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Pesome. Knetku Tpodobiiacta akTUBHO B3aMMOJEHCTBYIOT C SHAOTEIMAIbHBIMU KJIETKAMU, YYacCTBYS
B (DOpPMHUPOBAaHUM COCYIOB B 30HE MAaTOYHO-IIJIALICHTAPHOTO KOHTAaKTa W PEMOACIMPOBAHUM CITMpaslb-
HBIX apTepuit MaTKu. ITpOXyKIIUS LIUTOKMHOB KJIETKAMM IJIalEHThl 3aKOHOMEPHO M3MEHSIETCS OT MepBOro
K TPETbeMy TPUMECTPY (hU3MOJIOTUIECKON OEepEeMEHHOCTH; OHA TaKKe M3MEHSIETCS] B 3aBUCUMOCTH OT Ha-
JIMYUST aKyIIepCKOW MaToJIOTHU, HallpuMep IPpH TIpe3KIaMIICuK. B HacTosiiee BpeMsl HeT JaHHBIX O BJIM-
SIHUU KaK OTACIbHBIX IIMTOKMHOB, TaK M (DAKTOPOB, CEKPETUPYEMBIX IUIALIEHTOM, Ha B3amMoaeiicterue DK
u Tpoobnacrta. [ToaToMy 1I€NTBIO HACTOSIIIIETO UCCIENOBAHMS SIBUJIACh OIleHKa (haKTOPOB, CEKPETUPYEMBIX
TUTALIEHTOM, Ha (POPMUPOBAHUE COCYIOIIOMOOHBIX CTPYKTYP HIOTEINATBHBIMUA KJIETKAMU B MIPUCYTCTBUU
TpoobiacTa.

[MpoBomni COBMECTHOE KYJbTUBUPOBAHUE SHAOTEINATBHBIX KieToK JuHunu EA.Hy926 u kieTok Tpo-
dobmacta nuann JEG-3 Ha TpexMepHOM KoJulareHOBOM Matpukce «Matrigel» (BD, CIIIA) B npucyTcTBUUA
¢$aKTOpPOB, CEKPETUPYEMbIX IIalleHTON XXeHIIUH ¢ (pU3UOJTOrMYecKoil 6epeMeHHOCThIO Ha cpoke 9-11 He-
Jgenab (n = 15), XXKeHIIWH ¢ (PU3NOIOrNYecKoit 6epeMeHHOCThIO Ha cpoke 38-39 Henenb (n = 15), XKEHIIUH
¢ 0epeMEeHHOCThIO, OCJIOXKHEHHOM MpeaKaaMIicueid Ha cpoke 38-39 Henenb (n = 14).

YcTaHOBJIEHO, YTO KJIETKM Tpodobiacta MOAM(PUILIIMPYIOT CIIOCOOHOCTh SHAOTEIMATbHBIX KJIETOK 00pa-
30BBIBaTh COCYIBI TOJIBKO B YCIOBUSIX (PU3UOJIOTUUYECKU MMpOTeKalolleit oepeMeHHOCTH. [1pu nipeskiiamIicuu
KJIeTK! TpodobiacTa He CIIOCOOHBI CKOPPEKTUPOBATh MOBEACHNE SHIOTEINAIBHBIX KJIETOK U 00eCIIeUUTh

GU3NOIOTUYSCKUI POCT COCYIOB.
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EFFECTS OF PLACENTAL FACTORS UPON DEVELOPMENT
OF TUBULAR STRUCTURES BY ENDOTHELIAL CELLS IN
PRESENCE OF TROPHOBLASTIC CELLS

Sokolov D.I.*><, Belyakova K.L.?, Mikhailova V.A.>¢, Shilenkova Yu.V.3
Khudinyan M.M.%, Okorokova L.S.?, Belikova MLE.”, Selkov S.A.2

@ D. Ott Research Institute of Obstetrics, Ginecology and Reproductology, St. Petersburg, Russian Federation
b St. Petersburg City Hospital No. 26, St. Petersburg, Russian Federation
¢ Pavlov First St. Petersburg State Medical University, St. Petersburg, Russian Federation

Abstract. Trophoblast cells actively interact with endothelial cells participating in the process of vasculogenesis
in the uterus/placenta contact areca and remodeling of uterine spiral arteries. Cytokine production by the
placental cells is subject to gradual changes from the Ist to 3rd trimester of physiological pregnancy. It is also
changed in cases of obstetric disorders, e.g., in pre-eclampsia. At present time, there are lacking data on effects
of cytokines and placenta-derived factors upon local interactions between endothelium and trophoblast cells.
Hence, the aim of our study was to assess the influence of placental factors upon formation of tube-like structures
by endothelial cells in presence of trophoblastic cells. We performed co-cultures of Ea.Hy926 endothelial cell
line and Jeg-3 trophoblastic cells in a 3-D collagen matrix («Matrigel», BD, USA) with secretable factors from
placentas of healthy pregnant women at 9-11 weeks of gestation (n = 15), healthy pregnant women at 38-39
weeks of gestation (n = 15), or the women with preeclampsia at 38-39 weeks of gestation (n = 14).

We have shown that the trophoblastic cells may modify the ability of endothelial cells to form tube-like
structures only with placental factors from health pregnant women. In pre-eclampsia condition, the trophoblast
cells are not able to correct the behavior of endothelial cells, and to promote physiological growth of blood

vessels.

Keywords: trophoblast, endothelium, angiogenesis, placenta, cytokines, pre-eclampsia

Introduction

Appropriate fetus development during pregnancy
depends on the successful formation of maternal-
fetal contact, interactions between trophoblast cells
and cellular microenvironment including interactions
with uterine endothelial cells (EC) during spiral
arteries remodeling [23], placental and decidual
vessels network. Endometrium decidualization in the
beginning of pregnancy is associated with invasion of
trophoblast, changes in qualitative and quantitative
leucocyte composition of the decidua, changes in
functional state of endometrial and decidual cells,
stimulation of angiogenesis and lymphangiogenesis in
endometrium, decidua and placenta [18, 38], changes
in cytokine and cellular microenvironment.

During invasion into the endometrium
trophoblast cells differentiate into two cell types —
syncytiotrophoblast covering villi outside and
cytotrophoblast with proliferative activity diffe-
rentiating into invasive (extravillous) trophoblast
capable of invasion in interstitial direction (uterine
myometrium with the formation of giant cells) and
endovascular direction (uterine spiral arteries) [13].
The result of the remodeling of uterine spiral arteries
is the dilated blood vessels that do not have the ability
to dilate that increases the blood flow to the villi
in the second trimester of pregnancy. Invasion of

trophoblast cells is accompanied by the destruction of
the extracellular matrix by MMP-2, MMP-3, MMP-
9 and cathepsins simultaneously with the secretion of
their inhibitors — TIMP-1 and TIMP-2 [13]. Lack
of trophoblast cells invasion can cause complications
during pregnancy (miscarriage, preeclampsia,
intrauterine growth retardation [31]), the excessive
invasion on the contrary may be a condition for the
development of choriocarcinoma [14]. During the
trophoblast invasion cellslose their ability to proliferate
[35, 39]. When migrating into decidua invading cells
interact with decidual stromal cells, epithelial cells and
maternal immune cells. Cytokines secreted by cells of
microenvironment shift the equilibrium in secretion
of proteases and their inhibitors in different ways:
IFNy decreases secretion of metalloproteases, 1L.-12
inhibits the secretion of proteases and stimulates the
secretion their inhibitors [1]. bFGF also suppresses
the invasion of trophoblast by stimulation of TIMP-
1 secretion and inhibition of MMP-9 secretion [33].
At the same time, HGF enhances the trophoblast
invasion by stimulating the secretion of MMP [14,
37]. EGF has a similar effect by stimulating the
production of MMP-2 [41] and MMP-9 [36] by
trophoblast, but simultaneously EGF stimulates the
production of TIMP-1 by trophoblast cells, thereby
implementing the regulation by principle of negative
feedback [36]. Uterine spiral arteries remodeling
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comesin several stages [13, 27, 28]. Firstly, the changes
based on the activation of the renin-angiotensin
system of mother [43] and activation of decidual NK-
cells and macrophages [40] are observed, which are
accompanied by vacuolization and basophilia of EC
and an increase of the lumen [19]. Further interstitial
trophoblast vascular remodeling occurs accompanied
by apoptosis of smooth muscle cells and deposition
of fibrinoid at the site of elastic and collagen fibers
due to the production of MMP-2 MMP-7 and
MMP-9 by trophoblast, decidual macrophages
and NK-cells [24]. Finally, it ends with vessel walls
infiltration by trophoblast cells due to induction of
EC apoptosis and their replacement [8]. Trophoblast
acquires endovascular phenotype: expression of
E-cadherin, a1B4 integrin decreases, expression of
VE-cadherin, VCAM-1, PECAMI, integrin o1p1,
avp3, a4Bl increases [46]; trophoblast cells form
contacts with EC with the help of VE-cadherin
[11]. The invasion of trophoblast, the remodeling
of spiral arteries, the interactions of trophoblast and
EC are controlled by cells of microenvironment
with various soluble factors secreted. Interaction of
trophoblast cells and EC is amplified by the action
of pro-inflammatory cytokines TNFa and IL-1fB
secreted by cells of microenvironment because of
expression stimulation of a4p1 and VCAM-1 [12].
In the presence of IFNy or elevated concentrations
of TNFa the ability of trophoblast to integrate into
EC monolayer decreases [16]. VEGF family factors
stimulate the expression of integrin aVB3 [20] and
are chemoattractants for trophoblast cells [32] that
indicates their important role in the remodeling of
uterine spiral arteries. VEGF-A also stimulates the
proliferation and increases trophoblast viability [9],
and VEGF-C reduces the cytotoxicity of NK-cells to
trophoblast [26]. TGF beta, unlike the majority of the
growth factors, inhibits trophoblast cells proliferation
[30], stimulates their adhesion, but inhibits the
invasion [45] and stimulates the secretion of VEGF
by trophoblast cells [17].

Cytokine production by placental cells naturally
varies from the first to the third trimester of healthy
pregnancy; it also varies depending on the presence
of obstetric pathology, such as preeclampsia [2, 3, 4].
There is currently no data on the impact of individual
cytokines and factors secreted by placenta, on EC and
trophoblast interaction. Therefore, the aim of this
study was to evaluate the factors secreted by placenta
on the formation of tube-like structures by endothelial
cells in the presence of trophoblast.

Materials and methods

Cell lines

Cell line EA.Hy926 used in the experiment
reproduces all main features of endothelial cells. Cells
were cultured in culture medium DMEM/F12 with

addition of 10% fetal bovine serum (FBS), 100 pg/ml
of streptomycin, 100 U/ml of penicillin, 8 mmol/L
of L-glutamine, HAT (Sigma, USA). Reseeding
was produced one time every 3-4 days, causing the
disintegration of monolayer by five-minute exposition
in versene solution (Biolot, Russia). Trophoblast cell
line JEG-3 reproduce all main features of the invasive
type of trophoblast. Cells were cultured in culture
medium DMEM, 10% FBS , 100 pg/ml streptomycin,
100 U/l penicillin, 2 mmol/L L-glutamine, 1%
non-essential amino acids, 10 mM sodium pyruvate
(Sigma, USA). Reseeding was produced one time in
3-4 days, causing the disintegration of monolayer by
five-minute exposition in solution containing 0.135%
trypsin and 0.01% EDTA (Biolot, Russia).

Obtaining placentas conditioned media

Placentas were obtained: 1) after induced abortion
at normal 1st-trimester between 9-11 weeks (n = 15);
2) after caesarean-delivery at normal 3rd-trimester
between 38-39 weeks (n = 15); 3) after caesarean-
delivery at preeclampsial 3rd-trimester between 38-
39 weeks (n = 15). The age of women varied from 18
to 37 years with an average of 31.6+4.2 years. The
exclusion criteria for the pregnant women included:
(i) type I diabetes mellitus, (ii) polyhydramnios, (iii)
oligohydramnios, (iv) urogenital infection, (v) acute
infection, or (vi) exacerbation of chronic infection,
hypertension and other diseases of the circulatory
system. Groups of pregnant women were matched for
age, parity births and obstetric history. The diagnosis
of preeclampsia in pregnant women was established
on the basis of the main clinical symptoms — the
presence of proteinuria, oedema, and hypertension.
Fragments (weight 10011 mg) from the central part
of the placenta were cultured for 24 hours in 1 ml
DMEM/F12 medium (Sigma, USA) with no added
FBS. Then, the conditioned media were collected,
frozen and stored at temperature -20 °C until the
study.

Evaluation of the secreted placental factors
influence on the formation of tube-like structures by
EC in the presence of trophoblast cells

In wells of a 24-well plate pretreated with Matrigel
Growth Factor Reduced matrix (BD, USA), we
added 400 ul of placental conditioned DMEM/F12
medium (three wells for each sample), 25 ul of FBS
(Sigma, USA). Then to each well we added EC of
EA.Hy926 line at a concentration 175 000 (in 300 pl
of DMEM/F12 medium) and 75 000 trophoblast
cells of Jeg-3 line (in 300 ul DMEM / F12 medium)
previously stained with green fluorescent vital dye
CalceinAM (Sigma, USA). To control wells we added
300 pl of DMEM medium, 2,5% FBS without cells
of Jeg-3 line. Then we performed the incubation for
24 hours (37 °C, 4.5% CO2). As a control (n = 15) we
assessed the formation of tube-like structures by EC
in the absence of trophoblasts. At that the number of
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tube-like structures formed by EC of EA.Hy926 line
in coculture with trophoblastic cell line JEG-3 (30*1,
n = 15) was lower than in culture in the absence of
JEG-3 cellline (37%1, p <0.001). The length of tube-
like structures formed by EC of line EA.Hy926 was
similar (105.75%+0.52 um) both at monoculture and
during cocultivation with JEG-3 cell line. As a level
of spontaneous formation of tube-like structures we
assessed tube-like structures formed in the presence
of trophoblast cells in a medium containing 2.5%
FBS (the spontaneous level, Figure 1A — see p. 3 of
the cover). The level of tube-like structures formation
by EC in the presence of trophoblast cells and IFNy
(1000 U/ml, n = 15) served as a positive control. The
length of tube-like structures was longer (133.02+3.91,
p < 0.001) than in culture in the absence of IFNy
(105.75£0.52). With AxioObserver.Z1 microscope
and computer image analysis system AxioVision
(Zeiss, Germany) 5 fields of view per well were taken
into account. We assessed the number of formed
tube-like structures and their length in micrometers.
Statistical analysis was performed using computer
program StatisticalO. For data analysis, we used the
nonparametric Mann—Whitney test.

Results and discussion

In the presence of conditioned media of placentas
from women with healthy pregnancy on 9-11 weeks
of gestation we observed an increase in the length of
tube-like structures formed by EC of EA.Hy926 line
in the presence of trophoblast cells of JEG-3 line,
comparing with a spontaneous level of their formation.
We also marked the reduction in the number of tube-
like structures formed by EC of EA.Hy926 line in the
presence of trophoblast cells of JEG-3 line (Table 1,
Figure 1 — see p. 3 of the cover). In the presence
of conditioned media of placentas from women
with healthy pregnancy (38-39 weeks of gestation)
we observed an increase in the length of tube-like
structures formed by EC of EA.Hy926 line in the
presence of trophoblast cells of JEG-3 line comparing
with the level of their spontaneous formation. We
also marked the reduction in the number of tube-
like structures formed by EC of EA.Hy926 line in the
presence of trophoblast cells of JEG-3line ascompared
with the spontaneous level of their formation, and
in comparison with the culturing in the presence
of conditioned media of placentas from women in
the early stages (9-11 weeks) of healthy pregnancy
(Table 1, Figure 1 — see p. 3 of the cover). Thus, the
effects of conditioned media of placentas from women
at early and late pregnancy are different. Conditioned
media of placentas from women at early pregnancy
stimulate the formation of more tube-like structures
comparing with conditioned media of placentas
from women at late pregnancy. This fact is in favor of
changing of the cytokines and growth factors balance

in placenta depending on the gestation age and the
predominance of non-branching angiogenesis in late
healthy pregnancy and corresponds to the data present
in the literature [44]. Previously in our laboratory we
performed the study of cytokine secretion by placenta
which showed the increased production of pro-
angiogenic factors (VEGE bFGE, MMP-2 , PDGE
Ang-2) in the first trimester of healthy pregnancy
comparing with the third trimester [3]. The increased
secretion of MMP-2, Ang-2, acting collaboratively
with VEGE in the first trimester of pregnancy [4,
21], stimulates extracellular matrix destruction,
decreases intercellular adhesion, providing vessel
destabilization, as well as stimulating the migration and
proliferation of EC. Destabilizing effect is required for
the formation of new vessels branches and increases
the sensitivity of EC to various angiogenic factors
such as VEGE promoting stimulation of branching
angiogenesis, and, consequently, meeting the needs of
the growing fetus with oxygen and nutrients. At the
third trimester of pregnancy there is a reduction of
angiogenic factors, including Ang-2, and increasing
of Ang-1 production by placental cells [4], that favors
the termination of vascular network formation and
provides switching of branching angiogenesis to non-
branching angiogenesis.

Previously in our laboratory we conducted the
experiments on evaluation of the effect of conditioned
media of placentas from women with early pregnancy
on the formation of tube-like structures by EC in the
absence of other cell types. EC formed shorter tube-
like structures compared with spontaneously formed
tube-like structures, but their number was significantly
higher than the number of spontaneously formed
tube-like structures, indicating the physiological
process of branching angiogenesis [34]. The presence
of trophoblast cells surrounding EC modifies their
behavior — the length of tube-like structures formed
by EC increases significantly while preserving
the ability to form a greater number of tube-like
structures than in the presence of conditioned media
of placentas from women in third trimester of healthy
pregnancy. These results are consistent with the
literature on switching of angiogenesis mechanisms
from branching angiogenesis in the first trimester of
pregnancy to non-branching angiogenesis in the third
trimester of pregnancy [10]. Given that trophoblast
cells are able to acquire an endothelial phenotype [11,
46], as well as incorporate into tube-like structures
(Figure 1 — see p. 3 of the cover) we can expect their
active participation in the development of decidua
vascular network; these data are also in agreement with
previously described trophoblast role in remodeling of
uterine spiral arteries [8, 13, 46]. We could not find
in the literature data on the nature of the interaction
between EC in such co-cultivation systems, so the
question of the ability of trophoblast cells to form
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TABLE 1. THE EFFECT OF CONDITIONED MEDIA OF PLACENTAS FROM WOMEN ON THE TUBE-LIKE STRUCTURES
FORMATION BY EC OF EA.Hy926 LINE IN THE PRESENCE OF TROPHOBLAST CELLS OF JEG-3 LINE

Cell culturing conditions

The length of tube-like

The number of tube-like

structures, ym structures

DMEM/F12, 2,5%
(the spontaneous level)

100.58 [83.37; 120.95]

29 [22; 37]

conditioned media of placentas from healthy
pregnancy (9-11 weeks of gestation, group 1)

117.58 [95.71; 145.14]***

26 [19.5; 33]*

conditioned media of placentas from healthy
pregnancy (38-39 weeks of gestation, group 2)

118.74 [96.91; 149.72]***

23 [15; 31]** ¥

conditioned media of placentas from pregnancy
with preeclampsia (38-39 weeks of gestation,
group 3)

135.84 [111.94; 161.43]*** ##

18 [13; 24]*** #

Note. The significance of differences between groups: the length or the number of tube-like structures in the presence of
conditioned media is different from the spontaneous level * — p < 0.05; *** — p < 0.001; the number of tube-like structures in the
presence of conditioned media of placentas from women of group 2 is different from the number in group 1 — p < 0.05; the length
or the number of tube-like structures in the presence of conditioned media of placentas from women of group 3 is different from the

length or the number in group 2 # - p < 0.05, #*#* - p < 0.001.

tube, as it was described for the EC [7, 22], or act like
pericytes remains open.

In the presence of conditioned media of placentas
from women with pregnancies complicated with
preeclampsia (38-39 weeks) we observed an increase
in the length of tube-like structures formed by EC of
EA.Hy926 line in the presence of trophoblast cells
of JEG-3 line, At the same time in the presence of
conditioned media of placentas from women with
pregnancy complicated with preeclampsia (38-39
weeks) we observed a decrease in the number of
tube-like structures formed by EC of EA.Hy926 line
in the presence of trophoblast cells of JEG-3 line
comparing both with the level of their spontaneous
formation and with the culturing in the presence
of conditioned media of placentas from women in
the late stages (38-39 weeks) of healthy pregnancy
(Table 1, Figure 1 — see p. 3 of the cover). Thus, the
conditioned media of placentas from women with
preeclampsia have pronounced stimulating effects in
increasing the length of tube-like structures formed
by EC along with reducing their number when
cocultured with trophoblast. This fact is in favor
of changing the balance of cytokines and growth
factors in placenta in case of pre-eclampsia and
the predominance of the processes non-branching
angiogenesis at preeclampsia. Earlier we registered
the similar result in experiments on assessment the
effects of conditioned media of placentas from women
with preeclampsia on tube-like structures formation
by EC in the absence of other types of cells [34]. This
fact is in favor of an significant reduction of vessels
branching and the predominance of non-branching
angiogenesis in preeclampsia comparing with healthy
pregnancy in the absence and in the presence of
trophoblast cells. These data also point to the failure
of trophoblast cells to change the behavior of EC

towards the physiological vascular growth when pro-
inflammatory and anti-angiogenic factors prevail in
the external cytokine microenvironment. Probably
during pathological processes in the area of utero-
placental contact endovascular trophoblast cells
behave in a similar to EC way [5, 42], reducing the
migration and proliferation activity [6]. In this case,
we also cannot exclude an increased cytotoxic activity
of trophoblast cells, which are capable of inducing
apoptosis of EC [38]. Trophoblast cells express
FasLL and secrete its soluble form — sFasL, which
interaction with Fas molecule expressed on EC [15,
25] leads to the apoptosis of EC. The development of
TRAIL-dependent EC apoptosis was also shown [29].
These mechanisms may also be involved in reducing
the number of tube-like structures formed by EC cell
in the presence of conditioned media of women’s
placentas.

Conclusion

Thus, soluble factors contained in the conditioned
media of placentas from women in the first and
third trimester of healthy pregnancy and pregnancy
complicated with preeclampsia change the
characteristics of the vascular network formed by
EC in the presence of trophoblast cells. Conditioned
media of placentas from women in the first trimester of
healthy pregnancy stimulate branching angiogenesis,
while conditioned media of placentas from women in
the third trimester of healthy pregnancy stimulate non-
branching angiogenesis. The presence of trophoblast
cells surrounding EC modifies EC behavior that is in
favor of their active participation in the processes of
decidual and placental vascular network formation.
In case of preeclampsia trophoblast cells are not
able to correct the behavior of EC and enable the
physiological growth of blood vessels.
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