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Резюме. Все лимфоидные клетки относят к врожденному или адаптивному звену иммунитета согласно механизмам реализации иммунных реакций. Реализация функциональной активности NKклеток не связана с процессами предварительной активации в результате контакта с антигеном,
реаранжировкой генов антигенраспознающих рецепторов и клональной пролиферацией. В связи
с этим NK-клетки традиционно относят к клеткам врожденного иммунитета. Ранее полагали, что
единственной популяцией лимфоидных клеток врожденного иммунитета являются NK-клетки, однако в последние годы в литературе появляется все больше свидетельств существования различных
популяций этих клеток, что послужило основанием для выделения общего кластера под названием
«лимфоидные клетки врожденного иммунитета» (Innate Lymphoid Cells – ILC). По классификации
ILC NK-клетки относят к первой группе врожденных лимфоидных клеток согласно их общим функциональным характеристикам, а также участию транскрипционного фактора T-bet в их дифференцировке. Сложность, многоэтапность и частично нелинейный характер дифференцировки NK-клеток
связаны с влиянием клеточного микроокружения, последовательной экспрессией транскрипционных факторов и активацией различных внутриклеточных путей передачи сигнала в NK-клетках. В обзоре рассматривается место NK-клеток в классификации ILC, основные транскрипционные факторы, участвующие в процессе дифференцировки NK-клеток. Авторами предпринимается попытка
обобщить основные пути внутриклеточной передачи сигнала в NK-клетках в зависимости от активации цитокинами, присутствующими в клеточном микроокружении и оказывающими влияние
на NK-клетки. Особым объектом дифференцировки NK-клеток являются NK-клетки децидуальной
оболочки при беременности. Кроме NK-клеток, в составе децидуальной оболочки присутствуют
стромальные клетки, клетки трофобласта, макрофаги. В обзоре рассмотрен частный случай влияния
клеток микроокружения на экспрессию транскрипционных факторов и активацию внутриклеточных
мессенджеров NK-клеток на примере клеток трофобласта. Открытое в настоящее время многообраАдрес для переписки:
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зие NK-клеток, реализующееся в зависимости от микроокружения в процессе их дифференцировки,
требует дальнейшего изучения.
Работа поддержана грантом НШ-2873.2018.7. Участие Баженова Д.О. поддержано стипендией
Президента РФ СП-2836.2018.4.
Ключевые слова: NK-клетки, лимфоидные клетки врожденного иммунитета, дифференцировка, транскрипционные
факторы, внутриклеточные мессенджеры, децидуальные NK-клетки, трофобласт

DIFFERENTIATION OF NK CELLS. A LOOK THROUGH THE
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Abstract. All lymphoid cells are referred to as an innate or adaptive immunity unit in terms of the mechanisms of performing immune reactions. The functional activity of natural killer (NK) cells is not associated
with pre-activation processes resulting from contact with antigen, rearrangement of antigen-recognition receptor genes, and clonal proliferation. In this regard, NK cells are traditionally referred to as cells of innate
immunity. Previously, it was believed that NK cells represent the only population of innate immunity lymphoid
cells, but, more recently, there has been increasing evidence in the literature concerning existence of different
populations of these cells, thus serving a basis for isolating a common cluster called Innate Lymphoid Cells
(ILC). According to the ILC classification, NK cells are classified as the first group of innate lymphoid cells
according to their overall functional characteristics, as well as contribution of the T-bet transcription factor
to their differentiation. Complexity, multistage and partially nonlinear character of NK cell differentiation
are associated with influence of the cellular microenvironment, consistent expression of transcription factors
and activation of various intracellular signaling pathways in NK cells. The review considers positioning of NK
cells in the ILC classification, the main transcription factors involved in NK cell differentiation. The authors
are seeking for generalization of the major routes of intracellular signal transmission in NK cells depending on
their activation by cytokines located in the cellular microenvironment and affecting NK cells. The decidual
NK cells during pregnancy represent a special object of NK cell differentiation. Stromal cells, trophoblast cells
and macrophages are present in the decidua, in addition to NK cells. The review concerns a special case of microenvironmental effects upon expression of transcription factors and activation of NK intracellular messengers, while considering trophoblast cells an example of such influences. The recently discovered variety of NK
cells, induced by the microenvironment in the course of their differentiation, requires further study. The work is
supported by the grant NSh-2873.2018.7. The participation of D.O. Bazhenov was supported by a Presidential
scholarship of the Russian Federation SP-2836.2018.4.
Keywords: NK cells, innate immunity lymphocytes, differentiation, transcription factors, intracellular messengers, decidual NK cells,
trophoblast
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Lymphoid cells of innate immunity
All lymphoid cells are referred to as an innate or
adaptive immunity unit in terms of the mechanisms
of performing immune reactions. Lymphoid cells that
determine the development of reactions of adaptive
immunity are T and B lymphocytes. In the process of
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their antigen-independent differentiation, the anti
gen-recognizing receptors of T and B lymphocytes
(TcR and Ig, respectively) mature, including recombining the gene sections of the chains of these receptors. The biological meaning of recombination of the
genes of T and B lymphocyte receptors is to increase
the diversity of the antigen-recognition regions of the
receptors. After recognition of the antigen by T and
B lymphocytes, their clonal proliferation takes place,
when a large number of lymphocytes are formed, capable of binding a specific antigen, which stimulated

2019, Т. 21, № 1
2019, Vol. 21,
1

Регуляция дифференцировки NK-клеток
NK cells, differentiation, regulation

their proliferation. Clonal proliferation increases the
number of CD4+T-helper lymphocytes, CD8+ cytotoxic T and B lymphocytes [23]. During antigen-dependent differentiation of T and B lymphocytes, part
of the proliferating clone cells differentiates as memory cells [23]. Among lymphoid cells, controlling the
development of effector mechanisms of innate immunity, NKT cells and NK cells are determined [23].
Implementation of the functional activity of NK cells
is neither associated with the processes of pre-activation due to the contact with antigen, nor with the
rearrangement of gene antigen-recognizing receptors,
nor with the clonal proliferation; and therefore the
NK cells are traditionally attributed to the cells of innate immunity [23].
Previously, it was believed that NK cells are the
only population of innate immunity lymphoid cells.
However, in recent years, there has been increasing
evidence in the literature on the existence of different
populations of lymphoid cells that belong to the group
of innate immunity lymphoid cells (Innate Lymphoid
Cells – ILC). Most of the data on the characteristics of ILC, presented in the literature, was obtained
by studying them in model animals, mainly mice.
Among the ILC, conventional NK cells (cNK) and
ILC1, ILC2 and ILC3 populations are distinguished.
In 2013, Spits et al. proposed the nomenclature of
lymphoid cells of innate immunity, based on the cytokines secreted by these cells and the main transcription factors involved in their differentiation [68].
They identified three groups of ILC. The cells of the
first group (group 1 ILC) include ILC1 and NK cells
secreting IFNγ [68]. For group 1 ILC, namely, ILC1
and NK cells, expression of the T-bet transcription
factor is characteristic. At the same time, in addition
to T-bet, NK cells also express the Eomes transcription factor [69]. The cells of the second group of ILC

(group 2 ILC) are ILC2, which are characterized
by the secretion of IL-5 and IL-13. Differentiation
of ILC2 occurs with the participation of the RORα
and GATA3 transcription factors [68]. The third ILC
group (group 3 ILC) is ILC3, for the differentiation
of which RORγt is required, and which secrete IL-17
and IL-22. Within group 3 ILC, ILC3 population is
distinguished, which secrete only IL-22, and when
stimulated with IL-12 and IL-18, may differentiate as
ILC1, as well as lymphoid tissue-inducing cells (LTi),
necessary for lymph node formation during the embryogenesis stage [68]. In humans, individual ILC
groups (shown for RORc+ILC, which can be classified as ILC3) may be in an inactive state in secondary
lymphoid organs, but when activated may be involved
in the implementation of inflammatory responses due
to IL-17 and IL-22 cytokine production. [30]. For the
differentiation of all ILC groups, expression of the cytokine common γ-chain is required, which is a part
of IL-2R, IL-7R, IL-9R, IL-15R, IL-21R [68] (Table 1).
Given the diversity of ILC and certain similarities to
existing groups of T-helper (Th) lymphocytes, existence is possible of ILC evolutionary continuity
between innate immunity and T lymphocytes of the
adaptive immunity [70, 73].
Analysis of transcribed genes in ILC1, ILC2, ILC3
and NK cells did not show unique genes that regulate the development of a particular population [56],
indicating flexibility of individual stages of differentiation, and the possibility of mutual ILC transitions
[56]. For example, ILC2 are characterized by secretion of IL-5 and IL-13 after stimulation with IL-25
or IL-33 [18], while ILC3 are characterized by the
expression of IL-22 and IL-17 [18]. Between the populations of ILC2 and ILC3, there is the possibility of
mutual transition: under the influence of IL-12, ILC2

TABLE 1. CHARACTERISTICS OF ILC GROUPS
Characteristic

Phenotype
(in humans)

cNK
CD3-CD56+ [69]
CD4- [68]
NKp46+ [69]
CD49b+ [69]
CD94+ [69]
NKG2D+ [69]
NKp30+ [69]
NKp46+ [69]
IL-12R+ [66]
IL-15R+ [66]
IL-18R+ [66]

ILC1

ILC2

ILC3

CD3- [28]
CD4- [68]
CD27+ [69]
CD56- [69]
CD94- [69]
CD127+ [69]
NKp46- [68]

CD3- [28]
CD4- [68]
CD127+ [68]
NKp46- [68]
CRTH2+ [66]
IL-18R+ [66]
CD161+ [66]
IL-25R+ [66]
IL-33R+ [66]
IL-17R+ [28]

CD3- [28]
CD4- [68]
CD56- [69]
CD127+ [68]
NKp44+ [66]
IL-18R+ [66]
IL-1R+ [66]
IL-23R+ [66]

IL-17, IL-22 [66, 68]
IL-2, TNFα [66]

RORγt [68]

Secreted cytokines

IFNγ [68]
TNFα [66]

IFNγ [68]
TNFα [66]

IL-5, IL-13 [68]
IFNγ [66]
IL-4 [66]
IL-3, IL-8 [28]
IL-9, IL-21 [28]

Transcription factors

T-bet [69]
Eomes [69]

T-bet [69]

RORα [68]
GATA3 [68]
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and ILC3 can be transdifferentiated into ILC1. Under the influence of IL-4 and IL-23, ILC1 in turn
can differentiate into ILC2, and IL-23 will promote
differentiation of ILC1 into ILC3 [69]. It was shown
that LTi can differentiate into ILC2 and secrete IL-5
and IL-13 after exposure to IL-2 in combination with
TLR2 ligands [13]. Such flexibility is associated with
inhibition of GATA-3 and RORγt transcription factors and the activation of T-bet [69]. It was shown
that RORγt+ ILC can differentiate into ILC1 under
the influence of IL-2 and IL-12 [4]. Depending on
the tissue (thymus, liver, salivary glands), the phenotype of ILC1 and their functional characteristics
may differ. For example, the liver ILC1 are characterized by the performance of cytotoxicity through
the TRAIL-mediated pathway, and not through granzymes and perforin [69]. Probably, the conditions of
the microenvironment can have a significant effect
on the ILC, erasing to a certain extent the differences between the currently determined ILC1 and
cNK [60, 69].
Not only is the differentiation of ILC under the
influence of the cytokine microenvironment, but
vice versa, ILC affect the surrounding cells and tissues. So, ILC of the spleen, located near the T and
B lymphocytes, in the adult body express the OX40L
and CD30L costimulatory molecules, characteristic
for T lymphocytes. Due to these costimulatory molecules, the spleen ILC can contribute to the survival of
Th2 lymphocytes and memory T cells [70]. ILC promote differentiation of plasma cells in Peyer’s glands
and switching of synthesized antibodies towards IgA
[70]. In the reviews of Tait Wojno et al. (2012) and
Spits et al. (2012), the authors describe that ILC2,
under the influence of IL-25 and IL-33 secreted by
intestinal epithelial cells in helminthiasis, increase the
secretion of IL-5, which stimulates the proliferation
of eosinophils. Also, ILC2 support activation of Th2
lymphocytes and stimulate, thus, the adaptive immune response [70, 72]. Thus, the formation of different ILC groups is performed under the control of
microenvironment cells. At the same time, ILC can
influence both other cells of innate immunity, and
regulate the reactions of adaptive immunity.
Place of NK cells in the group of lymphoid cells of
innate immunity
cNK cells are considered in the framework of
differentiation of the first group of ILC, which also
include ILC1. At the moment, it has not been possible to identify intracellular and surface markers that
would clearly allow the population of cNK cells and
ILC1 to be separated (Table 1) [69]. A significantly
overlapping spectrum of transcribed genes in NK cells
and ILC1 suggests both the late discrepancy between
these populations in the differentiation process and
the subsequent differentiation of immature NK cells
and later mature NK cells, from ILC1 [56].
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Despite the existence of a generalizing classification of H. Spits et al., more and more refinements
are observed in the literature concerning different ILC groups and the position of NK cells in this
classification. In addition to the cNK cells present
predominantly in the peripheral blood, nonconventional NK cells are distinguished within the NK cell
population, which in turn include the NK cells of the
thymus, liver, lungs, skin, uterus, kidneys, pancreas
and salivary glands [20]. The existing diversity of populations of tissue-resident NK cells causes difficulties
with the unambiguous determination of their place
in the ILC classification. In experiments using mice,
it has been shown that, in the absence of infections,
ILC1 remains predominantly tissue-resident, while
cNK cells recirculate [69]. In some works, cNK is referred to ILC with predominantly killer activity [18].
At the same time, in other studies, ILC1 is differentiated from cNK cells by the reduced or no cytotoxic
activity [69], the absence of expression of the Gzma
and Prf1 genes encoding, respectively, granzyme A
and perforin [56], absence of granzyme B and perforin [4], as well as the absence of expression of receptors for IL-15 and KIR3DL1 [4]. At the same time,
the separation of ILC1 and cNK is to a certain extent
conditional, since in part the expression profiles of
surface receptors of these cell populations [18], as well
as their transcription factors [68] overlap. Thus, analysis of transcriptomic programs of ILC and NK cells
revealed that NK cells are different from ILC1 by the
presence of the Eomes gene expression in the liver and
in the spleen and in the lamina propria of the mouse
small intestine [56]. In general, the mouse model
shows that the Tnfsf10, Tnf and Cxcr6 genes are transcribed in the spleen and liver ILC1, while the Eomes
genes, Itgam genes (encoding CD11b), the Klra gene
family (encoding the Ly49 family) are transcribed in
the NK cells [56].
Thus, according to the ILC classification, NK cells
belong to the group 1 innate lymphoid cells according
to their general functional characteristics, as well as
the participation of the T-bet transcription factor in
their differentiation. The complexity and multistage
process of differentiation of NK cells involves the participation of many transcription factors, which will be
discussed in the next section.
Participation of transcription factors in the process
of differentiation of NK cells within the ILC branch
The mouse is the model object in most studies concerning the research of transcription factors involved
in the control of differentiation of various ILC groups,
in particular NK cells. Despite certain differences
in the ILC phenotype in humans and mice, we may
make some analogy, since the ILC localization, their
functions and the transcription factors participating in
their formation, are similar in the human and mouse
ILC [72]. Differentiation of different stages of NK
cells involves a spectrum of different transcription
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factors: Id2, Nfil3, TOX, ETS1, Eomes, GATA-3,
FoxO1, Ikaros, T-bet, Aiolos [29, 53, 60, 83]. However, these transcription factors are not unique to the
regulation of NK cells, they also participate in the
differentiation of other ILCs. At present, the role of
these factors in the differentiation of NK cells is not
yet defined unambiguously. This section provides information on some of the transcription factors, which
impact the main stages of maturation of NK cells
(Figure 1).
Id2 transcription factor in differentiation of NK cells
Forming the bulk of NK cells occurs in the bone
marrow, but NK cells may also differentiate in the
lymph nodes of CD34+ hematopoietic stem cells [45,
59]. It is believed that the differentiation of NK cells

begins with the stage of the common lymphoid progenitor (CLP) [18]. CLP differentiates into an early
progenitor of ILC (EILC), the formation of which
is associated with the expression of the transcription
factor TCF1 [69]. Sequential differentiation into the
common progenitor of ILC (CILP) is associated with
the expression of the Id2 transcription factor [18]. Id2
can also claim to be the main transcription factor regulating ILC differentiation, since mice with a defect in
this transcription factor were characterized by the absence of all ILC populations, while the differentiation
of T and B lymphocytes was not impaired [18]. If Id2
is defective, mice do not develop lymphoid organs and
Peyer’s glands, and the number of NK cells is greatly
reduced [89]. The Id2 transcription factor is one of

Ikaros + [29]
CLP Helios ? [51]
Gata3 - [79]
TCF1+ [69]
EILP Ikaros ? [29]
Helios ? [51]
Ikaros ? [29]
CILP Helios ? [51]
CHILP Id2 + [18, 11]
IL-7 [68]

15
IL-

IL-15 [2]

PLZF + [11] PLZF + [11]

ILC1P

ILC2P

iNK

ILC3P

mNK
RORα + [68]
T-bet + [68] Gata3 + [68] RORγt + [68]
ILC1
** IL-12 [68]
IL-15 [69]

ILC3

ILC2

** IL-25 [68]
IL-33 [68]

PU.1 ? [51]
EGR1 ? [51]
ETS+ [61]
TOX + [2, 40, 83]

Id2- [18] / Id2 + [61]
Helios + [29]
Ikaros + [29]
Aiolos + [29]
Nfil3 + [61, 69]

PU.1 ? [51]
EGR1 ? [51]
Gata3 + [1]
TOX + [83, 40, 2]
FoxO1 + [17, 86]
T-bet + [1, 24, 60]

Id2 + [41]
Helios + [29]
Ikaros + [29]
Aiolos + [29]
ETS + [61]
Nfil3 + [61]

PU.1 ? [51]
EGR1 ? [51]
Gata3 ? [51]
TOX + [2, 40, 83]
T-bet + [17]
Eomes + [24, 61]

]

68

7[

Id2 + [18]
PLZF + [11]

IL-

[69

]

NKP

Id2- [18] / Id2 + [61]
Helios + [29]
Ikaros + [29]
Aiolos + [29]
Nfil3 + [61, 69]

** IL-1β [68]
IL-23 [68]

CD56 bright
NK

Aiolos + [5]

CD56 dim
NK

IL-15
[84]
IFNγ [68]

IL-5 [68]
IL-13 [68]

IL-22 [68]
IL-17 [68]

*

IL-12, IL-18,
+K562 [44]
TGF-β [44]

Aiolos ++ [5]

IL-15
[84]

IFNγ [84]
TNFα [84]

INFγ [44]
INFγ [44]
TGF-β [44]

+K562 [44]

IFNγ [44]

* – FoxO1 suppresses the expression of the T-bet transcription factor [17].
** – Due to the diversity of ILC, depending on the tissue microenvironment, the cytokines regulating the differentiation of individual ILC
populations are not clearly defined.
? – Differences in the tactics used to investigate the degree of differentiation of NK cells complicate the unambiguous attribution of
these factors to a certain stage in the presented scheme.

Figure 1. The main stages of differentiation of NK cells within the ILC classification and associated transcription factors
Note. CLP is a common lymphoid progenitor, EILC is an early progenitor of ILC, CILP is a common progenitor of ILC, CHILP is a common
lymphoid progenitor of innate lymphocytes similar to helper cells, ILC1P is an ILC1 progenitor, ILC2P is an ILC2 progenitor, ILC3P is an ILC3
progenitor, NKP is a progenitor of NK cells, iNK are immature NK cells, mNK are mature NK cells.
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the proteins that bind to E-proteins, thus blocking the
possibility of binding of E-proteins and DNA [70].
E-proteins include E12 and E47, which regulate the
development of B lymphocytes and participate in the
differentiation of T lymphocytes [70]. E-proteins also
include E2-2, which determines the development of
plasmacytoid dendritic cells, and HEB involved in the
development of T lymphocytes [70]. Thus, Id2 controls the switching of the CLP differentiation program
towards ILC [70]. Later, Id2+ CILP was isolated as a
separate stage of differentiation, a common lymphoid
progenitor of innate lymphocytes like helper cells
(CHILP), which in turn gives rise to differentiation
of various ILC populations, but not cNK [69]. Id2+
CHILP are not a homogeneous population by the
profile of transcription factors, since, for example,
only 50% of them express the PLZF transcription factor, encoded by the Zbtb16 gene [11]. Previously, this
transcription factor was considered as determining the
differentiation of NKT cells [11]. PLZFhigh + ILC progenitors give rise to ILC1, ILC2, ILC3, but not NK
cells [11]. The CHILP stage in ILC differentiation
has been validated for mice; for humans, the CILPILC transition linearity and presence of the CHILP
stage is under discussion [59]. Data on Id2 expression
after the CILP stage are inconsistent. According to
one data, after the CILP stage, Id2 is not expressed,
since the progenitors of NK cells are predominantly
Id2- [18]. According to other data, NKP weakly express Id2 [61]. In the late stages of differentiation, the
mature NK cells (mNK) express Id2 [18]. Probably,
Id2 is expressed in immature NK cells (iNK), since
in experiments using mice it was shown that Id2 is
involved in the stage of differentiation of immature
NK cells (iNK) into mature NK cells (mNK) [40]. In
mice, it was shown that as the NKP differentiates into
mNK, Id2 expression increases [61]. In the model of
differentiation of human NK cells from CD34+ mononuclear cord blood cells in vitro, it was shown that in
addition to Id2, in the early stages of NK cell line differentiation, transcription factors EGR-1 and PU.1
are expressed, then their expression decreases [51].
The cell phenotype after different cultivation times in
this research was not evaluated, which makes it difficult to accurately determine the stage of differentiation where these transcription factors were expressed.
GATA-3 transcription factor in differentiation of
NK cells
The differentiation of NK cells is negatively affected by the activation of the transcription factor
GATA-3 at the CLP stage, which leads to disruption
in the formation of NK cells and the predominance of
T lymphocyte differentiation. Inhibition of GATA-3,
regulating Notch signaling pathway in CLP, promotes
transcription of genes involved in controlling formation of NK cells [79]. At the same time, the mouse
model shows that the deficiency of GATA-3 in the later stages of differentiation of NK cells, namely iNK,
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leads to a decrease in the expression of Id2, T-bet and
Nfil3 (E4bp4) genes, which in turn leads to disrupting differentiation of NK cells at the early stages [1].
For example, NK cells of mice deficient of GATA-3
showed reduced ability to secrete IFNγ, however degranulation and associated expression of LAMP-1 by
NK cells was comparable with that of intact control
mice [1]. Also, migration from the bone marrow has
been impaired in GATA-3-NK cells, which is probably due to a defect in the expression of the CD11b
adhesion molecule and an increased expression of
CXCR4 binding the chemokine CXCL12 present in
the bone marrow [1]. At the same time, iNK with
GATA-3 defect has a high proliferative ability, when
infected with mouse cytomegalovirus (MCMV), their
number increases. Given that the cytotoxic activity
of the cells was maintained at a level comparable to
the cytotoxicity of intact NK cells, it’s possible that
iNK may participate in the antiviral defense [1]. The
transcription factor GATA-3 not only participates in
the regulation of the early stages of differentiation of
NK cells. For humans, the expression of GATA-3 is
accompanied by reduced expression of NKG2A gene
which indicates a GATA-3 involvement in the regulation of the functional properties of NK cells [51].
Transcription factor ETS1 in differentiation of
NK cells
In mice, it was shown that the differentiation of
the NK cell line is associated with the expression of
the transcription factor ETS1 predominantly in the
iNK [52]. According to Seillet et al., ETS1 expression
is observed in the stages NKP, iNK and mNK with
peak at the stage of iNK [61]. ETS1 binds directly to
the Tbx21 gene, which encodes the transcription factor T-bet, and Cd122, which encodes the IL-2 receptor, and regulates the expression of Id2 [52]. It should
be noted that, despite the involvement of the ETS1
transcription factor in the early stages of NK cell differentiation, the knockout of its gene results in a violation of the expression by NK cell of such functional
receptors as NKp46, Ly49D, Ly49H in mice, a proliferation disorder in response to IL-15 and violation of
the cytotoxic activity of NK cells associated with the
release of granzymes and perforin [52].
Transcription factor Nfil3 (E4bp4) in differentiation
of NK cells
In a study in mice, it was also shown that the
mRNA of the transcription factor Nfil3 (E4bp4) was
detected in the stages of differentiation of NKP, iNK
and mNK [61]. An increase in the expression of the
Nfil3 gene was observed in mNK [41]. In mice having
a mutant Nfil3 gene, decreased expression of Eomes
was observed in mNK, indicating the involvement of
the transcription factor Nfil3 in regulating differentiation of mature NK cells [61]. Nfil3 can bind to the
regulatory regions of DNA controlling transcription
of Id2 and Eomes [41]. Expression of Nfil3 and Id2
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transcription factors in NKP cells leads to a synthesis
and exposure on the cell surface of the IL-15 receptor
(IL-15Rβ/γ) encoded by Il2rb and Il2rg genes [53].
In this way, Nfil3 promotes the differentiation of mature NK cells by inducing Eomes expression [41, 61].
However, the expression of Nfil3 is not homogeneous
for different populations of tissue-resident NK cells. It
has been found that NK cells and ILC1 of the lamina
propria of the mouse small intestine stand out by most
highly expressed Nfil3 gene, while low expression of
this factor is characteristic of NK cells and ILC1 of
liver and spleen [56].
Transcription factors of the Ikaros family in differentiation of NK cells
During differentiation of NK cells from CLP, expression of Ikzf1 and Ikzf2 genes was also observed,
which encode, respectively, transcription factors of the
Ikaros family (Ikaros and Helios) [29, 51]. Moreover,
Ikzf1 expression persists throughout the whole path
from CLP to mNK [29]. Expression of Ikzf2 is low at
the initial stages of differentiation, when the NK cell
line is not yet expressed (CLP), and increases in NKP,
iNK and mNK [29]. In mice, it is shown that while the
NKP line is isolated, the expression of the Ikzf3 gene
encoding the transcription factor Aiolos, which also
belongs to the Ikaros factor family, also occurs. And
its expression is preserved until the stage mNK [29].
Aiolos regulates differentiation of NK cells regardless
of the factor T-bet [29]. In mice having a mutant Ikzf3
gene, presence of large amounts of immature NK cells
in bone marrow was observed [29]. The transcription
factor Aiolos is also involved in the regulation of the
functional activity of mature NK cells. In mice with
a gene knockout of this factor, NK cells possess increased cytotoxic activity against tumour cells, but
did not cause the death of virus-infected cells [29].
In humans, Aiolos expression is shown for NK cells
with phenotype CD56dim and CD56bright of peripheral
blood, which can be regarded as mNK. In CD56dim
NK cells, the Aiolos content was higher, which suggests the involvement of this factor in the terminal
stages of differentiation of NK cells [5].
Transcription factor FoxO1 in differentiation of NK
cells
In mice, it was shown that activation of transcription factor FoxO1 at the stage of iNK is necessary for
differentiation of NK cells [17, 86]. This transcription
factor regulates the autophagic process of cells, during which certain proteins and organelles degrade,
and this ultimately helps to maintain cell homeostasis
[86]. The process of autophagy promotes elimination
of damaged mitochondria and thus prevents the induction of NK cells apoptosis caused by active oxygen
species [86]. Mice knocked-out in FoxO1 demonstrate violations of the later stages of differentiation
of NK cells and impaired homing of NK cells in the
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lymph nodes [17]. Mice knocked-out in FoxO1, also
demonstrated increased cytotoxic activity against tumour cells, which indicates that FoxO1 has a moderating role in the anti-metastatic activity of NK cells [17].
Transcription factor FoxO1 is a negative regulator of
differentiation of NK cells. When it is phosphorylated,
the ability to bind to DNA is blocked. Cytokines such
as IL-2, IL-12 and IL-15 induce phosphorylation of
FoxO1, which was shown in NK cells, NK-92 line
and murine spleen NK cells [17]. FoxO1 suppresses the expression of the transcription factor T-bet at
the late stage of NK cell differentiation (mNK). With
a FoxO1 defect, there is an increased production of
T-bet, as well as an increase in the cytotoxic function
of NK cells and the secretion of IFNγ [17].
Transcription factor TOX in differentiation of
NK cells
In mice, it was shown that the transcription factor TOX is involved in differentiation from NKP to
mNK [2, 40]. At the stage of iNK and mNK, Tox gene
expression significantly exceeds the expression at the
NKP stage [2]. In mice with a defect of this transcription factor, there is almost complete absence of LTi
cells, as a result, the formation of lymph nodes is disrupted [2]. Mutants in the Tox gene of NK cells show
a decreased production of Id2 [2]. For humans, there
are two forms of the transcription factor – TOX1 and
TOX2. The genes of both transcription factors were
expressed in NK cells during differentiation from
CD34+ cells in vitro. Moreover, the TOX1 and TOX2
expression level increased with duration of cultivation
and acquisition by cells of phenotype CD34-CD94+,
which may indicate the involvement of these factors
in regulating the formation of mature NK cells [83].
TOX2 can directly regulate the expression of the transcription factor T-bet [83]. By knockout of the Tox
gene, the cytotoxic activity of NK cells is significantly
reduced, which may be due to the observed reduced
expression of perforin [83].
Transcription factors T-bet and Eomes in differen
tiation of NK cells
Transcription factors that are most frequently associated with terminal differentiation of NK cells are
T-bet and Eomes [60, 75]. Mice show that T-bet regulates the formation iNK, stimulates NK cell egress
from the bone marrow and induces the expression of
IL-2Rβ [60]. Eomes contributes to the NK cells acquiring functional receptors Ly49 [60]. Also, using
mice as the animal model demonstrated that violation of the T-bet expression results in disruption of
maturation and differentiation of NK cells and loss
of NK cells function associated with the antiviral response [55]. For NK cells of human peripheral blood,
expression of T-bet and Eomes is also characteristic [65]. It should be pointed out, that one of the possible complications of allogeneic transplantation of
hematopoietic stem cells is the reduction of antiviral
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protection and the ability to prevent the “graft-versushost” reaction by NK cells. This complication correlates with reduced expression of T-bet in NK cells,
which in turn confirms the participation of T-bet in
the implementation of the functional activity of NK
cells in humans [65]. The mouse model shows that
in the absence of the transcription factors T-bet and
Eomes, the differentiation of NK cells is impaired.
Eomes knocked-out mice revealed an increase of iNK
cells with T-bet expression [24]. After stimulation of
peripheral blood NK cells with IL-2, the expression of
Eomes genes increases [25]. T-bet induces the expression of the transcription factor Zeb2, the activity of
which promotes the release of NK cells from the bone
marrow [80]. Zeb2 regulates terminal differentiation
of NK cells in both mouse and human subjects. By
increasing the expression of T-bet, Zeb2 expression is
also increased, which is associated with terminal differentiation of NK cells [80].
Thus, during the differentiation of NK cells from
CLP to mNK, a sequential regulation of the expression of transcription factors is observed, which in turn
promotes the expression of receptors for cytokines
and cytotoxic receptors, and also stimulates the synthesis of granzymes by NK cells. Partial regulation of
transcription factors in the expression of receptors for
cytokines determines the possibility of the effect of
the cytokine microenvironment on the differentiation
of NK cells. Cytokines of the microenvironment, by
communicating with their corresponding receptors of
NK cells, can activate various cascades of intracellular
signaling. In the next section, the main cytokines involved in the regulation of NK cell differentiation and
activation, as well as the signal cascades activated by
them, will be examined.
Activation of intracellular signaling pathways in
NK cells depending on the cytokines of the microenvironment
Microenvironment cells can influence both the
differentiation of NK cells and their functional characteristics. For example, IL-15 and IL-2 stimulate the
cytotoxic reactions of NK cells, while TGF-β suppresses them [27]. Depending on the cytokine, signaling in the NK cell can take place with the participation of different cascades of intracellular messengers.
Activation of intracellular signaling pathways in
NK cells by cytokines which receptors contain a common
γ chain: IL-15, IL-2, IL-7
IL-15 is one of cytokines that play an important
part in the NK cells differentiation and acquisition of functional characteristics [16]. IL-15 refers
to cytokines which receptors contain a common
γ-chain (IL-2, IL-7), so that their intracellular signaling pathways may overlap. Depending on the target cells, IL-15 can trigger activation of the three intracellular signaling pathways from IL-15R: JAK1/
JAK3/STAT3/STAT5; PI3K/Akt/mTOR; Ras/Raf/
MAPK [7, 27, 46] (Figure 2). In the JAK-STAT path-
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way, several JAK-kinases are distinguished: JAK1,
JAK2, JAK3 and TYK2, as well as STAT proteins 1,
2, 3, 4, 5A, 5B and 6 [27]. After the binding of IL-15
to its receptor IL-15Rβ/γ, the receptor-associated
kinases JAK1 and JAK3 become active, which facilitates the phosphorylation of STAT proteins [53].
STAT1 is a key messenger starting IFNγ production
by NK cells [27] and, together with STAT5, it is involved in the induction of activation and the cytotoxic
activity of NK cells [25, 27]. Cytokine IL-15 induces
phosphorylation of STAT3 [27]. It is shown that the
intracellular messenger mTOR promotes the phosphorylation of STAT3 [42]. STAT3 mutations cause
increased NK cell proliferation, such mutations often
are detected with NK cell lymphomas [36]. Similar
mutations of STAT3 promote enhanced phosphorylation of STAT5B, which consequently remains in the
activated state for a long time [36]. In experiments in
mice, it was shown that the absence of STAT3 in NK
cells does not affect their differentiation, while enhancing the expression of granzyme B, perforin and
the activating receptor DNAM-1. Thus, STAT3 inhibits the cytotoxic function of NK cells [26]. STAT5
participates in the signal transmission from IL-15 [27,
42]. For mouse NK cells, the secretion of VEGFA
and EGF is shown, with a decrease in the synthesis of
STAT5, an increase in the production of VEGFA and
EGF is observed, which in turn stimulates the tumour
growth [25]. Humans show high production of VEGFA by peripheral blood NK cells with the phenotype
of CD16-CD56bright, together with a reduced amount
of STAT5A and STAT5B [25]. The target gene of
STAT5 is Mcl1, which maintains the survivability of
the NK cell pool [53]. STAT5 is also involved in the
regulation of the expression of anti-apoptotic genes
Bcl-xl, Bcl2 [14]. In mice having mutant STAT5A and
STAT5B genes, there are no NK cells [14]. Activation
of STAT6 reduces the cytotoxic activity of NK cells in
cell culture [27]. A violation of the expression of the
genes Jak3, Stat5 or Mcl1 leads to significant violations of NK cell functions [53].
When NK cells are activated via the JAK-STAT
signaling pathway, the transcription of the Cish and
Socs1-7 genes occurs. The products of these genes
(CIS and SOCS1-7, respectively) bind phosphorylated tyrosine kinase residues, and thus realize the
mechanism of negative feedback, inhibiting the activation of NK cells [53]. The products of the genes Cish
and Socs1-7 belong to the SOCS family of proteins,
the main mechanism of which is the initiation of proteasomal degradation of SOCS protein ligands [53].
CIS signaling protein binds JAK1, which phosphorylates STAT5, and triggers it proteasomal degradation,
which leads to blocking of the signal from the receptor
to IL-15 and containment thereby of the NK cells activation [15]. The mice with the Cish gene mutation
observed increased proliferation of NK cells in re-
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Figure 2. General scheme of activation of intracellular signaling pathways in NK cells depending on the microenvironment
cytokines
Note. * IL-2 can cause activation of NK cells by phosphorylation of ERK.

sponse to low concentrations of IL-15 which did not
cause proliferation of NK cells in the control group of
mice [15]. In mice with a Cish gene mutation, no violations of AKT phosphorylation after IL-15 effects on
NK cells were observed, indicating the specificity of
blocking signal transmission from IL-15 by CIS protein precisely for the JAK-STAT pathway [15].
In addition to the JAK-STAT pathway for IL-15,
activation of the MAPK (mitogen-activated protein
kinase) signaling pathway, including activation of mitogen-associated protein kinases – ERK and JNK, is
shown [49, 90]. Activation of these kinases by IL-2
cytokine, the receptor of which contains a common
γ-chain with the IL-15 receptor, is accompanied by
NK cells acquisition of the ability to secrete IFNγ and
increase the cytotoxic activity [90]. As mentioned earlier, IL-15 also stimulates the signal through the signal
pathway associated with the activation of mTOR [42],
which participates in signal transmission from PI3K.
So, in CD56bright NK cells, IL-15 causes activation of
the PI3K/Akt/mTOR pathway, as well as the Ras/Raf/
MAPK pathway of intracellular signaling. At the same
time, during the IL-15 activation and induction of antitumor activity in the CD56dim NK cells, the PI3K/
Akt/mTOR signaling pathway was not engaged [84].
It should be pointed that the PI3K/Akt/mTOR and
Ras/Raf/MAPK paths can overlap. Thus, PI3K activation in NK cells leads to activation of ERK by Ras
activation independent pathway that eventually leads
to the induction of NK cell cytotoxicity [32]. For NK
cells of the NK-92 line, regulation of signal transmission from the Syk kinase to the PI3K and ERK is also
shown [32].

In addition to IL-15, activation of NK cells can
be induced by IL-2 and IL-7. IL-2 has been shown to
increase the proliferative activity of peripheral blood
NK cells when administered intravenously to patients
with advanced cancer [8] and when administered subcutaneously to patients with a chronic ‘graft-versushost’ reaction. After intravenous administration of
IL-2, NK cell secretion of IFNγ results in autocrine
and paracrine activation of STAT1 NK cells and the
formation of pSTAT1 [64]. In humans, at mutation
of protein STAT1 gene, terminally differentiated NK
cells as well as function of the cytotoxic NK cells are
impaired [81]. In addition to STAT1, IL-2 induces
activation of STAT4 in NK cells [85]. When the signal is transmitted from IL-2 and IL-7, activation of
STAT5 occurs [27, 33]. In healthy donors with stimulation of IL-7 NK cells, pSTAT5 is formed, thereby
increasing cytotoxicity of NK cells [33]. In chronic infections (HIV, hepatitis C virus) in NK cells,
IL-7-induced phosphorylation of STAT5 is disrupted,
which is associated with reduced cytotoxic function
of NK cells [33].
The cytokine IL-2 can also cause activation of NK
cells by phosphorylation of ERK1/2 [63]. In cell lines,
it was shown that phosphorylation of ERK2 in NK
cells leads to polarization of microtubules and cytolytic granules [10]. Cytokine IL-2 causes activation of
surface receptors 2B4 and NKG2D, which in addition
to activating ERK triggers the phosphorylation of kinase VAV-1 [77]. As a result, the induction of cytotoxicity is resistant to inhibitory signals [77]. At the same
time, under the influence of IL-2 on NK cells and
the induction of cytotoxic activity, no involvement of
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another MAPK-pathway, p38, was shown [90]. There
was also no evidence of p38 involvement in the induction of NK cell cytotoxicity and in the absence of
IL-2 [38]. In addition to VAV-1, the JNK kinase is
also required for the realization of the cytotoxic function of NK cells. Violation of the phosphorylation of
JNK leads to a violation of the polarization of microtubules and to the violation of immunological synapse
formation [38]. In the in vitro model, the encephalitis virus (Japanese encephalitis virus) stimulates the
shedding of sHLA-E from endothelial cells after infection. The cultivation of NK cells in the presence
of media containing sHLA-E resulted in a decrease
in the proliferation of NK cells and a decrease in the
phosphorylation of ERK1/2 [63].
Thus, when activating NK cells by IL-15 and other
cytokines whose receptors contain a common γ-chain
(IL-2, IL-7) along the JAK-STAT pathway, the proteins (STAT1, STAT4 and STAT5) intensify the activation, whereas the other proteins (STAT3, STAT6,
CIS and SOCS1-7) constrain it. In addition to the
JAK-STAT pathway, IL-15 and similar cytokines
(IL-2, IL-7) can transmit signal to the cell via signaling pathways associated with the final activation of
ERK, JNK and Vav-1 kinases.
NK cells intracellular signaling pathways activation
by the IL-12 cytokine
Another cytokine that affects the activation of NK
cells is IL-12. In experiments on NK cell lines it was
shown that IL-12 induces the synthesis of perforin mRNA [87], stimulates tyrosine phosphorylation
in STAT4 proteins [85], but to a lesser extent than
IL-2 or IFNγ [85]. In healthy donors, IL-12 causes an increase of STAT4 phosphorylated form in the
NK cells [31, 85]. It was shown that the activated form
of STAT4 binds to the promoter region of the perforin gene, stimulating its transcription [87]. In healthy
donors, IL-12 causes an increase in CD107a expression by NK cells and an increase in the production
of IFNγ [31]. After activation of NK cells by IL-12
in patients after liver transplantation, a decrease of
phosphorylation of STAT4, which correlates with reduced cytotoxic NK cell function in these patients, is
observed [31]. Thus, it can be concluded that STAT4
is involved in the regulation of IL-12-induced cytotoxicity of NK cells [27]. After stimulation of NK
cells with IL-12, participation of STAT4 in the induction of expression of T-bet and IL-10 was demonstrated [27]. Currently, for NK cells, by analogy with
T lymphocytes, the possibility of antigen-independent and antigen-dependent differentiation and the
formation of memory-like NK cells or preactivated
NK cells, is discussed [23]. Antigen-dependent differentiation means the formation of a pool of memory-like NK cells as a result of a virus (shown for cytomegalovirus) [35] or as a result of hapten exposure
(in mouse experiments) [23]. The antigen-independ-
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ent differentiation of memory-like NK cells, implies
formation of a pool of these cells under the influence
of cytokines (IL-12, IL-15 and IL-18) [23, 35]. In a
murine model, it was demonstrated that NK cells defective in the gene IL-12R fail to form memory-like
NK cells after MCMV infection [71]. For NK cells
deficient for the gene IL-12R, a reduced expression of
pSTAT4 is observed [71]. These results demonstrate
the necessity of IL-12 stimulation and participation
of JAK-STAT cascade in formation of memory-like
NK cells, in a murine model [71]. Thus, IL-12 exerts
an activating effect on NK cells predominantly with
the participation of the JAK-STAT signaling pathway.
NK cells intracellular signaling pathways activation
by the TGF-β cytokine
Unlike the cytokines described above, which activate NK cells, TGF-β is a cytokine with immunosuppressive properties. The antagonistic relationship
between IL-15 and TGF-β is supported, for example,
by the fact that TGF-β inhibits the mTOR kinase activity, the activation of which is induced by IL-15 [82].
It was shown that stimulation of NK cells through
CD16 causes an increase in the production of IFNγ
by NK cells. After incubation of the NK cells of the
NK-92 line in the presence of TGF-β, the production of IFNγ as well as TNFα by the NK cells was reduced [76]. NK cells of the peripheral blood, as well
as linear NK cells were used to show that incubation
with TGF-β does not lead to an increase in phosphorylated form and STAT4 or ERK activation, but
induces the SMAD3 protein phosphorylation [76].
Using the NK-92 cell line it was shown that under
the action of TGF-β, NK cells phosphorylation of
SMAD2 occurs [88]. Later it was found that NK cells
have reduced cytotoxic activity in acute lymphoblastic
B cell leukaemia, and inhibition of NK cell function
is caused by TGF-β, initiating the signaling pathway
of SMAD2/3 proteins [57]. In mice, it was shown that
NK cells recovered from a solid tumour and probably exposed to TGF-β from the tumour cells, contained an increased amount of phosphorylated forms
of SMAD2/3 [82]. SMAD3 phosphorylation caused
decreased production of IFNγ by NK cells and significant inhibition of expression of a gene encoding the
transcription factor T-bet [76]. Prolonged incubation
of NK cells in the presence of TGF-β resulted in a
decrease in their ability to realize antibody-dependent
cellular cytotoxicity [76]. This effect was associated
with a decreased production of granzyme A and granzyme B due to activation of SMAD3 [76]. Song et al.
demonstrated that NK cells after exposure to TGF-β
reduced expression of NKG2D receptor [67]. Both
NK-92MI cell culture and primary NK cells showed
that their incubation in the presence of IL-2 and
IL-18 resulted in an increase in NKG2D receptor expression, which was reduced as a result of the previous
exposure to TGF-β [67]. Recovery of the NKG2D cy-
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totoxic receptor expression by NK cells is associated
with the activation of IL-2 and IL-18 signaling pathway related to kinase JNK, but not kinase ERK [67].
In another study, it was also shown that TGF-β causes
a decrease in NKG2D expression. Blocking kinases
MAPK, ERK and p38 does not lead to restoration of
expression of the NKG2D receptor [37]. The results
described confirm the specificity of SMAD3 participation in the transmission of an inhibitory signal
from TGF-β. Protein SMAD4 regulates signal transduction from TGF-β in NK cell, contributing to the
conservation of NK cell expression of TRAIL and inhibiting cell functions via the receptor TGF-βR1 [12].
In a study using mice as model animals, it was found
that NK cells defective in the SMAD4 protein exhibit reduced production of IFNγ after stimulation with
IL-12 and IL-18 cytokines, as well as reduced cytotoxicity towards target cells [12]. NK cells defective
in the SMAD4 protein are also characterized by a reduced expression of the activation receptors CD226
(DNAM-1) and increased expression of the inhibitory receptors TIGIT (WUCAM) [12], high expression of which is characteristic for all ILC1 [12]. Thus,
TGF-β suppresses the function of NK cells by inhibiting mTOR and activating SMAD2/3. The absence of
inhibition or restoration of the function of NK cells is
possible, both through the activation of SMAD-cascade proteins, for example, SMAD4, and through the
possible activation of alternative signaling pathways.
Thus, cytokines IL-2, IL-7, IL-15, IL-12 contribute to the differentiation and activation of NK cells
using intracellular signaling pathways involving the
activation of STAT1, STAT4 and STAT5 and activation of ERK, JNK and Vav-1. Cytokine TGF-β has an
immunosuppressive effect on the cytotoxic function of
NK cells due to the cascade of intracellular reactions
associated with the activation of SMAD 2/3 proteins.
In the described cascades, there are proteins which
activity blocks the signal from the cytokine (STAT3,
SMAD4, etc.) The antagonistic effects of cytokines
(IL-15 and TGF-β) on NK cells, as well as the significantly branched cascades of intracellular signaling
reactions, determine the complexity of studying NK
signaling pathways.
NK cells of the uterus and trophoblast cells: A particular case of the mutual influence of NK cells and microenvironment cells
A special case of tissue-resident NK cells are NK
cells of the endometrium and decidua. NK cells significantly change their representation in the uterus,
depending on the phase of the menstrual cycle and
the onset of pregnancy [44]. Discussion persists on
the question of the formation of uterine NK cells. In
the decidua, the presence of CD34+ cells were found
in humans, which differ from CD34+ peripheral blood
and cord blood cells in the spectrum of the mRNA
transcription factors. The CD34+ cells of the decid-
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ual membrane are characterized by the presence of
mRNA transcription factors Nfil3 and Id2, which indicates the possibility of differentiation of NK cells in
situ [78]. The possibility of uterine NK cells to differentiate from peripheral blood NK cells and proliferate
in situ, is also discussed [9, 44].
Stromal cells and trophoblast cells are the cells
of the microenvironment that are able to regulate
the formation of the pool of decidual NK cells [44].
According to the literature, decidual stromal cells
and trophoblast cells secrete IL-15 [62]. In experiments using mice, IL-15 is shown to be a necessary
cytokine for differentiation of uterine NK cells [3].
The IFN-regulatory factor-1 (IRF-1) transcription
factor binds to the promoter region of the gene encoding IL-15 [48]. IRF-2 is considered as a functional
antagonist of IRF-1 [39]. In experiments with model
animals, it is shown that the differentiation of decidual NK cells was disrupted in IRF-1 -/- mice [3]. At
the same time, according to other data, the knockout
of the gene IRF-2 had no significant effect on the formation of a pool of decidual NK cells [3, 54]. These
results indicate the involvement of IRF-1 in the formation of a pool of decidual NK cells in response
to IL-15. In the presence of IL-15, the NK-92 line
cells express T-bet and Eomes, and the expression of
these transcription factors persists as the IL-15 exposure time increases [49]. Tayade et al. show that at the
beginning of pregnancy in murine uterine NK cells,
expression of T-bet and Eomes increased [74]. At the
same time, the expression of Eomes was significantly
superior to the expression of T-bet [74]. T-bet defective mice did not show disorders of implantation and
remodelling of spiral arteries [74]. These results indicate the predominant role of Eomes transcription factor in differentiation of uterine NK cells [74]. At the
same time, expression of T-bet and Eomes increased
as the duration of gestation increased, but to a certain
level, and then decreased [74]. Park et al. show that the
conditioned media of trophoblast cells inhibited the
expression of T-bet and Eomes in NK cells previously
cultured in the presence of IL-15 [49]. In NK cells,
there was also a decrease in the mRNA of perforin and
granzyme B when cultivated in the presence of conditioned media of trophoblast cells [49]. A similar effect
was shown by Fu et al. on the example of the primary
culture of trophoblast cells when cultivated together
with decidual NK cells. Trophoblast cells caused reduction of expression of the transcription factor T-bet
and Helios in NK cells, which can determine a decrease in IFNγ production and the acquisition of NK
cells of the regulatory phenotype [22]. It is likely that
at the trophoblast invasion and progressing pregnancy,
its inhibitory effect on transcription factors expression
of NK cells, associated with terminal stages of differentiation and the acquisition of cytotoxic activity, is
enhanced.
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In mice, uterine NK cells are shown to be a heterogeneous population consisting of CD49a- cNK cells
and CD49a+ NK cells expressing Eomes, as well as
CD49a+ Eomes- cells, which are classified as ILC1 [6,
47]. The number of Eomes+CD49a+ NK cells in the
uterus decreases during pregnancy, while the number
of cNK cells increases [47]. Mice during pregnancy also revealed the presence in the uterus of ILC2
population, expressing GATA-3, and ILC3 population, expressing RORγt, but in much smaller quantities than cNK cells [6]. As in mice, in the human
decidua ILC3, expressing RORγt, were detected [19].
At the same time, the number of ILC2, expressing
GATA-3, was extremely small [19]. In the analysis of
human decidual NK cells, more than 85% of NK cells
show the phenotype CD49a+ [21]. It has been determined that CD49a+ NK cells of the decidua containing the transcription factor Eomes express a number
of genes (PTN (pleiotropine), OGN (osteoglycine),
SPP1 (osteopontin), etc.), which products regulate
fetal development [21]. The production of HLA-G is
characteristic of trophoblast cells. It was shown that
the expression of the fetal growth regulating genes in
the decidual NK cells was stimulated by extravillous
trophoblast cells through the interaction of the NK
cell ILT2 receptors and the trophoblast HLA-G [21].
In mice it was shown that defect of Nfil3, but not
T-bet, led to a disruption of the expression of genes
PTN, OGN, SPP1, which in turn led to weight loss and
impaired fetal skeleton [21]. In mice, it was shown
that defect of Nfil3 led to a reduction in the amount
cNK cells in the uterus, disruption of spiral arteries
remodelling [6] and practically total absence of ILC2,
but it did not affect the number ILC1 and ILC3 [19].
According to other data, the knockout of the gene of
the transcription factor Nfil3 did not significantly influence the formation of the total pool of decidual NK
cells, but led to a disruption in the formation of the
placenta [54]. Thus, in connection with the heterogeneity of NK cells population of the decidual membrane, both by surface receptors and transcription
factors, their independent differentiation is possible.
The transcription factors Eomes, Nfil3, Id2, RORγt
and GATA-3 take part in the regulation of differentiation and function of individual populations of decidual NK cells [6, 21].
Cytokine IL-15 activates the proliferation of NK
cells and triggers the MAPK signaling pathway, which
involves the activation of mitogen-associated protein
kinases – ERK and JNK [49]. However, it has been
shown that the NK-92 line cells, previously cultured
in the presence of IL-15, after exposing the conditioned media of the Sw.71 line trophoblast cells, contained a reduced amount of phosphorylated ERK and
JNK compared to the control amount [49]. Also, inhibition of phosphorylation of STAT5 and a decrease
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in production of perforin, granzyme B and IFNγ by
NK cells of the NK-92 line after cultivation in conditioned media of trophoblast cells was shown [49].
When adding collagen synthesized by the primary cell
coculture, including trophoblast and decidual stromal
cells, to decidual NK cells in vitro, a decrease in the
number of pSTAT1 and pSTAT4 was observed, which
may reflect inhibition of a signaling pathway JAKSTAT [22]. Violation of the blocking of this signaling
pathway in decidual NK cells can lead to an increased
production of IFNγ by NK cells, which in turn can
lead to miscarriage.
The expression and secretion of TGF-β is shown
for trophoblast cells [43, 58]. In mice with knockout
of the gene ALK5 encoding one of the receptors for
TGF-β, the number of uterine NK cells is significantly reduced [50]. ALK5 participates in the transmission
of signal from the TGF-β receptor to the SMAD2/3
proteins. Mice with a gene ALK5 knockout in the
uterine NK cells, expressed less genes encoding granzymes (A, B, D, E, F, G), as well as receptor genes to
other cytokines [50]. It should be pointed out, that in
experiments with mice, one cannot deny the knockout
of the same gene in other cells of the microenvironment, which can also make changes to the differentiation process of NK cells of the uterus. For the trophoblast cells, the expression of HLA-E is observed [34].
Using an in vitro model with the encephalitis virus
engaged to stimulate the shedding of sHLA-E from
endothelial cells, it was shown that culturing NK cells
in the presence of media containing sHLA-E resulted
in a decrease in NK cell proliferation and a decrease
in ERK1/2 phosphorylation [63]. In connection with
this, the reduction of proliferation of NK cells and the
decrease of the activation of NK cells in the decidua
along the ERK-dependent pathway due to sHLA-E
trophoblast becomes possible. Accordingly, trophoblast cells not only regulate the expression by NK cells
of transcription factors of the terminal stages of differentiation, but also inhibit the cytotoxic function of
NK cells by suppressing the signaling involving STAT
proteins and ERK kinase.

Conclusion
Thus, lymphoid cells of innate immunity (ILC)
are now distinguished, which in turn are divided into
groups (group 1 ILC, group 2 ILC, group 3 ILC) based
on the expression of certain receptors, transcription
factors and various functional properties. According to the ILC classification, NK cells are classified
as the first group of innate lymphoid cells according
to their overall functional characteristics, as well as
the participation of the T-bet transcription factor in
their differentiation. The complexity and multistage
nature of CLP differentiation in mNK are associated
with consecutive expression in cells of transcription
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factors. Partial regulation by transcription factors of
receptor expression to cytokines determines the degree of effect of the cytokine microenvironment on
the differentiation of NK cells. Among the cytokines
of the microenvironment, IL-2, IL-7, IL-15, IL-12,
IL-15 and TGF-β are distinguished, which promote
terminal differentiation and regulate the activation of
NK cells. The effect of these cytokines has a pleiotropic effect on NK cells and involves the activation
of the proteins of the intracellular signaling pathways
STAT1, STAT4, STAT5, ERK, JNK, Vav-1, SMAD2,
SMAD3 and SMAD4. Depending on the location,
the cells of the microenvironment and the spectrum
of cytokines secreted by them may differ, which introduces peculiarities in the differentiation of NK cells.
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For example, it has been found that the population
of NK cells of the decidua is heterogeneous in surface receptors and in transcription factors expressed,
among which Eomes, Nfil3, Id2, RORγt and GATA-3
are distinguished. Cells of the microenvironment for
NK cells in the uterus during pregnancy are stromal
decidual cells and trophoblast cells, which to some
extent can regulate the heterogeneity of the decidual NK cells. Due to the expression of cytokines and
the suppression of signaling involving STAT and ERK
proteins, trophoblast cells inhibit the cytotoxic function of NK cells and promote the formation of a pool
of regulatory NK cells. The currently known variety of
NK cells, depending on the microenvironment in the
process of their differentiation, requires further study.
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