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Нейтрофильные гранулоциты — одни из ключевых клеточных факторов врожденного иммунитета. В обзоре 
представлены данные по морфологии, особенностям миграции и  утилизации нейтрофильных гранулоцитов, 
процессам фагоцитоза и дегрануляции, нейтрофильным внеклеточным ловушкам, пластичности нейтрофилов, 
их роли в  системных воспалительных реакциях и  регуляции адаптивного иммунитета.

Ключевые слова: нейтрофильные гранулоциты; врожденный иммунитет; воспаление; нейтрофильные 
внеклеточные ловушки.

Neutrophilic granulocytes (neutrophils) are 
traditionally considered one of the first lines 
of defense of a macroorganism against micro
organisms invading its body [1–4]. In classical 
morphophysiological studies, I.I. Mechnikov 
and his students studied the phenomenology 
of the phagocytic process carried out by neu-
trophils, including microphages, pseudo-eosi
nophils, and heterophiles, and proved the 
irreplaceable role of this process in the func-
tions of the innate immunity of animals against 
infectious agents of  various biological characte
ristics. I.I. Mechnikov also strongly emphasized 
the great importance of cytases, which are in-
tracellular microbicidal substances, in ensuring 
complete phagocytosis. In his research, the 

functions of phagocytes (e.g.,  micro- and mac-
rophages) are considered from a comparative 
evolutionary standpoint, thereby enabling the 
elucidation of their key  role in the formation of 
innate immunity  [1].

In modern studies, patients with congenital 
impaired neutrophil functions, such as neutrope-
nia, adhesion disorders, and granule deficiency, 
are usually susceptible to infection by bacteria 
(e.g., Staphylococcus aureus, Pseudomonas, 
and Burkholderia) and fungi (e.g., Aspergillus 
and Candida) but not viruses and parasites. 
The  sites of entry for infection include the skin, 
mucous membranes, and lungs, but virtually any 
part of the body can be affected; and abscesses 
are common [5].

List of abbreviations
DNA  — deoxyribonucleic acid; MMP  — matrix metalloproteinases; NADPH oxidase  — nicotinamide adenine dinucleotide 
phosphate oxidase; ICAM — intercellular adhesion molecules; IL — interleukin; MIP — macrophage inhibitory protein; NET — 
neutrophilic extracellular traps; TLR  — Toll-like receptor; TNFα  — tumor necrosis factor alpha.
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1.  Morphology of neutrophilic granulocytes

Neutrophils are among the most numerous 
types of leukocytes; in humans, these cells are 
the most numerous leukocyte type. Up to 60% 
of the hematopoietic activity of the bone marrow 
can be directed toward the production of neutro-
phils, and approximately 1011 of these cells enter 
the blood every day. The development of neutro-
phils in the bone marrow occurs over 14  days, 
starting with hematopoietic stem cells [3].

The mechanisms regulating neutrophil diffe
rentiation are not fully understood, but the role 
of a specific set of transcription factors and cy-
tokines that seem to direct stem and progeni-
tor cells to differentiate toward neutrophils has 
been established. The main cytokine regulating 
granulopoiesis is granulocyte colony-stimulating 
factor (G-CSF). The effects of G-CSF include 
induction of myeloid differentiation, prolifera-
tion of granulocyte precursors, and release of 
mature neutrophils from the bone marrow [6].

Stem cells destined to become neutrophils 
first differentiate into myeloblasts, which retain 
the ability to develop into eosinophils, basophils, 
and neutrophils. Subsequent differentiation leads 
to neutrophilic promyelocytes, a precursor of 
neutrophils, which then pass through the de-
velopmental stages of neutrophilic myelocytes, 
metamyelocytes, band neutrophils, and mature 
segmented neutrophils. At the metamyelocyte 
stage, neutrophilic mitosis ceases, but the deve
lopment of neutrophils and formation of granules 
continue.

Intensive granulogenesis begins at the pro
myelocyte stage, during which lysosome-like 
initial vacuoles are formed at the level of the 
Golgi apparatus and then merge in the cytoplasm 
to form primary, or azurophilic, granules [7]. 

Azurophilic granules contain antimicrobial 
cationic peptides defensins, acid hydrolases 
(e.g., β-glycerophosphatase, N-acetyl-β-glycos
aminidase, β-glucuronidase, α-mannosidase, ca-
thepsin D, cathepsin B), neutral-alkaline pro-
teases (e.g., elastase, cathepsin G), lysozyme, 
and myeloperoxidase [8] (Table 1). While the 
presence of acidic hydrolases renders these gran-
ules similar to lysosomes, azurophilic granules 
differ from real lysosomes at the membrane level 
by the absence of membrane proteins associat-
ed with LAMP-1 and LAMP-2 lysosomes and 
the mannose-6-phosphate receptor system [9].

Electronic histochemistry has allowed the de-
tection of myeloperoxidase in all elements of the 
secretory apparatus of promyelocytes, such as in 
the canals of the endoplasmic reticulum, in the 
internal cisterns of the Golgi apparatus, and in 
the initial vacuoles and mature azurophilic gra
nules [10]. Because this enzyme is synthesized 
only at the promyelocyte stage, it is recognized 
as a biochemical and cytochemical marker of the 
promyelocytic stage of human and mammalian 
neutrophil differentiation [7].

Some azurophilic granules begin to function 
soon after their formation. One of the func-
tions of these granules is their participation in 
the physiological destruction of mitochondria by 
autophagocytosis during the myelocytic stage of 
maturation [11]. 

At this stage, the formation of secondary 
granules begins. The secondary granules of 
neutrophils constitute a population unique to 
neutrophils, which is reflected in their other 
name, that is, “specific”. Specific granules have 
a wide range of membrane-associated proteins, 
including cytochromes, signaling molecules, 
and receptors (see table 1). These granules act 
as a  reservoir of proteins intended for localiza-
tion on the outer surfaces of phagocytic vacuoles 
and the plasma membrane [12]. Matrix metal-
loproteinases (MMPs) are an important family 
of proteinases found in specific granules; these 
molecules are stored in the form of inactive en-
zymes and activated by proteolysis when inter-
acting with the contents of azurophilic granules 
after the fusion of the granules with phagocytic 
vacuoles. MMPs generally destroy the membrane 
components of phagocytosed bacteria, but the 
function of MMPs of neutrophils is not limited 
to killing bacteria. For example, MMPs are also 
important for neutrophil extravasation and dia-
pedesis [13].

The set of antimicrobial proteins and peptides 
differs between azurophilic and specific granules, 
and the only common protein between these 
granule types is lysozyme. An important space in 
specific granules is occupied by the iron-binding 
protein lactoferrin, which serves as a marker 
for specific granules, and antimicrobial peptides 
called cathelicidins, which, similar to MMPs, are 
stored in specific granules in the form of inactive 
propeptides.

The content of the granules can change both 
during the postnatal development of the organism 
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Contents of granules and secretory vesicles of human neutrophils [8]
Содержимое гранул и секреторных везикул нейтрофилов человека [8]

Azurophilic granules Specific granules Gelatinase granules Secretory vesicles

Membrane

CD63 CD11b/CD18 CD11b/CD18 Alkaline phosphatase

CD68 CD15 Cytochrome b558 CD10

Presenilin 1 CD66 Diacylglycerol 
deacetylating  
enzyme

CD11b/CD18

Stomatin CD67 fMLP-R CD13

V-H+-ATPase Cytochrome b558 Leukolysin CD14

fMLP receptor VAMP-2 CD16

Fibronectin  
receptor

V-H+-ATPase CD45

G-protein  
α-subunit

SNAP-23, -25 CR1

Laminin receptor CD87 C1q receptor

Leukolysin Cytochrome b558

Neutrophil specific 
antigen NB1

CD55

19-kDa protein fMLP receptor

155-kDa protein Leukolysin

GTase Rap1 and Rap2 VAMP-2

Vitronectin  
receptor

V-H+-ATPase

SNAP-23, -25

Stomatin

Thrombospondin  
receptor

TNF receptor

CD87

VAMP-2

Matrix

Acid 
β-glycerophosphatase

β2-microglobulin Acetyltransferase Plasma proteins

Acid 
mucopolysaccharides

Collagenase β2-microglobulin

α1-Antitrypsin CRISP-3 CRISP-3

α-Mannosidase Gelatinase Gelatinase

Azurocidin hCAP-18 Lysozyme

Permeability-increasing 
protein

Histaminase

β-Glycerol  
Phosphatase

Heparinase

β-Glucuronidase Lactoferrin

Cathepsins Lysozyme

Defensins Lipocalin 2 (NGAL)
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and as a result of the postmitotic development of 
the cells themselves. For example, approximately 
90%–95% of the entire population of neutro-
philic promyelocyte granules in the bone mar-
row of newborn rabbits show a negative reaction 
toward peroxidase, although they contain other 
cationic proteins. Peroxidase appears in rabbit 

neutrophilic promyelocytes in the first weeks of 
postnatal development and is a specific marker 
of the granules of these cells only for a certain 
time after birth [11].

Granules with high gelatinase contents are 
formed at the metamyelocyte and band cell 
stages; thereafter, the formation of granules 

Azurophilic granules Specific granules Gelatinase granules Secretory vesicles

Elastase Urokinase type 
plasminogen  
activator

Lysozyme Neuraminidase

Myeloperoxidase Transcobalamin I

N-acetyl-β-
glucosaminidase

Stromelysin-1

Proteinase-3 Leukolysin

Neuraminidase Cathelicidin

N o t e. CRISP-3 — cysteine rich secretory peptide-3; SNAP — synaptosome-associated protein; VAMP — vesicle-
associated membrane protein; GTP — guanosine triphosphate.

End of Table / Окончание таблицы

MB	 PM	 MC	 MM	 BC	 PMN

MPO (МПО), PR-3, NE (НЭ)

Defensins (Дефенсины)

LF (ЛФ), NGAL, hCAP-18, TC-I

CRISP-3

Gelatinase (Желатиназа)

Lysozyme (Лизоцим)

CD68

CD11b

fMLP-R, CD35

Azurophil 
granules 

(Азурофильные  
гранулы)

Specific 
granules 

(Специфические  
гранулы)

Gelatinase  
granules  

(Желатиназные  
гранулы)

Secretory  
granules  

(Секреторные  
гранулы)

The sequence of the granulogenesis process and the synthesis of granular proteins at distinct stages of myeloid cell 
development [8]. MB  — myeloblast; PM  — promyelocyte; MC  — myelocyte; MM  — metamyelocyte; BC  — band cell; 
PMN  — polymorphonuclear neutrophil. Granule proteins: MPO  — myeloperoxidase; PR-3  — proteinase 3; NE  — 
neutrophil elastase; LF  — lactoferrin; TC-I  — transcobalamin  I; CRISP-3  — cysteine-rich secretory protein-3

Последовательность процесса гранулогенеза и  синтеза гранулярных белков на разных стадиях развития 
миелоидных клеток [8]. MB  — миелобласт; PM  — промиелоцит; MC  — миелоцит; ММ  — метамиелоцит; BC  — 
палочкоядерный нейтрофил; PMN  — сегментоядерный нейтрофил. Белки гранул: МПО  — миелопероксидаза; 
PR-3 — протеиназа 3; НЭ — эластаза нейтрофилов; ЛФ — лактоферрин; TC-I — транскобаламин I; CRISP-3 — 
богатый цистеином секреторный белок-3
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ceases, and secretory vesicles are formed by en-
docytosis [14]. Secretory vesicles are noteworthy 
because of their wide range of membrane-bound 
proteins, including plasma membrane recep-
tors. These and other data indicate that secre-
tory vesicles function as reservoirs of proteins of 
the plasma membrane of neutrophils and other 
membrane proteins [5]. The process of granulo-
genesis and synthesis of granular proteins at the 
different stages of development of myeloid cells 
is shown in Figure 1 [8].

A mature neutrophilic granulocyte contains 
a  segmented nucleus, cytoplasmic granules, 
a glycogen reserve in the form of a large number 
of non-membrane rounded bodies, and a  well-
developed cytoskeleton consisting of microtubules 
and microfilaments. Other cellular organelles are 
practically reduced. For example, the Golgi ap-
paratus and rough endoplasmic reticulum are 
significantly reduced, and free ribosomes and 
mitochondria are limited in number. These mor-
phological signs indicate that the neutrophil is 
a specialized cell at the final stage of morpho-
biochemical differentiation and is incapable of 
further cell division [3].

2.  Migration of neutrophilic granulocytes

After maturation, neutrophils leave the bone 
marrow through the tight-fitting pores of the 
sinusoidal endothelium and enter the blood-
stream [15]. The half-life of neutrophils released 
from the bone marrow is approximately 6 hours 
in the bloodstream and somewhat longer in tis-
sues. The lifespan of neutrophils can be modu-
lated by soluble signals. When exposed to stimuli 
such as tumor necrosis factor (TNFα) and Fas 
ligand (CD95), neutrophils undergo apoptosis 
or programmed cell death [16, 17]. The large 
number of neutrophils and their short half-lives 
imply the existence of special mechanisms for 
removing neutrophils from the body. The signa
ling system, including stromal factor 1 (SDF-1) 
and CXC chemokine receptor 4 (CXCR4), has 
been shown to be involved in neutrophil clear-
ance. CXCR4, a G-protein coupled receptor, is 
expressed at low levels in mature neutrophils.

Neutrophils change their phenotype with age 
and activate CXCR4. This change supports the 
return of neutrophils to the bone marrow via the 
chemoattractant SDF-1, which is also known as 
CXCL12. Upon their return to the bone marrow, 

neutrophils are phagocytosed by stromal macro-
phages [18]. Senescent or apoptotic bloodstream 
neutrophils are generally accepted to be removed 
by liver and splenic macrophages (i.e.,  the re-
ticuloendothelial system). However, the data 
from which these conclusions are formed were 
obtained from the radioactive labeling of isolated 
and then reintroduced neutrophils [19]; intravi-
tal imaging did not actually reveal that neutro-
phils are absorbed by macrophages in either of 
these organs [20]. Approximately 30,000 neutro-
phils normally migrate into the oral cavity every 
minute, this only accounts for <1% of neutro-
phils produced every day [21]. However, if such 
migration was to occur throughout the gastroin-
testinal tract, significant elimination of neutro-
phils is likely to occur. Recent work has shown 
that neutrophils also penetrate many tissues, in
cluding the intestine, under pathogen-free con-
ditions  [22], thereby confirming the results of 
an earlier study on ischemia-reperfusion in the 
intestine, which revealed neutrophils in the in-
testinal interstitium [23].

Neutrophils must cross the vascular wall to 
penetrate into the site of microorganisms inva-
sion. Transection occurs mainly in the post-
capillary venules. Here the vessel wall is rather 
thin, and the vessel diameter is sufficiently large 
for neutrophils to come into contact with the 
vessel wall but not too small to be blocked by 
neutrophils after their contact with the endothe-
lium  [24]. The initial attachment of neutrophils 
to the endothelium is determined by endothelial 
cells responding to stimuli such as TNFα, IL-1β, 
and IL-17, which are generated during infection 
or inflammation. This stimulation results in the 
expression of P-selectin, E-selectin, and some 
members of the integrin superfamily (e.g., ICAM 
and vascular cell adhesion molecules [VCAM]) 
on the inner endothelial surface of the vessels. 
Selectins bind P-selectin ligand 1 (PSGL-1) and 
L-selectin, which are expressed constitutively at 
the tips of neutrophilic microvilli [25–27]. These 
bonds are formed and disconnected sequentially, 
thereby providing a rolling effect of neutrophils 
on the surface of the vessel.

After establishing strong adhesion, transen-
dothelial migration may be conducted in two 
ways: transcellularly, during which neutrophils 
enter individual endothelial cells, or paracel-
lularly, during which neutrophils pass between 
endothelial cells. The key players involved in 
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the direction of paracellular or transcellular 
migration are the main neutrophil β2 integrins 
LFA‑1 and Mac-1 and their ligands ICAM-1 
and ICAM-2  [28].

3.  Phagocytosis and degranulation

Neutrophils are professional phagocytes. 
The  uptake stage of these cells is initiated after 
opsonization of the microorganism and interac-
tion with appropriate receptors such as Fcγ re-
ceptors, C-type lectins, or complement receptors. 
Pseudopodia encompass the phagocytic object, 
invagination of the membrane occurs, and the 
microorganism is submerged into the phago-
cytic vacuole formed inside the phagocyte [29]. 
This process is mediated by a complex pathway 
of activation of intracellular signaling cascades 
and accompanied by rearrangements of the cy-
toskeleton. During phagocytosis, azurophilic 
and specific granules fuse with the phagosome 
and release their antimicrobial contents into it. 
Meanwhile, nicotinamide adenine dinucleotide 
phosphate oxidase (NADPH oxidase) is assem-
bled from a group of membrane-bound flavocy-
tochromes (e.g., cytochrome b558, which consists 
of gp91phox and p22phox subunits) and cytoplasmic 
components (e.g., p47phox, p67phox, p40phox, and 
Rac). The activity of NADPH oxidase leads to 
the formation of oxygen radicals and their re-
action products. These products are collectively 
known as reactive oxygen species and include 
the superoxide radical – O2•̄ , the hydroxyl radi-
cal – HO•, and hydrogen peroxide H2O2, which 
enter the phagocytic vacuole, where they con-
tribute to the destruction of microorganisms [31]. 
NADPH oxidase is critical for the destruction 
of microorganisms because the absence or dys-
function of this enzyme leads to chronic granu-
lomatous disease, which is characterized by an 
increased predisposition to bacterial and fungal 
infections  [32].

Degranulation is initiated immediately upon 
contact of the neutrophil with the phagocytosed 
object; here, some of the granules located near 
the outer cell membrane rupture, their mem-
branes merge with the cell membrane, and 
the contents are released into the extracellular 
space  [11]. Interestingly, the mechanisms of de-
granulation into the extracellular space and into 
the phagolysosome are regulated differentially. 
The first variant of degranulation determines the 

sequence of mobilization, during which lighter 
granules (secretory vesicles > gelatinase granules 
> specific granules > azurophilic granules) are 
degranulated first in response to stimuli. In the 
second variant of degranulation (i.e., formation 
of phagolysosomes), azurophilic and specific 
granules predominantly merge with the phago-
cytic vacuole [5], thereby allowing the imme-
diate delivery of a complete set of antibiotic 
compounds to the phagosome and ensuring the 
functioning of NADPH oxidase.

Over 6 hours of phagocytosis, the expression 
of 305 genes increases while that of 297  genes 
decreases [33]. In line with the concept of neu-
trophils as the first line of defense, previous 
studies showed an increase in the expression 
of various pro-inflammatory mediators in neu-
trophils shortly after the onset of phagocytosis. 
Among these genes are genes that encode the 
chemokines and cytokines necessary to attract 
macrophages, T cells, and neutrophils and mo
dulate their inflammatory response (e.g., mono-
cytic chemotactic protein MCP-1, also known as 
CCL2, macrophage inhibitory proteins MIP-1α 
[CCL3], MIP-2α [CXCL2], MIP-2β [CXCL2], 
MIP-3α [CCL20], oncostatin M, and IL-1β) 
[33, 34]. Following an early pro-inflammatory 
response, neutrophils initiate a subsequent tran-
scriptional response that promotes apoptosis and 
further uptake and digestion by macrophages. 
At this stage, the expression of genes encoding 
pro-apoptotic proteins, including mediators and 
receptors of the external apoptotic pathway 
(e.g.,  TNFα, TRAIL, TNFR-1, and TRAILR), 
caspase 1, and BAX (Bcl-2 family protein), as 
well as members of the TLR2 signal transduction 
pathway (e.g., TLR2, kinase-1 associated with 
the IL-1β receptor, caspase-8, IL-1β, an antago-
nist of the IL-1β receptor, and the light chain of 
the NFκB transcription factor [NFκB1]) is en-
hanced [33]. Phagocytosis-induced apoptosis is 
abolished by the inhibition of protein synthesis, 
which definitely indicates the regulation of neu-
trophil apoptosis at the translational level [35].

Even the death of neutrophils in the foci of 
inflammation can be considered a protective re-
action of the macroorganism. Earlier studies, for 
example, have established that pseudotuberculo-
sis bacteria are not mainly inactivated by phago-
cytic reactions but by the death of neutrophils 
with the accumulation of nuclear decay products 
in the foci of inflammation [36].
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4.  Neutrophilic extracellular traps

Over the last few years, interest in the extra-
cellular functions of neutrophils has sharply in-
creased because of the discovery of the so-called 
neutrophil extracellular traps (NETs), which are 
extracellular DNA strands associated with pep-
tides and proteins [37].

Since the first description of these traps was 
published [38], the NET phenomenon has been 
considered an alternative to neutrophil death 
resulting from either apoptosis or pyroptosis. 
The mechanisms underlying NETosis, as this 
cell death pathway has been called, have been 
partially determined in vitro, usually by assaying 
neutrophils stimulated for 1–3 hours with phor-
bol-12-myristate-13-acetate under serum-free 
conditions or very low concentrations of whey 
proteins [39]. NETosis under these experimen-
tal conditions depends on the presence of the 
main neutrophil serine protease elastase  [40], 
myeloperoxidase [41], and active NADPH oxi-
dase [42]. Therefore, NETosis should not be 
expected in patients with myeloperoxidase de-
ficiency, a relatively common hereditary disor-
der, or chronic granulomatous disease, which is 
a  more severe immunodeficiency characterized 
by the inability of neutrophils to produce reactive 
oxygen species  [43]. Because myeloperoxidase 
deficiency does not always lead to severe clini-
cal manifestations, NETosis, as defined above, 
may be assumed to play a minor (if any) role 
in immune defense. Similarly, patients with 
Papillon–Lefebvre syndrome, in which neutro-
phils lack either elastase or other serine proteases 
and, therefore, cannot maintain NETosis [44], 
do not show increased susceptibility to systemic 
infections and usually only suffer from severe 
periodontal disease [45]. NETs are known to 
be capture bacteria [46], fungi [47], and even 
viruses [48] and can partially protect T cells from 
infection with the human immunodeficiency vi-
rus [49]. Some studies have questioned the initial 
observation that neutrophil NETs destroy en-
trained bacteria [50]. However, capturing viable 
bacteria is likely to restrain microorganisms and, 
thus, prevent the spread of infection.

According to some reports, NETs contribute 
to the pathogenesis of a number of autoimmune 
diseases in which the target antigens are often 
constituents of NETs, including DNA, as well 
as myeloperoxidase and proteinase 3, as has been 

observed in systemic lupus erythematosus and 
Wegener’s granulomatosis [51]. 

A conditional extracellular variant of neutro-
phils capable of killing microorganisms by using 
a network of cytonemes, which are filamentous 
tubulovesicular processes of living neutrophils, 
has also been reported [52].

5. Neutrophilic granulocytes  
and systemic inflammatory diseases

During systemic infections leading to sepsis, 
the finely tuned mechanisms regulating the se-
quential recruitment of neutrophils and mono-
cytes become unregulated [53]. Sepsis is clinically 
defined as infection with several of the following 
symptoms: fever, increased or decreased white 
blood cell count, tachypnea, edema, hemody-
namic changes, and high serum chemokine and 
C-reactive protein concentrations [54, 55].

As sepsis worsens, septic shock develops, 
leading to multiple organ failure [55–57]. Any 
delay in the immune response increases mortal-
ity, and septic shock has the highest mortality 
rates among all disease states of an infectious 
nature  [58]. Although recruiting neutrophils is 
key to protecting the host from infection, their 
excessive mobilization can also damage body tis-
sues.

In models of endotoxemia in humans and 
sepsis in mice, high concentrations of cyto-
kines and chemokines circulating in the blood 
plasma disrupt neutrophil chemotaxis, activating 
both neutrophils and endothelium simultane-
ously. This event can also lead to a prolonged 
immunosuppressive phase. For example, a high 
concentration of plasma chemokines leads to 
a  decrease in the activity of chemokine recep-
tors on neutrophils in patients with severe septic 
pathology [59].

Although humans and mice show similar 
symptoms of sepsis and the mechanisms observed 
in mice are useful for understanding sepsis in 
humans, experimental and clinical sepsis show 
remarkable differences. First, the concentra-
tions of bacteria and bacterial components in 
the circulation, as well as their role in disease 
progression, differ between mice and humans be-
cause rodents are much more resistant to infec-
tions than humans [60]. In addition, the critical 
component of severe sepsis in humans, that is, 
multiple organ failure, has not been completely 
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observed in rodents, likely because mice that re-
ceive high doses of lipopolysaccharides die before 
they can develop these complications [61].

6. Plasticity of neutrophilic granulocytes

An increasing body of evidence indicates the 
existence of different functional subgroups of 
neutrophils that play different roles in the body’s 
defense-adaptive responses during infection, in-
flammation, and cancer [62–66]. For instance, 
three separate populations of neutrophils have 
been observed in mice infected with methicillin-
resistant Staphylococcus aureus [66], and each 
of these populations possesses a unique spectra 
of cytokines and chemokines, as well as the abi
lity to express surface TLRs and CD49d/CD11b. 
In  general, neutrophils from mice with a mo
derate manifestation of a systemic inflammatory 
response have a pro-inflammatory phenotype 
(IL-12+ CCL3+), while neutrophils from mice 
with a severe form of systemic inflammatory 
response syndrome have an anti-inflammatory 
phenotype (IL-10+ CCL2+) [66]. These “pro-
inflammatory” and “anti-inflammatory” neutro-
phils can regulate the direction of the immune 
response during infection by polarizing M1 and 
M2 macrophages, respectively [67]. Similar 
phenotypes of neutrophils have been observed 
in mice with tumors [68]. Different popula-
tions of neutrophils have also been identified 
in volunteers who received lipopolysaccharides 
in comparison with those who did not receive 
lipopolysaccharides [64, 69].

In the cases described above, that neutrophils 
can correct their phenotype in accordance with 
infection or stress and are not separate lines 
cannot be excluded. Indeed, neutrophils are 
quite plastic and capable of phenotypic changes. 
Neutrophils exhibit a different set of adhesion 
molecules and chemokine receptors during 
chronic inflammation [70]. Pathogens are also 
capable of causing phenotypic changes in neutro-
phils. For example, when mice are infected with 
Trypanosoma cruzi, neutrophils assume an anti-
inflammatory phenotype with IL-10 production 
and simultaneously inhibit the production of 
interferon-γ and T-cell proliferation [71]. During 
the interaction of neutrophils with invariant na
tural killer (iNKT) cells in a  CD1d-dependent 
manner, the anti-inflammatory phenotype of 
neutrophils transforms into a pro-inflammatory 

phenotype [72], which is especially interesting 
because iNKT cells can recognize autoantigens 
and bacterial antigens and produce various cy-
tokines [73, 74].

7. Neutrophilic granulocytes  
and adaptive immunity

Neutrophils modulate important compo-
nents of the adaptive immune response and 
can regulate the activity of B and T cells [75]. 
Neutrophils produce a factor that activates 
B  cells (i.e., BAFF, also known as a stimulator 
of B lymphocytes) and a proliferation-inducing 
ligand (i.e., APRIL), both which are necessary 
for the survival and activation of B cells [76]. 
Activation of neutrophils by lipopolysaccharides 
in the spleen leads to the formation of BAFF, 
APRIL, and IL-21, which act on B cells in the 
marginal zone responsible for the production of 
antibodies to T-independent antigens [77].

On the one hand, neutrophils can serve as 
immunosuppressants by inhibiting the prolifera-
tion and activation of T cells, likely because 
of the large amount of arginase 1 present in 
neutrophilic azurophilic granules and the pro-
duction of reactive oxygen species [69, 61]. On 
the other hand, neutrophils can also function as 
antigen-presenting cells. During stimulation with 
interferon-γ in neutrophils, the level of main his-
tocompatibility complex class II proteins, togeth-
er with costimulatory molecules, increases [78]. 
As a result, neutrophils can promote Th1 and 
Th17 differentiation.

Given their demonstrated functions, neutro-
phils can be considered not only professional 
phagocytes but also cells capable of performing 
a  unique set of specialized functions [79]. They 
are participants and regulators of many process-
es, such as acute damage and repair, cancer [80], 
autoimmunity, and chronic inflammation [81]. 
Neutrophils promote adaptive immunity by fa-
cilitating the development of specific adaptive 
immune responses or directing the subsequent 
adaptive immune response.

Activated neutrophils are capable of producing 
cytokines, chemokines, and other biologically 
active compounds. Given significant reductions 
in the translational apparatus, the level of such 
production is actually very low; however, if the 
amount of neutrophils accumulating in the foci 
of inflammation is considered, such synthesis 
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may still have biological significance. The main 
“weapons” of neutrophils are compounds syn-
thesized during granulocytogenesis in the bone 
marrow. Neutrophil granules contain a wide 
range of biologically active substances, such as 
defensins, cathelicidins, proteases, lactoferrins, 
and myeloperoxidase, which are not only an-
timicrobial compounds but also exhibit various 
immunoregulatory properties [82–86].

References

1.	 Мечников И.И. Невосприимчивость в инфекционных за-
болеваниях. – СПб.: Издание К.Л. Риккера, 1903. [Metch-
nikoff E. Nevospriimchivost’ v infektsionnykh zabolevani-
yakh. Saint Petersburg: K.L. Rikker; 1903. (In Russ.)]

2.	 Пигаревский В.Е. Зернистые лейкоциты и их свойства. – 
М.: Медицина, 1978. [Pigarevsky VE. Zernistye leykotsity 
i ikh svoystva. Moscow: Meditsina; 1978. (In Russ.)]

3.	 Klebanoff SJ, Clark RA. The neutrophil: function and clinical 
disorders. Amsterdam: Elsevier; 1978.

4.	 Маянский А.Н., Маянский Д.Н. Очерки о  нейтрофиле 
и  макрофаге. – 2-е изд. – Новосибирск: Наука, 1989. 
[Mayanskii AN, Mayanskii DN. Ocherki o neytrofile i mak-
rofage. 2nd ed. Novosibirsk: Nauka; 1989. (In Russ.)]

5.	 Shah B, Burg N, Pillinger MH. Chapter  — Neutrophils. 
In: Kelley and Firestein’s textbook of rheumatology (tenth 
edition). Ed. by G.S. Firestein, R.C. Budd, S.E. Gabriel, 
I.B. McInnes. Elsevier; 2017. P.  169–188.e3. https://doi.
org/10.1016/B978-0-323-31696-5.00011-5.

6.	 Lord BI, Bronchud MH, Owens S, et al. The kinetics of 
human granulopoiesis following treatment with granulo-
cyte colonystimulating factor in vivo. Proc Natl Acad Sci 
U S A. 1989;86(23):9499–9503. https://doi.org/10.1073/
pnas.86.23.9499.

7.	 Bainton DF, Ullyot JL, Farquhar MG. The development of 
neutrophilic polymorphonuclear leukocytes in human bone 
marrow. J Exp Med. 1971;134(4):907–934. https://doi.
org/10.1084/jem.134.4.907.

8.	 Faurschou M, Borregaard N. Neutrophil granules and 
secretory vesicles in inflammation. Microbes Infect.  
2003;5(14):1317–1327. https://doi.org/10.1016/j.micinf. 
2003.09.008.

9.	 Nauseef WM, McCormick S, Yi H. Roles of heme insertion 
and the mannose-6-phosphate receptor in processing of the 
human myeloid lysosomal enzyme, myeloperoxidase. Blood. 
1992;80(10):2622–2633.

10.	 Bainton DF, Farquhar MG. Origin of granules in poly
morphonuclear leukocytes. Two types derived from oppo-
site faces of the Golgi complex in developing granulocytes. 
J Cell Biol. 1966;28(2):277–301. https://doi.org/10.1083/
jcb.28.2.277.

11.	 Пигаревский В.Е. О секреторной активности поли
морфноядерных лейкоцитов // Архив патологии. – 
1982. – Т. 44. – № 5. – С. 3–12. [Pigarevsky VE. Secre-
tory activity of polymorphonuclear leukocytes. Archives of 
pathology. 1982;44(5):3–12. (In Russ.)]

12.	 Borregaard N, Lollike K, Kjeldsen L, et al. Human neu-
trophil granules and secretory vesicles. Eur J Haematol. 
1993;51(4):187–198. https://doi.org/10.1111/j.1600-0609. 
1993.tb00629.x.

13.	 Owen CA, Campbell EJ. The cell biology of leukocyte-
mediated proteolysis. J Leukoc Biol. 1999;65(2):137–150. 
https://doi.org/10.1002/jlb.65.2.137.

14.	 Borregaard N, Sørensen O, Theilgaard-Mönch K. Neu-
trophil granules: A library of innate immunity proteins. 
TRENDS in Immunology. 2007;28(8):340–345. https://doi.
org/10.1016/j.it.2007.06.002.

15.	 Weiss L. Transmural cellular passage in vascular sinuses of 
rat bone marrow. Blood. 1970;36(2):189–208.

16.	 Murray J, Barbara JA, Dunkley SA, et al. Regulation of neu-
trophil apoptosis by tumor necrosis factor-alpha: require-
ment for TNFR55 and TNFR75 for induction of apoptosis 
in vitro. Blood. 1997;90(7):2772–2783.

17.	 Tortorella C, Piazzolla G, Spaccavento F, et al. Spontane-
ous and Fas-induced apoptotic cell death in aged neutro-
phils. J Clin Immunol. 1998;18(5):321–329. https://doi.
org/10.1023/a:1023286831246.

18.	 Martin C, Burdon PC, Bridger G, et al. Chemokines acting 
via CXCR2 and CXCR4 control the release of neutrophils 
from the bone marrow and their return following senescence. 
Immunity. 2003;19(4):583–593. https://doi.org/10.1016/
s1074-7613(03)00263-2.

19.	 Uchida T, Nemoto T, Yui T, et al. Use of technetium-99m as 
a radioactive label to study migratory patterns of leukocytes. 
J Nucl Med. 1979;20(11):1197–1200.

20.	 Kubes P. The enigmatic neutrophil: what we do not know. Cell 
Tissue Res. 2018;371:399–406. https://doi.org/10.1007/
s00441-018-2790-5.

21.	 Landzberg M, Doering H, Aboodi GM, et al. Quantifying oral 
inflammatory load: oral neutrophil counts in periodontal 
health and disease. J Periodontal Res. 2015;50(3):330–336. 
https://doi.org/10.1111/jre.12211.

22.	 Casanova-Acebes M, Nicolás-Ávila JA, Li JL, et al. Neutro-
phils instruct homeostatic and pathological states in naive 
tissues. J Exp Med. 2018;215(11):2778–2795. https://doi.
org/10.1084/jem.20181468.

23.	 Kubes P, Hunter J, Granger DN. Ischemia/reperfusion-indu
ced feline intestinal dysfunction: importance of granulo-
cyte recruitment. Gastroenterology. 1992;103(3):807–812. 
https://doi.org/10.1016/0016-5085(92)90010-v.

24.	 Borregaard N. Neutrophils, from marrow to microbes. Immu­
nity. 2010;33(5):657–670. https://doi.org/10.1016/j.immuni. 
2010.11.011.



ANALYTICAL REVIEWS / Аналитические обзоры

Медицинский академический журнал	 ISSN 1608-4101 (Print) 
Medical Academic Journal	

Том	 Выпуск 
Volume 20	 Issue	 4 	 2020

14

25.	 Bruehl RE, Moore KL, Loran DE, et al. Leukocyte activation 
induces surface redistribution of P-selectin glycoprotein 
ligand-1. J Leukoc Biol. 1997;61(4):489–499. https://doi.
org/10.1002/jlb.61.4.489.

26.	 Steegmaier M, Borges E, Berger J, et al. The E-selectin-
ligand ESL-1 is located in the Golgi as well as on microvilli 
on the cell surface. J Cell Sci. 1997;110(Pt6):687–694.

27.	 Buscher K, Riese SB, Shakibaei M, et al. The transmem-
brane domains of L-selectin and CD44 regulate receptor 
cell surface positioning and leukocyte adhesion under flow. 
J Biol Chem. 2010;285(18):13490–13497. https://doi.
org/10.1074/jbc.M110.102640.

28.	 Filippi MD. Neutrophil transendothelial migration: updates 
and new perspectives. Blood. 2019;133(20):2149–2158. 
https://doi.org/10.1182/blood-2018-12-844605.

29.	 Dale DC, Boxer L, Liles WC. The phagocytes: neutrophils 
and monocytes. Blood. 2008;112(4):935–945. https://doi.
org/10.1182/blood-2007-12-077917.

30.	 Kruger P, Saffarzadeh M, Weber ANR, et al. Neutrophils: 
between host defence, immune modulation, and tissue 
injury. PLoS Pathog. 2015;11(3):e1004651. https://doi.
org/10.1371/journal.ppat.1004651.

31.	 Segal AW. How neutrophils kill microbes. Annu Rev Immu­
nol. 2005;23:197–223. https://doi.org/10.1146/annurev.im-
munol.23.021704.115653.

32.	 Buvelot H, Posfay-Barbe KM, Linder P, et al. Staphylococcus 
aureus, phagocyte NADPH oxidase and chronic granuloma-
tous disease. FEMS Microbiol Rev. 2017;41(2):139–157. 
https://doi.org/10.1093/femsre/fuw042.

33.	 Kobayashi SD, Braughton KR, Whitney AR, et al. Bac-
terial pathogens modulate an apoptosis differentia-
tion program in human neutrophils. Proc Natl Acad Sci 
USA.  2003;100(19):10948–10953. https://doi.org/10.1073/
pnas.1833375100.

34.	 Kobayashi SD, Voyich JM, Braughton KR, DeLeo FR. 
Down-regulation of proinflammatory capacity during apop-
tosis in human polymorphonuclear leukocytes. J Immunol. 
2003;170(6):3357–3368. https://doi.org/10.4049/jimmunol. 
170.6.3357.

35.	 Kobayashi SD, DeLeo FR. An apoptosis differentiation pro-
gramme in human polymorphonuclear leucocytes. Biochem 
Soc Trans. 2004;32(Pt3):474–476. https://doi.org/10.1042/
BST0320474.

36.	 Пигаревский В.Е. Роль гранулоцитов и макрофагов в не-
специфической резистентности организма (морфологи-
ческие аспекты проблемы) // Морфофункциональные 
аспекты неспецифической резистентности и  демиели-
низирующих заболеваний. Клеточно-тканевые факторы 
неспецифической резистентности. – Л., 1981. – С. 3–17. 
[Pigarevsky VE. Rol’ granulotsitov i makrofagov v nespe
tsificheskoy rezistentnosti organizma (morfologicheskie 
aspekty problemy). In: Morfofunktsional’nye aspekty nes-

petsificheskoy rezistentnosti i demieliniziruyushchikh zabo-
levaniy. Kletochno-tkanevye faktory nespetsificheskoy rezis-
tentnosti. Leningrad; 1981. P. 3–17. (In Russ.)]

37.	 Долгушин И.И., Андреева Ю.С., Савочкина А.Ю. Нейтро-
фильные внеклеточные ловушки и методы оценки функ-
ционального статуса нейтрофилов. – М.: РАМН, 2009. 
[Dolgushin II, Andreeva YuS, Savochkina AYu. Neytrofil’nye 
vnekletochnye lovushki i metody otsenki funktsional’nogo 
statusa neytrofilov. Moscow: RAMN; 2009. (In Russ.)]

38.	 Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil extra
cellular traps kill bacteria. Science. 2004;303(5663):1532–
1535. https://doi.org/10.1126/science.1092385.

39.	 Fuchs TA, Abed U, Goosmann C, et al. Novel cell death pro-
gram leads to neutrophil extracellular traps. J Cell Biol. 
2007;176(2):231–241. https://doi.org/10.1083/jcb.200606027.

40.	 Papayannopoulos V, Metzler KD, Hakkim A, Zychlin-
sky A. Neutrophil elastase and myeloperoxidase regu-
late the formation of neutrophil extracellular traps. J Cell 
Biol. 2010;191(3):677–691. https://doi.org/10.1083/
jcb.201006052.

41.	 Metzler KD, Fuchs TA, Nauseef WM, et al. Myeloperoxidase 
is required for neutrophil extracellular trap formation: impli-
cations for innate immunity. Blood. 2011;117(3):953–959. 
https://doi.org/10.1182/blood-2010-06-290171.

42.	 Hakkim A, Fuchs TA, Martinez NE, et al. Activation of the 
Raf-MEK-ERK pathway is required for neutrophil extracellu-
lar trap formation. Nat Chem Biol. 2011;7(2):75–77. https://
doi.org/10.1038/nchembio.496.

43.	 Bianchi M, Hakkim A, Brinkmann V, et al. Restoration of NET 
formation by gene therapy in CGD controls aspergillosis. 
Blood. 2009;114(13):2619–2622. https://doi.org/10.1182/
blood-2009-05-221606.

44.	 Nauseef WM, Borregaard N. Neutrophils at work. Nat Immu­
nol. 2014;15(7):602–611. https://doi.org/10.1038/ni.2921.

45.	 Haneke E. The Papillon-Lefevre syndrome: keratosis palmo-
plantaris with periodontopathy. Report of a case and review 
of the cases in the literature. Hum Genet. 1979;51(1):1–35. 
https://doi.org/10.1007/BF00278288.

46.	 McDonald B, Urrutia R, Yipp BG, et al. Intravascular neutro-
phil extracellular traps capture bacteria from the bloodstream 
during sepsis. Cell Host Microbe. 2012;12(3):324–333. 
https://doi.org/10.1016/j.chom.2012.06.011.

47.	 Urban CF, Reichard U, Brinkmann V, Zychlinsky A. Neu-
trophil extracellular traps capture and kill Candida albicans 
yeast and hyphal forms. Cell Microbiol. 2006;8:668–676. 
https://doi.org/10.1111/j.1462-5822.2005.00659.x.

48.	 Jenne CN, Wong CH, Zemp FJ, et al. Neutrophils recruited 
to sites of infection protect from virus challenge by releasing 
neutrophil extracellular traps. Cell Host Microbe. 2013;13(2): 
169–180. https://doi.org/10.1016/j.chom.2013.01.005.

49.	 Saitoh T, Komano J, Saitoh Y, et al. Neutrophil extracellular 
traps mediate a host defense response to human immuno-



ISSN 1608-4101 (Print)	 Медицинский академический журнал 
	 Medical Academic Journal

ANALYTICAL REVIEWS / Аналитические обзоры

Том	 Выпуск 
Volume 20	 Issue	 4	 2020

15

deficiency virus-1. Cell Host Microbe. 2012;12(1):109–116. 
https://doi.org/10.1016/j.chom.2012.05.015.

50.	 Menegazzi R, Decleva E, Dri P. Killing by neutrophil extracel-
lular traps: Fact or folklore? Blood. 2012;119(5):1214–1216. 
https://doi.org/10.1182/blood-2011-07-364604.

51.	 Sangaletti S, Tripodo C, Chiodoni C, et al. Neutrophil extra-
cellular traps mediate transfer of cytoplasmic neutrophil an-
tigens to myeloid dendritic cells toward ANCA induction and 
associated autoimmunity. Blood. 2012;120(15):3007–3018. 
https://doi.org/10.1182/blood-2012-03-416156.

52.	 Galkina SI, Fedorova NV, Golenkina EA, et al. Cytonemes 
versus neutrophil extracellular traps in the fight of neutro-
phils with microbes. Int J Mol Sci. 2020;21(2):586. https://
doi.org/10.3390/ijms21020586.

53.	 Reddy RC, Standiford TJ. Effects of sepsis on neutrophil 
chemotaxis. Curr Opin Hematol. 2010;17(1):18–24. https://
doi.org/10.1097/MOH.0b013e32833338f3.

54.	 Козлов В.К. Сепсис: этиология, иммунопатогенез, кон-
цепция современной иммунотерапии. – СПб.: Диалект, 
2008. [Kozlov VK. Sepsis: etiologiya, immunopatogenez, 
kontseptsiya sovremennoy immunoterapii. Saint Petersburg: 
Dialekt; 2008. (In Russ.)]

55.	 Van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. 
The immunopathology of sepsis and potential therapeutic 
targets. Nat Rev Immunol. 2017;17(7):407–420. https://doi.
org/10.1038/nri.2017.36.

56.	 Гусев Е.Ю., Черешнев В.А., Юрченко Л.Н. Системное воспа-
ление с позиции теории типового патологического процес-
са // Цитокины и воспаление. – 2007. – Т. 6. – № 4. – С. 9–21. 
[Gusev EY, Chereshnev VA, Yurchenko LN. Systemic inflamma-
tion from the standpoint of the theory of a typical pathological pro-
cess. Cytokines and inflammation. 2007;6(4):9–21. (In Russ.)]

57.	 Черешнев В.А., Гусев Е.Ю. Иммунологические и  пато-
физиологические механизмы системного воспаления  // 
Медицинская иммунология. – 2012. – Т. 14. – № 1-2. – 
С. 9–20. [Chereshnev VA, Gusev EYu. Immunological and 
pathophysiological mechanisms of systemic inflammation. 
Medical immunology. 2012;14(1-2):9–20. (In Russ.)]. 
https://doi.org/10.15789/1563-0625-2012-1-2-9-20.

58.	 Daviaud F, Grimaldi D, Dechartres A, et al. Timing and causes 
of death in septic shock. Ann Intensive Care. 2015;5(1):16. 
https://doi.org/10.1186/s13613-015-0058-8.

59.	 Cummings CJ, Martin TR, Frevert CW, et al. Expression and 
function of the chemokine receptors CXCR1 and CXCR2 in 
sepsis. J Immunol. 1999;162(4):2341–2346.

60.	 Fink MP. Animal models of sepsis. Virulence. 2014;5(1): 
143–153. https://doi.org/10.4161/viru.26083.

61.	 Liew PX, Kubes P. The neutrophil’s role during health and 
disease. Physiol Rev. 2019;99(2):1223–1248. https://doi.
org/10.1152/physrev.00012.2018.

62.	 Нестерова И.В., Колесникова Н.В., Чудилова Г.А. и  др. 
Нейтрофильные гранулоциты: новый взгляд на «старых 

игроков» на иммунологическом поле // Иммунология. – 
2015. – Т. 36. – № 4. – С. 257–265. [Nesterova IV, Koles
nikova NV, Chudilova GA, et al. Neutrophilic granulocytes: 
a new look at the “old players” in the immunological field. 
Immunology. 2015;36(4):257–265. (In Russ.)]

63.	 Нестерова И.В., Колесникова Н.В., Чудилова Г.А. и  др. 
Новый взгляд на нейтрофильные гранулоциты: переос-
мысление старых догм. Часть 2 // Инфекция и иммуни-
тет. – 2018. – Т. 8. – № 1. – С. 7–18. [Nesterova IV, Koles
nikova NV, Chudilova GA, et al. Neutrophilic granulocytes: 
a new look at the “old players” on the immunological field. 
Part 2. Infection and immunity. 2018;8(1):7–18. (In Russ.)]. 
https://doi.org/10.15789/2220-7619-2018-1-7-18.

64.	 Kamp VM, Pillay J, Lammers JW, et al. Human suppressive 
neutrophils CD16bright/CD62Ldim exhibit decreased ad-
hesion. J Leukoc Biol. 2012;92(5):1011–1020. https://doi.
org/10.1189/jlb.0612273.

65.	 Pillay J, Ramakers BP, Kamp VM, et al. Functional hetero
geneity and differential priming of circulating neutro-
phils in human experimental endotoxemia. J Leukoc Biol. 
2010;88(1):211–220. https://doi.org/10.1189/jlb.1209793.

66.	 Tsuda Y, Takahashi H, Kobayashi M, et al. Three different 
neutrophil subsets exhibited in mice with different suscep-
tibilities to infection by methicillin-resistant Staphylococ­
cus aureus. Immunity. 2004;21(2):215–226. https://doi.
org/10.1016/j.immuni.2004.07.006.

67.	 Sica A, Mantovani A. Macrophage plasticity and polarization: 
in vivo veritas. J Clin Invest. 2012;122(3):787–795. https://
doi.org/10.1172/JCI59643.

68.	 Fridlender ZG, Sun J, Kim S, et al. Polarization of tumor-
associated neutrophil phenotype by TGF-beta: “N1” versus 
“N2” TAN. Cancer Cell. 2009;16(3):183–194. https://doi.
org/10.1016/j.ccr.2009.06.017.

69.	 Pillay J, Kamp VM, van Hoffen E, et al. A subset of neu-
trophils in human systemic inflammation inhibits T cell 
responses through Mac-1. J Clin Invest. 2012;122(1): 
327–336. https://doi.org/10.1172/JCI57990.

70.	 Johnston B, Burns AR, Suematsu M, et al. Chronic in-
flammation upregulates chemokine receptors and induces 
neutrophil migration to monocyte chemoattractant pro-
tein-1. J Clin Invest. 1999;103(9):1269–1276. https://doi.
org/10.1172/JCI5208.

71.	 Tosello Boari J, Amezcua Vesely MC, Bermejo DA, et  al. 
IL‑17RA signaling reduces inflammation and mortality 
during Trypanosoma cruzi infection by recruiting sup-
pressive IL‑10-producing neutrophils. PLoS Pathog. 
2012;8(4):e1002658. https://doi.org/10.1371/journal.ppat. 
1002658.

72.	 De Santo C, Arscott R, Booth S, et al. Invariant NKT cells 
modulate the suppressive activity of IL-10-secreting neu-
trophils differentiated with serum amyloid A. Nat Immunol. 
2010;11(11):1039–1046. https://doi.org/10.1038/ni.1942.



ANALYTICAL REVIEWS / Аналитические обзоры

Медицинский академический журнал	 ISSN 1608-4101 (Print) 
Medical Academic Journal	

Том	 Выпуск 
Volume 20	 Issue	 4 	 2020

16

73.	 Lee WY, Moriarty TJ, Wong CH, et al. An intravascular im-
mune response to Borrelia burgdorferi involves Kupffer cells 
and iNKT cells. Nat Immunol. 2010;1(4):295–302. https://
doi.org/10.1038/ni.1855.

74.	 Liew PX, Lee WY, Kubes P. iNKT cells orchestrate a switch 
from inflammation to resolution of sterile liver injury. Immu­
nity. 2017;47(4):752–765.e5. https://doi.org/10.1016/j.im-
muni.2017.09.016.

75.	 Долгушин И.И. Взаимодействие нейтрофилов с  имму-
нокомпетентными клетками // Моделирование и клини-
ческая характеристика фагоцитарных реакций: сб. науч. 
трудов / под ред. А.Н. Маянского. – Горький, 1989.  – 
С.  74–81. [Dolgushin II. Vzaimodeystvie neytrofilov s im-
munokompetentnymi kletkami. In: Modelirovanie i kliniche
skaya kharakteristika fagotsitarnykh reaktsiy. Ed. by A.N. Ma-
yanskii. Gor’kiy; 1989. P. 74–81. (In Russ.)]

76.	 Scapini P, Bazzoni F, Cassatella MA. Regulation of B-cell-acti-
vating factor (BAFF)/B lymphocyte stimulator (BLyS) expres-
sion in human neutrophils. Immunol Lett. 2008;116(1):1–6. 
https://doi.org/10.1016/j.imlet.2007.11.009.

77.	 Puga I, Cols M, Barra CM, et al. B cell-helper neutrophils 
stimulate the diversification and production of immuno-
globulin in the marginal zone of the spleen. Nat Immunol. 
2011;13(2):170–180. https://doi.org/10.1038/ni.2194.

78.	 Abi Abdallah DS, Egan CE, Butcher BA, Denkers EY. Mouse neu-
trophils are professional antigen-presenting cells programmed 
to instruct Th1 and Th17 T-cell differentiation. Int Immunol. 
2011;23(5):317–326. https://doi.org/10.1093/intimm/dxr007.

79.	 Долгушин И.И., Мезенцева Е.А., Савочкина А.Ю., Куз-
нецова Е.К. Нейтрофил как «многофункциональное 
устройство» иммунной системы // Инфекция и  имму-
нитет. – 2019. – Т. 9. – № 1. – С. 9–38. [Dolgushin II, 
Mezentseva EA, Savochkina AYu, Kuznetsova EK. Neutro-
phil as a multifunctional relay in immune system. Infec­
tion and immunity. 2019;9(1):9–38. (In Russ.)]. https://doi.
org/10.15789/2220-7619-2019-1-9-38.

80.	 Treffers LW, Hiemstra IH, Kuijpers TW, et al. Neutrophils in 
cancer. Immunol Rev. 2016;273(1):312–328. https://doi.
org/10.1111/imr.12444.

81.	 Soehnlein O, Steffens S, Hidalgo A, Weber C. Neutrophils 
as protagonists and targets in chronic inflammation. Nat Rev 
Immunol. 2017;17(4):248–261. https://doi.org/10.1038/
nri.2017.10.

82.	 Кокряков В.Н., Алешина Г.М., Шамова О.В., и др. Совре-
менная концепция об антимикробных пептидах как моле-
кулярных факторах иммунитета // Медицинский акаде-
мический журнал. – 2010. – Т. 10. – № 4. – С. 149–160. 
[Kokryakov VN, Aleshina GM, Shamova OV, et al. Modern 
concept of antimicrobial peptides as molecular factors of the 
immunity. Medical Academic Journal. 2010;10(4):149–160. 
(In Russ.)]

83.	 Шамова О.В., Орлов Д.С., Кокряков В.Н., Корнева Е.А. 
Антимикробные пептиды в  реализации различных за-
щитных функций организма // Медицинский акаде-
мический журнал. – 2013. – Т. 13. – № 3. – С. 42–52. 
[Shamova OV, Orlov DS, Kokryakov VN, Kornerva EA. Anti
microbial peptides in the reaization of varied host defense 
reactions. Medical Academic Journal. 2013;13(3):42–52. 
(In Russ.)]

84.	 Алешина Г.М. Лактоферрин — эндогенный регулятор за-
щитных функций организма // Медицинский академиче-
ский журнал. – 2019. – Т. 19, № 1. – С. 35-44. [Aleshina GM. 
Lactoferrin — an endogenous regulator of the protective func-
tions of the organism. Medical Academic Journal. 2019;19(1): 
35–44. (In Russ.)]. https://doi.org/10.17816/MAJ19135-44.

85.	 Елизарова А.Ю., Костевич В.А., Войнова И.В., Соко-
лов А.В. Лактоферрин как перспективное средство в те-
рапии метаболического синдрома: от молекулярных 
механизмов до клинических испытаний // Медицин-
ский академический журнал. – 2019. – Т. 19. – № 1. – 
С. 45–64. [Elizarova AYu, Kostevich VA, Voynova IV, Soko-
lov AV. Lactoferrin as a promising remedy for metabolic syn-
drome therapy: from molecular mechanisms to clinical trials. 
Medical Academic Journal. 2019;19(1):45–64. (In  Russ.)]. 
https://doi.org/10.17816/MAJ19145-64.

86.	 Arnhold J. The dual role of myeloperoxidase in immune 
response. Int J Mol Sci. 2020;21(21):8057. https://doi.
org/10.3390/ijms21218057.

Information about the author / Сведения об авторе

Galina M. Aleshina — Doctor of Biological Sciences, 
Associate Professor, Head of the Laboratory of General 
Pathology of the Department of General Pathology 
and Pathological Physiology. Institute of Experimental 
Medicine, Saint Petersburg, Russia. https://orcid.org/0000-
0003-2886-7389. SPIN-code: 4479-0630. E-mail: aleshina.
gm@iemspb.ru.

Галина Матвеевна Алешина  — д-р биол. наук, до-
цент, заведующая лабораторией общей патологии от-
дела общей патологии и  патологической физиологии. 
ФГБНУ «Институт экспериментальной медицины», 
Санкт-Петербург. https://orcid.org/0000-0003-2886-7389. 
SPIN-код: 4479-0630. E-mail: aleshina.gm@iemspb.ru.


