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Abstract 

Successful pregnancy requires tight regulation of two important processes: spiral 

artery remodelling and invasion of uterine tissue by placental extravillous trophoblast 

(EVT); disruption of these processes occurs in pregnancy complications such as 

sporadic miscarriage (SM). Maternal factors, including cytokines and growth factors, 

may play a role in regulating these fundamental events. The biological function of 

interleukins (IL)-6 and -8 in other physiological processes suggest that these cytokines 

maybe important mediators in uteroplacental tissues in early pregnancy.  

The aim of this study was to investigate intrauterine IL-6, IL-8 and their receptors at 

the fetal-maternal interface in early pregnancy; specifically, to investigate their role in 

regulation of EVT invasion and spiral artery remodelling events and determine whether 

levels of cytokines are altered in SM.  

IL-6, IL-8 and their receptors were localised in placental bed in the first half of 

pregnancy by immunohistochemistry. CD56+, CD14+, CD10+ and CD8+ cells were 

isolated from 8-10 and 12-14 weeks gestational age decidua using positive 

immunomagnetic separation and secretion of IL-6 and IL-8 was measured and 

compared by ELISA. All decidual cell types investigated secreted both IL-6 and IL-8. 

Decidual CD14+ cells were the most abundant source of both cytokines. Secretion of IL-

6 by CD10+ cells (P=0.005) and IL-8 by CD56+ cells (P=0.02) was higher at 12-14 weeks 

compared with 8-10 weeks GA. Compared with healthy pregnant decidua, secretion of 

IL-6 and IL-8 protein by both CD14+ (IL-6 P=0.05; IL-8 P<0.0001) and CD56+ cells ( IL-6 

P=0.02; IL-8 P=0.003) was reduced in SM (≤12+6 weeks gestation). 

The functional role of these cytokines in early pregnancy was assessed with invasion 

assays and a chorionic plate artery (CpA) model of artery remodelling. IL-6 did not 

stimulate EVT invasion in vitro but did cause phosphorylation of kinase proteins 

involved in trophoblast cell signalling and reduced EVT secretion of RANTES. IL-6 and 

IL-8 both contributed to misalignment of VSMC in CpA (P=0.04; P=0.001 respectively) 

and IL-6 increased the separation of CpA VSMC layers alone (P=0.02) and combined to 

its receptor sIL-6Rα (P=0.001). CD56+ and CD14+ leucocytes were observed in the walls 

of spiral arteries in the first half of pregnancy with CD14+ cells producing increased 

Ang-2 (P=0.002) and decreased Ang-1 at 12-14 weeks compared with 8-10 weeks GA 

(P=0.03). 

Production of IL-6 and IL-8 within the placental bed in early pregnancy and reduced 

levels in SM, together with their effects on EVT and VSMCs suggests a possible 

involvement in controlling trophoblast function and contribution in regulating spiral 

artery remodelling events.    
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1. Introduction 

1.1 Overview of normal placental development 

1.1.1 Implantation 

Successful implantation depends on an ideal environment in the maternal 

endometrium  reviewed by Loke et al., (1995). The endometrium achieves this by 

undergoing rapid, spontaneous changes during the luteal phase of the menstrual cycle, 

resulting in a decidualised endometrial stroma that provides the optimal environment 

for embryo implantation. This is a dynamic process involving a complex network of 

coordinating events regulated by autocrine, paracrine and endocrine factors, although 

the molecular interactions are not fully understood. Existing data derived from knock 

out animal studies have provided some insight of the physiological functions essential 

for embryo implantation; however, in vivo implantation studies in humans are not 

possible, resulting in a relative lack of understanding of defective implantation in 

humans.  

Successful oocyte fertilisation ceases the menstrual cycle. The uterus becomes 

sensitive to implantation by the initial secretion of progesterone from the ovaries; 

known as the receptive phase, this allows the endometrium to decidualise and is 

characterised by smooth projections of uterine epithelium named pinopodes. Even if 

fertilisation is successful, implantation and successful pregnancy is not guaranteed; the 

maternal tissues and newly formed conceptus require a symbiotic chemical balance of 

growth factors, hormones and immunomodulators for implantation to occur. During 

this time the cells of the zygote undergo a series of mitotic cellular divisions resulting 

in the blastocyst, with successful implantation occurring approximately 6-7 days after 

fertilisation.    

After fertilisation (between 3-6 days post fertilisation) the conceptus begins to 

undergo a series of cell divisions first reaching the morula (16-cell stage) then dividing 

into a 32-cell blastocyst consisting of two different cell populations: apical cells and 

basal cells. Following successful attachment of the blastocyst to the receptive 

endometrium, placentation is initiated. The surrounding hull of apical cells of the 

blastocyst contains an inner cell mass of basal cells that rapidly begin to proliferate and 

differentiate into an embryo and the amnion (Vitiello and Patrizio, 2007) , while the 
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outer apical cells of the trophectoderm eventually give rise to the chorion. The 

blastocyst then attaches to the uterine endometrium by the embryonic pole (Boyd, 

1970). Implantation involves attachment of the apical plasma membranes of the 

trophoblast cells to the apical plasma membranes of uterine epithelia (Aplin, 1991) and 

the blastocyst invades the uterine epithelium and implants into the endometrial 

stroma (Figure 1.1). During this time at day 8 post conception (the prelacunar stage; 

Figures 1.1a and 1.1b) trophoblast cells of the embryonic pole begin to proliferate and 

differentiate into two distinctive inner and outers layer of trophoblast cell populations 

encasing the developing mass of embryonic cells and amnion, termed embryoblast 

(Heuser, 1941). The outer layer of trophoblast cells fuse together to form a 

multinucleated trophoblast population which is in direct contact with the maternal 

tissues, known as syncytiotrophoblast cells, and the inner layer which consists of a 

proliferating mass of trophoblast cells known as cytotrophoblast cells, which are 

temporarily mononuclear (Figure 1.1) and contribute to other trophoblast populations 

(which will be discussed later in this chapter). Between 8-12 days after fertilisation 

small vacuoles known as lacunae begin to form in the syncytium (the lacunar stage; 

Figure 1.1c); these continue to enlarge to form a network bathed in maternal blood, 

which will eventually form the intervillous space. At day 12 post conception the 

blastocyst is fully embedded into the maternal endometrium and the uteroplacental 

circulation is established (Figures 1.1c and 1.1d).     
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Figure 1.1 Blastocyst implantation and early placental development 
Simplified drawings showing blastocyst implantation and early placental development: a and b: 
prelacunar stages; c: lacunar stage (formation of lacunae); d: formation of early intervillous 
space. Maternal tissues are in shown in red and fetal tissues are in blue. Key: E: endometrial 
epithelium; EB: embryoblast; CT: cytotrophoblast; ST: syncytiotrophoblast; EM: embryonic 
mesenchyme; CP: chorionic plate; T: primary villi; L: maternal blood lacunae; TS: trophoblast 
shell; EV: endometrial vessel; D: decidua; G: trophoblast giant cell. Image source: modified 
from (Kaufmann, 1992). 

1.1.2 Development of placenta 

The placenta is an important organ that maintains and protects the developing fetus. It 

plays a number of critical roles, from nutrient exchange and waste secretion to 

sequestering the developing fetus from dangerous pathogens and the maternal 

immune system. In addition, the placenta serves as an active endocrine hub producing 

and secreting growth factors, cytokines and hormones essential for a successful 

pregnancy.  

1.1.2.1 Chorionic villi 

Formation of the chorionic villi and the fetal circulation is evident from 3 weeks after 

fertilisation, developing from the trophoblastic shell. The chorionic plate becomes the 
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definitive placenta (Figure 1.1d). The chorionic villi arise from the chorionic plate and 

are either free floating in the intervillous space or become anchored to the maternal 

decidua.   

After 4 weeks the basic structure of the placenta is formed. The human placenta is a 

disc like structure comprising many tree like projections resulting in a branching 

system of chorionic villi, which increases from 20 weeks of gestation (Boyd, 1970)  

Chorionic villi are in contact with maternal blood and develop into a mass of tissue that 

makes up the mature placenta, with the fetal circulation extending within the villous 

stromal mesenchyme. New villous branches bud from existing chorionic villi, ensuring 

a maximum surface area in contact with maternal blood for absorption of nutrients, 

exchange of gases and waste secretion. Thus the chorionic villi are the main functional 

units of the placenta. Mature chorionic villi consist of a mesenchymal core embedded 

with fetal capillaries and the two layers of trophoblast cells; the mononucleated 

cytotrophoblast cells which are encased by mutlinucleated syncytiotrophoblast cells 

(Figure 1.2).   

Placental macrophages known as Hofbauer cells were first identified more than 150 

years ago (Kastschenko, 1885) as large ovoid cells with abundant cytoplasm that are 

present in the chorionic villous core of the placenta from at least 8 weeks gestation 

until term (Boyd, 1970). They appear in the placental villi prior to the establishment of 

fetal circulation, suggesting that they are derived from mesenchymal stem cells in early 

pregnancy; evidence indicates that they have an M2 type phenotype (Joerink et al., 

2011). Despite numerous investigations, the function of Hofbauer cells remains largely 

unknown but a role protecting the fetus against immune attack has been proposed 

(Uren and Boyle, 1990, Castellucci et al., 2000). Immunohistochemical studies of first 

trimester placentas demonstrating close contact with endothelial progenitor cells and 

placental vessels have led to suggestions of a role in early placental vasculogenesis 

rather than an immunological role (Seval et al., 2007). This also relates to previous 

studies revealing that placental macrophages express high levels of VEGF-A (Sharkey et 

al., 1993).  
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1.1.2.2 Villous trophoblast cells 

Following successful implantation the cytotrophoblast cells differentiate into villous 

cytotrophoblast cells (vCTB). The vCTB cells fuse to form the multinuclear 

syncytiotrophoblast layer which covers the floating chorionic villi in the intervillous 

space where the villi are bathed in maternal blood allowing sufficient nutrient and gas 

exchange for the developing fetus (Ferretti et al., 2007). The syncytiotrophoblast cell 

layer is also involved in the maintenance of pregnancy by releasing factors that 

increase progesterone levels such as human chorionic gonadotrophin (hCG) and 

human placental lactogen (hPL) (Vitiello and Patrizio, 2007). Cytotrophoblast cells form 

columns covered by a syncytiotrophoblast cell layer and they begin to proliferate. As 

the cells proliferate they break through the syncytiotrophoblast layer and the 

cytotrophoblast columns extend from the tips of floating chorionic villi and eventually 

attach to the maternal decidua, anchoring the chorionic villi to the uterine tissues.   

1.1.2.3 Non-villous trophoblast cells 

During the third month of pregnancy in parts of the established placenta the chorionic 

villi on the anembryonic pole of the conceptus regress thus allowing the definitive 

placenta to develop which is bathed in maternal blood. The non-villous areas of the 

outer placenta are comprised of non-villous cytotrophoblast cells which are a 

heterogeneous population (Bulmer and Johnson, 1985) and exist as a multilayered 

epithelium in direct contact with maternal stroma -that do not invade the adjacent 

decidua. This is termed the chorion laeve contrasting with the chorion frondosum of 

the villous placenta. The role of the non-villous cytotrophoblast cells within the 

chorion laeve remains unclear.      
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Figure 1.2 Fetal placental circulation and a representative drawing of a chorionic villous 
A: Representative drawing of a mature chorionic villus showing the fetal placental circulation; 
B: The dotted line shows the position of a representative drawing of a cross section through a 
chorionic villus at approximately 10 weeks gestational age; C: Cross section through a chorionic 
villus at full term (Modified from (Gude et al., 2004)). 

1.1.3 Extravillous trophoblast cells  

Upon attachment and anchorage of chorionic villi to the decidua, the anchored villous 

cytotrophoblast cells form columns and begin to differentiate from a proliferative 

phenotype into a distinct invasive phenotype known as extravillous trophoblast (EVT) 

cells (Fitzgerald et al., 2008). The two trophoblast subtypes can be distinguished by 

phenotypic differences in their expression of various cell adhesion molecules (CAM), 

MHC antigens and secretion of growth factors (Norwitz et al., 2001). The 

cytotrophoblast cell columns that protrude from the villi spread laterally to form the 

cytotrophoblast shell from which invading EVT arise (Kurman et al., 1984, Loke et al., 

1995) . 

1.1.3.1 EVT invasion 

Classical histological methods used on placental bed biopsies between 8-18 weeks 

gestational age taken from pregnant hysterectomy samples have been the most 

influential early studies on trophobast invasion (Pijnenborg et al., 1980, Pijnenborg et 
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al., 1982, Pijnenborg et al., 1983). EVT from the cytotrophoblast shell invade the 

uterine decidua and myometrium and fuse to form multinucleated giant cells. These 

studies provide evidence that the process of EVT invasion occurs from week 8 of 

gestation right through to 18 weeks gestation, and this has been confirmed by spiral 

artery Doppler studies (Matijevic et al., 1995). 

The invading EVT infiltrate the maternal uterine tissues by two separate pathways; the 

interstitial route associated with active degradation of the extracellular matrix by 

secretion of matrix metalloproteinases (MMPs), thereby allowing interstitial EVT (iEVT) 

cells to migrate through the decidua to the inner myometrium (Lash et al., 2005); and 

the route taken by a subtype of EVT known as endovascular EVT (eEVT) which 

accumulate to form plugs within the lumen of the spiral artery and which, in early 

pregnancy, plug the outlet of the spiral arteries (SpA) into the intervillous space (Figure 

1.3).  

EVT which have been observed aligning adjacent to SpAs have been termed 

perivascular EVT and EVT cells present embedded in the walls of spiral arteries have 

been termed intramural EVT. These cells can be distinguished as they differ in 

morphology to iEVT, adopting a more dendritic spindle shape compared with the 

rounded interstitial EVT cell (Kurman et al., 1984).   

The origin of eEVT has been debated with disagreement regarding whether this EVT 

subpopulation has a route of invasion which originates from interstitial invasion, or 

whether they invade by a separate pathway altogether and represent a distinct EVT 

population. It has been suggested that eEVT originate from invading iEVT which 

penetrate the SpA vessel wall from the outside, rather than by retrograde migration 

intraluminally (Kaufmann et al., 2003). However, in a recent review (Pijnenborg et al., 

2011) emphasised that intraluminal trophoblast cells that have been identified in SpA 

cross sections are cytotrophoblastic in origin (Boyd, 1970) indicating an endovascular 

pathway, although Pijnenborg et al. (2011) suggested that there is a possibility that 

eEVT are derived from both intraluminal trophoblast and iEVT; perivascular EVT 

clusters have been observed close to decidual SpA indicating the possibility of 

transmural trophoblast migration, whereas the sparse dispersion of EVT and reduced 

concentration of EVT near SpAs within myometrium suggests that interstitial EVT may 
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be responsible for eEVT at deeper levels (Pijnenborg et al., 2006a). Phenotypic 

differences between eEVT and iEVT, such as the expression of NCAM (CD56) by eEVT 

(Burrows et al., 1994) also provide evidence for the argument that eEVT are a distinct 

trophoblast population differing from iEVT. In support of an interstitial route for 

endovascular trophoblast invasion is that fusion of iEVT into multinucleate trophoblast 

giant cells in the decidua may result in iEVT losing their invasive phenotype and 

therefore are unable to penetrate the walls of SpAs; this has been considered as a 

mechanism for inhibiting eEVT invasion and the presence of large clusters of 

trophoblast giant cells which have been observed in pre-eclampsia, may equate to the 

shallow invasion observed in these pregnancies (Stanek and Biesiada, 2012). 

Recently a potential new subtype of EVT cell has been hypothesised as an alternative 

route to the wider known routes of trophoblast invasion; named as endoglandular EVT 

invasion (Moser et al., 2010). In this study EVT was detected in uterine glands using 

confrontation co-culture assays, suggesting that the glandular lumina are able to open 

up into the intervillous space to provide key growth factors for the developing embryo 

prior to the establishment of maternal blood flow into the intervillous space.  
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Figure 1.3 Schematic representation of trophoblast invasion   
Schematic representation of interstitial and endovascular trophoblast invasion in human 
pregnancy before week 6 of gestation (A) and after week 20 of normal gestation (B). Blue: fetal 
tissues. Red: maternal tissues. ps: zone of placental separation, where the basal plate (decidua 
basalis above, attached to the placenta) separates from the placental bed (remaining in the 
uterus after delivery) (Image taken from (Kaufmann et al., 2003)).  
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1.1.3.2 Waves of invasion 

Waves of invasion refer predominantly to endovascular trophoblast invasion. There is 

debate as to whether endovascular EVT invasion through the decidua into the 

myometrium is an ongoing process or as to whether it occurs in two separate waves; 

with wave one occurring in the first trimester up to 8-10 weeks gestation and wave 

two occurring in the first half of the second trimester from 14-18 weeks gestation with 

a break in between wave one and wave two during which there is no significant 

additional trophoblast invasion. 

Evidence supporting the two wave concept using complete hysterectomy samples of 

known gestational age showed that the earliest gestation that decidual spiral arteries 

were completely filled with eEVT was at 10 weeks gestation whereas the earliest 

observation of eEVT infiltrating inner myometrial SpAs was observed after 14 weeks 

gestation(Pijnenborg et al., 1983) suggesting a temporary break between the two 

waves of EVT invasion – the mechanisms that would underlie such a two wave process 

of invasion are not known. 

1.1.3.4 Trophoblast differentiation 

As mentioned previously, during placental development, the cytotrophoblast stem 

cells in the chorionic villi differentiate into two distinct trophoblast populations; 

syncytiotrophoblast and extravillous trophoblast. The syncytiotrophoblast remain 

epithelial whilst the extravillous trophoblast acquires a distinct phenotype, losing 

epithelial markers such as α-integrin 6 but retaining cytokeratins (reviewed by (Vicovac 

and Aplin, 1996)) and up regulating α5β1 and α1β1 integrins (Damsky et al., 1994).   

Human trophoblast differentiation has been difficult to explore in vivo undoubtedly 

because of the difficulty and ethical issues around obtaining normal pregnancy tissue. 

Furthermore, the human placenta has a highly specific structure rendering laboratory 

animal studies of limited value. Therefore, in vitro studies have been necessary to 

investigate trophoblast differentiation. Differentiation from proliferative CTB into 

invasive iEVT is thought to be influenced by a variety of factors including extra cellular 

matrix contact and maternal endometrial components. In recent years it has come to 

light that oxygen tension has an important effect on the placental and embryonic 
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development. In vitro studies have shown that physiological factors such as hypoxic 

conditions can trigger cytotrophoblast cells of the placenta to proliferate and form 

cytotrophoblast cell columns; as the extravillous trophoblast cells encounter increasing 

oxygen levels in the maternal uterine decidua they are stimulated to differentiate into 

an invasive phenotype (Genbacev et al., 1997). 

During the first 10-12 weeks of gestation the endovascular EVT plug the outflow of the 

uterine spiral arteries, preventing maternal blood flow entering the intervillous space 

and therefore creating a physiological hypoxic environment (Hustin and Schaaps, 

1987). The low partial oxygen pressure is thought to be the driving force for substantial 

development of the early placenta and is thus crucial for fetal development. Rodesch 

et al. (1992) observed a significantly lower level of oxygen tension between the 

placenta (17.9 mmHg) and the endometrium (39.6mmHg) at 8-10 weeks gestation 

which balanced out at 12-13 weeks gestation due to loosening of the luminal 

trophoblast plug, thus allowing flow of maternal blood into the intervillous space. 

Overall it is believed that plugging of the mouths of spiral arteries by endovascular 

trophoblast cells is responsible for creating this hypoxic state. However, the 

phenotypic shift from proliferative trophoblast to invasive trophoblast requires a high 

oxygen state raising the question of how the endovascular trophoblast cells invade the 

arteries primarily? Pijnenborg et al. (2006a) have suggested that blastocyst 

implantation is associated with temporary high oxygen concentrations allowing 

invasion of EVT which is then followed by lower concentrations due to the sealing of 

the outflow of arteries protecting the feto-placental unit from oxidative stress. 

Although oxygen gradients are believed to play a role in controlling the invasive 

potential of EVT, it is not clear why the EVT target the uterine spiral arteries rather 

than the uterine veins (Pijnenborg et al., 1980). Reports have suggested that venous 

endothelial cells express an ephrin protein named EPHB4 which may act to repel 

invading trophoblast (Red-Horse et al., 2005). In addition it has also been suggested 

that chemoattractants produced by the vascular smooth muscle cells of the spiral 

arteries may play a role in recruiting the endovascular trophoblast to their lumen 

(Whitley and Cartwright, 2009). At the end of the first trimester, from 10-12 weeks 

gestational age onwards, the maternal-placental circulation is established and the 
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invasive endovascular EVT proceed to migrate in a retrograde direction down the spiral 

arteries into the myometrial artery segments (James et al., 2006). 

1.2 Maternal-fetal interface 

1.2.1 The placental bed 

Maternal fetal contact is initiated at the time of implantation of the blastocyst into the 

uterine epithelium and the placental bed is formed (Figure 1.3B). Underlying the 

attached placenta is the uterine wall which includes the cytotrophoblast shell, the 

decidualised endometrium and inner third of the myometrium. The placental bed is 

characterised microscopically by the presence of EVT in both decidual and myometrial 

stroma and SpAs.  

Spiral arteries run perpendicular to the basal plate of the maternal fetal interface.  The 

placental bed contains approximately 150 spiral arteries providing channels for 

sufficient blood flow to the intervillous space.   

1.2.1.1 Decidua and Decidualisation 

Successful pregnancy requires a highly receptive endometrium during the implantation 

window which involves a symbiotic signalling process between the blastocyst and the 

mother (Aplin, 2000). Decidualisation of the endometrium regulates placentation and 

provides maternal immune tolerance against fetal antigens, thus preventing rejection 

of the developing fetus (Pijnenborg, 2002, Salker et al., 2010).  Throughout each 

menstrual cycle the endometrium prepares itself for the chance of an implanting 

blastocyst before fertilisation of the oocyte has occurred. The endometrium undergoes 

rapid changes of remodelling during the mid-secretory phase of the menstrual cycle in 

a process known as decidualisation, providing an optimal environment for embryo 

implantation. If fertilisation does not occur the endometrium will shed during a 

process known as menstruation. However, if fertilisation of the oocyte  does occur, 

rising levels of progesterone trigger the endometrium to undergo further 

decidualisation (Schindler, 1997) and the levels of progesterone remain high during 

pregnancy to maintain the decidua. Decidualisation (governed by oestrogen and 

progesterone), involves the extensive proliferation and differentiation of fibroblast 
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cells into enlarged glycogen filled-endometrial stromal cells characteristic of the 

decidua (Kurita et al., 2001).  

The decidua consists of three anatomical regions in relation to their positions to the 

site of implantation. At approximately 8-10 weeks gestation the decidua that 

encapsulates the developing fetus is termed decidua capsularis. The decidua parietalis 

lines the entire body of the pregnant uterus and the decidua basalis is the maternal 

aspect underlying the placenta that is located between the chorionic sac and 

myometrium (Figure 1.4A). After week 12 of gestation the decidua capsularis comes 

into contact with the decidua parietalis and these start to fuse together until the 

uterine cavity is gradually obliterated (Figure 1.4B).  

Functional roles for the decidua have been suggested; these include providing a source 

of growth factors and cytokines to regulate trophoblast invasion (Brosens et al., 2002); 

reviewed in section 1.1.5), to facilitate the exchange of nutrients to the developing 

fetus as well as protecting the fetus from the maternal immune system (Croy et al., 

2002).  

 

Figure 1.4 Areas of decidua in the developing stages of first half of pregnancy 
Areas of the decidua in relationship to the developing fetus and progressive obliteration of the 
uterine cavity. A: 6-8weeks gestation; B: 16 weeks gestation. Image taken from Langman’s 
Medical Embryology (2004). 
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1.2.2 Establishment of uteroplacental circulation 

Invasion of EVT through the decidua, myometrium and uterine spiral arteries is 

essential for successful human pregnancy. Invasion of EVT into the spiral arteries is 

required to establish a low-pressure, continuous flow of blood supply to the 

intervillous space, providing nutrients for the developing fetus. 

 1.2.2.1 Spiral artery remodelling 

Spiral arteries begin to develop from endometrial radial arteries in the secretory phase 

of the menstrual cycle (Figure 1.5), when progesterone levels are increased (Ferenczy 

et al., 1979). In the non-pregnant uterus the spiral arteries consist of thick muscular 

walls with a well defined elastic lamina, which is lost as the artery penetrates the 

endometrium (Robertson and Manning, 1974). During the menstrual cycle, if 

implantation of the blastocyst into the endometrium does not occur, the spiral arteries 

regress and are lost during menstruation. However, if implantation does occur then 

spiral arterioles and arteries develop further and supply the placenta and fetus with 

the required nutrients vital for development. 

The spiral arteries and arterioles achieve this by undergoing extensive remodelling into 

highly dilated structures that lack muscle and elastic (Pijnenborg et al., 2006b). During 

early pregnancy the spiral arteries responses include vessel dilation, loss of vascular 

smooth muscle cell (VSMC) arrangement and vacuolation of the media (Craven et al., 

1998). The arteries are termed ‘spiral’ because they are highly coiled, narrow, 

muscular structures (Figure 1.5). The coiling increases their surface area to achieve 

maximum blood flow (a 3-4 fold increase) for the demands of exchanging respiratory 

gases and nutrients from mother to fetus. Thus, the purpose of the remodelling of the 

coiled vessels is to ensure that an adequate volume of blood at a low pressure enters 

the intervillous space (Harris and Aplin, 2007). The process of spiral artery remodelling 

is a reversible one where the musculo-elastic structure of the vessels, consisting of 

VSMCs, elastic and extracellular matrix are displaced with fibrinoid material containing 

intramural trophoblast cells, resulting in large, dilated low resistance vessels 

(Pijnenborg et al., 1980). Figure 1.6 illustrates the various stages of spiral artery 

remodelling. Another characteristic of spiral arteries undergoing transformation is 

endothelial cell swelling and the displacement of SpA endothelium by eEVT cells. 
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Complete re-endothelialisation of the spiral arteries has been reported at term (Khong 

et al., 1992), although it is disputed to what extent SpAs lose their endothelial cell 

lining at earlier stages of pregnancy and it is likely that endothelial cells and eEVT cells 

coexist in a spatial and temporal manner.  

Early spiral artery remodelling changes are associated with interstitial EVT in decidua 

where they begin to disrupt the media; VSMCs start to separate and become 

hypertrophic, suggesting that interstitial EVT are ‘priming’ the SpA for endovascular 

trophoblast invasion. In addition there is now recent evidence to support trophoblast-

independent spiral artery remodelling by decidual cells before trophoblast invasion 

into the maternal tissues occurs (Smith et al., 2009). By 10 weeks of gestation eEVT has 

caused severe disruption to the artery media (Pijnenborg et al., 1983); the vascular 

walls of decidual spiral arteries have completely diminished; the arteries have lost the 

internal elastic lamina, and their walls are then replaced by deposition of fibrinoid 

material which maintains the integrity of the vessel. The intramural trophoblast cells in 

the walls of the spiral arteries are embedded in amorphous fibrinoid material and 

ultrastructural observations suggest that this fibrinoid is derived from degenerative 

trophoblast cells, maternal serum leakage and elastic lamina residue (De Wolf et al., 

1973). 

1.2.2.2 Origin of intramural EVT 

The initial view of the origin of intramural EVT was that this trophoblast population 

derived from the lumen of SpA and therefore, are endovascular in origin, as they 

become embedded in the vessel walls (Brosens et al., 1967). This was supported by 

observations of trophoblast cells located in the intima rather than the media of 

myometrial spiral arteries at 16-22 weeks of gestation (De Wolf et al., 1980). However, 

conflicting evidence from immunohistochemical studies has demonstrated that 

intramural EVT lack expression of human chorionic gonadotrophin (hCG) in common 

with the interstitial EVT population, but contrasting the endovascular EVT population 

(Kurman et al., 1984).      
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Figure 1.5 Vascular anatomy of a pregnant uterus 
Image taken from Brosens et al. (1967). 

1.2.3 Control of trophoblast invasion 

The invasive nature of interstitial EVT occurs through proteolytic action. This is 

achieved by their ability to secrete a class of zinc-dependent endopeptidases known as 

matrix metalloproteinases (MMPs), cathepsins and urokinase-type plasminogen 

activators (uPA) (Bischof et al., 2000). Degradation of the extracellular matrix allows 

movement of the EVT between the decidual and myometrial compartments. EVT cells 

share some characteristics with malignant cells; their ability to migrate and invade 

tissue and their capacity to sequester themselves from the host’s immune system 

(Ferretti et al., 2007). However, in contrast to the uncontrolled invasion of malignant 

cells, the invasion of EVT cells through uterine tissues is a tightly controlled process 

limited both to spatially (localised to the decidua and inner third of the myometrium) 

and developmentally (invasion ceases during the second trimester of pregnancy) 

(Meisser et al., 1999). Disruptions in this tightly controlled environment can lead to 
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placental deficiencies which affect the maternal vascular homeostasis resulting in 

pregnancy complications such as early miscarriage, pre-eclampsia, intrauterine growth 

restriction and placenta accreta. Despite the importance of trophoblast invasion in 

pregnancy very little is understood about the factors that control this process, 

although decidual factors are likely to play an important role. Several growth factors 

and cytokines, some secreted by trophoblast themselves, are believed to  be 

responsible for regulating this process by modulating protease activity, disrupting cell 

adhesion and inducing cell apoptosis (Lash et al., 2005), thereby affecting trophoblast 

migration, proliferation and differentiation into an non-invasive phenotype (Fitzgerald 

et al., 2008) so that trophoblast invasion ceases in the inner third of the myometrium.  

1.2.4 Control of spiral artery remodelling 

Remodelling of the decidual segments of spiral arteries is generally complete by 10-12 

weeks’ gestation and continues in the myometrial segments up until around week 20-

22 of gestation (Pijnenborg et al., 2006b). Spiral artery remodelling is crucial for a 

successful pregnancy: failure of spiral artery remodelling has been implicated in the 

pathogenesis of pre-eclampsia (Pijnenborg et al., 1991), intrauterine growth restriction 

(Khong et al., 1986), second trimester miscarriage (Khong et al., 1987, Ball et al., 

2006a) and preterm delivery (Kim et al., 2003). Despite its importance in early 

pregnancy, the molecular mechanisms that are involved in spiral artery remodelling 

remain unclear. Lack of appropriate physiological and pathological models hinders 

studies. A number of possible mechanisms such as cellular migration, 

dedifferentiation, macrophage phagocytosis and apoptosis may be responsible for 

vascular smooth muscle displacement. It is likely that several of these mechanisms 

work together in a co-ordinated fashion to regulate the process of spiral artery 

remodelling.  
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Figure 1.6 The different stages of uterine spiral artery remodelling 
The arteries begin to develop in the secretory phase of the menstrual cycle in non-pregnant 
endometrium. The earliest stage in vascular remodelling during pregnancy (stage 1) shows 
endothelial vacuolation and slight swelling of the VSMCs. Interstitial trophoblast then begins to 
invade the surrounding stromal tissue which is associated with further disorganisation of the 
VSMC layer (stage 2). Only in stage 3 does the endovascular trophoblast appear leading to 
intramural trophoblast becoming embedded within a fibrinoid layer, replacing the VSMCs 
(stage 4). In the final stage of spiral artery remodelling the endothelium has re-generated 
(Pijnenborg et al., 2006b). 

1.2.4.1 Fate of SpA VSMCs 

There are numerous ways in which both endovascular and interstitial trophoblast may 

influence spiral artery remodelling. Interstitial trophoblast is likely to influence the 

behaviour of the VSMCs; it has been observed that invasion of interstitial trophoblast 

through the extracellular matrix of the decidua liberates growth factors that could 

influence vessel wall structure as well as facilitating transit of the endovascular 

trophoblast along the arteries (Harris and Aplin, 2007). Endothelial changes are likely 

to be influenced by the endovascular trophoblast which transiently replaces the 

endothelial cells lining the spiral arteries.  The loss of endothelial cell adherence may 

lead to anoikis which in turn affects the composition of the ECM which could affect the 

differentiation state of the VSMC (Whitley and Cartwright, 2009). The close 

relationship between the endothelial cells and the VSMCs is essential for maintaining 



19 
 

the integrity of the vasculature and disruptions in this relationship are thought to be 

the likely cause of remodelling in the spiral arteries (Whitley and Cartwright, 2009). 

There have also been observations of vascular smooth muscle cell reorganisation 

occurring in the presence of intramural trophoblast where fibrinoid displaces the 

muscle of the vessel wall (Kam et al., 1999). Recent in vitro data suggest that the 

trophoblast is responsible for SpA VSMC apoptosis (Cartwright et al., 2007, Smith et al., 

2009) although VSMC apoptosis is rarely detected in vivo in the placental bed (Bulmer 

et al., 2012). However, the limitation in assessment of apoptosis is that it is a transient 

process with cell loss and evidence may therefore be difficult to detect. The 

contribution of apoptosis to loss of spiral artery smooth muscle remains a cause for 

debate. Migration and de-differentiation of VSMCs have both been suggested as well 

as apoptosis (Bulmer et al., 2012). 

1.2.4.2 Factors responsible for SpA remodelling 

Although it has been suggested that interstitial and endovascular EVT are responsible 

for complete spiral artery remodelling, others have suggested that the arterial 

modifications are initiated in a maternal response to pregnancy prior to trophoblast 

invasion along the lumen of the spiral artery vessels (Craven et al., 1998). This 

maternal response of arterial modification has been termed trophoblast-independent 

remodelling and appears to be a decidual component that is independent of 

trophoblast.  This tophoblast-independent phase occurs in the early stages of 

pregnancy, with trophoblast-dependent spiral artery remodelling starting at 

approximately 6-8 weeks of gestation (Pijnenborg et al., 2006b) (Figure 1.7).  

Histological evidence shows that in the absence of EVT the vessels are surrounded by a 

cell type within decidua termed uterine natural killer (uNK) cells (Bulmer et al., 1991) 

which are described in further detail in section 1.4.2.  There is speculation that the 

secretion of growth factors such as vascular endothelial growth factor (VEGF)-C and 

transforming growth factor-beta1 (TGF-β1) by uNK cells initiate the decidual-

associated remodelling in preparation for trophoblast infiltration to allow the final 

stages of transformation to take place (Lash et al., 2006c).   

Craven et al. (1998) have demonstrated changes in spiral artery vessel structure in the 

absence of trophoblast. The initial changes included swelling and vacuolation of the 
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medial smooth muscle cells, increased vascular permeability and increased endothelial 

cell activation leading to vessel dilation (Figure 1.6, Stage 1). It also has been 

documented that progesterone may have an indirect effect on vascular remodelling by 

its effects on recruitment of cells such as lymphocytes, macrophages and uNK cells to 

the endometrium associated with the ability to up-regulate stromal cell chemokine 

expression (Sentman et al., 2004). In agreement with data that uNK cells play an 

important role in early events of spiral artery remodelling, evidence from transgenic 

mice deficient in uNK cells has shown failure of decidual artery remodelling and 

implantation site abnormalities (Ashkar et al., 2000). It has also been reported that in 

human placental bed biopsies uNK cells are localised in association with vessels 

undergoing remodelling (Bulmer and Lash, 2005). These data and the observation that 

uNK cells diminish in number after 20 weeks’ gestation when SpA changes are almost 

complete provides support for the suggestion that these cells play a role in the spiral 

artery remodelling process can be made. However, the confinement of uNK cells to the 

endometrium needs to be considered since trophoblast invasion and spiral artery 

remodelling extend through to the inner third of the myometrium where uNK cells are 

not a prominent feature; this may reflect a role for these cells in early SpA vascular 

changes and priming of SpA VSMCs for the later trophoblast-dependent alterations 

which mediate transformation of myometrial segments of spiral arteries.    
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Figure 1.7 Process of decidual spiral artery remodelling 
Representation of process of decidual artery remodelling. An un-remodelled artery has intact 
endothelium and a VSMC cell layer making it a low flow, high resistant vessel.  During 
pregnancy the spiral arteries undergo remodelling initially brought about by maternal immune 
cells and completed by invading EVT. VSMC layers and endothelium are lost and are replaced 
with embedded intramural trophoblast and fibrinoid material, changing the integrity of the 
vessel and thereby creating a high flow, low resistant vessel. Endothelial displacement is 
transient and is replaced by the third trimester. Image taken from Cartwright et al. (2010). 

1.2.5 Aberrant trophoblast invasion and deficient spiral artery 
remodelling 

Spiral artery remodelling plays an important role in the establishment and 

maintenance of successful pregnancy and understanding the mechanisms which 

control this process may improve understanding of important pregnancy complications 

which are associated with aberrant trophoblast invasion.    

These processes involve a complex network of molecular and cellular interactions 

which at each stage could be compromised leading to pregnancy complications and 

disorders. Several pregnancy disorders including recurrent and spontaneous 

miscarriage, pre-eclampsia, premterm labour and intrauterine growth restriction have 
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been associated with aberrant trophoblast invasion and/or deficient spiral artery 

remodelling.   

Recurrent miscarriage (RM) is defined as three or more consecutive pregnancy losses 

before 20 weeks gestation (Wilcox et al., 1988) and affects approximately 1 in 300 

women. Known causes of 20-50% of RM cases are associated with infection, endocrine 

disturbances, endometrial defects and abnormal embryo karyotype (Li et al., 2002). 

Although the causes of the remaining 50% of RM cases are unknown, there is a 

majority of evidence suggesting an immune involvement (reviewed by Laird et al. 

(2003) and Bansal (2010)). Women suffering RM have displayed higher uterine blood 

flow resistance compared with healthy successful pregnancies indicating insufficient 

establishment of the uteroplacental circulation, which may be the result of aberrant 

trophoblast invasion due to defective immune tolerance mechanisms (Habara et al., 

2002). Decreased levels of EVT HLA-G expression has been identified in RM (Emmer et 

al., 2002) suggesting a down regulation of uNK cell ‘self’ recognition causing a 

detrimental anti-fetal immune response by production of pro-inflammatory Th1 type 

cytokines. It has been proposed that an imbalance in Th1/Th2 reactivity in RM 

influences immunisation of paternal antigens (Szpakowski et al., 2000) and recently 

increased numbers of Th17 cells in both decidual tissues and maternal blood with 

increased levels of IL-17 in peripheral blood have been implicated in women suffering 

RM suggesting that Th17 cells destroy the conceptus by mediating maternal immune 

tolerance (Liu et al., 2011). A reduction in placental VEGF has also been observed in 

women suffering RM which could prevent the maturation of blood vessels, therefore 

affecting uteroplacental circulation and preventing a viable pregnancy (Vuorela et al., 

2000). Recent reports identify specific paternal genetic patterns in HLA-C expression 

and maternal NK recognition which has been associated with increased risk of RM, 

indicating that successful placentation relies on a coordinated balance of NK inhibition 

and activation of trophoblast through HLA-C recognition (Hiby et al., 2008).                  

Pre-eclampsia is a disease which is characterised by gestational hypertension and 

proteinuria, which has serious health consequences for both mother and baby; it is a 

major cause of maternal mortality and morbidity (Barton et al., 2001) and can cause 

fetal mortality (Sibai et al., 1995). Although pre-eclampsia is often not evident until the 
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third trimester, the disease is established during the first half of pregnancy during 

stages of trophoblast invasion and spiral artery remodelling. In the initial stages of the 

disease defective spiral artery remodelling is caused by shallow eEVT invasion in 

decidual spiral artery segments and a lack of invasion into the myometrium in early 

second trimester, meaning that myometrial spiral arteries do not undergo 

physiological change or remodelling, suggesting that the ‘second wave’ of trophoblast 

invasion does not occur (Brosens et al., 1972, Pijnenborg et al., 1991). Observations of 

term placental bed biopsies revealed a higher proportion of un-remodelled SpAs in pre 

eclamptic patients compared with normal pregnancies (Kim et al., 2003), providing 

evidence that impaired SpA remodelling is either a causative factor or an effect of the 

disease. A lack of spiral artery remodelling may be due to delayed endovascular 

trophoblast invasion; eEVT was detected in the lumen of third trimester decidual spiral 

arteries in patients with pre-eclampsia, while an absence of intraluminal eEVT is 

apparent in normal pregnancies beyond the second trimester (Khong et al., 1986).  

Progression of the disease is characterised by endothelial cell dysfunction with 

deficient production of nitric oxide (Roberts and Lain, 2002) causing vasoconstriction 

and reducing the flow of blood into the intervillous space, increasing oxidative stress to 

the placenta, resulting in uteroplacental ischemia. Placental ischemia has been 

suggested to evoke an inflammatory response by the release of many cytokines and 

growth factors from the placenta and further affect endothelial fuction. Secretion of 

placental TNF-α and circulating levels of VEGF agonist (sFlt1) have been associated 

with endothelial dysfunction in pre-eclampsia (Maynard et al., 2003, Hung et al., 2004).       

Fetal intrauterine growth restriction (IUGR) is a major cause of fetal morbidity and 

mortality; 50% of stillbirths at term are associated with IUGR (Froen et al., 2004). IUGR 

is defined as a failure of the fetus to reach its genetically predetermined growth 

potential and is characterised by abnormal fetal weight, size, and symmetry. As well as 

genetic predisposition, optimal fetal growth is also dependent on a regulated 

combination of maternal, fetal, placental and external factors (such as maternal 

smoking, consumption of alcohol and use of recreational drugs during pregnancy). 

Irregularities of such factors contribute to uteroplacental dysfunction which is the 

most common cause of IUGR (Baschat et al., 2000). Placental dysfunction is likely to 
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occur in the first trimester of pregnancy which suggests defective trophoblast 

adherence and invasion, therefore affecting SpA changes; such changes have been 

histologically observed in the placental bed in IUGR (Hustin et al., 1983). Such 

insufficiencies of uterplacental perfusion impinge on nutrient transfer to the fetus 

(Baschat and Hecher, 2004) and the condition may manifest early in pregnancy.              

Pregnancy disorders such as RM, pre-eclampsia and IUGR are multifactorial but some 

studies indicate an association with restricted eEVT invasion and failure of SpA 

remodelling and that pregnancy outcome is directly linked with the timing and extent 

of these processes. Therefore, investigation into the regulation of these processes at 

the maternal fetal-interface in early pregnancy will likely provide insight into a better 

understanding in the mechanisms involved in pregnancy pathology.        

1.3 Immunology of normal pregnancy 

1.3.1 Immunological paradox of pregnancy 

The fetus can be considered to be semi-allogenic to the mother due to contribution of 

human leucocyte antigen (HLA) genes from each parent. Fetal tissue expressing 

paternal alloantigens would be expected to stimulate a maternal T-cell immune 

response; however, a detrimental T-cell response is not initiated and the fetus escapes 

rejection. This unique process which allows a genetically and immunologically foreign 

entity to survive and evade the maternal immune system is described as the 

immunological paradox of pregnancy (Billingham et al., 1953, Damber et al., 1977).    

In 1953 comparisons were proposed between allografts in organ transplantation and 

the fetus; however, it was highlighted that pregnancy contradicted the immunology 

concept of allogeneic rejection (Billingham et al., 1953). The fetus, like the allograft is 

non-self; it is semiallogeneic but despite this the fetus is able to survive, whereas an 

allogeneic allograft is rejected. Explanations proposed in early studies were that the 

maternal immune response was suppressed during pregnancy, that the fetus did not 

express mature antigens and that the placenta served as an immune barrier between 

mother and fetus by lacking major histocompatibility complex (MHC) gene 

products/antigens. However, later studies revealed that the fetus is in fact 

immunogenic and does evoke a maternal immune response; this was demonstrated in 
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studies in mouse (Hoskin and Murgita, 1989), proving that the fetus expresses mature 

antigens and that the mother is immunologically aware of the pregnancy. Beer and 

Billingham (1971) proposed five concepts to explain this immunological paradox: 

1) Fetal and maternal blood circulations are separate. 

2) The uterus is an immunological privileged site. 

3) An immunological barrier exists at the maternal-fetal interface – paternal 

alloantigens are not expressed or are sequestered. 

4) Decidual inhibition of alloreactivity. 

5) Production of immunosuppressive factors by the fetus and mother.  

Recent studies have proved or refuted some of these hypotheses; evidence of an anti-

inflammatory and immunosuppressive response at the maternal-fetal interface has 

been reported. However, contrary to this is evidence that direct contact between fetal 

cells and maternal cells is associated with immune recognition, providing evidence that 

the developing fetus and the mother have an interactive relationship.  

1.3.2 Trophoblast major histocompatibility complex (MHC) expression 

During normal pregnancy chorionic villi become bathed in maternal blood and cells 

from the placenta invade the maternal uterine tissues. To avoid a hostile immune 

response from the mother, the placenta ensures a safe immunological barrier from 

maternal immune attack. Trophoblast cells are the first lineage derived from the 

developing embryo. They are extraembryonic in nature containing unmethylated DNA 

(Ohgane et al., 2002), express retroviral proteins (Mi et al., 2000) and have a genetic 

contribution from the father and thus are semi-allogenic to the mother. However, 

human villous trophoblast cells do not express either usual class I or class II MHC 

antigens (Faulk and Temple, 1976, Sunderland et al., 1981) suggesting that these cells 

are sequestered when encountered by maternal blood permitting survival of the 

developing fetus. Extravillous trophoblast cells are not confined to the chorionic villi, 

obviously since they are extravillous and are able to invade the maternal tissues 

without evoking an immune attack. Villous stromal cells do express MHC antigens so 

the lack of exposure to blood in the intervillous space relies on the intact 

syncytiotrophoblast cell layer, once syncytiotrophoblast layer is broken, the villous 

stroma is exposed to maternal immune cells in the intervillous space.   
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EVT cells do not express the highly polymorphic HLA class I molecules HLA-A and HLA-B 

but they do express the less polymorphic HLA-C (Moffett-King, 2002) and unusual non-

classical truncated class I MHC molecules, HLA-E and HLA-G (Hunt et al., 1988, King et 

al., 2000a), which are invariant and show limited polymorphism (Carosella, 2000).  

HLA-G expression is almost entirely specific to EVT cells and due to its limited 

polymorphism; it is unlikely to be recognised by the adaptive maternal immune 

system. However, HLA-G recognition is specific to maternal NK leucocytes through 

killer inhibitory receptor (KIR) expression and this recognition prevents EVT cytotoxity 

from NK cells. Complete lack of MHC class I molecules would expose the EVT to cell 

lysis (Hunt et al., 2000, Fournel et al., 2000) and also further down regulates a 

maternal T cell cytotoxic response to the placental cells (Bainbridge et al., 2000). 

HLA-G expression is essential for successful pregnancy outcome (Fuzzi et al., 2002) 

decreased EVT HLA-G expression has been implicated in miscarriage (Emmer et al., 

2002) and the presence of a number of rare HLA-G isoforms have been detected in 

women suffering from recurrent miscarriage (van der Ven et al., 2000, Aldrich et al., 

2000, Pfeiffer et al., 2001). The functions of HLA-G remain unclear but aside from 

protection against maternal leucocytes, other roles of HLA-G have been proposed such 

as promoting uNK cell proliferation and interferon (IFN)-γ production (van der Meer et 

al., 2004) suggesting a regulatory role in EVT invasion (Lash et al., 2006b) and 

modification of the maternal immune response by suppressing allogeneic lymphocyte 

proliferation (Apps et al., 2007).    

1.3.3 Th1/Th2 paradigm  

CD4+ Helper T lymphocytes (Th) contribute towards immunity as well as producing 

cytokines. They are classified into different functional subsets; Th1 and Th2. In the 

normal immune system there is a balance between in Th1/Th2 responses. A Th1 

response produces cytokines such as IFN-γ, TNF-α, and interleukin (IL)-2 which 

promote cell mediated immunity and this response will predominate over Th2, 

whereas a Th2 response provides humoral immunity by the production of IL-4, IL-5, IL-

9, IL10 and IL-13.  Another CD4+ T lymphocyte subpopulation has also been identified 

that do not secrete either Th1 or Th2 type cytokines but produce TGF-β and IL-10 
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which down regulates the effects of Th1 cells; this population of cells has been named 

Th3 (Borish and Steinke, 2003).         

Wegmann et al. (1993) proposed that during pregnancy a Th2 response prevails, 

whereas a Th1 response is detrimental to pregnancy and many studies, particularly in 

mouse pregnancy, have provided evidence of this. TNF-α serum levels are elevated in 

pre-term labour and pre-eclampsia (Casey et al., 1989). TNF-α is considered to be 

harmful for pregnancy; increased levels are associated with embryonic demise in 

mouse studies (Clark et al., 2004) and TNF-α affects feto-placental development by 

inhibiting trophoblast invasion (Bauer et al., 2004, Huber et al., 2006, Otun et al., 

2011). Lash et al. (2006b) have also demonstrated the inhibitory effects of IFN-γ on 

EVT invasion by apoptosis and decreased protease activity. The Th1-type immunity was 

considered to be incompatible for successful human pregnancy (Raghupathy, 1997), 

favouring Wegmann’s hypothesis. Th1 cytokine dominance has been reported in RM 

compared with normal pregnancies (Raghupathy et al., 2000), although this has been 

disputed by (Bates et al., 2002) who reported a Th2 shift in RM. Challenging the 

concept of a Th2 bias in normal pregnancy are data proving that IFN-γ is essential for 

successful pregnancy outcome as it is pivotal in SpA remodelling (Ashkar et al., 2000, 

Croy et al., 2003, Murphy et al., 2009, Robson et al., 2012). Furthermore a study using 

a Th2 knockout (IL-4, IL-5, IL-9 and IL-13 ko) mouse showed normal reproductive 

outcome (Fallon et al., 2002). Additional cytokines such as IL-15 and IL-18 have been 

observed at the maternal-fetal interface (Chaouat et al., 2002, Murphy et al., 2009) 

that are not classed Th1 nor Th2 type cytokines, again challenging the paradigm and 

adding to its complexity.     

These data, combined with many studies investigating the Th1/Th2 paradigm, suggest 

that the immune responses at the maternal-fetal interface is a complex one, which 

may be time specific, dynamic and continuous rather than focusing on maternal 

tolerance alone.  

1.3.4 Cytokines in normal pregnancy 

Human endometrium produces a wide variety of pro-inflammatory cytokines 

throughout the proliferative and secretory phases of the menstrual cycle (Tabibzadeh, 

1991). These cytokines are believed to play a significant role in the modulation of the 
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uterine environment preparing the uterus for implantation of the developing 

conceptus and formation of a functional placenta for the establishment of pregnancy.  

Prevention of maternal rejection of the fetus requires a regulated environment which 

occurs primarily at the maternal-fetal interface and within the uterine tissues. In 

normal systems naive CD4+ T-cells are the major producers of cytokines and are 

divided into three subsets Th1, Th2 and Th3 (see section 1.3.3). However, a plethora of 

Th1 and Th2 cytokines are produced by trophoblast cells, maternal T lymphocytes, 

stromal cells, epithelial cells, uNK cells, macrophages and other maternal leucocytes, 

localised at the maternal-fetal interface (Vince and Johnson, 2000) and maintenance 

and development of the fetal-placental unit may be dependent on these cytokines. 

The presence of these cytokines at the maternal-fetal interface influence the local 

environment by regulating processes such as implantation, placental development, 

cytotrophoblast proliferation, angiogenesis, EVT invasion, SpA remodelling, cellular 

growth and apoptosis (Piccinni et al., 2000, Drake et al., 2001, Dimitriadis et al., 2005, 

Lash et al., 2006c, Murphy et al., 2009). However, this is a complex area of research 

due to the pleiotrophy and redundancy of the cytokine network and a wide range of 

results have been reported; some known functions of specific cytokines are 

summarised below in sections 1.3.4.1 and 1.3.4.2.       

1.3.4.1 Cytokines and implantation 

It is likely that a complex mix of cytokines in the endometrium is involved in blastocyst 

implantation. Studies have focused on IL-1 and receptors for IL-1 have been reported 

to be distributed throughout the human endometrium and are present at the 

maternal-fetal interface, suggesting a role in the implantation of the blastocyst (Simon 

et al., 1998). Cytokines may increase the receptivity of the endometrium allowing 

communication with the developing embryo. Gp130 cytokines, including IL-6 and 

leukaemia inhibitory factor (LIF), play important roles in implantation; LIF knockout 

mice failed to initiate decidualisation and therefore failed to support implantation; LIF-

/- mice injected with exogenous LIF rescued implantation (Stewart et al., 1992). Laird et 

al. (1997) have linked successful implantation with LIF in humans. Women with 

unexplained infertility produced lower levels of endometrial LIF in the luteal phase of 

the menstrual cycle compared with controls and this has subsequently been confirmed 
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(Ledee-Bataille et al., 2002). IL-6 deficient mice have shown reduced fertility and 

reduced numbers of viable implantation sites (Robertson, 2000).Together with LIF, IL-6 

and IL-1, IL-11 has also been suggested to be important in pregnancy; in vitro studies 

have shown that IL-11 stimulates decidualisation of human endometrial stromal cells 

(Dimitriadis et al., 2002) and primary decidual cells in vitro secrete IL-11 and regulate 

trophoblast invasion (von Rango et al., 2004). Impaired synthesis of endometrial 

epithelial IL-11 has also been implicated in women suffering recurrent miscarriage 

(Linjawi et al., 2004) providing further evidence for the importance of this cytokine in 

early pregnancy. 

There are many other factors alongside gp130 cytokines that are involved in 

implantation such as progesterone, a variety of chemokines and other cytokines such 

as TNF-α, TGF-β1 and IL-15 (Dimitriadis et al., 2005), indicating the complexity of this 

event with multiple contributors to the processes involved.  

1.3.4.2 Cytokines and trophoblast invasion 

The mechanisms that control EVT invasion in early pregnancy remains widely 

misunderstood although it is likely that several cytokines and growth factors derived 

from the decidua and trophoblasts themselves are involved (Meisser et al., 1999, 

Bischof et al., 2000, Lala and Chakraborty, 2003, Lash et al., 2006c, Naruse et al., 2010). 

Moreover various decidual cells, such as uNK cells, decidualised endometrial stromal 

cells and macrophages secrete both inhibitory and stimulating factors that may control 

EVT invasion (outlined in Figure 1.8; Knofler and Pollheimer (2012)). TNF-α and IFN-γ 

are cytokines which are associated with the inhibition of trophoblast invasion by 

triggering cell death and also inhibiting protease enzymes (Ho et al., 1999, Knofler et 

al., 2000, Lash et al., 2006b, Otun et al., 2011). TGF-β1, 2 and 3 have been reported to 

inhibit trophoblast invasiveness by reducing trophoblast protease activity (Lash et al., 

2005). There is also evidence indicating that a Th2 type response prevents trophoblast 

apoptosis (Aschkenazi et al., 2002) suggesting that Th2 cytokines may stimulate 

invasion; this coincides with studies of IL-6 (Jovanovic and Vicovac, 2009, Dubinsky et 

al., 2010), IL-8 (Hanna et al., 2006, De Oliveira et al., 2010), IL-11 (Paiva et al., 2007) 

and IL-1β (Gonzalez et al., 2011, Prutsch et al., 2012), all of which have been reported 

to stimulate trophoblast invasion.   
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This area has remained inconclusive and many reports are contradictory. This may be 

an effect of studying cytokines in isolation. Furthermore the source of trophoblast cells 

and the cell lines used in these studies have varied, thus adding to the difficulty of 

elucidating the mechanisms that are involved in the control of trophoblast invasion.  

        

Figure 1.8 Inhibitory and stimulating factors influencing trophoblast invasion 
Summary of inhibitory and stimulating factors secreted by predominant cells of the decidua; 
uNK cells, decidual stromal cells and macrophages which influence trophoblast invasive 
behaviour. Image from Knofler and Pollheimer (2012).   

 

1.4 Decidual cell populations 

1.4.1 Leucocyte populations and distribution 

The human endometrium is a complex mucosal tissue and has a unique immune cell 

component (Eriksson et al., 2004). This component prepares the maternal 

environment to adapt to the implanting fetus by providing immune surveillance 

against invading pathogens and regulating immune responses to the semi-allogeneic 
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fetus. This balance of immune regulation is necessary for successful pregnancy and is 

controlled by an intrauterine leucocyte population which differs from peripheral blood 

leucocyte populations adding to the immune paradigm.  

Maternal leucocytes are an important component of the endometrium. They are 

present during the proliferative phase and early secretory phase of the menstrual cycle 

but increase in number substantially at the time of expected implantation and 

continue to rise in early pregnancy (Bulmer et al., 1991), accounting for approximately 

30-40% of the stromal cells within the decidualised endometrium lining the uterus 

during pregnancy. Three major decidual leucocyte populations have been identified in 

pregnancy; uterine natural killer cells, macrophages and T lymphocytes (Bulmer et al., 

1991); dendritic cells are less abundant (Gardner and Moffett, 2003) with NKT cells 

(Tsuda et al., 2001) and T regulatory cells (Heikkinen et al., 2004) accounting for a 

small subset of the decidual leucocyte population but with equal functional 

importance. All of these endometrial leucocytes are present at the implantation site 

where they encounter the invading trophoblast. In contrast B lymphocytes are rare in 

the decidua throughout pregnancy.  

The explanation for the increasing numbers of leucocytes around the time of expected 

implantation (mid secretory phase) in a fertilised cycle still remains unknown. 

Suggestions for this increase include hormonal fluctuations, differentiation of 

precursor cells and proliferation of existing leucocytes or leucocyte recruitment from 

other sites. There has been extensive investigation of the role of endometrial 

leucocytes in pregnancy ranging from immune tolerance to regulation of trophoblast 

invasion and spiral artery remodelling. Uterine natural killer cells and macrophages 

have been implicated in pregnancy disorders such as pre-eclampsia, fetal growth 

restriction and recurrent abortion suggesting that these leucocytes have an important 

role in normal pregnancy.  

1.4.2 Uterine natural killer cells 

Human uterine natural killer (uNK) cells are the most prominent leucocyte population 

within early pregnant decidua and they rapidly increase in number during the first 

trimester of pregnancy, accounting for over 70% of the decidual stromal leucocyte 
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population during the first half of pregnancy with uNK cell numbers decreasing after 

week 20 of gestation (Bulmer et al., 1991). 

1.4.2.1 Phenotypic features of uterine natural killer cells 

Human natural killer (NK) cells originate from stem cell haematopoietic precursors 

(Colucci et al., 2003). Distinct lineages of NK cells arise depending on their location; in 

tissues, lymphoid and non-lymphoid organs and peripheral blood where they may 

differ in phenotype and function. 

Uterine natural killer cells have been classified as a ‘natural killer’ cell subtype due to 

their cytoplasmic granules similar to that of the large granular lymphocyte appearance 

of peripheral blood (PB) NK cells. They were first recognised in the 1920s (Bulmer and 

Lash, 2005) and further characterised in non-pregnant and pregnant endometrium 

using phloxine tartrazine staining of cytoplasmic granules (Hamperl and Hellweg, 

1958). The majority of NK cells are characterised by their expression of CD56 cell 

membrane protein and the lack of CD3 expression and uterine natural killer cells are 

now characterised by their CD56 expression. Bulmer et al. (1991) quantified the 

numbers of phloxine tartrazine granulated cells and CD56+ cells in non-pregnant and 

early pregnant endometrium and the results were comparable. This major subset of 

NK cells in the uterus predominantly have the phenotype CD56bright  CD16negative, similar 

to an NK cell phenotype observed in the gastrointestinal  tract and secondary lymph 

nodes (Drayton et al., 2006, Sentman et al., 2007), whereas over 90% of the peripheral 

blood NK cell population are CD56dim  CD16positive, the remaining 10% being CD56bright 

CD16dim (Cooper et al., 2001). In contrast with uNK cells, which have cytoplasmic 

granules, peripheral blood CD56bright CD16dim NK cells are usually agranular. The CD56 

antigen expressed on human NK cells is an isoform of the human neural cell adhesion 

molecule with an unknown function, but the CD56dim NK cell population is highly 

cytotoxic while the CD56positive population are strong producers of cytokines (Cooper et 

al., 2001, Szekeres-Bartho, 2008). Uterine NK cells express a variety of other cell 

surface markers that reflect their unique phenotypic and functional properties (Cooper 

et al., 2001); these are summarised in Table 1.1. The CD16 cell surface molecule is a 

low affinity FcγR, which binds to antibody coated targets resulting in a signal for 

cellular cytotoxicity (Cooper et al., 2001). CD16 along with other cell surface molecules 
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gives rise to the antibody dependent cytotoxic potential of NK cells, whereas the 

release of perforin (Rukavina et al., 1995) and granulysin (Nakashima et al., 2008) by 

uNK cells is associated with cell mediated killing, although this NK cell mediated 

apoptosis has never been observed in normal human decidua unless activated in vitro 

with IL-2 or IL-15 (Verma et al., 2000, Kopcow et al., 2005). Unlike peripheral blood NK 

cells, uNK cells lack expression of CD16, the consequence of this difference affects the 

functional antibody dependent cytotoxity of these cells and uNK cells. Furthermore, 

uNK cells have lower cytotoxic activity than PBNK cells despite their content of perforin 

(Kopcow et al., 2005).  

CD9 and KIRs (killer immunoglobulin-like receptors) are other cell surface markers used 

to distinguish between CD56bright PBNK cells and uNK cells as these markers are more 

widely expressed on the latter, along with CD9 expression (Eriksson et al., 2004). CD9 is 

believed to be involved in various cellular and physiological functions such as cellular 

migration and invasion (Boucheix and Rubinstein, 2001). The expression of cell surface 

receptors by uNK cells may also modulate the maternal immune response at the time 

of implantation and placentation; they are able to recognise the unusual trophoblast 

MHC class I ligands, such as HLA-C, HLA-G and HLA-E and reproductive success may 

primarily depend on this allorecognition (King et al., 1996a, Koopman et al., 2003). KIR 

expression by uNK cells is highly variable and allows for recognition with polymorphic 

HLA-C ligands expressed by EVT (Sharkey et al., 2008). The EVT HLA-E ligand is 

recognised by uNK cells through the lectin-like inhibitory receptor CD94/NKG2A (King 

et al., 2000b). There is evidence that HLA-G binds to uNK cells by KIR2DL4 receptor, but 

expression of this receptor by uNK cells is debated (Apps et al., 2008) and it is likely 

that trophoblast HLA-G binds to LILR (leucocyte immunoglobulin-like receptors) which 

is expressed by decidual macrophages (discussed further in section 1.4.3) and is only 

present on a minority of uNK cells (Apps et al., 2007). Uterine natural killer cells are 

also able to recognise HLA-C expressed by extravillous trophoblast. Each individual 

pregnancy is characterised by specific combinations of uNK cell KIRs and EVT HLA-C 

variants; although complex, particular combinations such as maternal KIR AA and fetal 

HLA-C2 are over represented in pre-eclampsia, intrauterine growth restriction and 

recurrent miscarriage (Hiby et al., 2010), highlighting that the interaction between EVT 
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HLA-C and uNK KIRS governs the maternal-fetal immune response and therefore 

appears to be crucial for reproductive success.            

Expressing this mix of highly variable KIRs and the activating receptors NKp30, NKp44, 

NKG2D, uNK cells remain tolerant towards trophoblast cells and have been suggested 

to be cytokine producers at the fetal-maternal interface (Kopcow et al., 2005).   

Table 1.1 Phenotypic differences and similarities of NK cell surface markers 
Phenotypic differences and similarities of expression of cell surface markers by PBNK 
(peripheral blood NK) and uNK (uterine NK) cells. Table modified from Kalkunte et al. (2008); (+ 
presence; - absence; +/- variable expression). 

 

1.4.2.2 uNK cell localisation and distribution  

Uterine NK cells are found in abundance in both decidua basalis and decidua parietalis; 

they are not a prominent feature in the human myometrium and therefore should 

perhaps be termed ‘endometrial’ rather than ‘uterine’ (Bulmer and Lash, 2005) . 

During the first trimester of pregnancy the uNK cells are in close association with fetal 

trophoblast cells (King et al., 1996a), but the presence of uNK cells in endometrium 

does not depend on the presence of trophoblast and they are also present throughout 

the menstrual cycle in non-pregnant endometrium (Bulmer and Lash, 2005), albeit in 

small numbers in proliferative and early secretory phases (Loke et al., 1995). Uterine 

natural killer cells are also prominent in decidualised endometrium in ectopic 
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pregnancy where trophoblast is absent (Laskarin et al., 2010) as well as pseudo 

decidualised endometrium under the influence of progesterone (Le Bouteiller and 

Piccinni, 2008). Oestrogen and progesterone are thought to play a role in regulating 

the proliferation and recruitment of uNK cells  (Bulmer and Lash, 2005) and uNK cells 

are particularly prominent in progesterone treated endometrium. However, uNK cells 

themselves lack expression of the progesterone receptor suggesting that their function 

is not directly altered by the hormone  (King et al., 1996b) but uNK cells do express ER-

β1 and Gh receptor proteins indicating that oestrogen and glutocorticoids may up-

regulate gene transcription in uNK cells  (Henderson et al., 2003). Progesterone plays a 

role in up-regulating the release of various factors from surrounding stromal cells, such 

as endometrial derived IL-15 and prolactin (Kao et al., 2002, Mirkin et al., 2005), all of 

which may influence uNK cell differentiation, function and proliferation (Bulmer and 

Lash, 2005). The co-localisation of decidualised endometrial stromal cells with uNK 

cells is striking and uNK cells are also seen in areas of ectopic decidua; this relationship 

may suggest a fundamental role for decidual stromal cells in the differentiation of uNK 

cells (Kitaya et al., 2000, Dunn et al., 2002). If pregnancy does not occur, uNK cell 

numbers begin to diminish during menstruation providing further evidence of direct or 

indirect hormonal influence on the evolution of these cells. During early pregnancy 

uNK cells accumulate around invading EVT and remodelling SpAs (Bulmer et al., 1991, 

Smith et al., 2009) and contribute to the majority of decidual leucocytes into the early 

second trimester (Williams et al., 2009b). Their numbers progressively dwindle in the 

second trimester and lower numbers of CD56+ cells are observed in term deciduas 

(Williams et al., 2009b). This spatial and temporal distribution has led to the suggestion 

that uNK cells play a role in trophoblast invasion and SpA remodelling.      

 1.4.2.3 uNK cell function during pregnancy 

The role of uNK cells during early pregnancy remains unclear but their importance in 

placentation has been demonstrated in both mouse and humans (Manaster and 

Mandelboim, 2010). This has led to investigation and focus on uNK secreted cytokines 

and growth factors that may influence EVT invasion. More recently it has been 

proposed uNK cells may be involved in the early stages of spiral artery remodelling due 
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to the fact that uNK cells are present in maximum numbers at the time of spiral artery 

remodelling and reduce in number in the second half of pregnancy (Smith et al., 2009).  

Uterine NK cells produce a significant number of cytokines, chemokines and angiogenic 

growth factors including IL-10, IL-1β, TGF-β1, INF-γ, GM-CSF, LIF and TNF-α (Rieger et 

al., 2001, von Rango et al., 2003) with production of some cytokines increasing with 

gestational age (Lash et al., 2010b). 

The cytokines produced by uNK cells have been proposed to regulate EVT invasion in 

early pregnancy. There is evidence that the uNK cell derived cytokines including TNF-α, 

TGF-β1 and IFN-γ all inhibit trophoblast invasion in vitro (Lash et al., 2005, Lash et al., 

2006b, Otun et al., 2011). However, other studies have reported stimulation of 

trophoblast invasion with uNK cell supernatants (Hanna et al., 2006, Lash et al., 

2010a), although gestational age differences have been reported (Lash et al., 2010b). A 

recent study by (De Oliveira et al., 2010) demonstrated that IL-8 secreted by uNK cells 

increased the invasiveness of EVT using placental explants. These are but a few of the 

many studies that have investigated the effects of various cytokines and chemokines 

that are known to be produced by uNK cells on trophoblast invasion, with 

contradictory reports. This is likely to be explained by the complexity of the cytokine 

milieu in vivo, the different tissues used and their gestational age, as it has been 

demonstrated that uNK cell cytokine secretion differs with gestational age (Naruse et 

al., 2010, Lash et al., 2010c). Recent co-culture studies with isolated uNK cells and EVT 

from the same patient also had an effect on the cytokine secretion profile of uNK cells 

(Lash et al., 2011); secretion of several cytokines and growth factors was reduced 

when uNK cells and EVT were in direct contact, suggesting a regulatory mechanism for 

cytokine secretion in the placental bed.      

The role of uNK cells in SpA remodelling has been suggested by numerous 

immunohistochemical studies; Lash et al. (2006c) have demonstrated that human uNK 

cells isolated from first trimester decidua are a prominent source of a range of 

angiogenic growth factors which reduce with increasing gestational age. Reduced 

numbers of uNK cells in third trimester pregnant decidua have been associated with 

pre-eclampsia and intrauterine growth restriction (Williams et al., 2009a), suggesting a 

role for these cells in SpA remodelling. Craven et al. (1998) proposed that early initial 
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changes in SpA remodelling occur prior to invading trophoblast and it has recently 

been reported that uNK cells have a possible involvement in mediating the effects of 

early ‘trophoblast-independent’ SpA remodelling (Pijnenborg et al., 2006b, Smith et al., 

2009, Fraser et al., 2012, Robson et al., 2012, Wallace et al., 2012). Robson et al. (2012) 

reported evidence of VSMC disruption when chorionic plate arteries from term 

placentas and myometrial arteries from non-pregnant hysterectomy specimens were 

treated with uNK cell supernatants from pregnancies at 8-10 weeks gestation. 

Disruptions in VSMC integrity was observed when both CpA and non-pregnant 

myometrial SpA vessels were treated with Ang-1, Ang-2, IFN-γ and VEGF-C – all of 

which are growth factors produced by uNK cells (Lash et al., 2006c), and the addition 

of Ang-2 inhibitor also abrogated the effects of uNK cell supernatants on VSMC 

disorganisation in CpA. Altered levels of extra cellular matrix components of the vessel 

walls were also observed when treated with uNK cell supernatants in both vessel 

models suggesting that these cells may initiate the early stages of SpA trophoblast 

independent remodelling by the action of MMPs and via the secretion of Ang-2. Other 

studies suggest that the early vascular changes in SpAs are initiated by uNK cells 

through apoptotic mechanisms (Harris et al., 2007, Keogh et al., 2007, Smith et al., 

2009, Fraser et al., 2012).         

Studies investigating murine pregnancies have also implicated uNK cells in SpA 

remodelling. This was first demonstrated in the Tgε26 strain of mouse that lacks NK 

cells; they display abnormal vasculature and irregular decidual organisation along with 

a small placenta (Guimond et al., 1997). Uterine NK cell derived cytokines, such as 

interferon-γ (IFN-γ), have been suggested to be important in SpA remodelling. IFN-γ in 

mouse models modulates vascular modification and decidual integrity (Ashkar et al., 

2000), but in humans it has been observed that uNK-cell derived IFN-γ is secreted at  

low levels (Lash et al., 2006b, Marzusch et al., 1997) and it has little effect on VSMC 

organisation of non-pregnant myometrial arteries in vitro but does alter VSMC 

organisation of chorionic plate arteries (Robson et al., 2012); it is likely that angiogenic 

growth factors play a more substantial role. Together with murine studies and 

investigation with human pregnancies, there is accumulating evidence that uNK cells 

are a major source of decidual cytokines, which could be involved in the processes of 

early pregnancy and now numerous studies are focusing on this aspect of their biology.            
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1.4.2 Decidual T lymphocytes 

Approximately 10% of the endometrial stromal leucocyte population comprises CD3+ T 

lymphocytes in early pregnancy (Bulmer et al., 1991). CD3+ T lymphocytes have been 

subjected to relatively little research compared with uNK cells and 

decidual/endometrial macrophages. Endometrial CD3+ T lymphocytes are 

predominantly CD8+ unlike the peripheral blood population where CD3+ CD4+ T cells 

are more abundant (3:1 ratio) (Bulmer et al., 1991).  

Endometrial T lymphocytes numbers do not alter greatly during the menstrual cycle 

and pregnancy, leading to the suggestion that these cells do not have a key role in the 

establishment and maintenance of pregnancy but rather play an important role in 

providing immune protection against external pathogens (Vassiliadou and Bulmer, 

1996). Murine studies have shown that decidual CD8+ T lymphocytes exert 

immunosuppressive activity by a reduction in cytotoxic activity (Nagarkatti and Clark, 

1983, Thomas and Erickson, 1986). However,  Scaife et al. (2006) demonstrated that 

decidual CD8+ T lymphocytes isolated from early pregnancy are capable of cytolysis and 

evoke a Th1 cytokine response, releasing high levels of IFN-γ.         

Decidual T lymphocytes have been reported to express markers such as HLA-DR, CD38 

and CD49a unlike peripheral blood T lymphocytes (Geiselhart et al., 1995) and decidual 

CD8+ T lymphocytes have been reported to stimulate trophoblast invasion in vitro 

(Scaife et al., 2006), suggesting that these cells may have an important role in 

trophoblast function and normal placental development. 

CD4+ T cells are a minor component of the decidual leucocoyte population and 

immunohistochemical studies have been difficult to identify these cells in the 

endometrium due to macrophage expression of CD4. To date there have been no 

specific functional studies of CD4+ T cells in the endometrium or decidua.  

1.4.2.1 Natural killer T cells 

Human natural killer T (NKT) cells have been identified in early pregnant decidua 

(Tsuda et al., 2001). NKT cells are characterised by the expression of either a non-

variant or invariant T cell receptor, CD161 (C-type lectin) and CD56. NKT cells are 

present at the maternal-fetal interface during pregnancy and the proportion of non-
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variant NKT cells are higher in pregnant decidua compared with NKT cells in peripheral 

blood of the same patients (Tsuda et al., 2001, Boyson et al., 2002, Uemura et al., 

2008).  

Peripheral blood NKT cells are potent anti-tumour effector cells (Ohkawa et al., 2001). 

Unlike uNK cells NKT cells lack expression of KIR CD94/NKG2A and their suggested role 

in pregnancy is to produce cytokines. NKT cells have been reported to produce large 

amounts of IL-4 and IFN-γ (Bendelac, 1997, Tsuda et al., 2001); cytokines that have 

been implicated in pregnancy. Although NKT cells do not express KIRs that enable 

them to recognise MHC class I molecules, recognition of trophoblast may be achieved 

through presentation of glycolipids on CD1d receptor expressed by trophoblast cells 

(Bendelac et al., 2007, Uemura et al., 2008). Numbers of CD3+CD56+ cells dwindle in 

decidua at term compared with numbers in first trimester decidua (Williams et al., 

2009b) and this observation together with reports of reduced CD3+CD56+ cell numbers 

in recurrent miscarriage (Yamamoto et al., 1999), suggests a role for these cells in early 

pregnancy processes.      

1.4.2.2 Regulatory T lymphocytes 

Regulatory T lymphocytes (T reg cells) are a highly heterogeneous T cell population and 

play an important role in suppressing the peripheral T cell response. CD4+CD25+ T reg 

cells are the most widely studied T reg population. T reg cells are present at the 

maternal-fetal interface and 10-15% of decidual CD4+ T lymphocytes are CD4+CD25+ T 

reg cells (Heikkinen et al., 2004). Yang et al. (2009) reported an increase of CD25 bright 

cells in the decidual CD4+ T cell population compared with the peripheral CD4+ T cell 

population, suggesting a role for these cells in maternal tolerance to fetal alloantigens. 

Nevertheless, the activation of regulatory T cells and induction of tolerance in 

pregnancy remains unclear, although reduced numbers of CD4+CD25+ T reg cells have 

been associated with sporadic miscarriage (Sasaki et al., 2004), recurrent miscarriage 

(Yang et al., 2009) and pre-eclampsia (Sasaki et al., 2007). 

1.4.3 Decidual macrophages 

Macrophages have the ability to alter their antigen presenting status in response to 

the microenvironment, thereby altering their function allowing them to participate in a 
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wide range of biological processes including metabolism, vascular remodelling and 

tissue homeostasis (Gordon, 2007). 

Decidual macrophages are the second most abundant leucocyte population and 

account for approximately 20-25% of all decidual leucocytes in early pregnancy 

(Bulmer et al., 1988) and are present at the implantation site (Loke and King, 2000). 

Macrophages are potent antigen presenting cells (APCs) and are more abundant APCs 

than dendritic cells. They have been characterised in the endometrium and decidua by 

immunodetection of CD14 cell surface protein and CD68 lysosomal protein 

(CD14+/CD68+). Despite some similarities with peripheral blood monocytes, evidence 

regarding the origin of decidual macrophages is lacking. However, increasing evidence 

suggests that decidual macrophages originate from a myeloid lineage and have a 

plasticity which allows them to alter their phenotype by functional differentiation to 

adapt to the local microenvironment of the human decidua.       

Histological studies have provided circumstantial evidence that uNK cells along with 

other leucocytes wirthin the decidua, including decidual macrophages, initiate spiral 

artery remodelling prior to the invasion of extravillous trophoblast cells (Smith et al., 

2009). Decidual leucocytes including decidual macrophages are producers of varied 

amounts of growth factors, cytokines and proteases which may contribute to vessel 

remodelling (Plaisier et al., 2009). 

Decidual macrophages highly express the MHC class II human leucocyte antigen HLA-

DR, allowing antigen presentation to decidual T cells, contributing to maternal-fetal 

tolerance (Figure 1.9). This allows the invading trophoblast to interact with 

macrophages in the decidua through a variety of receptor- ligand pairs, thereby 

activating macrophages in the decidua (Vince and Johnson, 2000, Renaud and Graham, 

2008). Leucocyte immunoglobulin-like receptor (LILR) expression has been detected on 

decidual macrophages (Apps et al., 2007). LILR is a ligand for non-classical HLA-G 

expressed on EVT; therefore, invasive trophoblast may modulate the function of 

decidual macrophages or vice versa (Figure 1.9). Decidual macrophages are thought to 

be incapable of differentiating into dendritic cells, but during early pregnancy a 

subpopulation of CD14+/HLA-DR+ cells express the immature dendritic cell marker 
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CD209 (DC-SIGN) (Kammerer et al., 2003) suggesting that these cells have the ability to 

differentiate into mature (CD83+) dendritic cells.  

Decidual macrophages also have an important immunoregulatory role preventing 

aggressive immune inflammatory responses, thus resulting in a tolerant immune 

environment that supports placentation, implantation, efficient trophoblast invasion 

and vascular remodelling (Seavey and Mosmann, 2008). Classic macrophages secrete 

high amounts of Th1 pro-inflammatory cytokines; TNF-α and IL-12 have been classified 

as M1 pro-inflammatory macrophages, whereas macrophages which respond to Th2 

cytokines such as IL-4 and IL-13 possess an immunosuppressive phenotype and are 

therefore termed activated macrophages or M2 macrophages. Decidual macrophages 

have been suggested to have an immunosuppressive role by the secretion of 

prostaglandins and cytokines such as IL-10 and IL-1 (Goerdt and Orfanos, 1999). 

Lidstrom et al. (2003), using an enzyme-linked immunosorbent spot-forming cell assay 

(ELISPOT), demonstrated that decidual macrophages are potent producers of IL-10 

which is an immunosuppressive cytokine indicating that macrophages could potentially 

regulate functions such as trophoblast invasion in early pregnancy (Renaud and 

Graham, 2008). In keeping with this, gene expression profiles from microarrays have 

demonstrated that decidual macrophages contain up-regulated transcripts encoding 

genes for immunosuppressive and tissue remodelling proteins compared with 

peripheral blood macrophages (Gustafsson et al., 2008). In addition to production of 

immunosuppressive cytokines, cell lines expressing the trophoblast HLA-G homodimer 

induce decidual macrophages to secrete large amounts of pro-inflammatory cytokines 

IL-6 and IL-8 (Li et al., 2009). It has been suggested that infection during pregnancy 

may cause aberrant macrophage activation, leading to switching from M2 polarisation 

(immunosuppressive) to M1 (pro-inflammatory) phenotype, with an increase in pro-

inflammatory cytokine secretion; this would initially serve as a defence mechanism 

against invading pathogens but could in turn affect angiogenesis, trophoblast function 

and placental apoptosis resulting in a variety of pregnancy disorders (Renaud and 

Graham, 2008). 

Macrophages are also capable of phagocytosis and decidual macrophages express 

specific phagocytic receptors which are able to bind with extracellular matrix products 
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(Repnik et al., 2008); high numbers of CD14+ cells have been identified in proximity to 

spiral arteries suggesting phagocytosis and apoptotic cell clearance (Abrahams et al., 

2004a). Furthermore, recent data demonstrates the identification of two unique 

human decidual macrophage populations; CD11cHI and CD11cLO both with pro- and 

anti-inflammatory functions (Houser et al., 2011) suggesting that these cells have the 

ability to facilitate immune responses and tissue remodelling events by the secretion 

of proteases and cytokines playing an important role at the maternal-fetal interface.  

Macrophage derived TNF-α has been shown to restrict trophoblast invasiveness 

through inducing apoptosis and increased macrophage derived TNF-α levels have been 

associated with pregnancies complicated by pre-eclampsia, intrauterine growth 

restriction and early onset spontaneous abortion (Reister et al., 2001).  However, 

overall there are few reports on decidual macrophage cytokine secretion and relatively 

little attention has focused on macrophage function in normal pregnancies, although 

various model systems have been used to characterise phenotype.  

Despite the limited understanding of decidual leucocytes it appears that they are 

associated with one another and the factors they produce are likely to work together 

to provide an environment which is conducive for successful pregnancy. Hence, studies 

of isolated single leucocyte populations in vitro may not reflect the in vivo situation 

where interactions between the various cell types are likely.  
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Figure 1.9 Molecular interactions of a decidual macrophage 
Molecular interactions of decidual macrophages with cells of the decidua (Nagamatsu and 
Schust, 2010). 

1.4.4 Decidual dendritic cells 

Decidual dendritic cells account for 1-2% of the leucocyte population in early human 

pregnancy with numbers remaining constant throughout gestation. Dendritic cells are 

a unique cell population which induce primary immune responses. Following 

menstruation when oestrogen levels are highest, oestrogen stimulates the 

differentiation and maturation of dendritic cells to express costimulatory molecules 

including CD83 and CD86 and high levels of MHC class II (Paharkova-Vatchkova et al., 

2004). Both immature (CD83-/CD209+) and mature dendritic cells have been identified 

in uterine tissues by expression of CD83 (Kammerer et al., 2000), suggesting that the 

presence of immature cells mediate tolerance to the developing fetus, whereas the 

mature dendritic cells protect the maternal-fetal interface from invading pathogens.  

Collins et al. (2009) recently presented evidence from studies in mouse agreeing with 

this; that the decidual environment prevents dendritic cell surveillance at the 
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maternal- fetal interface and that dendritic cell trafficking to the uterine lymph nodes 

from decidua is minimal; decidual factors play a role in sequestering the migratory 

capacity of mature dendritic cells whilst retaining the DC responsiveness to antigens. 

Kammerer et al. (2003) reported similar findings from isolated human decidual 

dendritic cells; these cells were unable to stimulate naïve T cells after antigen binding. 

The entrapment of decidual dendritic cells in the human endometrium remains to be 

understood and therefore migration and activation of T cell responses may contribute 

to pathological pregnancy. Uterine dendritic cells also secrete growth factors such as 

VEGF-A and TGF-β1 (Plaks et al., 2008) but they have no effect on trophoblast invasion 

(Huang et al., 2008), suggesting that their importance is for preparing the 

endometrium for embryo implantation. Decidual dendritic cells have been proposed to 

induce tolerance under normal physiological conditions acting as ‘gatekeepers’ of 

uterine immune environment (Blois et al., 2004). 

Limited investigation of pathological pregnancies suggests that the function of these 

cells is in immunomodulatory control during pregnancy. Huang et al. (2008) reported 

infiltration of both CD83+ mature and CD209+ immature dendritic cells in decidua from 

women suffering pre-eclampsia suggesting that they may play a role in the 

pathogenesis of the disease; whether this is cause or effect is unclear.           

1.4.5 Decidual stromal cells 

Decidual stromal cells (DSCs) are the major component of the human decidua (Bulmer 

et al., 1995). Endometrial stromal cells are mainly comprised of fibroblast cells which 

are believed to originate from mesenchymal cells. Decidualisation of the endometrial 

stromal fibroblast cells is triggered by progesterone (Brosens et al., 2002, Gellersen 

and Brosens, 2003) and decidual stromal cells are considered to have a nutritional and 

endocrine function during pregnancy (Riddick and Kusmik, 1977). However, increasing 

evidence has demonstrated that decidual stromal cells orchestrate leucocyte 

differentiation, trafficking and recruitment into the endometrium during early 

pregnancy (Robertson et al., 2002). Hess et al. (2007) have also demonstrated that 

since EVT invade through the decidua, DSC are in close proximity to trophoblast cells in 

vivo, and these cells respond to trophoblast secreted products in vitro, enriching the 
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implantation site with cytokines and chemokines. DSCs can be identified within the 

decidua by their expression of CD10 and CD13 (Garcia-Pacheco et al., 2001).  

The relevance of decidual stromal cells in pregnancy is that they exert immune 

functions and assist the immunomodulation of decidual factors ensuring a healthy 

environment for the developing fetus and these cells also produce a wide array of 

cytokines that may regulate EVT invasion and spiral artery remodelling. 

1.4.6 Decidual epithelial cells 

The human endometrium consists of glandular and surface epithelial cells. As well as 

the endometrial stroma, the glandular epithelium undergoes proliferation, 

differentiation and shedding throughout the menstrual cycle (Tabibzadeh, 1991). 

However, the functional role of glands post implantation has been sparsely studied. 

There is increasing evidence that endometrial epithelial cells are important functional 

cells during the first trimester of pregnancy. Uterine glandular epithelial cells are 

present and highly active at 6 weeks of pregnancy, secreting carbohydrates, sugars and 

lipids providing a source of essential nutrients at the maternal fetal interface to drive 

the many processes (Hempstock et al., 2004). A variety of growth factors and cytokines 

have also been identified in glandular secretions including VEGF, LIF and epidermal 

growth factor (EGF) receptors for which are expressed by villous and extravillous 

trophoblast cells (Burton et al., 2007), suggesting that these secretory factors 

produced by decidual glands play roles in placental morphogenesis, trophoblast 

invasion and modulate immune responses at the maternal-fetal interface during the 

first trimester of pregnancy.  

1.5 Interleukin-6 

1.5.1 The role of IL-6 

IL-6 is a small pleiotrophic cytokine which is an important mediator in acute-phase 

responses to injury and infection. IL-6 is part of the IL-6 family of cytokines which also 

includes LIF, IL-11, oncostatin M (OSM), ciliary neutrophic factor and cardiotrophin-1, 

all sharing the gp130 receptor subunit and involved in activation of target genes 

involved in cellular differentiation, proliferation, apoptosis and cell survival. This 

common signalling element results in overlapping functions of between these proteins.  
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IL-6 has pro and anti-inflammatory properties resulting in a wide array of functions 

besides host defence; IL-6 also has important roles in haematopoiesis, lipid 

metabolism and embryonic development. IL-6 is involved in the pathophysiology of 

many processes resulting in osteoporosis, rheumatoid arthritis and contributes to 

oncogenesis in many cancers. IL-6 has been reported to be expressed in a variety of 

malignant tumours (Kanazawa et al., 2007) and has been reported to increase the 

invasive potential of head and neck squamous cell carcinomas in vitro (Nishino et al., 

1998) as well as reports of inducing morphological changes in a pleomorphic malignant 

fibrous histiocytoma cell line (Nakanishi et al., 2004). Walter et al. (2009) recently 

demonstrated that IL-6 secretion from adipose stromal cells in the breast promotes 

the migration and invasion breast tumour cells in vitro. 

IL-6 is secreted by a range of cell types such as monocytes, lymphocytes and 

fibroblasts. 

1.5.2 IL-6 cell signalling 

1.5.2.1 IL-6 receptors 

IL-6 achieves its biological effects by binding to plasma membrane receptor complexes 

consisting of an 80kDa protein IL-6Rα (gp80; CD126) and the common 130kDa signal 

transducing receptor protein gp130 (CD130).   

Gp130 is ubiquitously expressed on a wide assortment of cells in the body, whereas 

distribution of membrane IL-6Rα is limited and is only expressed on a relatively small 

number of cell types such as hepatocytes, neutrophils and monocytes, indicating that 

the physiological effects of IL-6 may depend on the soluble form of the receptor sIL-

6Rα, therefore allowing IL-6 to elicit its effects on a wide variety of cells. In vivo 

experiments have revealed sIL-6Rα is generated either by proteolysis of the membrane 

form of the receptor or as a result of alternatively spliced mRNA (Knupfer and Preiss, 

2008). This soluble receptor - cytokine complex acts agonistically rather than 

antagonistically (Ancey et al., 2003) which is in constrast with most cytokine/soluble 

receptor systems where cytokine binding to the plasma membrane is prevented having 

an antagonistic effect. The soluble form of IL-6Rα is a 50-55k Da binding protein that 

binds IL-6 ligands with similar affinity to the membrane bound recpetor. Once IL-6 is 
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bound to sIL-6Rα, the protein-receptor complex is recognised by and associates with a 

homerdimeric transmembrane gp130 receptor which then initiates an intracellular 

response through activation of tyrosine kinases on the cytoplasmic tail of the receptor 

(Murakami et al., 1993). Some people view this complex of IL-6 and soluble IL-Rα as a 

cytokine complex rather than a receptor complex. This allows cells such as embryonic 

stem cells, neural cells, smooth muscle cells and endothelial cells which express gp130 

but lack transmembrane IL-6R to respond to IL-6, widening the repertoire of cell types 

that are responsive to this cytokine giving IL-6 the potential to have a spectrum of 

functions such as pro and anti inflammatory activites and aberrant activity in disease 

states.  

1.5.2.2 STAT3, SOCS, MAPKs 

It has been established that most cytokines mediate their effects through two main 

signal transducing pathways; the signal tranducers and activators of transcription 

(STAT) pathway and the mitogen activated protein kinase (MAPK) pathway (Fitzgerald 

et al., 2005). Extensive studies have highlighted a pivotal role of STATs in IL-6 cytokine 

signalling, IL-6 type cytokines including IL-6 utilising the STAT pathway to mediate their 

effects (Fitzgerald et al., 2008). The STAT family is comprised of seven transcript 

variants; STAT1, 2, 3, 4, 5a, 5b and STAT6 and transient association with cytokine 

receptors causes their activation. STAT1 and STAT3 are potently activated by the 

gp130 receptor complexes of all the IL-6 type cytokines (Heinrich et al., 1998). IL-6 

initiates its effects by binding to its receptor system on target cells which causes the 

gp130 receptors to aggregate. Dimerisation of gp130 leads to the juxtaposition of the 

Janus kinases (Jaks) (Fitzgerald et al., 2005), allowing the Jaks to cross-phosporylate 

one another leading to the phosphorylation of docking sites of the SH2 tyrosine 

phosphatase domain and STATs (Kang and Kang, 2008). The STATs then dissociate from 

the ligand where they form homo and heterodimers with other phosphorylated STATs. 

Activated STATs then translocate into the nucleus where they specifically bind to 

promoter regions of the DNA and upregulate the transcription of several genes which 

are involved in proliferation and cell differentiation (Corvinus et al., 2003, Fitzgerald et 

al., 2005) (Figure 1.10). This includes the upregulation of suppressors of cytokine 
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signalling (SOCS) which in an inhibitory feedback system stalls the transduction of the 

signal (Heinrich et al., 2003, Fitzgerald et al., 2005) (Figure 1.10).  

A high degree of STAT3 activity is associated with malignancy of cells and can be 

activated through IL-6 ligand binding (Corvinus et al., 2003). The phosphorylation of 

STAT3 induced by IL-6 binding also leads to the activation of genes involved in chronic 

inflammation associated with arthiritis (Kishimoto, 2006). STAT3 deficient mice have 

demonstrated embryonic lethality: the embryos successfully implant but rapidly die 

due to placental defects (Takeda et al., 1997). STAT3 splice variants (STAT3α and β) 

have been observed in first trimester trophoblast cells with expression lost at term 

(Corvinus et al., 2003). This adds to the proposition for a role for STAT3, via cytokine 

signalling, in trophoblast invasiveness.  

 

 

Figure 1.10 Representative diagram of IL-6 cell signalling pathways 
Representation of the different pathways by which IL-6 can signal and stimulate differing 
cellular cascades. Activation of the Jak-STAT pathway by cytokine (IL-6) binding to its receptor 
(IL-6Rα and gp130). Cytokine-induced receptor aggregation leads to Janus kinase (Jak) 
phosphorylation and activation. Tyrosine residues within the cytoplasmic tail of the cytokine 
receptor are subsequently phosphorylated by the Jaks, providing docking sites for SH2 domain-
containing signalling proteins including STATs. Tyrosine-phosphorylated STATs translocate to 
the nucleus where they bind to promoter regions of their respective target genes, including 
genes involved in acute phase protein synthesis, cell growth, cell differentiation and 
proliferation and the up-regulation of SOCS, creating a feedback regulatory system to dampen 
down the cytokine response. Adapted from (Heinrich et al., 2003). 
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Dimerisation of IL-6 gp130 complex also induces the MAPK cascade. MAPKs also play 

an important part in cellular migration and invasion (Pollheimer and Knofler, 2005). 

The activation of MAPKs includes activation of extracellular-regulated kinases (ERKs). 

The phosphorylation of ERK 1 and ERK 2 have been shown to increase cell growth and 

migration of the human trophoblast cell line, HTR-8/SVneo (Pollheimer and Knofler, 

2005). In accordance with this, stimulated (phosphorylated) ERK 1 and ERK 2 have 

been detected in EVT of human placentae but only up to 12 weeks gestation (Kita et 

al., 2003), suggesting that ERK signalling plays a crucial role during early pregnancy.   

1.5.3 IL-6 in pregnancy 

IL-6 is present in human endometrium throughout the menstrual cycle as well as in 

early pregnancy decidua. IL-6 is secreted by various cell types during pregnancy, but 

production by specific decidual cells remain to be investigated. Aforementioned 

previously there appears to be a delicate balance between a Th1 and a Th2 immune 

response during the implantation window up to placental vascularisation (Chaouat et 

al., 2002, Chaouat et al., 2003, Chaouat et al., 2004). It has also been reported that EVT 

cells express IL-6, and it has been suggested this cytokine can influence trophoblast 

invasion by up-regulating MMPs (Salamonsen et al., 2007). Recent studies have 

localised IL-6 protein and IL-6 mRNA within mid-secretory phase endometrium, along 

with immunohistochemical evidence of IL-6 receptors (Tabibzadeh et al., 1995). 

Jauniaux et al. (1996) have demonstrated IL-6 expression in both syncytiotrophoblast 

and EVT from explanted placental villi and in various other cell types within decidual 

tissue using immunohistochemistry. Meisser et al. (1999) found that IL-6 induced 

trophoblast MMP-2 and MMP-9 activation, which are important mediators in 

trophoblast invasion, but IL-6 did not induce MMP synthesis. In addition, IL-6 deficient 

mice have shown a 48% reduction in implantation sites which has been linked to 

decreased fertility (Robertson, 2000) and IL-6 deficient mice displayed an increased 

rate of mid-gestation miscarriage, although the mice were still fertile (Kopf et al., 

1994). The overall evidence from these studies therefore, suggests a role for IL-6 in 

successful early pregnancy, potentially being involved in regulating trophoblast 

invasion.  
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It has been suggested that IL-6 may contribute to trophoblast growth and placental 

development by stimulation of trophoblast derived human chorionic gonadotrophin 

(hCG) (Nishino et al., 1990), which is essential for the maintenance of pregnancy. Both 

endogenous IL-6 and exogenous IL-6 have been reported to increase migration and the 

invasive potential of the EVT cell line HTR-8/SVneo due to the up-regulation of the 

trophoblast integrin receptors α1, α5 and β5 (Jovanovic and Vicovac, 2009), receptors 

which bind to components within the extracellular matrix. Arimoto-Ishida et al. (2009) 

have demonstrated that up-regulation of α5-integrin under hypoxic conditions 

increased the invasiveness and migration of placental villous explants cells and BeWo 

cells (trophoblast-derived cell line). However, these are cell line data and may vary 

from isolated primary cells which have yet to be studied. Despite extensive 

documentation of the presence of IL-6 in implantation, little is known about the effects 

of this cytokine and how it mediates signalling in the trophoblast. Various reports exist 

on specific cell lines but the overall picture of IL-6 production and function in 

uteroplacental tissues is still unclear. 

The effect of decidual IL-6 on uterine vascular remodelling has not been investigated. 

However, in different tissues IL-6 has been shown to be a potent pro-angiogenic 

cytokine during tumour progression and promotes vasculogenesis in murine brain 

development (Fee et al., 2000). Yao et al. (2007) have demonstrated the effect of IL-6 

on the stimulation of human cerebral smooth muscle and endothelial cell proliferation 

and migration and Fan et al. (2008) have provided more recent evidence that cellular 

signalling cascades from blood derived endothelial cells are activated by IL-6 in vitro 

resulting in proliferation, migration and matrigel tubule formation.   

1.5.3.1 IL-6 in pathological pregnancies 

Although IL-6 has been widely associated with studies involving the progression of 

malignant tumours and is known to have an effect on the invasiveness of neoplastic 

cells, there is limited information on its role in normal pregnancy. Elevated levels of 

plasma IL-6 have been detected in women suffering from pre-eclampsia (Greer et al., 

1994, Vince et al., 1995, Madazli et al., 2003, Freeman et al., 2004) and decidual cells 

have been suggested to account for increasing plasma levels of IL-6 (Lockwood et al., 

2008). In addition, a recent study has demonstrated an increase in serum IL-6 levels in 
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women with symptoms of threatened pre-term delivery (Sorokin et al., 2010) 

indicating that the cause may be due to an immunological effect. 

 

1.6 Interleukin-8 

1.6.1 Role of IL-8 

Interleukin-8 (IL-8) is classified as a pro-inflammatory multifunctional CXC chemokine, 

alternatively known as CXCL8. Chemokines are a large superfamily of structurally and 

functionally related cytokines with chemotactic activity targeted at leucocytes. The IL-8 

gene encodes a 99 amino acid protein with a 77-72aa signalling component and 

expression of this gene is primarily regulated by nuclear factor (NF)-κB. However, a 

number of stimuli, including inflammatory signals (TNF-α and IL-1β) and a variety of 

steroid hormones, also up regulate expression of IL-8 (Brat et al., 2005). IL-8 is best 

characterised as a neutrophil chemoattractant at sites of inflammation and has the 

ability to cause de-granulation of neutrophils and invasion of tissues (Matsushima et 

al., 1988). In contrast to inflamed tissues, the level of IL-8 is relatively low in normal 

tissues. IL-8 also plays a chemotactic role for neoplastic cells. Chemotaxis occurs along 

a chemokine concentration gradient and changes in the morphology of leucocytes can 

be observed following chemokine binding (Dimitriadis et al., 2005). The biological 

activity of chemokines can be enhanced by MMPs, many of which are secreted by 

leucocytes following chemokine binding resulting in a positive feedback mechanism 

and thereby up-regulating the action of chemokines themselves.  

1.6.2 IL-8 cell signalling 

1.6.2.1 CXCR1 and CXCR2 

The biological effects of IL-8 are mediated through the binding of two membrane 

bound G protein-coupled receptors, CXCR1 and CXCR2 (Holmes et al., 1991). These 

receptors are around 40KDa in size and share structural similarities but mediate 

different functional responses (Holmes et al., 1991, Rosenkilde and Schwartz, 2004). 

The structural similarity between the two receptors suggests that they arose from 

genetic duplication. Ligand binding to the receptors elicits a ligand induced 

conformational change resulting in coupling of the heterotrimeric G proteins (Gαβγ) 
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with the carboxy terminus of the 7 transmembrane receptor, which in turn activates 

the Gα subunit to dissociate from the Gβγ subunit. The signal is transduced mainly 

through Gαi which causes the rapid mobilisation of intracellular calcium inducing the 

chemotactic response and there is evidence that released βγ activates PI3Kγ pathways, 

inducing cellular migration (Arai et al., 1997, Neptune and Bourne, 1997). Depending 

on the Gα isoforms, the alpha subunit can mediate intracellular signalling indirectly by 

acting on effector molecules (Figure 1.11) or directly by regulating ion channel or 

kinase function (Figure 1.11). Because of the promiscuity of G-protein coupled 

receptors (GPCRs), activation of CXCR1 and CXCR2 induces diverse signalling pathways 

(Figure 1.11) resulting in a wide range of functions. Both CXCR1 and CXCR2 bind IL-8 

with high affinity, but CXCR1 is only activated in response to binding with IL-8 and 

granulocyte chemotactic protein-2(GCP-2), whereas great promiscuity is found with 

CXCR2, which can be activated by a variety of CXC chemokines (Brat et al., 2005), 

increasing the redundancy of this receptor. CXCR1 and CXCR2 expression has been 

characterised on many cell types other than leucocytes including neurons, epithelial 

cells, endothelial cells, smooth muscle cells and stromal cells indicating that receptor 

activation by IL-8 binding is not solely responsible for leucocyte trafficking but has 

different functions including degranulation, angiogenesis, gene transcription and 

apoptosis (Thelen, 2001). IL-8 signalling stimulates the phosphorylation of Akt kinase 

(Figure 1.11) which is an important kinase with established roles in the modulation of 

cell migration and angiogenesis. The angiogenic effects of IL-8 are mediated primarily 

through CXCR2 binding; this is evident from human herpes virus-8 (HHV8) which 

expresses a mutated form of CXCR2 with absent CXCR1, resulting in highly vascularised 

tumours in the host (Rosenkilde et al., 1999).   
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Figure 1.11 Representative diagram of IL-8 cell signalling pathways 
Diagram showing the range of characterised IL-8 cell signalling pathways. Solid lines represent 
positive regulation by IL-8; dashed lines represent acknowledged pathways through which IL-8 
mediates transcription factors. IL-8 signalling also activates Src and FAK which are non receptor 
tyrosine kinases (Waugh and Wilson, 2008). 

1.6.2.2 Aminopeptidase N 

The biological function of IL-8 is mediated through transmembrane G-protein coupled 

receptors that transmit a signal resulting in a cellular response (outlined in section 

1.6.2.1).  

Aminopeptidase N, alternatively known as CD13 is a Zn2+ dependent ectopeptidase 

membrane glycoprotein with a molecular weight of 150kDa (Hooper, 1994). It is a 

ubiquitously expressed broad functional protease that hydrolyses small peptides and 

preferentially cleaves neutral amino acids, removing N-terminus amino acids from 

their substrates. Ectoenzymes including aminopeptidase N have been recognised as 

moonlighting proteins due to their multifunctional capabilities (Jeffery, 2003). It has 

been proposed that an additional functional role of CD13 as well as its enzymatic 

activity is signal transduction in monocytes (Santos et al., 2000); CD13 does not contain 

a signalling motif due to its short cytoplasmic tail, but it is believed to associate with an 

auxiliary molecule giving the protein signalling capacity. Reports have demonstrated 

that cross-linking of CD13 in monocytes mediates the migration and aggregation of 

monocytes (Mina-Osorio et al., 2006) and induces the MAPK pathway leading to the 
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influx of calcium effecting cytokine secretion and cellular adhesion; one such 

chemokine is IL-8 (Santos et al., 2000), further suggesting involvement of mechanisms 

other than  enzyme activity. CD13 has been linked with the inactivation of IL-8 by 

degradation (Kanayama et al., 1995), along with degradation of CXCL11 (Proost et al., 

2007) and causes down regulation of CXCR4 and inhibition of CXCL12 mediated 

migration in embryonic kidney cells (Wulfaenger et al., 2008) suggesting a regulatory 

role in inflammation, cell proliferation and invasion.  

CD13 is expressed on the surface of many different cell types including macrophages, 

granulocytes, endothelial cells, synaptic membranes of the CNS, epithelial cells in 

kidney and intestines as well as a number of tumours (Look et al., 1989). CD13 has also 

been identified on placental villi, endometrial stromal cells and decidual stromal cells 

during the first trimester of pregnancy (Imai et al., 1992, Seli et al., 2001) and 

expression may be regulated by oestrogen (Seli et al., 2001), suggesting that CD13 may 

play an important role in the modulation of peptide metabolism to aid successful 

implantation and maintenance of pregnancy.  

CD13 along with the other IL-8 receptors has not yet been studied in early pregnancy 

and the physiological roles of these enzymes and signalling components remains to be 

clarified. However, research to date suggests that these receptors may control the 

bioavailabilty of IL-8 and thereby contribute to the regulation of angiogenesis and 

leucocyte migration in pregnancy. Individual chemokine processing is complex due to 

redundancy of receptor binding and studies on IL-8 have mainly focused in 

endometriosis, chorioamnionitis, cervical ripening and parturition.   

1.6.3 IL-8 in inflammation and angiogenesis 

The chemokine system provides regulation and control of homeostatic leucocyte 

movement and inflammation. By their regulation of leucocyte activation, trafficking 

and differentiation, chemokines including IL-8 play a central role in immune defence. 

In addition IL-8 plays a role in other cellular functions (Section 1.5.2.1) including 

angiogenesis. Angiogenesis is described as the neo-formation of blood vessels and is 

essential for embryonic development, wound healing, inflammation and tumour 

growth. In 1992 IL-8 was the first angiogenic chemokine to be discovered (Koch et al., 

1992) and there is increasing evidence of the potency of IL-8 angiogenic properties; IL-



55 
 

8 signalling has been associated with the regulation of endothelial permeability by 

stimulating the phosphorylation of VEGFR-2 in endothelial cells by interaction with 

both CXCR1 and CXCR2 receptors (Petreaca et al., 2007). More recently it has been 

reported that IL-8 up regulates VEGF mRNA and protein levels in vascular endothelial 

cells by association of IL-8 with CXCR2; this further stimulates VEGFR-2 in an autocrine 

manner (Martin et al., 2009) inducing cellular proliferation, survival and migration of 

vascular endothelial cells. These reports highlight the potential importance of IL-8 in 

angiogenesis and raise the possibility of a role for IL-8 for the remodelling events in the 

uterine vasculature in normal pregnancy. In pathophysiology IL-8 is also important for 

tumour formation and growth, and many in vitro studies with cancer cell lines and in 

vivo studies with solid cancers have demonstrated that expression of IL-8 corresponds 

to the angiogenic and tumourgenic potential and hence the progression of cancers 

(Waugh and Wilson, 2008). To coincide with this hypothesis, there is evidence that IL-8 

secretion is associated with glioma formation and malignant progression through the 

establishment of new blood vessels (Brat et al., 2005). Therefore, although the focus of 

investigating IL-8 has focused on its role in inflammation and chemotaxis, it is possible 

that the angiogenic effect of IL-8 is crucial in normal pregnancy.  

1.6.4 IL-8 in pregnancy 

The human endometrium is rich in a wide range of chemokines, including IL-8 which 

potentially regulates endometrial angiogenesis and leucocyte trafficking. 

Immunohistochemical studies have demonstrated expression of IL-8 on glandular 

epithelium during the menstrual cycle (Arici et al., 1993). With regard to early 

pregnancy, the recruitment and activation of macrophages and uNK cells are tightly 

regulated at implantation and this is likely to be achieved by the action of chemokines 

(Dimitriadis et al., 2005), although there is no direct evidence for IL-8 involvement. 

Uterine natural killer cells are themselves a major producer of IL-8 (Saito et al., 1994, 

De Oliveira et al., 2010). There are reports describing expression of IL-8 in the 

pregnany endometrium and IL-8 is likely to be involved in leucocyte trafficking to the 

spiral arteries during the first trimester of pregnancy (Hornung et al., 1997, Jones et al., 

2004). IL-8 has been shown to be produced by cells of the placenta, including 

trophoblast, placental macrophages and fibroblasts, and it has been suggested that IL-
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8 mediates the recruitment and accumulation of neutrophils at the maternal-fetal 

interface as a defence mechanism against invading bacteria (Shimoya et al., 1999). 

Although both IL-8 mRNA and protein have been identified in human gestational 

tissues and placenta little is known about its secretion and function in first trimester 

pregnancy, an area requiring exploration. We do know, however, that IL-8 contributes 

to uNK cell stimulation of trophoblast invasion (Hanna et al., 2006, De Oliveira et al., 

2010). 

1.6.4.1 IL-8 and pathological pregnancy  

As mentioned in previous sections IL-8 plays an important part in inflammation, cell 

migration and tumourgenesis by the establishment of new blood vessels but the 

exploration of IL-8 involvement in spiral artery remodelling and trophoblast invasion 

has been sparsely studied and altered levels of uterine IL-8 may contribute to impaired 

remodelling and EVT invasion which are processes associated with preeclampsia and 

IUGR.  

Several studies have associated IL-8 with preeclampsia; significantly elevated levels of 

plasma IL-8 have been observed in preeclamptic subjects compared with healthy 

pregnant and non pregnant subjects (Sharma et al., 2007), indicating that 

inflammation and endothelial dysfunction associated with IL-8 may contribute to the 

pathogenesis of preeclampsia. However, in vitro studies have demonstrated little 

alteration in endothelial gene expression in HUVECS after treatment with plasma from 

preeclamptic patients with only mild induction of IL-8 (Donker et al., 2005), suggesting 

that other factors are involved in endothelial dysfunction in preeclampsia. However, 

levels of IL-8 may be an effect of these alterations and not a cause.  

1.7 Miscarriage 

1.7.1 Prevalence of sporadic miscarriage 

Miscarriage is the commonest gynaecological emergency (70000-90000 per year in 

England and Wales) (Everett, 1997)and has huge financial and personal implications. 

The vast majority of miscarriages occur in healthy women during the first trimester of 

pregnancy. Between 11 and 20% of all clinically recognised pregnancies are lost before 
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the 20th week of gestation. Most miscarriages are sporadic, that is they are non-

recurring.  

Approximately 50% of miscarriages are associated with chromosomal abnormalities 

(aneuploidy) (Jauniaux and Hustin, 1992). However, the cause in the remaining 50% is 

unknown and the mechanisms involved in sporadic first trimester miscarriages are 

poorly understood (Hustin et al., 1996).  

Approximately 70% of early miscarriages have been associated with premature and 

continuous intervillous blood flow, evidence arising from flow patterns using gray scale 

Doppler. This was linked to oxidative stress in villous trophoblast, an effect of a thin 

and disrupted trophoblast shell (Jauniaux et al., 1994, Jauniaux et al., 2000). There is 

also evidence suggesting that deficient trophoblast invasion may be linked with first 

trimester miscarriage; using a morphological method (Hustin et al., 1990) 

demonstrated reduced trophoblast invasion in early aneuploid miscarriages. It was this 

observation that led to the suggestion that trophoblast invasion and spiral artery 

remodelling are primarily reduced in miscarriage, although reports are inconsistent.  

Ball et al. (2006b) assessed trophoblast subpopulations and spiral artery 

transformation in placental bed biopsies from sporadic miscarriage cases (n=73) 

compared with controls (n=179), using an immunohistochemical approach. In contrast 

to Hustin et al. (1990) there was no evidence of failure of trophoblast invasion and 

abnormal spiral artery remodelling in the decidua or myometrium in early (≤12+6 

weeks gestational age) miscarriage, suggesting that these processes do not have a 

pivotal role in the pathogenesis of early miscarriage. The varying results between the 

different studies may be due to the tissue sampled; the abnormalities in early 

miscarriages were detected in studies generally using aspirated gestational sacs which 

include cytotrophoblast cell columns and the cytotrophoblast shell (Hustin et al., 

1990); whereas, placental bed biopsies extend deeper into the uterine wall (Ball et al., 

2006b). However, reduced trophoblast invasion and spiral artery remodelling in late 

(≥13 weeks gestational age) miscarriage was observed (Ball et al., 2006a).        

Increased production of Th1 type cytokines by peripheral blood monocytes, such as 

IFN-γ and TNF-α have been implicated in sporadic miscarriage (Zenclussen et al., 2001), 
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suggesting that an imbalance of the Th1:Th2 ratio may be detrimental to pregnancy. 

Although a later study involving mice, reported a reduction in IL-12 from decidual 

monocytes in SM compared with healthy pregnancy controls (Zenclussen et al., 2002), 

contradicting the Th1 hypothesis as a cause of SM.   

1.7.2 IL-8 and IL-6 in sporadic miscarriage 

There have been very few reports of IL-8 and IL-6 in miscarriage and results have been 

variable. Madhappan et al. (2003) reported significantly higher IL-8 levels in products 

of conception from women with two or more miscarriages (n=7) compared with 

women with normal pregnancy (n=4) or first miscarriage (n=12). Increased IL-8 levels in 

uterine cervical samples have also been associated with women suffering first 

trimester miscarriage compared with controls (Radulovic et al., 2010).  

Jasper et al. (2007) reported reduced endometrial IL-6 mRNA expression in 

endometrial biopsies collected during the mid-secretory phase of the menstrual cycle 

from a group of women experiencing unexplained recurrent miscarriage (n=9) 

compared to women classified with proven fertility (n=12). In contrast, studies in 

mouse have demonstrated that increased levels of IL-6 at the maternal-fetal interface 

were associated with fetal loss (Zenclussen et al., 2003) and more recent data has 

demonstrated increased levels of serum IL-6 and IL-8 with women with second 

trimester abortion compared with levels from first trimester abortion (Galazios et al., 

2011).  

If IL-8 and IL-6 play a role in spiral artery remodelling, increased levels of IL-8 and IL-6 

and loss of normal regulation of these cytokines in early normal pregnancy could lead 

to excessive and inappropriately early spiral artery remodelling, also leading to 

premature movement of the endovascular EVT plugs that sit in the mouths of the 

spiral arteries, hence resulting in premature blood flow into the intervillous space and 

oxidative stress to villous trophoblast. However, these cytokines may also affect the 

invasive potential of EVT and development of the placenta. Observations using 

immunohistochemistry and confocal laser microscopy show a significant increase in 

the translocation of NF-κB in chorionic villi and decidual tissues, with greater 

expression by decidual stromal cells, glandular epithelial cells and vessel endothelial 
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cells from women suffering sporadic miscarriage compared with viable pregnancies 

(Wang et al., 2010). These data suggest that an increase in pro-inflammatory cytokines 

such as IL-8 and IL-6, could possibly lead to the demise of pregnancy suggesting that 

the balance of cytokines relies on stringent regulation for pregnancy success. 

Therefore, IL-6 and IL-8 may play important roles in early pregnancy by establishing the 

necessary changes in the uterus. The few studies that are reported suggest that IL-6 

and IL-8 may be altered in miscarriage but the receptor and signalling status of these 

cytokines have not been previously investigated in miscarriage.  

Due to the pleiotrophy of IL-6 and its prevalent effect on invasion and growth of 

tumours and cancers decribed in section 1.5.1, its effect on the growth of 

hematopoietic precursor cells and its capability of inducing inflammation by 

upregulating acute phase reaction proteins and reducing inflammation by inhibiting 

neutrophil activation, along with receptor expression in glands of the endometrium 

and with altered levels in pregnancy pathology has led to the investigation of this 

cytokine in this study. Similarly the pro-angiogenic effects of IL-8 (described in section 

1.6.3) and altered levels in miscarriage suggest that this cytokine could potentially play 

a role in early pregnancy processes and therefore has also been investigated in this 

study.    
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1.8 Hypotheses and aims 

1.8.1 Hypotheses 

The hypotheses to be tested were:- 

1) IL-6, IL-8 and their receptors are expressed by cells in the placental bed in the 

first half of human pregnancy. 

2) IL-6 stimulates EVT cell invasion in the first half of pregnancy. 

3) Maternal leucocytes in decidualised human endometrium migrate towards and 

invade the VSMC wall of spiral arteries. 

4) Maternal leucocytes release pro angiogenic growth factors which affect the 

integrity of vessel contributing to spiral artery remodelling at both 8-10 and 12-

14 weeks gestation. 

5) IL-6 and IL-8 have a crucial role in the control of spiral artery remodelling by 

disrputing the VSMC wall. 

6) Decidual IL-6 and IL-8 levels are increased in sporadic miscarriage and 

dysregulation of their expression contributes to the pathophysiology of early 

sporadic miscarriage.    

1.8.2 Aims  

IL-6 and IL-8 may play a role in regulating the fundamental processes involved in the 

first half of pregnancy to ensure a successful outcome; therefore altered expression 

could be related to pregnancy complications, including early sporadic miscarriage. The 

aim of this study is to assess the roles of IL-6 and IL-8 in the first half of normal human 

pregnancy. This will clarify the specific role of these cytokines during pregnancy and 

improve understanding of how they affect the early processes both in normal and 

miscarried specimens. Subsequent to this an insight into the causes of sporadic 

miscarriage may become apparent and enhance our understanding of the 

pathogenesis, which in turn may lead to targeted therapies.  

Specific aims:     
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1. To confirm the production and localisation of IL-6 and IL-8 and their receptors 

in normal pregnant decidua from 8-20 weeks gestation in vivo using 

immunohistochemistry. 

2. To determine expression levels of these cytokines in decidual cell populations 

in vitro including uNK cells, macrophages, T cells, and decidual stromal cells. 

3. To determine the effect of IL-6 on EVT invasion in vitro using primary cell 

isolates/ placental explants and an EVT- like cell line. 

4. To explore the effects of IL-6 in EVT cell signalling pathways as a mechanism for 

biological activity. 

5. To determine the effects of IL-6 and IL-8 on vascular smooth muscle cells by 

immunohistochemistry and by using a chorionic plate artery vessel model. 

6. To confirm and compare the expression and localisation of IL-6, IL-8 and their 

receptors in samples obtained from karyotyped miscarriages up to 20 weeks 

gestation. 



 
 

Chapter 2 

Materials and Methods 
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2 Materials and Methods 

2.1 Tissues 

All tissue specimens were obtained from surgical procedure, the nursing staff would 

then inform the laboratory for the samples to be collected fresh from theatre following 

extraction. Following surgical removal, tissue specimens were transferred to the 

laboratory all within a maximum of ten minutes and were immediately prepared for 

cell isolation, tissue preservation or experimental assays outlined in this chapter. 

2.1.1 Normal early human pregnancy decidua  

Normal pregnancy decidua was obtained from women undergoing elective surgical 

termination of pregnancy (TOP) at the Royal Victory Infirmary, Newcastle upon Tyne. 

Gestational age (GA) was determined by ultrasound measurement of fetal crown rump 

length (CRL) or biparietal diameter immediately prior to the procedure; specimens 

were taken at 7-14 weeks gestation. Following surgery aspirated tissue was collected 

into a sterile container and transported to the laboratory where under sterile 

conditions, within a class II laminar flow cabinet (Envair, Rossendale, UK) decidual 

tissue was identified macroscopically by its thick ‘pink like’ appearance and separated 

from the remaining products of conception. Decidual tissue was then washed several 

times in sterile phosphate buffered saline (pH7.4) (PBS; see Appendix) to remove 

excess blood and roughly chopped into 1-2 mm3 pieces using two sterile scalpel blades. 

Chopped tissue was transferred into a sterile universal tube for cell 

fractionation/isolation (section 2.3) 

2.1.2 Normal early pregnancy placenta 

Normal pregnancy placenta was obtained from women (7-14 weeks GA) following 

surgical TOP (section 2.1.1). Placental tissue was identified by its branching villous 

appearance and separated from the aspirated products. The tissue was washed in 

sterile PBS several times to remove excess blood. Terminal chorionic villous tips 

(0.5mm3) of the placenta were dissected using a sterile scalpel blade and suspended in 

either 20ml Hanks balanced salt solution for EVT isolation and culture (section 2.4.5) or 

10ml sterile PBS for placental explant culture (section 2.4.6).   
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2.1.3 Placental bed biopsies 

Placental bed biopsies (6-20 weeks GA) were taken transcervically under ultrasound 

guidance in women undergoing surgical TOP (section 2.1.1) as described previously 

(Robson et al., 2002). Biopsies were immediately transferred into a sterile container 

following surgical removal and transported to the laboratory where biopsies were 

either immediately snap frozen (section 2.1.8.1) or fixed in 10% neutral buffered 

formalin (section 2.1.8.2) for immunohistochemistry.  

2.1.4 Sporadic miscarriage decidua 

Decidua from sporadic miscarriage (6-20 weeks GA; calculated from last menstrual 

period (LMP)) was obtained from women admitted to the Royal Victory Infirmary, 

Newcastle upon Tyne, for evacuation of retained products of conception (ERPC). 

Diagnosis of ‘missed abortion’ was made on the basis of an identifiable fetal pole and 

the absence of fetal heart motion in all cases.  

Patients who had suffered a miscarriage were divided into two different age 

categories: ‘early’ (≤12+6 weeks gestation) and ‘late’ (≥ 13 weeks gestational age). 

Decidual tissue was subjected to enzymatic disaggregation (section 2.3.1) and CD56+ 

and CD14+ cells were isolated using MidiMACS (section 2.3.2 and 2.3.4), cultured for 24 

hours after which cell supernatants were collected (section 2.3.2.2) and stored at -80°C 

until required.  

2.1.5 Sporadic miscarriage placental bed biopsies 

Placental bed biopsies were obtained from women undergoing ERPC (section 2.1.5) 

using the same technique as in section 2.1.3. Samples from patients who had suffered 

a miscarriage were divided into two different age categories: ‘early’ (≤12+6 weeks 

gestation) and ‘late’ (≥ 13 weeks of gestation). Biopsies were either immediately snap 

frozen (section 2.1.8.1) for immunohistochemical analysis. These samples were 

collected as part of a previous morphological and immunohistochemical study of the 

placental bed in miscarriage (Ball et al., 2006a, Ball et al., 2006b).  
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2.1.6 Term placenta from Caesarean section 

Term placenta (37-42weeks gestation) was collected from women undergoing elective 

Caesarean section at the Royal Victoria Infirmary, Newcastle upon Tyne. Following 

Caesarean section the placenta was transported to the laboratory and in a sterile class 

II laminutear flow cabinet (Envair, UK) was used for dissection of chorionic plate 

arteries (CpA). 

2.1.6.1 Dissection of chorionic plate arteries (CpA) 

Chorionic plate artery vessels were identified macroscopically by their white, thick, 

overlapping appearance on the fetal side of the term placenta. They were carefully 

removed from the placenta using forceps and scissors and immediately placed into a 

petri dish containing ice cold sterile PBS (pH 7.4). Connective tissue and blood were 

removed using a sterile scalpel blade and the arteries were chopped into 3mm intact 

rings and placed in sterile PBS until required.  

2.1.7 Ethical approval and informed consent 

Each patient agreeing to donate their tissue for research gave informed written 

consent. Consent was obtained by a team of Research Nurses. Collection of fresh 

samples was approved by the County Durham and Tees Valley Research ethics 

Committee. Collection of archival miscarriage samples was approved by the Joint 

Committee of Newcastle and Tyneside Health Authority and Newcastle University; 

these samples were incorporated into the Uteroplacental Biobank which was approved 

by Newcastle 1 Research Ethics Committee.     

2.1.8 Tissue preservation 

2.1.8.1 Freezing of tissue samples 

Tissue to be frozen (placental bed biopsies, decidua, placenta or CpA segments) was 

placed onto a small piece of filter paper. A metal beaker containing isopentane (BDH 

Laboratory supplies, Poole, UK) was lowered into a flask containing liquid nitrogen. The 

metal beaker was removed from the liquid nitrogen after 1-2 minutes and the tissue 

on the filter paper was lowered into the cooled isopentane using forceps. To ensure 

that the tissue was frozen it was left in the isopentane for approximately 3-4 minutes 
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and was then placed into labelled freezing bags or a labelled cryotube (Corning, High 

Wycombe, UK) and stored at -80°C until use. 

2.1.8.2 Preparation of frozen tissue sections 

Serial tissue sections (5µm thick) were cut at -30°C using an automated cryostat 

(Reichert-Jung, 2700-Frigocut). The sections were applied onto 

aminopropyltriethoxysilane (APES) coated glass slides and allowed to air dry overnight 

at room temperature. APES coating aids the adherence of the tissue to the slide. 

Following overnight adherence the slides were fixed in acetone for 10 minutes at room 

temperature allowed to air dry and then wrapped in aluminium foil and stored at -20°C 

until use.     

2.1.8.3 Preparation of formalin fixed paraffin embedded (FFPE) tissue sections and 
processing     

Following tissue collection, placental bed biopsies, pieces of decidua, placenta and CpA 

segments were immediately fixed in 10% neutral buffered formalin (aqueous 

formaldehyde). Formalin fixes and preserves the tissue by forming cross-links between 

primary amino groups in proteins with other nitrogen atoms in proteins or DNA, 

delaying the effects of the cell cycle. Tissue was kept in formalin for a minimum of 24 

hours and then embedded in hot paraffin wax. Once cooled serial 3µm sections were 

cut from the paraffin block, mounted onto APES treated glass slides, air dried in an 

oven at 150°C and stored in the laboratory at room temperature until required.      

2.1.8.4 Haematoxylin and Eosin (H&E) staining  

The haematoxylin and eosin (H&E) staining procedure was standard for the initial 

assessment of frozen and FFPE tissue, cell smears (2.4.2) and invasion assays (2.6.4). 

Frozen sections were brought to room temperature and rehydrated in TBS (pH7.6). 

FFPE tissue sections were dewaxed in xylene and rehydrated through descending 

concentrations of alcohol (99%, 95%, 70%, water) and then placed into TBS. Sections 

were stained in fresh Mayer’s haematoxylin (see Appendix) for 1 minute to stain the 

cell nuclei blue and the slides were then washed in running tap water before being 

immersed into Scott’s tap water substitute (see Appendix) for a further minute to 

develop the blue staining. The slides were then rinsed again in running tap water, 
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placed into eosin (see Appendix) for 1 minute to stain the cell cytoplasm pink and 

further washed in running tap water. Sections were dehydrated through ascending 

alcohol concentrations (70%, 95%, 99%) and cleared in xylene. The slides were 

mounted using glass coverslips and DPX mounting agent (Distryrene 80, dibutyl 

phthalate and xylene) (BDH).     

2.2 Immunohistochemistry 

Immunohistochemistry was performed on frozen (2.1.8.2) and FFPE tissue sections 

(2.1.8.3) using the avidin-biotin peroxidase complex (ABC) method (Hsu et al., 1981) 

with a mouse or rabbit Vectastain Elite Kit (Vector Laboratories Ltd, Peterborough, 

UK). Positive and negative controls were included in each staining run for each 

individual antibody. Positive controls included tissue from tonsil, small intestine, 

stomach and breast depending on the primary antibody being used. Negative controls 

were performed by omitting the primary antibody and replacing it with non-immune 

serum. 

2.2.1 Avidin-biotin complex (ABC) method 

FFPE tissue sections (section 2.1.8.3) were dewaxed in xylene, rehydrated though 

descending graded alcohols to running water as for the H&E stain (section 2.1.8.4). The 

sections were then immersed into a 1.5% hydrogen peroxide solution (H2O2) (Sigma) in 

distilled water for 10 minutes in order to block endogenous peroxidase activity. FFPE 

sections were rinsed in water and subjected to pre-treatment to aid antigen retrieval 

after the formalin fixation process; the type of pre-treatment was dependant on 

antibody used (see experimental design sections in results chapters for specific 

antibodies and their pre-treatments). The pre-treated slides were then placed into TBS 

(pH7.6) for 5 minutes at room temperature ready for immunostaining.    

Pre-treatments were used for antigen retrieval. The majority of antibodies used 

required heat induced pre-treatment in citrate buffer pH 6.0 using a pressure cooker 

or microwave. Enzyme induced retrieval was used using trypsin working solution (see 

Appendix).  

Acetone fixed frozen tissue sections were removed from -20°C and brought to room 

temperature. The tissue sections were outlined on glass slides using a wax 
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hydrophobic pen and immersed into TBS (pH7.6) for 5 minutes prior to 

immunostaining. Frozen tissue sections require no pre-treatment. The antibodies used 

for frozen tissue are listed in specific results chapters. 

Immunolabelling was carried out using the avidin-biotin complex (ABC) method 

(Vectorstain Laboratories Ltd) and the reaction is outlined in Figure 2.1. In this method, 

an unlabelled primary antibody is recognised by a biotinylated secondary antibody, 

which then binds to a avidin-biotin enzyme molecule complex. Substrate is added and 

is converted from a colourless product into a coloured reaction product which is 

detectable in the tissue biopsy using light microscopy. 

Non specific reactivity in tissue sections was first blocked by overlaying the sections 

with blocking serum (see Appendix) and incubating in a humid chamber for 10 minutes 

at room temperature. Following blocking the serum was tipped off and appropriately 

diluted primary antibody was added. The incubation period and temperature was 

dependant on the antibody used. After primary antibody incubation sections were 

immersed into TBS (pH7.6) and washed on a rocking platform for 2 x 5 minutes. 

Secondary antibody (see Appendix) was then added to the sections and incubated at 

room temperature for 30 minutes. The sections were washed again in TBS (pH7.6) for 

2 x 5 minutes, incubated in tertiary antibody (see Appendix) for 30 minutes at room 

temperature followed by 2 x 5 minute washes in TBS (pH7.6). The reaction was then 

developed using DAB (see Appendix) for 2-3 minutes or until the reaction gave a brown 

product. The sections were rinsed in tap water and counterstained in Mayer’s 

haematoxylin for 1 minute, further blued in Scott’s tap water and dehydrated though 

ascending alcohol concentrations to be cleared in xylene. Slides were mounted using 

DPX synthetic mounting agent.   

2.2.2 ImmPRESS™ Kit 

The universal ImmPRESS™ kit (Vector Laboratories) was used for some antibodies to 

improve detection and reduce background staining. The reagents of the detection kit 

are biotin and avidin free (Figure 2.1A but without avidin-biotin complex). Secondary 

antibody is conjugated with a unique micro polymer containing active peroxidase 

enzyme and is reacted with peroxidase substrate for colour development, allowing 

sensitive and discrete antigen localisation. 
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Tissue sections were subjected to blocking in diluted normal horse blocking serum 

from the ImmPRESS™ kit for 20 minutes before being incubated with primary antibody 

then washed in TBS (pH7.6) for 2 x 5 minutes. Sections were then incubated with 

ImmPRESS™ reagent for 30 minutes, washed again in TBS (pH7.6) for 2 x 5 minutes and 

the reaction was developed using DAB peroxidase substrate (section 2.2.1). Sections 

were then lightly counterstained with Mayer’s haematoxylin and mounted using DPX 

mountant (section 2.2.1).   

2.2.3 Double immunohistochemical labelling 

Double labelling allows the detection of two antigens expressed by the same cell, with 

the display of two separate chromogens for identification. This double labelling 

technique was performed on decidual CD14+ cell smears following isolation by 

MidiMACS positive immunomagnetic selection (section 2.3.4). The cells were initially 

labelled with a primary mAb during the MidiMACS protocol using anti-CD14 IgG 

conjugated microbeads and this was further developed in the cell smears using the 

ABC Vectastain Elite kit (section 2.2.1) which was developed using either Vector 

NovaRed (see Appendix) or DAB (see Appendix). Following the ABC method the cells 

were double labelled with a second primary mAb for 30 minutes; detection of the 

second antigen was performed using the alkaline phosphatase anti-alkaline 

phosphatase method (APPAP; section 2.2.3.1).     

2.2.3.1 Alkaline phosphatase anti-alkaline phosphatase (APAAP) method 

The APAAP method was devised by Cordell et al. (1984) and further developed by 

Hohmann et al. (1988). After terminating the enzyme reaction of the ABC method 

(section 2.2.1) by washing in tap water for 5 minutes the sections were then washed in 

TBS (pH7.6) and normal rabbit blocking serum (taken from Vectastain Elite goat IgG 

ABC kit) was added to the sections for 10 minutes to block non-specific binding and 

then replaced with second primary mAb diluted in TBS (pH7.6) for 30 minutes. Sections 

were washed in TBS (pH7.6) for 2 x 5 minutes and then incubated with secondary 

rabbit anti-mouse IgG antibody (see Appendix) for 30 minutes. The slides were washed 

in TBS (pH7.6) 2 x 5 minutes and then incubated in APAAP tertiary antibody (see 

Appendix) for 30 minutes. The slides were then washed in TBS (pH7.6) 2 x 5 minutes 
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and the reaction was developed using the alkaline phosphatase substrate kit III (see 

Appendix). The incubation proceeded in the dark at room temperature for 

approximately 20 minutes (development of the colour reaction was assessed 

microscopically). The reaction was stopped by washing the slides in running tap water. 

These sections were not subjected to any counterstain and they were not dehydrated 

as the alkaline phosphatase substrate is soluble in alcohol. Therefore, the sections 

were mounted using a permanent aqueous mounting medium (DAKO; S1964) and 

allowed to air dry overnight at room temperature.    

2.2.4 Optimisation of antibodies 

All primary antibodies were optimised before use. They were optimised using the 

recommended positive control tissue along with the tissue of interest with a number 

of different dilutions and pre-treatments (for FFPE sections). The pre-treatment and 

dilution for the given antibody that resulted in the strongest reactivity with reduced 

background staining was selected for use in the staining run. 

2.2.5 Quantification of immunohistochemistry   

All immunostained sections were blinded independently before assessment. 

Immunohistochemistry was quantified using a quick score method. The proportion of 

positive staining was measured using a 4 point scale; 1=<25%, 2=25-50%, 3=51-75% 

and 4=>75% and the intensity of positive staining was given a score of 1 - 3, with 1 

being weak and 3 being strong immunoreactivity. To give a total score the intensity 

score was multiplied by the proportion score and added together to give a maximum 

of 12 (for example: if 40% of the cells were positively stained and the staining intensity 

was strong then this would have been giving a score of 2 x 3 = 6). Other examples 

include: 100% weak = 4 x 1 = 4; 100% strong = 4 x 3 = 12 and for variable staining: 40% 

weak and 60% strong = 2 x 1 + 3 x 3 = 2 + 9 = 11. The sections were then un-blinded 

following assessment.  
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Figure 2.1 Schematic representation of immunohistochemical labelling 
A) Single labelling with avidin-biotin complex (ABC) method; B) Double labelling combining the 
ABC and the Alkaline Phosphatase anti-Alkaline Phosphatase (APAAP) method. (Own diagram). 
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2.3 Tissue culture 

2.3.1 Enzymatic disaggregation 

A digest medium containing 1mgml-1 of collagenase type II and 0.1mgml-1 DNase type 

IV in incomplete RPMI 1640 medium was added to the chopped decidual tissue 

(section 2.1) and incubated for 40 minutes at room temperature with constant 

agitation. Following digestion disaggregated cells were removed, passed through a 

40µm nylon cell strainer (BD Biosciences) and centrifuged at 300G for 5 minutes to 

pellet cells and aid the removal of any residual enzymes. The cell pellet was then 

resuspended in 1ml of complete RPMI 1640 culture medium (see Appendix). The 

remaining decidual tissue was subjected to a second 40 minute digest as above and 

the resulting cell suspension was pooled with the previous cell suspension. 

The resuspended cells were added to a plastic T75cm3 culture flask containing 20ml 

complete RPMI 1640 culture medium and incubated overnight at 37°C, 5% CO2, in air 

to allow the adherence and therefore, removal of fibroblasts, epithelial cells, 

macrophages and decidual stromal cells, resulting in a cell suspension rich in 

leucocytes as they do not adhere to plastic (Oliver et al., 1999). The following day, the 

non-adherent cells were transferred from the flask into a sterile universal tube and the 

flask was rinsed in sterile PBS (pH7.4). The non-adherent cells were then centrifuged at 

300G for 5 minutes and resuspended in complete RPMI 1640 culture medium to give a 

total concentration of 1x106cells ml-1. 1x 105 cells (100µl) were plated out into wells of 

a plastic U bottomed 96 well culture plate and these were labelled ‘total decidual 

fraction’.       

2.3.2 Isolation of CD56+, CD8+ and CD10+ cells by MidiMACS 

The remaining cell suspension (section 2.3.1) was centrifuged at 300G for 5 minutes 

and the cell pellet resuspended and incubated with either primary anti-CD56 (Coulter, 

High Wycombe, UK), anti-CD8 (DAKO) or anti-CD10 (Leica) monoclonal antibodies 

diluted 1:25 with incomplete RPMI 1640 culture medium for 30 minutes on an ice 

block. The antibody was then washed from the cells by addition of 20ml of ice cold 

sterile PBS (pH7.4) and centrifuged at 300G for 5 minutes. The cells were then 

incubated with MACS indirect goat anti-mouse IgG microbeads diluted 1:4 in ice cold 
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MidiMACS buffer (see Appendix) for 15 minutes. 800µl ice cold MidiMACS buffer was 

then added to the cells to give a total of 1ml. MidiMACS columns (Miltenyi) were 

prepared by placing the column in a magnetic field using a MACS separator and rinsing 

500µl of ice cold MACS buffer through the column. The 1ml cell suspension was then 

applied to the column, the unlabelled cells washed through the column and collected 

as waste. The column was washed with 3x 500µl MACS buffer and the effluent 

collected. The column was removed from the separator and placed into a collection 

tube. Using the plunger provided, 1ml of MACS buffer was immediately flushed 

through the column to remove the magnetically labelled cells. The eluted cells were 

centrifuged at 300G for 5 minutes, the cell supernatant was removed and the pellet 

was resuspended in complete RPMI 1640 culture medium to give a total of 

1x106cellsml-1.   

2.3.2.1 Preparation of CD56+, CD8+ and CD10+ cells for PCR 

Following the MidiMACS cell separation technique (section 2.3.2) the resuspended 

cells were collected into labelled eppendorf tubes and microcentrifuged at 14.1rcf 

(relative centrifugal force) for 60 seconds. The supernatant was then removed and the 

cells were stored at -80°C until required.   

2.3.2.2 Preparation of CD56+, CD8+ and CD10+ cell culture supernatants 

Following the MidiMACS cell separation technique (section 2.3.2) the cells in 

suspension were seeded at 1 x 105 cells/well (100µl) into a 96 well culture plate and 

incubated at 37°C, 5% CO2 in air for 24 hours. Following incubation the cell 

supernatants were collected in sterile eppendorf tubes and microcentrifuged at 14.1rcf 

for 60 seconds. The supernatant was collected into 100µl aliquots, placed into labelled 

freezer bags and stored at-80°C until required; the cell pellet was discarded. 

2.3.2.3 Cell counting  

Cells counts were performed using a haemocytometer and a light microscope 

magnification x200. 10µl cell suspension was applied to the counting grid of the 

haemocytometer and the cells counted. Cells in the outer 4 squares and the centre 

square of the grid were counted and the cell concentration was determined using the 

formula:  
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Cell concentration ml-1 = number of cells in 5 squares   x 106 

                                                                20  

If there were few cells present (<1 cell per square), all 25 squares of the grid were 

counted and the cell concentration was calculated using the following formula: 

Cell concentration ml-1 = total number of cells in 25 squares x 104    

2.3.3 Preparation of cell smears 

2.3.3.1 Cell viability and purity 

Cell purity was assessed following MidiMACS positive immunomagnetic selection. Cell 

smears were prepared on APES-coated glass slides and left to air dry overnight at room 

temperature. Smears were then fixed in acetone for 10 minutes and immersed into 

TBS (pH7.6) for 5 minutes. The cell smears were then treated with secondary antibody 

from the Vectastain Elite ABC kit (section 2.2.1). After washing in TBS, cell smears 

incubated with tertiary antibody, washed again in TBS and the reaction was developed 

with DAB. The smears were counterstained with Mayer’s haematoxylin, dehydrated, 

cleared in xylene and mounted with DPX synthetic resin for assessment of cell purity. 

Cells that had been positivity selected by MidiMACS were positively stained as brown 

cells (see Figure 2.2). The purity of the isolated cell populations were assessed 

microscopically in every 5th sample used; the population was considered ‘pure’ when 

purity was >95%.    
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Figure 2.2 Purity examination of CD56+ stained cells 
Image of CD56+ stained cells which have been isolated by MidiMACS from first trimester 
decidua with a cell purity of >95% x200 magnification. 

 

Cell viability was measured using Trypan blue (Sigma). Trypan blue is a stain which 

cannot be absorbed by healthy viable cells. Dead or damaged cells can readily absorb 

the stain and the cells appear blue when viewed with a microscope, allowing the dead 

cells to be counted. Cell viability was checked following cell isolation and cell culture 

for every 5th sample collected; the sample was discarded if viability and purity was too 

low. In sterile conditions, at T=0, 10µl suspended cells were added to 5µl Trypan blue 

and incubated for 5 minutes at room temperature. The cells were then smeared onto a 

glass slide and microscopically assessed. Samples were used for cell culture if the 

viability was >80%. After 24 hours of culture, once the cell supernatant was harvested, 

the remaining cells were tested for their viability by the addition of Trypan blue to the 

culture plate wells and assessed microscopically. Again the supernatants were deemed 

usable if the cell viability was >80%.     

2.3.4 Isolation of CD14+ cells by MidiMACS 

After enzymatic disaggregation of first trimester decidual tissue and miscarriage 

decidua, the cell suspension of was added to a T75 culture flask containing complete 

RPMI 1640 medium and incubated at 37°C, 5% CO2 in air overnight. Following 

incubation cells remaining in the media suspension were discarded or used for CD56, 
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CD8 and CD10 cell isolation (see section 2.3.2). Cells that had adhered to the plastic 

base of the culture flask were then removed using a cell scraper and sterile PBS 

(pH7.4). The scraped cells were collected into a 50ml conical tube and centrifuged at 

300G for 5 minutes. The cells were resuspended in complete RPMI medium to give a 

cell concentration of 1x106cells ml-1 (total adherent fraction). These cells were plated 

into wells (2 x 105cells per well) of a plastic 48 well culture plate. The remaining 

suspension was centrifuged for a second time at 300G for 5 minutes. The cell pellet 

was resuspended in 80µl MidiMACS buffer (see Appendix) and 20µl CD14 conjugated 

anti-goat IgG beads (Miltenyi Biotech) and incubated at 4°C for 15 minutes. Following 

incubation, the magnetically labelled CD14+ cells were washed in 2mls MidiMACS 

buffer and centrifuged at 300G for 5 minutes. 500µl MidiMACS buffer was then added 

to the cell pellet and flushed through the prepared magnetic column (section 2.3.2). 

The eluted cells were centrifuged at 300G for 5 minutes and the cell pellet was 

resuspended in 1ml CD14+ complete medium (see Appendix) to give a total of 1 x 106 

cells ml-1. The cells were seeded at 2 x 105 cells/well (200µl) into a 48 well culture plate 

and incubated at 37°C, 5% CO2 in air for 24 hours; the supernatants were then 

collected and stored at -80°C (section 2.3.2.2).        

2.3.5 Isolation of EVT from first trimester placenta 

Placental samples from 7-14 weeks gestation were collected and prepared for isolation 

of EVT (2.1.2). EVT cells were isolated from placenta using a modification of the 

method described byTarrade et al. (2001), (Naruse et al., 2010). Briefly, placental 

chorionic villi were washed thoroughly in Hanks Balanced Salt Solution (HBSS, Mg/Ca 

free) to remove excess red blood cells. The chorionic villi were dissected from the 

placental membrane, minced to 0.5mm3 and then enzymatically digested at 37°C using 

a digest media containing 0.025% trypsin (Roche Diagnostics Ltd, Burgess Hill, UK), 

0.5mg DNase I and HBSS for 30 minutes without agitation. Supernatant containing a 

single cell suspension was removed and the remaining chorionic villi were subjected to 

a second 30 minute digestion. The single cell suspensions were mixed with 1ml FCS to 

inhibit any residual enzymes and centrifuged at 300G for 5 minutes. The cell pellet was 

then resuspended in incomplete DMEM:F12 (see Appendix). The cell suspensions were 

combined and layered onto a percoll gradient (10-55% percoll; diluted in HBSS) and 
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centrifuged (1200G, 30 minutes, no brake).The  EVT cell layer (35-40% percoll) was 

removed, diluted in excess medium and centrifuged at 300G for 5 minutes. The cell 

pellet was resuspended in complete DMEM:F12 (see Appendix). The isolated EVT cells 

were cultured on 10µl/well of growth factor reduced Matrigel®(Becton Dickinson, 

Franklin Lakes, US) in a 24 well culture plate and placed overnight in an incubator set 

at 37°C, 5% CO2 in air.       

2.3.5.1 Preparation of whole cell lysates and EVT cell supernatants 

Following overnight incubation EVT cells were washed in sterile PBS (pH7.4) to remove 

dead floating cells and fresh complete DMEM:F12 medium was added to the wells. The 

cells were then returned back to the incubator for 2-3 hours. Cells were treated with 

complete DMEM:F12 medium +/- 10ngml-1 IL-6 (Peprotech EC, London, UK) and 

returned to the incubator for 24 hours. Following incubation the conditioned medium 

was collected, micro centrifuged at 14.1 rcf for 60 seconds and the supernatants were 

collected and the cell pellets discarded. The cell supernatants were stored at -80°C 

until required. The adhered EVT cells were either lysed using 50mM HEPES protein 

extraction buffer containing 1% protease inhibitor cocktail (see Appendix) and a cell 

scraper or subjected to RNA extraction using the TRIZOL method (section 2.9.1). Cells 

were collected into an eppendorf tube and placed on a rocker at 4°C for 30 minutes. 

Cells were then micro centrifuged at 14.1 rcf for 5 minutes and supernatants were 

collected and stored at -80°C for future use.    

2.3.6 Preparation of placental explants 

Placental samples from 8-10 weeks gestation were used for preparing placental 

explants (section 2.1.2). Following sample collection placental tissue was prepared as 

previously described (Lash et al., 2006a). Briefly, the placental tissue was washed in 

sterile PBS (pH 7.4) to remove excess blood. Chorionic villous tips were dissected into 

0.5mm3 segments immersed in PBS (pH7.4) and centrifuged at 300G for 5 minutes. 

Tissue was resuspended in complete DMEM:F12 culture medium such that 15µl 

explant suspension contained 10mg tissue. 
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2.3.7 Chorionic plate artery culture   

Following dissection of chorionic plate arteries (CpA) from term placenta (section 

2.1.5.1), segments were either immediately snap frozen in liquid nitrogen (section 

2.1.8.1)  and stored at -80°C or fixed in formalin for embedding in paraffin (section 

2.1.8.3); these tissues were labelled T=0. The remaining CpA segments were used for 

culture. The segments were placed into a 48 well culture plate containing complete 

RPMI 1640 culture medium (see Appendix) +/- 1 or 10ng ml-1 IL-6 or IL-8 (both 

Miltenyi), 5ng ml-1 sIL-6Rα (Miltenyi) and 10ng ml-1 IL-6 combined with 5ng ml-1 sIL-

6Rα. Each experimental condition was performed in triplicate. The CpA segments were 

incubated at 37°C, 5% CO2 in air for a total of 5 days; medium was changed every other 

day. Following 5 days incubation one segment per treatment was formalin fixed and 

the remaining 2 segments were snap frozen and stored at -80°C until required. Tissue 

that was fixed in formalin was paraffin embedded, processed into tissue sections 

(section 2.1.8.3) and immunostained using the ABC method (section 2.2.1) for VSMC 

differentiation markers (Myosin heavy chain, HCaldesmon, Calponin and α-smooth 

muscle actin), endothelial cells (CD31), proliferative cells (Ki67) and apoptotic cells 

(cleaved caspase 3). Tissue sections were also prepared from frozen tissue samples for 

immunohistochemistry (section 2.1.8.1) to investigate expression of IL-6 and IL-8 

receptors on the VSMCs of CpAs. All antibodies used are listed in Chapter 5 Table 5.1. 

2.4 Cell lines 

2.4.1 HTR-8/SVneo cells 

HTR-8/SVneo cells are a homogeneous human trophoblast cell line derived from first 

trimester trophoblast cells transfected with Simian virus 40 large T antigen (Graham et 

al., 1993). HTR-8/SVneo cells were kindly provided by Professor C.H. Graham, Queen’s 

University, Kingston, Ontario, Canada. Cells were maintained at 37°C, 5% CO2 in air in 

complete RPMI 1640 medium (see Appendix) and passages 10-50 were used for 

experiments. HTR-8/SVneo cells have been reported to be integrin α6 negative, but 

positive for integrin α1, cytokeratin 7 and HLA-G when grown on Matrigel® (Lash et al., 

2005); this is similar to the phenotype of EVT. HTR-8/SVneo cells were grown to 100% 

confluence, trypsinised using 5mls trypsin/EDTA and resuspended in complete RPMI 

1640 culture medium ready for use or to be frozen down and stored in liquid nitrogen.  
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2.4.2 Cryopreservation of cells  

To preserve confluent HTR-8/SVneo cells, cells were trypsinised using Trypsin/EDTA 

and resuspended in 1ml complete RPMI 1640 culture medium which was then added 

to a cryovial containing 1ml DMSO freezing mix (see Appendix). The tube was slowly 

frozen in a vessel containing liquid nitrogen approximately at -210°C prior to storage in 

liquid nitrogen until further use. 

2.5 Invasion assays 

2.5.1 Matrigel® coating of cell culture membrane inserts 

Tissue culture well membrane inserts with a pore size of 8.0µm (24 well format, 

Becton Dickinson, US) that sit into a 24 well culture plate were coated with 10µl chilled 

(4°C) growth factor reduced Matrigel® (Becton Dickinson, Oxford, UK). Coated inserts 

were then incubated at 37°C for at least 30 minutes to allow proteins in the Matrigel® 

to self assemble producing a thin film which the cells can attach to for cell culture. 

Matrigel® is a gelatinous protein mixture that resembles the extracellular environment 

found in tissues; it is liquid at 4°C but solid at 37°C.   

2.5.2 Volume of tissue/number of cells per insert 

Once the placental explants were prepared (see section 2.3.6). 15µl placental explant 

tissue (~10mg) was gently plated onto the Matrigel® coated membrane inserts. 400µl 

complete DMEM:F12 culture medium was added to the lower chamber and then 

incubated at 37°C overnight to allow adherence of the explants to the Matrigel®. The 

next morning (day 1) the medium was removed and 600µl fresh complete DMEM:F12 

culture medium (see Appendix) was added to the lower chambers and 200µl of the 

treatment solution was added to the upper chamber of the corresponding well inserts 

(section 2.5.3). The tissue was then incubated at 37°C, 5% CO2, in air for 6 days. 

Invasion assays were performed in duplicate for each sample and repeated on 5 

separate occasions with 5 different placental explants (Figure 2.3). 

HTR-8/SVneo cells were grown to 100% confluence and prepared for the invasion 

assay (see section 2.4.1). 1x105 cells were added to each of the coated membrane 

inserts. 800µl complete RPMI 1640 culture medium was added to the lower chambers 

and 200µl of the treatment solution (section 2.5.3) was added to the upper chamber of 
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the well inserts. The cells were then incubated for 48 hours at 37°C, 5% CO2, in air. 

Each invasion assay was performed in triplicate and the assay was repeated on 3 

separate occasions (Figure 2.3). 

 

Figure 2.3 Diagrammatic representation of Matrigel® invasion assay 
Trophoblast cells degrade the Matrigel® and migrate through to the underside of the pore 
membrane insert allowing invaded cells to be counted.   

2.5.3 Concentration and type of treatments 

The treatments added to both the placental explants and HTR-8/SVneo cells for the 

invasion assay were: 

1. 1ng ml-1or 10ng ml-1 human recombinant IL-6 (Peprotech EC, London, UK) 

2. 20ng ml-1 human recombinant sIL-6Rα (Peprotech EC, London, UK)  

3.  20ng ml-1 sIL-6Rα combined with 10ngml-1 IL-6 

4. Medium control containing 10nM acetic acid (IL-6 and sIL-6Rα were 

reconstituted in acetic acid).  
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In addition placental explants were also treated with 1µgml-1 anti-human polyclonal IL-

6 (Peprotech EC, London, UK) to inhibit any endogenous IL-6 that may be produced by 

the explants themselves and to see whether this abrogated the effect of EVT invasion. 

2.5.4 Counting of H&E stained cells on chamber inserts  

Following either 6 days or 48 hours incubation the tissue or cell supernatants were 

removed. The Matrigel® was removed and the upper side of the membrane inserts 

was cleaned with a cotton wool bud. For assessment of the number of invaded cells, 

the membrane filters were initially fixed in 99% alcohol for 5 minutes at room 

temperature and then stained with H&E (section 2.1.7.3). Since the membrane filters 

are plastic they were not cleared in xylene. The bottom of the filters was then cut away 

from the plastic and mounted onto untreated glass slides using DPX synthetic 

mounting resin (Raymond A. Lamb Ltd, London, UK). Each slide was blinded and the 

number of cells in the whole insert was counted using a microscope at x400 

magnification (Figure 2.4). The mean of the duplicates or triplicates was calculated and 

then were normalised to the appropriate control values for each sample in order to 

facilitate comparison between experiments.  

 

Figure 2.4 H&E stained invaded EVT through 8µm pore membrane filter insert 
An H&E stained 8.0µm membrane pore insert illustrating the invaded extravillous trophoblast 
cells from a placental explant. The whole insert was counted. 
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2.6 Kinase phospho-array 

The human kinase phospho array (R&D Systems Inc, UK) is a kit designed to detect the 

phosphorylation of 46 proteins involved in cell signalling and was used for comparison 

of cell lystates from untreated and treated cells. 

2.6.1 Preparation of EVT cell lysates 

Both isolated EVT from placenta at 7-14 weeks gestation (section 2.3.5) and 100% 

confluent HTR-8/SVneo cells (section 2.4.1) were grown on growth factor reduced 

Matrigel® (Becton Dickinson) overnight and then either treated with either 10ng ml-1 

human recombinant IL-6 (Peprotech, EC, London, UK) or treated with 10nM acetic acid 

medium (control) for 10 minutes at 37°C, 5% CO2 in air. The cells were then lysed to 

prepare whole cell lysates using the lysis buffer provided. A BioRad DC total protein 

assay (see section 2.11.2) was then performed to determine the protein concentration 

of the cellular extracts (100µg-500µg protein required for the assay). EVT cell lysates 

were pooled to give a total protein concentration of 250µg for each experiment. 300µg 

total protein concentration was used for each HTR-8/SVneo profile experiment. 

Following the protein assay, cellular extracts were stored at -80°C until required. The 

experiment was repeated on 3 separate occasions for both cell types.   

2.6.2 Array protocol 

Before the array was carried out all of the reagents, including the cellular extracts, 

were brought to room temperature. The array protocol was followed according to 

manufacturer’s instructions (Human Phospho-Kinase Array Kit, R&D systems, Inc. 

Minneapolis, US). The nitrocellulose membranes were then developed using 

chemiluminescence (Thermo Scientific, Rockford, USA) according to the 

manufacturer’s instructions and exposed by X-ray KODAK film (Sigma) for 10 minutes.    

2.6.3 Quantification of results using Adobe Photoshop™ 

The array signals from the X-ray film (Figure 2.5) were scanned and the images were 

analysed using Adobe Photoshop™ software package. The images were quantified by 

using a mean spot pixel density counting method for each kinase signalling protein and 

values were exported to Microsoft Excel for analysis. Corresponding signals were 



82 
 

compared to determine the relative change in phosphorylated kinase proteins 

between untreated and treated cells and between samples. Data from the array were 

normalised to control values to facilitate comparison between each experiment (n=3 in 

both EVT and HTR-8/SVneo cell lysates). 

 

Figure 2.5 Representative phospho-array x-ray blot 
Representative phospho-array x-ray blot after treatment with EVT cell lysates. The dots 
represent 46 kinase phosphorylation sites on nitrocellulose. A signal produced at each capture 
spot corresponds to the level of bound phosphorylated protein. Red circles highlight subtle 
differences in signal intensities between untreated and treated cells.   

 

2.7 FASTQuant® multiplex cytokine array 

The FASTQuant® array was used for the quantification of proteins secreted by first 

trimester EVT cells (Whatman).  

2.7.1 Assay protocol 

Three separate FASTQuant® kits were used; Human Th1/Th2, Human angiogenesis and 

Human II (see Appendix for types of proteins detected for each kit and solutions used). 

Each slide in the FASTQuant® kit contained 16 nitrocellulose arrays with the anti-

cytokine monoclonal antibodies arrayed in triplicate.  The assays were performed 

according to the manufacturer’s instructions. Briefly, the prepared EVT cell 

supernatants (section 2.3.5.1) were removed from the -80°C freezer and allowed to 

defrost on ice. Whilst defrosting 70µl of 1x blocking solution (see Appendix) was added 

to each well and incubated for 15 minutes on an oribital shaker at room temperature. 
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Samples were then diluted 1:2 in diluent (see Appendix) and 70µl of each EVT cell 

supernatant was applied to the slides along with an 8 point standard curve (made by 

serial dilutions) after removing the blocking buffer. Samples and standards were 

incubated overnight on an oribital shaker with the FAST frame sealed in a plastic bag 

with a wet paper towel to prevent the FAST slides from drying out. Following overnight 

incubation, the samples were removed and the slides were washed by adding 90µl of 

1x washing buffer (see Appendix) to each well and this wash step was repeated 5 

times.70µl of biotinylated detection antibody cocktail (see Appendix) was then added 

to each well and incubated for 1 hour on an orbital shaker at room temperature. The 

wash step was then repeated and 70µl of streptavidin fluorescently tagged with Cy5 

(see Appendix) (allowing visual detection of protein for quantification) was added to 

each well, the FAST plate was then covered in foil and incubated for 45 minutes on an 

orbital shaker at room temperature. The slides were then washed in dH20 for 5 

minutes and allowed to air dry before scanning.  

2.7.2 Analysis of array raw data 

2.7.2.1 Gene array vision 

The labelled slides were visualised using an Axon GenePix® 4000B Microarray scanner 

and the images were transferred to Gene Array Vision software where the fluorescent 

images could be quantified. Data were exported to Excel for analysis.   

2.8 Laser capture micro dissection of placental bed biopsies 

Laser Capture Microdissection (LCM) is a method for obtaining individual homogenous 

cell populations, cell aggregates and morphological structures from heterogeneous 

samples such as tissue sections. Once the cells are captured they can be used for real-

time RT-PCR and mRNA expression profiling.  

Frozen tissue sections of placental bed biopsies were prepared (section 2.1.8.1 and 

2.1.8.2) but the tissue sections required for LCM were stored at -80°C rather than -

20°C and sections were placed onto polyethylene naphthalate (PEN) membrane glass 

slides (Leica Microsystems, Newcastle, UK) . In this study the LCM staining kit was used 

(Ambion). Tissue sections were removed from -80°C and immediately immersed into a 

chamber containing 95% ethanol for 30-40 seconds then the slides were transferred to 
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75% ethanol for 20-40 seconds and to 50% ethanol for 25 seconds before the addition 

of 300µl of cresyl violet staining solution (a basic stain that binds to negatively charged 

nucleic acids) directly to the tissue section. The tissue was stained for 1 minute and the 

cresyl violet solution was then drained away and the slides were incubated with fresh 

50% ethanol for 30 seconds followed by 75% for 30 seconds then 95% ethanol for 30 

seconds. The slides were then immersed in 100% ethanol for 40 seconds then added to 

another chamber containing 100% fresh ethanol for a further 40 seconds. The slides 

were rinsed in xylene and then placed in a staining chamber of fresh xylene for 5 

minutes. The slides were then air dried at room temperature to allow the evaporation 

of xylene before microdissection.     

Microdissection was performed using Leica Laser Microdissection Microscope. The 

laser used is a UV laser of 337 nm wavelength. The movement during cutting is done 

by the optics, while the stage remains stationary. The region of interest can be marked 

on the monitor and is cut out by PC control. An eppendorf tube is placed beneath the 

stage to capture the sample as it is cut away. The collected sample of interest is then 

subjected to RNA extraction (section 2.9.1). 

2.9 RT-PCR  

2.9.1 Total RNA extraction from cells and LCM samples  

Total RNA was extracted from total decidual, leucocyte and EVT cell isolates (section 

2.3.5.1) using the TRIZOL method (TRIZOL, Sigma). The protocol was followed 

according to the manufacturer’s instructions. Briefly, 500µl TRI® reagent was added to 

isolated cells. The cells were removed using a cell scraper/pipette tip and the contents 

were added into 0.5ml eppendorf tubes. The transferred contents were then 

incubated at room temperature for 5 minutes. 100µl chloroform (Sigma) was added to 

each tube, which was inverted ~20 times and then incubated at room temperature for 

5 minutes before being micro-centrifuged at maximum speed (14rcf) for 15 minutes. 

The colourless aqueous phase was collected into clean tubes containing 250µl 

isopropanol and incubated at -20°C for 1 hour. Following incubation the tubes were 

micro-centrifuged at maximum speed for 5 minutes, after which the supernatant was 

removed and the RNA pellet was washed in 500µl 75% ethanol (1500µl 100% ethanol 

in 500µl water). The tubes were then micro-centrifuged again for 5 minutes and the 
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RNA pellet allowed to dry at room temperature. Once the pellets were dry they were 

resuspended in 50µl nuclease free water and stored at -80°C prior to cDNA conversion 

(section 2.9.2)   

RNA was extracted from tissue collected by laser capture microdissection using Micro 

RNeasy or RNAqueous-Micro kit (Ambion)  

The method used followed the manufacturer’s instructions Ambion:  

RNAqueous®-Micro Kit; RNA Isolation Procedure from LCM Samples 

1. Drop sample into 100 μL Lysis Solution and incubate for 30 minute at 42°C 

Using sharp forceps peel off the thermoplastic film containing the captured cells and 

drop it into a 0.5 mL microcentrifuge tube containing 100 μL of Lysis Solution. Make 

sure that the sample is completely immersed in Lysis Solution. 

a. Incubate the sample for 30 minute at 42°C. 

b. Vortex briefly to mix. Briefly centrifuge to collect the fluid at the bottom of the tube. 

 

2. Prewet the filter with 30 μL of Lysis Solution for ≥5 minute 

a. Pre wet the Micro Filter Cartridge Assembly by applying 30 μL of Lysis Solution to the 

center of the filter and allow it to soak while performing the next two steps. 

b. After completing steps 3 and 4 below, or after 5 minute, centrifuge the pre wetted 

filter for ~30 seconds at top speed to remove liquid. 

 

3. Add 3 μL of LCM Additive to the lysate and mix 

a. Add 3 μL of the LCM Additive to the lysate and mix well by briefly vortexing. 

b. Briefly centrifuge to collect the fluid at the bottom of the tube. 

 

4. Add 100% ethanol to recover either only large RNA species or all RNA 

The amount of ethanol added to the lysate mixture determines what size of RNA will 

be captured on the filter. Instructions are provided below for recovering only RNA 
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species larger than ~75 nt, or for recovering both large and small RNA species, 

including tRNAs and microRNAs. 

• To recover only large RNA species: 

Add 0.5 volumes (52 μL) of 100% ethanol to the lysate mixture, and mix by pipetting up 

and down or by gently vortexing. 

• To recover large and small RNA species: 

Add 1.25 volumes (129 μL) of 100% ethanol to the lysate mixture, and mix by pipetting 

up and down or by gently vortexing. (Yields of total RNA using this method may vary 

from those obtained using the above method.) 

 

5. Pass the lysate mixture through a prepared Micro Filter Cartridge Assembly 

Be sure to remove the Lysis Solution used to prewet the filter by centrifugation (step 

2.b) before applying the lysate mixture. 

a. Load the entire lysate/ethanol mixture onto the prepared Micro Filter Cartridge 

Assembly and close the cap. 

b. Centrifuge for 1 minute at 10,000 x g to bind the RNA to the filter. 

6. Wash with180 μL of Wash Solution 1 

a. Add 180 μL of Wash Solution 1 (working solution mixed with ethanol) to the filter 

and close the cap. 

b. Centrifuge for 1 minute at 10,000 x g to pass the solution through the filter. 

 

7. Wash the filter with 2 x 180 μL Wash Solution 2/3 

a. Open the Micro Filter Cartridge, add 180 μL of Wash Solution 2/3 (working solution 

mixed with ethanol) to the filter and close the cap. 

b. Centrifuge for ~30 seconds to pass the solution through the filter. 

c. Repeat with a second 180 μL aliquot of Wash Solution 2/3. 
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8. Discard the flow-through and centrifuge the filter for 1 minute 

a. Open the Micro Filter Cartridge assembly, remove the filter cartridge from the 

Collection Tube, and pour out the flow-through. 

b. Replace the Micro Filter Cartridge into the same Collection Tube, close the cap, and 

centrifuge the assembly for 1 minute to remove residual fluid and dry the filter. 

9. Elute the RNA in 2 x 8–10 μL of Elution Solution 

a. Label a Micro Elution Tube (1.5 mL tubes provided with the kit) and transfer the 

Micro Filter Cartridge into it. 

b. Apply 8–10 μL of Elution Solution, preheated to 95°C, to the centre of the filter. c. 

Close the cap and store the assembly for 5 minute at room temperature. 

d. Centrifuge the assembly for 1 minute to elute the RNA from the filter. 

Tension from the hinge of the Micro Elution Tube can occasionally cause the cap to 

pop off during the elution spin. To minimize the chance of this happening, bend the 

cap hinge back and forth several times, then press the cap securely onto the Micro 

Filter Cartridge. 

e. Repeat steps b–d with a second 8–10 μL of preheated Elution 

Solution and collect the eluate in the same Micro Elution Tube. 

2.9.2 cDNA conversion 

The quantity of extracted RNA was assessed using a nanodrop machine (ND-1000 V3, 

Labtech Int, UK). 300-500ng extracted RNA was reverse transcribed using Superscript 

III (InVitrogen Ltd, UK) according to the manufacturer’s instructions. Briefly, 2µl dNTP 

(10mM) and Oligo(DTs)12-18 (0,5µgµl-1) were added to the extracted RNA and topped 

up with 13µl nuclease free water. The reaction tubes were placed in a PCR thermo 

cycler (Eppendorf) and run at 65°C for 5minutes then cooled to 4°C. Meanwhile a 

master mix consisting of 5x RT buffer, 0.1M DTT, RNase OUT and Superscript III (all 

Invitrogen) with 4:1:1:1 ratio, respectively, was prepared. 7µl master mix was then 

added to the reaction tubes and run on the PCR machine at 50°C for 30-60 minutes. 

The reaction was terminated at 70°C for 15 minutes and the cDNA was stored at -20°C 

before PCR amplification (section 2.9.3).   
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2.9.3 Standard Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) amplification  

RT-PCR was carried out in 0.2ml thin walled PCR tubes using 2μl DNA, 0.5µl 10mM  

dNTPs consisting of; dATP, dTTP, dGTP, dCTP (Invitrogen), 0.2µl 1x Taq polymerase, 

2.5µl 25mM MgCl2, 2.5µl 10x Buffer IV (all from Invitrogen), 0.25µl 20μM forward 

primer, 0.25µl 20μM reverse primer and 17.8µl sterile filtered distilled water. A 

negative control containing sterile filtered water was included to ensure that the 

reaction mixture was not contaminated with another source of DNA. In addition to 

this, a positive control was used to ensure that all the reagents were still working 

appropriately. A thermo cycler (Eppendorf) was used and the steps of the PCR 

amplification are outlined below (Table 2.1). 

 

Table 2.1 Conditions of a standard PCR reaction 

2.9.3.1 Agarose gel electrophoresis 

The standard concentration of agarose was 2% in 1x Tris-acetate-EDTA (TAE) buffer 

(see Appendix) (2 grams agarose to 100mls 1x TAE buffer) and 0.1% (10µl) ethidium 

bromide. The agarose was boiled in a microwave for 3 x 1 minute to ensure that the 

agarose was fully dissolved. The solution was cooled with cold running tap water for 

1 95oC – 1 minute Denaturation of cDNA 

2 95oC – 30 seconds Denaturation of cDNA 

3 62oC – 30 seconds Annealing of primers (IL-6, 

GAPDH) 

4 72oC – 1 minute Elongation 

5 72oC – 3 minutes Denaturation 

6 4 oC  Temperature required to 

prevent degradation of PCR 

products prior to storage at -

20°C 

Cycles 

(steps 2-4) 

39 Repetition of cycles 
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around 2 minutes to allow the temperature to cool to 55-65°C and then ethidium 

bromide was added. When cooled the solution was slowly poured into a gel tank 

containing a 14 well comb (which allowed 13 samples plus the 1Kb ladder to be run) 

and this was left to set for approximately 40 minutes. When solidified the comb was 

carefully removed and the gel fully immersed in 1x TAE buffer.  The samples were 

prepared by adding 4μl PCR product to 1μl 5x DNA loading buffer and loading 4μl into 

the wells of the gel. A 1kb DNA ladder (InVitrogen) was also loaded onto the gel to 

analyse the size of DNA samples. Electrophoresis was performed at 100v for 

approximately 30 minutes allowing the fragments to completely separate. On 

completion, the agarose gel was immersed in Ethidium Bromide (1μg/ml) diluted in 

H2O for 20 minutes. The DNA bands were visualised by placing the gel into a UV 

transluminator and the image was captured using Alpha Imager software. 

2.9.4 Real time RT-PCR 

A 20µl reaction mix was used; each sample contained 3µl cDNA, 10µl ABI Taqman 

Master Mix (Applied Biosystems, US) 1µl primer/probe (Table 2.2 outlines the different 

primers used) and 6µl nuclease free water. GAPDH primer was used as a reference and 

cDNA negative and positive controls (in house decidua control RNA) were included in 

each run. Real time RT-PCR was performed using an ABI7000 (Applied Biosystems) PCR 

machine and probes labelled with the fluorophore 6-FAM and quencher TAMRA. The 

reaction was performed in triplicate.     

 

Table 2.2 Primers used for real time RT-PCR 
Table showing real time primers used with assay ID and size of gene product. All primers were 
pre-designed by Applied Biosystems- TaqMan® Gene Expression Assays on Demand.   

Primers Assay ID Amplicon length 

GAPDH Hs99999905_m1 122 bp 

Gp130 Hs00174360_m1 72 bp 

IL-6R Hs01075667_m1 111 bp 

CXCR2 Hs01011557_m1 91 bp 

TIMP-1 Hs00171558_m1 104 bp 

IL-1β Hs01555410_m1 91 bp 

RANTES Hs00174575_m1 63 bp 
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2.9.5 Analysis of data 

The amount of fluorescence being emitted increases exponentially in the PCR reaction, 

therefore the amount of cDNA doubles with every cycle of PCR. The number of cycles 

in which the gene is amplified is called the cycle number. If a gene requires a high 

number of cycles before amplification (increasing fluorescence) is detected there is 

less expression of this gene within the cells. The number of cycles of gene amplification 

is shown on the x-axis of the graph and the arbitrary fluorescence units are shown on 

the y-axis, this graph is produced by the ABI7000 software. The amplification of a gene 

eventually plateaus, therefore the cycle number at which the increase in fluorescence 

is exponential (linear) is the threshold and a horizontal line is placed onto the graph. 

The point at which the fluorescence crosses the threshold is called the cycle number 

threshold (Ct).    

The data produced from the RT-PCR reactions in this study were exported to Microsoft 

Excel and the Delta-Delta Ct values were calculated from cycle number of the gene of 

interest compared with the housekeeping gene cycle number.  Delta-Delta Ct method 

is an approximate method of gene quantification. The difference between the Ct value 

of GAPDH gene and Ct value of the gene of interest was calculated, this is Delta Ct: 

ΔCt= [Gene of interest Ct value – Reference gene (GAPDH) Ct value] 

In this study IL-6, IL-8 and GAPDH gene expression by the decidual leucocytes were 

quantified in relation to CD8+ T cell expression levels, therefore gene expression in 

CD8+ T cells was used as a control. 

The difference between the Delta Ct value of each gene from each cell population with 

the Delta Ct value of gene expression from CD8+ T cells is the Delta-Delta Ct value: 

ΔΔCt= [Gene ΔCt - Control gene ΔCt] 

The fold change of Delta-Delta Ct of IL-6 and IL-8 gene expression in deciual CD10+, 

CD14+ and CD56+ cell populations were then calculated in reference to gene 

expression levels in the decidual CD8+ T cells. 

The Delta-Delta Ct method was also used when comparing IL-6 treated EVT cells with 

untreated EVT when investigating whether IL-6 altered the gene expression profiles of 

growth factors produced by EVT (Chapter 4).      
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2.10 Enzyme-linked immunosorbent assay (ELISA) 

2.10.1 Sandwich ELISA protocol 

To detect and quantify the levels of secreted IL-6 and IL-8 from decidual cell 

supernatants at 8-10 weeks and 12-14 weeks gestation and from normal pregnancy 

and evacuated products of conception following spontaneous miscarriage (section 

2.3.2.2), sandwich ELISAs were performed (Figure 2.6). Isolated decidual CD14+ cell 

supernatants taken at 8-10 weeks and 12-14 weeks gestation were also measured for 

the presence of VEGF-C, ANG-1, TGF-β1 and PlGF (see section 2.10.1.1).  

All ELISAs performed in this study were carried out using 96-well microplates (R&D 

Systems Ltd, UK). All reagents used were supplied by either Peprotech Ltd or R&D 

Systems unless otherwise stated. Initially capture antibody was diluted to a working 

concentration in PBS (pH 7.4) and 100µl of working capture antibody solution was 

coated onto the wells of the microplates, the plates were sealed using adhesive strips 

and capture antibody was incubated overnight at room temperature.  Following 

overnight incubation any non-bound antibody was washed and aspirated by using a 

wash buffer (0.05% Tween 20 in PBS pH 7.4); this wash/aspiration step was further 

repeated for 3 times. The microplates were then blocked by adding 300µl of block 

buffer per well (1% BSA (Sigma) in PBS) and incubated at room temperature for 1 hour.  

The wash/aspiration step was repeated as previously mentioned for a total of 3 times. 

A stock standard solution was diluted to a working concentration in reagent dileunt 

(sections 2.10.1.1 and 2.10.1.2) and serial dilutions were made to make an 8-point 

standard curve. Samples were also diluted in reagent dileunt. 100µl of standards and 

samples were added to corresponding wells and incubated for 2 hours at room 

temperature. The wash/aspiration step was again repeated 3 times. 100µl of detection 

antibody was then applied to the wells and was incubated for a further 2 hours at 

room temperature. Following incubation the wash step was again repeated. See 

section 2.10.1.1 for R&D detection method and section 2.10.1.2 for Peprotech Ltd 

detection method.           
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Figure 2.6 Schematic representation of a Sandwich ELISA 
Image modified from ThermoScientific illustrating the mechanism of the sandwich ELISA.  

2.10.1.1 Duoset R&D systems 

The detection of IL-8, VEGF-C, ANG-1, TGF-β1 and PlGF were determined using human 

DuoSet® ELISA development kits (R&D systems, UK) and the protocol was performed 

according to the manufacturer’s instructions. Samples were diluted 1:2 in reagent 

diluent (0.1% BSA (sigma), 0.05% Tween 20in TBS pH 7.4 sterile filtered). The 

streptavidin-HRP conjugate was diluted to 1:200 in reagent diluent; 100µl was added 

to each well and incubated for 20 minutes in the dark at room temperature. Following 

incubation the plate was washed and aspirated x 3 (as described in section 2.10.1) 

before addition of 100µl substrate solution (1:1 ratio of solution A and solution B) per 

well which was incubated for a further 20 minutes in the dark at room temperature. 

50µl of STOP solution (2N H2SO4) was then added to each well until colour developed. 

Colour development was measured using an ELISA plate reader and the optical density 

was determined using Softmax pro with a wavelength setting of 450nm corrected at 

540nm. The concentration of IL-8, VEGF-C, ANG-1, TGF-β1 and PLGF were determined 

with reference to an 8-point standard curve with top standard concentrations of 
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2000pg ml-1, 6000pg ml -1, 10000pg ml-1, 2000pg ml-1, 2000pg ml-1 respectively. All 

samples were run in duplicate and the mean value of the duplicates was used in the 

analysis. 

2.10.1.2 Peprotech Ltd 

The detection of IL-6 was determined using a human IL-6 ELISA development kit 

(Peprotech EC Ltd, UK) and the protocol performed according to the manufacturer’s 

instructions. Samples were diluted 1:2 in diluents buffer (0.05% Tween 20, 0.1% BSA in 

PBS, sterile filtered). The avidin-HRP enzyme conjugate was diluted to 1:2000 in diluent 

buffer and 100µl was added to each well and incubated for 30 minutes in the dark at 

room temperature. Following incubation 100µl of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate solution (Sigma) was added to 

each well and was incubated at room temperature until colour developed. Colour 

development was measured using an ELISA plate reader (photospectrometer) and the 

optical density was determined using Softmax pro with a wavelength setting of 405-

650nm. The concentration of IL-6 was determined with reference to an 8-point 

standard curve with a top standard concentration of 2000pg ml-1. All samples were run 

in duplicate with the mean value of the duplicates was used in the analysis. 

2.11 Western Blotting 

IL-6 receptor expression was investigated by Western blot analysis.  

2.11.1 Protein extraction 

Protein was obtained from whole cell lysates of isolated EVT cells (section 2.3.5.1) and 

confluent HTR-8/SVneo cells (section 2.4.1).  

2.11.2 Protein quantification 

20µg protein was determined with BioRad DC protein assay which was followed 

according to the manufacturer’s instructions:  

1. Prepare working reagent A- 20µl of reagent S to 1ml reagent A. 

2. Prepare serial dilutions of protein standards from 1.4mgml-1 of BSA (Sigma) 

to 0.2mg ml-1 in lysis buffer for standard curve.  

3. Pipette 5µl/well of standards and samples into a 96 well plate in duplicate. 
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4. Add 25µl of working reagent A followed by 200µl of reagent B. 

5. After 15 minutes the absorbance can be read at 750nm. 

The protein concentration of samples was determined from the standard curve. 

 

2.11.3 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

For details of all buffers and gels see Appendix. 

Gel preparation: The glass plate sandwich (BioRad assembly card) was assembled 

before adding separation gel. The separation gel was filled up to 1cm below from the 

top of the glass slide (for comb) and overlaid with isopropanol. The gel was allowed to 

polymerise for 45 minutes before pouring off the isopropanol and topped the set 

separating gel with the stacking gel and inserted the combs.  The stacking gel was 

incubated for 45 minutes and the combs were removed, leaving behind wells in the 

gel. The size of gel was determined for each specific protein investigated (see Appendix 

and result chapters for more details).  

5µl of protein loading buffer was added to 20µl cell lysates and heated at 95°C for 5 

minutes. The reduced samples were loaded into the wells (total volume 25µl per well) 

along with 10µl protein marker ladder (Invitrogen) into  an electrode tank filled with 1x 

electrode buffer and set to 100V and run until dye position has reached the bottom of 

the gel (1-2hours). Following electrophoresis, the gel slides were removed from the 

chamber, the stacking gel was removed and was allowed to equilibrate in cold transfer 

buffer for 5 minutes. The immunobilon P membranes (Millipore, Bedford, MA) were 

soaked in methanol for 15 minutes and then allowed to equilibrate in transfer buffer. 

The sponge and filter papers on plastic binders were prepared and immersed in 

transfer buffer before adding the gels and membranes. The plastic binders were closed 

and placed into an electrode tank filled with cold transfer buffer and blotted for 2 

hours at 100V. Following blotting the membranes were removed and blocked in 5% 

milk in TBS-T at 4°C overnight ready for probing with antibody (section 2.11.4).           
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2.11.4 Immunodetection 

After overnight incubation the membrane blots were removed from the blocking 

solution and washed in TBS-T (TBS-0.05%Tween20). The primary antibody (for list of 

specific antibodies and dilutions see experimental design in results chapters) was 

diluted in milk blocking solution. The membrane blot was then incubated in primary 

antibody for 1-2 hours depending on the antibody (see individual chapters), on a 

shaker at room temperature. The membrane blot was then washed in TBS-T for 3 x 5 

minutes before addition of secondary antibody which was incubated for 1-2 hours at 

room temperature. The membrane blot was washed for a further 3 x 5 minutes before 

ECL detection (section 2.11.5).  

2.11.5 Chemical detection of protein and developing signal 

All antibodies were subsequently developed using chemiluminscence (Thermo 

Scientific, Rockford, USA) according to the manufacturer’s instructions and recorded 

by X-ray Kodak Scientific Imaging film (Sigma Chemical Co.).    

2.12 Statistical analysis of results 

Data are presented as the mean ± SEM. Data were statistically analysed using the 

commercial software package, StatView (Abacus Concepts Inc., Berkley, US). 

Differences were considered statistically significant at P< 0.05. 

2.12.1 Student’s t-test 

Student’s t-test was performed in order to compare two sets of continuous data with 

normal distribution. 

2.12.2 One-way ANOVA test 

To analyse the mean of two or more sets of samples a one way analysis of variance 

(ANOVA) followed by Fisher’s post hoc analysis was used. 

2.12.3 Non-parametric tests 

For data that was found to have an irregular distribution (not normal) a non 

parametric test was performed. Mann Whitney U tests were applied for skewed data.   



 
 

Chapter 3 

Expression of interleukins-6 and -8, and their receptors in 

placental bed in early human pregnancy and miscarriage 
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3. Expression of IL-6 and IL-8 and their receptors in placental 
bed in early human pregnancy and miscarriage 

3.1 Introduction 

Cytokines are regulatory proteins that play a dominant role in immune responses. 

Although Th2 cytokines are abundant systemically, the role of these cytokines in early 

pregnancy is not well understood, although Th2 cytokines in general have been 

suggested to play an important role in development of successful pregnancy. However 

evidence suggests that Th1 inflammatory response cytokines are important proteins 

for successful pregnancy. 

T-cells were originally hypothesised to be the main source of these cytokines in 

pregnancy (Piccinni, 2005) but this cell type exists as a minor leucocyte population in 

human decidua. The focus has been shifted onto uterine natural killer cells and uterine 

macrophages as being a rich source of cytokines.    

The suggested roles of IL-6 and IL-8 during early human pregnancy have been reviewed 

in Chapter 1. They are thought to be important functional mediators during pregnancy 

but only a small number of studies have investigated these cytokines in early 

pregnancy and pregnancy complications. Although both cytokines have been 

implicated in pregnancy disorders, the production and source of these cytokines within 

uteroplacental tissues has not previously been thoroughly investigated. Studies to date 

have mainly focused on the effect of IL-6 and IL-8 in endometriosis (Ulukus et al., 2005, 

Luk et al., 2005), chorioamnionitis (Arntzen et al., 1998), cervical ripening and 

parturition (Robertson et al., 2010, Prins et al., 2012) but detailed examination of 

localisation and gestational age variation in normal pregnancy has not been 

performed.  

Bowen et al. (2002) reviewed the production of cytokines in placenta and placental 

tissues and most cytokines have been localised to these tissues during normal 

pregnancy indicating proposed roles for cytokines in pregnancy. Placental tissue such 

as chorionic villi and trophoblast cells have been reported to produce IL-6 (Kauma et 

al., 1993) and IL-8 and its receptors have been localised to cells of the placenta (Saito 

et al., 1994, Dame and Juul, 2000). Despite these investigations in placenta, the 

production levels of IL-6 and IL-8 from specific decidual leucocytes, localisation and 
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distribution within the placental bed and decidual tissues in pregnancy remain limited 

and changes within protein levels at different gestations also remains to be 

investigated.   

In the decidua uterine natural killer cells are a rich source of many different cytokines 

and growth factors including TNF-α, IL-10, IL-1β, LIF, GM-CSF and IFN-γ (Lash et al., 

2006c). The functional role of these cytokines in pregnancy has been sparingly 

investigated and results suggest a potential role in regulating trophoblast invasion and 

the control of vascular remodelling but a function for uNK cells and the cytokines they 

secrete still remains unknown. IL-6 production by these cells has not yet been 

investigated in great detail.  

Previous work in our laboratory had focused on the localisation of IL-8 in placental bed 

and its production by uNK cells and CD8+ T cells (Figure 3.1) (De Oliveira et al., 2010). 

The main reason for the study was to investigate the role of IL-8 on EVT invasion and 

IL-8 receptors (CXCR1 and CXCR2) were localised to EVT cells in placental bed (Figure 

3.2). This study extends the investigation to include IL-8 production by other cell types 

of the placental bed and the localisation of IL-8 receptors elsewhere in the placental 

bed, especially focusing on receptor expression by SpAs. Aminopeptidase-N (CD13; see 

Chapter 1) relating to IL-8 signalling has also been investigated in this study. 

The roles of IL-6 and IL-8 in early pregnancy remain largely understood but altered 

serum levels of pro inflammatory cytokines including IL-6 and IL-8 have been 

associated with first trimester sporadic miscarriage (Galazios et al., 2011, Calleja-Agius 

et al., 2012) and although altered levels of these cytokines and their receptors in 

specific pregnant tissues have not been investigated, these data suggest a possible 

importance for these cytokines in normal early pregnancy processes; their roles in 

angiogenesis, cell invasion and inflammation in other tissues and disease states 

suggest a potential role in regulating spiral artery remodelling and regulating 

trophoblast invasion.     

In order to understand the potential role of IL-6 and IL-8 in pregnancy and 

reproductive complications, a detailed understanding of the production and function 

of these cytokines in normal pregnancy is essential. This chapter presents data on 

production and localisation of IL-6 and IL-6 receptor expression and further 
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investigates IL-8 and IL-8 receptor expression in normal early pregnancy as a basis for 

study of their function.  

 
Figure 3.1 
Immunohistochemistry of 
IL-8 staining on CD56+ and 
CD8+ cells in first trimester 
placental bed biopsies 
Representative 
immunohistochemistry 
demonstrating CD56+ cells 
(top) and CD8+cells (centre) 
within FFPE placental bed 
biopsies of first trimester 
pregnancy. Double 
immunostaining for CD56+ 
cells (Purple) also shows IL-
8 expression (brown). 
Representative 
immunostaining for CD8= 
cells (centre) and a serial 
section demonstrates 
positive immunostaining for 
IL-8 in proximity to CD8+ T 
cells. Original magnification 
x400. 
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Figure 3.2 
Immunohistochemistry of 
IL-8 receptor staining 
(CXCR1 and CXCR2) by EVT 
cells in first trimester 
placental bed biopsies 
Representative 
immunohistochemistry 
demonstrating cytokeratin-
7 immunopositive cells 
which identifies EVT in FFPE 
placental bed biopsies of 
first trimester pregnancy. 
Serial sections 
immunostained for IL-8 
receptors (CXCR1 and 
CXCR2) show positive 
staining by EVT cells, 
confirming the expression 
of IL-8 receptors by 
trophoblast cells. Positive 
immunostaining of both 
receptors are evident on 
endovascular, intramural 
and interstitial EVT. PAS 
staining highlights fibrinoid 
deposition in remodelled 
SpA. Original magnification 
x400. 
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3.2 Aims and Hypotheses 

3.2.1 Hypotheses 

1. IL-6 and IL-8 are produced by decidual cells within the placental bed in early 

human pregnancy 

2. Uterine natural killer cells, uterine macrophages and T cells are all sources IL-6 

and IL-8 in early human pregnancy with increased expression levels at 12-14 

weeks gestation compared with 8-10 weeks gestation.  

3. Uterine natural killer cells are the major producer of both IL-6 and IL-8 within 

the placental bed in the first half of pregnancy.  

4. IL-6 and IL-8 receptors are expressed by cells within the placental bed in early 

human pregnancy 

5. Levels of IL-6 and IL-8 are increased in sporadic miscarriage. 

3.2.2 Aims 

1) Investigate the localisation of IL6, IL-8 and their receptors; IL-6Rα, gp130, 

CXCR1,CXCR2 using immunohistochemistry and laser capture microdissection 

2) Measure IL-6 and IL-8 protein production from isolated decidual cell culture 

supernatants 

3) Measure mRNA expression of IL-6 and IL-8 from isolated decidual cell 

populations 

4) Investigate localisation of IL-6, IL-8 and their receptors between normal 

pregnancy and sporadic miscarriage using immunohistochemistry. 

5) Compare IL-6 and IL-8 protein expression by decidual CD14+ and CD56+ cells 

isolated from early normal pregnancy and early sporadic miscarriage using 

ELISA. 

3.3 Experimental design 

3.3.1 Tissues   

Placental bed biopsies were obtained from women undergoing elective TOP in first half 

of pregnancy (refer to section 2.1.3). Freshly obtained tissue from healthy pregnancy 

was snap frozen or formalin fixed and paraffin embedded (refer to section 2.1.8) and 
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used for immunohistochemical analysis (Table 3.1 for sample numbers and Table 3.2 

for primary antibodies use).  

Gestational age matched placental bed biopsies were also used from a former study 

obtained from women undergoing evacuation of retained products of conception 

(ERPC) following sporadic miscarriage (SM) and classified as either early euploid, early 

aneuploid, late euploid or late aneuploid, based on gestational age and cytogenetic 

analysis (Table 3.1) (Ball et al., 2006a, Ball et al., 2006b). All SM placental bed biopsies 

were snap frozen, fixed and cut into 3µm sections as previously described in section 

2.1.8 for immunohistochemical analysis.    

Placental bed biopsies obtained from healthy pregnancy were either snap frozen or 

formalin fixed and paraffin embedded and used for immunohistochemical analysis.  

All samples were subjected to immunohistochemical analysis to identify EVT, SpAs and 

decidual cell leucocytes within the placental bed and IL-6, IL-8 and their receptor 

proteins were identified by positive staining on these cell types. Immunostaining was 

compared between SM tissue and normal pregnancy samples using a scoring method 

outlined in section 3.3.3.   

Decidual tissue was obtained from women undergoing TOP at 8-10 and 12-14 weeks 

gestational age for positive immunomagnetic isolation of CD56+, CD14+, CD10+ and 

CD8+ cells for RT-PCR (T=0) and cell culture supernatants (T=24h; section 2.3.2) in order 

to investigate whether the cell types express IL-6 and IL-8 mRNA and quantify protein 

production by ELISA (sample numbers are listed in Table 3.1). 

Decidual tissue was also obtained from women undergoing ERPC following early 

sporadic miscarriage (section 2.1.4) and used for positive immunoselection of CD56+ 

(section 2.3.2) and CD14+ cells (section 2.3.4) from which cell culture supernatants 

were harvested for analysis of cytokine production to compare levels of IL-6 and IL-8 in 

sporadic miscarriage and normal healthy pregnancy decidua (Table 3.1).   
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Table 3.1 Details of subject groups, sample number sizes and procedures performed in 
Chapter 3 
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3.3.2 Immunolocalisation and specific antibodies used 

For all FFPE placental bed tissue sections immunohistochemical labelling was 

performed as described in section 2.3.1 for the identification of the different cell 

populations including uNK cells, EVT cell populations, spiral artery VSMCs within the 

placental bed using mouse monoclonal antibodies. Details of primary antibodies, 

specificities and pre treatments are given in Table 3.2. Serial sections were then 

immunolabelled with anti-IL-6 and anti-IL-8 antibodies along with antibodies against 

their receptors; gp130, IL-6Rα, CXCR1, CXCR2 (Table 3.2 and 3.3). IL-6Rα, CXCR1 and 

CXCR2 were identified using frozen sections. Frozen sections of placental bed biopsies 

from both normal and miscarriage pregnancy were immunolabelled with antibodies 

detailed in Table 3.3 and immunohistochemistry was performed as described in 

Section 2.3.1. For any given antibody, all tissue sections were immunostained in the 

same staining run to avoid day-day variation. Positive controls were included for each 

antibody in each staining run; negative controls were performed for each sample by 

replacing primary antibody with appropriate non-immune serum.   

 

Table 3.2 Primary antibodies used for immunohistochemistry on FFPE tissue sections 
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Table 3.3 Primary antibodies used for immunohistochemistry on frozen tissue sections 

 

 

3.3.3 Immunohistochemical scoring  

A quickscore was used to assess the immunohistochemical staining taking into account 

proportion and intensity of staining (Schiessl et al., 2009). A 4 point scale was used to 

determine the proportion of positively stained cells; 1<25%, 2= 25-50%, 3=50-75% and 

4>75% and a 3 point scale used for staining intensity; 1= weak staining, 2= moderate 

staining and 3= strong staining. The scores for amount of staining and intensity of 

staining were multiplied together to give a final immune score to a maximum of 12 

(high amounts of very strong staining). For example 50% of cells in the section 

analysed were positively stained and the intensity of that staining was moderate 

therefore, the score would be 6 (3x2).  

3.3.4 ELISA 

Decidual CD56+, CD14+, CD10+ and CD8+ cell culture supernatants (t=24h) isolated from 

normal pregnant decidua (8-10 and 12-14weeks GA) along with total decidual cells 

were subjected to ELISA to measure IL-6 and IL-8 protein concentrations to confirm 
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cytokine production by these cell types are producers of both cytokines and to 

quantify levels at different gestations (section 3.3.1). IL-6 and IL-8 protein levels were 

also measured from CD56+ and CD14+ cell culture supernatants isolated from early 

sporadic miscarriage decidua (≤12 weeks GA) and quantities were compared with 

normal pregnancy.     

All decidual cell culture supernatants were isolated by midimacs positive immune 

selection (sections 2.3.2 and 2.3.4). Cells were checked for purity after isolation by 

preparing cell smears and performing immunocytochemistry (section 2.3.3).  

A top standard of 2000pgml-1 was used for both IL-6 and IL-8 ELISAs (section 2.10) and 

a 7point standard curve was used as a reference (4PL curve).  Sample numbers used 

for ELISAs are indicated in table 3.1 

Briefly, samples were plated in duplicate, diluted by a factor of 2 in reagent diluents 

(see Appendix) and 100µl of sample was added to ELISA plates blocked with the 

appropriate capture antibody and steps were followed according to manufacturer’s 

instructions (see section 2.10). ELISA plates were then read using a plate reader and 

protein concentrations were calculated.  

3.3.5 RT-PCR 

Total RNA was extracted using TRIZOL method (section 2.9.1) from decidual cell 

populations CD56+, CD14+, CD10+ and CD8+ at T=0 isolated from 8-10 weeks gestation 

decidua using immunopositive magnetic selection (n=5 for each cell population). CD56+ 

cells were also isolated at T=0 from 12-14 weeks gestation decidua (n=4). 500ng of 

RNA was reverse transcribed into cDNA using Superscript III (section 2.9.2). 2µl of 

cDNA was used for PCR along with either IL-6, IL-8 or GAPDH primer pairs (IL-6, IL-8 

and GAPDH Assay on demand, Applied Biosystems, USA) and real time RT-PCR was 

performed to 40 cycles (section 2.9.4). Data are presented as the ratio of the amount 

of IL-6/IL-8 to GAPDH.  

To confirm amplicon length some of the IL-6 PCR products from CD56+ cells were 

separated on 1% agarose gel soaked in ethidium bromide and bands were visualised at 

95bp for IL-6cDNA and 250bp for GAPDH cDNA (section 2.9.3 for method).   
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For Laser capture microdissection of placental bed biopsies, they were initially stained 

and prepared (section 2.8). Spiral arteries were identified using immunohistochemistry 

on serial frozen sections (H-Caldesmon and CD31) alongside the prepared sections for 

LCM. The VSMC cell layer of the spiral arteries were the cells of interest and the 

remaining tissue and vessel endothelium were cut away. RNA was then extracted from 

the VSMCs and reverse transcribed (section 2.9.1). Primers for CXCR2, gp130 and IL-

6Rα were used for real time RT PCR. 
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3.4 Results 

3.4.1 Immunohistochemical characterisation of decidual cell populations 
in placental bed biopsies 

The maternal-fetal interface contains numerous different cell populations (Figure 3.3) 

and in order to initially identify the different cell populations within the placental bed 

of early pregnancy FFPE tissue sections were subjected to immunohistochemical 

analysis (Table 3.2).  

Positive cytokeratin-7 staining was observed in all tissue sections stained with the 

antibody. The cytokeratin-7 staining within the placental bed represents glandular 

epithelium and EVT cells; interstitial EVT cells observed embedded in the decidual 

tissue and inner third myometrium (Figure 3.3A); endovascular EVT observed in the 

lumen of spiral arteries (Figure 3.3B) and intramural EVT embedded in the VSMC wall 

of spiral arteries (Figure 3.3C). EVT cells were distinguished by their large appearance 

and unstructured nature embedded throughout the tissue whereas glandular 

epithelium was distinguished by their laminar, structured appearance, which 

surrounded the glandular wall. Positive CD56 staining within the placental bed 

represents uNK cells and these cells were only observed in the decidua and in 

superficial myometrium (Figure 3.3D). Positive CD14 immunostaining represents 

macrophages and dendritic cells within the placental bed (Figure 3.3E) and cells 

immunopositive for CD3 and CD8 (Figure 3.3F and 3.3G) represents T-cells and the 

cytotoxic T cell subset respectively. Uterine spiral arteries were identified in the 

placental bed by their thick muscular vascular wall which is demonstrated by positive 

H-Caldesmon immunostaining (Figure 3.3H) and SpA endothelium is demonstrated by 

CD31 positive immunostaining (Figure 3.3I) which lines the lumen of the arteries.     
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Figure 3.3 Immunohistochemistry demonstrating different cell types within the placental 
bed of first trimester pregnancy 
Representative immunohistochemistry showing the different cell types in the placental bed in 
first trimester pregnancy and how they were identified in FFPE tissue sections. A: positive CK-7 
staining demonstrating iEVT; B: positive CK-7 staining within SpA lumen demonstrating eEVT; 
C: positive CK-7 staining in VSMC wall of SpAs demonstrating inEVT; D: positive CD56 staining 
demonstrating uNK cells; E: positive CD14 staining demonstrating uterine macrophages and 
dendritic cells; F: positive CD3 staining demonstrating T-cells: G: positive CD8 staining 
demonstrating cytotoxic T cell subset; H: positive H-Caldesmon staining demonstrating VSMC 
wall of spiral arteries; I: positive CD31 staining demonstrating endothelium of SpAs (n=10 for 
both 8-10 and 12-14 weeks gestation). Image A, C, D, E, F, G, H, I original magnification x200; 
Image B original magnification x100.    
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3.4.2 Immunohistochemical analysis of expression of IL-6, IL-8 and their 
receptors in normal placental bed  

An immunohistochemical study was performed to investigate whether the cell 

populations within the placental bed of early pregnancies express the cytokine IL-6. IL-

6 receptor expression was also investigated on EVT and IL-6 receptor expression along 

with IL-8 receptor expression was investigated on spiral arteries to investigate whether 

these cytokines have the potential to play a functional role in the SpA transformation/ 

remodelling required for successful pregnancy. 

3.4.2.1 IL-6 immunolocalisation 

IL-6 immunostaining was observed throughout the placental bed and was not defined 

to one particular area. The majority of cells within the placental bed were in proximity 

to IL-6 immunostaining. The proportion of IL-6 staining in decidua was between 50-

75% in all samples and the intensity of IL-6 staining was moderately expressed.  

IL-6 expression was observed on CD56+ immunostained cells in adjacent sections 

(Figure 3.4). CD56 immunopositive uNK cells were abundant in decidua in the placental 

bed at 8-10weeks gestation (Figure 3.4A) and roughly 50% of the CD56+  cells were 

immunostained positive for IL-6 in the near serial sections (Figure 3.4B). 

Representative immunostaining for CD8+ cells and IL-6 expression is shown in Figure 

3.5. CD8 immunopositive T-cells in the placental bed at 8-10 weeks gestation (Figure 

3.5A) were immunopositive for IL-6 in near serial sections (Figure 3.5B).  

IL-6 immunostaining in placental bed was quantified using a quickscore and compared 

between 3 gestational age groups (section 3.3.3) n=5 each gestational age group 

(Figure 3.6). There were no differences observed in the amount of CD56+ (Figure 3.6A), 

CD8+ (Figure 3.6B) and IL-6 positively stained cells in the different gestational age 

groups (n=5 all 3 age groups; 8-10, 12-14, 16-20 weeks gestation).  

In addition to CD56+ and CD8+ cells, IL-6 immuno-positivity was also localised to other 

decidual cells, including stromal cells, glandular epithelial cells and EVT.   
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Figure 3.4 Immunohistochemistry demonstrating IL-6 localisation to uNK cells 
Representative immunostaining of placental bed biopsies demonstrating localisation of IL-6 to 
uNK cells. A: CD56+ cells, indicating uNK cells in a 10 week placental bed biopsy. B: IL-6 positive 
cells localised in proximity of uNK cells in near serial section x400 magnification.   

 

 

Figure 3.5 Immunohistochemistry demonstrating IL-6 localisation to CD8+ T cells 
Representative immunostaining of placental bed biopsies demonstrating localisation of IL-6 to 
T-lymphocytes. A: CD8+ cells, indicating T-lymphocytes in a 10 week placental bed biopsy. B: IL-
6 positive cells localised in proximity of T-cells in near serial section x400 magnification. 
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Figure 3.6 Graphical representation of the amount of CD56+ and CD8+ immunostaining in 
decidua in the first half of pregnancy    
Quickscore assessment of immunostaining (1-12; % of staining x intensity) showing IL-6 
positive staining expressed by A: CD56+ cells in decidua of placental bed biopsies and B: CD8+ T-
cells in decidua of placental bed biopsies at 8-10, 12-14 and 16-20 weeks gestation (n=5 each 
age group). Data are presented as mean ± SEM.      
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3.4.2.2 IL-6 receptor expression on EVT 

IL-6 receptors gp130 and IL-6Rα were both immunolocalised to EVT within the 

placental bed (Figure 3.7) at 8-10, 12-14 and 16-20 weeks gestational age. 

Immunohistochemistry demonstrates cytokeratin-7 immunopositive cells representing 

interstitial EVT cells in placental bed (myometrium and decidua) (Figure 3.7A) near 

serial sections represent positive immunostaining of gp130 expressed by EVT cells 

(Figure 3.7B). Approximately 75% of all EVT cells in each sample observed were 

immunopositive for gp130 receptor.  

EVT cells identified in frozen tissue sections of placental bed biopsies were also 

immunopositive forIL-6Rα (Figure 3.7C). However, the proportion of IL-6Rα 

immunostaining by EVT was not a prevalent as gp130 immunostaining by EVT.       

Quantification of positive gp130 immunostaining on EVT cells in placental bed  

between gestational age groups was assessed using quickscore assessment (Section 

3.3.3) n=5 each gestational age group (Figure 3.8). IL-6Rα was not quantified due to IL-

6Rα antibody being specific for frozen tissue sections only; therefore a qualitative 

assessment was only made.  
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Figure 3.7 Representative immunohistochemistry of IL-6 receptor staining (gp130 and IL-6Rα) 
by EVT cells in a placental bed biopsy 
Representative immunohistochemistry demonstrating EVT cells in an 18 week FFPE placental 
bed biopsy (A) and these cells are immunopositive for gp130 (B) and EVT cells are 
immunopositive for IL-6Rα in frozen tissue section at 19 weeks gestation (C) (n=5 each age 
group). Image of negative control included (non-immune serum) in FFPE placental bed biopsy 
at 16 weeks gestation (D). Magnification x400 for EVT and gp130; x200 magnification for IL-
6Rα; x100 magnification for negative control.   
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Figure 3.8 Graphical representation of the amount of gp130 immunostaining on interstitial 
EVT cells in the first half of pregnancy    
Graph demonstrating immunohistochemistry data showing quickscore assessment of gp130 
positive staining on iEVT cells in the placental bed at 8-10, 12-14 and 16-20 weeks gestation 
(n=5 each age group). Data are presented as mean ± SEM. 

 

  



115 
 

3.4.2.3 Expression of IL-6 and IL-8 receptors on spiral arteries 

In order to investigate whether IL-6 and IL-8 may play a functional role in the 

remodelling processes of the uterine spiral arteries in the first half of pregnancy, 

cytokine receptor expression was assessed on decidual spiral arteries (SpAs) in 

placental bed of early pregnancy. 

Both of the receptors for IL-6 (IL-6Rα and gp130) were expressed on decidual spiral 

arteries (Figure 3.9). Positive H-Caldesmon immunostaining in frozen tissue sections of 

placental bed biopsies was used to identify VSMCs within the wall of spiral arteries 

(Figure 3.9A) and these muscle cells were immunopositive for IL-6Rα in serial sections 

(Figure 3.9B). Positive immunostaining for myosin heavy chain was used to localise the 

VSMC wall of decidual spiral arteries in FFPE placental bed biopsies (Figure 3.9C). 

Positive staining for gp130 was evident on the luminal endothelium of the SpA in near 

serial sections, although the immunostaining was fairly weak; there were very few 

gp130 immunopositive cells within the VSMCs in the wall of the arteries (Figure 3.9D).     

The receptors for IL-8; CXCR1 and CXCR2 were also expressed on spiral arteries in early 

pregnancy (8-14 weeks GA) shown by immunopositive staining in placental bed 

biopsies (Figure 3.10). Immunostaining for both CXCR1 and CXCR2 was localised to 

iEVT cells (1), SpA VSMCs (2) and endothelial cells of the spiral arteries (3) (CXCR1- 

Figure 3.10B; CXCR2- Figure 3.10C). Immunostaining of both receptors was more 

intense on endothelial cells of the spiral arteries compared to the other cell types 

investigated.       

CXCR1 and CXCR2 immunostaining was also observed by other cells of the placental 

bed, with CXCR1 being very highly expressed by most cells.   
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Figure 3.9 Immunohistochemistry demonstrating IL-6 receptor (gp130 and IL-6Rα) staining 
on decidual spiral arteries in first trimester pregnancy 
Immunohistochemistry demonstrating decidual spiral arteries in early pregnancy (8-14 weeks 
GA) in frozen (A; x200 magnification) and FFPE (C; x100 magnification) placental bed biopsies. 
Serial sections demonstrate positive IL-6Rα expression on VSMC of spiral arteries (B; x200 
magnification) and positive gp130 expression on endothelial cells lining the lumen of SpAs (D; 
x100 magnification).  
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Figure 3.10 Immunohistochemistry demonstrating IL-8 receptor (CXCR1 and CXCR2) staining 
on decidual spiral arteries in first trimester pregnancy 
Immunohistochemistry demonstrating a spiral artery in first trimester pregnancy (A) 1: EVT; 2 
VSMC and 3: endothelial cells. Serial sections representing positive staining (brown) of CXCR1 
and CXCR2 on EVT, the endothelium and VSMC of the spiral artery (B and C, respectively). 
Serial section (A) also represents CK7 immunopositive cells showing EVT.  Original 
magnification x400. Negative control (non-immune serum) image included (D) magnification 
x100. 
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3.4.3 IL-6 and IL-8 protein production by decidual cell populations 

Previous work by De Oliveira et al. (2010) have shown that CD56+ cell culture 

supernatants (T=24h) secrete large amounts of IL-8 with a significant increase at 12-14 

weeks gestation compared with 8-10 weeks gestation (Figure 3.11).  

In this study secretion of IL-8 protein by total decidual cells and other decidual types 

including, CD8+, CD10+ and CD14+ cells was investigated. As well as secretion of IL-6 by 

CD56+ cells including total decidual cells and other decidual cell types at 8-10 and 12-14 

weeks gestation (numbers of samples are indicated in Table 3.1) t=24h.    

3.4.3.1 Secretion by CD56+, CD10+, CD8+ and CD14+ cell culture supernatants 

IL-6 and IL-8 are secreted by all the decidual cell types investigated at both 8-10 and 

12-14 weeks gestation in normal pregnancy (Figure 3.12A and B).  

IL-8 was produced at higher levels within the decidua (Figure 3.12B) than IL-6 protein 

levels (Figure 3.12A). The total non adhered decidual cell population produced 

~10000pgml-1 of IL-8 protein at 8-10 weeks gestation compared with ~6500pgml-1 IL-6 

and at 12-14 weeks gestation there was 10 fold higher levels of IL-8 compared with IL-6 

levels. The majority of IL-8 protein secreted by the total decidual cell populations was 

secreted by the cell types investigated, whereas other cell types within the decidua 

which have not been investigated also secreted IL-6 protein, along with the cell types 

investigated.  

Decidual CD14+ cell culture supernatants (full details of CD14+ supernatant collection is 

reviewed in Chapter 6) expressed the highest amount of IL-6 compared with CD56+, 

CD10+ and CD8+ cell supernatants, although all cell types produced this cytokine 

(Figure 3.12A). In addition, decidual CD14+ and CD8+ cell supernatants secreted the 

highest amounts of IL-8 compared with CD56+ and CD10+ cell supernatants (Figure 

3.12B). 
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Figure 3.11 IL-8 protein secretion by decidual CD56+ and CD8+ cells at 8-10 and 12-14 weeks 
gestation 
Image extracted from De Oliveira et al. (2010) demonstrating IL-8 protein secretion from 
decidual CD56 and CD8 cells. CD56 cells produce more IL-8 at 12-14 weeks gestation compared 
with levels at 8-10 weeks gestation. Data are expressed mean ± SEM (n=10 each GA group).  
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Figure 3.12 IL-6 and IL-8 protein secretion by decidual cells at 8-10 and 12-14 weeks gestation 
Graphical representations of IL-6 (A) and IL-8 (B) protein levels secreted by decidual cells at 8-
10 and 12-14 weeks gestation. Data are presented as mean ± SEM. Data also include total 
decidual cells prior to adherence (non-adherent) and total adhered decidual cells. n=10 
samples per cell type at 8-10 weeks gestation and n=5 samples per cell type at 12-14 weeks 
gestation. All samples were run in triplicate in the ELISA.  
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3.4.3.2 Differences in protein production at 8-10 weeks and 12-14 weeks gestation 

IL-6 protein levels by the total decidual cell fraction appear to be more abundant at 8-

10 weeks gestation compared with 12-14 weeks gestation although this difference was 

not significant (Figure 3.12A). There were no gestational differences in IL-6 protein 

levels secreted by decidual CD14+, CD56+ or CD8+ cells. However, CD10+ stromal cells 

secreted significantly higher levels of IL-6 at 12-14 weeks than at 8-10 weeks gestation 

(P=0.0045).  

IL-8 protein levels secreted by the total decidual cell fraction appear to be higher at 12-

14 weeks gestation than 8-10 weeks gestation, but this was significantly different only 

for the total adhered decidual cell population (P=0.0025; figure 3.12B). There were no 

gestational differences in IL-8 protein levels secreted by CD14+, CD8+ or CD10+ cells. 

However, CD56+ cells isolated from 12-14 weeks gestation secreted increased levels of  

IL-8 than at 8-10 weeks gestation (P=0.0150), in agreement with previously published 

data (De Oliveira et al., 2010).       

I further went on to investigate the production of IL-6 and IL-8 by CD14+ and CD56+ 

cells in miscarriage which is later reviewed in this chapter due to CD14+ cells being the 

largest producer of both cytokines from the decidual cell types investigated and the 

gestational differences observed of cytokine levels produced by CD56+ cells. 
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3.4.4 mRNA expression of IL-6 and IL-8 in decidual cell populations  

To confirm IL-6 and IL-8 production by decidual cell populations CD56+ uNK cells, CD14+ 

macrophages, CD10+ stromal cells and CD8+ cytotoxic T-cells were isolated by positive 

magnetic selection from decidual tissue collected from women undergoing TOP at 8-10 

weeks gestation. Cells were collected immediately following isolation (T=0; n=5 each 

cell type) and used for real time RT-PCR. CD56+ cells isolated from decidua from a 

previous study (De Oliveira et al., 2010) had already shown to express IL-8 mRNA n=10 

(Figure 3.13). 

Each of the cell populations investigated expressed IL-6 and IL-8 mRNA transcripts 

(Figure 3.14A and B). A semi quantitative assessment of delta delta ct values 

demonstrated that CD14+, CD10+ and CD8+ cells express higher levels of IL-8 than IL-6 

(Figure 3.14A and B).  

Fold change values also revealed that CD14+ expressed ~20x more IL-6 than CD8+ cells, 

(Figure 3.14A). CD10+ cells expressed ~ 6x more IL-6 than CD8+cells and CD56+ cells 

expressed ~3x more IL-6 than CD8+ cells (Figure 3.14A).  

Fold change values revealed that CD14+ expressed the highest levels of IL-8 in relation 

to CD8+ T cells: CD14+ cells expressed ~10x more IL-8 than CD8+ cells, and CD10+ cells 

expressed ~5x more IL-8 than CD8+ cells (Figure 3.14B).  

Mean delta CT values are shown for IL-6 and IL-8 in each cell population in Table 3.4.  

PCR gel was performed using total decidual cells and CD56+ cells (T=0) to confirm IL-6 

mRNA expression by in decidua. Transcripts were detected at 95 base pairs which 

indicate IL-6 mRNA is expressed with no difference with GA (Figure 3.15).  
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Figure 3.13 CD56+ IL-8mRNA expression at 8-10 weeks gestation 
Image extracted from De Oliveira et al. (2010) demonstrating CD56+ IL-8 mRNA expression. 
Data are expressed mean ± SEM (n=10 8-10 weeks GA). 
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Figure 3.14 IL-6 and IL-8 mRNA expression by decidual cells at 8-10 weeks gestation 
Graphical representation of fold change of IL-6 (A) and IL-8 (B) delta delta ct values of mRNA 
expression relative to CD8+ decidual cells (initial ct values with reference to GAPDH ct values; 
n=5 each cell type at 8-10weeks GA). 
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Table 3.4 Mean Δct values of IL-6 and IL-8 mRNA expression by decidual cells from 8-10 
weeks gestation 
Mean Δct values of IL-6 and IL-8 mRNA expression in reference to GAPDH in four decidual cell 
populations isolated from 8-10 weeks gestation n=5 each cell type 

 

 

. 

 

 

Figure 3.15 RT-PCR gel illustrating IL-6 mRNA expression by CD56+ cells at 8-10 and 12-14 
weeks gestation 
Representative RT-PCR illustrating IL-6 mRNA expression at 95bp (left) at 8-10 and 12-14 
weeks gestational age (T= total decidual cell isolates; uNK= CD56+ cell isolates). GAPDH mRNA 
expression at 250bp (right) is shown as a loading control for the experiment.  
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3.4.5 Expression of IL-6 and IL-8 receptors by spiral arteries 

To further confirm the immunohistochemistry data of IL-6 and IL-8 receptors 

expression on spiral arteries, IL-6 and IL-8 receptor mRNA expression was investigated 

using laser capture microdissection of spiral artery VSMC cells (endothelium removed) 

from 8-10 week placental bed biopsies (n=5).  

IL-6Rα, gp130 and CXCR2 receptor mRNA was detected in VSMCs of spiral arteries at 8-

10 weeks gestation (Figure 3.16), this further verifies the immunohistochemistry 

results and confirms that gp130 expression is lower on SpA VSMC than IL-6Rα.   

 

Figure 3.16 IL-6R, gp130 and CXCR2 mRNA expression by spiral arteries at 8-10 weeks 
gestation 
Graph representing delta ct values of each receptor gene expressed on SpA VSMCs (8-10 
weeks GA; n=5) from LCM.  
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3.4.6 Immunohistochemical analysis of expression of IL-6, IL-8 and their 
receptors in normal placental bed biopsies from miscarriage; comparison 
with normal early pregnancy 

Placental bed biopsies from women undergoing ERPC and healthy TOP were snap 

frozen, fixed in acetone and immunostained with a collection of antibodies that detect 

IL-6, IL-8 and their receptors (Table 3.3).  

The receptor ligands and cell types assessed are detailed in Table 3.5 and 3.6 and 

representative photomicrographs demonstrate staining patterns shown in figures 3.17 

- 3.19.  

Figure 3.17 demonstrates various cell types in the placental bed and how they were 

identified using immunostaining of serial sections. The immunostaining of the various 

cell types were assessed and compared between normal tissue sections and 

miscarriage tissue sections. 

Interstitial EVT (iEVT), intramural EVT (imEVT) and endovascular EVT (eEVT) were 

identified by positive LP34 staining (Figure 3.17A). Decidual spiral arteries and 

myometrial spiral arteries were both identified by VSMCs positive immunostaining 

with H-Caldesmon (Figure 3.17B and 3.17C respectively).  

IL-6 markers were identified by immunopositive staining of IL-6R on myometrial SpAs 

(Figure 3.18A), gp130 immunostaining was identified on glands and EVT (Figure 3.18B) 

and IL-6 immunostaining was observed on various cell types within the placental bed 

(Figure 3.18C).   

IL-8 markers in placental bed in both miscarriage and normal specimens were 

identified by positive IL-8 immunostaining in placental bed biopsies with intense 

staining on the glandular epithelium and strong staining on SpA endothelium lining the 

lumen and weaker staining on VSMCs of the decidual SpAs (Figure 3.19A), CD13 

expression was identified and localised to VSMCs of SpAs very strongly (Figure 3.19B), 

CXCR2 immunostaining was identified on giant cells and SpA endothelium (Figure 

3.19C) and CXCR1 immunostaining was identified on SpA endothelium amongst most 

cells in the placental bed (Figure 3.19D).   

  



128 
 

Figure 3.17 
Immunohistochemistry 
demonstrating different 
cell types in frozen 
placental bed biopsies  
Immunohistochemistry 
demonstrating different 
cell types in the placental 
bed. A represents 
positive LP34 staining 
demonstrating EVT 
(Magnification x100); B 
represents positive H-
Caldesmon staining in the 
decidua demonstrating 
decidual spiral arteries 
and C represents positive 
H-Caldesmon staining in 
the myometrium 
demonstrating 
myometrial spiral 
arteries. Original 
magnification x200.  
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Figure 3.18 IL-6 and IL-6 
receptor immunostaining 
in placental bed biopsies 
from early sporadic 
miscarriage 
Immunohistochemistry 
demonstrating 
immunostaining for IL-6 
and its receptors in 
placental bed biopsies 
from early sporadic 
miscarriage (SM). Positive 
IL-6R staining (A) 
demonstrating the 
expression of IL-6 receptor 
on myometrial SpAs; 
Positive gp130 expression 
(B) on glands and EVT in 
decidua and positive 
expression of IL-6 (C) on a 
variety of cell types in the 
placental bed including 
endothelium on decidual 
SpAs. Original 
magnification x200.  
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Figure 3.19 IL-8 and IL-8 receptor immunostaining in placental bed biopsies from early 
sporadic miscarriage 
Immunohistochemistry demonstrating IL-8 and it’s receptors in placental bed biopsies from 
early sporadic miscarriage. Positive IL-8 immunostaining (A) demonstrating the expression of 
IL-8 by decidual SpAs and glands; Positive CD13 immunostaining demonstrating the expression 
of amniopeptidase-N (B) on VSMCs of decidual SpAs; Positive CXCR2 immunostaining (C) 
demonstrating IL-8 receptor on giant trophoblast cells and positive CXCR1 immunostaining (D) 
demonstrating IL-8 receptor expressed on a number of cell types within decidua. Original 
magnification x200.  
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Immunoscoring was quantified using quickscore in normal pregnancy and sporadic 

miscarriage (SM) samples. There were no statistical differences between expression of 

IL-6 and IL-8 and their receptors on the different cell types investigated between 

euploid and aneuploid miscarriages, which was also observed in a study by Ball et al. 

(2006b). Therefore, the miscarriage specimens were categorised into early (≤12+6 

weeks gestation) and late (≥13 weeks gestation) giving sample numbers of n=10 of 

each gestational age with respect to the miscarriage samples, data for euploid and 

aneuploid samples combined.  

Tables 3.5 and 3.6 show all cell types and ligands analysed by immune quickscoring 

(n=10 each gestational age for SM and n=5 for each gestational age group for normal 

pregnancy). Lots of cell types and markers were investigated and from this the analysis 

revealed only a few statistical differences were observed between normal pregnancy 

and SM. Analysis from immunoscoring showed that the majority of statistical 

differences between normal pregnancy and SM were observed in the late gestations 

(≥13 weeks) with the majority of differences being increased immunostaining of 

markers in SM compared with normal pregnancy.  

Immunostaining of IL-8 markers; CD13 and CXCR2 were ligands to be significantly 

different on certain cell types between SM and normal pregnancy, immunostaining of 

IL-8 and CXCR1 did not appear to change in miscarriage compared with normal 

specimens. Differences were observed in immunostaining of IL-6 and IL-6Rα in SM and 

normal pregnancy but gp130 immunostaining did not alter.         
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Table 3.5 Immunohistochemisty quickscore assessment of IL-6, IL-8 and their receptors on 
different cell types in early miscarriage 
Table listing immunohistochemistry quickscore assessment of IL-6, IL-8 and their receptors in 
early MC samples (≤12+6 weeks GA; n=10) and early normal pregnancy (8-10 weeks GA; n=5) 
in different cell populations within the placental bed. Data expressed as Mean ± SEM.  
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Table 3.6 Immunohistochemisty quickscore assessment of IL-6, IL-8 and their receptors on 
different cell types in late miscarriage 
Table listing immunohistochemistry quickscore assessment of IL-6, IL-8 and their receptor 
ligands in late MC samples (≥13 weeks GA; n=10) and late normal pregnancy (12-14 weeks GA; 
n=5) in different cell populations within the placental bed. Data expressed as Mean ± SEM.  
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3.4.6.1 Altered immunoexpression of IL-8 markers between normal pregnancy and 
sporadic miscarriage 

 In the early gestational age groups there was more CD13 immunostaining on glandular 

epithelial cells in decidua in normal early pregnancy compared with early SM (P= 

0.0015; Figure 3.20 A-C) and there were no other differences observed in early 

pregnancy. In the late gestational age group, CD13 expression was stronger on 

interstitial EVT (P=0.0343, Figure 3.21) and on myometrial stroma in SM compared 

with normal pregnancy (P=0.0199, Figure 3.22). A decrease in CD13 immunostaining 

was observed in myometrial spiral artery VSMCs in late SM compared with normal 

pregnancy (P=0.0051; Figure 3.23).   

Immunostaining of CXCR1 receptor was not altered in any of the cell types 

investigated, however changes in CXCR2 staining patterns were observed. CXCR2 

immunostaining on the decidual SpA endothelium was stronger and more apparent in 

miscarriage samples compared with normal pregnancy (P=0.0006; Figure 3.24). 

However, this receptor was not altered in any other cell type investigated.  

3.4.6.2 Altered immunoexpression of IL-6 markers between normal pregnancy and 
sporadic miscarriage      

IL-6Rα immunoscoring was increased on glandular epithelium in late SM compared 

with normal pregnancy (P=0.0184; Figure 3.25). However, immunostaining of the 

receptor was not significantly altered in any other cell types investigated. 

In addition to changes in receptor immunostaining, a reduction in IL-6 immunostaining 

was observed on myometrial spiral artery VSMCs in late SM compared with normal 

pregnancy (P=0.0283; figure 3.26) but this difference was not observed on decidual 

artery VSMCs nor any other cell types. However, immunostaining was apparent on 

glandular epithelium in many samples but no differences were observed.  

Immunostaining for gp130 receptor expression was apparent in all specimens 

investigated and staining was very intense on glands and iEVT. However, there were no 

differences in staining patterns between normal pregnancy and miscarriage. 
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Figure 3.20 Differences in CD13+ immunostaining on glandular epithelium in early normal 
pregnancy compared  with early sporadic miscarriage 
Graphical representation of immuno scoring comparison of CD13 immunostaining on glandular 
epithelium in normal pregnancy (n=5) and SM (n=10) early gestation (A). B: 
Immunohistochemistry representing CD13 positive staining on glandular epithelium in normal 
pregnancy and B: represents a loss of staining of CD13 denoted by the arrows. Data are 
presented as mean ± SEM where statistical significance is denoted by P<0.05. Magnification 
x200.  
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Figure 3.21 Differences in CD13+ immunostaining on interstitial EVT in late normal pregnancy 
compared with late sporadic miscarriage 
Graphical representation of immune scoring comparison of CD13 immunostaining on 
interstitial EVT in normal pregnancy (n=5) and SM (n=10) late gestation (A). B: 
Immunohistochemistry representing CD13 positive staining on interstitial EVT in normal 
pregnancy and C: represents CD13 staining on iEVT in SM. Arrows denote the differences in 
CD13 immunostaining of iEVT between normal and MC. Data are presented as mean ± SEM 
where statistical significance is denoted by P<0.05. Magnification x400.  
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Figure 3.22 Differences in CD13+ immunostaining on myometrial stromal cells in late normal 
pregnancy compared with late sporadic miscarriage 
Graphical representation of immunoscoring comparison of CD13 immunostaining on 
myometrial stromal cells in normal pregnancy (n=5) and SM (n=10) late gestation (A). B: 
Immunohistochemistry representing CD13 positive staining on myometrial stromal cells in 
normal pregnancy and C: represents CD13 staining on myometrial stoma  in SM. Data are 
presented as mean ± SEM where statistical significance is denoted by P<0.05. Original 
magnification x400.  
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Figure 3.23 Differences in CD13+ immunostaining on VSMCs of myometrial spiral arteries in 
late normal pregnancy compared with late sporadic miscarriage 
Graphical representation of immuno scoring comparison of CD13 immunostaining on VSMCs of 
myometrial SpAs in normal pregnancy (n=5) and SM (n=10) late gestation (A). B: 
Immunohistochemistry representing CD13 positive staining on myometrial SpA VSMCs in 
normal pregnancy and C: represents CD13 immunostaining on myometrial  SpA VSMCs in SM. 
Arrows denote the difference in staining intensity of CD13 between normal and MC. Data are 
presented as mean ± SEM where statistical significance is denoted by P<0.05. Original 
magnification x200 (B) x400 (C).  
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Figure 3.24 Differences in CXCR2 immunostaining on decidual SpA endothelium in late 
normal pregnancy compared with late sporadic miscarriage 
Graphical representation of immunoscoring comparison of CXCR2 immunostaining on decidual 
SpA endothelium in normal pregnancy (n=5) and SM (n=10) late gestation (A). B: 
Immunohistochemistry representing CXCR2 positive staining on decidual SpA endothelium in 
normal pregnancy and C: represents CXCR2 immunostaining on decidual SpA endothelium in 
SM. Arrows denote the difference in staining intensity of CXCR2 between normal and MC. Data 
are presented as mean ± SEM where statistical significance is denoted by P<0.05. Original 
magnification x200.  
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Figure 3.25 Differences in IL-6Rα immunostaining on glandular epithelium in late normal 
pregnancy compared with late sporadic miscarriage 
Graphical representation of immunoscoring comparison of IL-6Rα immunostaining on 
glandular epithelium in normal pregnancy (n=5) and SM (n=10) late gestation (A). B: 
Immunohistochemistry representing IL-6Rα positive staining on glandular epithelium within 
decidua in normal pregnancy and C: represents IL-6Rα immunostaining on glandular 
epithelium within deciduas in SM. Arrows denote the difference in amount of immunostaining 
of IL-6Rα between normal and MC. Data are presented as mean ± SEM where statistical 
significance is denoted by P<0.05. Original magnification x200. 
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Figure 3.26 Differences in IL-6 immunostaining on VSMCs of myometrial spiral arteries in late 
normal pregnancy compared with late sporadic miscarriage 
Graphical representation of immunoscoring comparison of IL-6 immunostaining on myometrial 
spiral artery VSMCs in normal pregnancy (n=5) and SM (n=10) in late gestation (A). B: 
Immunohistochemistry representing IL-6 positive staining on VSMCs of myometrial spiral 
artery in normal pregnancy and C: represents IL-6 immunostaining on VSMCs of myometrial 
spiral artery in SM. Arrows denote the difference in amount of immunostaining of IL-6 
between normal and MC. Data are presented as mean ± SEM where statistical significance is 
denoted by P<0.05. Original magnification x200. 

 
 

 

 

 



142 
 

3.4.6.3 IL-6 and IL-8 protein production by decidual CD56+ and CD14+ cell culture 
supernatants isolated from miscarriage tissue; comparison with normal pregnancy 

The cytokine protein analysis of decidual cell populations in normal pregnancy 

revealed that a major producer of IL-6 and IL-8 in early pregnant decidua is CD14+ cells. 

There were also gestational differences in the levels of IL-8 secreted by decidual CD56+ 

cells. 

Therefore it was decided to compare the levels of IL-6 and IL-8 secreted by CD56+ and 

CD14+ cells isolated from SM decidual tissue with levels from healthy decidua obtained 

from pregnancies. Only specimens from ≤12+6 weeks gestation were analysed and 

compared due to difficulties in obtaining late miscarriage tissue (see Chapter 7). 

There was a decrease in secretion of IL-6 protein from both CD14+ and CD56+ cells in 

SM compared with normal early pregnancy (P=0.0469; P=0.0206 respectively; Figure 

3.27A). There was also a dramatic reduction in IL-8 secretion from both CD14+ and 

CD56+ cells in SM compared with normal early pregnancy (CD14+: P<0.0001; CD56+: 

P=0.003; Figure 3.27B).  

Cells isolated from both healthy decidua and SM decidua secreted higher levels of IL-8 

than IL-6.  
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Figure 3.27 IL-6 and IL-8 protein secretion by deciual CD14+ and CD56+ cells in normal 
pregnancy and sporadic miscarriage 
Graphical representation of IL-6 (A) and IL-8 (B) protein levels secreted by decidual CD14+ and 
CD56+ cells in normal healthy pregnancy (n=10) and early SM (n=8) both ≤12+6 weeks gestation. 
Data are presented as mean ± SEM.  
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3.5 Discussion   

Using an immunohistochemical approach this present study provides evidence that IL-

6 and IL-8 are expressed within the placental bed in the first half of normal pregnancy.  

IL-6 and IL-8 immunostaining was immunolocalised to lots of different cell types within 

the decidua including CD56+ cells (uterine natural killer cells) and CD8+ T cells, amongst 

other cell types in early human pregnancy. The immunolocalisation of IL-6 and IL-8 by 

cells of early decidua was further confirmed by in vitro studies demonstrating secretion 

and mRNA expression of these cytokines by cells of the decidua. Receptors for these 

cytokines were also immunolocalised to EVT cells as well mRNA detection by spiral 

arteries.     

The immunolocalisation of IL-6, IL-8 and their receptors were altered on many cells of 

the decidua in miscarriage, in which in vitro studies further confirm altered IL-6 and IL-

8 secretion in miscarriage by uterine CD56+ and CD14+ cells suggesting an importance 

for theses cytokines and decidual cells in the development of successful pregnancy.  

3.5.1 Expression and production of IL-6 and IL-8 by decidual leucocytes  

Decidual cell populations, including stromal cells, macrophages, uterine natural killer 

cells and T cells, all secreted both IL-6 and IL-8. IL-8 was produced in much higher 

concentrations than IL-6. We propose that these various cells within the decidua 

secrete these factors providing a unique immunological balance to facilitate in the 

processes required for successful pregnancy, beginning with implantation through to 

aiding invasion of trophoblast cells through maternal tissues and modulating 

remodelling of spiral arteries. The most abundant source of both IL-6 and IL-8 from the 

decidual cell types that were investigated was CD14+ cells rather than CD56+ cells as 

had originally hypothesised. Although macrophages account for 20% of the leucocyte 

population in the decidua they produce the vast majority of IL-6 and IL-8 in this tissue. 

Low levels of uNK secreted IL-6 and IL-8 compared with total amounts produced within 

the decidua suggest that these cells are secreting growth factors other than IL-6 and IL-

8 such as IFN-γ, TGFB1 and VEGF (Schiessl et al., 2009) which play important roles in 

trophoblast invasion and remodelling of spiral arteries. The immunohistochemistry 

data shows IL-6 positive staining in glandular epithelium in decidua along with strong 

staining of gp130, although this cell type was not investigated in this study. Murine 
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luminal epithelial cells in cultures at estrous has been previously reported to be a 

major source of IL-6 in mouse uterus (Robertson et al., 1992) but this remains to be 

investigated in humans in pregnancy. IL-8 mRNA has also been detected in human 

epithelial cells cultured from human endometrium (Arici et al., 1993) but again there 

remains little investigation into IL-8 expression in pregnancy. However, this does 

suggest that decidual glandular epithelial cells are another potential source of both 

intrauterine IL-6 and IL-8. This evidence adds to the fact that cytokines do not work in 

isolation and lots of cells produce cytokines but a fine complex balance within the 

milieu is required for cytokines to fulfil their functional capabilities.    

Although uNK cells produce a small amount of IL-8 in comparison with other decidual 

cell types, a dramatic increase in IL-8 levels secrete by uNK cells was observed at 12-14 

weeks gestation; which is in concordance with recent data from our laboratory (De 

Oliveira et al., 2010). Other recent reports have demonstarted IL-8 production within 

the decidua from uNK cells (Hanna et al., 2006, Vacca et al., 2008) and decidual 

stromal cells (Engert et al., 2007), although these studies focused on IL-8 production in 

decidua they did not investigate IL-8 production by these cells isolated from first half 

of pregnancy and comparisons with different gestational ages. This evidence of very 

high levels in decidua and increased IL-8 levels at 12-14 weeks gestation suggests a 

functional importance for this cytokine as IL-8 exists in relatively low levels in normal 

adult tissues with levels elevating in oxidative stress and inflammation (Vlahopoulos et 

al., 1999). De Oliveira et al. (2010) have reported a possible involvement in the 

regulation of EVT invasion but a specific function has yet to be elucidated, although 

elevated serum IL-8 has been implicated in preeclampsia (Kauma et al., 2002) and is a 

result of shallow trophoblast invasion, suggesting a main role for IL-8. IL-8 may also 

play a role in SpA remodelling, a possibility investigated in this study in Chapter 5.  

This study has demonstrated that there are differences in the secretion of IL-6 as well 

as IL-8 with gestational age, suggesting an importance for these cytokines in pregnancy 

development processes.  

3.5.2 IL-6 and IL-6 receptors 

IL-6 within the placental bed was immunolocalised to maternal leucocytes and that 

there were no differences in immunostaining throughout gestation up to 20 weeks. 
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However, gestational age changes were observed in IL-6 secretion by CD10+ stromal 

cells and by CD56+ cells along with a total cohort of decidual cells when secretion was 

quantified with ELISA. These data demonstrate that IL-6 is expressed in the decidua in 

early pregnancy with expression remaining constant up to 20 weeks gestation 

suggesting a functional role for this cytokine. IL-6 receptors (IL-6R and gp130) have 

been localised to EVT cells in situ by immunohistochemical staining providing evidence 

that IL-6 has the ability to target these cells and elicit a response which may contribute 

to trophoblast longevity, invasion or cellular events, (see Chapter 4). Expression of 

gp130 mRNA has previously been demonstrated in decidual (Dimitriadis et al., 2000) 

and placental tissues from first and third trimester pregnancies (Lee et al., 2011), 

although IL-6Rα has not been previously investigated; expression of IL-6Rα is required 

to assess and confirm the signalling capabilities of IL-6 as gp130 is a promiscuous 

receptor and can bind to many other ligands such as LIF, oncostatin, CNF and IL-11 

(Bravo and Heath, 2000). IL-6 receptors were also immunolocalised to SpA with IL-6Rα 

staining strongly on myometrial SpA and expression being verified by RT-PCR which 

has yet to be demonstrated in any other study. This study provides evidence that IL-6 

has the ability to bind to VSMC of the decidual SpA and therefore, may play a role in 

SpA transformation events making it an important mediator for successful pregnancy 

development (see Chapter 5 for further study). 

3.5.3 IL-8 and IL-8 receptors 

Previously published data by De Oliveira et al. (2010) demonstrated that intrauterine 

IL-8 is expressed by CD56+ and CD8+ T cells in the placental bed in human pregnancy 

with gestational age differences. This study further verifies this showing that IL-8 is 

immunolocalised to uNK cells, suggesting that these cells are a source of intrauterine 

IL-8. Localisation of IL-8 receptors; CXCR1, CXCR2 and DARC has not previously been 

investigated in human pregnant decidua, although CXCR1 and CXCR2 have been 

indentified in non-pregnant human endometrium (Mulayim et al., 2003) and in 

endometrial carcinoma (Ewington et al., 2012). IL-8 signals via both of the 

transmembrane receptors but each receptor system has different functional responses 

(Rosenkilde and Schwartz, 2004). Signalling through CXCR2 is suggested to mediate 

angiogenic responses (Addison et al., 2000) and this is reflected in mRNA expression on 
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decidual SpA observed from LCM in this study. Using immunohistochemistry data IL-8 

receptors were also localised to EVT, coinciding with reports that IL-8 stimulates EVT 

invasion (De Oliveira et al., 2010).  

CD13 (aminopeptidase N) has been reported to be expressed by decidual stromal cells 

and that its expression by these cells is regulated by oestrogen (Seli et al., 2001). DARC, 

the non-signalling decoy receptor for IL-8, was observed by immunohistochemistry in 

the placental bed of normal pregnancy at 8-10 weeks and 12-14 weeks gestation (n=3 

each gestational age) and expression did not change between the gestational ages. 

Intense DARC staining was observed on EVT; especially on endovascular EVT with 

expression by endothelial cells in the lumen of SpAs and by decidual leucocyte cells 

where staining was very strong and intense. This intense staining was observed in 

areas where CD56+, CD14+ and CD3+ cells were in proximity although this was not 

quantified. However, the immunolocalisation of DARC suggests an active role in the 

placental bed for this receptor and IL-8. DARC immunostaining was not compared in 

MC specimens due to the technical specificity of the DARC antibody used in this study. 

An antibody for use on frozen tissue sections does not exist and is only the one used in 

this study was only effective on FFPE sections, and therefore could not be used on the 

stored frozen MC sections that were used for this study. Immunostaining was 

attempted on frozen sections but with poor results. DARC immunostaining in normal 

pregnancy suggests that this receptor may regulate the amount of IL-8 available within 

the placental bed and decidua in early pregnancy, preventing local levels becoming 

dangerously high which could in turn cause pregnancy complications, as higher levels 

of IL-8 have been reported to increase cellular apoptosis, neutrophil activation and 

endothelial cell damage in pre-eclamptic women, although the source of IL-8 was from 

maternal serum (Laskowska et al., 2007). Localisation of DARC to EVT and SpAs suggest 

that IL-8 may elicit effects on these cells by regulating EVT invasion and playing a role 

in the remodelling of spiral arteries; expression of DARC on these cells may prevent IL-

8 causing aberrant and excessive invasion and SpA remodelling, and thereby 

preventing the cause of pregnancy complications.            
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3.5.4 Receptor expression in miscarriage 

Few reports suggest that IL-6 and IL-8 have an involvement in miscarriage and receptor 

expression of these cytokines has not yet been investigated in miscarriage compared 

with normal pregnancy.  

We hypothesised that IL-8 levels within the decidua would increase in miscarriage; this 

would result in altered receptor expression on target cells. Euploid and aneuploid 

samples from early miscarriage (≤ 12+6 weeks GA) (Ball et al., 2006b) and euploid and 

aneuploid samples from late miscarriage (≥ 13 weeks GA) (Ball et al., 2006a) were 

assessed and analysis revealed there were no differences in immunostaining, so 

therefore decided to combine both euploid and aneuploid samples together as 

discussed in section 3.4.4). CD13+ immunostaining was stronger and more intense on 

interstitial EVT and myometrial stroma in miscarriage ≥ 13 weeks gestational age 

compared with interstitial EVT from normal pregnancy from 12-14 weeks GA. 

Conflicting reports exist on the role of CD13 (aminopeptidase N) and its association 

with IL-8. Reports from 1995 (Kanayama et al., 1995) state that aminopeptidase N was 

found to inactivate IL-8 by degrading it; therefore indicating that IL-8 is a substrate for 

this metalloproteinase. Seli et al. (2001) further concluded that CD13 is a degrading 

enzyme of IL-8 and reported expression in human endometrium, considered to be 

involved in regulating the bioavailability of IL-8. However, in contrast Wulfaenger et al. 

(2008) reported expression of CD13 on human embryonic kidney cells downregulated 

CXCR4 expression and inhibited CXCL12 stimulated migration but did not affect the 

activity of CXCL8 (IL-8). These authors argued that the mononclonal antibody WM15 

(that binds with CD13 and used in the Kanayama study) causes varied results; WM15 

stimulates calcium secretion which leads to phosphorylation of proteins involved in the 

cell signalling cascade which up further upregulates the expression of IL-8 mRNA in 

monocytic cells, so therefore claimed that CD13 had no effect on inactivating IL-8 and 

was a response from using WM15. The increased immunostaining for CD13 observed 

in miscarriage decidual specimens could be a possible explanation for the reduction in 

IL-8. The increase of cell surface CD13 seen on EVT could result in increased 

degradation of uterine IL-8 and this reduction could lead to insufficient invasion of 

trophoblast cells, being a causative factor in spontaneous abortion.  
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CXCR2 immunostaining was also increased on the endothelial cells of decidual spiral 

arteries in MC indicating that the angiogenic properties elicited by IL-8 may be altered 

in MC and contribute to aberrant SpA remodelling.  

Expression of IL-6R was increased in the glandular epithelium of MC compared with 

normal pregnancy but gp130 was not altered. A decrease in IL-6 immunostaining was 

observed in myometrial spiral arteries in late MC compared with normal pregnancy 

suggesting that IL-6 may have some involvement in remodelling of deeper SpAs, 

thereby affecting intervillous blood flow which will further cause oxidative stress and 

may be a causative factor in pathology of MC, coinciding with reports of decreased 

myometrial SpA remodelling in relation to late miscarriage (Ball et al., 2006a).  

A factor to be consider here is that the specimens obtained from normal pregnancy 

were collected throughout the duration of this study, whereas the decidua from 

miscarriage specimens had been collected years before the normal decidua was 

obtained. Therefore, the significant differences observed could have been a 

consequence of the differing timepoints of tissue collection, although the miscarriage 

specimens were stored at -20°C and tissue morphology appeared not to have altered 

when subjected to an H&E stain. Immunostaining of all tissue was performed at the 

same time also to prevent day to day variation in staining. However, it is likely that 

receptor expression would be altered in miscarriage as the data in this study provides 

evidence that the production of intrauterine cytokine levels is reduced compared to 

levels in healthy pregnancies.           

3.5.5 Production of IL-6 and IL-8 in miscarriage 

There are very few reports of IL-6 and IL-8 in miscarriage with the results varying 

significantly. Despite the varying results there is a correlation between altered 

expression and miscarriage. The results from this study support the hypothesis that 

altered cytokine expression is associated with miscarriage but the hypothesis stated 

that the cytokine levels would be increased in MC rather than being decreased.   

 IL-6 and IL-8 production by CD56+ and CD14+ cells isolated from decidua from 

miscarriage was measured and compared with levels from normal pregnant decidua at 

comparable GA and the results were compelling. These decidual cell populations 
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produced significantly less IL-6 and IL-8 in MC compared with normal pregnancy. These 

data contradict findings from Madhappan et al. (2003) who reported higher levels of 

uteroplacental IL-8 in products of conception from women suffering recurrent MC 

compared with normal pregnancy controls. This contradicting data firstly can be 

explained by the source of IL-8, although the source has only been investigated and 

compared using two cell types, the cell types used were specific and both cell 

populations have been linked with successful pregnancy development, with 

macrophages being one of the main producers of IL-8 within the decidua and CD56+ 

cells being the most abundant leucocyte, making this evidence more feasible. Subject 

numbers in the study by Madhappan et al. (2003) may also account for the conflicting 

results; sample numbers were very low and the number of controls did not match that 

of the MC specimen numbers. In addition, the nature of the MC also needs to be taken 

into account. In the present study only specimens from women with sporadic 

miscarriages were examined, whereas Madhappan et al. (2003) investigated IL-8 levels 

in women suffering recurrent miscarriages (RM), a specific group of miscarriages 

where an immune cause is suggested which may differ from sporadic miscarriage and 

this is where the discrepancies may lie.  

There are also conflicting reports of IL-6 in MC. In agreement with the present study 

Jasper et al. (2007) reported a significant reduction in endometrial IL-6 mRNA 

expression in women suffering from recurrent MC, although the source of IL-6 was not 

isolated to a specific cell type in pregnancy. Earlier studies in mouse disagree with both 

Jasper et al. (2007) and data from this study: Zenclussen et al. (2003) reported a 

significant increase in IL-6 at the fetal maternal interface, with increased expression by 

trophoblast cells observed by immunohistochemistry, increased production by 

monocyte cells of decidua and upregulated IL-6mRNA expression in decidual and 

placental tissue at day 18 of gestation which was associated with fetal loss. Also in 

agreement with this data is a report demonstrating increased levels of both IL-8 and IL-

6 in women who had suffered second trimester abortions, although the levels of 

cytokines measured were taken from plasma (Galazios et al., 2011). Elevated levels of 

plasma IL-6 have also been demonstrated in women with euploid miscarriage (Calleja-

Agius et al., 2012). The discrepancies between studies may be due to the difference in 

species, gestational time points and tissues investigated. 



151 
 

Since decidual CD14+ cells were the most abundant source of both IL-6 and IL-8 in early 

pregnancy and there was a dramatic reduction of the production/secretion of these 

cytokines in miscarriage subjects, this cell type appears likely to be an important 

mediator of normal pregnancy development as well as the uterine natural killer cells, 

which have been the focus of majority of studies of decidual leucocytes in early 

pregnancy to date. Further studies into mRNA expression in decidual leucocytes in 

particular uterine macrophages and functional studies of these cells are required to 

gain further insight into the mechanism of action of IL-6 and IL-8 in miscarriage and 

how these cytokines contribute to the pathology of sporadic MC. As stated before, the 

local cytokine milieu in uterus in early pregnancy is complex and other factors 

combined with these cytokines are likely to play a role, highlighting the challenge of 

unravelling the complexity of pregnancy complications. IL-8 has been reported to 

increase trophoblast invasion in vitro (De Oliveira et al., 2010) suggesting that it plays a 

role in the regulation of invasion. Reduced decidual IL-8 production could therefore 

result in disruption in this regulation and by reducing trophoblast invasion and this 

could lead to inappropriate increased SpA remodelling altering intervillous blood flow 

which could contribute to MC. Shallow trophoblast invasion and deficient SpA 

remodelling have been associated with numerous pregnancy complications (reviewed 

in chapter 1 and chapter 4). IL-6 could work in a coordinated manner with IL-8 to lead 

to pregnancy loss. Another possible function of these cytokines is that they contribute 

to the recruitment of other leucocytes to sites of SpA remodelling. However, in a large 

immunohistochemical study, Ball et al. (2006b) found no evidence of abnormal SpA 

remodelling and trophoblast invasion in early sporadic MC, indicating that these 

processes do not have an important role in the pathogenesis of early miscarriage. Carp 

(2004) reviewed the importance of cytokines and their involvement in recurrent 

miscarriage, although little evidence exists in humans. The studies that have been 

explored, immune cells and cytokine production in human RM do suggest differences 

in expression compared with healthy individuals; increased CD56+ cells in RM decidua, 

decreased IL-6 production in endometrium and a shift in cytokine production by 

peripheral blood monocytes are all results observed in human RM, although much of 

the evidence is contradictory and variations in data may be indicative of sample type, 

cells investigated and timing of miscarriage and pregnancy. However, the evidence 
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suggests that abnormal expression of immune cells and cytokines contribute to the 

disease but the underlying mechanisms remain unclear. The delicate balance of the 

cytokine milieu in pregnancy and disruptions may lead to altered immune 

surveillance/modulation resulting in increased apoptosis of paternal trophoblast cells 

through HLA interactions with uNK cells and macrophages which may be a possible 

explanation for pregnancy loss and is an area which requires further exploration.  

3.5.6 Overall summary 

This study demonstrates that the decidua produces significant amounts of IL-8 and IL-6 

and that these cytokines are capable of signalling with target cells involved in 

processes of pregnancy. Immune cells are a source of both cytokines but uterine 

macrophages are a major source, suggesting that these cells contribute to successful 

pregnancy. There were dramatic reductions of cytokine production in miscarriage 

inferring that these cytokines contribute to successful pregnancy and therefore an 

importance of IL-6 and IL-8 in pregnancy development. However, this reduction does 

not determine whether the cytokines are dysregulated or simply not being produced; 

these are areas which will require further exploration. If these protein studies of 

miscarriage are confirmed in other studies, with increased knowledge on function and 

the mechanisms involved could be an area for targeted studies that will eventually 

translate this into clinical intervention.      



 
 

Chapter 4 

The effect of interleukin-6 on trophoblast invasion and function 

in early human pregnancy 
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4. The effect of IL-6 on trophoblast invasion and function in 
early human pregnancy 

4.1 Introduction 

Trophoblast differentiation and importance of EVT invasion for successful pregnancy 

has been reviewed in chapter 1. Both interstitial and endovascular EVT invasion is 

tightly coordinated in a spatial and temporal manner and disruptions in this control  

are associated with various pregnancy complications including early and late 

miscarriage (Khong et al., 1987, Hustin et al., 1990, Ball et al., 2006a, Ball et al., 2006b), 

pre-eclampsia (Pijnenborg et al., 1991, Sibai et al., 2005) and fetal growth restriction 

(Khong et al., 1986). In contrast excessive deep EVT invasion is seen in placenta accreta 

(Norwitz, 2006, Rosen, 2008). The association of aberrant invasion with these diverse 

pregnancy disorders highlights the importance of controlled trophoblast invasion for 

successful pregnancy.  

Despite the importance of this regulation, factors that control EVT invasion are poorly 

understood, although it is likely that decidual factors play an important role (Fitzgerald 

et al., 2008). Evidence is accumulating that the factors from decidua including 

cytokines, growth factors and oxygen tension all influence EVT invasion but the 

mechanisms that underpin regulation of the events of invasion remains to be 

elucidated.  Cells within the decidualised endometrium of the uterus in pregnancy are 

believed to be major producers of growth factors and cytokines that are likely to be 

involved in control of EVT invasion (Lala and Chakraborty, 2003, Kharfi et al., 2003, 

Bischof and Irminger-Finger, 2005). Signals from trophoblast cells and maternal 

components in the decidua have been characterised recently (Dimitriadis et al., 2010) 

and it has been postulated that maternal immune cells within the decidua such as uNK 

cells, decidual macrophages and T-lymphocytes secrete many factors that may 

contribute in the regulation of EVT invasion and decidual stromal cells are also likely to 

have a role (Lash et al., 2011).  

In the first half of pregnancy uterine natural killer cells have are the most abundant 

decidual leucocyte population and are in close contact with EVT at the maternal-fetal 

interface. Previous published data from our group have demonstrated that IL-8 

stimulates EVT invasion in vitro (De Oliveira et al., 2010). Decidual cells were found to 
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secrete high levels of IL-8 with uNK cells as a major producer. In addition both CXCR1 

and CXCR2 were localised to EVT in situ (see Chapter 3). These results are consistent 

with previous reports showing that soluble products of isolated uNK cells stimulate 

EVT invasion in a model using primary uNK cells and activated isolated EVT from early 

pregnancy (Hanna et al., 2006, Lash et al., 2010b, De Oliveira et al., 2010). This effect 

was partly dependent on IL-8, as an IL-8 neutralising antibody partially inhibited uNK 

stimulation of EVT invasion.  

This present study has demonstrated that uNK cells, amongst many other cell types in 

the decidua, produce both IL-8 and IL-6 in early pregnancy (Chapter 3). IL-8 has been 

reported to stimulate EVT invasion in vitro (Hanna et al., 2006, De Oliveira et al., 2010), 

but the effect of IL-6 on trophoblast invasion has been sparsely investigated. 

IL-6 has the potential to be an important regulator of EVT invasion since there is 

extensive literature demonstrating that this cytokine is able to increase the 

invasiveness of cancer cells, thus contributing to a variety of malignancies (Nishino et 

al., 1998, Kanazawa et al., 2007, Walter et al., 2009). Despite documentation of the 

presence of IL-6 in the human endometrium and expression by trophoblast 

themselves, little is known about the functional effects of IL-6 on trophoblast, precise 

sites of IL-6 production and mechanisms of IL-6 induced signalling in the trophoblast. 

Chapter 3 includes data of IL-6 localisation and production by maternal cells in 

pregnant decidua, along with evidence of IL-6 receptor expression (IL-6Rα and gp130) 

on decidual cells, but expression by EVT was not investigated. IL-6 signalling pathways 

involve STAT-3 and MAPK signalling pathways (reviewed in chapter 1.4.3) and evidence 

suggests that trophoblast cells mediate through the same pathways, suggesting a role 

for IL-6 in EVT signalling; activation of STATs through receptor mediated signalling  is 

known to up-regulate genes which are involved in proliferation and cell differentiation 

(Corvinus et al., 2003, Fitzgerald et al., 2005) and MAPKs play an important role in the 

cellular processes of migration and invasion in human trophoblast cells (Pollheimer 

and Knofler, 2005). STAT-3 knockout mice studies have also demonstrated embryonic 

lethality (Takeda et al., 1997). 

IL-6 is widely expressed in endometrium at implantation and knockout IL-6-0/IL-6-0 

mouse studies provide evidence that IL-6 plays an important role in implantation and 
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early placental development since the IL-6 KO mice showed a 48% reduction in 

implantation sites that has been linked to decreased fertility (Robertson, 2000). 

Altered levels of IL-6 have also been implicated in human pregnancy disorders 

including pre-eclampsia and miscarriage. Increased levels of placental IL-6 have been 

detected in women suffering pre-eclampsia (Zhao et al., 2008) and Greer et al. (1994) 

reported an increase in IL-6 serum levels in pre-eclamptic women compared with 

normal pregnant women. Sera from women suffering recurrent miscarriage have been 

reported to have increased levels of soluble IL-6 receptor and IL-6 compared with 

controls (Arruvito et al., 2009). In contrast, inadequate IL-6 mRNA production has been 

reported in the endometrium of women suffering recurrent miscarriage (Jasper et al., 

2007). As well as pregnancy pathology, IL-6 has also been implicated in infertility; 

recent data have demonstrated significantly increased serum concentrations of IL-6 in 

infertile compared with fertile women (Demir et al., 2009).  These data suggest a 

possible role of IL-6 in the processes involved in early pregnancy. 

A recent study by Jovanovic et al (Jovanovic and Vicovac, 2009) reported that IL-6 

increased the migration and invasive potential of the EVT immortalised cell line HTR-

8/SVneo in vitro due to the up-regulation of trophoblast integrins α1, α5 and β5  that 

bind to  components of the extracellular matrix. In addition, Dubinsky et al. (2010) 

reported that inhibition of endogenous IL-6 inhibited the migration and invasion of 

JEG-3 cells, indicating that IL-6 has role in the control of trophoblast invasion. 

Our group has already reported stimulation of EVT by IL-8 and that EVT cells expressed 

both receptors for IL-8. In view of abundance of IL-6 in decidua in early pregnancy and 

reports in tumours and trophoblast cell lines, the aim of this part of the study was to 

investigate effect of IL-6 on invasion by primary EVT cells and the HTR-8/SVneo EVT cell 

line.  
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4.2 Aims and Hypotheses 

4.2.1 Hypotheses 

1) IL-6 receptors are expressed by isolated primary EVT cells 

2) IL-6 stimulates EVT invasion and increases their invasive capacity within the 

placental bed 

3)  IL-6 plays a role in the stimulation of trophoblast cellular signalling proteins 

including STAT3 and MAPK. 

4) IL-6 increases EVT secretion of growth factors involved in stimulating EVT cell 

invasion.   

4.2.2 Aims 

In order to test the hypothesis, the specific aims were 

1) To localise cytokine receptor expression by trophoblast cells using 

immunocytochemistry and Western blotting 

2) To measure the effect of varying concentrations of IL-6 on invasiveness by 

invasive potential of 1° EVT and HTR-8/SVneo cell line using a Matrigel invasion 

assay 

3) Measure invasive potential of EVT using first trimester placental chorionic 

villous explants with varying concentrations of IL-6 

4) To further investigate the effect of IL-6 on EVT by measuring stimulation of 

kinase signalling proteins, growth factors and cytokine secretion by EVT after IL-

6 treatment using a kinase-phospho array and FASTQuant multiplex array  

5) To verify the FASTQuant protein data by measurement of mRNA expression 

using Real Time RT-PCR  

 

4.3 Experimental design 

4.3.1 Immunocytochemistry 

Primary EVT cells were isolated from first trimester placenta as previously described 

(section 2.3.5). The HTR-8/SVneo EVT cell line was cultured as described previously 

(section 2.4.1). Cell smears were prepared for immunocytochemistry as described in 
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Chapter 2 (section 2.3.3) and IL-6 receptor protein expression was investigated by 

immunostaining the cell smears with the antibodies shown in Table 4.1. The 

immunostaining was repeated on 3 separate occasions and all smears were subjected 

to LP34 and HLA-G staining as positive controls to identify EVT. Negative controls were 

assessed by omitting primary antibody by replacing with TBS buffer pH 6.5.  

 

Table 4.1 Primary antibodies used for immunocytochemistry (trophoblast cell smears) 
Primary antibodies used for immunocytochemistry 

 

4.3.2 Western blotting of IL-6 receptor proteins and signalling proteins 

IL-6 receptor expression was also investigated by Western blotting. Primary EVT cell 

lysates and cell lysates from HTR-8/SVneo cells were prepared (section 2.4; n=2). 20µg 

protein (determined with a BioRad DC protein assay- section 2.11.2) was subjected to 

SDS polyacrylamide gel electrophoresis using and resolved proteins were transferred 

to Immobilon-P membranes (Millipore, Bedford, MA) and then blocked overnight in 5% 

milk blocking solution (0.05% TBS-Tween20 (TBS-T) and dried non-fat milk) at 4°C 

(section 2.11.3). 

The membranes were probed separately with IL-6Rα antibody and gp130 polyclonal 

antibody (both from Santa Cruz, CA USA; Table 4.2). Protein signal for gp130 receptor 

was not detected in either HTR-8/SVneo cell or primary EVT cell lysates at the correct 

molecular weight (130kDa) using the specific antibody even using a positive control. 

This experiment was repeated on several occasions and different antibody 



159 
 

concentrations were used but the result remained negative. Western blotting of IL-6Rα 

was, however successful.  

To assess the effect of IL-6 on STAT and MAPK signalling pathways in EVT cells, isolated 

primary EVT from pregnancies at 8-14 weeks gestation and HTR-8/SVneo cells were 

incubated with 10ngml-1 of IL-6 for 10 minutes at 37°C in 5% CO2. Cells that were not 

exposed to IL-6 were used as controls. Following incubation the cells were lysed in lysis 

buffer-6 (included in the kinase profile kit; R&D systems, Inc. Minneapolis, USA). 20µg 

of each sample was subjected to SDS polyacrylamide gel electrophoresis and resolved 

proteins were transferred onto Immobilon-P membranes (Millipore, Bedford, MA). 

Membranes were probed separately with anti-STAT-3, anti-p-STAT-3 (SantaCruz, CA, 

USA) antibodies and anti-MAPK1/2 and anti-p-MAPK1/2 (Millipore Corp. Temecula, CA, 

USA) antibodies (Table 4.2). All antibodies were subsequently developed using 

chemiluminescence (Thermo Scientific, Rockford, USA) according to manufacturer’s 

instructions and recorded by X-ray Kodak Scientific Imaging film (Sigma Chemical Co.).    

 
Table 4.2 Western blotting conditions and antibodies used 

 

4.3.2 The use of placental villous explants rather than primary EVT cells 
in invasion assays 

Initially in this experiment isolated EVT cells from first trimester placenta (section 

2.3.5) were used in the invasion assays with aim of comparing results with those 

obtained using the trophoblast cell line HTR-8/SVneo cells. Although isolation of EVT 
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cells from first trimester placenta was successful and previous experiments in the 

laboratory had observed EVT invasion using the Matrigel invasion assay (section 2.5), 

invasion of these cells through the 8.0µm pore filters was not observed in these 

studies. It was necessary to see a minimum of 30 invaded EVT cells after the culture 

period but using isolated EVT only very small numbers if any had invaded through the 

growth factor reduced Matrigel onto the underside of the pore membrane filters both 

in controls and all other culture treatments. In addition insufficient cells were isolated 

to perform the number of wells required examine different IL-6 concentrations. We 

investigated different time points of the invasion experiment (12h, 24h, 48h and 72h) 

but failed to detect adequate invasion. The invasion assays using 1˚ EVT were repeated 

on 5 separate occasions and at the same time as those performed with HTR-8/SVneo 

cells (n=3). After isolation of EVT, cell smears were made and characterised for HLA-G 

and cytokeratin-7 expression; thus confirming isolation of EVT. The HTR-8/SVneo cells 

had invaded the pore membrane filters indicating that it was the nature of the EVT 

cells that prevented the invasive potential rather than any problem with the 

experiment design. The lack of invasion by primary EVT cells in this study is therefore 

unexplained; in order to complete the experiments the well described placental 

explants invasion model was used (section 2.3.6 and previously described in Lash et al. 

(2006a)).       

4.3.3 Invasion assays with and without serum 

Fetal calf serum within the media may affect the binding of exogenous IL-6 to EVT; the 

cytokine may bind to components of the serum including oestrogens, insulin and 

testosterone, thus preventing binding to the receptors on EVT thereby blocking the 

possible effects of IL-6 in these cells. 

Using both isolated EVT cells and placental explants I investigated whether this would 

affect binding and cellular invasion by performing invasion assays using 0%, 0.5%, 5% 

and 10% FCS (Sigma) supplemented media +/- 10ngml-1 IL-6. In addition I also set up 

the same experiment with the same FCS concentrations but using charcoal stripped 

FCS (First Link, Birmingham, UK). Each experiment was repeated 3 times. However, 

cellular invasion was only observed using 10% FCS supplemented media; invasion was 

not observed at any other FCS concentration. Low numbers of cells had invaded using 
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10%  charcoal stripped FCS media indicating that components of the normal FCS were 

essential for the invasion of these cells. Therefore, all invasion assays were performed 

in the presence of 10% FCS.  

4.3.4 Invasion assays with addition of sIL-6Rα and IL-6 neutralising 
antibody 

A combination of exogenous IL-6 and sIL-6Rα (both reconstituted in 10nM acetic acid; 

10ngml-1 IL-6 + 20ngml-1 sIL-6Rα; n=5) was used in the invasion assays because of the 

agonist effects of sIL-6Rα; an amplified effect might have been observed rather than 

cytokine alone and this represented a more physiological effect. The role of 

endogenous IL-6 by EVT was investigated by addition of neutralising antibody (rabbit 

anti-human IL-6 1µgml-1).    

4.3.5 Kinase Array  

EVT cell lystates and HTR-8/SVneo cell lystates were prepared (section 2.3.6) after 

treatment with 10ngml-1 recombinant IL-6. A  BioRad DC total protein assay was then 

performed to determine the protein concentration of the cellular extract and EVT 

lysates were pooled to give a total protein concentration of 250µg for each 

experiment. HTR-8/SVneo cells were grown to 100% confluence ~ 1 x 107 cells ml-1 and 

lysed using the lysis buffer provided (see Chapter2, section). 300µg total protein 

concentration was used for each HTR-8/SVneo profile experiment. The array protocol 

was performed as previously described in Chapter 2 (section 2.6). Signals from the X-

ray film were scanned and the images were analysed using Adobe Photoshop software 

package and the images were quantified by using a mean spot pixel density counting 

method. Signal values were exported to Microsoft Excel for analysis. Corresponding 

signals were compared to determine the relative change in phosphorylated kinase 

proteins between untreated and treated cells and between samples. Data from the 

array were normalised to control values to facilitate comparison between each 

experiment (n=3 in both EVT and HTR-8/SVneo lysates). 

4.3.5 FASTQuant® Array 

Isolated EVT cells (8-14 weeks’ gestation; n=4) were cultured on growth factor reduced 

Matrigel® (BD Biosciences) overnight, treated with 10ngml-1 human recombinant IL-6 
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or 10nM acetic acid medium (control) for 24 hours at 37°C, 5% CO2. FAST Quant® 

multiplex arrays (human II, TH1/2 and angiogenesis kits) were used according to 

manufacturer’s instructions (FASTQuant®, GE healthcare; section 2.7) to determine 

whether IL-6 had any effect on EVT secretion of cytokines and angiogenic growth 

factors. The slides were imaged using an Axon GenePix scanner and data analysis was 

performed by the ArrayVision™ FAST® software.              

4.3.6 Statistical analysis 

Data are presented as mean +/- SEM. Data were analysed using StatView software 

package (Abacus Concepts, Inc., Berkley, US). Statistical significance was determined 

using one-way ANOVA, followed by Fisher’s post hoc analysis. Wilcoxon non-

parametric tests were performed for non-normal skewed distribution of data and t-

test was used when only two sets of data were compared and data were normally 

distributed. Differences were considered statistically significant at P < 0.05.  
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4.4 Results 

4.4.1 Expression of IL-6 receptors expressed by trophoblast cells  

To determine whether IL-6 may have an effect on trophoblast invasion, IL-6 receptor 

expression was initially studied to see whether this cytokine had the capability of 

binding with EVT and therefore, elicit an effect. Immunohistochemistry data (Chapter 

3) indicated that EVT in the placental bed in first half of pregnancy (6-20 weeks 

gestation) were immunopositive for both gp130 and IL-6Rα and expression did not 

alter with gestational age. The expression of IL-6 receptors by HTR-8/SVneo cells and 

primary isolated EVT after isolation and culture therefore was investigated.  

Immunocytochemistry of HTR-8/SVneo cells and isolated primary EVT cell smears 

demonstrated that both cell types express the IL-6 receptors, IL-6Rα and gp130 (Figure 

4.1; n=3).  

To further confirm IL-6 receptor protein expression by both trophoblast cell line HTR-

8/SVneo cells and primary EVT cells and confirm IL-6Rα antibody specificity Western 

blot analysis was performed. The 80kDa full length IL-6Rα receptor was expressed in 

both isolated EVT and HTR-8/SVneo cell lysates (Figure 4.2; n=3 both cell types), 

confirming expression of IL-6Rα by trophoblast cells. The house-keeping gene Gβ 

(36kDa) was used as a loading control for the experiment. Gp130 expression was 

undetectable using the antibody used.    
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Figure 4.1 Immunostaining of IL-6 receptors (IL-6Rα and gp130) on primary EVT and HTR-
8/SVneo cells  
Representative immunocytochemistry illustrating expression of IL-6Rα and gp130 by 
trophoblast cells grown in chamber slides showing: A) positive IL-6Rα staining on HTR-8/SVneo 
cells; B) positive gp130 staining on HTR-8/SVneo cells; C) positive IL-6Rα on primary EVT cells; 
D) positive gp130 staining on primary EVT cells. E and F show negative primary antibody 
controls for IL-6Rα and gp130 with HTR-8/SVneo cells. A, B, E and F magnification x200; C and 
D magnification x400.  
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Figure 4.2 Western blot demonstrating expression of IL-6Rα on primary EVT and HTR-
8/SVneo cells 
Representative Western blot showing protein expression of the full length IL-6Rα (80kDa) on 
both HTR-8/SVneo (n=3) and EVT cell isolates taken from 8-14 weeks’ gestation (n=2). The 
bands expressed at 36kDa demonstrate the expression of Gβ as a loading control.  

 

4.4.2 Effect of IL-6 on the invasiveness of trophoblast cells 

IL-6 receptor expression on trophoblast cells in situ and in vitro suggests that this 

cytokine has the ability to bind to these cells and may have a functional role. 

Therefore, the effect of IL-6 on trophoblast invasion was assessed using a Matrigel 

invasion assay. 

Addition of exogenous IL-6 had no effect on the invasiveness of either HTR-8/SVneo 

cells (Figure 4.3A) or primary EVT cells from first trimester (8-10 weeks gestation) 

placental explants (Figure 4.3B). Addition of exogenous sIL-6Rα alone or combined 

with IL-6 also had no effect on the invasiveness of either HTR-8/SVneo cells or 

placental explants, demonstrating that endogenous IL-6 produced by the trophoblast 

cells themselves does not contribute to invasion. Moreover, the presence of IL-6 

neutralising antibody had no effect on EVT cell invasion, suggesting that both 

endogenous IL-6 secreted by EVT cells and exogenous IL-6 plays no part in their 

invasiveness (Figure 4.3B).   
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Figure 4.3 The effect of IL-6 on trophoblast invasion 
A) The effect of exogenous IL-6 and sIL-6Rα on invasion of HTR-8/SVneo cells (n=3); B) the 
effect of exogenous IL-6, sIL-6Rα and IL-6 neutralising antibody on invasion of primary 
extravillous trophoblast cells from isolated villous explants at 8-10 weeks gestational age (n=5) 
in a Matrigel invasion assay. Data are expressed as invasion index normalised to the control for 
each experiment (mean ± SEM).  
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4.4.3 The effect of IL-6 on the stimulation of EVT signalling proteins  

Although IL-6 receptors are expressed by trophoblast cells, IL-6 failed to stimulate 

invasion. Nevertheless, the expression of IL-6 receptors by trophoblast cells indicates a 

potential functional role for this cytokine. In order to investigate the functional 

importance of IL-6 for trophoblast signalling pathways in EVT after stimulation with IL-

6 were investigated. 

4.4.3.1 Western blot of STAT-3 and ERK1/2 

Western blots for STAT-3 and p-STAT-3 were performed on HTR-8SVneo cell line 

lysates. However, there was no signal detected using the p-STAT-3 antibody even with 

the positive controls. A signal was produced for STAT-3 at 92kDa after incubation at 5, 

10 and 30 minutes (Figure 4.4). With regards to MAPK1/2 both EVT isolates and HTR-

8/SVneo cells produced these proteins: 44KDa ERK1 and 42KDa ERK2 (Figure 4.5 top). 

P-MAPK1/2 expression was also demonstrated by Western blot (Figure 4.5 bottom) in 

both HTR-8/SVneo and EVT cells. As the Western blots showed constitutive activation 

of MAPK1/2 signalling proteins in HTR-8/SVneo and EVT cells regardless of IL-6 

treatment and time, we decided to carry out a kinase array to determine which 

signalling proteins were stimulated by IL-6 using 10 minutes as the incubation time 

(section 4.4.4.2). 
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Figure 4.4 Western blot demonstrating the effect of IL-6 on trophoblast STAT-3 cell signalling 
Western blot representing bands at 92kDa demonstrating STAT-3 protein expression in 
untreated and IL-6 treated HTR-8/SVneo cells. The cells were subjected to 10ngml-1 of 
exogenous IL-6 for different incubation times. The positive control used for the experiment 
was HeLa cells stimulated with IFN-γ.  

 

Figure 4.5 Western blot demonstrating the effect of IL-6 on trophoblast cell signalling via 
MAPK pathway 
Western blot representing MAPK1/2 expression (44kDa and 42kDa) in untreated and IL-6 
treated HTR-8/SVneo and EVT cells (upper blot). The lower blot represents the expression of 
stimulated MAPK1/2 (44kDa and 42kDa). 3T3/A31 cell lysate was used as a positive control 
(data not shown). 
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4.4.3.2 Kinase-phospho array  

A kinase array that measures phosphorylation status for 46 kinase proteins involved in 

cellular signalling cascades was performed to determine whether IL-6 signalled in 

trophoblast cells. IL-6 stimulated phosphorylation of 9 of the 46 signalling proteins 

investigated in isolated primary EVT (Figure 4.6; n=3). The proteins that were most 

highly stimulated upon treatment were Src; P=0.01; Jun P=0.01 and STAT-3; P=0.02. IL-

6 significantly decreased stimulation of β-Catenin (P=0.02), STAT1 (P=0.04) and STAT4 

(P=0.002) and increased stimulation of STAT5a (P=0.006) from the 46 different kinase 

proteins in the HTR-8/SVneo cell line (Figure 4.7; n=3). However, signal spot intensity 

was very high in all replicates of the experiment indicating that HTR-8/SVneo cell 

signalling proteins are constitutively stimulated regardless of cytokine treatment. 

When a Bonferroni correction (P<0.001) was performed to take into account the 

multiple comparisons that were performed statistical significance was lost. 

 

Figure 4.6 The effect of IL-6 on EVT kinase signalling proteins 
The effect of IL-6 on stimulation of  46 kinase signalling proteins in isolated primary EVT cells 8-
14 weeks gestation (n=3) Nine signalling proteins in EVT were stimulated with exogenous IL-6 
treatment. A Students paired t-test was performed. * denotes significance between untreated 
and treated cells, (from left to right: P=0.02; P=0.03; P=0.05; P=0.01; P=0.04, P=0.02; P=0.02; 
P=0.04 respectively). 
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Figure 4.7 The effect of IL-6 on HTR-8/SVneo kinase signalling proteins 
The effect of IL-6 on phosphorylation of 46 kinase signalling proteins in HTR-8/SVneo cells 
(n=3). Both untreated and IL-6 treated data were normalised to positive controls. A Students 
paired t-test was performed. Letters A-D denotes significant differences in phosphorylation of 
signalling proteins between treated and untreated cells. A, C and D demonstrates a significant 
decrease in stimulated proteins upon treatment (P=0.02; P=0.04; P=0.002 respectively), 
whereas B denotes a significant increase in protein phosphorylation after IL-6 treatment 
(P=0.006).    
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4.4.4 EVT production of angiogenic growth factors, Th1/Th2 and human 
II cytokines +/- IL-6 

Having established that IL-6 could stimulate phosphorylation of EVT cells, the effect of 

IL-6 on EVT cytokine and angiogenic growth factor production was determined. Levels 

of secreted angiogenic growth factors and cytokines were measured in cell culture 

supernatants of isolated first trimester extravillous trophoblast cells. 

After IL-6 treatment (10ngml-1, 24h) EVT cells secreted similar levels of angiogenic 

growth factors and the majority of the cytokines measured to those detected in 

untreated EVT. Treatment of EVT cells with IL-6 decreased secretion of RANTES 

(Regulated upon Activation, Normal T-cell Expressed and Secreted) (P=0.03, Figure 

4.8A) and there was also a trend towards a reduction in secretion of other proteins 

including angiogenin, Ang-2, PDGF-BB, VEGF-A, ICAM-1, IL-10 and IL-13 (Figure 4.8A).  

Expression of RANTES mRNA was also reduced in EVT cells after treatment with IL-6 

using real time RT-PCR (P=0.05, Figure 4.8B; n=4) further confirming the protein data.   
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Figure 4.8 The effect of IL-6 on EVT protein secretion   
Effect of exogenous IL-6 (10ngml-1) on EVT protein secretion. A illustrates a significant 
reduction in EVT secretion of RANTES after treatment of IL-6, data from Human II FASTQuant 
(n=7).  No significant difference was observed in the levels of EVT secreted proteins between 
untreated and IL-6 treated cells from TH1/2 and angiogenesis FASTQuant assays respectively 
(n=4). Protein levels measured from treated EVT were normalised to untreated control levels 
and data are shown as mean fold change.  A non-parametric Wilcoxon Rank test was 
performed; * denotes significance compared with untreated cells P=0.03. B illustrates a 
significant reduction in RANTES mRNA expression after EVT cells were treated with IL-6. Data 
are normalised to control and are shown as mean fold change of delta-delta CT values. A 
Students paired t-test was performed; * denotes significance P=0.05 n=4.  
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4.5 Discussion 

4.5.1 Expression of IL-6 and IL-8 receptors by EVT cells 

IL-6 along with IL-8 is produced in high amounts within the decidua (reviewed in 

Chapter 3). IL-6 production has also been demonstrated in various choriocarcinoma 

cell lines, including  BeWo, Jar and Jeg-3, as well as the primary extravillous 

trophoblast-like cell line HTR-8/SVneo (Jovanovic and Vicovac, 2009). IL-6 receptor 

expression by trophoblast cells has been identified in primary cytotrophoblast cells and 

HTR-8/SVneo cells (Jovanovic and Vicovac, 2009) but has not been previously explored 

using isolated EVT from first trimester pregnancies. Zhao et al. (2008) investigated the 

expression of both sIL-6Rα and gp130 in villous tissue from both normal and 

preeclampsia placenta from term pregnancies and reported that gp130 expression was 

increased whereas sIL-6Rα was reduced in preeclampsia. These reports led to the 

suggestion that IL-6 may play a functional role for IL-6 in the pathogenesis of this 

disease as well as in normal pregnancy, although this was observed in placental villous 

tissue rather than isolated trophoblast cells. Villous tissue may not be a good tissue 

source for investigating preeclampsia as villous trophoblast cells are not relevant in its 

pathogenesis and is related to invasion by EVT cells.   

We have previously immunolocalised the IL-8 receptors CXCR1 and CXCR2 in first 

trimester EVT (De Oliveira et al., 2010) and CXCR1 has been reported to be expressed 

by EVT (Hanna et al., 2006) and by isolated cytotrophoblast (CTB) cells (Jovanovic et al., 

2010). This present study and studies within our group have confirmed IL-6 and IL-8 

receptor expression by trophoblast cells including isolated EVT both in vitro and in situ 

(Chapter 3) in early pregnancy, suggesting a functional role for both of the cytokines in 

the regulation of EVT invasion or other EVT function. They have the ability to bind and 

communicate with EVT to elicit a response. The signalling of IL-6 in EVT has not been 

investigated by other studies but has been explored in this study (section 4.5.3) EVT 

signalling effects were examined using IL-6 since IL-6 did not stimulate EVT invasion 

but we wanted to investigate other possible functions. IL-8 signalling in EVT was not 

investigated since an increase in EVT invasion was observed when EVT cells were 

treated with IL-8 but remains to be explored.  
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4.5.2 Effect of IL-6 on trophoblast invasion 

It has been proposed that one of the main roles of IL-6 in uteroplacental tissues is 

regulation of trophoblast invasion.  Although IL-6 is widely associated with studies 

involving progression of certain cancers and is known to have an effect on the 

invasiveness of cancer cells, there is limited information on its role in trophoblast 

invasion. Despite the expression of IL-6 receptors by primary isolated EVT and HTR-

8/SVneo cells, neither exogenous nor endogenous IL-6 had any effect on trophoblast 

invasion in this study. Interestingly, the addition of sIL-6Rα with IL-6 did not increase 

the invasiveness of the trophoblast cells, nor did the addition of IL-6 neutralising 

antibody decrease invasion, further suggesting that the functional role of this cytokine 

is not related the regulation of EVT invasion. In contrast, a recent study has reported 

an increase in the invasive potential of first trimester villous cytotrophoblast cells and 

HTR-8/SVneo cells after IL-6 treatment in vitro (Jovanovic and Vicovac, 2009). This 

discrepancy could be explained by the differences in the cell type used; in the present 

study placental villous explants from which EVT are derived were used, whereas 

(Jovanovic and Vicovac, 2009) studied isolated villous cytotrophoblast cells. The 

varying results between the two studies with HTR-8/SVneo cells may be due to their 

differing passage number, which could reflect a change in cellular function. 

Quantification methods also differed between studies; rather than counting selected 

fields of the membrane inserts and including occupied pores within the cell 

quantification as reported by (Jovanovic and Vicovac, 2009), in this study only cells that 

had invaded completely through the pores were included and were quantified in the 

entire membrane. In addition, RNA silencing techniques have been used to inhibit 

expression of IL-6 in JEG-3 choriocarcinoma cells resulting in the inhibition of cellular 

migration and invasion (Dubinsky et al., 2010) suggesting that IL-6 does contribute to 

cell invasion in this cell type. Furthermore, Paiva et al. (2009) reported that IL-11 (a 

member of the IL-6 superfamily) reduced invasion of HTR-8/SVneo cells but, in 

contrast, promoted EVT migration.  

There is increasing evidence that HTR-8/SVneo cells are an imperfect model for 

extravillous trophoblast as they respond differently to altered oxygen concentrations 

compared with primary EVT, and they do not express the specific integrin repertoire 
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and non-classical MHC class I molecules such as HLA-G that are typical of EVT (Kilburn 

et al., 2000) unless cultured on extracellular matrix (Apps et al., 2009, Lash et al., 

2007). Recent data by Bilban et al. (2010) has demonstrated differences in gene 

expression profiles  of integrins, proteases, hormones and growth factors between 

trophoblast cell lines and primary CTB and EVT. Indeed of the cell lines tested, HTR-

8/SVneo cells were most distantly related to primary cells and therefore these cells are 

not an ideal model for extravillous trophoblast.  

The effect of IL-6 on trophoblast invasion using primary EVT isolates or placental 

explants has not been previously reported but the results obtained from this study 

suggest that IL-6 does not play a role in regulating trophoblast invasion in early 

pregnancy; these results are also consistent with preliminary findings from other 

laboratories (Dr M. Knofler, personal communication). In accordance with this reports 

concluded that decidual cells, which we have shown to be producers of IL-6 (Chapter 

3), do not play a major role in regulating CTB invasion in vitro using a decidual/EVT co-

culture method (Cohen and Bischof, 2009). In contrast, CTB cells increased the 

invasiveness of decidual cells by increasing their secretion of MMPs. Recently Lash et 

al. (2010b) demonstrated that uNK cell supernatants from 12-14 weeks gestation 

pregnancies had more effect on the stimulation of EVT invasion compared with 

decidual supernatants from 8-10 weeks gestation. This coincides with findings from 

this study that more IL-6 is produced at 12-14 weeks gestation by uNK cells (Chapter 3) 

and suggests that IL-6 may possibly contribute to the invasive capacity of EVT at later 

gestation. However, EVT are more inherently invasive at 8-10 weeks gestation (Lash et 

al., 2005) and may require external stimuli from decidual components to proceed with 

invasion into the inner third myometrium after 8-10 weeks into later gestation.  

4.5.3 Effect of IL-6 on the stimulation of cellular kinase proteins involved 
in EVT signalling  

Although IL-6 had no effect on trophoblast invasion in the present study, the signalling 

effect of IL-6 on early pregnancy EVT was investigated, an area which has not been 

previously explored. The kinase profile array performed in this study demonstrated 

stimulation of nine signalling pathway kinase proteins in isolated primary EVT by 

exogenous IL-6, but not in the HTR-8/SVneo cell line.  These signalling proteins were 
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constitutively phosphorylated in HTR-8/SVneo cells regardless of IL-6 treatment, 

suggesting constitutive state of activation and providing further evidence that this cell 

line is not an ideal model for EVT.  Indeed, 3 out of the 4 proteins were less 

phosphorylated after treatment of HTR-8/SVneo cells with IL-6. In isolated EVT the 

proteins that were most highly phosphorylated by IL-6 were; Src protein, a proto-

oncogenic tyrosine kinase which is reported to be involved in embryonic development 

and cell growth, STAT-3 a transcriptional activator of transcription of genes involved in 

cellular growth and proliferation and c-Jun an early transcription factor that interacts 

directly with specific target DNA sequences to regulate gene expression. STAT-3 is a 

major downstream protein involved in IL-6 signalling and molecular studies have 

shown that STAT-3 is a contributor to EVT invasive capacities (Fitzgerald et al., 2005). 

However, this provides conflicting evidence to the invasive capacities of IL-6 on EVT as 

no stimulation on EVT invasion was observed with IL-6 in this study and the absence of 

pSTAT protein in EVT after IL-6 treatment also is consistent with this finding, although 

the sensitivity of the kinase array may account for the detection of phosphorylated 

STAT-3. This indicates that signalling between EVT cells and IL-6 is a complex process 

and may include the involvement of other factors to achieve a functional role in EVT 

invasion. STAT-3 signalling is also involved in many cellular events and also plays a part 

in cellular development; IL-6 may help to up-regulate genes involved in trophoblast 

growth or differentiation, although further investigations are required to gain insight 

into the specific role for this cytokine in trophoblast function.  

4.5.4 Effect of IL-6 on the secretion of growth factors and cytokines by 
EVT cells 

Demonstration of IL-6 receptors on EVT and stimulation of signalling proteins in 

primary EVT after IL-6 treatment led to investigation of the effect of IL-6 on EVT 

secretion of angiogenic growth factors and cytokines since IL-6 had no effect on 

trophoblast invasion. Although, the majority of the secreted proteins analysed were 

reduced with IL-6 treatment, this was significant only for RANTES. RANTES (Regulated 

upon Activation, Normal T-cell Expressed, and Secreted) is a chemokine that is 

chemotactic for T-cells, eosinophils and basophils and has an active role in recruiting 

leucocytes to sites of inflammation. EVT cells penetrate the decidualised endometrium 
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and further migrate within the lumen of spiral arteries to remodel the uterine 

vasculature. RANTES has been shown to increase migration of isolated macaque 

trophoblast cells (Thirkill et al., 2005) and also promoted EVT invasion in EVT isolated 

from villous explants cultures in vitro (Fujiwara et al., 2005). Production of RANTES by 

both human primary CTB and EVT was also observed and production increased 

significantly between 8-10 and 12-14 weeks gestational age (Naruse et al., 2010). The 

evidence suggests that EVT RANTES is responsible in mediating trophoblast migration 

and may influence their invasive potential. IL-6 reduced the secretion of EVT RANTES in 

this study suggesting that EVT invasion would have been somewhat inhibited. 

However, this was not observed in this study, although trophoblast secretion of 

RANTES may play a role in mediating trophoblast migration and IL-6 could play a role in 

regulation of this function; a reduction in chemotactic factors may be required to 

support the formation of trophoblast plugs in spiral arteries in the first trimester, thus 

preventing EVT migration and favouring remodelling of the arteries (James et al., 

2012).  

4.5.5 Overall summary   

An extensive literature reflects the importance of IL-6 in human implantation and has 

been implicated pregnancy complications but there is little understanding of the effect 

of IL-6 on trophoblast function in early pregnancy. It has been suggested that IL-6 may 

contribute to trophoblast growth and development by stimulation of trophoblast 

derived human chorionic gonadotrophin (hCG) (Nishino et al., 1990), which is essential 

for the maintenance of pregnancy and may play a role in the differentiation of 

cytotrophoblasts in blastocyst implantation. Indeed (Taniguchi et al., 1992), 

demonstrated that IL-6 enhanced secretion of hCG by Jar, HCCM-5 and BeWo 

choriocarcinoma cell lines. BeWo cells, in common with EVT and CTB, secrete high 

levels of RANTES and IL-1β which in turn increases the secretion of hCG. IL-6 may 

therefore control secretion of these factors by EVT, hence further increasing hCG 

secretion to maintain a healthy pregnancy. However, it should be noted that this has 

not yet been observed using primary EVT. In unpublished data studies (Dr Knofler et al 

personal communication) IL-6 did not cause stimulation of hCG in primary EVT in early 

pregnancy.      
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IL-6 is a pleiotropic cytokine with both pro-inflammatory and anti-inflammatory 

functions; many signalling pathways are affected by IL-6 resulting in a range of 

biological effects. The developmental processes that are essential for successful early 

human pregnancy, including EVT invasion, involve a complex network of multiple 

cytokines and growth factors, with both stimulatory and inhibitory functions. Due to 

the complexity of the cytokine milieu within the decidua it is difficult to determine the 

exact function of this individual cytokine. Furthermore functions of the range of 

different cytokines and growth factors present at the maternal-fetal interface may 

differ with gestational age.  

In summary in the present study using both placental villous explants and a 

trophoblast cell line, HTR-8/SVneo, we have demonstrated that there was no effect of 

IL-6 on trophoblast invasion. Studies and understanding of physiological trophoblast 

invasion remains and the complex array of signalling cascades involved require 

clarification. We have shown that IL-6 signalling effects were able to contribute to the 

stimulation of signalling pathways in isolated EVT cells and affect production of 

cytokines that are involved in migratory function and which may have other roles in 

trophoblast biology such as regulating hCG secretion, EVT differentiation and influence 

EVT dependent SpA remodelling, areas which if altered could contribute to pregnancy 

complications and therefore require further exploration. The current study has 

therefore demonstrated that IL-6 has an effect on EVT, albeit the function remains 

unknown. Nevertheless these data signify a possible important role for IL-6 in early 

human pregnancy which may require both in vivo and in vitro approaches to unravel. 



 
 

Chapter 5 

The effect of interleukins-6 and 8 on the differentiation and 

morphology of vascular smooth muscle cells (VSMCs) in 

chorionic plate arteries (CpA) from term human placenta 
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5. The effect of interleukins-6 and 8 on the differentiation and 
morphology of vascular smooth muscle cells (VSMCs) in 
chorionic plate arteries (CpA) from term human placenta 

5.1 Introduction 

The importance of spiral artery remodelling in early pregnancy development has been 

reviewed in chapter 1. During early pregnancy once implantation has occurred, spiral 

arteries begin to transform from extensively coiled, narrow, thick muscular structures 

into highly dilated vessels ensuring that an adequate supply of blood is delivered to the 

fetus at an optimal pressure to ensure maximal nutrient exchange. This is achieved by 

the loss of their musculoelastic wall which is replaced by fibrinoid material and 

invading extravillous trophoblast (EVT) cells. Failure of remodelling during early 

pregnancy had been implicated in the pathogenesis of preeclampsia (Pijnenborg et al., 

1991), intrauterine growth restriction (IUGR) (Khong et al., 1986) and late miscarriage 

(Ball et al., 2006a). Despite the importance of spiral artery remodelling in early 

pregnancy, the molecular mechanisms which trigger the process remain unclear but it 

is now more evident that there are both EVT-independent and EVT-dependent 

processes.   

The process of spiral artery (SpA) remodelling is a unique process in human vascular 

biology which involves the transient loss of VSMC with complete restoration post 

partum. However, the events of SpA remodelling in early pregnancy are parallel to 

events of angiogenesis which occur during vascular injury or tumourgenesis. The early 

stages of SpA remodelling involve initial disruption of the vascular wall, characterised 

by endothelial cell swelling and loss, vessel dilatation and vascular smooth muscle 

(VSMC) separation and misalignment which occur before the presence of EVT. 

Mechanisms that underlie these processes have yet to be elucidated but VSMC 

migration and de-differentiation are suggested possibilities (Whitley and Cartwright, 

2010, Bulmer et al., 2012). The differentiation of VSMCs is correlated to their 

behaviour and phenotype and they can switch between contractile and synthetic 

stages which makes them unique compared with other muscle cells (Kaplan-

Albuquerque et al., 2005). The VSMCs in an established artery exhibit a contractile 

phenotype expressing proteins such as smooth muscle actin (α-SMA), calponin and 

myosin heavy chain and do not show signs of migration or proliferation (Owens et al., 
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2004). However, extracellular signals can cause the VSMCs to adopt a synthetic 

phenotype resulting in increased migration and proliferation (Wilcox et al., 1997) and 

is associated with a reduction in the expression of contractile proteins (Halka et al., 

2008) which could be evident in remodelling spiral arteries.  

Maternal immune cells such as uNK cells and decidual macrophages have been 

proposed to play a role in the initiation of SpA remodelling (Lash et al., 2006c, Smith et 

al., 2009, Hazan et al., 2010, Robson et al., 2012). Uterine natural killer cells are a rich 

source of many cytokines and angiogenic growth factors and increasing evidence 

suggests a role for these cells in the SpA remodelling that ensures successful 

pregnancy. Studies in mouse pregnancies have demonstrated the importance of uNK 

cells in SpA modification via IFN-γ (Ashkar and Croy, 2001, Zhang et al., 2003). Human 

uNK cells also produce IFN-γ as well as Ang-1, Ang-2 and VEGF-C (Li et al., 2001, Lash et 

al., 2006c) which are all factors involved in vascular modification during angiogenesis 

events (Distler et al., 2003, Ferrara, 2004). Human uNK cell Ang-2 has been reported 

for the first time to be a significant factor in vascular modification using chorionic plate 

arteries (CpA) and non-pregnant myometrial arteries (Robson et al., 2012).     

Uterine macrophages are also observed surrounding SpA undergoing remodelling 

although the function of these cells in SpA remodelling has not been examined 

(Chapter 6). In this study we have demonstrated that both uNK cells and macrophages 

are sources of the cytokines IL-6 and IL-8 (Chapter 3).  IL-6 has been linked to the 

progression of tumour development in many cancers. However, the exact function of 

IL-6 in malignancy has yet been established. Ovarian carcinoma cells have been 

reported to secrete IL-6 which was shown to be a potent pro-angiogenic cytokine 

promoting the progression of the disease by increasing endothelial cell migration and 

therefore increasing vascularisation (Nilsson et al., 2005) as well as regulating the 

migration of VSMCs in rat aortas (Wang et al., 2007). Studies have also shown that 

over expression of IL-8 has been related to tumour progression and metastases 

(Terada et al., 2005, Bai et al., 2005, Reis et al., 2012) with expression shown to 

correlate with angiogenesis of many cancers (Huang et al., 2002, Karashima et al., 

2003). Association of IL-8 with endothelial cells expressing CXCR2 up regulates VEGF 

mRNA resulting in cellular proliferation and migration increasing endothelial cell 
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permeability (Martin et al., 2009). These reports of IL-6 and IL-8 highlight the potential 

of their importance in angiogenesis and raise the possibility of a role for IL-6 and IL-8 in 

the regulation of the initial stages of SpA remodelling.  

Human spiral artery remodelling during early pregnancy has remained difficult to study 

by the lack of an appropriate model. In vivo studies of uterine vascular changes are 

difficult due to the access of early normal pregnancy tissue; there are problems in 

collection of early decidual and placental bed tissue and the microscopic size and 

highly coiled structure of the spiral arteries make them difficult to dissect. Therefore, 

in an effort to address this, the present study used an in vitro vessel model using 5mm 

sections of chorionic plate arteries from term placenta of women undergoing 

Caesarean section in order to investigate the effect of both IL-6 and IL-8 on vascular 

changes relating to pregnancy. Previous investigation using this model within our 

research group has demonstrated that first trimester uNK cell supernatants disrupts 

VSMC organisation, suggesting a role for uNK cell decidual factors including IL-6 and IL-

8. Furthermore effects of uNK cell derived cytokines and angiogenic growth factors 

were similar in CpA and myometrial spiral arteries, suggesting that is readily accessible 

vessel is a valid model for uterine SpA (Robson et al., 2012).    

 

5.2 Aims and Hypotheses 

5.2.1 Hypotheses 

The hypotheses to be tested were:- 

1)  IL-6 and IL-8 receptors are expressed on chorionic plate arteries (CpA) from 

term human placenta 

2)  IL-6 and IL-8 disrupts VSMC organisation of CpA by increasing the separation 

between VSMC layers and increasing rounding of VSMCs within the vessel wall 

– displaying a more synthetic phenotype.    

3)  IL-6 and IL-8 alters the differentiation status of VSMCs in CpA and therefore, 

the cells treated will express markers typical of a synthetic phenotype 

compared with untreated cells that will express markers of a contractile 

phenotype.  
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5.2.2 Aims 

The aims of the study were to:- 

1) Investigate receptor expression using frozen sections of the CpA tissue at T=0 

for immunohistochemical analysis 

2) Investigate the effect of IL-6 and IL-8 on VSMC morphology and differentiation 

in CpA after culture for 5days 

 

5.3 Experimental design  

5.3.1 Chorionic plate artery culture - the in vitro vessel culture model 

Term placentas (37-42 weeks gestation) were obtained from women undergoing 

Caesarean section and the chorionic plate arteries removed and dissected in the 

laboratory (section 2.1.6). Initially, dissected segments were immediately snap frozen 

in isopentane cooled in liquid nitrogen and stored at -80°C until required (section 

2.1.8) and the frozen segments were labelled T=0. The frozen T=0 segments were then 

prepared on glass slides (section 2.3.7) and were immunostained with the muscle 

marker H-Caldesmon, endothelial marker CD34, IL-6 receptors; IL-6Rα and gp130 and 

IL-8 receptors; CXCR1 and CXCR2 (Table 5.1) n=3 to confirm receptor expression by the 

CpA. 

Following confirmation of cytokine receptor expression by immunohistochemistry CpA 

segments that were going to be treated with exogenous IL-6 and IL-8 were prepared 

and the untreated control segments (T=0 days) were immediately fixed in 10% neutral 

buffered formalin.  
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Table 5.1 Primary antibodies used for immunohistochemistry on both FFPE and frozen tissue 
sections 
Primary antibodies used for immunohistochemistry on both FFPE and frozen tissue sections of 
T=0 and T=5 CpA. 

 

5.3.2 IL-6 and IL-8 treatments 

The dissected segments to be treated with exogenous IL-6 and IL-8 were placed into 

wells of a 48 well culture plate each containing 300µl of differing treatments; control 

RPMI complete medium (RPMI 1640, 10% fetal calf serum, 1% penicillin/streptomycin 

and 1% L-glutamine); 1ngml-1 recombinant IL-6 or IL-8 (Miltenyi), 10ngml-1 

recombinant IL-6 or IL-8, 5ngml-1 recombinant sIL-6Rα (Miltenyi); and 10ngml-1 IL-6 + 

5ngml-1 sIL-6Rα. Each treatment was performed in triplicate (Figure 5.1). The CpA 

segments were cultured at 37°C in 5% CO2 for a total of 5 days. The media was 

refreshed every other day. Previous investigation of this vessel type showed that 5 

days was sufficient culture time and after 5 days loss of the vessel endothelium is 

apparent due to apoptosis. 
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Figure 5.1 Identification of chorionic plate arteries (CpA) from term placenta 
Image showing the chorionic plate of a term placenta and the identification of the chorionic 
arteries which were dissected into segments and cultured for 5 days. 

  

5.3.3 Assessment of VSMC morphological differences 

Following 5 days of incubation, the CpA segments were removed from culture and one 

of each of the segments was placed in 10% neutral buffered formalin (T=5 days). Both 

the T=0 and T=5 day segments were embedded and processed in paraffin wax and cut 

into 3µm sections ready for immunohistochemical analysis.   

To investigate the effect of the cytokines on CpA VSMC morphology the prepared 

sections were immunostained for myosin heavy chain (Table 5.1). The slides were then 

assessed for changes in VSMC rounding, disorganisation of VSMC layers and the 

misalignment of VSMC layers using a four point scale (Figure 5.2).  

In addition to using the four point scale to assess the degree of VSMC rounding, 

separation and disorganisation a generalised quickscore method was also applied; the 

vessels were given a score between 1 and 4; where 1 would score VSMCs having an 

overall contractile appearance (VSMC layers tightly compacted, VSMCs showing a 

spindle shaped appearance and VSMC showing little disorganisation) whereas 4 would 

score VSMC layers having being very separated, VSMCs showing a rounded appearance 

and the cells being highly disorganised.    
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Figure 5.2 Scoring of vascular smooth muscle cell (VSMC) rounding, separation and 
disorganisation 
Immunohistochemical representation of scoring of the changes in vascular smooth muscle cell 
morphology and organisation.  A four point scale (1 <10%, 2= 10-25%, 3= 25-75%, 4= >75%) 
was used to assess the rounding of VSMCs; spindle like and elongated 0% rounding of cells (A) 
to rounded and spherical >75% of the cells (B), the degree of separation of VSMC layers (C-D) 
and the degree of disorganisation of VSMC layers (E-F). Sections were immunostained with 
anti-myosin heavy chain. Magnification x200.  
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5.3.4 Quantification of immunostaining using Adobe Photoshop™ 

In addition to myosin heavy chain immunostaining, tissue sections were also 

immunostained with markers of VSMC differentiation including H-Caldesmon (an 

established smooth muscle marker of muscle differentiation), calponin (an 

intermediate-early differentiation marker) and α-smooth muscle actin (an early 

differentiation marker). One characteristic feature of phenotypically modulated VSMCs 

is that they express markedly lower levels of differentiation markers that the smooth 

muscle cells change from a contractile to a synthetic phenotype.  

The percentage of positive VSMC immunostaining expressed on each of the treated 

CpAs was assessed using a pixel counting method using Adobe Photoshop™ software. 

Microscopic images of the stained vessels were taken using (Nikon 80i microscope and 

NIS Elements software). The images were then uploaded onto Adobe Photoshop™. The 

number of positively immunostained pixels was divided by the total number of pixels 

in the entire image x100 to give a percentage. All sections were blinded.  Following 

assessment the sections were un-blinded and mean values were used in analysis.     

5.3.5 Fetal calf serum concentrations and charcoal stripped serum  

To investigate whether fetal calf serum impaired binding of IL-6 and IL-8 to VSMC in 

CPA, by preventing specific binding to receptors, an additional experiment was 

performed using differing concentrations of fetal calf serum or charcoal-stripped fetal 

calf serum (First Link, Birmingham, UK). Charcoal stripped fetal calf serum is used 

instead of normal fetal calf serum to minimise the level of androgens and hormones 

which may compete with binding to the specific cytokine receptors, may prevent 

cytokines reaching their receptors or may inactivate cell signalling responses, therefore 

affecting the function of the cytokines. Charcoal stripped fetal calf serum is absorbed 

in activated carbon which aids the removal of non-polar compounds such as lipophilic 

material, growth factors, hormones and cytokines which may have impact on research 

results after culture (Herbert et al., 1965, Green, 1987 ). 

Chorionic plate arteries were prepared as described in section 5.3.1.  

Firstly, a time course experiment was performed. Following dissection a T=0 segment 

was immediately fixed in formalin. The remaining CpA segments were cultured in RPMI 
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medium with or without 10% FCS for 1 day (T=1), 2 days (T=2), 3 days (T=3), 4 days 

(T=4) or a total of 5 days (T=5) (n=3). Following each time point the corresponding 

vessels were fixed in formalin and embedded in paraffin for immunohistochemistry. 

The tissue sections were subjected to a haematoxylin and eosin stain to assess the 

orientation of each vessel and then immunostained for active caspase 3, CD31, myosin 

heavy chain and Ki67 to assess the degree of proliferation and apoptosis of VSMCs and 

endothelial cells (Table 5.1, n=3).  

Following the time course experiment, arteries dissected from term placenta (n=5) 

were cultured with either standard RPMI media containing no FCS, 0.5% or 10% FCS 

versus charcoal stripped FCS supplemented media. CpA sections were cultured in 

media containing 10% of either normal FCS or charcoal stripped FCS with or without 

10ngml-1 IL-6 for 5 days. After 5 days in culture the chorionic arteries were formalin 

fixed and paraffin embedded for immunohistochemistry (as above).  

 

 

 

 

 

 

 

 

  



188 
 

5.4 Results 

5.4.1 Immunohistochemical localisation of IL-6 and IL-8 receptors on CpA 
VSMC 

In order to investigate whether IL-6 or IL-8 had any effect on chorionic plate artery 

vascular smooth muscle cell morphology and differentiation, cytokine receptor 

expression was initially investigated to determine whether these cytokines were 

capable of binding to the CpA VSMCs and hence eliciting an effect. 

Positive immunostaining for both IL-6 receptors, sIL-6Rα and gp130, was observed 

(Figure 5.3). Immunostaining for IL-6Rα showed strong expression of the receptor on 

VSMCs of chorionic plate arteries (n=3). Where there were several VSMC layers, IL-6Rα 

immunostaining was abundant and was stronger on VSMCs immediately beneath the 

artery lumen and slight staining was observed on endothelial cells. Gp130 was also 

expressed on VSMCs of CpAs (n=3), but gp130 immunostaining was more intense on 

the endothelial cells of the artery lumen. 

Both receptors for IL-8, CXCR1 and CXCR2, were expressed on chorionic plate arteries 

with positive immunostaining observed on CpA VSMCs (Figure 5.4). CXCR1 

immunostaining showed receptor expression on both CpA VSMCs and endothelial 

cells, with immunostaining being more intense on the endothelium. CXCR2 

immunostaining also showed receptor expression on both VSMCs and endothelial cells 

with intense reactivity on endothelium compared with VSMCs. However, CXCR1 was 

more strongly expressed overall.      
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Figure 5.3 Evidence of IL-6 receptor immunostaining on CpA VSMCs and endothelial cell 
lining 
Representative chorionic plate artery immunostained for CD34 showing endothelial lining; H-
caldesmon showing VSMCs, IL-6Rα and gp130. Magnification x100 (frozen sections).  
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Figure 5.4 Evidence of IL-8 receptor immunostaining on CpA VSMCs and endothelial cell 
lining 
Representative chorionic plate artery immunostained for CD34 showing endothelial lining; H-
caldesmon showing VSMCs, CXCR1 and CXCR2. Magnification x100 (frozen sections).  
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5.4.2 Effect of IL-6 and IL-8 on the morphology of CpA VSMC using 10% 
fetal calf supplemented serum 

Both IL-6 and IL-8 receptors were expressed on VSMC and/or endothelial cells of CpAs 

(section 5.4.1). Therefore, these cytokines have the ability to bind to these cells and 

may have an effect on the vascular changes in these vessels. Changes in CpA 

morphology were assessed on FFPE sections immunostained for myosin heavy chain 

using a four point scoring scale (Figure 5.2), after culture with exogenous IL-6 and IL-8 

in RPMI complete medium (T=5 days). Using this scoring method no morphological 

changes were observed when the arteries were treated with 1ng ml-1 or 10ng ml-1 of 

IL-6 (Figure 5.5; n=6) or IL-8 (Figure 5.6; n=6). 

To validate the four point scoring scale an overall quick score of VSMC rounding, 

separation of VSMC layers and the misalignment of VSMCs was also performed on all 

samples. Individual scores for rounding, separation and misalignment were added 

together and divided by 3 for each vessel. Again using this scoring method neither IL-6 

(Figure 5.5) nor IL-8 (Figure 5.6) had any effect the morphology of CpA VSMC.        
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Figure 5.5 The effect of IL-6 on CpA VSMC morphology 
Graphical representations showing the effect of differing concentrations of exogenous IL-6 on 
the morphological changes of VSMCs of chorionic plate arteries after 5 days of culture. 
Changes were assessed by myosin heavy chain immunohistochemical assessment with control 
treatments using a four point scale (n=6). An overall morphological quick score was also 
assessed. Data are expressed as mean ± SEM.    
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Figure 5.6 The effect of IL-8 on CpA VSMC morphology 
Graphical representations showing the effect of differing concentrations of exogenous IL-8 on 
the morphological changes of VSMCs of chorionic plate arteries after 5 days of culture. 
Changes were assessed by myosin heavy chain immunohistochemical assessment with control 
treatments using a four point scale (n=6). An overall morphological quick score was also 
assessed. Data are expressed as mean ± SEM.    
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5.4.3 Effect of IL-6 and IL-8 on the differentiation of VSMC muscle 
markers using 10% fetal calf supplemented serum  

A characteristic feature of phenotypically modulated VSMCs is that they express 

markedly lower levels of muscle differentiation markers; staining for markers of 

differentiated VSMC should therefore decrease if the vessels are transforming.  

The percentage of positive immunostaining for the muscle differentiation markers 

expressed on the CpA was assessed using an Adobe Photoshop™ pixel counting 

method (section 5.3.4). The percentage of positive immunostaining for different 

muscle markers did not alter after IL-8 treatment compared with media controls 

(Figure 5.8). Similarily, expression of muscle differentiation markers H-caldesmon, 

myosin heavy chain and calponin did not alter in CpA treated with IL-6, sIL-6Rα alone 

and IL-6 + sIL-6Rα combined. However, arteries treated with 10ng ml-1 IL-6, 5ng ml-1 

sIL-6Rα and 10ng ml-1 IL-6 combined with 5ng ml-1 sIL-6Rα showed a significant 

decrease in α-smooth muscle actin expression compared with media control treated 

arteries (Figure 5.7; a: P=0.05; b: P=0.02; c: P=0.03, respectively). 
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Figure 5.7 The effect of IL-6 on CpA VSMC differentiation when cultured with medium 
supplemented with 10% fetal calf serum (FCS) 
Immunostaining for myosin heavy chain on VSMCs of chorionic plate arteries (CpA) from term 
placenta cultured for 5 days with (A): RPMI complete medium control; (B): 1ng ml-1 IL-6; (C): 
10ng ml-1 IL-6; (D): 5ng ml-1 sIL-6Rα; (E): 5ng ml-1 sIL-6Rα + 10ng ml-1 IL-6 combined 
(magnification x40). (F): Graphical representation of the effect of IL-6 on muscle differentiation 
markers (H-caldesmon, myosin heavy chain, α-smooth muscle actin and calponin; n=6). Data 
are expressed by mean ± SEM; a, b, c denotes statistical significance compared with T=5 
control P<0.05 
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Figure 5.8 The effect of IL-8 on CpA VSMC differentiation when cultured with medium 
supplemented with 10% FCS 
Myosin heavy chain immunostaining on VSMCs of chorionic plate arteries (CpA) from term 
placenta cultured for 5 days with (A): RPMI complete medium control; (B): 1ng ml-1 IL-8; (C): 
10ng ml-1 IL-8 (magnification x40). (D): Graphical representation of the effect of IL-8 on muscle 
differentiation markers (H-Caldesmon, myosin heavy chain, α-smooth muscle actin and 
calponin; n=6). Data are expressed as mean ± SEM. 
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5.4.4 Dose response to sera- changes in VSMC morphology and 
degradation of endothelium  

Following 5 days incubation arteries cultured in medium containing no fetal calf serum 

appeared to have lost the luminal endothelium as assessed by immunohistochemistry 

for CD34+ cells compared with vessels treated with 10% FCS supplemented medium, 

regardless of cytokine treatment and there was also more apoptosis evident in the 

endothelium shown by the presence of positive immunostained active caspase 3 

(Figure 5.9). The VSMC layers were more separated and cells in the connective tissue 

surrounding the lumen appeared vacuolated (Figure 5.9). These data suggest that 

substances within the fetal calf serum are important for vascular integrity. This was 

also observed using 0.5% fetal calf serum. VSMC morphology appeared similar using 

the same concentrations of the two different fetal calf sera (normal and charcoal 

stripped) without addition of IL-6. However, CpA cultured in 10ng ml-1 IL-6 with 0.5% 

carbon stripped fetal calf serum showed stronger Ki67 staining and hence more 

proliferation, compared with CpA cultured in normal fetal calf serum. Furthermore, 

arteries treated with 10ng ml-1 IL-6 and 10% charcoal stripped FCS showed differences 

in VSMC morphology from a rounded shape to a spindle shape with separation 

between VSMC layers indicating that the CpA VSMCs were more responsive to IL-6 

compared to when treated with IL-6 cultured in normal FCS (Figure 5.10). No changes 

in apoptosis were observed using the different sera. We therefore, chose to use a 

concentration of 5% charcoal stripped fetal calf supplemented medium for the 

cytokine treatment experiments was sufficient for a morphological change as 0.5% 

charcoal stripped FCS had no effect on IL-6 whereas 10% charcoal stripped FCS did. 
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Figure 5.9 Comparison of culturing CpA in medium supplemented with 10% FCS compared 
with culturing CpA in medium without FCS 
Photomicrograph illustrating immunostaining for CD31, active caspase-3 and myosin heavy 
chain demonstrating: A) The endothelium lining the lumen of term CpA; B) The level of 
apoptosis of the endothelium and C) VSMC layers surrounding the lumen after 5 days 
incubation (T=5). Left hand images represent CpAs cultured with 10% FCS supplemented 
medium and right hand images represent CpAs cultured in medium with no addition of FCS 
n=3. Original magnification x100.  
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Figure 5.10 Comparison of culturing CpA in medium supplemented with 10% FCS compared 
with culturing CpA in medium supplemented with varying concentrations of charcoal 
stripped FCS with addition of IL-6 
Photomicrograph illustrating Ki67 and myosin heavy chain positive immunostaining 
demonstrating: A and B) The degree of cell proliferation of term CpAs cultured in either 
medium containing 10% FCS + 10ng ml-1 IL-6 (A) or cultured in medium containing 0.5% 
charcoal stripped FCS + 10ng ml-1 IL-6 (B); C) VSMC morphology of CpA treated medium 
containing 10% FCS + 10ng ml-1 IL-6; D) CpA treated with medium containing 10% charcoal 
stripped FCS + 10ngml-1 IL-6 after 5 days incubation (T=5, n=3). Original magnification x100.  
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5.4.5 Effect of IL-6 and IL-8 on the morphology of CpA VSMC using 5% 
charcoal stripped fetal calf supplemented serum 

Following the results from the dose response of CpAs to charcoal stripped fetal calf 

serum supplemented medium (section 5.4.4), chorionic plate arteries were cultured 

with exogenous cytokine made up in RPMI media supplemented with 5% charcoal 

stripped FCS (section 5.3.5) and VSMC morphology was assessed using a four point 

scale (Figure 5.2).  

Treatment with IL-6 had no effect on CpA VSMC rounding but did, however, have an 

effect on the separation of VSMC layers and the alignment of VSMCs within the vessel 

(Figure 5.11A). Treatment of CpA with 10ng ml-1IL-6 and 10ng ml-1 IL-6 + 5ng ml-1 sIL-

6Rα significantly increased separation of VSMC layers compared with the 5 day media 

control (P=0.02; P=0.001 respectively). In contrast, only IL-6 + sIL-6Rα affected the 

misalignment of VSMC compared with the 5 day media control (P=0.04; Figure 5.11B).  

Treatment of CpA with IL-8 had no effect on the rounding or separation of VSMC but 

did have a significant effect on the misalignment of VSMCs compared with the 5 day 

media control (P=0.001) (Figure 5.12).  
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A) 

 

 

Figure 5.11 The effect of IL-6 on CpA VSMC morphology when cultured with medium 
supplemented with 5% charcoal stripped FCS 
A) Photomicrogragh illustrating the effect of differing concentrations of exogenous IL-6 on the 
morphology of VSMCs of chorionic plate arteries after 5 days of culture using RPMI medium 
supplemented with 5% charcoal stripped fetal calf serum (cs FCS). Changes were assessed by 
myosin heavy chain positive immunostaining compared with control treatments using a four 
point scale (n=5). Original magnification x200. 
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B) 

 

B) Graphical representation showing the effect of differing concentrations of exogenous IL-6 
on the morphological features of VSMCs of chorionic plate arteries after 5 days of culture using 
RPMI medium supplemented with 5% cs FCS. Changes were assessed by myosin heavy chain 
immunohistochemical assessment with control treatments using a four point scale (n=5). Data 
are expressed as mean ± SEM.  
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Figure 5.12 The effect of IL-8 on CpA VSMC morphology when cultured with medium 
supplemented with 5% charcoal stripped FCS 
Immunohistochemical (A) and graphical (B) representation illustrating the effect of differing 
concentrations of exogenous IL-8 on the morphological features of VSMCs of chorionic plate 
arteries after 5 days of culture using RPMI medium supplemented with 5% cs FCS. Changes 
were assessed by myosin heavy chain immunohistochemical assessment compared control 
treatments using a four point scale (n=5). Data are expressed as mean ± SEM. Original 
magnification x200. 
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5.4.6 Effect of IL-6 and IL-8 on VSMC differentiation markers using 5% 
charcoal stripped fetal calf serum supplemented medium  

The percentage of positive immunostaining for the muscle differentiation markers 

expressed on the CpA was assessed using an Adobe Photoshop™ pixel counting 

method (section 5.3.4).  

The percentage of positive immunostaining of different VSMC markers did not differ 

after IL-6 treatment in 5% charcoal stripped FCS culture medium compared with 

medium controls (Figure 5.13). VSMC differentiation markers, H-caldesmon, myosin 

heavy chain and α-SMA expression did not alter in CpA treated with IL-8, although 

calponin expression increased in CpA VSMCs after treatment with 1ng ml-1 IL-8 

compared with the T5 day medium control (P=0.02; Figure 5.14).  

 

 

Figure 5.13 The effect of IL-6 on CpA VSMC differentiation when cultured with medium 
supplemented with 5% charcoal stripped FCS 
Graphical representation of the effect of IL-6 (in RPMI medium supplemented with 5% cs FCS) 
on VSMC differentiation markers (H-caldesmon, myosin heavy chain, calponin and α-smooth 
muscle actin; n=5). Data are expressed as mean ± SEM.  
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Figure 5.14 The effect of IL-8 on CpA VSMC differentiation when cultured with medium 
supplemented with 5% charcoal stripped FCS 
Graphical representation of the effect of IL-8 (in RPMI medium supplemented with 5% csFCS) 
on VSMC differentiation markers (H-caldesmon, myosin heavy chain, calponin and α-smooth 
muscle actin; n=5). Data are expressed as mean ± SEM. 
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5.5 Discussion 

5.5.1 IL-6 and IL-8 signalling in CpA VSMCs  

The receptors forIL-6 (sIL-6Rα and gp130) and IL-8 (CXCR1 and CXCR2) were expressed 

by chorionic plate arteries of term human placenta. All of the receptors were 

expressed on the VSMCs; IL-6R and CXCR1 were predominantly expressed on VSMCs 

whereas gp130 and CXCR2 were mainly expressed on the vascular endothelium lining 

the lumen.  

Therefore, both IL-6 and IL-8 have the ability to bind to both VSMCs and endothelial 

cells of chorionic plate arteries and elicit a response which may contribute to vascular 

changes within the vessel, hence disrupting integrity and stability of the artery. IL-6 is a 

potent pro-angiogenic cytokine and plays important roles in the progression of tumour 

neovascularisation, wound healing and vasculogenesis in the brain (Fee et al., 2000). 

IL-6 also stimulates circulating blood endothelial progenitor cell proliferation, 

migration and matrigel tube formation in vitro through binding to its receptors: IL-6Rα 

and gp130 (Fan et al., 2008); this could contribute to de novo vessel formation during 

wound healing. 

IL-8 is known to be a potent mediator of angiogenesis. IL-8 signalling has been 

associated with the regulation of endothelial permeability by stimulating the 

phosphorylation of VEGF-R2 in endothelial cells by interaction with both CXCR1 and 

CXCR2 receptors (Petreaca et al., 2007) and more recently it has been found that IL-8 

up regulates VEGF-A mRNA and protein levels in vascular endothelial cells by 

association of IL-8 with CXCR2, which further stimulates VEGF-R2 in an autocrine 

manner (Martin et al., 2009) inducing cellular proliferation, survival and migration of 

vascular endothelial cells. These reports suggest an important role for IL-8 in 

angiogenesis and a possible role for IL-8 in the physiological remodelling events of the 

uterine vasculature in pregnancy. In pathophysiology IL-8 is important for tumour 

formation and growth, and in agreement with reports of an angiogenic role in normal 

physiology many in vitro studies with cancer cell lines and in vivo studies with solid 

cancers have shown that IL-8 corresponds to the angiogenic and tumourgenic potential 

of the progression of cancers (reviewed by (Waugh and Wilson, 2008)) indicating the 

correlation of IL-8 with tumour angiogenesis and disease.  
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5.5.2 Charcoal stripped fetal calf serum vs. Normal fetal calf serum 

In the present study fetal calf serum appears to be an important component of cell 

culture medium for the survival of chorionic plate arteries in vitro. Without it vessel 

integrity rapidly began to show signs of degradation. However, in our initial 

assessment, the effects of particular cytokines on this vessel in vitro were masked by 

the use of fetal calf serum. Different concentrations and types of fetal calf serum were 

therefore assessed. The addition of fetal calf serum provides vital growth factors 

required for cell culture, lowering the FCS concentration in the culture medium used in 

this study or omitting it altogether had a morphological effect on CpA VSMCs; the 

vessel integrity appeared to have been effected as the vessel lumen was highly 

vacuolated and vessel structure overall appeared different. 

Charcoal stripped serum allowed both IL-8 and IL-6 to have an effect on VSMC 

morphology compared with using standard fetal calf serum. An explanation is that the 

stripping of hormones from the serum freed the exogenous cytokines to bind with 

VSMCs and therefore to elicit an effect not seen using standard fetal calf serum. 

5.5.3 Effect of IL-6 on VSMC morphology 

IL-6 was shown to have a significant effect on the separation of vascular smooth 

muscle cell layers and in the misalignment of these cells. IL-6 combined with its soluble 

agonist receptor sIL-6Rα, had the largest effect on VSMC separation and misalignment, 

suggesting that the binding of the cytokine coupled to its receptor elicits a more 

potent cell signalling response resulting in larger changes in the vasculature compared 

with controls, IL-6 or sIL-6Rα alone. This signalling response up-regulates the 

expression of STAT-3, which is known to enhance the transcription of the vascular 

endothelial growth factor (VEGF-A) gene.  In vitro studies using gastric carcinoma 

tissues have shown IL-6 stimulates the production of VEGF-A in a dose/time dependent 

manner and that the JAK/STAT pathway is predominately involved in the transcription 

of VEGF-A in these cells (Huang et al., 2004) contributing to the tumourgenesis and 

progression of this disease. 

Activation of the IL-6 signalling pathways (JAK/STAT and MAPK ERK1/2 pathways) plays 

a crucial role in endothelial proliferation, migration and tubule formation. However, in 



208 
 

circulating blood endothelial progenitor cells only a high level of IL-6 induced an 

angiogenic response (Fan et al., 2008). Similarly in the present study lower 

concentrations of IL-6 had little effect on VSMC morphology.      

VEGF-A is one of the most potent angiogenic growth factors involved in vessel 

regrowth and neovasculogenesis. It promotes VSMC and endothelial cell migration, 

tubule formation and increases the permeability of blood vessels (Leung et al., 1989), 

characteristics also involved in successful spiral artery remodelling. Recent studies 

have also demonstrated that gliomas targeted with a combined treatment of anti-

VEGF-A and anti-IL-6 showed markedly reduced growth as they were unable to 

undergo angiogenesis (Saidi et al., 2009), thus suggesting that these factors are 

essential for angiogenesis and that IL-6 stimulates VEGF-A production. IL-6 has the 

capacity to bind to blood vessels in vascularisation and angiogenesis through binding 

with IL-6Rα expressed by endothelial cells and VSMCs, which would potentially 

increase VEGF production resulting in vessel de-stabilisation by the migration of 

VSMCs and making vessels more permeable. In respect to spiral arteries, increased 

vessel permeability would allow the infiltration of essential factors such as leucocytes 

and trophoblast cells which are required for successful remodelling to ensure an 

adequate blood supply to the developing fetus.             

5.5.4 Effect of IL-8 on VSMC morphology 

IL-8 had a significant effect on the organisation of VSMC layers within CpAs but did not 

appear to have any other morphological effects on VSMC. 

IL-8 is a chemotactic cytokine and a potent angiogenic agent as mentioned previously. 

IL-8 has been reported to induce the proliferation and chemotaxis of human umbilical 

vein endothelial cells (HUVECs) (Koch et al., 1992) and to stimulate prostaglandin 

secretion by human aortic and rat aortic VSMCs in vitro resulting in VSMC proliferation 

and migration (Yue et al., 1994). In the present study the observed disorganisation of 

VSMCs in CpA is the effect of IL-8 and the disorganisation may possibly be a sign of 

VSMC migration indicating that IL-8 acts as a chemoattractant for the VSMC. However, 

increased spacing between the VSMC layers was not observed; this may have been 

observed with increased concentrations of IL-8 since the misalignment of cells 

appeared to increase in a dose dependent manner. The results observed using CpAs 
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indicate that IL-8 has the potential to be major player in vascular changes in a variety 

of different blood vessels, which in turn suggests that physiological alterations of levels 

of IL-8 could also contribute to the pathogenesis of diseases such as atherosclerosis 

and a variety of cancers by aiding tumourgenesis. Together with the data from this 

study and its reported effects in tumourgenesis, uterine IL-8 may have an effect on 

uterine spiral arteries contributing to the vascular remodelling required for successful 

pregnancy. This could be achieved by VSMC and endothelial cell migration allowing the 

invasion of trophoblast cells and deposition of fibrinoid resulting in a low resistance 

high flow vessel. The molecular mechanisms whereby IL-8 achieves this in CpAs remain 

to be explored but IL-8 signalling could up-regulate other angiogenic factors including 

prostaglandins and recruit other cells to the vessel wall which secrete other growth 

factors which may contribute to vascular remodelling.  

Recently, IL-8 has been shown to have a direct effect on EVT invasion (De Oliveira et 

al., 2010) by binding to its receptors expressed by EVT. The binding of IL-8 to EVT may 

also have an indirect effect of spiral artery remodelling by up-regulating the secretion 

of factors by EVT such as TRAIL (TNF-α-related apoptotic induced ligand); this is 

expressed by primary first trimester CTB cultured in vitro and by EVT in situ, and that 

CTB use the TRAIL pathway to induce smooth muscle cell apoptosis (Keogh et al., 2007) 

although there is little evidence of VSMC apoptosis in vivo (Bulmer et al., 2012). 

5.5.5 Effect of IL-6 on VSMC differentiation  

A property of smooth muscle cells is that during injury and remodelling their 

phenotype may alter to a de-differentiated state. A decrease in VSMC differentiation 

marker proteins is a characteristic of vascular changes following injury; changes in 

VSMC differentiation state allow cells to proliferate, migrate and synthesise 

extracellular matrix around them. The transition of VSMCs from a differentiated 

phenotype to a dedifferentiated phenotype assists in the pathogenesis of diseases 

such as atherosclerosis and hypertension (Owens et al., 2004). 

It has been presumed that a reduction in VSMC differentiation markers in 

phenotypically modulated VSMCs in vivo is mediated at transcription level, although 

there is no direct evidence to support this. A recent report provides in vitro evidence 

that micro RNA 145 (miR-145), abundant in vascular walls, is selectively expressed and 
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VSMC differentiation marker genes such as α-SMA, calponin, and myosin heavy chain 

are upregulated by miR-145 and are downregulated by a miR-145 inhibitor (Cheng et 

al., 2009). However more studies are needed to elucidate the genetic factors involved 

and it is likely that changes may be induced post transcriptionally by growth factors 

and cytokines such as IL-6. 

Chorionic plate arteries treated with 10ngml-1 IL-6, 5ngml-1 sIL-6Rα and IL-6 + sIL-6Rα 

combined in media supplemented with 10% FCS showed a significant decrease in α-

SMA expression compared with media controls. This suggests that IL-6 contributes to 

the phenotypic modulation of VSMC and therefore contributes to changes in the vessel 

characteristics as a reduction α-SMA is indicative of differentiated VSMC. However, α-

SMA is a marker of early VSMC differentiation and if IL-6 was mediating de-

differentiation as a feature of remodelling the vasculature, alterations in expression of 

myosin heavy chain and H-caldesmon would have also been expected. Alternatively, IL-

6 could play a role in preventing immature VSMCs from differentiating into mature 

cells; however, vascular smooth muscle differentiation is a complex process and many 

other factors may also be involved. In support of this complexity, the results using 5% 

charcoal stripped supplemented media differed and no loss of α-SMA expression was 

observed after treatment with IL-6. This indicates that components in FCS combined 

with IL-6 have some effect on VSMC differentiation whereas the lack of hormones and 

other factors in charcoal stripped FCS has none suggesting a role for serum proteins in 

the phenotypic modulation of VSMCs.    

5.5.6 Effect of IL-8 on VSMC differentiation 

Vessels treated with IL-8 medium supplemented with 10% FCS showed no significant 

changes in expression of differentiation markers compared with controls. However, 

calponin expression was significantly increased after treatment with 1ngml-1 IL-8 using 

5% charcoal stripped FCS medium, although this was not observed using higher 

concentrations of IL-8. Calponin is an actin and calmodulin binding protein (Takeuchi et 

al., 1991) which is involved in the contractility of smooth muscle cells (Winder et al., 

1993) and accumulates during smooth muscle differentiation (Gimona et al., 1990). 

However, if IL-8 was to cause VSMC differentiation it would be expected that calponin 

expression would increase with increasing concentration. However, low doses of IL-8 
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may increase calponin expression which binds Ca2+ allowing vascular smooth muscle to 

contract and may contribute to the misalignment of cell layers. However, this 

difference may be a direct result of multiple comparisons but a one way ANOVA with 

post hoc test was used which should correct this.  Multiple comparisons within the 

analysis of data may account for the chance of a significant difference in the data. This 

may be apparent here as no differences in calponin expression were observed when 

CpAs were treated with higher concentrations of IL-8. The underlying mechanisms 

involved require further investigation with correctional statistics like a Bonferroni test.    

5.5.7 Overall summary 

The results from this study have indicated that both IL-6 and IL-8 have the ability to 

bind to blood vessels including chorionic plate arteries from term placenta, by the 

expression of their receptors on VSMC and endothelial cells. This further proposes that 

these cytokines have the ability to bring about vascular changes within this vessel 

which has been confirmed by changes in vessel morphology highlighted with 

immunohistochemistry. The results from this study and the fact that both IL-6 and IL-8 

have potent angiogenic properties both in inflammation and disease suggests that 

these are important mediators of vascular remodelling maybe through the 

mechanisms of VSMC migration and vascular permeability, although, the molecular 

mechanisms need further exploration. This evidence suggests that these cytokines 

have the ability to contribute to spiral artery remodelling in the uterus by these 

proposed mechanisms. However, the limitation to this study is that chorionic arteries 

are derived from the fetus and are not maternal in origin. The vessels were used as an 

easy accessible source of vessels as the dissection of spiral arteries from early pregnant 

decidua and myometrium are very difficult to obtain. The use of non-pregnant 

myometrial vessels as an alternative was a suggestion in this study, but ethical 

approval was not feasible within the timescale. Nevertheless, investigation using 

maternal vessels would be a better model to explore the cytokine effects in relation to 

spiral artery remodelling and have been used in a study by Robson et al. (2012) 

whereby the effect of uNK cell factors on these vessels were investigated. Further 

validation of these results relating to the uterine arteries would have been to treat the 

CpA vessels using isolated CD56+ and CD14+ cell supernatants (known producers of 
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uterine IL-8 and IL-6, see chapter 3)  from first trimester decidua and inhibiting 

endogenous IL-8 and IL-6 to investigate their endogenous effects in this vessel type. 

From the present study it is possible to conclude that IL-6 and IL-8 contribute to 

vascular changes in chorionic plate arteries in vitro indicating that cells of the decidua 

that secrete these factors may play a role in spiral artery remodelling in early 

pregnancy.        

  



 
 

Chapter 6 

The role of decidual leucocytes in spiral artery remodelling 
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6. The role of decidual leucocytes in spiral artery remodelling 

6.1 Introduction 

Changes in vascular smooth muscle cell (VSMC) disorganisation and separation of 

VSMC cell layers in chorionic plate arteries were observed after treatment with 

exogenous IL-6 and IL-8 (reviewed in Chapter 5). This study has demonstrated the 

production of intrauterine IL-6 and IL-8 by various cell types within decidua; 

predominantly by uterine macrophages but uterine natural killer cells, T cells and 

decidual stromal cells are all producers in early pregnancy (reviewed in Chapter 3).The 

data from chapters 3 and 5 combined have led to the hypothesis that decidual 

leucocytes play an important role in spiral artery remodelling in early pregnancy.  

The prevalence and suggested roles of maternal leucocytes during pregnancy has been 

reviewed in Chapter 1. This chapter focuses on the decidual leucocytes; uNK cells, 

macrophages and CD3+ T cells, and their early association with decidual spiral arteries, 

focusing on the possible roles of these leucocytes in the early remodelling events of 

the transformation of spiral arteries in early pregnancy prior to trophoblast invasion. 

Understanding of the complexity of the stages of spiral artery remodelling is ever 

increasing but the cellular and molecular events remain yet to be defined. It is also 

apparent that compromised remodelling may lead to pregnancy complications such as 

pre-eclampsia and fetal growth restriction (IUGR), complications which appear 

clinically in the second trimester of pregnancy. However, it is likely that the aberrant 

processes occurring earlier in pregnancy play a role in complications seen later in 

pregnancy. Brosens et al. (1967) describe a physiological change in early pregnancy 

where spiral arteries transform from narrow, high resistance, low blood flow vessels 

into dilated, low resistance vessels capable of transmitting high blood flow to meet the 

increasingly demanding needs of the developing fetus. The process of delivering high 

volumes, of maternal blood at low resistance to the placental intervillous space is 

critical for successful healthy pregnancy. Remodelling of the arteries involves intricate 

steps from initial endothelial vessel vacuolation to loss of VSMCs and replacement of 

the vessel wall by fibrinoid material and invading extra villous trophoblast (EVT) cells.  



213 
 

For many years it was believed that invasive EVT cells were the main mediators of the 

spiral artery remodelling events by invading the vessel walls both interstitially from the 

surrounding decidua and myometrium and by invading the lumen of the arteries by an 

endovascular route (Pijnenborg et al., 1980). Some in vitro studies have suggested that 

EVT cells achieve such vascular destruction by enzymatic activity; they produce MMPs, 

actively cleaving components of the VSMC wall (Isaka et al., 2003, Jones et al., 2006). 

Isolated EVT cells have also been reported to be capable of inducing VSMC apoptosis 

(Harris et al., 2006, Keogh et al., 2007), although, in situ studies by (Bulmer et al., 2012) 

provide no evidence of VSMC apoptosis. Further evidence suggests that spiral artery 

remodelling events occur over many weeks and the initial stages involve mechanisms 

that are independent of trophoblast cell invasion. Prior to interstitial and endovascular 

trophoblast invasion (which occurs around week 8 of gestation) vascular changes that 

are characteristic to early SpA remodelling such as EC vacuolisation and VSMC 

hypertrophy have been observed in the absence of invading EVT (Craven et al., 1998, 

Kam et al., 1999). These trophoblast-independent changes have been described as 

decidualisation-associated vascular remodelling (Pijnenborg et al., 2006b) and it is now 

recognised that the initial stages of vascular remodelling may be regulated by immune 

cells within the decidua (King et al., 1998, Bulmer and Lash, 2005) and Smith et al. 

(2009) have observed high numbers of leucocytes in association with SpAs in the 

absence of EVT and have detected vascular changes in vivo. Uterine natural killer (uNK) 

cells and macrophages were the main leucocyte populations to be observed in 

association with SpAs.  uNK cells produce a range of cytokines and growth factors and 

one cytokine that had been intially suggested to play a role in SpA remodelling was 

IFN-γ from mouse studies (Ashkar and Croy, 2001), more recently human uNK cells 

were found to secrete high levels of IFN-γ (Lash et al., 2006b) which up regulates genes 

involved in smooth muscle cell proliferation and cell adhesion suggesting that these 

cells may be important mediators in the remodelling process. This has been observed 

in mice studies where impaired uNK cells leads to aberrant formation of blood vessels 

via the IFN-γ pathway (Ashkar et al., 2000).  

Smith et al. (2009) have reported high numbers of leucocytes in proximity to 

remodelling spiral arteries in first trimester decidua in the absence of EVT. They have 

also demonstrated the production of MMP-7 and MMP-9 by macrophages and uNK 
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cells within the vascular wall which may contribute to the degradation of the vessel 

wall, thereby affecting vessel integrity; similar changes are seen in tumour 

angiogenesis and metastases in relation to the production of MMP-7 and -9. A recent 

study using a novel placental-decidual co culture model (Hazan et al., 2010) have 

implicated leucocyte derived MMP-2 and MMP-9 in the remodelling events suggesting 

a participation of uNK cells and macrophages in VSMC disruption and clearance. 

However, the exact function of these leucocytes and remodelling events remains 

inconclusive. Elucidating the importance of maternal leucocytes in SpA remodelling will 

help in the understanding of impaired remodelling associated with pregnancy 

complications and may therefore lead to future therapies and prevention.  

The aim of this part of the study was to further determine the association of uNK cells 

and macrophages with decidual SpAs and to investigate the effect of EVT cells on this 

association. This study will also explore ways of obtaining a pure population of 

decidual macrophages to investigate the factors that they secrete which may play an 

important role in spiral artery remodelling. Macrophages are the second most 

abundant leucocyte population within the decidua of early pregnancy and unlike uNK 

cells their numbers remain fairly constant throughout gestation. Decidual 

macrophages express a large variety of cell surface receptors and secrete a variety of 

cytokines suggesting that these cells play a homeostatic role in the decidua and may 

regulate trophoblast function, and unlike uNK cells, macrophages are also present in 

myometrium and SpA transformation extends to the inner myometrium but their role 

in pregnancy remains undefined. The importance of macrophages in successful early 

pregnancy is therefore becoming more apparent hence, the focus on this cell 

population in this study.    

 

6.2 Aims and Hypotheses 

6.2.1 Hypotheses 

1) Decidual leucocytes play a role in the remodelling of the spiral arteries by 

penetrating the muscular wall causing VSMC disruption both in the presence 

and absence of EVT. 
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2) Decidual leucocytes are prevalent in and around the VSMC wall of SpAs in the 

decidua prior to trophoblast invasion. 

3) Decidual leucocyte numbers are higher in the VSMC wall and adventitia of SpA 

at 8-10 weeks gestation compared with numbers at 12-14 weeks gestation 

4) Decidual macrophages produce pro-angiogenic growth factors and cytokines 

that cause disruption of the VSMC wall aiding spiral artery remodelling at both 

8-10 and 12-14 weeks gestation. 

6.2.2 Aims 

1. To assess leucocyte cell numbers in the musculoelastic walls of spiral arteries in 

decidua from placental bed biospsies at 8-10 and 12-14 weeks gestation in the 

presence or absence of EVT 

2. To isolate a pure population of CD14+ cells from first trimester decidua 

3. To investigate which cytokines and growth factors are produced by uterine 

CD14+ cells using a FASTQuant multiplex cytokine array 

 

6.3 Experimental design 

6.3.1 Immunohistochemical labelling of decidual spiral arteries and 
decidual leucocytes  

Placental bed biopsies were obtained from women undergoing elective TOP in early 

pregnancy at 8-10 and 12-14 weeks gestation (section 2.1.3) and tissue was prepared 

for FFPE sections for immunohistochemical analysis (section 2.1.8.3 and section 2.2), 

n=10 each gestational age. Table 6.1 outlines the primary antibodies used, with 

incubation times and pre-treatments, to identify SpA, EVT and decidual leucocytes 

within the spiral artery wall and surrounding areas of decidual spiral arteries at 8-10 

and 12-14 weeks gestation. 
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Table 6.1 Primary antibodies used for immunohistochemistry on FFPE tissue sections 

 

6.3.2 Definition of SpA vessel wall 

The structure of an artery is composed of three distinct layers; the intima, media and 

adventitia. The intima is the inner most layer that is in contact with blood in the lumen 

and includes an endothelial cell layer lining the lumen and an internal layer of elastic 

lamina. The media is the middle layer and consists mainly of compacted smooth 

muscle cells and elastic fibres. The outermost layer is known as the adventitia and is 

composed of fibrous collagen and connective tissue protecting the blood vessel and 

allowing anchorage to surrounding structures.    

The purpose of this part of the study was to assess the number of leucocytes in the 

intima and media of SpAs. Definition of the outer limits (media) of the spiral artery 

musculoelastic wall proved difficult in this study and H-caldesmon staining was not 

sufficient to overcome the problems encountered. Defining the inner and outer limits 

of the vessel was difficult because the wall thickness often varied within any one vessel 

cross section; for example one side of the SpA would have a very thick medial layer, 

whereas the other side of the vessel wall would have lost the VSMC layers, making 

characterisation of the stage of vessel transformation hard to determine. The use of 
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standard histochemical staining techniques helped to overcome this problem and also 

helped to distinguish between arteries and veins.  

6.3.2.1 Orcein and EVG staining techniques 

In order to help to identify and define the limits of SpAs within the placental bed 

biopsies Orcein staining and Elastic Van Gieson staining were also applied to the FFPE 

tissue sections as well as immunohistochemistry for VSMC markers. 

The Orcein staining technique is outlined in the Appendix (see Appendix); this a red-

brown stain that is used to identify elastic layers in connective tissue. Decidual spiral 

arteries are known to lose their elastic lamina during early transformation processes in 

early pregnancy (Figure 6.1B) but deeper sections of SpAs within the myometrium 

appeared to have both internal and external elastic lamina present and intact (Figure 

6.1A).  This staining technique also helped to distinguish arteries from veins within the 

decidua. However, due to the loss of elastic layers in decidual SpAs it was difficult to 

determine vessel wall thickness using the Orcein stain.  

 

Figure 6.1 Orcein staining on placental bed spiral arteries to identify elastic layers 
Image representing spiral arteries stained with Orcein staining technique in both FFPE tissue 
sections of myometrium (A; 8-10 weeks GA) and decidua (B; 8-10 weeks GA) from placental 
bed biopsies. Original magnification x200.   

 

The Elastic Van Geison (EVG) staining technique is an alternative method to identify 

the connective tissue and elastic layers (see Appendix). Elastic layers are stained 

blue/black and muscle layers stain a yellow colour with an orange/red colour 

demonstrating connective tissue, the SpA adventitia. The identification of internal and 

external elastic laminae and adventitial connective tissue helped to identify the inner 



218 
 

and outer limits of the VSMC media wall and adventitia of the SpAs (Figure 6.2). This 

staining technique also provided evidence that there is no external elastic lamina 

present in decidual spiral arteries (Figure 6.2). 

 

Figure 6.2 Elastic Van Geison (EVG) on placental bed spiral arteries for identification of 
internal and external elastic laminae and adventitial connective tissue 
Image representing a non-transformed spiral artery. Left image illustrates a decidual SpA 
stained with EVG. Black staining indicates internal elastic lamina, yellowish/purple staining 
indicates muscle layers and reddish colour indicates connective tissue. The right image is a 
serial section of a decidual SpA in the placental bed positive for H-Caldesmon immunostaining 
demonstrating VSMCs (8-10weeks GA). Original magnification x100.    

6.3.3 Assessment of leucocyte cell counts in SpA vessel wall and 
adventitia 

Once a spiral artery was identified microscopically, the thickness of the musculoelastic 

wall and adventitia was determined and serial sections stained with leucocyte markers 

were assessed. Difficulties were encountered when trying to count leucocyte numbers 

within the vessel walls. Initially the sections were double labelled using 

immunohistochemistry with muscle markers and leucocyte markers or counterstained 

with muscle stains. However, this was unsuccessful because the staining with muscle 

markers masked the staining of the leucocyte markers. Therefore, serial sections were 

stained and immunolabelled separately which made it hard to identify exact areas 

within placental bed.  

This problem was overcome by the use of a computer grid graticule applied to 3µm 

serial sections. An image of the area stained on the tissue section was taken using an 

image capture microscope (Nikon Eclipse 80i coupled with a DS-Fil camera) which was 

connected to the computer programme NIS Elements Software. Tissue sections that 
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were immunostained with H-caldesmon were assessed initially. The thickness of the 

spiral artery wall was determined by placing a graticule over the immunostained 

artery. A square of the graticule was placed so that the inner vessel wall (from the 

lumen) to the outer limit of vessel wall would fit the square and the width of the 

square was measured electronically (Figure 6.3).  

 

 

Figure 6.3 The use of a computer graticule in determining SpA vascular wall thickness 
Image taken from computer screen to shown the use of the graticule grid and how VSMC wall 
thickness was determined. The squares on this graticule grid measure 20µm. However, parts of 
the vessel wall exceed this thickness (top of vessel ~60µm), and therefore an average thickness 
was measured for this dedidual SpA. Original magnification x200.  

 

The thickness of the VSMC wall of the artery was assessed by measuring the various 

places within any one vessel and was then given an average thickness measurement. If 

an artery had a wall thickness that exceeded 30µm and the VSMC layers were very 

tightly packed with a swollen endothelium visually present it was characterised as a 

non-transformed vessel that was not going through the remodelling process (Figure 

6.4A). Arteries which had a VSMC wall thickness of 20-30µm and showed slight 

separation of VSMC layers and migration of VSMC layers was characterised as an early 

partially transformed vessel (P1; Figure 6.4B). SpAs that had VSMC walls that were 

10µm or less (one cell layer thick) were classed as late partially transformed vessels 
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(P2; Figure 6.4C) and arteries which had lost their VSMC wall completely  or with one 

or two VSMC remaining were classified as fully transformed vessels (Figure 6.4D).   

Initially difficulties did arise on the classification of vessel thickness and stages of 

transformation. Non-transformed and complete vessels were easy to define but 

intermediate stages were harder to assess. Also vessels that measured 10-20µm thick 

were in between P1 and P2 and had difficulty defining which stage of transformation 

they belonged. We attempted classification of the intermediate partial stages based on 

disorganisation and loss of muscle rather than VSMC thickness. The presence or 

absence of EVT was assessed separately and was not used initially to define 

transformation stage but in difficult specimens the presence of certain EVT 

populations helped on classification.     

Serial tissue sections that were immunostained with leucocyte markers were assessed 

and counted by taking an image of the corresponding SpA, placing the grid graticule 

(measuring the same thickness of the SpA VSMC wall, e.g. 30µm thick) and counting 

the number of leucocytes within that 30µm area starting from the lumen. Cells in the 

adventitia were also counted. Adventitia was identified by EVG staining (section 

6.3.2.1) and the thickness was measured using the computer graticule and was defined 

from the outer limits of the musculoelastic wall to the outer limits of connective tissue 

(where tissue anchored onto decidual tissue). This method was applied to all serial 

sections and all leucocyte markers.         
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Figure 6.4 Identification of SpA vessel classification based on level of vessel transformation 
using immunohistochemistry with anti-H-caldesmon 
Representative immunohistochemistry image demonstrating how SpA vessel classification was 
identified based on vessel transformation in placental bed biopsies. A: Non-transformed; B: P1 
(early) partially transformed; C: P2 (late) partially transformed and D: Fully transformed. All 
tissue is immunostained with H-Caldesmon/PAS demonstrating VSMC wall of decidual SpAs 
with original magnification x100.   

6.3.4 Isolation of decidual CD14+ cell by MidiMacs 

Isolation of a pure, viable source of decidual macrophages from first trimester decidua 

has not been previously described in literature. In this study we wanted to see 

whether it was possible to initially isolate CD14+ cells from early decidual tissue and 

secondly to culture the decidual macrophages to pave the way in allowing to 

investigate their protein secretion and involvement in SpA remodelling.  

Firstly, the proportion of CD14+ cells in digested decidual tissue was investigated. 

Decidual tissue was subjected to enzymatic digestion (section 2.3.1) and incubated in a 

T75 tissue culture flask overnight at 37°C at 5% CO2. Following overnight incubation the 

media was discarded and adhered cells were removed from the tissue culture flask 

using sterile PBS pH7.4 and a cell scraper. The removed cells were then centrifuged at 
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300G for 7mins, resuspended in RPMI complete medium and cell smears prepared 

(section 2.3.3). 

The cell smears were then immunostained using antibodies against CD14, CD56, 

vimentin and LP34 (see Table 6.2). This was repeated 3 times.  

Evaluation of these cell smears revealed that approximately 90% of the adhered cells 

in all 3 samples were positively stained with CD14, all the cells evaluated were 

positively stained with vimentin and none of the cells were CD56 positive or LP34 

positive, indicating that the majority of the adhered decidual cells were a population of 

macrophages/dendritic cells which were mesenchymal in origin.         

6.3.4.1 Preparation of CD14+cell culture supernatants 

The results showed that CD14+ cells are present in adhered cells prepared from early 

pregnancy decidual tissue (8-14 weeks gestational age); the next stage was to isolate 

this population and collect cultured cell supernatants. Initially CD14+ cells were isolated 

from early pregnancy decidua using the standard indirect Midimacs technique (section 

2.3.4) and cell smears were prepared. The CD14+ labelled cell smears were then 

stained with secondary and tertiary antibodies from the Elite ABC kit in order to check 

cell purity, none of the cells were positive for CD14+ protein. This was repeated using 

another 2 decidual samples and results were the same each time.  

Three more early pregnancy decidual samples were digested but for those samples 

isolation of cells was attempted using the Midimacs technique for macrophage 

isolation with labelled anti-CD14 microbeads; cell smears were again prepared to 

check cell purity.  

Cells smears were also immunostained with anti-CD68 as well as checking CD14 purity 

(see Table 6.2). In all of the samples over 95% of the cells were CD68 positive and over 

97% of the cells were CD14 positive. Indicating that this isolation procedure had 

worked and we were able to successfully isolate CD14 cells from early pregnancy 

decidual tissue.      
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6.3.4.2 Characteristion of decidual CD14+ cells 

CD14 cells were isolated from decidual tissue (n=3) and CD14+ cell smears were 

prepared for double labelling with different antibodies (Table 6.2) using the APAAP 

method (see Appendix).  

Frozen sections of decidual tissue from 9 weeks gestation was also immunostained 

with protein markers associated with the phenotype of macrophages (Table 6.2), along 

with the double labelling of these markers in CD14+ labelled cell smears. Frozen 

decidual tissue was used rather than FFPE tissue, to compare with immunostaining in 

cell smears because the antibodies used for cell smears were antibodies which were 

specific to tissue or cells that had not be formalin fixed so decidua that had been 

frozen was used to make ideal comparisons.      

 
Table 6.2 Primary antibodies used in immunocytochemistry of CD14+ cell smears and used 
for immunohistochemistry on frozen decidual tissue sections 
Primary antibodies used in immunocytochemistry (single and double labelling) of cell smears 
and immunohistochemistry of frozen tissue sections. 
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6.3.4.3 Culturing isolated decidual CD14+cells – viability optimisation 

Following isolation of decidual CD14+ cells, isolated fractions were tested for their 

cellular viability using the trypan blue method (section 2.3.3.1) to determine whether 

positive immunomagnetic separation affected cell viability. All samples checked had 

>97% viability of CD14 cells with 95% purity after midimacs with positive selected CD14 

labelled microbeads. However, it was observed that after 24h in culture (in 96 well 

tissue culture plate) following midimacs isolation, cellular viability dramatically 

decreased to less than 20%. 

To overcome this, the culture medium components were altered. The fetal calf serum 

concentration in the culture medium was increased from 10% to 20%. The isolated 

cells were again cultured for 24h at 37°C in 96 well culture plates. The ‘total’ (un 

separated) adhered decidual cell fractions were viable after culture but the CD14 cell 

fraction were all dead when using both 10% and 20% FCS supplemented medium; 

increased FCS concentration therefore did not improve viability. 

The size of the culture plates was also up for debate as macrophages are large cells 

and it was suggested that the wells on a 96 well plate may be too small for the cells, 

causing them to die in culture. Therefore, instead of culturing the cells in 96 well plates 

after isolation the CD14+ cells were cultured in 48 well plates. Although the cells 

appeared less compacted in a 48 well plate, viability was still low after 24h culture. The 

amount of time that the cells were in culture was also reduced from 24h to 12h but 

even after 12h the cells did not survive. It was therefore decided to continue using the 

48 well plates but the culture medium used to culture the cells was changed:  

One well of cells were cultured using DMEM media supplemented using 10% heat 

inactivated FCS (Sigma), another using DMEM media supplemented with 10% FCS that 

had been triple filtered and derived from American fetal bovine blood (ATCC) and 

another using DMEM media supplemented with 10% FCS containing IL-2 and LPS 

(dendritic cell FCS) all with/without the addition of 50ngml-1 granulocyte macrophage 

colony stimulating factor (GM-CSF). This was also run alongside cultures in RPMI 

medium using the same conditions. These experiments were repeated using 3 

different decidual samples.     
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CD14+ cell smears prepared at T=0 were double labelled with the antibodies outlined 

in Table 6.2, using the APAAP method (section 2.2.3). This double labelling was also 

performed on cultured cells (T=24h) by fixing the remaining cells in methanol for ten 

minutes prior to immunostaining.  Once the culture conditions were optimised, cell 

culture supernatant collection began and were harvested and stored at -80°C. 

6.3.5 Measuring secretion of gowth factors by decidual CD14+ cells 

Secretion of growth factors and cytokines by CD14+ cells were measured using the 

CD14+ cell supernatants. Detection of these CD14+ proteins at both 8-10 and 12-14 

weeks gestational age was assessed using ELISA and FASTQuant assays. 

 6.3.5.1 ELISA 

50µl of CD14+ cell supernatant in 50µl reagent diluents (diluted 2 fold) was subjected 

to a sandwich ELISA (section 2.10) and ran in duplicate for detection of PlGF 

(2000pgml-1 top standard) , VEGF-C (6000pgml-1 top standard), TGF-β1 (2000pgml-1 top 

standard)  and Ang-1(10000pgml-1 top standard)  (Duoset R&D systems). An 8 point 

standard curve was used and generated using a computer 4-PL curve fit. The only 

detectable protein in the supernatants was Ang-1; the other proteins were at 

undetectable concentrations by CD14+ cells. N=10 for each age group (8-10 and 12-14 

weeks GA).   

6.3.5.2 Th1/2 and angiogenesis FASTQuant analysis 

Adhered decidual cell supernatants (total adhered cells) and CD14+ cell supernatants 

subjected to FASTQuant assay (section 2.7) to detect angiogenic growth factors and 

cytokines secreted by these cells.  

The angiogenesis kit detects antigens including angiogenin, Ang-2, KGF, PDGF-BB, FGF-

basic, TIMP-1, ICAM-1 and VEGF. There were 24 wells of the angiogenesis FASTQuant 

kit available for this study; a standard curve was made from the standard cocktail 

specific to the angiogenesis kit and added to 8 wells, 8-10 and 12-14 weeks GA total 

adhered decidual cell supernatants (n=3 both gestational age groups) and 8-10 and 12-

14 weeks GA CD14+ cell supernatants (n=5 both gestational age groups) were used for 

the remaining wells.  
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The Th1/2 kit detects antigens including IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IFN-γ 

and TNF-α. There were 32 wells of the human Th1/2 FASTQuant kit available for this 

study; a standard curve was made from the standard cocktail specific to the Th1/2 kit 

and added to 8 wells, 8-10 and 12-14 weeks GA total adhered decidual cell 

supernatants (n=7 8-10 weeks GA and n=5 12-14 weeks GA) and 8-10 and 12-14 weeks 

GA CD14+ cell supernatants (n=7 8-10 weeks GA and n=5 12-14 weeks GA) were used 

for the remaining wells.  

Samples were diluted 2 fold (50µl of each sample was diluted with 50µl of standard 

diluent (0.1% BSA, 0.05% Tween20 in PBS pH7.4) to give a total volume of 100µl). After 

blocking the wells in blocking solution 70µl of each sample and standard was added to 

the corresponding wells and incubated in a moisture sealed bag overnight at room 

temperature and protocol was followed using manufacturer’s guidelines. Antigen 

concentration and detection was visualised using a working solution of SA-Cy™5 

fluorescent reporter and scanned using Genepix scanner (section 2.7.2).      

 

6.4 Results 

6.4.1 Leucocyte cell counts in vessel wall and adventitia of spiral arteries 
in decidua of placental bed biopsies 

In order to initially identify the different cell populations within the placental bed of 

early pregnancy FFPE tissue sections were subjected to immunohistochemical analysis 

(Table 6.1, section 6.3). Sections were immunostained to allow identification of CD3+ T 

cells, CD14+ macrophages and CD56+ uNK cells.  

All three leucocyte populations were identified in the vessel walls and adventitia of 

SpAs at both gestational age groups (8-10 and 12-14 weeks GA) both in the presence 

and absence of EVT (Figure 6.5).  

6.4.1.1 Leucocyte cell counts in vessel wall at 8-10 and 12-14 weeks 
gestational age 

CD14+ leucocytes were observed to be the most prominent leucocyte population 

within the vessel wall of partially transforming and fully transformed decidual SpA at 8-

10 weeks gestational age compared with CD3+ and CD56+ leucocyte populations 
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(Figure 6.6). A high number of CD3+ and CD14+ leucocytes were observed in non-

transformed vessels with numbers diminishing as the vessels underwent 

transformation. CD56+ cell numbers remained fairly consistent from non-transformed 

to partially transformed vessels but numbers declined in fully transformed vessel walls.   

There were no significant differences observed in the numbers of CD56+ cells in SpA 

VSMC walls throughout each stage of vessel transformation. However, the number of 

CD14+ cells significantly declined from the numbers observed in non-transformed 

vessels to fully transformed vessels (a: P=0.0193) and there were also significantly 

decreased CD14+ cell numbers observed in late partially transformed (P2) SpA 

compared with fully transformed SpA (b: P=0.0155). There was also a dramatic 

reduction in CD3+ cell numbers from non-transformed to early partially transformed 

(P1) SpA, P2 and fully transformed SpA (c ,d, e: P=0.0001). 
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Figure 6.5 Immunohistochemistry images representing the different leucocyte cell 
populations in placental bed of early pregnancy 
Immunohistochemical representation of P2 partially remodelled SpA within the placental bed 
at 8-10 weeks GA associated with maternal leucocytes. A: H-Caldesmon/PAS staining 
demonstrating VSMCs; B: Cytokeratin-7/PAS staining demonstrating EVT cells; C: Positive CD56 
staining demonstrating uNK cells; D: Positive CD14 staining demonstrating macrophages; E: 
Positive CD3 staining demonstrating T-cells. Original magnification x200.       
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Figure 6.6 Mean leucocyte cell numbers in SpA vessel wall at each stage of vascular 
transformation at 8-10 weeks gestational age   
Mean numbers of CD56+, CD14+ and CD3+ cells observed within the wall of decidual SpAs at 
four different stages of transformation at 8-10 weeks gestation. Non-transformed (n=3): no 
transformation, thick VSMC layers; P1 (n=8): early partial remodelling of the VSMC, separation 
of VSMC cell layers; P2 (n=17): late partial remodelling of vessel wall, VSMC loss/displacement 
and increased vessel size; Fully-transformed (n=12): complete loss/displacement of VSMC 
layers, no evidence of VSMC. Data are expressed as Mean ± SEM and statistical significance is 
defined P=0.05 using one-way ANOVA with Fishers post hoc analysis.     

 

CD14+ cells were also the most prominent cell type observed in SpA vessel walls at 12-

14 weeks GA, with CD56+ cells being the second most prominent and CD3+ cells were 

observed in low numbers only in partially transformed SpAs at 12-14 weeks GA. The 

highest counts of CD14+ leucocytes were observed in early partially transformed (P1) 

SpA with numbers decreasing with level of transformation (Figure 6.7).  

CD14+ leucocytes were the only cell population observed in the wall of non-

transformed SpA at 12-14 weeks gestation; CD56+ or CD3+ cells were not detected in 

the wall of non-transformed SpA in the samples assessed (Figure 6.7). CD14+ cell 

numbers were increased in vessels showing early partial transformation (P1) compared 

with non-transformed SpA (a: P=0.0409) but numbers significantly decreased later in 

the transformation process with reduction in CD14+ cells in late partially transformed 
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(P2) and fully transformed SpA compared with P1 SpA (b: P=0.0332; c: P=0.0030 

respectively). There were no differences in the number of CD56+ leucocytes observed 

in the vessel wall throughout each stage of transformation, although CD56+ cell 

numbers did slightly decline.  

 

 

Figure 6.7 Mean leucocyte cell numbers in SpA vessel wall at each stage of vascular 
transformation at 12-14 weeks gestational age   
Mean numbers of CD56+, CD14+ and CD3+ cells observed within the wall of decidual SpAs at 
four different stages of transformation at 12-14 weeks gestation. Non-transformed (n=3): no 
transformation, thick VSMC layers; P1 (n=5): early partial remodelling of the VSMC, separation 
of VSMC cell layers; P2 (n=8): late partial remodelling of vessel wall, VSMC loss/displacement 
and increased vessel size; Fully-transformed (n=8): complete loss/displacement of VSMC 
layers, no evidence of VSMC. Data are expressed as Mean ± SEM and statistical significance is 
defined P=0.05 using one-way ANOVA with Fishers post hoc analysis.     
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6.4.1.2 Leucocyte cell counts in adventitia at 8-10 and 12-14 weeks gestational age 

Higher numbers of all the leucocyte populations studied were observed in the 

adventitial layer of SpAs compared with numbers observed in SpA vessel wall at 8-10 

weeks gestation. Leucocytes were clustered around the vessel; CD14+ cell clusters 

appeared to be most striking and again were the most abundant compared with CD56+ 

and CD3+ cell numbers (Figure 6.8). CD14+ and CD3+ cell numbers were highest in non-

transformed vessels and numbers decreased with vessel transformation. Compared 

with non-transformed SpA there were significant decreases in the number of CD14+ 

cells of early partially transformed (P1) SpA (a: P=0.0439) and fully transformed vessels 

(b: P=0.0409). Differences were also observed between the numbers of CD3+ cells 

within the adventitia; CD3+ cell numbers observed in the adventitia decreased 

significantly from non- transformed to early partially transformed (P1) SpA (c: 

P=0.0063), P2 (d: P=0.0032) and fully transformed vessels (e: P=0.0016). Despite 

reducing numbers within the vessel adventitia of CD14+ and CD3+ leucocytes as SpA 

remodelling progresses, CD56+ cell numbers remained consistent at each stage of SpA 

transformation. 
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Figure 6.8 Mean leucocyte cell numbers in SpA vessel adventitia at each stage of vascular 
transformation at 8-10 weeks gestational age   
Mean numbers of CD56+, CD14+ and CD3+ cells observed within adventitia of decidual SpAs at 
four different stages of transformation at 8-10 weeks gestation. Non-transformed (n=3): no 
transformation, thick VSMC layers; P1 (n=8): early partial remodelling of the VSMC, separation 
of VSMC cell layers; P2 (n=17): late partial remodelling of vessel wall, VSMC loss/displacement 
and increased vessel size; Fully-transformed (n=12): complete loss/displacement of VSMC 
layers, no evidence of VSMC. Data are expressed as Mean ± SEM and statistical significance is 
defined P=0.05 using one-way ANOVA with Fishers post hoc analysis.     

 

More leucocytes were observed in the adventitia of spiral arteries at 12-14 weeks 

gestation compared with numbers observed within the vessel walls themselves (Figure 

6.9). CD14+ cells were the most prominent leucocyte population with highest numbers 

observed in the adventitia of non-transformed and early partially transformed (P1) 

SpAs, with numbers decreasing from P1 to P2 (a: P=0.0051) and fully transformed 

vessels (b: P=0.0007). CD56+ cell numbers again remained consistent throughout each 

stage of vessel transformation. Very few CD3+ cells were observed at 12-14 weeks 

gestation both in the vessel walls and adventitia and CD3+ cells were only identified in 

non-transformed and partially transformed vessels, with none detected in fully 

transformed SpA. 
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Figure 6.9 Mean leucocyte cell numbers in SpA vessel adventitia at each stage of vascular 
transformation at 12-14 weeks gestational age   
Mean numbers of CD56+, CD14+ and CD3+ cells observed within adventitia of decidual SpAs at 
four different stages of transformation at 12-14 weeks gestation. Non-transformed (n=3): no 
transformation, thick VSMC layers; P1 (n=5): early partial remodelling of the VSMC, separation 
of VSMC cell layers; P2 (n=8): late partial remodelling of vessel wall, VSMC loss/displacement 
and increased vessel size; Fully-transformed (n=8): complete loss/displacement of VSMC 
layers, no evidence of VSMC. Data are expressed as Mean ± SEM and statistical significance is 
defined P=0.05 using one-way ANOVA with Fishers post hoc analysis.     
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6.4.2 Comparison of leucocyte cell numbers in vessel wall and adventitia 
between 8-10 and 12-14 weeks gestation 

6.4.2.1 Leucocyte cell numbers in vessel wall and adventitia between 8-10 and 12-14 
weeks gestation 

Reduced numbers of all three leucocyte populations were observed in the SpA wall 

and adventitia at 12-14 weeks compared with 8-10 weeks gestation. 

It appeared that there were more CD56+ cells observed in the walls and adventitia of 

SpA at 8-10 weeks compared to 12-14 weeks GA at all stages of vascular 

transformation (Figure 6.10). However, CD56+ cell numbers were only higher in the 

vessel walls of non-transformed vessels at 8-10 weeks gestation compared with cell 

numbers observed in these vessels at 12-14 weeks gestation (Figure 6.10A; P=0.0099) 

and only higher in the adventitia of non-transformed and late partially transformed 

(P2) vessels at 8-10 weeks gestation compared with numbers observed at 12-14 weeks 

gestation (Figure 6.10B: P=0.0523 and P=0.0527 respectively).  

CD14+ cell numbers observed in both the adventitia and SpA wall declined at 12-14 

weeks gestation compared with numbers observed at 8-10 weeks gestation (Figure 

6.11). Non-transformed vessels at 8-10 weeks gestation had the highest number of 

CD14+ cells observed in the walls of the vessels compared with 12-14 weeks gestation 

(Figure 6.11A; P=0.0069) and were also higher in the adventitia (Figure 6.11B; 

P=0.0065). However, early partially transformed vessels appeared to have higher 

numbers of CD14+ cells at 12-14 weeks gestation compared with 8-10 weeks gestation 

SpA but this is not as apparent as vessel transformation increased (Figure 6.11). 

It appeared that there were more CD3+ leucocytes observed in both SpA vessel walls 

and vessel adventitia at 8-10 weeks gestation at each stage of vessel transformation 

compared with 12-14 weeks gestation (Figure 6.12). However, the differences in CD3+ 

cell numbers observed were only significant in the vessel walls of non-transformed SpA 

at 8-10 weeks gestation compared with numbers observed at 12-14 weeks gestation 

(Figure 6.12A; P=0.0023) and in the adventitia of non-transformed SpA and fully 

transformed SpA at 8-10 weeks gestation compared with 12-14 weeks gestation 

(Figure 6.12B; P=0.0040 and P=0.0126 respectively). The number of CD3+ leucocytes 

declined in later stages of transformation, with reduction of CD3+ numbers in both the 
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wall and adventitia of fully transformed vessels compared with non-transformed SpA 

(Figure 6.12).  

 

Figure 6.10 Comparison of CD56+ cell numbers in both SpA vessel wall and SpA adventitia 
between 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD56+ cell numbers observed in SpA walls (A) and in SpA adventitia 
(B) in placental bed biopsies at both 8-10 (non-transformed n=3, P1 n=8, P2 n=17, fully 
transformed n=12 vessels) and 12-14 (non-transformed n=3, P1 n=5, P2 n=8, fully transformed 
n=8 vessels) weeks gestation. Data are expressed as Mean ± SEM. Significance is denoted by 
P≤0.05. 
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Figure 6.11 Comparison of CD14+ cell numbers in both SpA vessel wall and SpA adventitia 
between 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD14+ cell numbers observed in SpA walls (A) and in SpA adventitia 
(B) in placental bed biopsies at both 8-10 (non-transformed n=3, P1 n=8, P2 n=17, fully 
transformed n=12 vessels) and 12-14 (non-transformed n=3, P1 n=5, P2 n=8, fully transformed 
n=8 vessels) weeks gestation. Data are expressed as Mean ± SEM n=10. Significance is denoted 
by P≤0.05.  
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Figure 6.12 Comparison of CD3+ T lymphocyte numbers in both SpA vessel wall and SpA 
adventitia between 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD3+ cell numbers observed in SpA walls (A) and in SpA adventitia 
(B) in placental bed biopsies at both 8-10 (non-transformed n=3, P1 n=8, P2 n=17, fully 
transformed n=12 vessels) and 12-14 (non-transformed n=3, P1 n=5, P2 n=8, fully transformed 
n=8 vessels) weeks gestation. Data are expressed as Mean ± SEM. Significance is denoted by 
P≤0.05. 
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6.4.2.2 Leucocyte cell numbers in vessel wall compared with leucocyte cell numbers in 
adventitia at 8-10 and 12-14 weeks gestation 

 At 8-10 weeks gestation significantly higher numbers of CD56+ cells were present in 

the adventitia at each stage of vascular transformation compared with numbers 

observed within the vessel walls (Figure 6.13A; non-transformed: P=0.0123; P1: 

P=0.0089; P2: P=0.0045; fully transformed: P<0.0001).  

At 12-14 weeks gestation no CD56+ cells were observed in the vessel wall in non-

transformed SpA, but were observed in low numbers at the other stages of 

transformation (Figure 6.13B). There were significantly higher CD56+ cell numbers 

observed in the adventitia at each stage of vessel transformation compared with cell 

numbers observed in the vessel wall at 12-14 weeks gestation (Figure 6.13B; non-

transformed: P=0.0059; P1: P=0.0153; P2: P=0.0213; fully transformed: P=0.0015). 

At both 8-10 weeks and 12-14 weeks gestation there were significantly more CD14+ 

cells observed in the adventitia compared with cell numbers observed in the vessel 

wall (Figure 6.14A and B respectively). CD14+ cells numbers were significantly higher in 

the adventitia in non-transformed (8-10 weeks: P=0.0082; 12-14 weeks: P= 0.0003), P2 

(late partially transformed; 8-10 weeks: P=0.0148; 12-14 weeks: P=0.0428) and fully 

transformed SpA at both gestational ages, with the biggest difference observed in fully 

transformed vessels (8-10 weeks: P=0.0001; 12-14 weeks: P<0.0001). Although, CD14+ 

cell numbers observed in P1 (early partially transformed) vessels at both 8-10 weeks 

and 12-14 weeks gestation appeared to be higher in the adventitia compared to cell 

numbers observed in the vessel wall, the difference was not significant.  

Higher numbers of CD3+ cells were also observed in the adventitia compared with cell 

numbers observed in the vessel wall at both gestational age groups (Figure 6.15). At 8-

10 weeks gestation CD3+ cell numbers were highest in the adventitia in non-

transformed (Figure 6.15A; P=0.0438), P2 (Figure 6.15A; P=0.0048) and fully 

transformed vessels (Figure 6.15A; P=0.0104) compared to cell numbers observed in 

the vessel wall. However, CD3+ cell numbers observed in the adventitia and the vessel 

wall in P1 vessels did not differ.   

There were no CD3+ cells observed in either the vessel wall or adventitia of non-

transformed and fully transformed SpA at 12-14 weeks gestation (Figure 6.15B). There 
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were a few CD3+ cells observed in the partially transformed vessels (P1 and P2) with 

higher cell numbers observed in the adventitia in P2 vessels compared with cell 

numbers observed in the vessel wall (P=0.0214).   

 

Figure 6.13 Comparison between CD56+ cell numbers observed in SpA vessel wall with 
numbers observed in SpA at both 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD56+ cell numbers in SpA walls compared with numbers 
observed in adventitia in placental bed biopsies at both 8-10 weeks (A) and 12-14 weeks (B) 
gestation (8-10 weeks GA: non-transformed n=3, P1 n=8, P2 n=17, fully transformed n=12 
vessels and 12-14 weeks GA: non-transformed n=3, P1 n=5, P2 n=8, fully transformed n=8 
vessels).  Data are expressed as Mean ± SEM. Significance is denoted by P≤0.05. 
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Figure 6.14 Comparison between CD14+ cell numbers observed in SpA vessel wall with 
numbers observed in SpA at both 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD14+ cell numbers in SpA walls compared with numbers observed 
in adventitia in placental bed biopsies at both 8-10 weeks (A) and 12-14 weeks (B) gestation (8-
10 weeks GA: non-transformed n=3, P1 n=8, P2 n=17, fully transformed n=12 vessels and 12-14 
weeks GA: non-transformed n=3, P1 n=5, P2 n=8, fully transformed n=8 vessels). Data are 
expressed as Mean ± SEM. Significance is denoted by P≤0.05. 
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Figure 6.15 Comparison between CD3+ T lymphocyte numbers observed in SpA vessel wall 
with numbers observed in SpA at both 8-10 weeks and 12-14 weeks gestation 
Graphical representation of CD3+ cell numbers in SpA walls compared with numbers observed 
in adventitia in placental bed biopsies at both 8-10 weeks (A) and 12-14 weeks (B) gestation (8-
10 weeks GA: non-transformed n=3, P1 n=8, P2 n=17, fully transformed n=12 vessels and 12-14 
weeks GA: non-transformed n=3, P1 n=5, P2 n=8, fully transformed n=8 vessels). Data are 
expressed as Mean ± SEM. Significance is denoted by P≤0.05. 
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In conclusion there were more leucocytes present in association with spiral arteries at 

8-10 weeks gestation compared with 12-14 weeks gestation. In addition, numbers of 

the three leucocyte populations studied were higher in the adventitia (around the 

vessel wall) rather than within the vessel wall itself, with CD14+ cells being the most 

prominent cell population.  

6.4.3 Leucocyte numbers in the presence of EVT cells  

Leucocyte populations were observed clustered around vessels and in the vessel walls 

in both gestational age groups in the absence of EVT. However, the numbers of all the 

leucocyte populations appeared to decline when EVT cells were present.  

All of the non-transformed vessels observed in this study did not contain interstitial 

EVT cells in proximity to the vessels and there were no presence of intramural or 

endovascular EVT in the wall of the non-transformed SpA either, but the non-

transformed SpA were not absent of leucocytes at both GA groups.  

At 8-10 weeks gestation 50% of P1 vessels examined had interstitial EVT cells present, 

25% of P1 vessels also had intramural EVT cells embedded in the vessel wall but none 

of the P1 vessels showed endovascular EVT cells. All of the P2 vessels had interstitial 

EVT cells present, while intramural EVT were observed in 82% and endovascular EVT in 

6%. All of the fully transformed vessels observed contained both interstitial and 

intramural EVT, with 58% of them having endovascular EVT present.     

Of all of the P1 vessels assessed at 12-14 weeks gestation, 40% had associated 

interstitial EVT, while no intramural or endovascular EVT were observed in any of the 

P1 SpAs. All of the P2 vessels analysed had associated interstitial EVT, 75% contained 

intramural EVT and 50% had endovascular EVT present in their lumen. All of the fully 

transformed vessels observed had both interstitial EVT with intramural EVT and 75% 

endovascular EVT.      

Since all non-transformed arteries did not show associated EVT but did show 

leucocytes, whereas all P2 SpAs and fully transformed spiral arteries had EVT in 

associated to them, it was therefore decided to focus on the numbers of leucocytes in 

P1 vessels at both gestations to investigate whether the presence of EVT affected 

leucocyte cell numbers (Figures 6.16-6.18). 
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All three leucocyte numbers were slightly higher in both the adventitia and the wall in 

P1 SpAs when EVT cells were absent (CD56+ Figure 6.16; CD14+ Figure 6.17; CD3+ Figure 

6.18). This difference however, was only statistically significant for the numbers of 

CD3+ leucocytes within the adventitia of P1 SpA, with cell numbers being higher in the 

absence of EVT cells (Figure 6.18; P=0.0312).      

 

Figure 6.16 Mean CD56+ cell numbers in P1 SpA vessel wall and adventitia in both the 
presence and absence of EVT at 8-14 weeks gestation 
Graph illustrating the average number of CD56+ cells observed in VSMC wall of P1 vessels and 
in the adventitia of P1 SpA in both the presence and absence of EVT at 8-14 weeks gestation 
(n=13 vessels assessed). Data expressed as Mean ± SEM.  
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Figure 6.17 Mean CD14+ cell numbers in P1 SpA vessel wall and adventitia in both the 
presence and absence of EVT at 8-14 weeks gestation 
Graph illustrating the average number of CD14+ cells observed in VSMC wall of P1 vessels and 
in the adventitia of P1 SpA in both the presence and absence of EVT at 8-14 weeks gestation 
(n=13 vessels assessed). Data expressed as Mean ± SEM.  

 

Figure 6.18 Mean CD3+ T lymphocyte numbers in P1 SpA vessel wall and adventitia in both 
the presence and absence of EVT at 8-14 weeks gestation 
Graph illustrating the number of CD3+ cells observed in VSMC wall of P1 vessels and in the 
adventitia of P1 SpA in both the presence and absence of EVT at 8-14 weeks gestation (n=13 
vessels assessed). Data are expressed as Mean ± SEM. Significance is denoted by P≤0.05. 
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CD14+ cells also appeared to be clustered around interstitial EVT cells in proximity to 

spiral arteries (Figure 6.19) but this apparent association was not quantified.  

 

Figure 6.19 Immunohistochemistry image showing the relationship between CD14+ cells and 
EVT in early pregnant decidua 
Representative image showing immunostaining in a placental bed biopsy in early pregnant 
decidua. A represents CD14 cells and B represents interstitial EVT cells in proximity to one 
another. Original magnification x100. 

 

6.4.4 Characterisation of pure, viable decidual macrophage population 

The isolation of decidual macrophages was achieved in this study but in standard 

conditions viability decreased after culture (RPMI medium + 10% FCS; section 6.3.4.3). 

Alternative culture conditions were therefore attempted. The average CD14+ cell 

viability for all three decidual samples for each 24h culture treatment is outlined in 

Table 6.3. 

Treatment with DMEM media supplemented with 10% ATCC FCS and without GM-CSF 

addition resulted in 73% of CD14+ cells being viable after24 hours of culture, this 

treatment was therefore used for further cultures. After optimising culture conditions 

we managed to isolate and culture a viable, enriched source of decidual macrophage 

cells. Cell smears prepared at T=0 illustrate key expression markers characteristic of 

macrophages (Figure 6.20). In the samples examined 99% of the cells were 

immunopositive for CD14 protein following immediate isolation. All of the CD14+ cells 

isolated were immunopositive for HLA-DR protein; 90% of the CD14+ cells were 

immunopositive for CD86 protein; 60% of the CD14+ cells examined were 

immunopositive for CD83 protein; 30% of these cells were immunopositive for CD11b; 
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20% of the enriched cells were immunopositive for CD209, whereas only 10% of the 

enriched CD14+ cells were positively stained for Alpha1-Antitrypsin (A1AT).    

 

Table 6.3 CD14+ cell viability with differing culture conditions 
Cell viability in different media conditions used to culture isolated viable decidual CD14+ cells 
(% of viable cells after 24h in culture; n=3). 

 

Cells which were cultured for 24hrs following isolation were also labelled for CD14, 

CD209, CD83 and CD86 and the percentage of positively stained cells compared with 

the T=0 smears. 100% of the cells were CD14 positive, 90% of the cells stained strongly 

positive for CD86, 70-80% of the cells showed positive internalised staining for CD83 

and 20% of cells showed dispersed staining for CD209, suggesting that these cells 

maintain phenotype in 24h culture.  
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Figure 6.20 Double labelled CD14+ cells with varying macrophage markers 
Representative images of decidual CD14+ cell smears following Midimacs cell isolation (T=0). 
CD14 positively labelled cells (brown) were double labelled with various macrophage markers 
(blue) n=3.   

 

To further confirm the expression of the protein markers and to prove that the positive 

immunoreactivity was not a result of the isolation procedure frozen tissue sections of 

first trimester decidua were immunostained. In situ immunostaining (Figure 6.21) 

revealed strong positively stained CD14 cells with strong staining for HLA-DR and CD68. 

Cells in the decidua were positively stained for CD86 but we cannot conclude that 

these cells are CD14+ cells. Immunostaining for MMP-9 and CD83 was confined to the 

walls of spiral arteries. Only a few cells stained positively for CD11b and A1AT was 

undetectable in the decidua.    
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Figure 6.21 Immunostaining of decidual tissue with different macrophage markers 
Immunohistochemistry illustrating immunostaining of decidual tissue with different 
macrophage markers (from left to right: CD14, CD68, HLA-DR, MMP-9, CD86, CD83, CD11b and 
A1AT all x100 magnification). 

 

6.4.5 Growth factor protein production by isolated CD14+ cell 
supernatants from 8-10 and 12-14 weeks gestation 

The data presented from this study provide evidence that CD14+ cells are the most 

prominent leucocyte cell population that are associated with VSMCs within the wall of 

spiral arteries in early pregnancy decidua. Therefore, having isolated an enriched 

population of CD14+ cells from early pregnancy decidua (section 6.3) and optimised 

culture conditions, the cells were cultured for 24h for supernatant collection. Secretion 

of an array of growth factors and cytokines was measured using ELISA and FASTQuant 

and protein levels were compared between the gestational age groups to investigate 

whether decidual macrophages produce growth factors and cytokines which could 

potentially be involved in the remodelling of the spiral arteries in early pregnancy.  
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6.4.5.1 Human Th1/2 growth factors 

Using the Th1/2 FASTQuant multiplex array, it was shown that decidual CD14+ cells 

secreted large quantities of IL-6 (~13000pgml-1), IL-1β (ranging from ~11000-

70000pgml-1) (Figure 6.22A) and TNF-α (ranging from ~1200-5000pgml-1) along with 

substantial quantities of IL-10 (~1000pgml-1 both GA), IL-4 (~1200pgml-1) and IL-13 

(~500pgml-1). However, IL-5 and IL-2 were only detectable at very low levels (Figure 

6.22B). 

 

Figure 6.22 Secretion of Th1/Th2 growth factor proteins secreted by CD14+ cells at both 8-10 
weeks and 12-14 weeks gestation 
Graphical representation demonstrating the Th1/Th2 growth factor proteins secreted by 
isolated decidual CD14+ cells at 8-10 weeks GA (n=7) and at 12-14 weeks GA (n=5). A: 
represents IL-6 and IL-1β protein secretion; B: represents IL-10, IL-2, IL-13, IL-4, IL-5 and TNF-
alpha secretion. Data are expressed as Mean ± SEM.  
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6.4.5.2 Human angiogenic growth factors 

From the proteins measured using the angiogenesis FASTQuant multiplex array (8-10 

weeks GA n=7; 12-14 weeks GA n=5) and Ang-1 ELISA (8-10 weeks GA n=11; 12-14 

weeks GA n=8; duoset, R&D Systems) it was shown that decidual CD14+ cells secreted 

large quantities of Ang-1 and Ang-2 and FGF-basic protein. Angiogenin, VEGF-A and 

KGF were secreted at low levels while PDGF-BB was undetectable (Figure 6.23).  

The concentrations of TGF-β1, PLGF and VEGF-C in CD14+ cell suspension were all 

measured using a Duoset sandwich ELISA (R&D Systems) but these proteins were not 

detected.  

 

Figure 6.23 Secretion of angiogenic growth factor proteins secreted by CD14+ cells at both 8-
10 weeks and 12-14 weeks gestation 
Graphical representation demonstrating angiogenic growth factor proteins secreted by 
isolated decidual CD14+ cells (Angiogenin, KGF, Ang-2, FGF, VEGF-A: 8-10 weeks GA (n=7); 12-
14 weeks GA (n=5) and Ang-1 ELISA: 8-10 weeks GA (n=11); 12-14 weeks GA (n=8)). Data are 
expressed as Mean ± SEM.  
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6.4.5.3 Differences between gestational ages 

There are no significant gestational differences of Th1/2 protein levels, although there 

is a noticeable increase of IL-1β and TNF-α at 12-14 weeks gestation compared with 8-

10 weeks gestation (Figure 6.22). Statistical significance may have not have been 

achieved due to large variation in levels of these cytokines between samples (8-10 

weeks n=7; 12-14 weeks n=5).   

Ang-1, Ang-2 and FGF-basic protein levels differed significantly between the 

gestational age groups (8-10 and 12-14 weeks; Figure 6.23). Ang-2 secretion by CD14+ 

cells was significantly increased at 12-14 weeks compared with levels at 8-10 weeks 

gestation (P=0.0019). In contrast, secretion of Ang-1 and FGF-basic protein by CD14+ 

cells was significantly decreased at 12-14 weeks gestation compared with levels at 8-

10 weeks gestation (P=0.0311; P=0.0477 respectively). 

 

6.5 Discussion  

6.5.1 Leucocyte involvement in spiral artery remodelling 

The remodelling of spiral arteries is a complex series of events that ensures an 

adequate supply of blood and nutrients to the developing fetus to allow successful 

pregnancy. However there is still much debate on the mechanisms that control such 

events due to the difficulty of obtaining appropriate research material from first and 

second trimester pregnancies. Immunohistochemical evidence has shown that EVT 

cells invade both the wall and lumen of spiral arteries, indicating that they have 

relevance in controlling the remodelling events (Pijnenborg et al., 1983). However, 

VSMC swelling, migration and endothelial vacuolation are apparent prior to the 

invasion of trophoblast cells (Smith et al., 2009). 

This study used an immunohistochemical approach to investigate immune cells of the 

decidua and their association and potential involvement in SpA remodelling.  The 

release of soluble products of uNK cells and decidual T cells have been reported 

previously (Lash et al., 2006c, Scaife et al., 2006) but in this study decidual 

macrophages were closely related to spiral arteries, the soluble products of decidual 
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CD14+ cells were also analysed to determine whether they may contribute to the 

remodelling events prior to EVT invasion.  

The three leucocyte populations investigated in this study were all observed to be 

associated with decidual SpAs at 8-10 weeks and 12-14 weeks gestational age using an 

immunohistochemical approach, indicating a potential role in the events of SpA 

remodelling. Data from this study also presents a method for characterising stages of 

vascular remodelling using specialised staining techniques and measurements of 

immunostained SpA VSMC walls.  

There was a large accumulation of leucocytes in proximity to decidual SpAs within 

early placental bed. The highest numbers of leucocytes were observed in vessels that 

had not yet begun the process of remodelling and leucocytes were clustered around 

the vessels. This could be indicative of the leucocytes priming themselves ready for the 

remodelling events or by simply sending signals to EVT cells. Leucocyte numbers did 

decline in early transforming vessels (P1) where they were still present within the 

spiral artery muscular walls and adventitia of the remodelling vessels prior to EVT 

invasion, suggesting an involvement in the separation and/ or loss of VSMC by 

apoptosis or aiding cellular migration or VSMC de-differentiation. P1 vessels observed 

in this study did not have many EVT cells in the vessel wall also suggesting a likely role 

for leucocytes in early stages of remodelling.  These events may be independent or 

may be mediated by invading EVT, by immune cells of the maternal local environment 

or by both mechanisms.   

The infiltration of leucocytes around and into SpA in the early stages of remodelling 

demonstrates that initial transformation of the decidua occurs before EVT involvement 

and provides circumstantial evidence that disruption of SpA VSMC are initially driven 

by factors released by these cells and the process is not initiated by EVT further 

concluding the controversial theory that extravillous trophoblast cells are not 

responsible for early stages of transformation (Pijnenborg et al., 2006b, Smith et al., 

2009). Smith et al. (2009) recently demonstrated that uNK cells and macrophages 

produce MMP-7 and 9 along with reports of production of MMP-2 and -9 by uNK cells 

(Naruse et al., 2009) providing evidence that these cells have the ability to degrade 

vascular extracellular matrix (ECM) and therefore contribute to disruptions in vessel 
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integrity. However, the mechanisms by which the leucocytes may control early 

remodelling events remains poorly understood. The main focus has been on uNK cells 

with production of Ang 1 and vessel destability (Robson et al., 2012) but decidual 

macrophages are equally abundant and therefore have a potential role to play.  

The differences of vessel transformation and leucocyte numbers associated with the 

transforming vessels within the placental bed have not yet been previously 

investigated across gestational age. In this study the number of leucocytes in VSMC 

wall of SpA decreased from 8-10 weeks to 12-14 weeks GA, further suggesting a 

possible role in early vessel transformation before invasion of EVT. Although, leucocyte 

numbers declined in SpAs they were still prevalent in the VSMC wall of SpAs at 12-14 

weeks gestation suggesting a partnership with EVT to achieve full transformation into 

large, conduit vessels lacking medial muscle and elastic ensuring an adequate blood 

supply for successful pregnancy. Leucocyte numbers significantly decreased as vessel 

transformation progressed further indicating a role for EVT in later remodelling stages. 

The localisation of leucocytes in early stages of remodelling suggests a role for the 

immune cells in VSMC cell loss, increased vessel permeability and VSMC in SpA 

undergoing migration, thereby facilitating the infiltration of interstitial EVT into the 

vessel wall and endovascular EVT invasion into the lumen.   

6.5.2 EVT remodelling 

It has been documented in this study (Chapter 4) along with numerous previous 

reports that EVT invasion is controlled by a number of factors including, chemokines, 

cytokines, MMPs and varying oxygen concentrations (Lash et al., 2006a, Naruse et al., 

2010, Dimitriadis et al., 2010). Factors produced by maternal immune cells (including 

uNK cells, macrophages and T cells) are likely to have an influence on the regulation 

and behaviour of invading EVT. They may achieve this level of control either directly 

through molecular interactions with the trophoblast cells or indirectly by the secretion 

of soluble factors. Immunohistochemical evidence show changes in EVT expression cell 

surface markers, particularly adhesion markers, as they near spiral arteries preparing 

the cells for interaction with the VSMCs (Zhou et al., 2003). The interactions with 

maternal leucocytes or their secretory products may affect EVT phenotype to achieve 

this. Alternatively co-culture of EVT cells and uNK cells has been shown to reduce 
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secretion of IL-6, IL-8 and TGF-β1 (Lash et al., 2011); whether inhibiting effects on uNK 

cell secretion or EVT secretion or both is not known but co-culture of these two cell 

types leads to inhibition of secretory products.                 

6.5.3 Mechanisms of leucocyte remodelling  

The focus of this study was to investigate the effect of the most abundant leucocyte 

populations and their relationship with SpAs and their contribution to remodelling 

events. Maternal leucocytes have been proposed to play a role in SpA remodelling but 

the mechanisms remain unclear. A role for uNK cells in spiral artery remodelling has 

been hypothesised (Croy et al., 2003, Lash et al., 2006c, Robson et al., 2012) and has 

been linked with remodelling in mouse (Ashkar and Croy, 2001, Croy et al., 2003) but 

has never been established in humans. The factors produced by uNK cells strongly 

suggest a possible involvement in SpA remodelling, especially a role in initiating the 

remodelling process.  Reports demonstrate that uNK cells are major producer of 

angiogenic growth factors (Li et al., 2001, Lash et al., 2006c, Hanna et al., 2006); they 

have been observed in the walls of remodelling vessels in situ before the invasion of 

EVT (Smith et al., 2009) and uNK cell secretory factors alter vascular integrity of 

chorionic plate arteries (Robson et al., 2012). 

The role of macrophages in SpA remodelling has been proposed due to high numbers 

of macrophages observed in preeclampsia (Reister et al., 1999, Renaud and Graham, 

2008) but this could also be likely of an immune response. CD3+ T cells and their role in 

remodelling has been sparingly investigated, although decreased numbers of CD3+ T 

cells in placental bed biopsies of women suffering preeclampsia has been observed 

compared with numbers in third trimester decidua controls (Williams et al., 2009b), 

indicating an importance for this cell type in pregnancy, perhaps in regulating spiral 

remodelling. The evidence from this study demonstrates a reduction in CD3+ T cells as 

SpA remodelling progresses, suggesting an early involvement prior to trophoblast 

invasion.  

There is increasing evidence, including evidence from this study, that maternal 

leucocytes, in particular uNK cells and macrophages play an important role in spiral 

artery remodelling but the mechanisms remain unclear. Early SpA transformation 

which occurs at 8-10 weeks gestation involves a number of steps including vessel 
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dilation, swollen endothelial cells and the separation of VSMC layers. As gestational 

age increases, the VSMCs begin to de-differentiate and EVT cells displace the muscle 

and elastic arterial media with fibrinoid material which involves the complete loss of 

VSMC and transient loss of endothelium (Pijnenborg et al., 2006b). In this study we 

have observed a reduction in maternal leucocytes as gestational age increases, 

irrespective of the stage of remodelling, indicating that the cells are more than likely to 

play an important role in the early stages of SpA remodelling. This would also be in 

keeping with evidence that uNK cells secrete more Ang-1, Ang-2 and VEGF-C at 8-10 

weeks compared to levels produced at 12 -14 weeks gestation (Lash et al., 2006c); 

these angiogenic growth factors are important in ECM matrix degradation and 

disruption of tight junction proteins between VSMC layers, therefore increasing 

separation and de-differentiation of VSMCs before the infiltration of EVT.    

Macrophages are the second largest leucocyte population in the decidua in early 

pregnancy and have been detected in close contact with invading EVT and express 

receptors that are able to interact with ligands found on trophoblast cells (Bulmer and 

Johnson, 1984, Smith and Kelly, 1988, Reister et al., 2001, Apps et al., 2007). Despite 

their prevalence and close relationship with EVT little attention has been given to the 

role of decidual macrophages in normal pregnancy. Although high numbers of 

macrophages have been observed in early pregnancy their potential involvement in 

SpA remodelling has only been previously described by Smith et al. (2009). Potential 

roles for decidual macrophages in pregnancy have been speculated due to their roles 

in other tissues. Robertson et al. (2003) proposed that during the Th2 cytokine shift 

that monocytes are activated but there is a decrease in the synthesis of pro-

inflammatory cytokines, indicating that the alternatively activated macrophages are 

likely to play an immunosuppressive role in response to fetal antigens and induction of 

tolerance. However, activated macrophages are also adept in tissue remodelling 

observed in other tissues by secretion of proteases, cytokines, growth factors which 

allow tissue remodelling and angiogenesis. In in vivo studies in mouse, activated 

macrophages have been associated with extensive vascularisation and tumour-bearing 

mice with depleted monocytes showed a decrease in tumour vascularisation (Evans, 

1978). In relation to pregnancy, macrophages could control trophoblast invasion by 

secretion of TNF-α (Renaud and Graham, 2008). Therefore, providing circumstantial 
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evidence that macrophages have a possible involvement in SpA remodelling in human 

pregnancy.       

The production of MMPs by uNK cells and macrophages infiltrating remodelling SpAs 

demonstrated by Smith et al. (2009) suggest that these leucocoytes contribute to 

vascular remodelling by influencing VSMC migration although evidence for migrating 

VSMC has not been observed in any other vascular system. 

In the present study CD14+ cell numbers were highest in proximity to the remodelling 

decidual spiral arteries compared to CD56+ and CD3+ T cells at both gestational ages. 

This further led to the hypothesis that these cells may have a strong involvement in 

coordinating the events of SpA transformation and that they may achieve this by 

producing proteins that may play a role in either regulating trophoblast dependent 

mechanisms or by the cells themselves producing factors that regulate angiogenesis. 

The mechanisms that underlie VSMC loss during SpA remodelling events are up for 

much debate. Harris et al. (2006) and Keogh et al. (2007) have demonstrated initiation 

of VSMC apoptosis by trophoblast cells via FAS/FASL and TRAIL pathways in vitro. 

Furthermore, Smith et al. (2009) detected VSMC apoptosis using TUNEL staining in 

decidual SpA undergoing remodelling (in vivo) before infiltration of endovascular EVT. 

However, the degree of VSMC apoptosis was not quantified and TUNEL staining alone 

is not the most reliable marker of apoptosis. The use of an animal based model also 

reported evidence of VSMC apoptosis induced by trophoblast cells (Red-Horse et al., 

2006). In contrast, (Bulmer et al., 2012) did not detect significant VSMC apoptosis in 

partially remodelled SpA with only one apoptosed VSMC detected after assessment of 

294 myometrial and decidual SpAs regardless of EVT influence.  

An alternative explanation proposed for VSMC loss in SpA remodelling is that SpAs 

undergo de-differentiation. Reports in guinea pig have demonstrated that SpA VSMC 

de-differentiate into a non-contractile form which remained associated with the vessel 

until re-muscularising after delivery (Nanaev et al., 2000). However, in humans the 

VSMCs in the vessel wall are completely displaced with fibrinoid material and 

intramural EVT. Recent theories are also emerging that SpA VSMCs detach from the 

vessel and migrate away from the vessel lumen (Whitley and Cartwright, 2010). 

Bulmer et al. (2012) observed in situ migration of VSMCs away from SpAs which were 
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associated with interstitial, intramural or endovascular EVT; VSMC migration was more 

apparent in the presence of EVT. Overall, this is accumulating evidence that indicates a 

role for EVT in the later stages of vascular remodelling and highlights the importance 

of EVT in finalising the remodelling events, whilst maternal leucocytes may play a role 

in initiating the primary stages of SpA remodelling. In this study SpA associated 

leucocytes reduced in number in the later stages of SpA remodelling in the presence of 

intramural and endovascular EVT. Leucocyte products may play a role in VSMC cellular 

migration by the production of angiogenic growth factors such as VEGF-A, -C, Ang-1 

and -2 which are produced by uNK cells and are also produced by decidual CD14+ cells 

shown in this study.  

6.5.4 Role of macrophages in SpA remodelling 

Macrophages are highly versatile cells that adapt to their environment and are capable 

of performing a variety of functions.                   

The overwhelming presence of CD14+ cells in association with the SpA walls observed 

in this study raises the possibility of a role in VSMC loss; this could be by phagocytosis 

or cellular migration through the production of Ang-1 and -2; production of TNF-α and 

IL-1β also may suggest roles in differentiation and apoptosis of VSMC. The differences 

in the secretion of angiogpoeitins between the gestational ages suggest a possible role 

for macrophages in SpA remodelling. Ang-1 protein secretion by CD14+ cells reduced 

significantly as gestation increased while Ang-2 secretion significantly increased with 

gestation. Ang-2 acts as a competitive inhibitor of Ang-1; Ang-2 favouring vessel 

destabilisation allowing angiogenesis and counteracts vessel maturation, whereas Ang-

1 stimulates the formation of new blood vessels. A reduction in the ratio of Ang-1 to 

Ang-2 would therefore favour vessel destabilisation. Thus in early gestation CD14+ cells 

may contribute to vessel stability and then as remodelling is initiated the action of 

macrophage derived Ang-2 facilitates VSMC separation and endothelial cell disruption 

through its anti-angiogenic effects.          

The TNF-α that is secreted by macrophages may also contribute to EVT apoptosis; it 

has been demonstrated that TNF along with IFN-γ increase the expression of pro-

apoptotic factor XAF1 in trophoblast cells initiating the production of caspase-3 

inducing cell death (Abrahams et al., 2004b, Straszewski-Chavez et al., 2004). In 
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complicated pregnancies such as in preeclampsia and spontaneous abortion, 

trophoblast cells undergo abnormal and extensive apoptosis (DiFederico et al., 1999, 

Minas et al., 2007). In addition, Reister et al. (2001) have reported that TNF secreted 

by activated macrophages reduces endovascular EVT invasion by inducing apoptosis 

observed in the uterine wall of preeclamptic women.   

It was also observed in this study that there was a close relationship between EVT and 

CD14+ cells in situ. This interaction is likely to occur through cell surface receptor 

expression; the homodimer HLA-G expressed uniquely by trophoblast cells is 

recognised by LILR (leucocyte immunoglobulin-like receptor) which is expressed by 

macrophages and dendritic cells and LILRB1 and B2 inhibitory receptors have high 

affinity for HLA-G (Shiroishi et al., 2003) indicating a potential role for trophoblast cells 

in controlling the maternal immune response in early pregnancy. It has been suggested 

that HLA-G dimers may act as a pregnancy-specific signal to regulate the maternal 

immune response and interacts with all maternal leucocytes at the maternal-fetal 

interface (Apps et al., 2007). With the marrying receptor repertoire of macrophages 

and EVT through HLA-G/LILRB1 binding this could translate into the release of many 

growth factors and cytokines by both cell populations and therefore, affect the 

processes involved in early pregnancy like SpA remodelling and trophoblast invasion by 

modulating numerous functions. One potential mechanism arising from this 

interaction is for CD14+ cells to phagocytose interstitial EVT cells as it is evident that 

EVT cell numbers decline as gestational age increases and as remodelling progresses 

which is observed in this study. However, further investigation into this hypothesis 

using phagocytosis assays may conclude this role for macrophages.      

6.5.5 Overall summary 

This study has provided circumstantial evidence for a role for maternal leucocytes in 

the early stages of SpA remodelling by their localisation to SpA undergoing early 

remodelling. For the first time an enriched macrophage population was isolated from 

human decidual tissue which remained viable after 24h in culture and produced 

angiogenic growth factors which may be important mediators in the early stages of 

SpA remodelling independent of trophoblast cells.   
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The studies developed along the years have given insight into the regulation of SpA 

remodelling. Further research will finally elucidate the exact roles of EVT dependent 

and independent pathways in SpA remodelling and may give an understanding of the 

mechanisms involved in pathological pregnancies which then can be translated into 

clinical treatment. The interactions between EVT and leucocytes through HLA-G/LILR 

and KIR recepetors (expressed by uNK cells), SpA VSMCs and leucocytes and SpA 

VSMCs with EVT are all basis for future studies. The focus has been on uNK cells but 

macrophages merit further study.  

 

 



 
 

Chapter 7 
Discussion and Future Studies 
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7. Discussion and Future Studies 

7.1 Discussion 

7.1.1 Purpose of study 

Inflammatory cytokines have been implicated in pregnancy function for some time, 

although exact functional roles for these cytokines remain uncertain, due to the 

complexity of the cytokine milieu within the uterine decidua. 

The angiogenic, migratory function of IL-8 and the invasive capacities of IL-6 in diseases 

such as cancer have led to interest in their potential roles in pregnancy, particularly on 

the effects that these cytokines may have on the development of early pregnancy. This 

has led to investigations of the involvement of cytokines in pregnancy complications 

such as pre-eclampsia and sporadic miscarriage, with alterations of these cytokines 

being linked to the pregnancy pathology.  

7.1.2 Cytokine production and localisation  

This is the first study to date that has documented the exact sites of cytokine location 

within the decidual tissues of the first half of human pregnancy and has demonstrated 

receptor expression by specific cells within the decidua, with gestational age 

comparisons. Many studies in the past have focused on maternal serum cytokine levels 

or levels within the amniotic fluid (reviewed in Chapter 1). Levels of intrauterine IL-6 

and IL-8 secretion were quantified by decidual cell populations abundant during 

pregnancy development such as uNK cells, macrophages, T-lymphocytes and decidual 

stromal cells. A gestational age difference in cytokine levels was observed, suggesting a 

functional role either in initiating the remodelling events that occur in the spiral 

arteries in normal pregnancy or in regulating EVT invasion. By gaining a clear 

understanding of the role of these cytokines in normal healthy pregnancy, it will be 

possible to unravel the mechanisms whereby altered levels contribute to pregnancy 

complications. This may in turn lead to targeting therapies and in turn have clinical 

relevance.  
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7.1.3 Functional role of intrauterine IL-6 and IL-8 in EVT invasion 

Uterine natural killer cells and decidual macrophages are sources of uterine IL-6 and IL-

8 in the first half of human pregnancy. This provides evidence that these cytokines are 

involved in important roles in normal pregnancy, although exact in vivo roles still need 

to be clarified. A suggestive role for IL-8 is in the stimulation of EVT invasion; if 

maternal leucocytes such as uNK cells and decidual macrophages fail to secrete 

optimum levels for appropriate regulation of trophoblast invasion into the maternal 

uterine tissues and spiral arteries, aberrant trophoblast invasion could result which 

may be a factor in the aetiology of SM. We have previously demonstrated that uNK cell 

derived IL-8 can stimulate EVT invasion (De Oliveira et al., 2010). However, in the 

current study we did not demonstrate a similar action for IL-6.  

There have been many studies of the regulation of EVT invasion but the in vivo control 

mechanisms still remain to be elucidated due to the complexity of the factors involved 

and the potential interactions between EVT cells and the wide array of cells in the 

decidua. For a number of years it was suggested that cytokines play important roles in 

regulating EVT invasion either by inhibitory or stimulating mechanisms, with data 

providing evidence of TGF-β, IFN-γ, TNF-α, IL-11 and IL-8 involvement, amongst many 

others (Dimitriadis et al., 2005, Hanna et al., 2006, Lash et al., 2006b, Paiva et al., 2009, 

Otun et al., 2011). The effect of IL-6 on EVT invasion has been investigated in a number 

of studies but the use of different immortal trophoblast cell lines, including 

choriocarcinoma cell lines, has produced contradictory results (reviewed in Chapter 4). 

Findings in this study provide further evidence that immortalised EVT-like cell lines are 

an imperfect model for EVT. The present study investigated the effect of IL-6 on EVT 

invasion using placental explants from early human pregnancy and this has yet to be 

investigated by others. The use of primary EVT from early pregnancy placentas would 

have been more desirable to use in this study and would have provided a more pure 

population but after successful isolation the primary cells showed a restrictive invasive 

nature, a feature that has been observed by others previously (personal 

communication Martin Knofler). Although, in the present study IL-6 had no effect on 

EVT invasion from placental explants, IL-6 did significantly alter phosphorylation of 

various EVT signalling proteins in primary EVT cells. The cell signalling pathways are 
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complicated, involving extensive cross talk and it is therefore difficult to determine 

what effect this would have on EVT in vivo. There is some evidence suggesting a role 

for IL-6 in trophoblast differentiation, or perhaps a secondary affect which may in turn 

affect the waves of EVT invasion by other cytokines and growth factors. Since this area 

of research is so complex various different in vitro approaches are emerging; co-

culture models of EVT and decidual cells or placental tissue co-cultured with decidual 

tissue from matched patients have been reported (Hazan et al., 2010, Robson et al., 

2012) and could more closely mimic the environment of the maternal fetal interface, 

providing a clearer insight into how these cells behave by protein and genetic analysis.       

7.1.4 Functional role of intrauterine IL-6 and IL-8 in SpA remodelling 

In this study both IL-6 and IL-8 altered the morphology of VSMCs in CpAs (used as a 

model of spiral artery remodelling) indicating a possible mechanism in the regulation 

of SpA remodelling. Uterine NK cells and decidual macrophages have a very close 

association with SpAs in early pregnancy, providing circumstantial evidence that 

uterine IL-6 and IL-8 could play a role in SpA remodelling events, especially in the early 

events that occur prior to EVT invasion. The findings of expression of receptors for the 

cytokines; IL-6Rα, gp130 and CXCR2, on SpA VSMC in the present study provides 

further evidence for a role for these cytokines in SpA remodelling. These cytokines 

could work together synergistically at sites of spiral artery remodelling along with 

other soluble factors that are also produced by uNK cells and decidual macrophages  

such as VEGF-C, ANG2 and IFN-γ.   

The present study provided circumstantial evidence for a role for uNK and decidual 

macrophages in the early stages of SpA remodelling prior to trophoblast remodelling. 

Previous studies have observed a close relationship between maternal leucocytes and 

decidual spiral arteries undergoing transformation in early pregnancy (Smith et al., 

2009, Harris, 2011). In a more recent study factors secreted by first trimester uNK cells 

facilitate VSMC disruption using ex vivo vessel models (Robson et al., 2012). 

Imunohistochemistry data from the present study provide additional evidence to 

support this hypothesis, since uNK cells and decidual macrophages surround SpA in 

situ in the early stages of remodelling in early pregnancy. This is the first study to 

characterise different stages of SpA remodelling in situ by analysis of VSMC wall 
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thickness, although Smith et al. (2009) investigated leucocyte numbers at different 

remodelling stages, the stages weren’t characterised by muscle thickness. This study 

analysed and compared leucocyte cell numbers associated with transforming SpA at 

each stage of remodelling in the presence and absence of EVT with gestational age 

comparisons.  

The findings from this study and data from previous studies undoubtedly suggest that 

uNK cells play a role in initiating early SpA remodelling events, but less attention has 

been paid to the decidual macrophages. This cell population was dominant in spiral 

arteries in situ, far exceeding the numbers of uNK cells surrounding SpAs. Furthermore 

the present study provides evidence of secretion of high levels of angiogenic factors, 

such as Ang-1 and Ang-2, by decidual macrophages with gestational age differences. 

These results suggest a pivotal role for decidual macrophages in initiating early SpA 

remodelling events; these cells are equipped to induce vascular destabilisation prior to 

EVT invasion, priming the vessels for trophoblast mediated remodelling. Decidual 

macrophages, uNK cells and CD3+ T lymphocyte cell numbers in and around SpAs all 

dramatically reduced as the stage of SpA remodelling progressed with fewer cells 

present at 12-14 weeks GA compared with cell numbers at 8-10 weeks GA; 

demonstrating convincing evidence for a potential role in initiating the early SpA 

remodelling events prior to trophoblast invasion of the vessels. Maternal leucocytes 

may achieve this by cross talk with one another by coordinating themselves spatially. 

Secretion of IL-8 and IL-6 in the decidua may provide the signals for the migration of 

decidual leucocytes to sites of SpA remodelling, or even contribute to the remodelling 

events themselves. Leucocyte secretion of IL-8 and IL-6 may also provide signals for 

invading extravillous trophoblast, so that they locate themselves around and within 

SpA to complete remodelling.  

The mechanisms whereby maternal leucocytes cause VSMC disruption remain to be 

clarified. It has been suggested that macrophages secrete apoptotic factors that kill 

VSMCs in order to destabilise the vessel wall and also to phagocytose the dead cells 

and cellular debris by invading trophoblast (Smith et al., 2009). However, in situ studies 

of placental bed biopsies have found no evidence of VSMC apoptosis but have 

observed VSMC migration away from the SpA lumen (Bulmer et al., 2012); this is 
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another potential mechanism whereby secretion factors produced by maternal 

leucocytes could cause early SpA remodelling changes and could be an explanation for 

their high cell numbers surrounding early transforming arteries. This has recently been 

observed by Robson et al. (2012) where Ang-1, Ang-2 and IFN-gamma (factors secreted 

by both uNK cells and decidual macrophages) all contribute to vascular changes in both 

SpA and CpA.                  

7.1.5 Altered cytokine levels in sporadic miscarriage  

Levels of both cytokines derived from uNK cells and macrophages were dramatically 

reduced in SM compared with healthy pregnancy. The reduction in IL-6 and IL-8 in SM 

may be due to fewer viable leucocyte numbers in SM due to increased apoptosis, 

although cell viability was checked at the end of the cell culture period, so this is 

possible but not likely in this study. Alternatively reduction in cytokine levels could be a 

result of impaired signalling within the uterine environment resulting in down-

regulation of cytokine synthesis at either pre transcriptional stages or post 

translational stages. 

 A decrease in IL-6 and IL-8 receptors was also observed in SM indicating that cells in 

the decidua associated with SM have decreased capacity to interact with these 

cytokines; this may be a response to reduced cytokine production. However, as for all 

studies of miscarriage samples altered levels of these cytokines may be an effect of the 

condition and not the cause, although none of the SM samples in this study showed 

evidence of acute infection, therefore the results observed were not likely to be cause 

of infection. Although this study did not elucidate specific mechanisms of IL-6 and IL-8 

in SM, the reduction in their receptor expression and secretion levels by uterine cells in 

SM strongly implies that IL-6 and IL-8 are important in early pregnancy. Their 

functional role may be regulating early events of spiral artery remodelling and this is a 

potential area for further study that may have future clinical relevance.           

Investigation of normal and pathological early pregnancy development in humans is 

difficult since it is impossible to investigate the role of specific cells/factors in vivo. 

Isolating and culturing primary cells and cell lines in a monolayer destroys three 

dimensional interactions and the association of the extracellular matrix with 

neighbouring cells, potentially affecting cell behaviour. However, the use of placental 
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explants and Matrigel™ in the present study has partly overcome such problems, and 

the data are supported with in situ immunohistochemistry data in placental bed 

biopsies. Many in vitro, ex vivo and in situ models have provided great insights into the 

processes of pregnancy development and advances such as uterine artery Doppler 

ultrasound screening of spiral arteries is a useful tool for measuring artery resistance 

which can be used as a predictive measure of pregnancy outcome. A problem that 

cannot be overcome in using human early pregnancy tissue is that it is not known 

whether the pregnancy would have continued to term and whether those pregnancies 

would have developed clinical complications in later pregnancy including SM tissue 

where some samples collected may have had underlying causes and may lead to 

recurrent miscarriages.        

7.1.6 Conclusion 

The present study provides convincing evidence for the importance of maternal 

leucocytes in early pregnancy and that their secretory factors, including IL-8 and IL-6, 

have major roles in pregnancy processes with altered levels potentially contributing to 

pregnancy failure. The functional mechanisms, however, remain unclear; this is due at 

least in part to cytokine redundancy, pleiotrophy and the complexity of their 

interactions with one another as they may promote or inhibit actions of other factors. 

The large cytokine milieu at the maternal fetal interface suggests a large network of 

cross-talk between factors and that cytokines do not work alone in regulating the 

uterine environment.  

 

7.2 Future Studies 

7.2.1 Further investigation into functional roles of intrauterine IL-6 and 
IL-8  

Although this study has defined some functions of IL-6 and IL-8 such as involvement in 

VSMC disruption and stimulation of EVT invasion, the effects observed in this study 

have raised more questions. The localisation and production of IL-6 and IL-8 by four 

decidual cell populations has been demonstrated in the first half of pregnancy, the 

total cohort of decidual cells produced large amounts of each cytokine, exceeding the 
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amounts by the individual cell populations investigated, suggesting that other cell 

types that were not studied are main producers of IL-6 and IL-8, which was not 

expected as the initial focus of this study was on uNK cells, but this demonstrates that 

other cell types are equally or not more important. Therefore, in further studies it 

would be important to isolate more decidual cell populations such as glandular 

epithelial cells to analyse their secretion of these cytokines. Immunohistochemistry 

data revealed intense staining for both IL-6 and IL-8 along with strong staining for 

gp130 on uterine glands, suggesting that this cell population are producers of these 

cytokines. Recent evidence has suggested that EVT invade uterine glands in early 

pregnancy (Moser et al., 2010) and this could raise the possibility of roles for these 

cytokines in regulating endoglandular EVT invasion. 

Further investigation is required to determine the effect of IL-6 on trophoblast 

function as the present study demonstrated that IL-6 stimulated many proteins 

involved in the EVT signalling pathways and reduced EVT secretion of RANTES, 

although no effect on EVT invasiveness was observed. Furture investigation could gain 

insight to the alternative effects IL-6 has on EVT migration and EVT hCG secretion; the 

differentiation of trophoblast cells from cyototrophoblasts into invading extravillous 

trophoblasts or invading EVT into non invasive giant cells. It would be interesting to 

see whether decidual CD14+ supernatants, cultured with isolated primary EVT from the 

same patient, had a similar effect and whether using neutralising antibodies against IL-

6 would abrogate the effect. Although previous studies from our group (unpublished 

data) observed no evidence of IL-6 treatment on EVT apoptosis using M30 protein 

detection by Western blotting, this still could be an area for further clarification using 

immunocytochemistry, immunofluorescence and Western blot analysis for different 

apoptotic markers. EVT migration assays would be a further area to research also, 

given that production of RANTES by EVT was reduced after IL-6 treatment. In addition 

the effects of IL-8 on EVT signalling and secretion should be investigated to elucidate 

the mechanisms whereby IL-8 stimulates EVT invasion. Regulatory proteins may then 

be targeted for therapies in disorders where excessive EVT invasion is apparent; this 

could potentially be a cause of placenta accreta, although the decidua is absent in 

placenta accreta making it difficult to assess the extent of EVT invasion. The exact 
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mechanism for pathogenesis of the disease is currently unknown and is a major 

pregnancy complication, recently reviewed by Garmi and Salim (2012).   

Observations of disruptions of CpA VSMC after cytokine treatment indicated a 

potential role for these cytokines in SpA remodelling. The effect of these cytokines on 

VSMCs can be further studied by treating primary vascular smooth muscle cells lines 

such as primary human aorta cells and measuring the protease activity and secretion 

of angiogenic proteins. Non-pregnant myometrial arteries are another possible source 

of a more directly relevant tissue and it would be good to investigate the effect of IL-6 

and IL-8 on this vasculature and compare this with the effect observed with CpAs. It is 

accepted that CpAs are not a perfect model for SpAs as they differ in arterial 

composition compared with myometrial arteries, but endometrial arteries may differ 

in composition to myometrial arteries and the process of SpA remodelling may be very 

different in the decidua and myometrium. Chorionic plate artery vessels are, however, 

readily accessible and easy to dissect compared with myometrial and decidual SpAs. 

Recently it has been reported that both first trimester EVT and uNK cell conditioned 

medium disrupted VSMC morphology and disorganisation in both CpAs and 

myometrial arteries dissected from non-pregnant hysterectomy specimens (Robson et 

al., 2012). Potential soluble mediators of this effect were studies including Ang-1, Ang-

2, IFN-γ and VEGF-C. However, other uNK and EVT cell derived factors including IL-8 

and IL-6 may contribute to VSMC disruption; evidence from a recent study has 

demonstrated that both uNK and EVT cells produce a variety of other cytokines and 

angiogenic growth factors that are potentially involved in SpA remodelling (Lash et al., 

2010a). This could be achieved by culturing CpAs and myometrial arteries with uNK cell 

supernatants as well as CD14+ supernatants with neutralising antibodies against IL-6 

and IL-8. Comparison of VSMC disruption in CpAs and non-pregnant myometrial 

arteries cultured with uNK cell and CD14+ cell supernatants isolated from early SM 

decidua compared with supernatants from healthy pregnant decidua would be an 

interesting area to research; the hypothesis would be that VSMC disruption would be 

reduced in SM due to less IL-6 and IL-8 being produced by uNK and CD14+ cells 

compared with these cells in normal pregnancy. This could also be coupled with 

Doppler measurements; levels of IL-6 and IL-8 could be measured in decidual 

supernatants in pregnancies which have had Doppler measurements taken. Abnormal 
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Doppler versus normal Doppler can be compared with decidual cytokine levels; blood 

vessel changes observed may be related to differences in decidual IL-6 and IL-8 levels, 

an area which has yet to be studied.    

7.2.2 Further investigation into the role of maternal leucocytes   

Further studies into association of maternal leucocytes and remodelling of spiral 

arteries in the myometrium are required to assess whether they play a role in initiating 

remodelling events deeper in the placental bed. Uterine NK cells are only present in 

decidua (Bulmer and Lash, 2005), and so it would be interesting to investigate 

macrophage and T lymphocyte cell numbers in the myometrium and their involvement 

in remodelling myometrial SpA. These cells could potentially provide signals to recruit 

invading EVT from the decidua or eEVT in the second wave of deeper EVT invasion to 

modify the SpAs deeper in the uterine tissues. Spiral artery invasion in the 

myometrium has been observed where uNK cells are absent, therefore other 

leucocytes may have role; this has been originally hypothesised but never proven 

(Pijnenborg et al., 2006b).  

7.2.3 Limitations of tissue collection 

Normal early pregnancy tissue was readily obtainable; a limitation of the present study 

was the difficulty in obtaining SM tissue, due to restricted availability, especially in 

obtaining late (≥13 weeks gestational age) SM tissue. Due to the difficulties 

encountered only early (≤ 12+6 weeks gestational age) SM decidua was collected. Many 

early miscarriages are now managed medically with misoprostol treatment and this 

limited the number of miscarriage cases that were available as hormone treatment 

could potentially alter cytokine levels. This study would have benefited from studies on 

late miscarriage tissue but late miscarriage samples are less common and may be 

associated with abnormal SpA remodelling (Ball et al., 2006a). Emotional issues of 

collecting samples from women suffering miscarriage may have also contributed to the 

limited availability of samples as many women were too upset to approach for 

consent. Therefore if there was more time to collect the tissue then cytokine levels 

from later SM decidua would have been compared to cytokine levels with those in 

early SM decidua and also levels from chromosomally normal (euploid) and abnormal 
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(aneuploid) miscarriages would have been investigated. Although 

immunohistochemistry data in this study observed no differences in staining patterns 

which is confirmed by reports demonstrating that decidual defects are similar in both 

euploid and aneuploid miscarriages (Brosens et al., 1978, Ball et al., 2006a, Ball et al., 

2006b) and leucocyte numbers do not significantly differ between them (Williams et 

al., 2009b) but it would be worthwhile to compare cytokine secretion levels in both 

miscarriages as this has yet to investigated.      

7.2.4 Overall summary 

In summary, in the present study IL-6, IL-8 and their receptors were localised in the 

decidua of early human pregnancy and it was shown that cells such as uNK cells, 

uterine macrophages, T-lymphocytes and stromal cells are producers of both cytokines 

at the fetal maternal interface. The present study also demonstrated gestational age 

differences in cytokine production by particular decidual cell populations, suggesting 

different roles and importance at different stages of early pregnancy. From the cells 

studied, uterine macrophages are the most abundant source of IL-6 and IL-8 although 

they are the second most abundant leucocyte in the decidua in early pregnancy. A 

possible role for this cell population is to mediate VSMC and endothelial cell changes in 

early stages of SpA remodelling may be through the localised production of both IL-6 

and IL-8. Further evidence for this is demonstration that receptors for both IL-6 and IL-

8 on SpA endothelium and VSMCs have altered expression in SM. Both cytokines play 

roles in regulating trophoblast biology suggesting further involvement in pregnancy 

processes. 

The importance of IL-6 and IL-8 in early human pregnancy is apparent from the 

evidence in the present study and is further supported by reduced cytokine expression 

in SM; this warrants further investigations in order to clarify specific roles for both 

cytokines in these crucial processes. Further studies of the mechanisms that underlie 

the functional effects of these cytokines are required. Functional studies with a cohort 

of decidual cytokines should be also investigated due to the large and complex 

cytokine milieu at the maternal fetal interface which may alter with gestational age, 

potentially even from one week to the next; there is a wide array of cytokines and 

growth factors which may have synergistic or antagonising effects on each other and 
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therefore affect the outcome of such processes in vivo. Mouse cytokine gene knockout 

studies would be one approach to achieve this by investigating how this impacts upon 

mouse reproduction reviewed by Ingman and Jones (2008). Better understanding of 

the roles of these cytokines in healthy pregnancy thereby creating a clearer picture in 

vivo will allow better understanding of their roles in pathology pregnancy and may 

eventually lead to targeted therapies of clinical importance.         



 
 

 

References



271 
 

References 

 
ABRAHAMS, V. M., KIM, Y. M., STRASZEWSKI, S. L., ROMERO, R. & MOR, G. 2004a. 

Macrophages and apoptotic cell clearance during pregnancy. Am J Reprod 
Immunol, 51, 275-82. 

ABRAHAMS, V. M., STRASZEWSKI-CHAVEZ, S. L., GULLER, S. & MOR, G. 2004b. First 
trimester trophoblast cells secrete Fas ligand which induces immune cell 
apoptosis. Mol Hum Reprod, 10, 55-63. 

ADDISON, C. L., DANIEL, T. O., BURDICK, M. D., LIU, H., EHLERT, J. E., XUE, Y. Y., BUECHI, 
L., WALZ, A., RICHMOND, A. & STRIETER, R. M. 2000. The CXC chemokine 
receptor 2, CXCR2, is the putative receptor for ELR+ CXC chemokine-induced 
angiogenic activity. J Immunol, 165, 5269-77. 

ALDRICH, C., VERP, M. S., WALKER, M. A. & OBER, C. 2000. A null mutation in HLA-G is 
not associated with preeclampsia or intrauterine growth retardation. J Reprod 
Immunol, 47, 41-8. 

ANCEY, C., KUSTER, A., HAAN, S., HERRMANN, A., HEINRICH, P. C. & MULLER-NEWEN, 
G. 2003. A fusion protein of the gp130 and interleukin-6Ralpha ligand-binding 
domains acts as a potent interleukin-6 inhibitor. J Biol Chem, 278, 16968-72. 

APLIN, J. D. 1991. Implantation, trophoblast differentiation and haemochorial 
placentation: mechanistic evidence in vivo and in vitro. J Cell Sci, 99 ( Pt 4), 681-
92. 

APLIN, J. D. 2000. The cell biological basis of human implantation. Baillieres Best Pract 
Res Clin Obstet Gynaecol, 14, 757-64. 

APPS, R., GARDNER, L., SHARKEY, A. M., HOLMES, N. & MOFFETT, A. 2007. A 
homodimeric complex of HLA-G on normal trophoblast cells modulates 
antigen-presenting cells via LILRB1. Eur J Immunol, 37, 1924-37. 

APPS, R., GARDNER, L., TRAHERNE, J., MALE, V. & MOFFETT, A. 2008. Natural-killer cell 
ligands at the maternal-fetal interface: UL-16 binding proteins, MHC class-I 
chain related molecules, HLA-F and CD48. Hum Reprod, 23, 2535-48. 

APPS, R., MURPHY, S. P., FERNANDO, R., GARDNER, L., AHAD, T. & MOFFETT, A. 2009. 
Human leucocyte antigen (HLA) expression of primary trophoblast cells and 
placental cell lines, determined using single antigen beads to characterize 
allotype specificities of anti-HLA antibodies. Immunology, 127, 26-39. 

ARAI, H., MONTECLARO, F. S., TSOU, C. L., FRANCI, C. & CHARO, I. F. 1997. Dissociation 
of chemotaxis from agonist-induced receptor internalization in a lymphocyte 
cell line transfected with CCR2B. Evidence that directed migration does not 
require rapid modulation of signaling at the receptor level. J Biol Chem, 272, 
25037-42. 

ARICI, A., HEAD, J. R., MACDONALD, P. C. & CASEY, M. L. 1993. Regulation of 
interleukin-8 gene expression in human endometrial cells in culture. Mol Cell 
Endocrinol, 94, 195-204. 

ARIMOTO-ISHIDA, E., SAKATA, M., SAWADA, K., NAKAYAMA, M., NISHIMOTO, F., 
MABUCHI, S., TAKEDA, T., YAMAMOTO, T., ISOBE, A., OKAMOTO, Y., LENGYEL, 
E., SUEHARA, N., MORISHIGE, K. & KIMURA, T. 2009. Up-regulation of alpha5-
integrin by E-cadherin loss in hypoxia and its key role in the migration of 
extravillous trophoblast cells during early implantation. Endocrinology, 150, 
4306-15. 



272 
 

ARNTZEN, K. J., KJOLLESDAL, A. M., HALGUNSET, J., VATTEN, L. & AUSTGULEN, R. 1998. 
TNF, IL-1, IL-6, IL-8 and soluble TNF receptors in relation to chorioamnionitis 
and premature labor. J Perinat Med, 26, 17-26. 

ARRUVITO, L., BILLORDO, A., CAPUCCHIO, M., PRADA, M. E. & FAINBOIM, L. 2009. IL-6 
trans-signaling and the frequency of CD4+FOXP3+ cells in women with 
reproductive failure. J Reprod Immunol, 82, 158-65. 

ASCHKENAZI, S., STRASZEWSKI, S., VERWER, K. M., FOELLMER, H., RUTHERFORD, T. & 
MOR, G. 2002. Differential regulation and function of the Fas/Fas ligand system 
in human trophoblast cells. Biol Reprod, 66, 1853-61. 

ASHKAR, A. A. & CROY, B. A. 2001. Functions of uterine natural killer cells are mediated 
by interferon gamma production during murine pregnancy. Semin Immunol, 13, 
235-41. 

ASHKAR, A. A., DI SANTO, J. P. & CROY, B. A. 2000. Interferon gamma contributes to 
initiation of uterine vascular modification, decidual integrity, and uterine 
natural killer cell maturation during normal murine pregnancy. J Exp Med, 192, 
259-70. 

BAI, B., YAMAMOTO, K., SATO, H., SUGIURA, H. & TANAKA, T. 2005. Combined effect of 
25-hydroxycholesterol and IL-1beta on IL-8 production in human colon 
carcinoma cell line (Caco-2). Inflammation, 29, 141-6. 

BAINBRIDGE, D. R., ELLIS, S. A. & SARGENT, I. L. 2000. The short forms of HLA-G are 
unlikely to play a role in pregnancy because they are not expressed at the cell 
surface. J Reprod Immunol, 47, 1-16. 

BALL, E., BULMER, J. N., AYIS, S., LYALL, F. & ROBSON, S. C. 2006a. Late sporadic 
miscarriage is associated with abnormalities in spiral artery transformation and 
trophoblast invasion. J Pathol, 208, 535-42. 

BALL, E., ROBSON, S. C., AYIS, S., LYALL, F. & BULMER, J. N. 2006b. Early embryonic 
demise: no evidence of abnormal spiral artery transformation or trophoblast 
invasion. J Pathol, 208, 528-34. 

BANSAL, A. S. 2010. Joining the immunological dots in recurrent miscarriage. Am J 
Reprod Immunol, 64, 307-15. 

BARTON, J. R., O'BRIEN J, M., BERGAUER, N. K., JACQUES, D. L. & SIBAI, B. M. 2001. 
Mild gestational hypertension remote from term: progression and outcome. 
Am J Obstet Gynecol, 184, 979-83. 

BASCHAT, A. A., GEMBRUCH, U., REISS, I., GORTNER, L., WEINER, C. P. & HARMAN, C. R. 
2000. Relationship between arterial and venous Doppler and perinatal outcome 
in fetal growth restriction. Ultrasound Obstet Gynecol, 16, 407-13. 

BASCHAT, A. A. & HECHER, K. 2004. Fetal growth restriction due to placental disease. 
Semin Perinatol, 28, 67-80. 

BATES, M. D., QUENBY, S., TAKAKUWA, K., JOHNSON, P. M. & VINCE, G. S. 2002. 
Aberrant cytokine production by peripheral blood mononuclear cells in 
recurrent pregnancy loss? Hum Reprod, 17, 2439-44. 

BAUER, S., POLLHEIMER, J., HARTMANN, J., HUSSLEIN, P., APLIN, J. D. & KNOFLER, M. 
2004. Tumor necrosis factor-alpha inhibits trophoblast migration through 
elevation of plasminogen activator inhibitor-1 in first-trimester villous explant 
cultures. J Clin Endocrinol Metab, 89, 812-22. 

BEER, A. E. & BILLINGHAM, R. E. 1971. Immunobiology of mammalian reproduction. 
Adv Immunol, 14, 1-84. 



273 
 

BENDELAC, A. 1997. Selection and adaptation of cells expressing major 
histocompatibility complex class I-specific receptors of the natural killer 
complex. J Exp Med, 186, 349-51. 

BENDELAC, A., SAVAGE, P. B. & TEYTON, L. 2007. The biology of NKT cells. Annu Rev 
Immunol, 25, 297-336. 

BILBAN, M., TAUBER, S., HASLINGER, P., POLLHEIMER, J., SALEH, L., PEHAMBERGER, H., 
WAGNER, O. & KNOFLER, M. 2010. Trophoblast invasion: assessment of cellular 
models using gene expression signatures. Placenta, 31, 989-96. 

BILLINGHAM, R. E., BRENT, L. & MEDAWAR, P. B. 1953. Actively acquired tolerance of 
foreign cells. Nature, 172, 603-6. 

BISCHOF, P. & IRMINGER-FINGER, I. 2005. The human cytotrophoblastic cell, a 
mononuclear chameleon. Int J Biochem Cell Biol, 37, 1-16. 

BISCHOF, P., MEISSER, A. & CAMPANA, A. 2000. Paracrine and autocrine regulators of 
trophoblast invasion--a review. Placenta, 21 Suppl A, S55-60. 

BLOIS, S. M., ALBA SOTO, C. D., TOMETTEN, M., KLAPP, B. F., MARGNI, R. A. & ARCK, P. 
C. 2004. Lineage, maturity, and phenotype of uterine murine dendritic cells 
throughout gestation indicate a protective role in maintaining pregnancy. Biol 
Reprod, 70, 1018-23. 

BORISH, L. C. & STEINKE, J. W. 2003. 2. Cytokines and chemokines. J Allergy Clin 
Immunol, 111, S460-75. 

BOUCHEIX, C. & RUBINSTEIN, E. 2001. Tetraspanins. Cell Mol Life Sci, 58, 1189-205. 
BOWEN, J. M., CHAMLEY, L., MITCHELL, M. D. & KEELAN, J. A. 2002. Cytokines of the 

placenta and extra-placental membranes: biosynthesis, secretion and roles in 
establishment of pregnancy in women. Placenta, 23, 239-56. 

BOYD, J. D. A. H., W. J. 1970. The Human Placenta, W. Heffer & Sons Ltd, Cambridge. 
BOYSON, J. E., RYBALOV, B., KOOPMAN, L. A., EXLEY, M., BALK, S. P., RACKE, F. K., 

SCHATZ, F., MASCH, R., WILSON, S. B. & STROMINGER, J. L. 2002. CD1d and 
invariant NKT cells at the human maternal-fetal interface. Proc Natl Acad Sci U 
S A, 99, 13741-6. 

BRAT, D. J., BELLAIL, A. C. & VAN MEIR, E. G. 2005. The role of interleukin-8 and its 
receptors in gliomagenesis and tumoral angiogenesis. Neuro Oncol, 7, 122-33. 

BRAVO, J. & HEATH, J. K. 2000. Receptor recognition by gp130 cytokines. EMBO J, 19, 
2399-411. 

BROSENS, I., ROBERTSON, W. B. & DIXON, H. G. 1967. The physiological response of 
the vessels of the placental bed to normal pregnancy. J Pathol Bacteriol, 93, 
569-79. 

BROSENS, I., ROBERTSON, W. B. & DIXON, H. G. 1978. Morphologic changes in 
uteroplacental arteries during pregnancy. Am J Obstet Gynecol, 132, 233. 

BROSENS, I. A., ROBERTSON, W. B. & DIXON, H. G. 1972. The role of the spiral arteries 
in the pathogenesis of preeclampsia. Obstet Gynecol Annu, 1, 177-91. 

BROSENS, J. J., PIJNENBORG, R. & BROSENS, I. A. 2002. The myometrial junctional zone 
spiral arteries in normal and abnormal pregnancies: a review of the literature. 
Am J Obstet Gynecol, 187, 1416-23. 

BULMER, J. N., INNES, B. A., LEVEY, J., ROBSON, S. C. & LASH, G. E. 2012. The role of 
vascular smooth muscle cell apoptosis and migration during uterine spiral 
artery remodeling in normal human pregnancy. FASEB J, 26, 2975-85. 

BULMER, J. N. & JOHNSON, P. M. 1984. Macrophage populations in the human 
placenta and amniochorion. Clin Exp Immunol, 57, 393-403. 



274 
 

BULMER, J. N. & JOHNSON, P. M. 1985. Immunohistological characterization of the 
decidual leucocytic infiltrate related to endometrial gland epithelium in early 
human pregnancy. Immunology, 55, 35-44. 

BULMER, J. N. & LASH, G. E. 2005. Human uterine natural killer cells: a reappraisal. Mol 
Immunol, 42, 511-21. 

BULMER, J. N., MORRISON, L., LONGFELLOW, M., RITSON, A. & PACE, D. 1991. 
Granulated lymphocytes in human endometrium: histochemical and 
immunohistochemical studies. Hum Reprod, 6, 791-8. 

BULMER, J. N., MORRISON, L. & SMITH, J. C. 1988. Expression of class II MHC gene 
products by macrophages in human uteroplacental tissue. Immunology, 63, 
707-14. 

BULMER, J. N., RODECK, C. & ADINOLFI, M. 1995. Immunohistochemical 
characterization of cells retrieved by transcervical sampling in early pregnancy. 
Prenat Diagn, 15, 1143-53. 

BURROWS, T. D., KING, A. & LOKE, Y. W. 1994. Expression of adhesion molecules by 
endovascular trophoblast and decidual endothelial cells: implications for 
vascular invasion during implantation. Placenta, 15, 21-33. 

BURTON, G. J., JAUNIAUX, E. & CHARNOCK-JONES, D. S. 2007. Human early placental 
development: potential roles of the endometrial glands. Placenta, 28 Suppl A, 
S64-9. 

CALLEJA-AGIUS, J., JAUNIAUX, E., PIZZEY, A. R. & MUTTUKRISHNA, S. 2012. 
Investigation of systemic inflammatory response in first trimester pregnancy 
failure. Hum Reprod, 27, 349-57. 

CAROSELLA, E. D. 2000. [HLA-G: fetomaternal tolerance]. C R Acad Sci III, 323, 675-80. 
CARP, H. 2004. Cytokines in recurrent miscarriage. Lupus, 13, 630-4. 
CARTWRIGHT, J. E., FRASER, R., LESLIE, K., WALLACE, A. E. & JAMES, J. L. 2010. 

Remodelling at the maternal-fetal interface: relevance to human pregnancy 
disorders. Reproduction, 140, 803-13. 

CARTWRIGHT, J. E., KEOGH, R. J. & TISSOT VAN PATOT, M. C. 2007. Hypoxia and 
placental remodelling. Adv Exp Med Biol, 618, 113-26. 

CASEY, M. L., COX, S. M., BEUTLER, B., MILEWICH, L. & MACDONALD, P. C. 1989. 
Cachectin/tumor necrosis factor-alpha formation in human decidua. Potential 
role of cytokines in infection-induced preterm labor. J Clin Invest, 83, 430-6. 

CASTELLUCCI, M., KOSANKE, G., VERDENELLI, F., HUPPERTZ, B. & KAUFMANN, P. 2000. 
Villous sprouting: fundamental mechanisms of human placental development. 
Hum Reprod Update, 6, 485-94. 

CHAMPION, H., INNES, B. A., ROBSON, S. C., LASH, G. E. & BULMER, J. N. 2012. Effects 
of interleukin-6 on extravillous trophoblast invasion in early human pregnancy. 
Mol Hum Reprod, 18, 391-400. 

CHAOUAT, G., LEDEE-BATAILLE, N., DUBANCHET, S., ZOURBAS, S., SANDRA, O. & 
MARTAL, J. 2004. TH1/TH2 paradigm in pregnancy: paradigm lost? Cytokines in 
pregnancy/early abortion: reexamining the TH1/TH2 paradigm. Int Arch Allergy 
Immunol, 134, 93-119. 

CHAOUAT, G., LEDEE-BATAILLE, N., ZOURBAS, S., OSTOJIC, S., DUBANCHET, S., 
MARTAL, J. & FRYDMAN, R. 2003. Cytokines, implantation and early abortion: 
re-examining the Th1/Th2 paradigm leads to question the single pathway, 
single therapy concept. Am J Reprod Immunol, 50, 177-86. 



275 
 

CHAOUAT, G., ZOURBAS, S., OSTOJIC, S., LAPPREE-DELAGE, G., DUBANCHET, S., LEDEE, 
N. & MARTAL, J. 2002. A brief review of recent data on some cytokine 
expressions at the materno-foetal interface which might challenge the classical 
Th1/Th2 dichotomy. J Reprod Immunol, 53, 241-56. 

CHENG, Y., LIU, X., YANG, J., LIN, Y., XU, D. Z., LU, Q., DEITCH, E. A., HUO, Y., DELPHIN, 
E. S. & ZHANG, C. 2009. MicroRNA-145, a novel smooth muscle cell phenotypic 
marker and modulator, controls vascular neointimal lesion formation. Circ Res, 
105, 158-66. 

CLARK, D. A., MANUEL, J., LEE, L., CHAOUAT, G., GORCZYNSKI, R. M. & LEVY, G. A. 2004. 
Ecology of danger-dependent cytokine-boosted spontaneous abortion in the 
CBA x DBA/2 mouse model. I. Synergistic effect of LPS and (TNF-alpha + IFN-
gamma) on pregnancy loss. Am J Reprod Immunol, 52, 370-8. 

COHEN, M. & BISCHOF, P. 2009. Coculture of decidua and trophoblast to study 
proliferation and invasion. Methods Mol Biol, 550, 63-72. 

COLLINS, M. K., TAY, C. S. & ERLEBACHER, A. 2009. Dendritic cell entrapment within the 
pregnant uterus inhibits immune surveillance of the maternal/fetal interface in 
mice. J Clin Invest, 119, 2062-73. 

COLUCCI, F., CALIGIURI, M. A. & DI SANTO, J. P. 2003. What does it take to make a 
natural killer? Nat Rev Immunol, 3, 413-25. 

COOPER, M. A., FEHNIGER, T. A. & CALIGIURI, M. A. 2001. The biology of human 
natural killer-cell subsets. Trends Immunol, 22, 633-40. 

CORDELL, J. L., FALINI, B., ERBER, W. N., GHOSH, A. K., ABDULAZIZ, Z., MACDONALD, S., 
PULFORD, K. A., STEIN, H. & MASON, D. Y. 1984. Immunoenzymatic labeling of 
monoclonal antibodies using immune complexes of alkaline phosphatase and 
monoclonal anti-alkaline phosphatase (APAAP complexes). J Histochem 
Cytochem, 32, 219-29. 

CORVINUS, F. M., FITZGERALD, J. S., FRIEDRICH, K. & MARKERT, U. R. 2003. Evidence 
for a correlation between trophoblast invasiveness and STAT3 activity. Am J 
Reprod Immunol, 50, 316-21. 

CRAVEN, C. M., MORGAN, T. & WARD, K. 1998. Decidual spiral artery remodelling 
begins before cellular interaction with cytotrophoblasts. Placenta, 19, 241-52. 

CROY, B. A., CHANTAKRU, S., ESADEG, S., ASHKAR, A. A. & WEI, Q. 2002. Decidual 
natural killer cells: key regulators of placental development (a review). J Reprod 
Immunol, 57, 151-68. 

CROY, B. A., ESADEG, S., CHANTAKRU, S., VAN DEN HEUVEL, M., PAFFARO, V. A., HE, H., 
BLACK, G. P., ASHKAR, A. A., KISO, Y. & ZHANG, J. 2003. Update on pathways 
regulating the activation of uterine Natural Killer cells, their interactions with 
decidual spiral arteries and homing of their precursors to the uterus. J Reprod 
Immunol, 59, 175-91. 

DAMBER, M. G., VON SCHOULTZ, B. & STIGBRAND, T. 1977. The immunological 
paradox of pregnancy. Acta Obstet Gynecol Scand Suppl, 66, 39-47. 

DAME, J. B. & JUUL, S. E. 2000. The distribution of receptors for the pro-inflammatory 
cytokines interleukin (IL)-6 and IL-8 in the developing human fetus. Early Hum 
Dev, 58, 25-39. 

DAMSKY, C. H., LIBRACH, C., LIM, K. H., FITZGERALD, M. L., MCMASTER, M. T., 
JANATPOUR, M., ZHOU, Y., LOGAN, S. K. & FISHER, S. J. 1994. Integrin switching 
regulates normal trophoblast invasion. Development, 120, 3657-66. 



276 
 

DE OLIVEIRA, L. G., LASH, G. E., MURRAY-DUNNING, C., BULMER, J. N., INNES, B. A., 
SEARLE, R. F., SASS, N. & ROBSON, S. C. 2010. Role of interleukin 8 in uterine 
natural killer cell regulation of extravillous trophoblast cell invasion. Placenta, 
31, 595-601. 

DE WOLF, F., DE WOLF-PEETERS, C. & BROSENS, I. 1973. Ultrastructure of the spiral 
arteries in the human placental bed at the end of normal pregnancy. Am J 
Obstet Gynecol, 117, 833-48. 

DE WOLF, F., DE WOLF-PEETERS, C., BROSENS, I. & ROBERTSON, W. B. 1980. The 
human placental bed: electron microscopic study of trophoblastic invasion of 
spiral arteries. Am J Obstet Gynecol, 137, 58-70. 

DEMIR, B., GUVEN, S., GUVEN, E. S., ATAMER, Y. & GUL, T. 2009. Serum IL-6 level may 
have role in the pathophysiology of unexplained infertility. Am J Reprod 
Immunol, 62, 261-7. 

DIFEDERICO, E., GENBACEV, O. & FISHER, S. J. 1999. Preeclampsia is associated with 
widespread apoptosis of placental cytotrophoblasts within the uterine wall. Am 
J Pathol, 155, 293-301. 

DIMITRIADIS, E., NIE, G., HANNAN, N. J., PAIVA, P. & SALAMONSEN, L. A. 2010. Local 
regulation of implantation at the human fetal-maternal interface. Int J Dev Biol, 
54, 313-22. 

DIMITRIADIS, E., ROBB, L. & SALAMONSEN, L. A. 2002. Interleukin 11 advances 
progesterone-induced decidualization of human endometrial stromal cells. Mol 
Hum Reprod, 8, 636-43. 

DIMITRIADIS, E., SALAMONSEN, L. A. & ROBB, L. 2000. Expression of interleukin-11 
during the human menstrual cycle: coincidence with stromal cell 
decidualization and relationship to leukaemia inhibitory factor and prolactin. 
Mol Hum Reprod, 6, 907-14. 

DIMITRIADIS, E., WHITE, C. A., JONES, R. L. & SALAMONSEN, L. A. 2005. Cytokines, 
chemokines and growth factors in endometrium related to implantation. Hum 
Reprod Update, 11, 613-30. 

DISTLER, J. H., HIRTH, A., KUROWSKA-STOLARSKA, M., GAY, R. E., GAY, S. & DISTLER, O. 
2003. Angiogenic and angiostatic factors in the molecular control of 
angiogenesis. Q J Nucl Med, 47, 149-61. 

DONKER, R. B., ASGEIRSDOTTIR, S. A., GERBENS, F., VAN PAMPUS, M. G., KALLENBERG, 
C. G., TE MEERMAN, G. J., AARNOUDSE, J. G. & MOLEMA, G. 2005. Plasma 
factors in severe early-onset preeclampsia do not substantially alter endothelial 
gene expression in vitro. J Soc Gynecol Investig, 12, 98-106. 

DRAKE, P. M., GUNN, M. D., CHARO, I. F., TSOU, C. L., ZHOU, Y., HUANG, L. & FISHER, S. 
J. 2001. Human placental cytotrophoblasts attract monocytes and CD56(bright) 
natural killer cells via the actions of monocyte inflammatory protein 1alpha. J 
Exp Med, 193, 1199-212. 

DRAYTON, D. L., LIAO, S., MOUNZER, R. H. & RUDDLE, N. H. 2006. Lymphoid organ 
development: from ontogeny to neogenesis. Nat Immunol, 7, 344-53. 

DUBINSKY, V., POEHLMANN, T. G., SUMAN, P., GENTILE, T., MARKERT, U. R. & 
GUTIERREZ, G. 2010. Role of regulatory and angiogenic cytokines in invasion of 
trophoblastic cells. Am J Reprod Immunol, 63, 193-9. 

DUNN, C. L., CRITCHLEY, H. O. & KELLY, R. W. 2002. IL-15 regulation in human 
endometrial stromal cells. J Clin Endocrinol Metab, 87, 1898-901. 



277 
 

EMBRYOLOGY, L. S. M. 2004. "Third month to birth: The fetus and placenta", T. W. 
Sadler 

 
EMMER, P. M., STEEGERS, E. A., KERSTENS, H. M., BULTEN, J., NELEN, W. L., BOER, K. & 

JOOSTEN, I. 2002. Altered phenotype of HLA-G expressing trophoblast and 
decidual natural killer cells in pathological pregnancies. Hum Reprod, 17, 1072-
80. 

ENGERT, S., RIEGER, L., KAPP, M., BECKER, J. C., DIETL, J. & KAMMERER, U. 2007. 
Profiling chemokines, cytokines and growth factors in human early pregnancy 
decidua by protein array. Am J Reprod Immunol, 58, 129-37. 

ERIKSSON, M., MEADOWS, S. K., WIRA, C. R. & SENTMAN, C. L. 2004. Unique 
phenotype of human uterine NK cells and their regulation by endogenous TGF-
beta. J Leukoc Biol, 76, 667-75. 

EVANS, R. 1978. Macrophage requirement for growth of a murine fibrosarcoma. Br J 
Cancer, 37, 1086-9. 

EVERETT, C. 1997. Incidence and outcome of bleeding before the 20th week of 
pregnancy: prospective study from general practice. BMJ, 315, 32-4. 

EWINGTON, L., TAYLOR, A., SRIRAKSA, R., HORIMOTO, Y., LAM, E. W. & EL-BAHRAWY, 
M. A. 2012. The expression of interleukin-8 and interleukin-8 receptors in 
endometrial carcinoma. Cytokine, 59, 417-22. 

FALLON, P. G., JOLIN, H. E., SMITH, P., EMSON, C. L., TOWNSEND, M. J., FALLON, R., 
SMITH, P. & MCKENZIE, A. N. 2002. IL-4 induces characteristic Th2 responses 
even in the combined absence of IL-5, IL-9, and IL-13. Immunity, 17, 7-17. 

FAN, Y., YE, J., SHEN, F., ZHU, Y., YEGHIAZARIANS, Y., ZHU, W., CHEN, Y., LAWTON, M. 
T., YOUNG, W. L. & YANG, G. Y. 2008. Interleukin-6 stimulates circulating blood-
derived endothelial progenitor cell angiogenesis in vitro. J Cereb Blood Flow 
Metab, 28, 90-8. 

FAULK, W. P. & TEMPLE, A. 1976. Distribution of beta2 microglobulin and HLA in 
chorionic villi of human placentae. Nature, 262, 799-802. 

FEE, D., GRZYBICKI, D., DOBBS, M., IHYER, S., CLOTFELTER, J., MACVILAY, S., HART, M. 
N., SANDOR, M. & FABRY, Z. 2000. Interleukin 6 promotes vasculogenesis of 
murine brain microvessel endothelial cells. Cytokine, 12, 655-65. 

FERENCZY, A., BERTRAND, G. & GELFAND, M. M. 1979. Proliferation kinetics of human 
endometrium during the normal menstrual cycle. Am J Obstet Gynecol, 133, 
859-67. 

FERRARA, N. 2004. Vascular endothelial growth factor: basic science and clinical 
progress. Endocr Rev, 25, 581-611. 

FERRETTI, C., BRUNI, L., DANGLES-MARIE, V., PECKING, A. P. & BELLET, D. 2007. 
Molecular circuits shared by placental and cancer cells, and their implications in 
the proliferative, invasive and migratory capacities of trophoblasts. Hum 
Reprod Update, 13, 121-41. 

FITZGERALD, J. S., BUSCH, S., WENGENMAYER, T., FOERSTER, K., DE LA MOTTE, T., 
POEHLMANN, T. G. & MARKERT, U. R. 2005. Signal transduction in trophoblast 
invasion. Chem Immunol Allergy, 88, 181-99. 

FITZGERALD, J. S., POEHLMANN, T. G., SCHLEUSSNER, E. & MARKERT, U. R. 2008. 
Trophoblast invasion: the role of intracellular cytokine signalling via signal 



278 
 

transducer and activator of transcription 3 (STAT3). Hum Reprod Update, 14, 
335-44. 

FOURNEL, S., HUC, X., AGUERRE-GIRR, M., SOLIER, C., LEGROS, M., PRAUD-
BRETHENOU, C., MOUSSA, M., CHAOUAT, G., BERREBI, A., BENSUSSAN, A., 
LENFANT, F. & LE BOUTEILLER, P. 2000. Comparative reactivity of different HLA-
G monoclonal antibodies to soluble HLA-G molecules. Tissue Antigens, 55, 510-
8. 

FRASER, R., WHITLEY, G. S., JOHNSTONE, A. P., HOST, A. J., SEBIRE, N. J., 
THILAGANATHAN, B. & CARTWRIGHT, J. E. 2012. Impaired decidual natural 
killer cell regulation of vascular remodelling in early human pregnancies with 
high uterine artery resistance. J Pathol. 

FREEMAN, D. J., MCMANUS, F., BROWN, E. A., CHERRY, L., NORRIE, J., RAMSAY, J. E., 
CLARK, P., WALKER, I. D., SATTAR, N. & GREER, I. A. 2004. Short- and long-term 
changes in plasma inflammatory markers associated with preeclampsia. 
Hypertension, 44, 708-14. 

FROEN, J. F., GARDOSI, J. O., THURMANN, A., FRANCIS, A. & STRAY-PEDERSEN, B. 2004. 
Restricted fetal growth in sudden intrauterine unexplained death. Acta Obstet 
Gynecol Scand, 83, 801-7. 

FUJIWARA, H., HIGUCHI, T., SATO, Y., NISHIOKA, Y., ZENG, B. X., YOSHIOKA, S., 
TATSUMI, K., UEDA, M. & MAEDA, M. 2005. Regulation of human extravillous 
trophoblast function by membrane-bound peptidases. Biochim Biophys Acta, 
1751, 26-32. 

FUZZI, B., RIZZO, R., CRISCUOLI, L., NOCI, I., MELCHIORRI, L., SCARSELLI, B., BENCINI, E., 
MENICUCCI, A. & BARICORDI, O. R. 2002. HLA-G expression in early embryos is 
a fundamental prerequisite for the obtainment of pregnancy. Eur J Immunol, 
32, 311-5. 

GALAZIOS, G., TSOULOU, S., ZOGRAFOU, C., TRIPSIANIS, G., KOUTLAKI, N., 
PAPAZOGLOU, D., TSIKOURAS, P., MALTEZOS, E. & LIBERIS, V. 2011. The role of 
cytokines IL-6 and IL-8 in the pathogenesis of spontaneous abortions. J Matern 
Fetal Neonatal Med, 24, 1283-5. 

GARCIA-PACHECO, J. M., OLIVER, C., KIMATRAI, M., BLANCO, F. J. & OLIVARES, E. G. 
2001. Human decidual stromal cells express CD34 and STRO-1 and are related 
to bone marrow stromal precursors. Mol Hum Reprod, 7, 1151-7. 

GARDNER, L. & MOFFETT, A. 2003. Dendritic cells in the human decidua. Biol Reprod, 
69, 1438-46. 

GARMI, G. & SALIM, R. 2012. Epidemiology, etiology, diagnosis, and management of 
placenta accreta. Obstet Gynecol Int, 2012, 873929. 

GEISELHART, A., DIETL, J., MARZUSCH, K., RUCK, P., RUCK, M., HORNY, H. P., 
KAISERLING, E. & HANDGRETINGER, R. 1995. Comparative analysis of the 
immunophenotypes of decidual and peripheral blood large granular 
lymphocytes and T cells during early human pregnancy. Am J Reprod Immunol, 
33, 315-22. 

GELLERSEN, B. & BROSENS, J. 2003. Cyclic AMP and progesterone receptor cross-talk in 
human endometrium: a decidualizing affair. J Endocrinol, 178, 357-72. 

GENBACEV, O., ZHOU, Y., LUDLOW, J. W. & FISHER, S. J. 1997. Regulation of human 
placental development by oxygen tension. Science, 277, 1669-72. 

GIMONA, M., HERZOG, M., VANDEKERCKHOVE, J. & SMALL, J. V. 1990. Smooth muscle 
specific expression of calponin. FEBS Lett, 274, 159-62. 



279 
 

GOERDT, S. & ORFANOS, C. E. 1999. Other functions, other genes: alternative 
activation of antigen-presenting cells. Immunity, 10, 137-42. 

GONZALEZ, M., NEUFELD, J., REIMANN, K., WITTMANN, S., SAMALECOS, A., WOLF, A., 
BAMBERGER, A. M. & GELLERSEN, B. 2011. Expansion of human trophoblastic 
spheroids is promoted by decidualized endometrial stromal cells and enhanced 
by heparin-binding epidermal growth factor-like growth factor and interleukin-
1 beta. Mol Hum Reprod, 17, 421-33. 

GORDON, S. 2007. The macrophage: past, present and future. Eur J Immunol, 37 Suppl 
1, S9-17. 

GRAHAM, C. H., HAWLEY, T. S., HAWLEY, R. G., MACDOUGALL, J. R., KERBEL, R. S., 
KHOO, N. & LALA, P. K. 1993. Establishment and characterization of first 
trimester human trophoblast cells with extended lifespan. Exp Cell Res, 206, 
204-11. 

GREEN, B. A. L., R. E. 1987 Steroid Hormones: Practical Approach, IRL Press Oxford  
GREER, I. A., LYALL, F., PERERA, T., BOSWELL, F. & MACARA, L. M. 1994. Increased 

concentrations of cytokines interleukin-6 and interleukin-1 receptor antagonist 
in plasma of women with preeclampsia: a mechanism for endothelial 
dysfunction? Obstet Gynecol, 84, 937-40. 

GUDE, N. M., ROBERTS, C. T., KALIONIS, B. & KING, R. G. 2004. Growth and function of 
the normal human placenta. Thromb Res, 114, 397-407. 

GUIMOND, M. J., LUROSS, J. A., WANG, B., TERHORST, C., DANIAL, S. & CROY, B. A. 
1997. Absence of natural killer cells during murine pregnancy is associated with 
reproductive compromise in TgE26 mice. Biol Reprod, 56, 169-79. 

GUSTAFSSON, C., MJOSBERG, J., MATUSSEK, A., GEFFERS, R., MATTHIESEN, L., BERG, 
G., SHARMA, S., BUER, J. & ERNERUDH, J. 2008. Gene expression profiling of 
human decidual macrophages: evidence for immunosuppressive phenotype. 
PLoS One, 3, e2078. 

HABARA, T., NAKATSUKA, M., KONISHI, H., ASAGIRI, K., NOGUCHI, S. & KUDO, T. 2002. 
Elevated blood flow resistance in uterine arteries of women with unexplained 
recurrent pregnancy loss. Hum Reprod, 17, 190-4. 

HALKA, A. T., TURNER, N. J., CARTER, A., GHOSH, J., MURPHY, M. O., KIRTON, J. P., 
KIELTY, C. M. & WALKER, M. G. 2008. The effects of stretch on vascular smooth 
muscle cell phenotype in vitro. Cardiovasc Pathol, 17, 98-102. 

HAMPERL, H. & HELLWEG, G. 1958. Granular endometrial stroma cells. Obstet Gynecol, 
11, 379-87. 

HANNA, J., GOLDMAN-WOHL, D., HAMANI, Y., AVRAHAM, I., GREENFIELD, C., 
NATANSON-YARON, S., PRUS, D., COHEN-DANIEL, L., ARNON, T. I., MANASTER, 
I., GAZIT, R., YUTKIN, V., BENHARROCH, D., PORGADOR, A., KESHET, E., YAGEL, 
S. & MANDELBOIM, O. 2006. Decidual NK cells regulate key developmental 
processes at the human fetal-maternal interface. Nat Med, 12, 1065-74. 

HARRIS, L. K. 2011. IFPA Gabor Than Award lecture: Transformation of the spiral 
arteries in human pregnancy: key events in the remodelling timeline. Placenta, 
32 Suppl 2, S154-8. 

HARRIS, L. K. & APLIN, J. D. 2007. Vascular remodeling and extracellular matrix 
breakdown in the uterine spiral arteries during pregnancy. Reprod Sci, 14, 28-
34. 

HARRIS, L. K., KEOGH, R. J., WAREING, M., BAKER, P. N., CARTWRIGHT, J. E., APLIN, J. D. 
& WHITLEY, G. S. 2006. Invasive trophoblasts stimulate vascular smooth muscle 



280 
 

cell apoptosis by a fas ligand-dependent mechanism. Am J Pathol, 169, 1863-
74. 

HARRIS, L. K., KEOGH, R. J., WAREING, M., BAKER, P. N., CARTWRIGHT, J. E., WHITLEY, 
G. S. & APLIN, J. D. 2007. BeWo cells stimulate smooth muscle cell apoptosis 
and elastin breakdown in a model of spiral artery transformation. Hum Reprod, 
22, 2834-41. 

HAZAN, A. D., SMITH, S. D., JONES, R. L., WHITTLE, W., LYE, S. J. & DUNK, C. E. 2010. 
Vascular-leukocyte interactions: mechanisms of human decidual spiral artery 
remodeling in vitro. Am J Pathol, 177, 1017-30. 

HEIKKINEN, J., MOTTONEN, M., ALANEN, A. & LASSILA, O. 2004. Phenotypic 
characterization of regulatory T cells in the human decidua. Clin Exp Immunol, 
136, 373-8. 

HEINRICH, P. C., BEHRMANN, I., HAAN, S., HERMANNS, H. M., MULLER-NEWEN, G. & 
SCHAPER, F. 2003. Principles of interleukin (IL)-6-type cytokine signalling and its 
regulation. Biochem J, 374, 1-20. 

HEINRICH, P. C., BEHRMANN, I., MULLER-NEWEN, G., SCHAPER, F. & GRAEVE, L. 1998. 
Interleukin-6-type cytokine signalling through the gp130/Jak/STAT pathway. 
Biochem J, 334 ( Pt 2), 297-314. 

HEMPSTOCK, J., CINDROVA-DAVIES, T., JAUNIAUX, E. & BURTON, G. J. 2004. 
Endometrial glands as a source of nutrients, growth factors and cytokines 
during the first trimester of human pregnancy: a morphological and 
immunohistochemical study. Reprod Biol Endocrinol, 2, 58. 

HENDERSON, T. A., SAUNDERS, P. T., MOFFETT-KING, A., GROOME, N. P. & CRITCHLEY, 
H. O. 2003. Steroid receptor expression in uterine natural killer cells. J Clin 
Endocrinol Metab, 88, 440-9. 

HERBERT, V., LAU, K. S., GOTTLIEB, C. W. & BLEICHER, S. J. 1965. Coated charcoal 
immunoassay of insulin. J Clin Endocrinol Metab, 25, 1375-84. 

HESS, A. P., HAMILTON, A. E., TALBI, S., DOSIOU, C., NYEGAARD, M., NAYAK, N., 
GENBECEV-KRTOLICA, O., MAVROGIANIS, P., FERRER, K., KRUESSEL, J., 
FAZLEABAS, A. T., FISHER, S. J. & GIUDICE, L. C. 2007. Decidual stromal cell 
response to paracrine signals from the trophoblast: amplification of immune 
and angiogenic modulators. Biol Reprod, 76, 102-17. 

HEUSER, C. H., AND STREETER, G. L.   .  1941. Development of the macaque embryo. 
Contrib Embryol, 29, 15-55. 

HIBY, S. E., APPS, R., SHARKEY, A. M., FARRELL, L. E., GARDNER, L., MULDER, A., CLAAS, 
F. H., WALKER, J. J., REDMAN, C. W., MORGAN, L., TOWER, C., REGAN, L., 
MOORE, G. E., CARRINGTON, M. & MOFFETT, A. 2010. Maternal activating KIRs 
protect against human reproductive failure mediated by fetal HLA-C2. J Clin 
Invest, 120, 4102-10. 

HIBY, S. E., REGAN, L., LO, W., FARRELL, L., CARRINGTON, M. & MOFFETT, A. 2008. 
Association of maternal killer-cell immunoglobulin-like receptors and parental 
HLA-C genotypes with recurrent miscarriage. Hum Reprod, 23, 972-6. 

HO, S., WINKLER-LOWEN, B., MORRISH, D. W., DAKOUR, J., LI, H. & GUILBERT, L. J. 
1999. The role of Bcl-2 expression in EGF inhibition of TNF-alpha/IFN-gamma-
induced villous trophoblast apoptosis. Placenta, 20, 423-30. 

HOHMANN, A., HODGSON, A. J., DI, W., SKINNER, J. M., BRADLEY, J. & ZOLA, H. 1988. 
Monoclonal alkaline phosphatase-anti-alkaline phosphatase (APAAP) complex: 



281 
 

production of antibody, optimization of activity, and use in immunostaining. J 
Histochem Cytochem, 36, 137-43. 

HOLMES, W. E., LEE, J., KUANG, W. J., RICE, G. C. & WOOD, W. I. 1991. Structure and 
functional expression of a human interleukin-8 receptor. Science, 253, 1278-80. 

HOOPER, N. M. 1994. Families of zinc metalloproteases. FEBS Lett, 354, 1-6. 
HORNUNG, D., RYAN, I. P., CHAO, V. A., VIGNE, J. L., SCHRIOCK, E. D. & TAYLOR, R. N. 

1997. Immunolocalization and regulation of the chemokine RANTES in human 
endometrial and endometriosis tissues and cells. J Clin Endocrinol Metab, 82, 
1621-8. 

HOSKIN, D. W. & MURGITA, R. A. 1989. Specific maternal anti-fetal lymphoproliferative 
responses and their regulation by natural immunosuppressive factors. Clin Exp 
Immunol, 76, 262-7. 

HOUSER, B. L., TILBURGS, T., HILL, J., NICOTRA, M. L. & STROMINGER, J. L. 2011. Two 
unique human decidual macrophage populations. J Immunol, 186, 2633-42. 

HSU, S. M., RAINE, L. & FANGER, H. 1981. Use of avidin-biotin-peroxidase complex 
(ABC) in immunoperoxidase techniques: a comparison between ABC and 
unlabeled antibody (PAP) procedures. J Histochem Cytochem, 29, 577-80. 

HUANG, S., MILLS, L., MIAN, B., TELLEZ, C., MCCARTY, M., YANG, X. D., GUDAS, J. M. & 
BAR-ELI, M. 2002. Fully humanized neutralizing antibodies to interleukin-8 
(ABX-IL8) inhibit angiogenesis, tumor growth, and metastasis of human 
melanoma. Am J Pathol, 161, 125-34. 

HUANG, S. J., CHEN, C. P., SCHATZ, F., RAHMAN, M., ABRAHAMS, V. M. & LOCKWOOD, 
C. J. 2008. Pre-eclampsia is associated with dendritic cell recruitment into the 
uterine decidua. J Pathol, 214, 328-36. 

HUANG, S. P., WU, M. S., SHUN, C. T., WANG, H. P., LIN, M. T., KUO, M. L. & LIN, J. T. 
2004. Interleukin-6 increases vascular endothelial growth factor and 
angiogenesis in gastric carcinoma. J Biomed Sci, 11, 517-27. 

HUBER, A. V., SALEH, L., BAUER, S., HUSSLEIN, P. & KNOFLER, M. 2006. TNFalpha-
mediated induction of PAI-1 restricts invasion of HTR-8/SVneo trophoblast 
cells. Placenta, 27, 127-36. 

HUNG, T. H., CHARNOCK-JONES, D. S., SKEPPER, J. N. & BURTON, G. J. 2004. Secretion 
of tumor necrosis factor-alpha from human placental tissues induced by 
hypoxia-reoxygenation causes endothelial cell activation in vitro: a potential 
mediator of the inflammatory response in preeclampsia. Am J Pathol, 164, 
1049-61. 

HUNT, J. S., FISHBACK, J. L., ANDREWS, G. K. & WOOD, G. W. 1988. Expression of class I 
HLA genes by trophoblast cells. Analysis by in situ hybridization. J Immunol, 
140, 1293-9. 

HUNT, J. S., PETROFF, M. G., MORALES, P., SEDLMAYR, P., GERAGHTY, D. E. & OBER, C. 
2000. HLA-G in reproduction: studies on the maternal-fetal interface. Hum 
Immunol, 61, 1113-7. 

HUSTIN, J., FOIDART, J. M. & LAMBOTTE, R. 1983. [Utero-placental vascularization in 
retardation of intra-uterine fetal growth]. Arch Anat Cytol Pathol, 31, 105-10. 

HUSTIN, J., JAUNIAUX, E. & SCHAAPS, J. P. 1990. Histological study of the materno-
embryonic interface in spontaneous abortion. Placenta, 11, 477-86. 

HUSTIN, J., KADRI, R. & JAUNIAUX, E. 1996. Spontaneous and habitual abortion--a 
pathologist's point of view. Early Pregnancy, 2, 85-95. 



282 
 

HUSTIN, J. & SCHAAPS, J. P. 1987. Echographic [corrected] and anatomic studies of the 
maternotrophoblastic border during the first trimester of pregnancy. Am J 
Obstet Gynecol, 157, 162-8. 

IMAI, K., MAEDA, M., FUJIWARA, H., OKAMOTO, N., KARIYA, M., EMI, N., TAKAKURA, 
K., KANZAKI, H. & MORI, T. 1992. Human endometrial stromal cells and 
decidual cells express cluster of differentiation (CD) 13 antigen/aminopeptidase 
N and CD10 antigen/neutral endopeptidase. Biol Reprod, 46, 328-34. 

INGMAN, W. V. & JONES, R. L. 2008. Cytokine knockouts in reproduction: the use of 
gene ablation to dissect roles of cytokines in reproductive biology. Hum Reprod 
Update, 14, 179-92. 

ISAKA, K., USUDA, S., ITO, H., SAGAWA, Y., NAKAMURA, H., NISHI, H., SUZUKI, Y., LI, Y. 
F. & TAKAYAMA, M. 2003. Expression and activity of matrix metalloproteinase 2 
and 9 in human trophoblasts. Placenta, 24, 53-64. 

JAMES, J. L., CARTWRIGHT, J. E., WHITLEY, G. S., GREENHILL, D. R. & HOPPE, A. 2012. 
The regulation of trophoblast migration across endothelial cells by low shear 
stress: consequences for vascular remodelling in pregnancy. Cardiovasc Res, 93, 
152-61. 

JAMES, J. L., STONE, P. R. & CHAMLEY, L. W. 2006. The regulation of trophoblast 
differentiation by oxygen in the first trimester of pregnancy. Hum Reprod 
Update, 12, 137-44. 

JASPER, M. J., TREMELLEN, K. P. & ROBERTSON, S. A. 2007. Reduced expression of IL-6 
and IL-1alpha mRNAs in secretory phase endometrium of women with 
recurrent miscarriage. J Reprod Immunol, 73, 74-84. 

JAUNIAUX, E., GULBIS, B., SCHANDENE, L., COLLETTE, J. & HUSTIN, J. 1996. Distribution 
of interleukin-6 in maternal and embryonic tissues during the first trimester. 
Mol Hum Reprod, 2, 239-43. 

JAUNIAUX, E. & HUSTIN, J. 1992. Histological examination of first trimester 
spontaneous abortions: the impact of materno-embryonic interface features. 
Histopathology, 21, 409-14. 

JAUNIAUX, E., WATSON, A. L., HEMPSTOCK, J., BAO, Y. P., SKEPPER, J. N. & BURTON, G. 
J. 2000. Onset of maternal arterial blood flow and placental oxidative stress. A 
possible factor in human early pregnancy failure. Am J Pathol, 157, 2111-22. 

JAUNIAUX, E., ZAIDI, J., JURKOVIC, D., CAMPBELL, S. & HUSTIN, J. 1994. Comparison of 
colour Doppler features and pathological findings in complicated early 
pregnancy. Hum Reprod, 9, 2432-7. 

JEFFERY, C. J. 2003. Moonlighting proteins: old proteins learning new tricks. Trends 
Genet, 19, 415-7. 

JOERINK, M., RINDSJO, E., VAN RIEL, B., ALM, J. & PAPADOGIANNAKIS, N. 2011. 
Placental macrophage (Hofbauer cell) polarization is independent of maternal 
allergen-sensitization and presence of chorioamnionitis. Placenta, 32, 380-5. 

JONES, R. L., FINDLAY, J. K., FARNWORTH, P. G., ROBERTSON, D. M., WALLACE, E. & 
SALAMONSEN, L. A. 2006. Activin A and inhibin A differentially regulate human 
uterine matrix metalloproteinases: potential interactions during decidualization 
and trophoblast invasion. Endocrinology, 147, 724-32. 

JONES, R. L., HANNAN, N. J., KAITU'U, T. J., ZHANG, J. & SALAMONSEN, L. A. 2004. 
Identification of chemokines important for leukocyte recruitment to the human 
endometrium at the times of embryo implantation and menstruation. J Clin 
Endocrinol Metab, 89, 6155-67. 



283 
 

JOVANOVIC, M., STEFANOSKA, I., RADOJCIC, L. & VICOVAC, L. 2010. Interleukin-8 
(CXCL8) stimulates trophoblast cell migration and invasion by increasing levels 
of matrix metalloproteinase (MMP)2 and MMP9 and integrins alpha5 and 
beta1. Reproduction, 139, 789-98. 

JOVANOVIC, M. & VICOVAC, L. 2009. Interleukin-6 stimulates cell migration, invasion 
and integrin expression in HTR-8/SVneo cell line. Placenta, 30, 320-8. 

KALKUNTE, S., CHICHESTER, C. O., GOTSCH, F., SENTMAN, C. L., ROMERO, R. & 
SHARMA, S. 2008. Evolution of non-cytotoxic uterine natural killer cells. Am J 
Reprod Immunol, 59, 425-32. 

KAM, E. P., GARDNER, L., LOKE, Y. W. & KING, A. 1999. The role of trophoblast in the 
physiological change in decidual spiral arteries. Hum Reprod, 14, 2131-8. 

KAMMERER, U., EGGERT, A. O., KAPP, M., MCLELLAN, A. D., GEIJTENBEEK, T. B., DIETL, 
J., VAN KOOYK, Y. & KAMPGEN, E. 2003. Unique appearance of proliferating 
antigen-presenting cells expressing DC-SIGN (CD209) in the decidua of early 
human pregnancy. Am J Pathol, 162, 887-96. 

KAMMERER, U., SCHOPPET, M., MCLELLAN, A. D., KAPP, M., HUPPERTZ, H. I., 
KAMPGEN, E. & DIETL, J. 2000. Human decidua contains potent 
immunostimulatory CD83(+) dendritic cells. Am J Pathol, 157, 159-69. 

KANAYAMA, N., KAJIWARA, Y., GOTO, J., EL MARADNY, E., MAEHARA, K., ANDOU, K. & 
TERAO, T. 1995. Inactivation of interleukin-8 by aminopeptidase N (CD13). J 
Leukoc Biol, 57, 129-34. 

KANAZAWA, T., NISHINO, H., HASEGAWA, M., OHTA, Y., IINO, Y., ICHIMURA, K. & 
NODA, Y. 2007. Interleukin-6 directly influences proliferation and invasion 
potential of head and neck cancer cells. Eur Arch Otorhinolaryngol, 264, 815-21. 

KANG, M. K. & KANG, S. K. 2008. Interleukin-6 induces proliferation in adult spinal 
cord-derived neural progenitors via the JAK2/STAT3 pathway with EGF-induced 
MAPK phosphorylation. Cell Prolif, 41, 377-92. 

KAO, L. C., TULAC, S., LOBO, S., IMANI, B., YANG, J. P., GERMEYER, A., OSTEEN, K., 
TAYLOR, R. N., LESSEY, B. A. & GIUDICE, L. C. 2002. Global gene profiling in 
human endometrium during the window of implantation. Endocrinology, 143, 
2119-38. 

KAPLAN-ALBUQUERQUE, N., BOGAERT, Y. E., VAN PUTTEN, V., WEISER-EVANS, M. C. & 
NEMENOFF, R. A. 2005. Patterns of gene expression differentially regulated by 
platelet-derived growth factor and hypertrophic stimuli in vascular smooth 
muscle cells: markers for phenotypic modulation and response to injury. J Biol 
Chem, 280, 19966-76. 

KARASHIMA, T., SWEENEY, P., KAMAT, A., HUANG, S., KIM, S. J., BAR-ELI, M., 
MCCONKEY, D. J. & DINNEY, C. P. 2003. Nuclear factor-kappaB mediates 
angiogenesis and metastasis of human bladder cancer through the regulation 
of interleukin-8. Clin Cancer Res, 9, 2786-97. 

KASTSCHENKO, N. 1885. Das menschliche Chorionepithel und dessen Rolle bei der 
Histogenese der Plazenta 

Arch Anat Physiol (Leipzig), 451–480. 
KAUFMANN, P., BLACK, S. & HUPPERTZ, B. 2003. Endovascular trophoblast invasion: 

implications for the pathogenesis of intrauterine growth retardation and 
preeclampsia. Biol Reprod, 69, 1-7. 

KAUFMANN, P. A. S., I. 1992. Placental development, Fetal and Neonatal Physiology. 



284 
 

KAUMA, S., TAKACS, P., SCORDALAKES, C., WALSH, S., GREEN, K. & PENG, T. 2002. 
Increased endothelial monocyte chemoattractant protein-1 and interleukin-8 in 
preeclampsia. Obstet Gynecol, 100, 706-14. 

KAUMA, S. W., HERMAN, K., WANG, Y. & WALSH, S. W. 1993. Differential mRNA 
expression and production of interleukin-6 in placental trophoblast and villous 
core compartments. Am J Reprod Immunol, 30, 131-5. 

KEOGH, R. J., HARRIS, L. K., FREEMAN, A., BAKER, P. N., APLIN, J. D., WHITLEY, G. S. & 
CARTWRIGHT, J. E. 2007. Fetal-derived trophoblast use the apoptotic cytokine 
tumor necrosis factor-alpha-related apoptosis-inducing ligand to induce 
smooth muscle cell death. Circ Res, 100, 834-41. 

KHARFI, A., GIGUERE, Y., SAPIN, V., MASSE, J., DASTUGUE, B. & FOREST, J. C. 2003. 
Trophoblastic remodeling in normal and preeclamptic pregnancies: implication 
of cytokines. Clin Biochem, 36, 323-31. 

KHONG, T. Y., DE WOLF, F., ROBERTSON, W. B. & BROSENS, I. 1986. Inadequate 
maternal vascular response to placentation in pregnancies complicated by pre-
eclampsia and by small-for-gestational age infants. Br J Obstet Gynaecol, 93, 
1049-59. 

KHONG, T. Y., LIDDELL, H. S. & ROBERTSON, W. B. 1987. Defective haemochorial 
placentation as a cause of miscarriage: a preliminary study. Br J Obstet 
Gynaecol, 94, 649-55. 

KHONG, T. Y., SAWYER, I. H. & HERYET, A. R. 1992. An immunohistologic study of 
endothelialization of uteroplacental vessels in human pregnancy--evidence that 
endothelium is focally disrupted by trophoblast in preeclampsia. Am J Obstet 
Gynecol, 167, 751-6. 

KILBURN, B. A., WANG, J., DUNIEC-DMUCHOWSKI, Z. M., LEACH, R. E., ROMERO, R. & 
ARMANT, D. R. 2000. Extracellular matrix composition and hypoxia regulate the 
expression of HLA-G and integrins in a human trophoblast cell line. Biol Reprod, 
62, 739-47. 

KIM, Y. M., BUJOLD, E., CHAIWORAPONGSA, T., GOMEZ, R., YOON, B. H., THALER, H. T., 
ROTMENSCH, S. & ROMERO, R. 2003. Failure of physiologic transformation of 
the spiral arteries in patients with preterm labor and intact membranes. Am J 
Obstet Gynecol, 189, 1063-9. 

KING, A., BURROWS, T. & LOKE, Y. W. 1996a. Human uterine natural killer cells. Nat 
Immun, 15, 41-52. 

KING, A., BURROWS, T., VERMA, S., HIBY, S. & LOKE, Y. W. 1998. Human uterine 
lymphocytes. Hum Reprod Update, 4, 480-5. 

KING, A., BURROWS, T. D., HIBY, S. E., BOWEN, J. M., JOSEPH, S., VERMA, S., LIM, P. B., 
GARDNER, L., LE BOUTEILLER, P., ZIEGLER, A., UCHANSKA-ZIEGLER, B. & LOKE, Y. 
W. 2000a. Surface expression of HLA-C antigen by human extravillous 
trophoblast. Placenta, 21, 376-87. 

KING, A., GARDNER, L. & LOKE, Y. W. 1996b. Evaluation of oestrogen and progesterone 
receptor expression in uterine mucosal lymphocytes. Hum Reprod, 11, 1079-82. 

KING, A., HIBY, S. E., GARDNER, L., JOSEPH, S., BOWEN, J. M., VERMA, S., BURROWS, T. 
D. & LOKE, Y. W. 2000b. Recognition of trophoblast HLA class I molecules by 
decidual NK cell receptors--a review. Placenta, 21 Suppl A, S81-5. 

KISHIMOTO, T. 2006. Interleukin-6: discovery of a pleiotropic cytokine. Arthritis Res 
Ther, 8 Suppl 2, S2. 



285 
 

KITA, N., MITSUSHITA, J., OHIRA, S., TAKAGI, Y., ASHIDA, T., KANAI, M., NIKAIDO, T. & 
KONISHI, I. 2003. Expression and activation of MAP kinases, ERK1/2, in the 
human villous trophoblasts. Placenta, 24, 164-72. 

KITAYA, K., YASUDA, J., YAGI, I., TADA, Y., FUSHIKI, S. & HONJO, H. 2000. IL-15 
expression at human endometrium and decidua. Biol Reprod, 63, 683-7. 

KNOFLER, M., MOSL, B., BAUER, S., GRIESINGER, G. & HUSSLEIN, P. 2000. TNF-
alpha/TNFRI in primary and immortalized first trimester cytotrophoblasts. 
Placenta, 21, 525-35. 

KNOFLER, M. & POLLHEIMER, J. 2012. IFPA Award in Placentology lecture: molecular 
regulation of human trophoblast invasion. Placenta, 33 Suppl, S55-62. 

KNUPFER, H. & PREISS, R. 2008. sIL-6R: more than an agonist? Immunol Cell Biol, 86, 
87-91. 

KOCH, A. E., POLVERINI, P. J., KUNKEL, S. L., HARLOW, L. A., DIPIETRO, L. A., ELNER, V. 
M., ELNER, S. G. & STRIETER, R. M. 1992. Interleukin-8 as a macrophage-derived 
mediator of angiogenesis. Science, 258, 1798-801. 

KOOPMAN, L. A., KOPCOW, H. D., RYBALOV, B., BOYSON, J. E., ORANGE, J. S., SCHATZ, 
F., MASCH, R., LOCKWOOD, C. J., SCHACHTER, A. D., PARK, P. J. & STROMINGER, 
J. L. 2003. Human decidual natural killer cells are a unique NK cell subset with 
immunomodulatory potential. J Exp Med, 198, 1201-12. 

KOPCOW, H. D., ALLAN, D. S., CHEN, X., RYBALOV, B., ANDZELM, M. M., GE, B. & 
STROMINGER, J. L. 2005. Human decidual NK cells form immature activating 
synapses and are not cytotoxic. Proc Natl Acad Sci U S A, 102, 15563-8. 

KOPF, M., BAUMANN, H., FREER, G., FREUDENBERG, M., LAMERS, M., KISHIMOTO, T., 
ZINKERNAGEL, R., BLUETHMANN, H. & KOHLER, G. 1994. Impaired immune and 
acute-phase responses in interleukin-6-deficient mice. Nature, 368, 339-42. 

KURITA, T., LEE, K., SAUNDERS, P. T., COOKE, P. S., TAYLOR, J. A., LUBAHN, D. B., ZHAO, 
C., MAKELA, S., GUSTAFSSON, J. A., DAHIYA, R. & CUNHA, G. R. 2001. 
Regulation of progesterone receptors and decidualization in uterine stroma of 
the estrogen receptor-alpha knockout mouse. Biol Reprod, 64, 272-83. 

KURMAN, R. J., MAIN, C. S. & CHEN, H. C. 1984. Intermediate trophoblast: a distinctive 
form of trophoblast with specific morphological, biochemical and functional 
features. Placenta, 5, 349-69. 

LAIRD, S. M., TUCKERMAN, E. M., CORK, B. A., LINJAWI, S., BLAKEMORE, A. I. & LI, T. C. 
2003. A review of immune cells and molecules in women with recurrent 
miscarriage. Hum Reprod Update, 9, 163-74. 

LAIRD, S. M., TUCKERMAN, E. M., DALTON, C. F., DUNPHY, B. C., LI, T. C. & ZHANG, X. 
1997. The production of leukaemia inhibitory factor by human endometrium: 
presence in uterine flushings and production by cells in culture. Hum Reprod, 
12, 569-74. 

LALA, P. K. & CHAKRABORTY, C. 2003. Factors regulating trophoblast migration and 
invasiveness: possible derangements contributing to pre-eclampsia and fetal 
injury. Placenta, 24, 575-87. 

LASH, G. E., HORNBUCKLE, J., BRUNT, A., KIRKLEY, M., SEARLE, R. F., ROBSON, S. C. & 
BULMER, J. N. 2007. Effect of low oxygen concentrations on trophoblast-like 
cell line invasion. Placenta, 28, 390-8. 

LASH, G. E., NARUSE, K., INNES, B. A., ROBSON, S. C., SEARLE, R. F. & BULMER, J. N. 
2010a. Secretion of angiogenic growth factors by villous cytotrophoblast and 
extravillous trophoblast in early human pregnancy. Placenta, 31, 545-8. 



286 
 

LASH, G. E., NARUSE, K., ROBSON, A., INNES, B. A., SEARLE, R. F., ROBSON, S. C. & 
BULMER, J. N. 2011. Interaction between uterine natural killer cells and 
extravillous trophoblast cells: effect on cytokine and angiogenic growth factor 
production. Hum Reprod, 26, 2289-95. 

LASH, G. E., OTUN, H. A., INNES, B. A., BULMER, J. N., SEARLE, R. F. & ROBSON, S. C. 
2005. Inhibition of trophoblast cell invasion by TGFB1, 2, and 3 is associated 
with a decrease in active proteases. Biol Reprod, 73, 374-81. 

LASH, G. E., OTUN, H. A., INNES, B. A., BULMER, J. N., SEARLE, R. F. & ROBSON, S. C. 
2006a. Low oxygen concentrations inhibit trophoblast cell invasion from early 
gestation placental explants via alterations in levels of the urokinase 
plasminogen activator system. Biol Reprod, 74, 403-9. 

LASH, G. E., OTUN, H. A., INNES, B. A., KIRKLEY, M., DE OLIVEIRA, L., SEARLE, R. F., 
ROBSON, S. C. & BULMER, J. N. 2006b. Interferon-gamma inhibits extravillous 
trophoblast cell invasion by a mechanism that involves both changes in 
apoptosis and protease levels. FASEB J, 20, 2512-8. 

LASH, G. E., OTUN, H. A., INNES, B. A., PERCIVAL, K., SEARLE, R. F., ROBSON, S. C. & 
BULMER, J. N. 2010b. Regulation of extravillous trophoblast invasion by uterine 
natural killer cells is dependent on gestational age. Hum Reprod, 25, 1137-45. 

LASH, G. E., ROBSON, S. C. & BULMER, J. N. 2010c. Review: Functional role of uterine 
natural killer (uNK) cells in human early pregnancy decidua. Placenta, 31 Suppl, 
S87-92. 

LASH, G. E., SCHIESSL, B., KIRKLEY, M., INNES, B. A., COOPER, A., SEARLE, R. F., 
ROBSON, S. C. & BULMER, J. N. 2006c. Expression of angiogenic growth factors 
by uterine natural killer cells during early pregnancy. J Leukoc Biol, 80, 572-80. 

LASKARIN, G., REDZOVIC, A., VUKELIC, P., VELJKOVIC, D., GULIC, T., HALLER, H. & 
RUKAVINA, D. 2010. Phenotype of NK cells and cytotoxic/apoptotic mediators 
expression in ectopic pregnancy. Am J Reprod Immunol, 64, 347-58. 

LASKOWSKA, M., LASKOWSKA, K., LESZCZYNSKA-GORZELAK, B. & OLESZCZUK, J. 2007. 
Comparative analysis of the maternal and umbilical interleukin-8 levels in 
normal pregnancies and in pregnancies complicated by preeclampsia with 
intrauterine normal growth and intrauterine growth retardation. J Matern Fetal 
Neonatal Med, 20, 527-32. 

LE BOUTEILLER, P. & PICCINNI, M. P. 2008. Human NK cells in pregnant uterus: why 
there? Am J Reprod Immunol, 59, 401-6. 

LEDEE-BATAILLE, N., LAPREE-DELAGE, G., TAUPIN, J. L., DUBANCHET, S., FRYDMAN, R. 
& CHAOUAT, G. 2002. Concentration of leukaemia inhibitory factor (LIF) in 
uterine flushing fluid is highly predictive of embryo implantation. Hum Reprod, 
17, 213-8. 

LEE, S. Y., BUHIMSCHI, I. A., DULAY, A. T., ALI, U. A., ZHAO, G., ABDEL-RAZEQ, S. S., 
BAHTIYAR, M. O., THUNG, S. F., FUNAI, E. F. & BUHIMSCHI, C. S. 2011. IL-6 
trans-signaling system in intra-amniotic inflammation, preterm birth, and 
preterm premature rupture of the membranes. J Immunol, 186, 3226-36. 

LEUNG, D. W., CACHIANES, G., KUANG, W. J., GOEDDEL, D. V. & FERRARA, N. 1989. 
Vascular endothelial growth factor is a secreted angiogenic mitogen. Science, 
246, 1306-9. 

LI, C., HOUSER, B. L., NICOTRA, M. L. & STROMINGER, J. L. 2009. HLA-G homodimer-
induced cytokine secretion through HLA-G receptors on human decidual 
macrophages and natural killer cells. Proc Natl Acad Sci U S A, 106, 5767-72. 



287 
 

LI, T. C., MAKRIS, M., TOMSU, M., TUCKERMAN, E. & LAIRD, S. 2002. Recurrent 
miscarriage: aetiology, management and prognosis. Hum Reprod Update, 8, 
463-81. 

LI, X. F., CHARNOCK-JONES, D. S., ZHANG, E., HIBY, S., MALIK, S., DAY, K., LICENCE, D., 
BOWEN, J. M., GARDNER, L., KING, A., LOKE, Y. W. & SMITH, S. K. 2001. 
Angiogenic growth factor messenger ribonucleic acids in uterine natural killer 
cells. J Clin Endocrinol Metab, 86, 1823-34. 

LIDSTROM, C., MATTHIESEN, L., BERG, G., SHARMA, S., ERNERUDH, J. & EKERFELT, C. 
2003. Cytokine secretion patterns of NK cells and macrophages in early human 
pregnancy decidua and blood: implications for suppressor macrophages in 
decidua. Am J Reprod Immunol, 50, 444-52. 

LINJAWI, S., LI, T. C., TUCKERMAN, E. M., BLAKEMORE, A. I. & LAIRD, S. M. 2004. 
Expression of interleukin-11 receptor alpha and interleukin-11 protein in the 
endometrium of normal fertile women and women with recurrent miscarriage. 
J Reprod Immunol, 64, 145-55. 

LIU, Y. S., WU, L., TONG, X. H., WU, L. M., HE, G. P., ZHOU, G. X., LUO, L. H. & LUAN, H. 
B. 2011. Study on the relationship between Th17 cells and unexplained 
recurrent spontaneous abortion. Am J Reprod Immunol, 65, 503-11. 

LOCKWOOD, C. J., YEN, C. F., BASAR, M., KAYISLI, U. A., MARTEL, M., BUHIMSCHI, I., 
BUHIMSCHI, C., HUANG, S. J., KRIKUN, G. & SCHATZ, F. 2008. Preeclampsia-
related inflammatory cytokines regulate interleukin-6 expression in human 
decidual cells. Am J Pathol, 172, 1571-9. 

LOKE, Y. W. & KING, A. 2000. Immunology of implantation. Baillieres Best Pract Res Clin 
Obstet Gynaecol, 14, 827-37. 

LOKE, Y. W., KING, A. & BURROWS, T. D. 1995. Decidua in human implantation. Hum 
Reprod, 10 Suppl 2, 14-21. 

LOOK, A. T., ASHMUN, R. A., SHAPIRO, L. H. & PEIPER, S. C. 1989. Human myeloid 
plasma membrane glycoprotein CD13 (gp150) is identical to aminopeptidase N. 
J Clin Invest, 83, 1299-307. 

LUK, J., SEVAL, Y., KAYISLI, U. A., ULUKUS, M., ULUKUS, C. E. & ARICI, A. 2005. 
Regulation of interleukin-8 expression in human endometrial endothelial cells: 
a potential mechanism for the pathogenesis of endometriosis. J Clin Endocrinol 
Metab, 90, 1805-11. 

MADAZLI, R., AYDIN, S., ULUDAG, S., VILDAN, O. & TOLUN, N. 2003. Maternal plasma 
levels of cytokines in normal and preeclamptic pregnancies and their 
relationship with diastolic blood pressure and fibronectin levels. Acta Obstet 
Gynecol Scand, 82, 797-802. 

MADHAPPAN, B., KEMPURAJ, D., CHRISTODOULOU, S., TSAPIKIDIS, S., BOUCHER, W., 
KARAGIANNIS, V., ATHANASSIOU, A. & THEOHARIDES, T. C. 2003. High levels of 
intrauterine corticotropin-releasing hormone, urocortin, tryptase, and 
interleukin-8 in spontaneous abortions. Endocrinology, 144, 2285-90. 

MANASTER, I. & MANDELBOIM, O. 2010. The unique properties of uterine NK cells. Am 
J Reprod Immunol, 63, 434-44. 

MARTIN, D., GALISTEO, R. & GUTKIND, J. S. 2009. CXCL8/IL8 stimulates vascular 
endothelial growth factor (VEGF) expression and the autocrine activation of 
VEGFR2 in endothelial cells by activating NFkappaB through the CBM 
(Carma3/Bcl10/Malt1) complex. J Biol Chem, 284, 6038-42. 



288 
 

MARZUSCH, K., BUCHHOLZ, F., RUCK, P., HANDGRETINGER, R., GEISELHART, A., 
ENGELMANN, L. & DIETL, J. 1997. Interleukin-12- and interleukin-2-stimulated 
release of interferon-gamma by uterine CD56++ large granular lymphocytes is 
amplified by decidual macrophages. Hum Reprod, 12, 921-4. 

MATIJEVIC, R., MEEKINS, J. W., WALKINSHAW, S. A., NEILSON, J. P. & MCFADYEN, I. R. 
1995. Spiral artery blood flow in the central and peripheral areas of the 
placental bed in the second trimester. Obstet Gynecol, 86, 289-92. 

MATSUSHIMA, K., MORISHITA, K., YOSHIMURA, T., LAVU, S., KOBAYASHI, Y., LEW, W., 
APPELLA, E., KUNG, H. F., LEONARD, E. J. & OPPENHEIM, J. J. 1988. Molecular 
cloning of a human monocyte-derived neutrophil chemotactic factor (MDNCF) 
and the induction of MDNCF mRNA by interleukin 1 and tumor necrosis factor. 
J Exp Med, 167, 1883-93. 

MAYNARD, S. E., MIN, J. Y., MERCHAN, J., LIM, K. H., LI, J., MONDAL, S., LIBERMANN, T. 
A., MORGAN, J. P., SELLKE, F. W., STILLMAN, I. E., EPSTEIN, F. H., SUKHATME, V. 
P. & KARUMANCHI, S. A. 2003. Excess placental soluble fms-like tyrosine kinase 
1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and 
proteinuria in preeclampsia. J Clin Invest, 111, 649-58. 

MEISSER, A., CAMEO, P., ISLAMI, D., CAMPANA, A. & BISCHOF, P. 1999. Effects of 
interleukin-6 (IL-6) on cytotrophoblastic cells. Mol Hum Reprod, 5, 1055-8. 

MI, S., LEE, X., LI, X., VELDMAN, G. M., FINNERTY, H., RACIE, L., LAVALLIE, E., TANG, X. 
Y., EDOUARD, P., HOWES, S., KEITH, J. C., JR. & MCCOY, J. M. 2000. Syncytin is a 
captive retroviral envelope protein involved in human placental 
morphogenesis. Nature, 403, 785-9. 

MINA-OSORIO, P., SHAPIRO, L. H. & ORTEGA, E. 2006. CD13 in cell adhesion: 
aminopeptidase N (CD13) mediates homotypic aggregation of monocytic cells. J 
Leukoc Biol, 79, 719-30. 

MINAS, V., MYLONAS, I., SCHIESSL, B., MAYR, D., SCHULZE, S., FRIESE, K., JESCHKE, U. & 
MAKRIGIANNAKIS, A. 2007. Expression of the blood-group-related antigens 
Sialyl Lewis a, Sialyl Lewis x and Lewis y in term placentas of normal, 
preeclampsia, IUGR- and HELLP-complicated pregnancies. Histochem Cell Biol, 
128, 55-63. 

MIRKIN, S., ARSLAN, M., CHURIKOV, D., CORICA, A., DIAZ, J. I., WILLIAMS, S., BOCCA, S. 
& OEHNINGER, S. 2005. In search of candidate genes critically expressed in the 
human endometrium during the window of implantation. Hum Reprod, 20, 
2104-17. 

MOFFETT-KING, A. 2002. Natural killer cells and pregnancy. Nat Rev Immunol, 2, 656-
63. 

MOSER, G., GAUSTER, M., ORENDI, K., GLASNER, A., THEUERKAUF, R. & HUPPERTZ, B. 
2010. Endoglandular trophoblast, an alternative route of trophoblast invasion? 
Analysis with novel confrontation co-culture models. Hum Reprod, 25, 1127-36. 

MULAYIM, N., PALTER, S. F., KAYISLI, U. A., SENTURK, L. & ARICI, A. 2003. Chemokine 
receptor expression in human endometrium. Biol Reprod, 68, 1491-5. 

MURAKAMI, M., HIBI, M., NAKAGAWA, N., NAKAGAWA, T., YASUKAWA, K., 
YAMANISHI, K., TAGA, T. & KISHIMOTO, T. 1993. IL-6-induced 
homodimerization of gp130 and associated activation of a tyrosine kinase. 
Science, 260, 1808-10. 

MURPHY, S. P., TAYADE, C., ASHKAR, A. A., HATTA, K., ZHANG, J. & CROY, B. A. 2009. 
Interferon gamma in successful pregnancies. Biol Reprod, 80, 848-59. 



289 
 

NAGAMATSU, T. & SCHUST, D. J. 2010. The immunomodulatory roles of macrophages 
at the maternal-fetal interface. Reprod Sci, 17, 209-18. 

NAGARKATTI, P. S. & CLARK, D. A. 1983. In vitro activity and in vivo correlates of 
alloantigen-specific murine suppressor T cells induced by allogeneic pregnancy. 
J Immunol, 131, 638-43. 

NAKANISHI, H., YOSHIOKA, K., JOYAMA, S., ARAKI, N., MYOUI, A., ISHIGURO, S., UEDA, 
T., YOSHIKAWA, H. & ITOH, K. 2004. Interleukin-6/soluble interleukin-6 
receptor signaling attenuates proliferation and invasion, and induces 
morphological changes of a newly established pleomorphic malignant fibrous 
histiocytoma cell line. Am J Pathol, 165, 471-80. 

NAKASHIMA, A., SHIOZAKI, A., MYOJO, S., ITO, M., TATEMATSU, M., SAKAI, M., 
TAKAMORI, Y., OGAWA, K., NAGATA, K. & SAITO, S. 2008. Granulysin produced 
by uterine natural killer cells induces apoptosis of extravillous trophoblasts in 
spontaneous abortion. Am J Pathol, 173, 653-64. 

NANAEV, A. K., KOSANKE, G., REISTER, F., KEMP, B., FRANK, H. G. & KAUFMANN, P. 
2000. Pregnancy-induced de-differentiation of media smooth muscle cells in 
uteroplacental arteries of the guinea pig is reversible after delivery. Placenta, 
21, 306-12. 

NARUSE, K., INNES, B. A., BULMER, J. N., ROBSON, S. C., SEARLE, R. F. & LASH, G. E. 
2010. Secretion of cytokines by villous cytotrophoblast and extravillous 
trophoblast in the first trimester of human pregnancy. J Reprod Immunol, 86, 
148-50. 

NARUSE, K., LASH, G. E., INNES, B. A., OTUN, H. A., SEARLE, R. F., ROBSON, S. C. & 
BULMER, J. N. 2009. Localization of matrix metalloproteinase (MMP)-2, MMP-9 
and tissue inhibitors for MMPs (TIMPs) in uterine natural killer cells in early 
human pregnancy. Hum Reprod, 24, 553-61. 

NEPTUNE, E. R. & BOURNE, H. R. 1997. Receptors induce chemotaxis by releasing the 
betagamma subunit of Gi, not by activating Gq or Gs. Proc Natl Acad Sci U S A, 
94, 14489-94. 

NILSSON, M. B., LANGLEY, R. R. & FIDLER, I. J. 2005. Interleukin-6, secreted by human 
ovarian carcinoma cells, is a potent proangiogenic cytokine. Cancer Res, 65, 
10794-800. 

NISHINO, E., MATSUZAKI, N., MASUHIRO, K., KAMEDA, T., TANIGUCHI, T., TAKAGI, T., 
SAJI, F. & TANIZAWA, O. 1990. Trophoblast-derived interleukin-6 (IL-6) 
regulates human chorionic gonadotropin release through IL-6 receptor on 
human trophoblasts. J Clin Endocrinol Metab, 71, 436-41. 

NISHINO, H., MIYATA, M. & KITAMURA, K. 1998. The effect of interleukin-6 on 
enhancing the invasiveness of head and neck cancer cells in vitro. Eur Arch 
Otorhinolaryngol, 255, 468-72. 

NORWITZ, E. R. 2006. Defective implantation and placentation: laying the blueprint for 
pregnancy complications. Reprod Biomed Online, 13, 591-9. 

NORWITZ, E. R., SCHUST, D. J. & FISHER, S. J. 2001. Implantation and the survival of 
early pregnancy. N Engl J Med, 345, 1400-8. 

OHGANE, J., HATTORI, N., ODA, M., TANAKA, S. & SHIOTA, K. 2002. Differentiation of 
trophoblast lineage is associated with DNA methylation and demethylation. 
Biochem Biophys Res Commun, 290, 701-6. 

OHKAWA, T., SEKI, S., DOBASHI, H., KOIKE, Y., HABU, Y., AMI, K., HIRAIDE, H. & SEKINE, 
I. 2001. Systematic characterization of human CD8+ T cells with natural killer 



290 
 

cell markers in comparison with natural killer cells and normal CD8+ T cells. 
Immunology, 103, 281-90. 

OTUN, H. A., LASH, G. E., INNES, B. A., BULMER, J. N., NARUSE, K., HANNON, T., 
SEARLE, R. F. & ROBSON, S. C. 2011. Effect of tumour necrosis factor-alpha in 
combination with interferon-gamma on first trimester extravillous trophoblast 
invasion. J Reprod Immunol, 88, 1-11. 

OWENS, G. K., KUMAR, M. S. & WAMHOFF, B. R. 2004. Molecular regulation of 
vascular smooth muscle cell differentiation in development and disease. Physiol 
Rev, 84, 767-801. 

PAHARKOVA-VATCHKOVA, V., MALDONADO, R. & KOVATS, S. 2004. Estrogen 
preferentially promotes the differentiation of CD11c+ CD11b(intermediate) 
dendritic cells from bone marrow precursors. J Immunol, 172, 1426-36. 

PAIVA, P., SALAMONSEN, L. A., MANUELPILLAI, U. & DIMITRIADIS, E. 2009. Interleukin 
11 inhibits human trophoblast invasion indicating a likely role in the decidual 
restraint of trophoblast invasion during placentation. Biol Reprod, 80, 302-10. 

PAIVA, P., SALAMONSEN, L. A., MANUELPILLAI, U., WALKER, C., TAPIA, A., WALLACE, E. 
M. & DIMITRIADIS, E. 2007. Interleukin-11 promotes migration, but not 
proliferation, of human trophoblast cells, implying a role in placentation. 
Endocrinology, 148, 5566-72. 

PETREACA, M. L., YAO, M., LIU, Y., DEFEA, K. & MARTINS-GREEN, M. 2007. 
Transactivation of vascular endothelial growth factor receptor-2 by interleukin-
8 (IL-8/CXCL8) is required for IL-8/CXCL8-induced endothelial permeability. Mol 
Biol Cell, 18, 5014-23. 

PFEIFFER, K. A., FIMMERS, R., ENGELS, G., VAN DER VEN, H. & VAN DER VEN, K. 2001. 
The HLA-G genotype is potentially associated with idiopathic recurrent 
spontaneous abortion. Mol Hum Reprod, 7, 373-8. 

PICCINNI, M. P. 2005. T cells in pregnancy. Chem Immunol Allergy, 89, 3-9. 
PICCINNI, M. P., SCALETTI, C., MAGGI, E. & ROMAGNANI, S. 2000. Role of hormone-

controlled Th1- and Th2-type cytokines in successful pregnancy. J 
Neuroimmunol, 109, 30-3. 

PIJNENBORG, R. 2002. Implantation and immunology: maternal inflammatory and 
immune cellular responses to implantation and trophoblast invasion. Reprod 
Biomed Online, 4 Suppl 3, 14-7. 

PIJNENBORG, R., ANTHONY, J., DAVEY, D. A., REES, A., TILTMAN, A., VERCRUYSSE, L. & 
VAN ASSCHE, A. 1991. Placental bed spiral arteries in the hypertensive 
disorders of pregnancy. Br J Obstet Gynaecol, 98, 648-55. 

PIJNENBORG, R., BALL, E., BULMER, J. N., HANSSENS, M., ROBSON, S. C. & 
VERCRUYSSE, L. 2006a. In vivo analysis of trophoblast cell invasion in the 
human. Methods Mol Med, 122, 11-44. 

PIJNENBORG, R., BLAND, J. M., ROBERTSON, W. B. & BROSENS, I. 1983. Uteroplacental 
arterial changes related to interstitial trophoblast migration in early human 
pregnancy. Placenta, 4, 397-413. 

PIJNENBORG, R., DIXON, G., ROBERTSON, W. B. & BROSENS, I. 1980. Trophoblastic 
invasion of human decidua from 8 to 18 weeks of pregnancy. Placenta, 1, 3-19. 

PIJNENBORG, R., ROBERTSON, W. B. & BROSENS, I. 1982. Trophoblast invasion and 
formation of the basal plate in the human placenta. Bibl Anat, 69-73. 

PIJNENBORG, R., VERCRUYSSE, L. & BROSENS, I. 2011. Deep placentation. Best Pract 
Res Clin Obstet Gynaecol, 25, 273-85. 



291 
 

PIJNENBORG, R., VERCRUYSSE, L. & HANSSENS, M. 2006b. The uterine spiral arteries in 
human pregnancy: facts and controversies. Placenta, 27, 939-58. 

PLAISIER, M., DENNERT, I., ROST, E., KOOLWIJK, P., VAN HINSBERGH, V. W. & 
HELMERHORST, F. M. 2009. Decidual vascularization and the expression of 
angiogenic growth factors and proteases in first trimester spontaneous 
abortions. Hum Reprod, 24, 185-97. 

PLAKS, V., BIRNBERG, T., BERKUTZKI, T., SELA, S., BENYASHAR, A., KALCHENKO, V., 
MOR, G., KESHET, E., DEKEL, N., NEEMAN, M. & JUNG, S. 2008. Uterine DCs are 
crucial for decidua formation during embryo implantation in mice. J Clin Invest, 
118, 3954-65. 

POLLHEIMER, J. & KNOFLER, M. 2005. Signalling pathways regulating the invasive 
differentiation of human trophoblasts: a review. Placenta, 26 Suppl A, S21-30. 

PRINS, J. R., GOMEZ-LOPEZ, N. & ROBERTSON, S. A. 2012. Interleukin-6 in pregnancy 
and gestational disorders. J Reprod Immunol, 95, 1-14. 

PROOST, P., MORTIER, A., LOOS, T., VANDERCAPPELLEN, J., GOUWY, M., RONSSE, I., 
SCHUTYSER, E., PUT, W., PARMENTIER, M., STRUYF, S. & VAN DAMME, J. 2007. 
Proteolytic processing of CXCL11 by CD13/aminopeptidase N impairs CXCR3 
and CXCR7 binding and signaling and reduces lymphocyte and endothelial cell 
migration. Blood, 110, 37-44. 

PRUTSCH, N., FOCK, V., HASLINGER, P., HAIDER, S., FIALA, C., POLLHEIMER, J. & 
KNOFLER, M. 2012. The role of interleukin-1beta in human trophoblast motility. 
Placenta, 33, 696-703. 

RADULOVIC, N. V., EKERHOVD, E., ABRAHAMSSON, G. & NORSTROM, A. 2010. Cervical 
tissue changes in women with miscarriage: a morphological and biochemical 
investigation. Acta Obstet Gynecol Scand, 89, 54-64. 

RAGHUPATHY, R. 1997. Th1-type immunity is incompatible with successful pregnancy. 
Immunol Today, 18, 478-82. 

RAGHUPATHY, R., MAKHSEED, M., AZIZIEH, F., OMU, A., GUPTA, M. & FARHAT, R. 
2000. Cytokine production by maternal lymphocytes during normal human 
pregnancy and in unexplained recurrent spontaneous abortion. Hum Reprod, 
15, 713-8. 

RED-HORSE, K., KAPIDZIC, M., ZHOU, Y., FENG, K. T., SINGH, H. & FISHER, S. J. 2005. 
EPHB4 regulates chemokine-evoked trophoblast responses: a mechanism for 
incorporating the human placenta into the maternal circulation. Development, 
132, 4097-106. 

RED-HORSE, K., RIVERA, J., SCHANZ, A., ZHOU, Y., WINN, V., KAPIDZIC, M., MALTEPE, E., 
OKAZAKI, K., KOCHMAN, R., VO, K. C., GIUDICE, L., ERLEBACHER, A., MCCUNE, J. 
M., STODDART, C. A. & FISHER, S. J. 2006. Cytotrophoblast induction of arterial 
apoptosis and lymphangiogenesis in an in vivo model of human placentation. J 
Clin Invest, 116, 2643-52. 

REIS, S. T., LEITE, K. R., PIOVESAN, L. F., PONTES-JUNIOR, J., VIANA, N. I., ABE, D. K., 
CRIPPA, A., MOURA, C. M., ADONIAS, S. P., SROUGI, M. & DALL'OGLIO, M. F. 
2012. Increased expression of MMP-9 and IL-8 are correlated with poor 
prognosis of Bladder Cancer. BMC Urol, 12, 18. 

REISTER, F., FRANK, H. G., HEYL, W., KOSANKE, G., HUPPERTZ, B., SCHRODER, W., 
KAUFMANN, P. & RATH, W. 1999. The distribution of macrophages in spiral 
arteries of the placental bed in pre-eclampsia differs from that in healthy 
patients. Placenta, 20, 229-33. 



292 
 

REISTER, F., FRANK, H. G., KINGDOM, J. C., HEYL, W., KAUFMANN, P., RATH, W. & 
HUPPERTZ, B. 2001. Macrophage-induced apoptosis limits endovascular 
trophoblast invasion in the uterine wall of preeclamptic women. Lab Invest, 81, 
1143-52. 

RENAUD, S. J. & GRAHAM, C. H. 2008. The role of macrophages in utero-placental 
interactions during normal and pathological pregnancy. Immunol Invest, 37, 
535-64. 

REPNIK, U., TILBURGS, T., ROELEN, D. L., VAN DER MAST, B. J., KANHAI, H. H., 
SCHERJON, S. & CLAAS, F. H. 2008. Comparison of macrophage phenotype 
between decidua basalis and decidua parietalis by flow cytometry. Placenta, 
29, 405-12. 

RIDDICK, D. H. & KUSMIK, W. F. 1977. Decidua: a possible source of amniotic fluid 
prolactin. Am J Obstet Gynecol, 127, 187-90. 

RIEGER, L., KAMMERER, U., HOFMANN, J., SUTTERLIN, M. & DIETL, J. 2001. 
Choriocarcinoma cells modulate the cytokine production of decidual large 
granular lymphocytes in coculture. Am J Reprod Immunol, 46, 137-43. 

ROBERTS, J. M. & LAIN, K. Y. 2002. Recent Insights into the pathogenesis of pre-
eclampsia. Placenta, 23, 359-72. 

ROBERTSON, S. A., BROMFIELD, J. J. & TREMELLEN, K. P. 2003. Seminal 'priming' for 
protection from pre-eclampsia-a unifying hypothesis. J Reprod Immunol, 59, 
253-65. 

ROBERTSON, S. A., CHRISTIAENS, I., DORIAN, C. L., ZARAGOZA, D. B., CARE, A. S., 
BANKS, A. M. & OLSON, D. M. 2010. Interleukin-6 is an essential determinant of 
on-time parturition in the mouse. Endocrinology, 151, 3996-4006. 

ROBERTSON, S. A., INGMAN, W. V., O'LEARY, S., SHARKEY, D. J. & TREMELLEN, K. P. 
2002. Transforming growth factor beta--a mediator of immune deviation in 
seminal plasma. J Reprod Immunol, 57, 109-28. 

ROBERTSON, S. A., MAYRHOFER, G. & SEAMARK, R. F. 1992. Uterine epithelial cells 
synthesize granulocyte-macrophage colony-stimulating factor and interleukin-6 
in pregnant and nonpregnant mice. Biol Reprod, 46, 1069-79. 

ROBERTSON, S. A., O'CONNELL A, RAMSAY, A. J.  2000. The effect of IL-6 deficiency on 
implantation, fetal development and parturition in mice. Proc of the 31st 
Annual Conference of the Australian Society for Reproductive Biology, 
Canberra, Australia. 

ROBERTSON, W. B. & MANNING, P. J. 1974. Elastic tissue in uterine blood vessels. J 
Pathol, 112, 237-43. 

ROBSON, A., HARRIS, L. K., INNES, B. A., LASH, G. E., ALJUNAIDY, M. M., APLIN, J. D., 
BAKER, P. N., ROBSON, S. C. & BULMER, J. N. 2012. Uterine natural killer cells 
initiate spiral artery remodeling in human pregnancy. FASEB J. 

ROBSON, S. C., SIMPSON, H., BALL, E., LYALL, F. & BULMER, J. N. 2002. Punch biopsy of 
the human placental bed. Am J Obstet Gynecol, 187, 1349-55. 

RODESCH, F., SIMON, P., DONNER, C. & JAUNIAUX, E. 1992. Oxygen measurements in 
endometrial and trophoblastic tissues during early pregnancy. Obstet Gynecol, 
80, 283-5. 

ROSEN, T. 2008. Placenta accreta and cesarean scar pregnancy: overlooked costs of the 
rising cesarean section rate. Clin Perinatol, 35, 519-29, x. 

ROSENKILDE, M. M., KLEDAL, T. N., BRAUNER-OSBORNE, H. & SCHWARTZ, T. W. 1999. 
Agonists and inverse agonists for the herpesvirus 8-encoded constitutively 



293 
 

active seven-transmembrane oncogene product, ORF-74. J Biol Chem, 274, 956-
61. 

ROSENKILDE, M. M. & SCHWARTZ, T. W. 2004. The chemokine system -- a major 
regulator of angiogenesis in health and disease. APMIS, 112, 481-95. 

RUKAVINA, D., RUBESA, G., GUDELJ, L., HALLER, H. & PODACK, E. R. 1995. 
Characteristics of perforin expressing lymphocytes within the first trimester 
decidua of human pregnancy. Am J Reprod Immunol, 33, 394-404. 

SAIDI, A., HAGEDORN, M., ALLAIN, N., VERPELLI, C., SALA, C., BELLO, L., BIKFALVI, A. & 
JAVERZAT, S. 2009. Combined targeting of interleukin-6 and vascular 
endothelial growth factor potently inhibits glioma growth and invasiveness. Int 
J Cancer, 125, 1054-64. 

SAITO, S., KASAHARA, T., SAKAKURA, S., ENOMOTO, M., UMEKAGE, H., HARADA, N., 
MORII, T., NISHIKAWA, K., NARITA, N. & ICHIJO, M. 1994. Interleukin-8 
production by CD16-CD56bright natural killer cells in the human early 
pregnancy decidua. Biochem Biophys Res Commun, 200, 378-83. 

SALAMONSEN, L. A., HANNAN, N. J. & DIMITRIADIS, E. 2007. Cytokines and chemokines 
during human embryo implantation: roles in implantation and early 
placentation. Semin Reprod Med, 25, 437-44. 

SALKER, M., TEKLENBURG, G., MOLOKHIA, M., LAVERY, S., TREW, G., AOJANEPONG, T., 
MARDON, H. J., LOKUGAMAGE, A. U., RAI, R., LANDLES, C., ROELEN, B. A., 
QUENBY, S., KUIJK, E. W., KAVELAARS, A., HEIJNEN, C. J., REGAN, L., MACKLON, 
N. S. & BROSENS, J. J. 2010. Natural selection of human embryos: impaired 
decidualization of endometrium disables embryo-maternal interactions and 
causes recurrent pregnancy loss. PLoS One, 5, e10287. 

SANTOS, A. N., LANGNER, J., HERRMANN, M. & RIEMANN, D. 2000. Aminopeptidase 
N/CD13 is directly linked to signal transduction pathways in monocytes. Cell 
Immunol, 201, 22-32. 

SASAKI, Y., DARMOCHWAL-KOLARZ, D., SUZUKI, D., SAKAI, M., ITO, M., SHIMA, T., 
SHIOZAKI, A., ROLINSKI, J. & SAITO, S. 2007. Proportion of peripheral blood and 
decidual CD4(+) CD25(bright) regulatory T cells in pre-eclampsia. Clin Exp 
Immunol, 149, 139-45. 

SASAKI, Y., SAKAI, M., MIYAZAKI, S., HIGUMA, S., SHIOZAKI, A. & SAITO, S. 2004. 
Decidual and peripheral blood CD4+CD25+ regulatory T cells in early pregnancy 
subjects and spontaneous abortion cases. Mol Hum Reprod, 10, 347-53. 

SCAIFE, P. J., BULMER, J. N., ROBSON, S. C., INNES, B. A. & SEARLE, R. F. 2006. Effector 
activity of decidual CD8+ T lymphocytes in early human pregnancy. Biol Reprod, 
75, 562-7. 

SCHIESSL, B., INNES, B. A., BULMER, J. N., OTUN, H. A., CHADWICK, T. J., ROBSON, S. C. 
& LASH, G. E. 2009. Localization of angiogenic growth factors and their 
receptors in the human placental bed throughout normal human pregnancy. 
Placenta, 30, 79-87. 

SCHINDLER, A. E. 1997. [Progestins and the endometrium]. Zentralbl Gynakol, 119 
Suppl 2, 59-63. 

SEAVEY, M. M. & MOSMANN, T. R. 2008. Immunoregulation of fetal and anti-paternal 
immune responses. Immunol Res, 40, 97-113. 

SELI, E., SENTURK, L. M., BAHTIYAR, O. M., KAYISLI, U. A. & ARICI, A. 2001. Expression 
of aminopeptidase N in human endometrium and regulation of its activity by 
estrogen. Fertil Steril, 75, 1172-6. 



294 
 

SENTMAN, C. L., MEADOWS, S. K., WIRA, C. R. & ERIKSSON, M. 2004. Recruitment of 
uterine NK cells: induction of CXC chemokine ligands 10 and 11 in human 
endometrium by estradiol and progesterone. J Immunol, 173, 6760-6. 

SENTMAN, C. L., WIRA, C. R. & ERIKSSON, M. 2007. NK cell function in the human 
female reproductive tract. Am J Reprod Immunol, 57, 108-15. 

SEVAL, Y., KORGUN, E. T. & DEMIR, R. 2007. Hofbauer cells in early human placenta: 
possible implications in vasculogenesis and angiogenesis. Placenta, 28, 841-5. 

SHARKEY, A. M., CHARNOCK-JONES, D. S., BOOCOCK, C. A., BROWN, K. D. & SMITH, S. 
K. 1993. Expression of mRNA for vascular endothelial growth factor in human 
placenta. J Reprod Fertil, 99, 609-15. 

SHARKEY, A. M., GARDNER, L., HIBY, S., FARRELL, L., APPS, R., MASTERS, L., 
GOODRIDGE, J., LATHBURY, L., STEWART, C. A., VERMA, S. & MOFFETT, A. 2008. 
Killer Ig-like receptor expression in uterine NK cells is biased toward recognition 
of HLA-C and alters with gestational age. J Immunol, 181, 39-46. 

SHARMA, A., SATYAM, A. & SHARMA, J. B. 2007. Leptin, IL-10 and inflammatory 
markers (TNF-alpha, IL-6 and IL-8) in pre-eclamptic, normotensive pregnant and 
healthy non-pregnant women. Am J Reprod Immunol, 58, 21-30. 

SHIMOYA, K., MORIYAMA, A., MATSUZAKI, N., OGATA, I., KOYAMA, M., AZUMA, C., 
SAJI, F. & MURATA, Y. 1999. Human placental cells show enhanced production 
of interleukin (IL)-8 in response to lipopolysaccharide (LPS), IL-1 and tumour 
necrosis factor (TNF)-alpha, but not to IL-6. Mol Hum Reprod, 5, 885. 

SHIROISHI, M., TSUMOTO, K., AMANO, K., SHIRAKIHARA, Y., COLONNA, M., BRAUD, V. 
M., ALLAN, D. S., MAKADZANGE, A., ROWLAND-JONES, S., WILLCOX, B., JONES, 
E. Y., VAN DER MERWE, P. A., KUMAGAI, I. & MAENAKA, K. 2003. Human 
inhibitory receptors Ig-like transcript 2 (ILT2) and ILT4 compete with CD8 for 
MHC class I binding and bind preferentially to HLA-G. Proc Natl Acad Sci U S A, 
100, 8856-61. 

SIBAI, B., DEKKER, G. & KUPFERMINC, M. 2005. Pre-eclampsia. Lancet, 365, 785-99. 
SIBAI, B. M., GORDON, T., THOM, E., CARITIS, S. N., KLEBANOFF, M., MCNELLIS, D. & 

PAUL, R. H. 1995. Risk factors for preeclampsia in healthy nulliparous women: a 
prospective multicenter study. The National Institute of Child Health and 
Human Development Network of Maternal-Fetal Medicine Units. Am J Obstet 
Gynecol, 172, 642-8. 

SIMON, C., VALBUENA, D., KRUSSEL, J., BERNAL, A., MURPHY, C. R., SHAW, T., 
PELLICER, A. & POLAN, M. L. 1998. Interleukin-1 receptor antagonist prevents 
embryonic implantation by a direct effect on the endometrial epithelium. Fertil 
Steril, 70, 896-906. 

SMITH, S. D., DUNK, C. E., APLIN, J. D., HARRIS, L. K. & JONES, R. L. 2009. Evidence for 
immune cell involvement in decidual spiral arteriole remodeling in early human 
pregnancy. Am J Pathol, 174, 1959-71. 

SMITH, S. K. & KELLY, R. W. 1988. The release of PGF2 alpha and PGE2 from separated 
cells of human endometrium and decidua. Prostaglandins Leukot Essent Fatty 
Acids, 33, 91-6. 

SOROKIN, Y., ROMERO, R., MELE, L., WAPNER, R. J., IAMS, J. D., DUDLEY, D. J., SPONG, 
C. Y., PEACEMAN, A. M., LEVENO, K. J., HARPER, M., CARITIS, S. N., MIODOVNIK, 
M., MERCER, B. M., THORP, J. M., O'SULLIVAN, M. J., RAMIN, S. M., 
CARPENTER, M. W., ROUSE, D. J. & SIBAI, B. 2010. Maternal serum interleukin-
6, C-reactive protein, and matrix metalloproteinase-9 concentrations as risk 



295 
 

factors for preterm birth <32 weeks and adverse neonatal outcomes. Am J 
Perinatol, 27, 631-40. 

STANEK, J. & BIESIADA, J. 2012. Sensitivity and specificity of finding of multinucleate 
trophoblastic giant cells in decidua in placentas from high-risk pregnancies. 
Hum Pathol, 43, 261-8. 

STEWART, C. L., KASPAR, P., BRUNET, L. J., BHATT, H., GADI, I., KONTGEN, F. & 
ABBONDANZO, S. J. 1992. Blastocyst implantation depends on maternal 
expression of leukaemia inhibitory factor. Nature, 359, 76-9. 

STRASZEWSKI-CHAVEZ, S. L., ABRAHAMS, V. M., FUNAI, E. F. & MOR, G. 2004. X-linked 
inhibitor of apoptosis (XIAP) confers human trophoblast cell resistance to Fas-
mediated apoptosis. Mol Hum Reprod, 10, 33-41. 

SUNDERLAND, C. A., REDMAN, C. W. & STIRRAT, G. M. 1981. HLA A, B, C antigens are 
expressed on nonvillous trophoblast of the early human placenta. J Immunol, 
127, 2614-5. 

SZEKERES-BARTHO, J. 2008. Regulation of NK cell cytotoxicity during pregnancy. 
Reprod Biomed Online, 16, 211-7. 

SZPAKOWSKI, A., MALINOWSKI, A., GLOWACKA, E., WILCZYNSKI, J. R., KOLASA, D., 
DYNSKI, M., TCHORZEWSKI, H., ZEMAN, K. & SZPAKOWSKI, M. 2000. [The 
influence of paternal lymphocyte immunization on the balance of Th1/Th2 type 
reactivity in women with unexplained recurrent spontaneous abortion]. Ginekol 
Pol, 71, 586-92. 

TABIBZADEH, S. 1991. Human endometrium: an active site of cytokine production and 
action. Endocr Rev, 12, 272-90. 

TABIBZADEH, S., KONG, Q. F., BABAKNIA, A. & MAY, L. T. 1995. Progressive rise in the 
expression of interleukin-6 in human endometrium during menstrual cycle is 
initiated during the implantation window. Hum Reprod, 10, 2793-9. 

TAKEDA, K., NOGUCHI, K., SHI, W., TANAKA, T., MATSUMOTO, M., YOSHIDA, N., 
KISHIMOTO, T. & AKIRA, S. 1997. Targeted disruption of the mouse Stat3 gene 
leads to early embryonic lethality. Proc Natl Acad Sci U S A, 94, 3801-4. 

TAKEUCHI, K., TAKAHASHI, K., ABE, M., NISHIDA, W., HIWADA, K., NABEYA, T. & 
MARUYAMA, K. 1991. Co-localization of immunoreactive forms of calponin with 
actin cytoskeleton in platelets, fibroblasts, and vascular smooth muscle. J 
Biochem, 109, 311-6. 

TANIGUCHI, T., MATSUZAKI, N., JO, T., SAJI, F., TAGA, T., HIRANO, T., KISHIMOTO, T. & 
TANIZAWA, O. 1992. Interleukin-1 (IL-1)-induced IL-6- and IL-6-receptor-
mediated release of human chorionic gonadotropin by choriocarcinoma cell 
lines (Jar and HCCM-5) activates adenosine 3',5'-monophosphate-independent 
signal transduction pathway. J Clin Endocrinol Metab, 74, 1389-95. 

TARRADE, A., SCHOONJANS, K., PAVAN, L., AUWERX, J., ROCHETTE-EGLY, C., EVAIN-
BRION, D. & FOURNIER, T. 2001. PPARgamma/RXRalpha heterodimers control 
human trophoblast invasion. J Clin Endocrinol Metab, 86, 5017-24. 

TERADA, H., URANO, T. & KONNO, H. 2005. Association of interleukin-8 and 
plasminogen activator system in the progression of colorectal cancer. Eur Surg 
Res, 37, 166-72. 

THELEN, M. 2001. Dancing to the tune of chemokines. Nat Immunol, 2, 129-34. 
THIRKILL, T. L., LOWE, K., VEDAGIRI, H., BLANKENSHIP, T. N., BARAKAT, A. I. & 

DOUGLAS, G. C. 2005. Macaque trophoblast migration is regulated by RANTES. 
Exp Cell Res, 305, 355-64. 



296 
 

THOMAS, I. K. & ERICKSON, K. L. 1986. Gestational immunosuppression is mediated by 
specific Lyt 2+ T cells. Immunology, 57, 201-6. 

TSUDA, H., SAKAI, M., MICHIMATA, T., TANEBE, K., HAYAKAWA, S. & SAITO, S. 2001. 
Characterization of NKT cells in human peripheral blood and decidual 
lymphocytes. Am J Reprod Immunol, 45, 295-302. 

UEMURA, Y., SUZUKI, M., LIU, T. Y., NARITA, Y., HIRATA, S., OHYAMA, H., ISHIHARA, O. 
& MATSUSHITA, S. 2008. Role of human non-invariant NKT lymphocytes in the 
maintenance of type 2 T helper environment during pregnancy. Int Immunol, 
20, 405-12. 

ULUKUS, M., ULUKUS, E. C., SEVAL, Y., ZHENG, W. & ARICI, A. 2005. Expression of 
interleukin-8 receptors in endometriosis. Hum Reprod, 20, 794-801. 

UREN, S. J. & BOYLE, W. 1990. Class II MHC antigen-positive macrophages from human 
placentae suppress strong MLR and CML reactions. Cell Immunol, 125, 235-46. 

VACCA, P., CANTONI, C., PRATO, C., FULCHERI, E., MORETTA, A., MORETTA, L. & 
MINGARI, M. C. 2008. Regulatory role of NKp44, NKp46, DNAM-1 and NKG2D 
receptors in the interaction between NK cells and trophoblast cells. Evidence 
for divergent functional profiles of decidual versus peripheral NK cells. Int 
Immunol, 20, 1395-405. 

VAN DER MEER, A., LUKASSEN, H. G., VAN LIEROP, M. J., WIJNANDS, F., MOSSELMAN, 
S., BRAAT, D. D. & JOOSTEN, I. 2004. Membrane-bound HLA-G activates 
proliferation and interferon-gamma production by uterine natural killer cells. 
Mol Hum Reprod, 10, 189-95. 

VAN DER VEN, K., PFEIFFER, K. & SKRABLIN, S. 2000. HLA-G polymorphisms and 
molecule function--questions and more questions--a review. Placenta, 21 Suppl 
A, S86-92. 

VASSILIADOU, N. & BULMER, J. N. 1996. Quantitative analysis of T lymphocyte subsets 
in pregnant and nonpregnant human endometrium. Biol Reprod, 55, 1017-22. 

VERMA, S., HIBY, S. E., LOKE, Y. W. & KING, A. 2000. Human decidual natural killer cells 
express the receptor for and respond to the cytokine interleukin 15. Biol 
Reprod, 62, 959-68. 

VICOVAC, L. & APLIN, J. D. 1996. Epithelial-mesenchymal transition during trophoblast 
differentiation. Acta Anat (Basel), 156, 202-16. 

VINCE, G. S. & JOHNSON, P. M. 2000. Leucocyte populations and cytokine regulation in 
human uteroplacental tissues. Biochem Soc Trans, 28, 191-5. 

VINCE, G. S., STARKEY, P. M., AUSTGULEN, R., KWIATKOWSKI, D. & REDMAN, C. W. 
1995. Interleukin-6, tumour necrosis factor and soluble tumour necrosis factor 
receptors in women with pre-eclampsia. Br J Obstet Gynaecol, 102, 20-5. 

VITIELLO, D. & PATRIZIO, P. 2007. Implantation and early embryonic development: 
implications for pregnancy. Semin Perinatol, 31, 204-7. 

VLAHOPOULOS, S., BOLDOGH, I., CASOLA, A. & BRASIER, A. R. 1999. Nuclear factor-
kappaB-dependent induction of interleukin-8 gene expression by tumor 
necrosis factor alpha: evidence for an antioxidant sensitive activating pathway 
distinct from nuclear translocation. Blood, 94, 1878-89. 

VON RANGO, U., ALFER, J., KERTSCHANSKA, S., KEMP, B., MULLER-NEWEN, G., 
HEINRICH, P. C., BEIER, H. M. & CLASSEN-LINKE, I. 2004. Interleukin-11 
expression: its significance in eutopic and ectopic human implantation. Mol 
Hum Reprod, 10, 783-92. 



297 
 

VON RANGO, U., CLASSEN-LINKE, I., RAVEN, G., BOCKEN, F. & BEIER, H. M. 2003. 
Cytokine microenvironments in human first trimester decidua are dependent 
on trophoblast cells. Fertil Steril, 79, 1176-86. 

VUORELA, P., CARPEN, O., TULPPALA, M. & HALMESMAKI, E. 2000. VEGF, its receptors 
and the tie receptors in recurrent miscarriage. Mol Hum Reprod, 6, 276-82. 

WALLACE, A. E., FRASER, R. & CARTWRIGHT, J. E. 2012. Extravillous trophoblast and 
decidual natural killer cells: a remodelling partnership. Hum Reprod Update, 18, 
458-71. 

WALTER, M., LIANG, S., GHOSH, S., HORNSBY, P. J. & LI, R. 2009. Interleukin 6 secreted 
from adipose stromal cells promotes migration and invasion of breast cancer 
cells. Oncogene, 28, 2745-55. 

WANG, D., LIU, Z., LI, Q., KARPURAPU, M., KUNDUMANI-SRIDHARAN, V., CAO, H., 
DRONADULA, N., RIZVI, F., BAJPAI, A. K., ZHANG, C., MULLER-NEWEN, G., 
HARRIS, K. W. & RAO, G. N. 2007. An essential role for gp130 in neointima 
formation following arterial injury. Circ Res, 100, 807-16. 

WANG, L. Q., YU, X. W., YAN, C. F. & WANG, X. 2010. Nuclear translocation of nuclear 
factor kappa B in first trimester deciduas and chorionic villi in early 
spontaneous miscarriage women. Int J Mol Sci, 11, 521-31. 

WAUGH, D. J. & WILSON, C. 2008. The interleukin-8 pathway in cancer. Clin Cancer Res, 
14, 6735-41. 

WEGMANN, T. G., LIN, H., GUILBERT, L. & MOSMANN, T. R. 1993. Bidirectional cytokine 
interactions in the maternal-fetal relationship: is successful pregnancy a TH2 
phenomenon? Immunol Today, 14, 353-6. 

WHITLEY, G. S. & CARTWRIGHT, J. E. 2009. Trophoblast-mediated spiral artery 
remodelling: a role for apoptosis. J Anat, 215, 21-6. 

WHITLEY, G. S. & CARTWRIGHT, J. E. 2010. Cellular and molecular regulation of spiral 
artery remodelling: lessons from the cardiovascular field. Placenta, 31, 465-74. 

WILCOX, A. J., WEINBERG, C. R., O'CONNOR, J. F., BAIRD, D. D., SCHLATTERER, J. P., 
CANFIELD, R. E., ARMSTRONG, E. G. & NISULA, B. C. 1988. Incidence of early 
loss of pregnancy. N Engl J Med, 319, 189-94. 

WILCOX, J. N., CIPOLLA, G. D., MARTIN, F. H., SIMONET, L., DUNN, B., ROSS, C. E. & 
SCOTT, N. A. 1997. Contribution of adventitial myofibroblasts to vascular 
remodeling and lesion formation after experimental angioplasty in pig coronary 
arteries. Ann N Y Acad Sci, 811, 437-47. 

WILLIAMS, P. J., BULMER, J. N., SEARLE, R. F., INNES, B. A. & ROBSON, S. C. 2009a. 
Altered decidual leucocyte populations in the placental bed in pre-eclampsia 
and foetal growth restriction: a comparison with late normal pregnancy. 
Reproduction, 138, 177-84. 

WILLIAMS, P. J., SEARLE, R. F., ROBSON, S. C., INNES, B. A. & BULMER, J. N. 2009b. 
Decidual leucocyte populations in early to late gestation normal human 
pregnancy. J Reprod Immunol, 82, 24-31. 

WINDER, S. J., WALSH, M. P., VASULKA, C. & JOHNSON, J. D. 1993. Calponin-calmodulin 
interaction: properties and effects on smooth and skeletal muscle actin binding 
and actomyosin ATPases. Biochemistry, 32, 13327-33. 

WULFAENGER, J., NIEDLING, S., RIEMANN, D. & SELIGER, B. 2008. Aminopeptidase N 
(APN)/CD13-dependent CXCR4 downregulation is associated with diminished 
cell migration, proliferation and invasion. Mol Membr Biol, 25, 72-82. 



298 
 

YAMAMOTO, T., TAKAHASHI, Y., KASE, N. & MORI, H. 1999. Proportion of CD56+3+ T 
cells in decidual and peripheral lymphocytes of normal pregnancy and 
spontaneous abortion with and without history of recurrent abortion. Am J 
Reprod Immunol, 42, 355-60. 

YANG, H., QIU, L., DI, W., ZHAO, A., CHEN, G., HU, K. & LIN, Q. 2009. Proportional 
change of CD4+CD25+ regulatory T cells after lymphocyte therapy in 
unexplained recurrent spontaneous abortion patients. Fertil Steril, 92, 301-5. 

YAO, J. S., ZHAI, W., FAN, Y., LAWTON, M. T., BARBARO, N. M., YOUNG, W. L. & YANG, 
G. Y. 2007. Interleukin-6 upregulates expression of KDR and stimulates 
proliferation of human cerebrovascular smooth muscle cells. J Cereb Blood Flow 
Metab, 27, 510-20. 

YUE, T. L., WANG, X., SUNG, C. P., OLSON, B., MCKENNA, P. J., GU, J. L. & FEUERSTEIN, 
G. Z. 1994. Interleukin-8. A mitogen and chemoattractant for vascular smooth 
muscle cells. Circ Res, 75, 1-7. 

ZENCLUSSEN, A. C., BLOIS, S., STUMPO, R., OLMOS, S., ARIAS, K., MALAN BOREL, I., 
ROUX, M. E. & MARGNI, R. A. 2003. Murine abortion is associated with 
enhanced interleukin-6 levels at the feto-maternal interface. Cytokine, 24, 150-
60. 

ZENCLUSSEN, A. C., FEST, S., BUSSE, P., JOACHIM, R., KLAPP, B. F. & ARCK, P. C. 2002. 
Questioning the Th1/Th2 paradigm in reproduction: peripheral levels of IL-12 
are down-regulated in miscarriage patients. Am J Reprod Immunol, 48, 245-51. 

ZENCLUSSEN, A. C., FEST, S., SEHMSDORF, U. S., HAGEN, E., KLAPP, B. F. & ARCK, P. C. 
2001. Upregulation of decidual P-selectin expression is associated with an 
increased number of Th1 cell populations in patients suffering from 
spontaneous abortions. Cell Immunol, 213, 94-103. 

ZHANG, J. H., HE, H., BORZYCHOWSKI, A. M., TAKEDA, K., AKIRA, S. & CROY, B. A. 2003. 
Analysis of cytokine regulators inducing interferon production by mouse 
uterine natural killer cells. Biol Reprod, 69, 404-11. 

ZHAO, S., GU, Y., DONG, Q., FAN, R. & WANG, Y. 2008. Altered interleukin-6 receptor, 
IL-6R and gp130, production and expression and decreased SOCS-3 expression 
in placentas from women with pre-eclampsia. Placenta, 29, 1024-8. 

ZHOU, Y., BELLINGARD, V., FENG, K. T., MCMASTER, M. & FISHER, S. J. 2003. Human 
cytotrophoblasts promote endothelial survival and vascular remodeling 
through secretion of Ang2, PlGF, and VEGF-C. Dev Biol, 263, 114-25. 

 



 
 

Appendix



300 
 

Appendix 

Materials and solutions 

All chemicals were obtained from Sigma Chemical Company Ltd., Poole, Dorset, UK 

except where otherwise stated. 

Cell culture reagents: 

Complete medium (RPMI 1640) 

RPMI 1640 medium 

10% fetal calf serum (FCS; heat inactivated)  

0.4mM/ml L-glutamine 

5U/ml Penicillin  

0.05mg/ml Streptomycin 

All components mixed together at room temperature and stored at 4°C 

Complete medium (DMEM-F12) 

Dulbecco’s modified eagle medium nutrient mixture:F-12 HAM [1:1 ratio] 

10% FCS (heat inactivated)  

0.4mM/ml L-glutamine 

5U/ml Penicillin  

0.05mg/ml Streptomycin 

All components mixed together at room temperature and stored at 4°C 

Incomplete medium (RPMI 1640) 

RPMI 1640 medium 

0.4mM/ml L-glutamine 

5U/ml Penicillin  

0.05mg/ml Streptomycin 

All components mixed together at room temperature and stored at 4°C 
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Charcoal stripped medium (0.5, 5 or 10%) 

RPMI 1640 medium 

0.5, 5 or 10% charcoal stripped FCS 

0.4mM/ml L-glutamine 

5U/ml Penicillin  

0.05mg/ml Streptomycin 

All components mixed together at room temperature and stored at 4°C 

Complete medium for CD14+ cells 

Dulbecco’s modified eagle medium 

10% FCS (ATCC; Manassas, VA, USA)   

0.4mM/ml L-glutamine 

5U/ml Penicillin  

0.05mg/ml Streptomycin 

All components mixed together at room temperature and stored at 4°C 

MidiMACS buffer 

0.19g EDTA 

0.5g bovine serum albumin (BSA) 

100ml PBS 

Adjusted to pH7.4 

Filtered through a sterile 0.2µm syringe filter (Nalgene) and stored at 4°C. 

 

General laboratory reagents and buffers: 

Sterile phosphate buffered saline (PBS) 

1 phosphate buffered saline tablet dissolved in 200ml distilled H2O, to obtain 

0.01M phosphate buffer, 0.0027M potassium chloride and 0.137M sodium 

chloride adjusted to pH7.4.  The mixture was filtered through a sterile 0.2µm 
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syringe filter (Nalgene Thermo Scientific; Germany) then autoclaved and stored 

at 4°C. 

0.1M Tris buffered saline (TBS) 

10L distilled H20 

80g sodium chloride 

6.05g Tris (hydroxymethyl) methyl amine 

38ml 1N hydrochloric acid 

Sodium chloride and Tris were dissolved overnight and adjusted to pH7.6 

before use. 

Citrate buffer 

2.1g citric acid monohydrate 

13ml 2M NaOH  

900ml distilled water 

Dissolved overnight and adjusted to pH6.0 before use.  

Ethylenediaminetetraacetic acid (EDTA) buffer 

2.26g EDTA 

5L distilled water 

Adjusted to pH8.0 

Trypsin working solution 

Trypsin solution (0.5%) 

 0.05g trypsin 

10ml distilled water 

Dissolved and stored at -20°C 

Calcium chloride solution (1%) 

0.1g calcium chloride  

10ml distilled water 
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Dissolved and stored at -20°C 

1ml of trypsin solution and 1ml calcium chloride solution added to 8ml of 

water, adjusted to pH 7.8 with 1N NaOH. 

Sections were immersed in warmed trypsin working solution at 37°C waterbath 

and incubated for 20 minutes and then placed in distilled water. Slides were 

then added to TBS (room temperature).   

Tris acetate TEA buffer (50x stock solution) 

242g Tris base dissolved in 250ml deionised water 

57.1ml acetic acid 

100ml EDTA (pH 8.0) 

Adjusted to make the final volume of 1L pH 8.5 

The working solution of 1x TAE buffer is made by diluting the stock solution by 50x in 

deionised water. 

Dimethyl sulfoxide (DMSO) freezing mix 

20% DMSO 

80% FCS 

Aliquoted into 1ml aliquots in cryovials and stored at -20°C until required.  

Histochemical Stains and solutions: 

Mayer’s haematoxylin 

2g haematoxylin (Raymond A Lamb, London, UK) 

100g potassium alum (BDH, Poole, UK) 

0.4g sodium iodate 

2L distilled water 

Dissolved at room temperature overnight. Then added:- 

100g chloral hydrate (BDH) 

2g citric acid 
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All components were brought to the boil and left overnight. Filtered before use. 

Eosin  

11.25g eosin (Raymond A Lamb) 

5.0g erythrosin (Raymond A Lamb) 

2.0g phloxine (Raymond A Lamb) 

200ml 95% ethanol 

800ml tap water 

All components were dissolved together at room temperature. 

Scott’s tap water substitute 

17.5g sodium bicarbonate (BDH) 

100g magnesium sulphate (BDH) 

5L distilled water 

A few crystals of thymol 

All components were dissolved together at room temperature. 

Preparation of APES coated slides 

4ml APES solution (3-aminopropyltriethoxysilane) 

1L acetone  

1L 99% industrial methylated spirits  

Washed glass slides in a dilute detergent and rinsed in water several times. The 

slides were then immersed into distilled water followed by washes in 99% 

industrial methylated spirits. The slides were air dried at room temperature 

before coating with the APES solution. The slides were then immersed into 

acetone, acetone and APES solution (196ml acetone and 4ml APES solution), 

acetone only and distilled water. Once again, the slides were air dried at room 

temperature overnight and stored at 4°C until required.   

Elastic Van Gieson staining 
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This stain is used to visualise elastin and mast cell granules; elastic tissue- 

appears blue/black. The Van Gieson counterstain is used to visualise connective 

tissue within the slides; collagen stains red.   

Miller’s elastin 

2g victoria blue 

2g new fuchsin 

2g crsyal violet 

Dissolved the dyes in 400ml distilled water then added:- 

8g resorcin 

2g dextrin 

100ml 30% aqueous ferric nitrate 

The mixture was boiled for 5 minutes and filtered. The precipitate was re-

dissolved in 400ml of 95% alcohol and boiled for 20 minutes. The mixtures was 

cooled and filtered before topping up with 95% alcohol to make 400ml. 4ml of 

concentrated hydrochloric acid was then added. 

Van Gieson’s counterstain 

15ml 1% aqueous acid fuchsin 

50ml saturated picric acid 

50ml distilled water   

The sections were immersed in running tap water and sections were then 

oxidised in potassium permanganate solution for 5 minutes. The slides were 

rinsed in water before being decolourised with oxalic acid (approximately 1 

minute) rinsed in water and then rinsed in 95% alcohol. The slides were then 

placed in a coplin jar containing Miller’s elastin stain and incubated for 2 hours 

at room temperature. The slides were then washed in 95% alcohol to remove 

excess stain and differentiated microscopically using alcohol until elastic fibres 

appeared blue/black. Once differentiated Van Gieson’s counterstain was 

applied to the stained sections for 3 minutes followed by a rinse in 95% alcohol 
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and dehydration in absolute alcohol. The slides were then cleared in xylene and 

mounted using DPX synthetic resin.   

Periodic Acid Schiff (PAS) staining 

50ml 50% Periodic acid solution 

2450ml Distilled water 

(To make 1% periodic acid solution) 

Schiffs reagent obtained from Sigma (S-5133) store at 4°C 

Following immunohistochemistry the sections were rinsed thoroughly in tap 

water. Each section was then incubated for 5 minutes in 1% periodic acid and 

rinsed with distilled water. Sections were then incubated for 8 minutes in 

Schiffs reagent. The slides were then immersed in running tap water for 12 

minutes to further develop the PAS stain. The slides were then counterstained 

in Mayer’s haematoxylin, dehydrated in ascending concentrations of alcohol, 

cleared in xylene and mounted with DPX synthetic resin.      

Orcein staining (Shikata technique) 

1g Shikata orcein 

100ml 70% alcohol 

1ml concentrated hydrochloric acid 

Sections were rinsed in tap water and treated with acidified potassium 

permanganate solution for 3 minutes. Slides were washed in water then 

decolourised with 1% oxalic acid, washed in water then immersed into the 

Shikata stain for 90 minutes at room temperature. Following staining the slides 

were rinsed in water, dehydrated in alcohol, cleared in xylene and mounted 

with DPX synthetic resin.   

Immunohistochemistry staining kits: 

Vectastain Elite mouse IgG ABC kit (Vector Laboratories Ltd, Peterborough, UK); 

avidin-biotin peroxidase complex method 
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Blocking serum: 15µl Vectastain normal horse serum diluted in 1ml 0.1M Tris 

buffered saline (TBS) 

Secondary antibody: 15µl normal horse serum and 5µl Vectastain biotinylated 

anti-mouse IgG antibody in 1ml TBS 

Tertiary antibody: 20µl Vectastain A and 20µl Vectastain B, diluted in 1ml TBS  

Vectastain Elite rabbit IgG ABC kit (Vector Laboratories Ltd.); avidin-biotin peroxidase 

complex method 

Blocking serum: 15µl Vectastain normal goat serum diluted in 1ml TBS 

Secondary antibody: 15µl normal goat serum and 5µl Vectastain biotinylated 

anti-rabbit IgG antibody in 1ml TBS 

Tertiary antibody: 20µl Vectastain A and 20µl Vectastain B, diluted in 1ml TBS  

Vectastain Elite goat IgG ABC kit (Vector Laboratories Ltd.); avidin-biotin peroxidase 

complex method 

Blocking serum: 15µl Vectastain normal rabbit serum diluted in 1ml TBS 

Secondary antibody: 15µl normal rabbit serum and 5µl Vectastain biotinylated 

anti-goat IgG antibody in 1ml TBS 

Tertiary antibody: 20µl Vectastain A and 20µl Vectastain B, diluted in 1ml TBS  

ImPRESS kit mouse/rabbit Ig (MP-7500) (Vector Laboratories Ltd, California, USA); 

polymerised reporter enzyme staining system 

Blocking serum: normal horse serum (2.5%) 

Universal peroxidase: anti-mouse/rabbit Ig 

APAAP double labelling reagents 

Blocking serum: normal rabbit serum (from Vectastain Elite goat IgG ABC kit)  

Secondary antibody: Rabbit anti-mouse IgG (Z259; Dako UK Ltd, Cambride, UK) 

1:100 TBS pH7.6 

Tertiary antibody: Alkaline phosphatase anti-phosphatase (APAAP) complex 

antibody (D651; Dako) 1:50 in TBS pH7.6  
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Chromogens used for development of immunostaining: 

3,3’- Diaminobenzidine tetrachloride (DAB) 

One DAB tablet (Sigma) was added to 0.2ml 1% aqueous H2O2 (Sigma) in 10mls 

TBS pH7.6 and left to dissolve. This solution was then filtered and applied to 

the sections for approximately 2-3 minutes. The colour reaction was ended by 

placing slides in running tap water for 5 minutes. 

Vector NovaRed Substrate kit (SK-4800; Vector laboratories) 

To 5ml distilled water add:- 

3 drops of reagent 1, mix well 

2 drops of reagent 2, mix well 

2 drops of reagent 3, mix well 

2 drops of hydrogen peroxide, mix well  

This mix was applied to the slides for approximately 5 minutes and the reaction was 

ended by placing the slides in running tap water. 

Alkaline phosphatase substrate kit III (SK-5300; Vector laboratories) 

To 5ml of TBS pH8.2 add:- 

2 drops reagent 1, mix well 

2 drops reagent 2, mix well 

2 drops reagent 3, mix well  

The mixture was immediately applied to the slides and developed in the dark 

for between 5-20 minutes.  Following this the slides were washed in running 

tap water to end the reaction. 

Western Blotting solutions:  

HEPES Protein Extraction Buffer 

20mM HEPES buffer, pH7.4 

150mM NaCl 
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2mM CaCl2 

10mM CHAPS 

1% protease inhibitor cocktail (to be added just before homogenising/lysing) 

The buffer was kept ice cold prior to homogenisation/lysis. Tissue was homogenised or 

cells were lysed in the buffer and the lysates were microfuged for 10 minutes at full 

speed (14.1rcf (relative centrifugal force)).  

2x Separating buffer 

0.75mM Tris 

0.2% SDS 

100ml deionised H2O  

pH 8.8 

2x Stacking buffer 

0.25mM Tris 

0.2% SDS 

100ml ddH2O 

pH 6.8 

Separating gel 

Acrylamide (40%) 

5ml 2x separating buffer 

ddH2O 

20µl of temed* 

100µl of 10% APS (ammonium persulfate; 50mg in 500µl of ddH2O)* 

*Temed and APS were added just before gel casting. The gel was loaded onto the glass 

plate apparatus, topping the gel with isopropanol to prevent air bubbles. The gel was 

allowed to polymerise for 45 minutes. 
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The size of the separating gel could be adjusted using different volumes of acrylamide 

to water:  

7.5% gel= 2ml acrylamide: 3ml water 

10% gel= 2.7ml acrylamide: 3ml water 

12.5% gel= 3.3ml acrylamide: 1.7ml water 

Stacking gel 

1ml acrylamide 

2.5ml 2x stacking buffer  

1.5ml ddH2O 

10µl temed* 

50µl APS* 

*Temed and APS were added just before gel casting. The isopropanol layer was poured 

off and gel was added to set the separating gel. Combs were placed in the stacking gel 

before casting. The gel was allowed to polymerise for 45 minutes and the combs were 

then removed. 

5x electrode buffer 

Tris-base 15g/L  or  Tris-HCL 19.5g/L 

Glycine 72g/L 

SDS 5g/L 

1L ddH2O 

pH 8.3 

To make 1x electrode buffer 200mls of 5x buffer was added to 800ml deionised H2O. 

Transfer buffer 

Tris-HCL 3.93g/L 

Glycine 14.26g/L 

Methanol 200ml/L 
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pH8.3 

The buffer was stored at 4°C prior to transblotting. 

Protein loading buffer (2x Laemmli buffer) - reducing conditions 

Reducing conditions = disrupts the tertiary structure of the proteins by breaking the 

disulphide bridges (S-S) into sulphydryl (SH-SH) groups allowing the proteins to 

separate by molecular weight (kDa).  

4% Sodium dodecyl sulphate (SDS) 

10% 2-mercaptoethanol 

20% glycerol 

0.004% bromophenol blue 

0.125M Tris-HCL 

pH 6.8 

The samples were boiled for 5 minutes at 95-100°C for denaturing of protein. If 

detecting epiptope on native protein SDS was omitted and the sample was not boiled. 

If detecting oxidised proteins (non-reducing conditions) 2-mercaptoethanol was 

omitted. 5µl of dye was added to each sample. 

Blocking buffer (10%) 

5g of non-fat dried powdered milk  

50ml 1xTBS/PBS-T (TBS/PBS + 0.05% Tween20) 

Milk was dissolved in TBS/PBS-T and stored at 4°C 

 

FastQuant Array:  

Human Th1/Th2 kit 

Detects IL-6, IL-1β, IL-12, IL-13, IL-4, IFN-γ, IL-5 and TNF-α proteins. 

Human II kit 

Detects IL-8, GM-CSF, IL-10, IL-1β, IL-12p70, IL-2, MCP-1, IL-4, RANTES and IL-6 

proteins. 
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Human Angiogenesis kit 

Detects Angiogenin, Angopoietin-2, KGF, PDGF-BB, FGF-basic, TIMP-1, ICAM-1, and 

VEGF growth factors. 

Each kit contains 4 slides, each with 16 3D nitrocellulose arrays with anti cytokine 

monoclonal antibodies arrayed in triplicate.   

Solutions 

Standard dileunt: 0.1% BSA, 0.05% Tween 20 in PBS pH7.4 

1x blocking buffer (6mls provided) 

10x wash solution (125mls provided) - for 1x wash buffer added 50ml of 10x washing 

solution to 450mls dH20.  

600µl biotinylated antibody solution in 0.5mgml-1 BSA, 1X TBS – diluted 500µl of 

antibody cocktail solution with 4500µl of 1x wash buffer. 

Stock SA-Cy5 solution (GE healthcare): 1mg of lyophilised SA-Cy5 fluorescent reporter 

– added 1ml of dH20 and dispensed 5µl aliquots and stored at -20°C until required.    

Working SA-Cy5 solution: added 1µl of SA-Cy5 stock solution to 7999µl of 1x wash 

buffer and protected from light. 

Three 25µl vials of recombinant antigen cocktail in 1mgml-1 BSA, PBS (20µl of 

recombinant antigen cocktail was added to 280µl of diluents to make standard A, then 

an 8 point standard curve was prepared).  

 

Publications 

1. Effects of interleukin-6 on extravillous trophoblast invasion in early human 

pregnancy H Champion Molecular Human Reproduction 2012 (Champion et al., 

2012) 

 

 


