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Abstract

NK cells represent the predominant lymphocyte population in the
endometrium. NK cells engage in communication with the embryo during
implantation, influencing implantation success. However, there is currently a lack of
data in the literature regarding the influence of pre-implantation embryos on NK cell
functional activity. The task of NK cells in the uteroplacental contact zone is to
control trophoblast invasion, stimulate or limit it. Cytokines secreted by both embryo
and NK cells —such as IL-1b, IL-6, IL-8, GM-CSF, and IP-10 — have been shown
to stimulate migration and invasion of trophoblast cells Therefore, the purpose of
this study was to develop a cellular diagnostic technology for predicting
reproductive failure by investigating the effect of spent embryo culture media
(ECM) on the cytotoxic activity of NK cells against trophoblast JEG-3 cells in an in
vitro cytotoxicity model.

It was found that the death rate of Jeg-3 cells after co-culture with NK-92 cells
was higher than the spontaneous death of Jeg-3 cells. Collectively, spent embryo
culture media which were not divided into groups based on the quality of the
embryos reduced the death of Jeg-3 cells when co-cultured with NK-92 cells. We
have established that ECM from grade A (excellent- quality) embryos reduce the
effector functions of natural killer cells against JEG-3 trophoblast cells. We assume
that the embryos with the highest implantation potential (grade A) secrete factors
that suppress NK cell cytotoxicity toward trophoblast cells, thereby promoting
embryonic survival and successful implantation. Previously, we detected cytokines
affecting NK cell functions IL-6, IL-8, IL-1b, IL-10, IP-10 and GM-CSF secreted
by excellent quality embryos into a spent culture medium.

Thus, excellent-quality embryos with the greatest implantation potential
secrete factors that modulate NK cell effector functions at the maternal—fetal
interface. The method of assessing the quality of embryos using a functional model
is generally consistent with the morphological system for assessing the quality of
embryos and can be recommended for use in clinical practice.

Keywords: ECM, NK cells, cytokines, trophoblast, implantation,
cytotoxicity.



Pe3ome

NK-kneTku  mpeAcTaBisioT  co0oOMl  mpeoOJamarollyr0  MOMYJISIIUIO
auMdouuToB B 3HIOMETpUU. NK-KIETKH B3aUMOJIEHCTBYIOT C SMOpPHOHOM BO
BpEMsI UMILIAHTAIUH, BJIMSISL HA ycrieX UMIUTIaHnTaiuu. OJIHaKO B HACTOSIIEE BpeMs
B JIUTEpAType HEJOCTATOYHO [JIAHHBIX O BIUAHUU MNPEAUMILIAHTAIIMOHHBIX
AMOpHOHOB Ha (DYHKIMOHAIBHYI0 akTUBHOCTH NK-kierok. 3amaga NK-kineTok B
30HE MATOYHO-TIJIAIIEHTAPHOT'0 KOHTAKTa - KOHTPOJIUPOBATH MHBA3HIO TpodobacTa,
CTUMYJIUPOBaTh WJIM OrpaHUYMBaTh €e€. bbUIo MoKa3aHo, 4YTO UMUTOKUHBI,
CeKpeTHpyeMble Kak sMOproHamu, Tak 1 NK—kierkamu, takue kak I1L-1b, IL-6,
IL-8, GM-CSF u IP-10, cTuMyIupyIOT MUTPAIIMIO U MTHBA3HIO KJIETOK Tpodobiacra.
[ToaTOMY 11€J]1bIO TAaHHOTO UCCIIeI0BaHUs ObliIa pa3pabOTKa TEXHOJIOTUU KIETOUYHON
JMArHOCTUKH JUIsl TPOTHO3UPOBAHUS PEMPOYKTUBHBIX OTEPh HA OCHOBE aHAIN3a
BIIUSIHUA OTpabOTaHHOM cpenbl Mg KylbTuBupoBanus 3mMOpuoHoB (KOC) Ha
IUTOTOKCUYECKYI0 aKTUBHOCTh NK-KJIETOK B OTHOILIEHHHM KJIETOK Tpodobiacta
JEG-3 B MOI€IM IMTOTOKCUYHOCTH 1N Vitro.

bouto oOnapyxkeHo, uto rubenu kietok JEG-3 mocie coBMECTHOTO
KyJbTUBHpOBaHUs ¢ kietkaMu NK-92 Obul BbIlI€ CIIOHTAHHOW THOENH KIIETOK
muaun JEG-3. B cOBOKymHOCTH OTpabOTaHHBIE KYJIBTYPAIbHBIC CPEIBI SMOPHOHOB,
KOTOpbIE HE ObUIN pa3/IejIeHbl Ha TPYNIbl B 3aBUCUMOCTH OT KaueCcTBa YMOPHUOHOB,
CHWKaM tuoenp kiaeTok auHuM JEG-3 mpu COBMECTHOM KyJIBTHBHPOBAHHH C
kietkamu NK-92. Mol ycranoBuim, urto KOC sMOproHoB kinacca A (OTJIIMYHOTO
KauecTBa) CHWKaT dddexkTopHbie (YHKIIMM E€CTECTBEHHBIX KWJLUIEPOB B
OTHOIIEHUHU KIIeToK Tpodobiacta JEG-3. Mbl mpenmnosnaraem, 4To SMOPUOHBI C
CaMbIM BBICOKUM MOTEHIIMAJIOM K MMIUTaHTaMK (Kjacc A) BBIACIAIOT (PaKTOpHI,
KOTOpBIE MOJABIAIOT HMUTOTOKCUYHOCTh NK-KJIETOK MO OTHOLICHHWIO K KIJIETKaM
Tpodobiacta, TeM caMbIM CIOCOOCTBYS BBDKMBAaHWIO SMOpPHOHA U YCHEIIHOU
UMIUTaHTaIuu. Panee Mbl BBISIBUIIM LIMTOKUHBI, BiUstonue Ha GyHkiuu NK-KIeTok,
IL-6, IL-8, IL-1b, IL-10, IP-10 m GM-CSF, cekperupyeMblc 3MOpHOHAMU
OTJIMYHOTO KaYeCTBA B OTPAOOTAHHYIO MUTATEIBHYIO CPENY.

Takum oOpa3oMm, SMOPHOHBI OTJIUYHOTO KauecTBA C HAWOOJIBIINM
MOTEHIIUAJIOM UMIUIAHTAIIMK  BBIACIAIOT  (PAKTOPbI, KOTOpPbIE MOIYJIUPYIOT
s dextopubie pyHkiuu NK-KJIETOK Ha TpaHUIE CUCTEMbl MaThb—IUIoA. MeTton
OIICHKM KadecTBa AMOPHOHOB C HCMOJb30BaHHEM (YHKIIMOHAIHLHOW MOJENIU B
LIEJIOM COOTBETCTBYET MOP(OJIOTUUECKON CHCTEME OLICHKH KadecTBa SMOPHOHOB U
MOKET ObITh PEKOMEH/IOBAH JJIsl HCTIOJIB30BAHUS B KIIMHUYECKOMN MPAKTUKE.

KawueBble caoBa: KOC, NK-knetkn, 1uToKuHBI, TpodooiacT,
MMILUTAHTAIMS, IIATOTOKCUYHOCTb.
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1 Introduction

Implantation plays a crucial role in the establishment of pregnancy [1]. Most
reproductive failures are caused by impaired embryo development during the
implantation stage [1]. Currently, morphological assessment of embryo quality is
mainly used in clinical practice to evaluate implantation potential in IVF cycles.
However, this approach has significant limitations and correlates poorly with actual
embryo implantation potential [1, 2]. In this regard, one of the key priorities in
reproductive medicine today is the development of an effective, non-invasive test
that capable of individually predicting the chances of successful implantation for
each embryo.

The interaction between the mother's immune system and the developing fetus
represents a complex dialogue , in which the fetus demonstrates its antigens and the
maternal body recognises and responds to them [3]. The maternal innate immune
system serves as a key regulator of this process, establishing the unique
immunological environment essential for successful pregnancy [3]. When an
embryo implants into the uterus, inflammatory mediators are actively produced due
to the involvement of lymphocytes. This leads to significant changes in the
composition of endometrial cells preparing for the formation of the placenta [3].

CD56bright uterine natural Killer (UNK) cells predominate in the
endometrium. These cells constitute at least 30% of the total endometrial
lymphocyte population, regardless of the phase of the menstrual cycle. Their
quantity progressively increases during the secretory phase, and in early pregnancy,
they can account for up to 70% [3].

During placenta formation, the chorionic villi attach to the basal layer of the
uterine decidua, ensuring the establishment of adequate maternal blood supply. In
the course of this process, trophoblast cells interact with a specialized subset of NK
cells in the decidual membrane (dNK). dNK cells play a key in angiogenesis and
remodelling of uterine spiral arteries, as well as in regulating the extent of
trophoblast invasion into the uterine wall [3].

Thus, NK cells represent the predominant lymphocyte populationin the
endometrium. NK cells engage in communication with the embryo during
implantation, influencing implantation success.. However, there is currently a lack
of data in the literature regarding the influence of pre-implantation embryos on NK
cell functional activity. Therefore, the purpose of this study was to develop a cellular
diagnostic technology for predicting reproductive failure by investigating the effect
of spent embryo culture media (ECM) on the cytotoxic activity of NK cells against
trophoblast JEG-3 cells in an in vitro cytotoxicity model.

2 Materials and methods

Embryosused in the study

ECM obtained from fragmented embryos (4441 hour of cultivation) at the
stage of 4 blastomeres were used as supernatants. The spent culture medium
obtained from each embryo was aliquoted in a volume of 40 pl into two Eppendorf
tubes in order to further analyze the effect of the supernatant on the cytotoxic activity
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of NK-92 cells. The supernatants were frozen and stored at -80 OC. Spent culture
media were collected from 22 embryos of 22 patients.

Cell lines

Cells of the NK-92 line (ATCC, USA) were used in the work. The cells were
cultured in plastic vials for suspension cultures in accordance with the
manufacturer's recommendations (ATCC, USA). During cultivation a complete
culture medium was used with the addition of IL-2 500 IU of the following
composition: aMEME sterile nutrient medium (Biolot, Russia) with L-glutamine
with the addition of 10% inactivated fetal veal serum (ETS), 10% inactivated equine
serum (DHS), 0.2 mM myoinositol, 0.02 mM folic acid, 2 mM L-glutamine, 50
mcg/ml gentamicin, 20 mM HEPES buffer, 0.1 mM mercaptoethanol (Sigma, USA).
The cells of the NK-92 line were transplanted 3 times a week after 1-2 days.

Trophoblast cells of the JEG-3 line (ATCC, USA) were cultured in plastic
vials for adhesive cultures in accordance with the manufacturer's recommendations
(ATCC, USA). Cultivating JEG-3 cells were in complete culture medium of the
following composition: DMEM sterile nutrient medium (Biolot, Russia) with the
addition of 10% inactivated fetal veal serum (ETS), 100 U/ml penicillin and 100
mcg/ml streptomycin, 0.5 mM L-glutamine, 1% interchangeable acids, 1 mM
sodium pyruvate (Sigma, USA). The JEG-3 suspension culture was replanted 2
times a week after 2-3 days. To disintegrate the monolayer of JEG-3 cells a mixture
of trypsin (Biolot, Russia) and versene (Biolot, Russia) was used in a 1:1 ratio.

Cell culture and all experiments were carried out in a humid atmosphere at 37
°C and 5% CO2. The viability of cells during replanting and in experiments was
assessed using a trypan blue solution, while it was at least 95%.

Evaluation of the cytotoxic activity of NK-92 cells against JEG-3 cells in the
presence of ECM.

NK-92 (ATCC, USA) cell lines were used as effector cells and JEG-3 (ATCC,
USA) cells were used as target cells. NK-92 cells were introduced in a volume of 25
ul and cultured in 96-well plates for suspension cultures. CES from quality A, AB,
B and C embryos in a volume of 75 ul was added to part of the wells, reaching a
concentration of 6*106 cells in 1 ml of culture medium. A medium for the cultivation
of G-TL embryos in a volume of 75 ul was introduced into the control wells. 50 pl
of JEG-3 cells prestained with carboxyfluorescein succinimidyl ether (CFSE)
(Sigma, USA) were added to the wells with NK-92 cells, achieving an effector:target
ratio of 10:1. The cells were then incubated for 4 hours in incubator. After
incubation, the cells were washed and treated with propidium iodide (PI) solution
(Sigma, USA). The effect of CES from 22 embryos of different quality was
analyzed. The analysis was performed using a FACSCantoll flow cytofluorimeter
(BD, USA).

Statistical processing of results

Statistical processing of the results was performed in GraphPad Prism 8.0.1.
using the nonparametric Mann-Whitney U-test. Each dilution of embryo-
conditioned media was analyzed in one repeat in each experiment (n=22). Each
control sample was analyzed in three repetitions.
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3 Results

It was found that the death rate of Jeg-3 cells after co-culture with NK-92 cells
was higher than the spontaneous death of Jeg-3 cells (Figure 1). Collectively, CES
which were not divided into groups based on the quality of the embryos reduced the
death of Jeg-3 cells when co-cultured with NK-92 cells (Figure 1). When dividing
CES into groups according to the quality of the embryos, it was found that CES from
quality A embryos reduced the death of Jeg-3 cells (Figure 1). CES from quality AB,
B, and C embryos did not alter the death of Jeg-3 cells after co-cultivation with NK-
92 cells (Figure 1).

4 Discussion

We have established that ECM from grade A (excellent- quality) embryos
reduce the effector functions of natural killer cells against JEG-3 trophoblast cells.
This finding is consistent with existing literature. During physiological pregnancy,
the cytotoxic activity of NK cells is downregulated due to an increased expression
of inhibitory KIR receptors, NKG2A, ILT2/ITL4 [4, 5]. We assume that the
embryos with the highest implantation potential (grade A) secrete factors that
suppress NK cell cytotoxicity toward trophoblast cells, thereby promoting
embryonic survival and successful implantation.

Previously, we detected cytokines IL-6, IL-8, IL-1b, IL-10, IP-10, and GM-
CSF secreted by excellent quality embryos into a spent culture medium [6]. IL-8,
IL-10, and IL-6 inhibit the cytotoxic activity of natural Killers directly or indirectly
by interfering with the action of stimulating cytokines. According to literature,|L-6
and IL-8 mediate the suppression of NK cell cytotoxicity in vitro, by promoting the
dephosphorylation of STAT proteins via SHP-2 (Src homology 2 domain-containing
protein tyrosine phosphatase-2) which can limit STATS activation and perforin
expression [6, 7]. In addition, IL-6 and IL-8 reduce the surface expression of NKp30
and NKG2D activating receptors on NK cells, which leads to a decrease in their
effector functions [6]. IL-10 is an important cytokine that regulates homeostasis and
limits excessive NK cell activation. In this context, IL-10 may indirectly inhibit IFN-
vy and TNF-a production by NK cells through suppression of I1L-12, IL-15, and IL-
18 secretion by antigen-presenting cells. [7].

The task of NK cells in the uteroplacental contact zone is to control
trophoblast invasion, stimulate or limit it. Cytokines secreted by both embryo and
NK cells —such as IL-1b, IL-6, IL-8, GM-CSF, and IP-10 — have been shown to
stimulate migration and invasion of trophaoblast cells [8, 9, 10].

Previously, we found that CES from embryos of different quality have a
different effect on the functional activity of endothelial cells, which is expressed in
an increase in the intensity of proliferation and migration of endothelial cells
involved in the formation of the vascular bed of the placenta [11].

Thus, excellent-quality embryos with the greatest implantation potential
secrete factors that modulate NK cell effector functions at the maternal—fetal
interface. The method of assessing the quality of embryos using a functional model
is generally consistent with the morphological system for assessing the quality of
embryos and can be recommended for use in clinical practice.



PUCYHKU

Figure 1. Relative number of dead cells of the JEG-3 line in the presence of CES
embryos of different quality.

Pucynok 1. OTtHOCHTENnbHOE KOJMMYECTBO moruOmmx kiaetok juauu JEG-3 B
npucytctBur KOC 3MOpHOHOB pa3HOro KauecTBa.
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Jeg-3+DMEM (n=15) — spontaneous death of Jeg-3 cells cultured in DMEM
medium; Jeg-3+NK-92+G-TL (n=8) - death of Jeg-3 cells cultured in DMEM
medium and in G-TL in a 1:1 ratio medium in the presence of NK-92; total embryo
(n=22) - death of Jeg-3 cells cultured in the presence of CES embryos of different
quality without division into groups and DMEM in a 1:1 ratio when co-cultured with
NK-92 cells; ‘A’ embryo (n=7) is the death of Jeg-3 cells cultured in the presence
of quality A CES embryos and in DMEM medium in a 1:1 ratio when co-cultured
with NK-92 cells; ‘AB’ embryo (n=4) is the death of Jeg-3 cells cultured in the
presence of quality AB CES embryos and in DMEM medium in a ratio of 1:1 when
co-cultured with NK-92 cells; ‘B’ embryo (n=9) - death of Jeg-3 cells cultured in
the presence of quality B CES embryos and in DMEM medium in a ratio of 1:1 when
co-cultured with cells of the NK-92 line; ‘C” embryo (n=2) is the death of Jeg-3 cells
cultured in the presence of quality C CES embryos and in DMEM medium in a 1:1
ratio when co-cultured with NK-92 cells. The significance of the differences: * -
p<0.05; ** - p <0.01, *** - p <0.001.



Jeg-3+DMEM (n=15) — cionTaHHast THOEIB KIIETOK JIMHUK Jeg-3, KyIbTUBUPYEMBIX
B cpene DMEM; Jeg-3+NK-92+G-TL (n=8) - rubenp kieTok nmHHUU Jeg-3,
KyJnbTuBUpYyeMbIX B cperie DMEM u B cpene G-TL 1:1, B mpucyrcrBun NK-92; total
embryo (n=22) - rubenb KIeTOK JUHUH Jeg-3, KyJIbTHBHPYEMBIX B MPHUCYTCTBHH
KO9C »MOproHOB pa3HOoro kayectBa Oe3 neneHus Ha rpynnsl 1 DMEM B
COOTHOIIEHHH 1:1 TpH COKYJbTHBHpOBaHWU C KieTkamu jguHuu NK-92; A’
embryo (n=7) - rubeib KICTOK JIMHUHN Jeg-3, KyJIbTUBUPYEMbIX B ipucyTcTBIH KDC
sMOpuoHOoB kauectBa A u B cpeae DMEM B coortHomienuun 1:1 mnpu
COKYJIbTUBHpOBaHUU C KjieTkamu jguHuUU NK-92; °AB’’ embryo (n=4) - rubenb
KJIETOK TUHUU Jeg-3, KynbTUBUpyeMbIX B IpucyTcTBUH KOC sMOpHMOHOB KayecTBa
AB u B cpene DMEM B cooTHomienuu 1:1 npu COKyJIbTUBUPOBAHUU C KIETKAMHU
muauu NK-92; B’ embryo (n=9) - ru6ens kjieTok JTuHuu Jeg-3, KyJIbTUBUPYEMBIX
B ipucytcTBur KOC smOpronoB kayectBa B u B cpeie DMEM B cooTHomienuu 1:1
IIPU COKYJIbTUBUPOBAHMUHU C KieTkamu JuHuU NK-92; <°C’” embryo (n=2) - rubesnp
KJIETOK JTUHUU Jeg-3, KylnbTUBUPYEMbIX B TpUCyTcTBUU KOC 3MOpHOHOB KauecTBa
C u B cpene DMEM B cootHomeHnnn 1:1 mpu COKyJIbTUBUPOBAHUU C KJIETKAMH
muaun NK-92. JloctoBepHOCTh pazmuuwmii: * - p<0.05; ** - p <0.01, *** - p <0.001.
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