Medical Immunology (Russia)/
Meditsinskaya Immunologiya
2019, Vol. 21, No 1, pp. 21-38
© 2019, SPb RAACI

Meoduyunckas ummyHonoeus
2019, T. 21, Ne 1, cmp. 21-38
© 2019, CIlI6 PO PAAKH

0o630pu1
Reviews

ANDPDPEPEHLUUPOBKA NK-KJIETOK. B3rnag 4YePE3
NMPU3MY TPAHCKPUNMUUOHHbIX ®AKTOPOB
U BHYTPUKJIETOYHbIX MECCEHOXXEPOB

Muxaiinosa B.A.% Baskenos /1.0.}, Beasakosa K.J1.}, CeanrkoB C.A.L,
CoxouosB JI.J1.1%3

'@IBHY «Hayuno-uccaedosamenvckuli UHCMUMym aKyuepcmed, 2UHeK0A02UU U penpo0yKmono2uu UMeHu

1.0. Omma», Cankm-Ilemepbype, Poccus

2 I'BOY BIIO «Ilepsviii Canxm-IlemepOypeckuii 20cydapcmeenbiii MeOUyUHCKUL YHUGEPCUMem UMeHU aKaoemMuKd
H.I1. Ilasnosa» Munucmepcmea 3dpasooxpanenus PO, Cankm-Ilemep6ype, Poccus

SOIBHY « Mncmumym skcnepumenmanvioi meduyunvts, Cankm-Ilemepoype, Poccus

Pe3iome. Bce mumpounnHbie KJIETKU OTHOCSIT K BPOXKIASHHOMY WM aJaliTUBHOMY 3BEHY UMMYHUTETA CO-
IIaCHO MeXaHM3MaM peajn3alliid UMMYHHBIX peakivii. Peanuzanus ¢pyHKIIMOHAIBHOM akTuBHOCTH NK-
KJIETOK HE CBsI3aHA C TIpoIleccaMM TIpeBapUTENIbHON aKTUBAIlUM B PE3ysbraTe KOHTAaKTa C aHTUTEHOM,
peapaHKMPOBKONM T'€eHOB aHTUTEHPACITO3HAIOIINX PELENTOPOB U KIIOHANbHOM Tponudepauueii. B cBsa3u
¢ atuM NK-KJIETKU TpaauIIMOHHO OTHOCAT K KJIETKaM BPOXXIEHHOro MMMyHUTeTa. PaHee rojaraiu, 4To
€IUHCTBEHHOU MOITyJsiiuei TMMMOUIHBIX KJIETOK BPOXIEHHOTO nMMyHUTeTa siBJstiorcst NK-knetku, of-
HaKo B MOCJIEHUE TOAbI B IUTEpaType MOSIBISIETCS BCE OOJIbIIE CBUACTEILCTB CYIIECTBOBAHUST PA3IMYHBIX
MOITYJISILIAIN 3TUX KJIETOK, YTO MOCIYKMJIO OCHOBAHMEM ISl BBIAEICHUSI OOIIETO KjiacTepa 110 Ha3BaHUEM
«MM(bOUIHbIE KJIETKUA BpoxXIeHHOro uMmMmyHuTeTa» (Innate Lymphoid Cells — ILC). ITo xiaccudgukauuu
ILC NK-kj1eTKM OTHOCST K TIEpBOI1 TpyIINe BPOXICHHBIX TUMMONIHBIX KJIETOK COTJIACHO UX OOIIMM (PyHK-
LMOHAJIbHBIM XapaKTepPUCTUKAM, a TAKXKe YJ4aCTUIO TpaHCKpUMNLIMOHHOTO (pakTopa T-bet B ux nuddepeHLn-
poBke. CITOKHOCTb, MHOTO3TAITHOCTh Y YACTUYHO HEJIMHEHbIN XxapakTep nuddepeHmpoku NK-kieTok
CBSI3aHbI C BIMSIHUEM KJIETOUHOTO MUKPOOKPYXKEHUSI, MOCIEA0BATEIbHOU dKCIIpeccueil TpaHCKPUTILIMOH-
HBIX (DAKTOPOB M aKTUBAIIMEN Pa3IMYHbIX BHYTPUKIIETOYHBIX ITyTel TTepenaun curiana B NK-knerkax. B 06-
3o0pe paccmatpuBaeTcs Mecto NK-knetok B knaccudukanuu ILC, oCHOBHbIE TPaHCKPUIIIIMOHHBIE (haK-
TOpBI, y4acTBymolue B rpoiecce auddepeHupoku NK-kieTok. ABTopamMu MpearnpuHUMAaeTcsl MOIMbITKa
00001IIUTh OCHOBHBIC ITYTH BHYTPUKJIETOYHON Tepenadyn curHajia B NK-kjieTkax B 3aBUCMMOCTU OT aKTH-
BallMA IIUTOKWHAMMU, TIPUCYTCTBYIOIIUMU B KJIETOYHOM MUKPOOKPYXXEHWUU U OKa3bIBAIOIIMMU BIUSTHUE
Ha NK-knetku. OcoobiM 06bekToM auddepeHunpoBku NK-knetok sapasioress NK-kieTku geunayaabHOMK
obosouku npu O6epemeHHocTu. Kpome NK-kieTok, B cocraBe AelMAyalbHOU O0OJOYKU MPUCYTCTBYIOT
CTpOMaJTbHBIE KJIETKU, KJIIETKU Tpodobiacta, makpodaru. B 063ope paccMOTpeH YaCcTHBIN Ciydaid BIUSTHUS
KJIETOK MUKPOOKPYKEHHS Ha SKCITPECCUIO TPAHCKPUTIITUOHHBIX (DAKTOPOB U AaKTUBALIMIO BHYTPUKIIETOUHBIX
MmecceHmkepoB NK-kiieTok Ha mpuMepe KiieTok Tpodobiacta. OTKpbeITOE B HAcTOsIIIEee BpeMsi MHOrooopa-
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TpeOyeT NaTbHEHIIIeTO N3yUYeHUSI.

Pa6ora mogaepxaHa rpantom HIII-2873.2018.7. Yuactue baxenoBa /I.O. momaep>aHO CTUNEHAUEH
Tpesunenta PO CI1-2836.2018.4.
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Abstract. All lymphoid cells are referred to as an innate or adaptive immunity unit in terms of the mech-
anisms 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 re-
ceptor 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 mi-
croenvironmental effects upon expression of transcription factors and activation of NK intracellular messen-
gers, 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

their antigen-independent differentiation, the anti-
gen-recognizing receptors of T and B lymphocytes
(TcR and Ig, respectively) mature, including recom-
bining the gene sections of the chains of these recep-
tors. 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, ca-
pable of binding a specific antigen, which stimulated
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their proliferation. Clonal proliferation increases the
number of CD4*T-helper lymphocytes, CD8* cyto-
toxic T and B lymphocytes [23]. During antigen-de-
pendent differentiation of T and B lymphocytes, part
of the proliferating clone cells differentiates as mem-
ory cells [23]. Among lymphoid cells, controlling the
development of effector mechanisms of innate im-
munity, NKT cells and NK cells are determined [23].
Implementation of the functional activity of NK cells
is neither associated with the processes of pre-acti-
vation 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 in-
nate 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 characteris-
tics 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 cy-
tokines secreted by these cells and the main tran-
scription 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 IFNy [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 transcrip-
tion factor [69]. The cells of the second group of ILC

TABLE 1. CHARACTERISTICS OF ILC GROUPS

(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 RORa
and GATAS3 transcription factors [68]. The third ILC
group (group 3 ILC) is ILC3, for the differentiation
of which RORyt is required, and which secrete IL-17
and IL-22. Within group 3 ILC, ILC3 population is
distinguished, which secrete only 1L-22, and when
stimulated with IL-12 and IL-18, may differentiate as
ILCI1, as well as lymphoid tissue-inducing cells (LTi),
necessary for lymph node formation during the em-
bryogenesis stage [68]. In humans, individual ILC
groups (shown for RORc*ILC, which can be classi-
fied 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 1L-22 cytokine production. [30]. For the
differentiation of all ILC groups, expression of the cy-
tokine common y-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, ex-
istence 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 regu-
late the development of a particular population [56],
indicating flexibility of individual stages of differen-
tiation, and the possibility of mutual ILC transitions
[56]. For example, ILC2 are characterized by secre-
tion of IL-5 and IL-13 after stimulation with IL-25
or 1L-33 [18], while ILC3 are characterized by the
expression of IL-22 and IL-17 [18]. Between the pop-
ulations of ILC2 and ILC3, there is the possibility of
mutual transition: under the influence of IL-12, ILC2

Characteristic cNK ILC1 ILC2 ILC3
CD3:CD56" [69] 3 28]
CD4 [68] _ _
CD4 [68 CD3 [28

NKp46" [69] CD3 [28] CD127E [6]8] CD4 {68}

%%49949 [?9%] CCDD247+[?(?S]3] NKp46- [68] CD56' [69]
Phenotype NKG2D" [63] CD56 [69] CRTH2" [66] CD127* [68]
(in humans) NKo30" [69] CDod-[69] IL-18R* [66] NKp44+ [66]

: | CD161* [66] IL-18R* [66]

NKp46" [69] CD127" [69] IL-25R" [66] IL-1R* [66]

IL-12R" [66] NKp46- [68] IL-33R" [66] IL-23R* [66]

IL-15R" [66] IL-17R* [28]

IL-18R* [66]

IL-5, IL-13 [68]
IFNy [66]
. IFNy [68] IFNy [68] " IL-17, IL-22 [66, 68]
Secreted cytokines TNFa [66] TNFa [66] ”__'3L I4LE26[]28] IL-2, TNFo [66]
IL-9, IL-21 [28]
— T-bet [69] ] RORu [68]

Transcription factors Eomes [69] T-bet [69] GATA3 [68] RORyt [68]
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and ILC3 can be transdifferentiated into ILC1. Un-
der the influence of IL-4 and IL-23, ILCI 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 1L-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 RORyt transcription fac-
tors and the activation of T-bet [69]. It was shown
that RORyt* ILC can differentiate into ILC1 under
the influence of IL-2 and IL-12 [4]. Depending on
the tissue (thymus, liver, salivary glands), the phe-
notype of ILC1 and their functional characteristics
may differ. For example, the liver ILC1 are charac-
terized by the performance of cytotoxicity through
the TRAIL-mediated pathway, and not through gran-
zymes and perforin [69]. Probably, the conditions of
the microenvironment can have a significant effect
on the ILC, erasing to a certain extent the differ-
ences 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 tis-
sues. 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 mole-
cules, the spleen ILC can contribute to the survival of
Th2 lymphocytes and memory T cells [70]. ILC pro-
mote 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 im-
mune response [70, 72]. Thus, the formation of dif-
ferent 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 ILCI1. At the moment, it has not been possi-
ble 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 ILCI1 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 ILCI [56].

Despite the existence of a generalizing classifica-
tion of H. Spits et al., more and more refinements
are observed in the literature concerning differ-
ent ILC groups and the position of NK cells in this
classification. In addition to the cNK cells present
predominantly in the peripheral blood, nonconven-
tional 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 pop-
ulations 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 re-
ferred to ILC with predominantly Killer activity [18].
At the same time, in other studies, ILC1 is differen-
tiated from cNK cells by the reduced or no cytotoxic
activity [69], the absence of expression of the Gzma
and Prfl genes encoding, respectively, granzyme A
and perforin [56], absence of granzyme B and perfor-
in [4], as well as the absence of expression of recep-
tors for IL-15 and KIR3DLI1 [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, anal-
ysis of transcriptomic programs of ILC and NK cells
revealed that NK cells are different from ILC1 by the
presence of the Fomes 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, Thf and Cxcr6 genes are tran-
scribed in the spleen and liver ILC1, while the Eomes
genes, ltgam 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 par-
ticipation 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 con-
cerning 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: 1d2, Nfil3, TOX, ETS1, Eomes, GATA-3,
FoxOl1, Ikaros, T-bet, Aiolos [29, 53, 60, 83]. How-
ever, 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 in-
formation on some of the transcription factors, which
impact the main stages of maturation of NK cells
(Figure 1).

1d2 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 pro-
genitor (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 1d2 transcription factor [18]. 1d2
can also claim to be the main transcription factor reg-
ulating ILC differentiation, since mice with a defect in
this transcription factor were characterized by the ab-
sence 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]
Helios ? [51]
}

Gata3 - [79]

TCF1+[69]

Ikaros ? [29]
l Helios ? [51]

lkaros ? [29]
Helios ? [51]

Id2 + [18, 11
12 + [18] /l \\
PLZF+[1]  PLZF+

l RORa + [68]
+

[** IL-1268) \l [ IL-25 [68] @[ IL-1p [68] @

IL-15 [69] IL-33 [68] IL-23 [68]

IFNy [68] IL-5 [68] IL-22 [68]
IL-13[68]  IL-17 [68]

Gata3 + [68] RORTH [68]
E @ Aiolos + [5]

Id2- [18] / 1d2 + [61]

Helios + [29] PU.1? [51]
Ikaros + [29] EGR1 ? [51]
Aiolos +[29] ETS+[61]
+
BT [Z]l Nfil3 +[61, 69] TOX +[2, 40, 83]
PU.17?[51]
|d2-[18]/1d2 + [61] EGR1? [51]
Helios +[29] Gata3 + [1]
Ikaros + [29] TOX + [83, 40, 2]
Aiolos +[29] FoxO1 +[17, 86]
l Nfil3 +[61, 69] T-bet + [1, 24, 60}
[d2 + [41] PU.17?[51]
Helios + [29] EGR1 ? [51] .
Ikaros + [29] Gata3 ? [51]
Aiolos +[29] TOX + (2, 40, 83]
ETS +[61] T-bet +[17]
Nfil3 +[61] Eomes + [24, 61]

CD56 dim

T @ Aiolos ++ [5]

L-15
I-15
IL-12, IL-18; mg [8§]4
+K562 [44 oafsd]
INFy [44]
INFy [44]  |GKE62[44) oy agr
TGF-B [44] i

* — 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 con-
trols 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 fac-
tor, encoded by the Zbtb 16 gene [11]. Previously, this
transcription factor was considered as determining the
differentiation of NKT cells [11]. PLZF"e¢" + ILC pro-
genitors give rise to ILCI1, ILC2, ILC3, but not NK
cells [11]. The CHILP stage in ILC differentiation
has been validated for mice; for humans, the CILP-
ILC transition linearity and presence of the CHILP
stage is under discussion [59]. Data on 1d2 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 ex-
press Id2 [61]. In the late stages of differentiation, the
mature NK cells (mNK) express 1d2 [18]. Probably,
1d2 is expressed in immature NK cells (iNK), since
in experiments using mice it was shown that 1d2 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" mon-
onuclear cord blood cells in vitro, it was shown that in
addition to Id2, in the early stages of NK cell line dif-
ferentiation, 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 diffi-
cult to accurately determine the stage of differentia-
tion where these transcription factors were expressed.

GATA-3 transcription factor in differentiation of
NK cells

The differentiation of NK cells is negatively af-
fected 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 forma-
tion of NK cells [79]. At the same time, the mouse
model shows that the deficiency of GATA-3 in the lat-
er stages of differentiation of NK cells, namely iNK,

leads to a decrease in the expression of /d2, T-bet and
Nfil3 (E4bp4) genes, which in turn leads to disrupt-
ing differentiation of NK cells at the early stages [1].
For example, NK cells of mice deficient of GATA-3
showed reduced ability to secrete IFNy, however de-
granulation 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 prob-
ably due to a defect in the expression of the CD11b
adhesion molecule and an increased expression of
CXCR4 binding the chemokine CXCLI12 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 (MCMY), 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 NKG2A4 gene
which indicates a GATA-3 involvement in the regula-
tion 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 Thx21 gene, which encodes the transcription fac-
tor T-bet, and Cd 722, which encodes the I1L-2 recep-
tor, and regulates the expression of 1d2 [52]. It should
be noted that, despite the involvement of the ETSI1
transcription factor in the early stages of NK cell dif-
ferentiation, the knockout of its gene results in a vio-
lation of the expression by NK cell of such functional
receptors as NKp46, Ly49D, Ly49H in mice, a prolif-
eration 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 differenti-
ation 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-15RB/y) encoded by I/2rb and I/2rg genes [53].
In this way, Nfil3 promotes the differentiation of ma-
ture 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 differ-
entiation of NK cells

During differentiation of NK cells from CLP, ex-
pression of Tkzf1 and ITkzf2 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 7kzf2 is low at
the initial stages of differentiation, when the NK cell
line is not yet expressed (CLP), and increases in NKP,
iNKand mNK [29]. In mice, it is shown that while the
NKP line is isolated, the expression of the 7kzf3 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 7kzf3
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 in-
creased 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 CD56%™ and CD56e" of peripheral
blood, which can be regarded as mNK. In CD564m
NK cells, the Aiolos content was higher, which sug-
gests 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 transcrip-
tion 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, dur-
ing 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 in-
duction of NK cells apoptosis caused by active oxygen
species [86]. Mice knocked-out in FoxO1 demon-
strate violations of the later stages of differentiation
of NK cells and impaired homing of NK cells in the

lymph nodes [17]. Mice knocked-out in FoxO1, also
demonstrated increased cytotoxic activity against tu-
mour cells, which indicates that FoxO1 has a moderat-
ing role in the anti-metastatic activity of NK cells [17].
Transcription factor FoxOl1 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 suppress-
es the expression of the transcription factor T-bet at
the late stage of NK cell differentiation (mNK). With
a FoxOl1 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 IFNy [17].

Transcription factor TOX in differentiation of
NK cells

In mice, it was shown that the transcription fac-
tor TOX is involved in differentiation from NKP to
mNK [2, 40]. At the stage of iNK and mNK, 7ox gene
expression significantly exceeds the expression at the
NKP stage [2]. In mice with a defect of this transcrip-
tion factor, there is almost complete absence of LTi
cells, as a result, the formation of lymph nodes is dis-
rupted [2]. Mutants in the 7ox 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-CD9%4*,
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 tran-
scription 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 as-
sociated with terminal differentiation of NK cells are
T-bet and Eomes [60, 75]. Mice show that T-bet reg-
ulates the formation iNK, stimulates NK cell egress
from the bone marrow and induces the expression of
IL-2Rp [60]. Eomes contributes to the NK cells ac-
quiring functional receptors Ly49 [60]. Also, using
mice as the animal model demonstrated that viola-
tion 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 re-
sponse [55]. For NK cells of human peripheral blood,
expression of T-bet and Eomes is also characteris-
tic [65]. It should be pointed out, that one of the pos-
sible 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-versus-
host” reaction by NK cells. This complication corre-
lates 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 expres-
sion 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 dif-
ferentiation of NK cells [80].

Thus, during the differentiation of NK cells from
CLP to mNK, a sequential regulation of the expres-
sion of transcription factors is observed, which in turn
promotes the expression of receptors for cytokines
and cytotoxic receptors, and also stimulates the syn-
thesis 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 in-
volved 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 microenvi-
ronment

Microenvironment cells can influence both the
differentiation of NK cells and their functional char-
acteristics. For example, IL-15 and IL-2 stimulate the
cytotoxic reactions of NK cells, while TGF-f sup-
presses them [27]. Depending on the cytokine, signa-
ling in the NK cell can take place with the participa-
tion of different cascades of intracellular messengers.

Activation of intracellular signaling pathways in
NK cells by cytokines which receptors contain a common
Y chain: IL-15, IL-2, IL-7

IL-15 is one of cytokines that play an important
part in the NK cells differentiation and acquisi-
tion of functional characteristics [16]. 1L-15 refers
to cytokines which receptors contain a common
y-chain (IL-2, IL-7), so that their intracellular sig-
naling pathways may overlap. Depending on the tar-
get cells, IL-15 can trigger activation of the three in-
tracellular signaling pathways from IL-15R: JAK1/
JAK3/STAT3/STATS; PI3K/Akt/mTOR; Ras/Raf/
MAPK [7, 27, 46] (Figure 2). In the JAK-STAT path-

way, several JAK-kinases are distinguished: JAKI,
JAK?2, JAK3 and TYK?2, as well as STAT proteins 1,
2, 3,4, 5A, 5B and 6 [27]. After the binding of IL-15
to its receptor IL-15RB/y, the receptor-associated
kinases JAK1 and JAK3 become active, which fa-
cilitates the phosphorylation of STAT proteins [53].
STAT1 is a key messenger starting [FNy production
by NK cells [27] and, together with STATS, it is in-
volved 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 phos-
phorylation of STAT3 [42]. STAT3 mutations cause
increased NK cell proliferation, such mutations often
are detected with NK cell lymphomas [36]. Similar
mutations of S7TAT3 promote enhanced phosphoryl-
ation of STATS5B, 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 en-
hancing the expression of granzyme B, perforin and
the activating receptor DNAM-1. Thus, STAT3 in-
hibits the cytotoxic function of NK cells [26]. STATS
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
STATS, an increase in the production of VEGFA and
EGF is observed, which in turn stimulates the tumour
growth [25]. Humans show high production of VEG-
FA by peripheral blood NK cells with the phenotype
of CD16 CD56% together with a reduced amount
of STAT5A and STATS5B [25]. The target gene of
STATS is Mcll1, which maintains the survivability of
the NK cell pool [53]. STATS is also involved in the
regulation of the expression of anti-apoptotic genes
Bel-xI, Bel2 [14]. In mice having mutant STAT5A and
STATSB 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 Mcll leads to significant viola-
tions 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 phosphoryl-
ated tyrosine kinase residues, and thus realize the
mechanism of negative feedback, inhibiting the acti-
vation of NK cells [53]. The products of the genes Cish
and Socs -7 belong to the SOCS family of proteins,
the main mechanism of which is the initiation of pro-
teasomal degradation of SOCS protein ligands [53].
CIS signaling protein binds JAK1, which phosphoryl-
ates STATS, 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 ac-
tivation [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 vio-
lations of AKT phosphorylation after IL-15 effects on
NK cells were observed, indicating the specificity of
blocking signal transmission from IL-15 by CIS pro-
tein 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 mi-
togen-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
v-chain with the IL-15 receptor, is accompanied by
NK cells acquisition of the ability to secrete [IFNy and
increase the cytotoxic activity [90]. As mentioned ear-
lier, 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 CD56t 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 an-
titumor activity in the CD56%™ 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 acti-
vation 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 transmis-
sion 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 sub-
cutaneously to patients with a chronic ‘graft-versus-
host’ reaction. After intravenous administration of
IL-2, NK cell secretion of IFNy 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 STATI, IL-2 induces
activation of STAT4 in NK cells [85]. When the sig-
nal is transmitted from IL-2 and IL-7, activation of
STATS occurs [27, 33]. In healthy donors with stim-
ulation of IL-7 NK cells, pSTATS is formed, thereby
increasing cytotoxicity of NK cells [33]. In chron-
ic infections (HIV, hepatitis C virus) in NK cells,
IL-7-induced phosphorylation of STATS 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 cytol-
ytic granules [10]. Cytokine IL-2 causes activation of
surface receptors 2B4 and NKG2D, which in addition
to activating ERK triggers the phosphorylation of ki-
nase VAV-1 [77]. As a result, the induction of cytotox-
icity 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 in-
duction 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 func-
tion of NK cells. Violation of the phosphorylation of
JNK leads to a violation of the polarization of micro-
tubules and to the violation of immunological synapse
formation [38]. In the in vitro model, the encephali-
tis virus (Japanese encephalitis virus) stimulates the
shedding of sHLA-E from endothelial cells after in-
fection. 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 y-chain
(IL-2, IL-7) along the JAK-STAT pathway, the pro-
teins (STAT1, STAT4 and STATYS) intensify the acti-
vation, whereas the other proteins (STAT3, STAT6,
CIS and SOCSI1-7) 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 sign-
aling 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 perfor-
in mRNA [87], stimulates tyrosine phosphorylation
in STAT4 proteins [85], but to a lesser extent than
IL-2 or IFNy [85]. In healthy donors, IL-12 caus-
es an increase of STAT4 phosphorylated form in the
NKcells [31, 85]. It was shown that the activated form
of STAT4 binds to the promoter region of the perfor-
in gene, stimulating its transcription [87]. In healthy
donors, IL-12 causes an increase in CD107a expres-
sion by NK cells and an increase in the production
of IFNy [31]. After activation of NK cells by IL-12
in patients after liver transplantation, a decrease of
phosphorylation of STAT4, which correlates with re-
duced 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 cyto-
toxicity of NK cells [27]. After stimulation of NK
cells with IL-12, participation of STAT4 in the in-
duction of expression of T-bet and IL-10 was demon-
strated [27]. Currently, for NK cells, by analogy with
T Iymphocytes, the possibility of antigen-independ-
ent and antigen-dependent differentiation and the
formation of memory-like NK cells or preactivated
NK cells, is discussed [23]. Antigen-dependent dif-
ferentiation means the formation of a pool of mem-
ory-like NK cells as a result of a virus (shown for cy-
tomegalovirus) [35] or as a result of hapten exposure
(in mouse experiments) [23]. The antigen-independ-

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 de-
fective in the gene /L-12R fail to form memory-like
NK cells after MCMYV infection [71]. For NK cells
deficient for the gene /L-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-J cytokine

Unlike the cytokines described above, which ac-
tivate NK cells, TGF- is a cytokine with immuno-
suppressive properties. The antagonistic relationship
between [L-15 and TGF- is supported, for example,
by the fact that TGF-f inhibits the mTOR kinase ac-
tivity, 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 [FNy
by NK cells. After incubation of the NK cells of the
NK-92 line in the presence of TGF-f, the produc-
tion of IFNy as well as TNFa by the NK cells was re-
duced [76]. NK cells of the peripheral blood, as well
as linear NK cells were used to show that incubation
with TGF-f does not lead to an increase in phos-
phorylated 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-B, NK cells phosphorylation of
SMAD?2 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-p, initiating the signaling pathway
of SMAD?2/3 proteins [57]. In mice, it was shown that
NK cells recovered from a solid tumour and proba-
bly exposed to TGF-B from the tumour cells, con-
tained an increased amount of phosphorylated forms
of SMAD?2/3 [82]. SMAD?3 phosphorylation caused
decreased production of IFNy by NK cells and signif-
icant inhibition of expression of a gene encoding the
transcription factor T-bet [76]. Prolonged incubation
of NK cells in the presence of TGF- 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 gran-
zyme B due to activation of SMAD3 [76]. Song et al.
demonstrated that NK cells after exposure to TGF-f3
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 ex-
pression, which was reduced as a result of the previous
exposure to TGF-B [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 path-
way related to kinase JNK, but not kinase ERK [67].
In another study, it was also shown that TGF-J3 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 SMAD?3 partic-
ipation in the transmission of an inhibitory signal
from TGF-B. Protein SMAD4 regulates signal trans-
duction from TGF-f in NK cell, contributing to the
conservation of NK cell expression of TRAIL and in-
hibiting cell functions via the receptor TGF-BR1 [12].
In a study using mice as model animals, it was found
that NK cells defective in the SMAD4 protein exhib-
it reduced production of IFNy after stimulation with
IL-12 and IL-18 cytokines, as well as reduced cyto-
toxicity towards target cells [12]. NK cells defective
in the SMAD4 protein are also characterized by a re-
duced expression of the activation receptors CD226
(DNAM-1) and increased expression of the inhibi-
tory receptors TIGIT (WUCAM) [12], high expres-
sion of which is characteristic for all ILC1 [12]. Thus,
TGF-p suppresses the function of NK cells by inhibit-
ing mTOR and activating SMAD?2/3. The absence of
inhibition or restoration of the function of NK cells is
possible, both through the activation of SMAD-cas-
cade proteins, for example, SMAD4, and through the
possible activation of alternative signaling pathways.

Thus, cytokines IL-2, IL-7, IL-15, IL-12 contrib-
ute to the differentiation and activation of NK cells
using intracellular signaling pathways involving the
activation of STAT1, STAT4 and STATS and activa-
tion of ERK, JNK and Vav-1. Cytokine TGF-3 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-B) on NK cells, as well as the sig-
nificantly branched cascades of intracellular signaling
reactions, determine the complexity of studying NK
signaling pathways.

NK cells of the uterus and trophoblast cells: A par-
ticular case of the mutual influence of NK cells and mi-
croenvironment cells

A special case of tissue-resident NK cells are NK
cells of the endometrium and decidua. NK cells sig-
nificantly 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-

ual membrane are characterized by the presence of
mRNA transcription factors Nfil3 and 1d2, which in-
dicates the possibility of differentiation of NK cells in
situ [78]. The possibility of uterine NK cells to differ-
entiate 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 experi-
ments 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 en-
coding 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 decid-
ual NK cells was disrupted in IRF-1 -/- mice [3]. At
the same time, according to other data, the knockout
of the gene /RF-2 had no significant effect on the for-
mation of a pool of decidual NK cells [3, 54]. These
results indicate the involvement of IRF-1 in the for-
mation 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 1L-15 expo-
sure 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 Fomes was significantly
superior to the expression of 7-bet [74]. T-bet defec-
tive mice did not show disorders of implantation and
remodelling of spiral arteries [74]. These results indi-
cate the predominant role of Eomes transcription fac-
tor in differentiation of uterine NK cells [74]. At the
same time, expression of 7-bef 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 condi-
tioned 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 re-
duction of expression of the transcription factor T-bet
and Helios in NK cells, which can determine a de-
crease in [FNy 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 differ-
entiation and the acquisition of cytotoxic activity, is
enhanced.
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In mice, uterine NK cells are shown to be a heter-
ogeneous 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 pregnan-
cy also revealed the presence in the uterus of ILC2
population, expressing GATA-3, and ILC3 popula-
tion, expressing RORyt, but in much smaller quan-
tities than cNK cells [6]. As in mice, in the human
decidua ILC3, expressing RORyt, 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 deter-
mined that CD49a* NK cells of the decidua contain-
ing the transcription factor Eomes express a number
of genes (PTN (pleiotropine), OGN (osteoglycine),
SPPI (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 ILT?2 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 in-
fluence 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 hetero-
geneity of NK cells population of the decidual mem-
brane, both by surface receptors and transcription
factors, their independent differentiation is possible.
The transcription factors Eomes, Nfil3, Id2, RORyt
and GATA-3 take part in the regulation of differenti-
ation and function of individual populations of decid-
ual 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 condi-
tioned media of the Sw.71 line trophoblast cells, con-
tained a reduced amount of phosphorylated ERK and
JNK compared to the control amount [49]. Also, in-
hibition of phosphorylation of STATS5 and a decrease

in production of perforin, granzyme B and IFNy by
NK cells of the NK-92 line after cultivation in con-
ditioned 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 JAK-
STAT [22]. Violation of the blocking of this signaling
pathway in decidual NK cells can lead to an increased
production of IFNy by NK cells, which in turn can
lead to miscarriage.

The expression and secretion of TGF-f is shown
for trophoblast cells [43, 58]. In mice with knockout
of the gene ALKS5 encoding one of the receptors for
TGF-B, the number of uterine NK cells is significant-
ly reduced [50]. ALKS participates in the transmission
of signal from the TGF-f receptor to the SMAD2/3
proteins. Mice with a gene ALKS5 knockout in the
uterine NK cells, expressed less genes encoding gran-
zymes (A, B, D, E, E 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 microenviron-
ment, which can also make changes to the differenti-
ation process of NK cells of the uterus. For the troph-
oblast 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, tropho-
blast cells not only regulate the expression by NK cells
of transcription factors of the terminal stages of dif-
ferentiation, 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. Accord-
ing 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

32



2019, T. 21, Ne 1
2019, Vol. 21, No 1

Peeynayus ouppepenyuposku NK-kaemok
NK cells, differentiation, regulation

factors. Partial regulation by transcription factors of
receptor expression to cytokines determines the de-
gree of effect of the cytokine microenvironment on
the differentiation of NK cells. Among the cytokines
of the microenvironment, 1L-2, IL-7, IL-15, I1L-12,
IL-15 and TGF-p are distinguished, which promote
terminal differentiation and regulate the activation of
NK cells. The effect of these cytokines has a pleio-
tropic effect on NK cells and involves the activation
of the proteins of the intracellular signaling pathways
STATI1, STAT4, STATS, ERK, JNK, Vav-1, SMAD?2,
SMAD3 and SMAD4. Depending on the location,
the cells of the microenvironment and the spectrum
of cytokines secreted by them may differ, which intro-
duces peculiarities in the differentiation of NK cells.
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