouutapHbIX arperaToB. IIpuBeseHBI UMEIOIHECs CBeleHHs 00 3 dekTHBHOCTH perepdy3HOHHOM TepanuH, a
TaKKe acCOIMAMH U3MEHEHHI aKTHBHOCTH HEHTPOYHIIOB C pa3BUTHEM HWH()EKIIHOHHBIX OCIOXKHEHHN HHCYJIBTA.
IpescTaBiieHbl JaHHBIC UCCICIOBAHMI O BKJIaje HEHTPODHUIOB B aTepOreHes3, BISIFOIIMNACS OJHUM U3 BaXKHEH-
[IUX 3THOJOTHYECKNX (HaKTOPOB MIIEMHYECKOrO MHCYJbTa. [[0Ka3aHO, 4TO yyacTHe HEeHTpO(hHIOB B MaroreHese
HIIIEMUYECKOTO MHCYJbTa CBA3aHO C Pealn3alfeil HX CeKPETOPHBIX, PETYIATOPHBIX, (ParolUTapHbIX GYHKIHH U
C HETO30M.

3akir0ueHue. YCTaHOBHeHO, 4qTo HeflTpO(i)PI.HLI IMPUHUMAKOT aKTUBHOEC Y4aCTHUEC B NNATOI€HE3€ NIICMUYICCKOI'0O UH-
CyJibTa U MOAYJHPYIOT OTBET HaA JICYHCHHC.

KuroueBble ciioBa: HeHTpoQmIIbl, HEHTPOQMIIbHBIE BHEKICTOUHBIE JIOBYIIKH, HETO3, HIIEMHYECKHH HHCYIIBT, NH-
(heKIIMOHHBIE OCIIOKHEHUS HHCYIIBTa, TPOMOOJINTHYECKAS TeParIusl.

KondaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTEHIMAIBHBIX KOHQOIUKTOB HUHTEPECOB,
CBSI3aHHBIX C MyOIUKanueil HaCTOSIIEeH CTaThH.

HUcTounuk (l)HHaHCl/lpoBaHHH. ABTOpLI 3asIBJIIOT 00 OTCYTCTBHUHU (bHHaHCPIpOBaHI/IH.

[ nuruposanms: Jonrymmu WM., 3apunosa 3.3., Kapnosa M.I. Pons HeiliTpoduioB B maToreHese uieMuie-
CKOT'0 MHCYNbTa. broanemens cubupckou meouyunel. 2021; 20 (3): 152—160. https://doi.org/10.20538/1682-0363-

2021-3-152-160.

INTRODUCTION

Stroke is one of the leading causes of mortality
and persistent disability among the population both
in the Russian Federation and in the world. About
450,000 stroke cases per year are registered in the
Russian Federation [1]. The average rate of death
during the first 30 days after stroke, according to dif-
ferent authors, ranges from 17 to 34%. Only half of
patients who have experienced the first stroke live
for 3 years or more, and 35% of the patients live 10
years or more [2]. In addition to mortality directly
from stroke, a large number of deaths are caused by
its infectious and inflammatory complications, pri-
marily pneumonia [3, 4]. In more than 80% of pa-
tients, stroke leads to disability with persistent neu-
rological deficiency [5].

Immune responses and inflammation initiat-
ed by ischemia are important pathogenetic pheno-
mena causing destruction of the brain tissue [6].
It is assumed that features of the inflammatory re-
sponse closely associated with depletion of antio-

xidant mechanisms and impaired microcirculation
and blood — brain barrier (BBB) largely determine
a course of the disease at all its stages [7]. At the
same time, a dual role of immune system activation
in acute stroke is noted.

On the one hand, the immune response is sano-
genetic and aimed at removing necrotic tissue. On
the other hand, it is able to aggravate the course of
ischemic stroke, increasing the area of infarction [8].
During neuronal death, under the influence of gene
expression, synthesis of proinflammatory cytokines
(interleukin (IL)-1 a and IL-1f, tumor necrosis fac-
tora, (TNFa)), cell — cell interaction molecules, and
cyclooxygenase-2 is activated [9, 10]. The cascade
of reactions initiated by ischemia inevitably involves
factors of innate immunity, including the largest
population of leukocytes — neutrophils.

From the moment L.I. Mechnikov discovered
phagocytosis of microorganisms by neutrophil gra-
nulocytes in the 19" century, views on their role in
immunological processes have changed significant-
ly [11-14]. To date, basic research has convincingly
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proved that the role of neutrophils is not limited to
elimination of extracellular pathogens [13, 14]. They
also perform a regulatory function by activating and
modulating adaptive immunity, contributing to its
full implementation [15]. Neutrophils, in the light
of modern perceptions, are a pluripotent population
of cells of the immune system related to innate im-
munity and playing an important role in maintaining
immune homeostasis in the body [16].

Neutrophil population is heterogeneous and in-
cludes different subpopulations of cells [17]. Depen-
ding on mediators, receptors, and markers produced,
they are divided into proinflammatory, inflammato-
ry with antimicrobial potential, inflammatory with
negative cytotoxic potential (“aggressive”), anti-in-
flammatory — regulating inflammation regression,
anti-tumor, and hybrid, combining the properties of
neutrophils and dendritic cells [13, 14]. A study of
neutrophil subpopulations in inflammatory diseases
revealed their predictive significance as markers of
the severe course of acute infection and its adverse
outcome [11].

In recent years, a large amount of new informa-
tion has appeared that neutrophils are involved in
the pathogenetic mechanisms of many noncommu-
nicable diseases, including vascular ones [4, 13]. In
this regard, it is of great interest to study the role of
neutrophils in the development of ischemic stroke,
which is one of the least studied aspects in the immu-
nology of cerebrovascular disorders.

The aim of this review was to analyze currently
available data on the role of neutrophils in the patho-
genesis of ischemic stroke.

THE ROLE OF NEUTROPHILS IN STERILE
INFLAMMATION IN CEREBRAL ISCHEMIA

Neutrophils are some of the most fast-reacting
cells in the immune system. They migrate to the
brain within minutes from the onset of stroke. The
mechanism of intrathecal neutrophil entry in isch-
emic injury was studied in experimental models with
lifetime imaging. Neutrophils migrate along the ves-
sels even against the blood flow in order to exit the
vascular bed and enter the infarct zone [18]. Neutro-
phils are capable of expressing various endothelial
adhesion molecules during the first 15 minutes after
ischemia [19].

Afterwards, 68 hours after stroke, neutrophils
surround cerebral vessels and initiate infiltration of

surrounding tissue [20, 21]. In experimental models
of ischemic stroke, it was shown that infiltration with
neutrophils occurs already on the first day, reaching
a peak on day 3, and then begins to decrease, but is
present both 7 and 15 days after the development of
cerebral ischemia.

M. Gelderblom et al. (2012) demonstrated that
neutrophils are predominant immune cells in the
ischemized hemisphere 3 days after middle cerebral
artery occlusion in the experiment [22]. R.M.Weston
et al. (2007) reported that neutrophil infiltration of
ischemized tissues persists for up to 32 days, but the
presence of neutrophils is disguised by the concen-
tration of activated macrophages / microglia [19].

Penetrating into the ischemic area, neutrophils
cause secondary damage to the brain tissue due to
the release of proinflammatory factors, reactive oxy-
gen species, proteases, and matrix peroxidases [23].
These factors damage the endothelial cell membrane
and basal plate, leading to increased BBB permeabi-
lity and post-ischemic brain edema [24].

NEUTROPHILS AND THROMBOSIS

The ability of neutrophils to participate in throm-
bosis through various mechanisms, such as formation
of neutrophil extracellular traps (NETosis), release
of proteases, and direct interaction with platelets to
form leukocyte — platelet aggregates, deserves par-
ticular attention. An increase in the number of such
aggregates was detected in the blood of patients with
symptomatic carotid artery stenosis [25]. A decrease
in the intensity of platelet — neutrophil aggregate
formation occurs with inhibition of receptors to gly-
coprotein Iib / IIla and selectins. The formation of
leukocyte — platelet aggregates in acute ischemic
stroke and reperfusion therapy can become a useful
biomarker and target for treatment, since these ag-
gregates increase intravascular thrombosis [26].

Due to great mobility, neutrophils, ahead of plate-
lets, bind to the activated endothelium of damaged
vessels using I[CAM-1 receptors. This leads to acti-
vation and accumulation of platelets in the damaged
vessel and an increase in thrombosis. There are a
number of studies aimed at exploring possible ways
to prevent this process [27, 28].

Proteases and cathepsin G, released by neutro-
phils, interact with coagulation factors, accelerating
thrombus formation. Inhibition of cathepsin G in an
experimental mouse model demonstrated improve-
ment in the outcome of ischemic stroke. On the other
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hand, protease ADAMTS13 released by neutrophils
cleaves highly active von Willebrand factor and
thereby reduces the activity of inflammation in the
acute phase of ischemic stroke [29].

The prothrombotic activity of neutrophils is also
explained by their ability to release molecules in-
volved in the formation of a neutrophil extracellular
trap (NET), release proteases, and directly interact
with platelets. These processes can lead to increased
brain ischemia in stroke [30].

NETs are formed in response to various stimuli,
the key mechanism for their formation is activation
of peptidylarginine deiminase 4 (PAD4). This en-
zyme is necessary for histone citrullination, which
leads to chromatin decondensation, as a result of
which separate strands of DNA are formed. Apart
from DNA strands, the structure of NETSs includes
histones and specific protein granules, such as elas-
tase and myeloperoxidase of neutrophils. This makes
it possible to create a locally high concentration of
cytotoxic substances in the DNA area. Initially, for-
mation of NETs was known to be associated with
their bactericidal effect [31], but lately, they have
been increasingly referred to as the key participants
in thrombosis [32].

Platelets can bind to released NETs and be acti-
vated due to their association with histones [33, 34].
Interaction with neutrophils occurs through the asso-
ciation of platelet P-selectin with neutrophil P-selec-
tin glycoprotein ligand [35]. When activated, plate-
lets are able to release HMGB-1 protein and present
it on their surface, increasing neutrophil release of
new DNA networks [36]. Histones associated with
NETs also increase thrombin generation by platelets
[35] and provoke the release of von Willebrand fac-
tor from Weibel — Palade bodies in endothelial cells,
leading to leukocyte — platelet adhesion [37]. This
process potentiates itself by activating the extrinsic
coagulation pathway and leads to further thrombosis
and inflammatory response in stroke [38].

The prothrombotic activity of NETs is also de-
termined by their polyanionic surface, which acti-
vates the coagulation factor XII, participating in the
activation of the intrinsic coagulation pathway [39].
The strategy of controlling the deoxyribonuclease
activity in experimental models of stroke in mice re-
sulted in dissolution of NETSs and a protective effect
in vivo [40].

Based on the accumulated data, it is assumed that
the prothrombotic activity of neutrophils can both

increase the risk of ischemic stroke and contribute to
further thrombosis in the acute phase of cerebrovas-
cular disorder.

NEUTROPHILS AND SYSTEMIC
THROMBOLYTIC THERAPY FOR STROKE

Currently, intravenous systemic thrombolysis
using the recombinant tissue plasminogen activator
(p-TAP) is a recognized and recommended method
for treating patients with ischemic stroke, but its use
is associated with an increased risk of intracranial
hemorrhage [41], an inflammatory response in the
brain tissues [42], and infiltration of the brain tissues
with neutrophils [43]. These factors influence clini-
cal effectiveness of thrombolytic therapy in ischemic
stroke [44].

A number of studies investigated the role of
neutrophils in the therapy using p-TAP [45]. It was
shown that p-TAP therapy can affect the dynamics of
changes in the neutrophil count in the brain tissues in
stroke [44, 46]. There is evidence that an increase in
the neutrophil count in peripheral blood in the first 24
hours after thrombolytic therapy is associated with
an unfavorable prognosis [46]. This pattern may be
explained by the formation of NETs. Thus, in acute
myocardial infarction, an increase in the number of
NETs in thrombolytic therapy was associated with a
worse functional outcome and identified NETs as a
promising therapeutic target for improving the effec-
tiveness of p-TAP therapy [47].

Some studies note that when p-TAP and recombi-
nant deoxyribonuclease I (DNAse I) are used together
to inhibit NETs, the outcome of thrombolytic thera-
py is improved; the duration and number of attempts
during further endovascular reperfusion therapy are
reduced compared with the use of p-TAP alone [46].
Similar conclusions were made in a number of studies
which examined the possibility of potentiating p-TAP
with DNAase [ in thrombolytic therapy of acute myo-
cardial infarction and ischemic stroke [48, 49]. In ad-
dition, the ability of extracellular DNA and histones
to modify fibrin structure, making it more resistant to
mechanical and enzymatic effects, can be a possible
reason for correlating the increase in the number of
NETs with worse results of thrombolytic therapy [50].

Therefore, the study of neutrophil activity in
thrombosis is of interest for further optimization of
reperfusion therapy for acute ischemic stroke and
development of new methods for treatment and
prognosis in this disease.
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NEUTROPHILS AND INFLAMMATORY
COMPLICATIONS OF STROKE

Infectious inflammatory diseases are some of
the most common and dangerous complications of
stroke, which significantly affect the survival and re-
covery of patients [51]. In order to ensure optimal
homeostasis in the body, nervous and immune sys-
tems are closely connected by multiple pathways,
and serious damage to the brain tissue in stroke leads
to multiple changes in these neuroimmune interac-
tions [52].

Ischemized brain tissue affects peripheral im-
mune cells, suppressing their activity, which is fur-
ther manifested through lymphopenia, a decrease in
proinflammatory cytokine production, and reduced
monocyte activity [53]. This mechanism is proba-
bly adaptive and aimed at reducing the intensity of
the inflammatory response in the ischemic area and
lowering a risk of autoimmune diseases in response
to neuroantigens under conditions of increased BBB
permeability [54]. On the other hand, this leads to
development of secondary immunodeficiency and
can contribute to development of infectious com-
plications [55]. The size of the ischemic area is an
independent risk factor for immunosuppression and
inflammatory complications after stroke [56].

In addition, development of secondary immuno-
deficiency in acute stroke is mediated by changes in
the autonomic nervous system activity and hypotha-
lamic — pituitary — adrenal (HPA) axis [57]. Media-
tors in this process are noradrenaline, acetylcholine,
and glucocorticoids receptors to which are widely
presented on cells of the immune system [58]. It is
known that increased production of glucocorticoids
upon activation of the HPA axis induces apoptosis in
immune cells [59].

It should be noted that clinical studies on the
role of neutrophils in the development of infectious
complications of stroke are few. In one of them, con-
ducted at the Hannover Medical School (Germany,
2015-2017), an attempt was made to determine an
association between decreased neutrophil granulo-
cyte function and the emergence of inflammatory
complications in the acute phase of stroke.

The examination of 95 patients, no significant
changes in the phagocytic activity of neutrophils
were detected. However, peripheral blood neu-
trophils in the group of patients with early (first 7
days) infectious complications decreased their abil-

ity to release reactive oxygen species in response to
N-formyl-methionyl-leucyl-phenylalanine (FMLP)
stimulation, while maintaining the ability to release
reactive oxygen species when stimulated by more
active inducers, for example, E. coli.

In a clinical trial with anti-ICAM-1 monoclo-
nal antibodies (Enlimomab) inhibiting neutrophil
function and reducing the cerebral infarct volume
in an experimental model, an increased incidence
of infections, especially pneumonia, was observed.
These inflammatory processes were associated with
worsening of a stroke outcome, indicating a negative
effect of neutrophil dysfunction in the development
of infectious complications [61].

NEUTROPHILS AND ATHEROGENESIS

Apart from the direct impact on all stages of the
ischemic cascade and the risk of developing infec-
tious complications, neutrophils are actively in-
volved in the processes that lead to stroke. Recently,
more attention has been paid to the study of the role
of neutrophils in the processes of atherogenesis [62,
63].

There is evidence that neutrophils synthesize and
release cholesterol-binding peptides and proteins un-
der conditions of close cell — cell interaction and /
or stimulation with proinflammatory cytokines [64].
The ability of venous blood neutrophils to release
protein — lipid complexes when cultured under con-
ditions of close cell — cell interaction was called the
lipid-releasing capacity of leukocytes (LRCL) [63,
64]. The following studies proved the clinical role of
an increase in lipid-releasing capacity of leukocytes
and its association with the course of coronary artery
disease (CAD) [65].

The role of neutrophils in the development of
atherosclerotic lesions is impelemted in several di-
rections. On the one hand, they are involved in early
stages of atherogenesis, namely, in the development
of endothelial dysfunction. On the other hand, neu-
trophils affect the emergence of complications in
atherosclerosis: destabilization of the atherosclerotic
plaque and formation of blood clots [66, 67].

When the vascular endothelium is damaged, frag-
ments of the extracellular matrix, such as hyaluronan,
fibronectin, etc., are released into the intercellular
space and act as endogenous danger-associated mo-
lecular patterns (DAMPs). They are recognized by
neutrophil pattern recognition receptors (TLR2/4) in
the bloodstream and contribute to their attraction to

156 Bulletin of Siberian Medicine. 2021; 20 (3): 152-160



Reviews and lectures

the focus of inflammation. In addition, chemotaxis
and migration of neutrophils and other white blood
cells are enhanced by production of proinflammatory
cytokines, such as IL-1, IL-18, IL-8, chemokines, and
cell adhesion molecules, by endothelial cells [68—70].

In the focus of inflammation, neutrophils syn-
thesize cholesterol-binding proteins to form protein
— lipid complexes accumulating in the vessel wall.
In patients with CAD, neutrophil production of the
following molecules was increased: C-reactive pro-
tein, von Willebrand factor, lipoprotein, and a brain
natriuretic peptide precursor. Moreover, neutrophils
in the endothelial lesion cause peroxidation of mem-
brane lipids, DNA strand breaks, and endothelial cell
damage [71].

The role of neutrophils in the atherogenesis may
be also related to their ability to form NETs: ex-
tracellular network-like structures and released en-
zymes lead to endothelial damage [66, 71].

CONCLUSION

Therefore, neutrophils, being a pluripotent het-
erogeneous cell population, take an active part in
the pathogenesis of ischemic stroke and are also
able to modulate the response to treatment. Their
further study may open up additional prospects for
personalization of therapy and prediction of disease
outcomes.
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