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Despite ample data on cytokine secretion in the uteroplacental interface, the influence of micro-
environment cells, in particular, trophoblast cells on angiogenesis and the role of cytokines in 
this process remain poorly studied. We studied the influence of cytokines on the formation of 
tube-like structures by endothelial cells in the presence of trophoblast cells and showed that tro-
phoblast cells suppressed the angiogenic potential of endothelial cells. Antiangiogenic cytokines 
IFN-γ, IL-10, TNF-α, and TGFβ via modulation of trophoblast cells stimulated the formation of 
tube-like structures by endothelial cells. In the co-culture of endothelial and trophoblast cells, 
the effects of cytokines changed and they gained additional regulatory functions.
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Appropriate fetus nutrition depends on successful 
formation of uteroplacental interface, placental and 
decidual vascular network, interactions of trophoblast 
cells with microenvironment, including maternal im-
mune cells located in endometrium and uterine en-
dothelial cells (EC), during remodeling of the spiral 
arteries [32]. EC play an important role in placenta 
formation and development. Along with barrier func-
tion, EC have a variety of regulatory functions, pro-
duce a wide spectrum of bioactive substances affecting 
angiogenesis, hemostasis, cell adhesion, inflammatory 
response, and functional activity of cells of the micro-
environment [18,19].

EC play a key role in the process of angiogenesis 
in the placenta, the key event for providing nutrients 
and oxygen to the fetus. Angiogenesis consisting of 
several consecutive stages: destruction of the extracel-
lular matrix, migration and proliferation of EC, for-
mation of a new capillary tube by EC, the restoration 
of the basement membrane [2,57]. The regulation of 
angiogenesis is determined by many factors: influence 
of cytokines and growth factors, interactions between 

EC mediated by adhesion molecules PECAM-1 and 
VE-cadherin, EC interactions with extracellular matrix 
proteins via integrins, production of enzymes that de-
grade extracellular matrix, EC sensitivity to apoptosis-
inducing stimuli [2,4,57]. EC are an important source 
of cytokines and growth factors affecting all stages 
of angiogenesis. For instance, activated EC produce 
VEGF, IL-1, IL-6, IL-8, MCP-1, M-CSF, GM-CSF, 
and SDF-1. During activation, EC can produce uroki-
nase type plasminogen activator (u-PA) and its inhibi-
tor (PAI-1), ММР-1, ММР-2, ММР-3, and ММР-9 
due to which EC can modulate the processes of extra-
cellular matrix degradation [4].

Angiogenesis in the placenta, decidua, and endo-
metrium is controlled by cells of the microenviron-
ment. The key role in the regulation of angiogenesis 
in the placenta is played by decidual and placental 
macrophages that via production of cytokines (VEGF 
[6,20], TGFβ, M-CSF, IL-6, IL-1β [35,54], TNF-α 
[35], IL-8 [62,63], G-CSF [66], GM-CSF [12], IFN-γ 
[33], IL-10 [34], IL-15, IL-17 [60], МСР-1, and TSP-1) 
and directly or indirectly (through other cells of EC 
microenvironment) control all stages of angiogenesis. 

The main cells of EC microenvironment in the 
placenta are trophoblast cells. For instance, a popula-
tion of trophoblast cells, endovascular trophoblast, 
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participates in remodeling of the uterine spiral arteries 
[44] by replacing the endothelial lining. This process 
is accompanied by expression of EC-specific adhe-
sion molecules by endovascular cytotrophoblast cells 
and replacement of vascular EC by trophoblast cells 
via of Fas- and TRAIL-mediated induction of EC 
apoptosis and induction of Fas- and TRAIL-mediated 
apoptosis of vascular smooth muscle cells leading to 
dilatation of uterine vessels and increased maternal 
blood flow supply to the trophoblast [14]. In addition, 
different populations of trophoblast cells produce cy-
tokines IL-6, IL-11, GM-CSF, IL-1β [61], IFN-γ, IL-4, 
TNF-α, TGFβ, IL-8, IL-10 [73], VEGF, SDF-1 [74], 
IGF, and RANTES responsible for autocrine and para-
crine regulation of trophoblast invasion. Moreover, 
trophoblast is one of the main sources of enzymes 
MMP-2, MMP-3, MMP-9, and cathepsin [14] in pla-
centa destructing the extracellular matrix during inva-
sion. The production of these enzymes and cytokines 
can modulate functional activity of both placental and 
decidual EC and affect angiogenesis in the placenta 
and decidua and formation of contacts between endo-
vascular trophoblast cells and EC. It is believed that 
cytokines secreted by EC stimulate proliferation and 
differentiation of trophoblast cells and regulate their 
invasion [22].

Thus, production of various cytokines by placental 
cells was studied by various methods, mainly immu-
nohistochemistry. Proliferation, viability, migration, 
and invasion of trophoblast cells into the endome-
trium are controlled by a wide range of soluble fac-
tors secreted by microenvironmental cells, including 
EC. In turn, trophoblast cells produce cytokines and 
factors affecting EC and other microenvironmental 
cells. Trophoblast cells and EC interact not only via 
secretion of soluble factors, but also by contact inter-
actions [44]. Despite ample data on cytokine secretion 
in the uteroplacental interface, the influence of micro-
environmental cells, in particular, trophoblast cells on 
angiogenesis and the role of cytokines in this process 
remain poorly understood.

Therefore, the aim of the present study was to 
evaluate the effects of cytokines on the early stages of 
vessel formation by EC in the presence of trophoblast 
cells.

MATERIALS AND METHODS

EA.Hy926 cells used in the experiment reproduce all 
main features of EC [27]. Culturing was carried out in 
DMEM/F-12 supplemented with 10% fetal calf serum 
(FCS), 100 μg/ml streptomycin, 100 U/ml penicil-
lin (Sigma), and 8 mmol/liter L-glutamine, and NAT 
(Sigma). The cells were subcultured every 3-4 days 
by 5-min treatment of the monolayer with Versene 

(BioloT). JEG-3 trophoblast cells reproduce all main 
features of invasive trophoblast [49]. The cells were 
cultured in DMEM containing 10% FCS, 100 μg/ml 
streptomycin, 100 U/ml penicillin, and 2 mmol/liter 
L-glutamine, and 1% non-essential amino acids, and 
10 mM sodium pyruvate (Sigma) and subcultured 
every 3-4 days by 5-min treatment of the monolayer 
culture 0.135% trypsin and 0.01% EDTA (BioloT).

We used recombinant human cytokines bFGF, 
PlGF, TGFβ, IL-4, IL-6, IL-8, IL-10 (RD), VEGF 
(BD), TNF-α (Refnolin, specific activity 1U=0.06 ng), 
IFN-γ (Gammaferon) (Ferment, Sanitas) in various 
concentrations.

In wells of a 24-well plate pretreated with Matri-
gel Growth Factor Reduced matrix (BD) [37], 400 
µl DMEM/F-12, 25 µl FCS (Sigma), and cytokines 
in various concentrations (3 wells for each concen-
tration) were added. Then, 175,000 EC (EA.Hy926 
cells) in 300 µl DMEM/F-12 and 75,000 JEG-3 
trophoblast cells in 300 µl DMEM/F-12 previously 
stained with green fluorescent vital dye Calcein AM 
were added to each well (Sigma). The control wells 
contained 300 µl DMEM without JEG-3 cells. The 
plates were incubated for 24 h (37oС, 4.5% CO2). 
The formation of tube-like structures by EC in the 
absence of trophoblasts served as the control (Fig. 1, 
a). Spontaneous formation of tube-like structures by 
EC was assessed the presence of trophoblast cells in 
a medium containing 2.5% FCS (Fig. 1, b). Forma-
tion of tube-like structures by EC in the presence of 
trophoblast cells and IFN-γ (1000 U/ml) served as 
the positive control (Fig. 1, c). In each well, 5 fields 
of view were examined under an AxioObserver Z1 
microscope and the length and number of formed 
tube-like structures were measured using AxioVision 
image analysis system (Carl Zeiss).

The data were processed statistically using Sta-
tistica 10.0 software. Parametric Student’s t test was 
applied for data analysis.

RESULTS

Physiological development of the placenta depends on 
successful cooperation of trophoblast cells and EC in 
the uteroplacental interface zone. Proliferation, viabil-
ity, invasion, migration, and adhesion of trophoblast 
cells are controlled by a wide range of soluble factors 
secreted by microenvironmental cells, including EC. 
Trophoblast cells also produce cytokines and factors 
affecting EC, immune system cells, and other micro-
environmental cells. Imbalance in the production of 
cytokines and other soluble factors in the placenta can 
cause pregnancy complications.

The interactions of EC with trophoblast cells in 
the placenta are traditionally studied by using im-
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Fig. 1. Tube-like structures formed by of EA.Hy926 EC (a), tube-like structures formed by EA.Hy926 EC in the presence of JEG-3 tropho-
blast cells (stained with Calcein AM) (b), tube-like structures formed by EA.Hy926 EC in the presence of JEG-3 trophoblast cells (stained 
with Calcein AM) after addition of 1000 U/ml IFN-γ (c), ×100.

munohistochemical techniques. There are also other 
approaches to in vitro studies of EC—trophoblast cell 
interaction: integration of trophoblast cells into EC 
monolayer [15], perfusion of isolated uterine arte-
ries (allows modeling of endovascular and intersti-
tial invasion of trophoblast cells) [21], co-culture of 
cells on extracellular matrixes (fibronectin, Matri-
gel) [7,41,42,76]. The latter approach was used in 
the present study. Matrigel is the product of mouse 
sarcoma cell line Engelbreth-Holm-Swarm (EHS) 
and represents a mixture of extracellular matrix pro-
teins with a high content of laminin, nidogen, and 
type IV collagen. It also contains minor amounts of 
TGFβ, EGF, IGF, bFGF, and uPA. Matrigel is used 
as a substrate for culturing of embryonic stem cells, 
a model of cancer cell invasion [48]. EC placed on a 
3D matrix do not proliferate, but rapidly adhere and 
form a network of capillary-like structures that have 
inner lumen and form a basal membrane on the outer 
side of the vessel [31]. Later, acetylated LDL appear 
on EC, which is a marker of differentiated state of 

these cells. This was confirmed by experiments on 
primary EC (HUVEC) and transplantable EC cell line 
EA.Hy926 [8]. The advantage of this method is the 
possibility of modeling EC—trophoblast cell interac-
tions under conditions approximating in vivo condi-
tions, because EC cultured on Matrigel considerably 
differ by their morphological, phenotypic, and func-
tional properties from EC cultured on plastic. Experi-
ments with EC culturing on Matrigel demonstrated 
the influence of different cytokines, growth factors, 
and pharmacological agents on angiogenesis [71]. 
However, experimental studies with co-culturing of 
several cells populations (EC+monocyte-like cells 
[53,68], EC+trophoblast cells [26,75,76]) were per-
formed only recently. This method allows modeling 
of cell—cell interaction via both secretion of growth 
factors and contact interactions.

Co-culturing experiments showed that the number 
of tube-like structures formed by EC (EA.Hy926 cells) 
co-cultured with trophoblast JEG-3 cells was lower 
(30±1) than in EC monoculture (37±1, p<0.001). The 
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length tube-like structures formed by EC (EA.Hy926 
cells) in monoculture and co-culture with of JEG-3 
cells was similar. There are published data on secretion 
of both proangiogenic (PlGF, bFGF, and VEGF) and 
antiangiogenic factors (sFlt1, endostatin, angiostatin, 
and thrombospondin) by trophoblast cells [11]. The 
observed decrease in the number of tube-like struc-
tures formed by EC can be related to trophoblast pro-
duction of soluble factors that reduce EC viability and 
stimulate their apoptosis. It was shown that tropho-
blast can induce apoptosis by the TRAIL-dependent 
mechanism [45] and via interaction of Fas expressed 
on EC and FasL expressed on trophoblast cells [16]. 
Extravillous trophoblast can induce apoptosis of EC, 
which is necessary for remodeling of uterine spiral ar-

teries at the expense of migration of trophoblast cells, 
their differentiation, and acquisition of endovascular 
phenotype [14].

The development of the placenta is accompanied 
by changes in the production of cytokines and growth 
factors by cells in uteroplacental contact area. It was 
previously found that the content of IL-10, IL-2, IL-4, 
IL-5, TNF-α, and IFN-γ in the placenta increased from 
the first to the third trimester, while the content of 
IL-8, VEGF, and bFGF decreased [5]. Normally, the 
production of pro- and antiangiogenic factors in the 
placenta is balanced; any shifts in this balance affects 
the behavior of EC and trophoblast cells and changes 
the profile of secretion of soluble factors and expres-
sion of surface molecules [5]. The effects of cytokines 

Fig. 2. Effect of proinflammatory cytokines TNF-α, IL-1β, IFN-γ on the formation of tube-like structures by EA.Hy926 EC in the presence of 
JEG-3 trophoblast cells. a) Length of tube-like structures; b) number of tube-like structures. Horizontal line: spontaneous level of tube-like 
structure formation. *p<0.05, **p<0.01, ***p<0.001 in comparison with spontaneous level; ++p<0.01, ++p<0.001 in comparison with 0.1 ng/
ml IL-1β; oop<0.01 in comparison with 400 U/ml IFN-γ.
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on the interaction between EC and trophoblast cells 
remain poorly studied.

The effects of TNF-α on angiogenesis and tro-
phoblast invasion in the placenta attracts much recent 
attention of researchers working in the field of immu-
nology of reproduction. It was shown that the content 
of TNF-α in the placentas in women with preeclamp-
sia is higher than in healthy pregnant women [2,57]. 
A similar picture was observed in rats with modeled 
preeclampsia. Increased concentration of TNF-α in the 
peripheral blood of women with preeclampsia was also 
shown [2,76]. The regulatory role of TNF-α consists 
in its influence on proliferation and viability of EC 
and trophoblast cells and on their secretory profile. 
We have previously found that the length of tube-like 
structures formed by EC (EA.Hy926 cells) co-cultured 
with trophoblast JEG-3 cells increased in the presence 
of TNF-α in low (10 U/ml, 0.6 ng/ml) and high con-
centrations (400 U/ml, 24 ng/ml) in comparison with 

the spontaneous level of tube-like structures formation 
(Fig. 2). A similar result was previously obtained in 
EC monoculture (EA.Hy926 cells) in the presence 
of TNF-α in the specified concentrations. TNF-α at 
different concentrations produces opposite effects on 
angiogenesis: at low concentrations (<100 ng/ml) it 
stimulates this process via stimulation of EC proli-
feration and secretion of proangiogenic factors by EC, 
while at high concentrations (>1000 ng/ml) it produces 
a suppressive effect on angiogenesis due to stimulation 
of EC apoptosis [28]. There are also data of predomi-
nantly inhibitory effect of TNF-α on trophoblast cells: 
it suppresses migration [10,70], stimulates apoptosis 
by suppressing the expression of integrins [30], and 
inhibits trophoblast invasion into the spiral arteries 
of the uterus [21]. Thus, TNF-α in EC—trophoblast 
cell co-culture stimulates the formation of tube-like 
structures due to stimulating effect on EC and simul-
taneous inhibitory effect on trophoblast cells, due to 

Fig. 3. Effect IL-6 and IL-8 on the formation of tube-like structures by EA.Hy926 EC in the presence of JEG-3 cells. a) Length of tube-like 
structures; b) number of tube-like structures. Horizontal line: spontaneous level of tube-like structure formation. *p<0.05, ***p<0.001 in 
comparison with spontaneous level; +++p<0.001 in comparison with 1 ng/ml IL-8.
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which the inhibitory effect of trophoblast cells on EC 
is compensated. In previous studies, opposite results 
were obtained: TNF-α in low concentrations (0.2- 
5 ng/ml) disturbed the formation of a common network 
of tube-like structures by trophoblast cells (JEG-3) and 
EC (human EC of microcirculatory bed of the uterus, 
UtMVEC) on matrix Matrigel. Under these condi-
tions, exogenous NO abolished the inhibitory effect of 
TNF-α [75,76]. These differences can be attributed to 
individual characteristics of the used cell lines reflect-
ing properties of microvascular (UtMVEC) or major 
vessel EC (EA.Hy926) [38].

In the presence of IL-1β in low concentrations 
(0.1 ng/ml), an increase in the length of tube-like 
structures was observed compared to the level of their 
spontaneous formation, while in the presence of IL-
1β in concentrations of 1 and 10 ng/ml, the length of 
tube-like structures considerably decreased below the 
spontaneous level. IL-1β in a concentration of 1 ng/ml  

also increased the number of tube-like structures in 
comparison with the spontaneous level (Fig. 2). It 
should be noted that IL-1β has proangiogenic effect 
and stimulates the formation of tube-like structures by 
EC in vitro [72]. The proangiogenic effect of IL-1β is 
determined by induction of VEGF [72] and IL-8 [64] 
secretion by EC. Probably this effect of IL-1β on EC 
determines the stimulating effect on the formation of 
tube-like structures by EA.Hy926 EC co-cultured with 
JEG-3 trophoblast cells. It can be hypothesized that 
changes in cell behavior in co-culture in the presence 
of higher concentrations of IL-1β (1 and 10 ng/ml) can 
be caused by changes in the behavior of trophoblast 
cells. It was previously shown that IL-1β stimulates 
adhesion to EC by increasing the expression of adhe-
sion molecules (VCAM-1 and integrin α4β1) [13] and 
stimulates invasion and migration of trophoblast cells 
due to secretion of MMP-9 by trophoblast cells [67], 
which probably determined the increase in the number 

Fig. 4. Effect anti-inflammatory cytokines IL-4 and IL-10 on the formation of tube-like structures by EA.Hy926 EC in the presence of JEG-3 
cells. a) Length of tube-like structures; b) number of tube-like structures. Horizontal line: spontaneous level of tube-like structure formation. 
*p<0.05, ***p<0.001 in comparison with spontaneous level; ++p<0.01 in comparison with 10 ng/ml IL-4.
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of tube-like structures in co-culture of trophoblast cells 
and EC in the presence of IL-1β.

IFN-γ dose-dependently increased the length of 
tube-like structures formed by EA.Hy926 EC co-cul-
tured with trophoblast JEG-3 cells in comparison with 
the spontaneous level (Fig. 2). There are published re-
ports about antiangiogenic effects of IFN-γ associated 
with its inhibitory influence on EC proliferation and 
secretion of MMP by these cells [3]. We have previ-
ously demonstrated that IFN-γ in low concentrations 
(40 U/ml) inhibits the formation of tube-like structures 
by EC, but in high concentrations (1000 U/ml) pro-
duced an opposite effect and promotes the formation 
of tube-like structures. Recent studies have shown 
that IFN-γ stimulates secretion of VEGF by EC [55], 
which probably determines the stimulating effect of 
this cytokine in high concentrations. In the co-culture 
of EC and trophoblast cells, IFN-γ acts on both types 
of cells. Previous studies showed that IFN-γ inhibited 
integration of trophoblast cells into EC monolayer 

[15] and inhibited trophoblast invasion by suppress-
ing MMP-2 and MMP-9 secretion and stimulation of 
apoptosis [43,50]. The stimulating effect of IFN-γ in 
the co-culture can be explained by its stimulating ef-
fect on EC and inhibitory effect on trophoblast cells.

In the presence of IL-8 in all studied concentra-
tions, the length of tube-like structures formed by 
EA.Hy926 EC in co-culture with JEG-3 trophoblast 
cells increased in comparison with its spontaneous 
level (Fig. 3). Chemokine IL-8 is a proangiogenic cy-
tokine that stimulates proliferation of EC and supports 
their viability [57]; it stimulates EC migration and 
formation of blood vessels [52] due to stimulation of 
MMP production by these cells [51]. At the same time, 
trophoblast cells in the presence of IL-8 also secrete 
matrix metalloproteinases, which promotes remodeling 
of the extracellular matrix and stimulates proangiogen-
esis processes [39].

In the presence of IL-6 in a concentration of  
4 ng/ml, an increase in the length of tubes formed by 

Fig. 5. Effect growth factors on the formation of tube-like structures by EA.Hy926 EC in the presence of JEG-3 cells. a) Length of tube-like 
structures; b) number of tube-like structures. Horizontal line: spontaneous level of tube-like structure formation. *p<0.05, **p<0.01, ***p<0.001 
in comparison with spontaneous level; +p<0.05, ++p<0.01 in comparison with lower concentration of the cytokine.
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EA.Hy926 EC in co-culture with JEG-3 trophoblast 
cells was shown. In the presence of 1 and 2.5 ng/ml 
IL-6, the number of tube-like structures increased in 
comparison with the level of their spontaneous for-
mation (Fig. 3). The stimulatory effect of IL-6 could 
be associated with induction of autocrine secretion of 
VEGF by EC. There is evidence that IL-6 stimulates 
migration and invasion of trophoblast cells [40]. It is 
possible that during invasion trophoblast cells secrete 
MMP thus promoting remodeling of the extracellular 
matrix and, consequently, the formation of vessels by 
EC. Increased length of tube-like structures corre-
sponds to the physiological pattern of non-branching 
angiogenesis, while the increase in their number cor-
responds to branching angiogenesis. This change in 
the type of angiogenesis in the presence of IL-6 in 
different concentrations indicates change in secretion 
profile of trophoblast cells. We can hypothesize that 
in the presence of IL-6 in low concentrations, tro-
phoblast cells secrete greater amount of PlGF, while 
in high concentrations they secrete greater amount 
of VEGF and Ang1, but we found no published data 
on the effect on IL-6 on the secretory profile of tro-
phoblast cells.

In the presence of anti-inflammatory cytokine 
IL-10 in low and medium concentrations (50 ng/ml 
and 100 ng/ml), an increase in the length of tube-like 
structures formed by EA.Hy926 EC in the presence of 
JEG-3 trophoblast cells was observed (Fig. 4). Previ-
ous studies have demonstrated that IL-10 inhibited 
the production of proangiogenic IL-1, IL-6, and IL-8 
and MMP system of EC [65], thus producing an an-
tiangiogenic effect. However, trophoblast cells in the 
presence of IL-10 secreted VEGF [69]. The stimulat-
ing effect of IL-10 in low and medium concentrations 
can be due to its effect on trophoblast cells, the effect 
of high IL-10 concentrations is leveled by inhibition 
of autocrine secretion of proangiogenic factors by EC.

In the presence of 4 ng/ml IL-4 in all studied 
con centration (Fig. 4), an increase in the length of 
tube-like structures formed by EA.Hy926 EC in co-
culture with JEG-3 trophoblast cells was shown. Effect 
of IL-4 on angiogenesis is poorly studied. Previous 
studies showed that IL-4 stimulated the formation of 
tube-like structures by EC in vitro [29], but inhibited  
bFGF-induced angiogenesis in vivo [9]. The stimulat-
ing effect of IL-4 can be due to stimulation of autocrine 
secretion of IL-8 and VEGF by EC [36]. Earlier we 
confirmed the data on stimulating effect of IL-4 on the 
formation of tube-like structures by EC, but this effect 
was observed only at IL-4 concentration of 20 ng/ml.  
Strengthening of the stimulating effect of this cytokine 
can associated with its effect on trophoblast cells, but 
we failed to find published reports about the effect of 
IL-4 on secretory activity of the trophoblast.

In the presence of TGFβ in all studied concen-
trations, the length of tube-like structures formed by 
EA.Hy926 EC in co-culture with JEG-3 trophoblast 
cells increased in comparison with its spontaneous 
level (Fig. 5). At the same time we observed a dose-
dependent decrease in the length of tube-like struc-
tures formed by EA.Hy926 EC in the presence of 
TGFβ in high concentration (10 ng/ml) in comparison 
with culturing in the presence of TGFβ in medium 
concentration (5 ng/ml). TGFβ is known as a cytokine 
with a dual effect on angiogenesis: in low concentra-
tion (0.5 ng/ml) TGFβ stimulates vascular tube forma-
tion and in high concentration (10 ng/ml) it inhibits 
angiogenesis by increasing the autocrine secretion of 
TIMP by EC [24,25,58,59] and stimulates EC apop-
tosis [24,25]. The stimulating effect of TGFβ, even 
in high concentrations, in co-culture is probably de-
termined by its influence on the trophoblast. Accord-
ing to published reports, TGFβ stimulates secretion of 
VEGF by the trophoblast [17] and inhibits its prolif-
eration and invasion [46,77], which can compensate 
the inhibitory effect of trophoblast cells on EC. Thus, 
less pronounced stimulatory effect of TGFβ in high 
concentrations in comparison with low concentrations 
can serve as a mechanism limiting the growth of the 
vascular network of the placenta.

In the presence of bFGF at all studied concentra-
tions, we observed an increase in the length of tube-
like structures formed by EA.Hy926 EC co-cultured 
with JEG-3 trophoblast cells (Fig. 5). This was ac-
companied by a dose-dependent increase in the length 
of tube-like structures in the presence of 10 ng/ml 
bFGF in comparison with 1 ng/ml bFGF and a dose-
dependent decrease in the length of tube-like structures 
formed in the presence of 20 ng/ml bFGF in compari-
son with 10 ng/ml bFGF. In the presence of 20 ng/ml 
bFGF, an increase in number of tube-like structures 
formed by EA.Hy926 EC was observed in comparison 
with spontaneous level and lower concentration of the 
factor. In the presence of trophoblast cells and bFGF in 
high concentrations, the length of tube-like structures 
decreased, but their number increased; which attested 
to predominance of branching angiogenesis in this 
case in comparison with lower concentrations of the 
factor. This effect can be explained by enhanced secre-
tion of TIMP-1 by trophoblast cells in the presence of 
bFGF with simultaneous suppression of matrix metal-
loproteinase secretion. Expression of bFGF in the first 
trimester placenta is significantly higher than during 
the third trimester [23]; this can be related to switching 
from non-branching to branching angiogenesis, which 
agree with our findings.

In the presence of PlGF in concentrations of 1 
and 5 ng/ml, we observed a decrease of the length 
of tube-like structures formed by EA.Hy926 EC in 

D. I. Sokolov, T. Yu. Lvova, et al.



156

the presence of JEG-3 trophoblast cell (Fig. 5). In the 
presence of PlGF in concentrations of 1 and 10 ng/ml, 
we observed an increase in the length of tube-like 
structures formed by EC (Fig. The number of tube-
like structures increased in the presence of 10 ng/ml 
PlGF in comparison with 5 ng/ml PlGF. These results 
indicate that PlGF in the presence of trophoblast cells 
stimulates branching angiogenesis, which is consistent 
with published reports [47]. We previously showed 
the absence of PlGF effect on the formation of tube-
like structures by EC. At the same time, PlGF in the 
presence of VEGF stimulated the formation of tube-
like structures and potentiated its effect on EC [56]. 
Trophoblast cells secrete VEGF [1]. Therefore, the 
increase in the number of tube-like structures observed 
in this study can be determined by combined influence 
of VEGF and PlGF on EC.

In the presence of VEGF, we observed a dose-
dependent increase in the length of tube-like structures 
formed by EA.Hy926 EC co-cultured with JEG-3 tro-
phoblast cells in comparison with spontaneous level 
(Fig. 5). These findings agree with published data. 
VEGF stimulates proliferation and viability of EC and 
produces similar effect on trophoblast cells.

Our findings suggest that in trophoblast cells in 
nonactivated state suppress the angiogenic potential of 
EC, but in the presence of various cytokines, the in-
teraction of endothelial and trophoblast cells changes, 
which manifests in modulation of vascular network 
formation. Antiangiogenic cytokines IFN-γ, IL-10, 
TNF-α, and TGF-β via modulation of trophoblast cells 
can stimulate the formation of tube-like structures by 
EC. It should be noted that the functions of cytokines 
are changed in specific cell environment and they can 
acquire additional regulatory function. For instance, 
IFN-γ, the key proinflammatory cytokine, acts as a 
regulator of invasion of trophoblast cells in the pla-
centa, and its suppressive effect on trophoblast cells 
serves as a feedback in the formation of vessels by EC.

REFERENCES

 1. Ailamazyan EK, Stepanova OI, Selkov SA, Sokolov DI. Cells 
of immune system of mother and trophoblast cells: construc-
tive cooperation for the sake of achievement of the joint pur-
pose. Vestn. Ross. Akad. Med. Nauk. 2013;(11):12-21. Rus-
sian.

 2. Amchislavsky EI, Sokolov DI, Sel’kov SA, Freidlin IS. Pro-
lifcrative activity of human endothelial cell line EA.hy926 and 
its modulation. Tsitologiya. 2005;47(5):393-403. Russian.

 3. Amtchislavski EI, Sokolov DI, Starickova EA, Freidlin IS. 
Cytokine control of angiogenesis. Med. Immunol. 2003;5(5-
6):493-506. Russian.

 4. Sel’kov SA, Pavlov OV, Sokolov DI. Mechanisms of immu-
noregulation of placenta development. Zh. Akush. Zhen. Bol. 
2011;60(3):136-140. Russian.

 5. Sokolov DI, Sel’kov SA. Immunological Control of Vascular 
Network Formation in the Placenta. St. Petersburg, 2012. Rus-
sian.

 6. Ahmed A, Li XF, Dunk C, Whittle MJ, Rushton DI, Rol-
lason T. Colocalization of vascular endothelial growth fac-
tor and its Flt-1 receptor inhuman placenta. Growth Factors. 
1995;12(3):235-243.

 7. Aldo PB, Krikun G, Visintin I, Lockwood C, Romero R, Mor 
G. A novel three-dimensional in vitro system to study tropho-
blast-endothelium cell interactions. Am. J. Reprod. Immunol. 
2007;58(2):98-110.

 8. Arnaoutova I, George J, Kleinman HK, Benton G. The en-
dothelial cell tube formation assay on basement membrane 
turns 20: state of the science and the art. Angiogenesis. 
2009;12(3):267-274.

 9. Auerbach R, Lewis R, Shinners B, Kubai L, Akhtar N. Angio-
genesis assays: a critical overview. Clin. Chem. 2003;49(1):32-
40.

10. Bauer S, Pollheimer J, Hartmann J, Husslein P, Aplin JD, Knö-
fler M. Tumor necrosis factor-alpha inhibits trophoblast migra-
tion through elevation of plasminogen activator inhibitor-1 in 
first-trimester villous explant cultures. J. Clin. Endocrinol. 
Metab. 2004;89(2):812-822.

11. Benirschke K, Kaufmann Р, Baergen R. Pathology of the Hu-
man Placenta. New York, 2006

12. Berkowitz RS, Faris HM, Hill JA, Anderson DJ. Localiza-
tion of leukocytes and cytokines in chorionic villi of normal 
placentas and complete hydatidiform moles. Gynecol. Oncol. 
1990;37(3):396-400.

13. Cartwright JE, Balarajah G. Trophoblast interactions with en-
dothelial cells are increased by interleukin-1beta and tumour 
necrosis factor alpha and involve vascular cell adhesion mol-
ecule-1 and alpha4beta1. Exp. Cell Res. 2005;304(1):328-
336.

14. Cartwright JE, Fraser R, Leslie K, Wallace AE, James JL. Re-
modelling at the maternal-fetal interface: relevance to human 
pregnancy disorders. Reproduction. 2010;140(6):803-813.

15. Chen Q, Stone PR, McCowan LM, Chamley LW. Activated 
endothelial cells resist displacement by trophoblast in vitro. 
Placenta. 2007;28(7):743-747.

16. Chen Q, Stone PR, McCowan LM, Chamley LW. Interaction 
of Jar choriocarcinoma cells with endothelial cell monolayers. 
Placenta. 2005;26(8-9):617-625.

17. Chung IB, Yelian FD, Zaher FM, Gonik B, Evans MI, Dia-
mond MP, Svinarich DM. Expression and regulation of vas-
cular endothelial growth factor in a first trimester trophoblast 
cell line. Placenta. 2000;21(4):320-324.

18. Chung JY, Song Y, Wang Y, Magness RR, Zheng J. Differen-
tial expression of vascular endothelial growth factor (VEGF), 
endocrine gland derived-VEGF, and VEGF receptors in human 
placentas from normal andpreeclamptic pregnancies. J. Clin. 
Endocrinol. Metab. 2004;89(5):2484-2490.

19. Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, 
McEver RP, Pober JS, Wick TM, Konkle BA, Schwartz BS, 
Barnathan ES, McCrae KR, Hug BA, Schmidt AM, Stern DM. 
Endothelial cells in physiology and in the pathophysiology of 
vasculardisorders. Blood. 1998;91(10):3527-3561.

20. Cooper JC, Sharkey AM, McLaren J, Charnock-Jones DS, 
Smith SK. Localization of vascular endothelial growth factor 
and its receptor, flt, in human placenta and decidua by immu-
nohistochemistry. J. Reprod. Fertil. 1995;105(2):205-213.

Cell Technologies in Biology and Medicine,  No.  1,  May,  2017



157

21. Crocker IP, Wareing M, Ferris GR, Jones CJ, Cartwright JE, 
Baker PN, Aplin JD. The effect of vascular origin, oxygen, 
and tumour necrosis factor alpha ontrophoblast invasion of 
maternal arteries in vitro. J. Pathol. 2005;206(4):476-485.

22. De Oliveira LG, Lash GE, Murray-Dunning C, Bulmer JN, 
Innes BA, Searle RF, Sass N, Robson SC. Role of interleukin 
8 in uterine natural killer cell regulation of extravillous tropho-
blast cell invasion. Placenta. 2010;31(7):595-601.

23. Di Blasio AM, Carniti C, Vigano P, Florio P, Petraglia F, Vig-
nali M. Basic fibroblast growth factor messenger ribonucleic 
acid levels in human placentas from normal and pathological 
pregnancies. Mol. Hum. Reprod. 1997;3(12):1119-1123.

24. Dickson MC, Martin JS, Cousins FM, Kulkarni AB, Karlsson 
S, Akhurst RJ. Defective haematopoiesis and vasculogenesis 
in transforming growth factor-beta 1 knock out mice. Develop-
ment. 1995;121(6):1845-1854.

25. Distler JH, Hirth A, Kurowska-Stolarska M, Gay RE, Gay S, 
Distler O. Angiogenic and angiostatic factors in the molecular 
control of angiogenesis. Q. J. Nucl. Med. 2003;47(3):149-161.

26. Dunk C, Petkovic L, Baczyk D, Rossant J, Winterhager E, Lye 
S. A novel in vitro model of trophoblast-mediated decidual 
blood vessel remodeling. Lab. Invest. 2003;83(12):1821-1828.

27. Edgell CJ, McDonald CC, Graham JB. Permanent cell line 
expressing human factor VIII-related antigen established by 
hybridization. Proc. Natl Acad. Sci. USA. 1983;80(12):3734-
3737.

28. Fajardo LF, Kwan HH, Kowalski J, Prionas SD, Allison AC. 
Dual role of tumor necrosis factor-alpha in angiogenesis. Am. 
J. Pathol. 1992;140(3):539-544.

29. Fukushi J, Morisaki T, Shono T, Nishie A, Torisu H, Ono 
M, Kuwano M. Novel biological functions of interleukin-4: 
formation of tube-like structures by vascular endothelial cells 
in vitro and angiogenesis in vivo. Biochem. Biophys. Res. 
Commun. 1998;250(2):444-448.

30. Fukushima K, Miyamoto S, Komatsu H, Tsukimori K, Ko-
bayashi H, Seki H, Takeda S, Nakano H. TNFalpha-induced 
apoptosis and integrin switching in human extravillous tropho-
blast cell line. Biol. Reprod. 2003;68(5):1771-1778.

31. Grant DS, Kinsella JL, Kibbey MC, LaFlamme S, Burbelo 
PD, Goldstein AL, Kleinman HK. Matrigel induces thymosin 
beta 4 gene in differentiating endothelial cells. J. Cell Sci. 
1995;108(Pt 12):3685-3694.

32. Gude NM, Roberts CT, Kalionis B, King RG. Growth and func-
tion of the normal human placenta. Thromb. Res. 2004;114(5-
6):397-407.

33. Hanna N, Bonifacio L, Reddy P, Hanna I, Weinberger B, Mur-
phy S, Laskin D, Sharma S. IFN-gamma-mediated inhibition 
of COX-2 expression in the placenta from term and preterm 
labor pregnancies. Am. J. Reprod. Immunol. 2004;51(4):311-
318.

34. Hanna N, Bonifacio L, Weinberger B, Reddy P, Murphy S, 
Romero R, Sharma S. Evidence for interleukin-10-mediated 
inhibition of cyclo- oxygenase-2 expression and prostaglandin 
production in preterm human placenta. Am. J. Reprod. Immu-
nol. 2006;55(1):19-27.

35. Heikkinen J, Möttönen M, Komi J, Alanen A, Lassila O. Phe-
notypic characterization of human decidual macrophages. Clin. 
Exp. Immunol. 2003;131(3):498-505.

36. Huang H, Lavoie-Lamoureux A, Moran K, Lavoie JP. IL-4 
stimulates the expression of CXCL-8, E-selectin, VEGF, and 
inducible nitricoxide synthase mRNA by equine pulmonary ar-

tery endothelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 
2007;292(5):L1147-L1154.

37. Hughes CS, Postovit LM, Lajoie GA. Matrigel: a complex 
protein mixture required for optimal growth of cell culture. 
Proteomics. 2010;10(9):1886-1890.

38. Jackson CJ, Nguyen M. Human microvascular endothelial cells 
differ from macrovascular endothelial cells in their expres-
sion of matrix metalloproteinases. Int. J. Biochem. Cell Biol. 
1997;29(10):1167-1177.

39. Jovanovic M, Stefanoska I, Radojcic L, Vicovac L. Interleu-
kin-8 (CXCL8) stimulates trophoblast cell migration and inva-
sion by increasing levels of matrix metalloproteinase (MMP) 
2 and MMP9 and integrins alpha5 and beta1. Reproduction. 
2010;139(4):789-798.

40. Jovanovic M, Vicovac L. Interleukin-6 stimulates cell migra-
tion, invasion and integrin expression in HTR-8/Svneo cell 
line. Placenta. 2009;30(4):320-328.

41. Kalkunte S, Lai Z, Tewari N, Chichester C, Romero R, Pad-
bury J, Sharma S. In vitro and in vivo evidence for lack of 
endovascular remodeling by third trimester trophoblasts. Pla-
centa. 2008;29(10):871-878.

42. Kalkunte SS, Mselle TF, Norris WE, Wira CR, Sentman 
CL, Sharma S. Vascular endothelial growth factor C facili-
tates immune tolerance and endovascular activity of human 
uterine NK cells at the maternal-fetal interface. J. Immunol. 
2009;182(7):4085-4092.

43. Karmakar S, Dhar R, Das C. Inhibition of cytotrophoblastic 
(JEG-3) cell invasion by interleukin 12 involves an interferon 
gamma-mediated pathway. J. Biol. Chem. 2004;279(53):55 
297-55 307.

44. Kaufmann P, Black S, Huppertz B. Endovascular tropho-
blast invasion: implications for the pathogenesis of intra-
uterine growth retardation and preeclampsia. Biol. Reprod. 
2003;69(1):1-7.

45. Keogh RJ, Harris LK, Freeman A, Baker PN, Aplin JD, Whit-
ley GS, Cartwright JE. Fetal-derived trophoblast use the apop-
totic cytokine tumor necrosis factor-alpha-related apoptosis-
inducing ligand to induce smooth muscle cell death. Circ. Res. 
2007;100(6):834-841.

46. Kharfi A, Giguere Y, Sapin V, Masse J, Dastugue B, Forest JC. 
Trophoblastic remodeling in normal and preeclamptic pregnan-
cies: implicationof cytokines. Clin. Biochem. 2003;36(5):323-
331.

47. Kingdom J, Huppertz B, Seaward G, Kaufmann P. Development 
of the placental villous tree and its consequences for fetal growth. 
Eur. J. Obstet. Gynecol. Reprod. Biol. 2000;92(1):35-43.

48. Kleinman HK, Martin GR. Matrigel: basement mem-
brane matrix with biological activity. Semin. Cancer Biol. 
2005;15(5):378-386.

49. Kohler PO, Bridson WE. Isolation of hormone-producing 
clonal lines of human choriocarcinoma. J. Clin. Endocrinol. 
Metab. 1971;32(5):683-687.

50. Lash GE, Otun HA, Innes BA, Kirkley M, De Oliveira L, 
Searle RF, Robson SC, Bulmer JN. Interferon-gamma inhibits 
extravillous trophoblast cell invasion by amechanism that in-
volves both changes in apoptosis and protease levels. FASEB 
J. 2006;20(14):2512-2518.

51. Li A, Dubey S, Varney ML, Dave BJ, Singh RK. IL-8 directly 
enhanced endothelial cell survival, proliferation, and matrix 
metalloproteinases production and regulated angiogenesis. J. 
Immunol. 2003;170(6):3369-3376.

D. I. Sokolov, T. Yu. Lvova, et al.



158

52. Li A, Varney ML, Valasek J, Godfrey M, Dave BJ, Singh RK. 
Autocrine role of interleukin-8 in induction of endothelial cell 
proliferation,survival, migration and MMP-2 production and 
angiogenesis. Angiogenesis. 2005;8(1):63-71.

53. Liu X, Sun J. Potential proinflammatory effects of hydroxyapa-
tite nanoparticles on endothelial cells in a monocyte-endothe-
lial cell coculture model. Int. J. Nanomedicine. 2014;9:1261-
1273.

54. Mizuno M, Aoki K, Kimbara T. Functions of macrophages 
in human decidual tissue in early pregnancy. Am. J. Reprod. 
Immunol. 1994;31(4):180-188.

55. Murphy SP, Tayade C, Ashkar AA, Hatta K, Zhang J, Croy 
BA. Interferon gamma in successful pregnancies. Biol. Reprod. 
2009;80(5):848-859.

56. Nagy JA, Dvorak AM, Dvorak HF. VEGF-A(164/165) and 
PlGF: roles in angiogenesis and arteriogenesis. Trends Car-
diovasc. Med. 2003;13(5):169-175.

57. Papetti M, Herman IM. Mechanisms of normal and tu-
mor-derived angiogenesis. Am. J. Physiol. Cell Physiol. 
2002;282(5):C947-C970.

58. Pepper MS. Transforming growth factor-beta: vasculogenesis, 
angiogenesis, and vessel wall integrity. Cytokine Growth Fac-
tor Rev. 1997;8(1):21-43.

59. Perrella MA, Jain MK, Lee ME. Role of TGF-beta in vascular 
development and vascular reactivity. Miner. Electrolyte Metab. 
1998;24(2-3):136-143.

60. Pongcharoen S, Somran J, Sritippayawan S, Niumsup P, Chan-
chan P, Butkhamchot P, Tatiwat P, Kunngurn S, Searle RF. 
Interleukin-17 expression in the human placenta. Placenta. 
2007;28(1):59-63.

61. Pontillo A, Girardelli M, Agostinis C, Masat E, Bulla R, Cro-
vella S. Bacterial LPS differently modulates inflammasome 
gene expression and IL-1bsecretion in trophoblast cells, de-
cidual stromal cells, and decidual endothelialcells. Reprod. 
Sci. 2013;20(5):563-566.

62. Saito S, Kasahara T, Sakakura S, Umekage H, Harada N, Ichijo 
M. Detection and localization of interleukin-8 mRNA and 
protein in human placenta and decidual tissues. J. Reprod. 
Immunol. 1994;27(3):161-172.

63. Shimoya K, Matsuzaki N, Taniguchi T, Kameda T, Koyama 
M, Neki R, Saji F, Tanizawa O. Human placenta constitutively 
produces interleukin-8 during pregnancy andenhances its pro-
duction in intrauterine infection. Biol. Reprod. 1992;47(2):220-
226.

64. Sica A, Matsushima K, Van Damme J, Wang JM, Polentarutti 
N, Dejana E, Colotta F, Mantovani A. IL-1 transcriptionally 

activates the neutrophil chemotactic factor/IL-8 gene in endo-
thelial cells. Immunology. 1990;69(4):548-553.

65. Silvestre JS, Mallat Z, Tamarat R, Duriez M, Tedgui A, Levy 
BI. Regulation of matrix metalloproteinase activity in ischemic 
tissue by interleukin-10: role in ischemia-induced angiogen-
esis. Circ. Res. 2001;89(3):259-264.

66. Stallmach T, Hebisch G, Joller-Jemelka HI, Orban P, Schwaller 
J, Engelmann M. Cytokine production and visualized ef-
fects in the feto-maternal unit. Quantitative and topographic 
data on cytokines during intrauterine disease. Lab. Invest. 
1995;73(3):384-392.

67. Staun-Ram E, Shalev E. Human trophoblast function during 
the implantation process. Reprod. Biol. Endocrinol. 2005;3:56.

68. Suzuki Y, Tada-Oikawa S, Ichihara G, Yabata M, Izuoka K, 
Suzuki M, Sakai K, Ichihara S. Zinc oxide nanoparticles in-
duce migration and adhesion of monocytes toendothelial cells 
and accelerate foam cell formation. Toxicol. Appl. Pharmacol. 
2014;278(1):16-25.

69. Thaxton JE, Sharma S. Interleukin-10: a multi-faceted agent 
of pregnancy. Am. J. Reprod. Immunol. 2010;63(6):482-491.

70. Todt JC, Yang Y, Lei J, Lauria MR, Sorokin Y, Cotton DB, 
Yelian FD. Effects of tumor necrosis factor-alpha on human 
trophoblast cell adhesion andmotility. Am. J. Reprod. Immu-
nol. 1996;36(2):65-71.

71. Vailhe B, Vittet D, Feige JJ. In vitro models of vasculogenesis 
and angiogenesis. Lab. Invest. 2001;81(4):439-452.

72. Voronov E, Carmi Y, Apte RN. The role IL-1 in tumor-medi-
ated angiogenesis. Front. Physiol. 2014;5:114. doi: 10.3389/
fphys.2014.00114.

73. Wallace AE, Fraser R, Cartwright JE. Extravillous trophoblast 
and decidual natural killer cells: a remodelling partnership. 
Hum. Reprod. Update. 2012;18(4):458-471.

74. Wu X, Jin LP, Yuan MM, Zhu Y, Wang MY, Li DJ. Human first-
trimester trophoblast cells recruit CD56brightCD16- NK cells 
into decidua by way of expressing and secreting of CXCL12/
stromal cell-derived factor 1. J. Immunol. 2005;175(1):61-68.

75. Xu B, Charlton F, Makris A, Hennessy A. Nitric oxide (NO) 
reversed TNF-a inhibition of trophoblast interaction with en-
dothelial cellular networks. Placenta. 2014;35(6):417-421.

76.  Xu B, Nakhla S, Makris A, Hennessy A. TNF-a inhibits tro-
phoblast integration into endothelial cellular networks. Pla-
centa. 2011;32(3):241-246.

77. Zhao MR, Qiu W, Li YX, Zhang ZB, Li D, Wang YL. Dual 
effect of transforming growth factor beta1 on cell adhesion and 
invasion in human placenta trophoblast cells. Reproduction. 
2006;132(2):333-341.

Cell Technologies in Biology and Medicine,  No.  1,  May,  2017


	ABSTRACT
	MATERIALS AND METHODS
	RESULTS
	REFERENCES



