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Abstract

Introduction: Preterm labour occurs in 76,000 women in England and Wales each year and
accounts for 75% of neonatal mortality. Infection and inflammation are key triggers of preterm
labour. The transcription factor NF-kB plays a key regulatory role in the expression of the
labour associated genes such as COX-2, prostaglandins and MMPs, as well as pro-inflammatory
cytokines such as IL-8, IL-1B, IFN-y and TNF-a. The anti-inflammatory prostaglandin 15-deoxyA-
1214 prostaglandin J,, a CRTH2 agonist can inhibit NF-kB and delay preterm labour in a murine
model of inflammation induced preterm labour. It is well recognised that the immunology of
pregnancy is biased towards a Th2 rather than Thl response. CRTH2 agonists induce the
production of the anti-inflammatory cytokines IL-4 and IL-10 in T-helper 2 cells in vitro, thus
have potential to further alter the Th1:Th2 ratio in favour of the Th2 bias. Aims: This thesis
examines the role of the CRTH2 receptor and its agonists in pregnancy and parturition, and its
potential as a therapeutic target for the prevention of preterm labour. Methods: PCR, western
analysis and flow cytometry were used for CRTH2 expression studies. To examine the effect of
CRTH2 agonists on NF-kB activation, western analysis of p65 and phospho-p65 was performed.
The effect of the agonists on interleukin profiles was demonstrated by flow cytometry.
Myometrial contractility response to agonists was measured using a myograph. To determine
the in vivo effect of a small molecule CRTH2 agonist on inflammation induced preterm labour,
CD1 mice were given an intrauterine injection of LPS and the CRTH2 agonist. Delivery outcome
and the effect on labour associated genes and interleukins were determined by PCR, western
analysis and ELISA. Results: Amniocytes and myocytes show low CRTH2 mRNA levels however
do not express the protein at detectable levels. The small molecule CRTH2 agonist Pyl A does
not inhibit NF-kB in amniocytes and myocytes, indicating that the inhibition of NF-kB by
15dPGJ, is independent of CRTH2. Although 15dPGJ, was able to inhibit the production of pro-
inflammatory cytokines in peripheral blood mononuclear cells, Pyl A was unable to alter the
Th2 cytokine profile. Pyl A inhibits myometrial contractility, although in a mechanism
independent of CRTH2. In the murine model of inflammation induced preterm labour fetal
viability was significantly increased by Pyl A, however, preterm labour was augmented rather
than prevented. Conclusion: 15dPGJ, inhibits NF-kB and inflammation induced preterm labour
in the mouse in a mechanism independent of CRTH2. Contrary to anticipated, Pyl A does not
modulate the Th1:Th2 bias or delay preterm labour in vivo. However, 15dPGJ, suppresses the
Th1 response in vitro, thus represents a potential anti-inflammatory therapeutic target for

both the prevention of preterm labour and inflammation induced brain injury.
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Chapter 1: Introduction

1.1 Preterm labour

Incidence

Preterm labour is defined as labour occurring between the 24" and the 37" week of
pregnancy. It can be further classified as extremely preterm (24-27 completed weeks),
very preterm (28-31 completed weeks) and late preterm (32-36 completed weeks) [1].
Its incidence in the western world remains between 6-15% depending on the
geography and demographics of the population [2]. The singleton preterm delivery
rate in England over the last decade has been between 5.7 and 6.7%, with a transient
increase to 7.5% between 2005 and 2006 (Figure 1.1)[3]. The incidence of extreme
prematurity is around 3%, which equates to roughly 2600 of the 76,000 premature

births per year in England and Wales [4].

<37 weeks

5 32-36 weeks

% of total deliveries
F N

<32 weeks
] ) -l

1994 1996 1998 2000 2002 2004 2006 2008

Figure 1.1 Singleton preterm delivery rates in the UK (Sykes et al 2011) [3]

Examination of singleton preterm delivery rates in the UK for the last 15 years reveal that
while increasing efforts have been placed into understanding preterm labour, little, if any
clinical impact has been made. Recent reviews have described an increasing rate of PTL
particularly < 32 weeks. However, analysis of the latest data suggests a transient increase in
the past 6 years, the cause of which is unclear.

(Data available online from NHS, http://www.ic.nhs.uk/statistics-and-data-collections,
http://www.dh.gov.uk/en/Publicationsandstatistics/Statistics/index.htm).

Preterm labour is a heterogeneous condition [5], which contributes to the challenge of

finding a universal preventative strategy. Despite increased research in preterm labour
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(Figure 1.2), the incidence has remained unchanged over the last 2 decades, reflecting
the lack of any major advances in its prevention.

3000+
2000+

1000+

No. of published articles

'91-95 '96-'00 '01-'05 ’'06-'10

Figure 1.2 PubMed literature search for causes of preterm labour over the last 2 decades

A blast search using “preterm labour” or “preterm labor” and “causes” or “mechanisms”
highlights the increasing efforts in the field to better understand the mechanisms underlying
preterm labour. A search was performed from 1991-2010 in five-year intervals.

Neonatal morbidity and mortality

Around 75% of neonatal deaths can be accounted for by preterm birth [6]. 77% of
neonatal deaths reported in the UK in 2006 were of babies that were born preterm [7].
Survival rates sharply decrease from 99% at 32 weeks to 1% at 23 weeks, and this is
associated with a reciprocal increase in the risk of handicap [8]. 70% of long term
health problems, such as neurodevelopmental impairment and respiratory disease [6]
can be accounted for by preterm birth. Short-term complications of prematurity
include necrotising enterocolitis, sepsis, respiratory distress, periventricular
haemorrhage, and long-term sequale include chronic lung disease and
neurodevelopmental impairment. As reported in the EPICure study, of those babies
born before 25 weeks who survive to discharge, 23% developed severe disability by 30
months of corrected age [9]. Improvements in neonatal survival over the last few
decades can be attributed to improvements in the provision of neonatal care and
antenatal corticosteroids, rather than any major advances in the prevention of

preterm labour.
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Economic cost

The financial cost to the NHS is increased the earlier the gestation of delivery. The

estimated cost of hospitalisation for a term infant is £584 compared with £317,166 for

an extremely preterm neonate. The projected financial burden for all babies born

preterm per year is estimated at £2.946 billion for the subsequent 18 years [10].

1.2 Physiology of term labour

During pregnancy the myometrium remains quiescent and the cervix remains long and

closed. The mechanisms controlling the final signal for the onset of labour have been

extensively researched; however the single final trigger is still debatable. In

preparation for and during labour the myometrium, fetal membranes and cervix

undergo significant biochemical and physiological changes which lead to uterine

contractility, membrane rupture and cervical dilation.

Membrane
Activation

Cervical
Dilatation

Uterine
Contractility

Figure 1.3 Components of the common terminal pathway of human parturition (Romero et

al 1994) [11]

Labour involves many physiological changes to the myometrium, fetal membranes and the
cervix which lead to uterine contractility, membrane activation and rupture, and cervical

dilatation.
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Membrane activation

Human amnion consists of a single layer of epithelial cells and a sub-epithelial layer of
mesenchymal cells which is the major site of prostaglandin production. The final
trigger for membrane rupture is likely to be controlled by different proteins to uterine
contractility [12-14], since contractions do not always ensue following either natural or
artificial membrane rupture. However, there is likely to be significant overlap in the
biochemical events leading to membrane activation and rupture; for example, the
expression of COX-2 and the production of PGE; both increase in the amnion at term
[15-19]. Prior to the rupture of amnion, activation and weakening of the membranes
occur. Collagen type | is the predominant collagen providing strength to the amnion,
along with collagen IV which is a component of the basement membrane and the
connection between the epithelial and mesenchymal layers [20]. Matrix
metalloproteinases (MMP’s) degrade collagen, with MMP-1, MMP-2, MMP-3, MMP-8
and MMP-9 readily detected in amniochorion [21]. There is significant evidence that
particularly MMP-9 is involved in remodelling of the amnion leading to weakness and
susceptibility to membrane rupture [22-24]. Inflammatory cytokines also contribute to
membrane activation even in term labour not complicated by chorioamnionitis. The
pro-inflammatory cytokines IL-1B and IL-8 are up-regulated during labour in the
amnion as are IL-6 and IL-8 in the choriodecidua [25]. Pro-inflammatory cytokines

including IL-1B and IL-6 drive the production of COX-2 and PGE; in amnion [26-29].

Cervical ripening and dilatation

Similar to the remodelling that occurs during membrane activation prior to membrane
rupture; the cervix undergoes significant remodelling in order to efface and dilate. As
with the biochemical changes seen in the amnion, the cervix also remodels with the
combination of both structural and inflammatory components. A reduction in collagen
synthesis, along with an increase in collagenase and MMP activity contributes to
cervical ripening at term [30-32]. The predominant collagen components are type |
and type I, and as the cervix ripens, the concentration of collagen decreases by as

much as 30-50% [33-35]. The cervix becomes infiltrated with leukocytes as part of a
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physiological inflammatory reaction, which contributes to the production of pro-
inflammatory cytokines [25, 36]. Cervical prostaglandins also play a key role in
effacement and dilation of the cervix through several mechanisms. PGE, decreases the
concentration of collagen [37], increases the synthesis of proteoglycans [38],
enhances migration of leukocytes towards the cervix the [35] and augments the

potency of pro-inflammatory chemokines [39].

Uterine contractility

The myometrium is the muscular portion of the uterus which is responsible for uterine
contractility. Human myometrium is composed of smooth muscle cells arranged into
bundles which are delineated by connective tissue and interspersed with
microvasculature [40]. Interaction between actin and myosin in the smooth muscle
cell leads to myocyte contractility [41]. This interaction is regulated by the enzyme
myosin light chain kinase (MLCK) [42], which phosphorylates myosin, and can be
inhibited by myosin phosphatase (MLCP). MLCK is activated by intracellular calcium
and calmodulin [43]. The sources of calcium include extracellular calcium which enters
through calcium channels after depolarisation of the myocyte, and the intracellular
calcium stores [44]. The control of contractility is proportional to the activity ratio of
the MLCK and MLCP which determine the phosphorylation status of myosin regulatory
light chain [40]. Oxytocin and prostaglandin F2 alpha (PGF,q) alter the activity ratio of
MLCK and MLCP which leads to the increase in sensitivity of the contractile unit to
calcium [45-47]. The connexins, which are a family of gap junction proteins, also
regulate contractility by controlling the interaction between cells for the propagation
of action potentials. The main connexins present in term myometrium are connexin-

43, connexin-40 and connexin-45 [48, 49].

Oxytocin

Oxytocin is a physiological agonist of uterine contractility. It is a nonapeptide released

from the posterior pituitary and the choriodecidua [50, 51]. Oxytocin exerts its action
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through the G protein coupled oxytocin receptor (OTR). Upon stimulation of the
receptor, Gqq/ and Gg, (from Gg;) G-protein subunits are released leading to activation
of the phospholipase C (PLC) isoforms 31, B3 and B2, B3 respectively [52]. In turn, this
leads to release of calcium stores, which leads to depolarisation of the myocyte and

ultimately to myometrial contractility [40].

Prostaglandins: Prostaglandin E2 (PGE2) and Prostaglandin F2a (PGF2a)

Prostaglandins play a key role in parturition by aiding cervical ripening and myometrial
contractility. Although the majority of prostaglandins are derived from the amnion,
the source of prostaglandins involved in myometrial contractility is likely to be the
decidua and myometrium [53]. Prostaglandins are derived from arachidonic acid from
cell membrane phospholipids by the action of the phospholipase enzymes PLA,, PLC
and PLD [54]. The cyclo-oxygenase enzymes lead to the production of the intermediate
PGH2, which can be converted into PGE,, PGF,, and also PGl, and PGD,. COX-2 is the
rate limiting step for prostaglandin synthesis and is the primary regulator of
prostaglandin synthesis in labour [55]. Figure 1.4 summarises the pathway of

prostaglandin synthesis [56].

phospholipids

l PLA,PLC
Lipoxy‘gemy Arachidonic Acid
l Epoxyeicosatrienoic acids

5-,12-,15-HETE’s ;
Leukotrienes 19-,20-HETE's

PGG
Lipoxins COX-1,-2 l : Hydroperoxides

PGH,

l l IlIPGDSI llPGISI lITXAS]

PGE,— PGF,«—PGD, PGl,  TXA,
PGA, PGJ,
A12‘14 PGJ2

15-deoxy A'2'4 PGJ,

Figure 1.4 The biosynthesis of prostaglandins (Black et al 2008) [56]
This diagram shows the pathway of prostaglandin production from arachidonic acid.
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The main prostaglandins contributing to uterine contractility are PGE; and PGF,,. PGE,
has 4 receptors with the EP; (Gyq) and EP3 (Gg) being pro- contractile and EP, and EP,
(both Ggs) being considered as relaxatory [57-60]. Upon stimulation of the EP; and EP;
receptors, PGE; leads to calcium release via inositol triphosphate (InsP3) and inhibition
of adenylate cyclase and cAMP respectively [40]. Recent data suggests however, that
spontaneous and PGE;-induced myometrial contractility is via the EP3 rather than the
EP; receptor [61]. PGF,, stimulates myometrial contractility via the FP receptor, which

is likely to be via an increase in intracellular calcium mobilisation [62].

1.3 Pathophysiology of preterm labour

Approximately 30% of preterm births are due to elective deliveries for reasons such as
pre-eclampsia and intrauterine growth retardation [63]. The remainder are
spontaneous labours. Preterm labour is a heterogeneous condition, which results from
many contributing factors and is often referred to as the “preterm labour syndrome”.
The main aetiological factors involved in the pathophysiology of preterm labour are
vascular disorders, structural factors such as stretch or cervical or uterine disorders,
but most commonly infection and inflammation. However, a clinical spectrum exists
that covers all, and women can present with all or one of the following manifestations

as shown in Figure 1.5.

Preterm
PROM

Preterm
Contractions

Figure 1.5 Components of the clinical manifestations of premature activation of the terminal
pathways involved in human parturition (Romero et al 1994) [11]

Premature activation of membranes leads to preterm rupture of membranes, whereas early
and asymptomatic dilatation of the cervix is seen in women with cervical insufficiency.
Premature uterine contractility is present in many women who present in threatened preterm,
labour.
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Vascular disorders

Uteroplacental ischaemia and placental abruption

The most common pathological features in the placenta of women who show no signs
of inflammation who deliver preterm are maternal and fetal vascular lesions [5].
Vascular lesions in the decidual vessels attached to the placenta are associated with a
mean odds ratio of 3.8 for delivering preterm with intact membranes, and an odds
ratio of 4 with premature rupture of membranes [64]. Placental abruption is also more
commonly seen in women delivering preterm than at term [65-67]. The rennin-
angiotensin system is a possible mechanism of ischemia induced preterm labour [68,
69] since angiotensin Il can induce myometrial contractility both directly [70] and
indirectly via the production of prostaglandins [71]. The presence of release of
thrombin with decidual necrosis and haemorrhage can also activate labour, with in
vitro studies showing a thrombin induced dose-dependent increase in myometrial
contractility [72]. Thrombin is also capable of inducing an inflammatory response by
activating neutrophils, chemoattraction of monocytes and by aiding lymphocyte

proliferation [73].

Structural factors

Cervical insufficiency

Cervical insufficiency is defined by the inability to retain a pregnancy as a result of
painless dilatation of the cervix. The incidence of true cervical insufficiency is 1% [74].
The cause of an inherently insufficient cervix is unknown, and is usually diagnosed
retrospectively after a mid trimester loss or early preterm delivery in the absence of
painful contractions. However, a weakened cervix can also be a result of direct cervical
trauma from multiple dilations following several surgical terminations or cone
biopsies/LETZs [75, 76]. Exposure to diethylstilbestrol in utero is also thought to result

in a weakened cervix [77]. Inflammation and infection are also associated with cervical
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insufficiency since a shortened cervix fails to effectively maintain the barrier to

ascending infection [74].

Uterine anomalies

The presence of a uterine anomaly has an incidence of 0.5% [78] and is a recognized
risk factor for preterm birth. Uterine didelphys [79], a unicornuate uterus[80] and a
septate uterus [81] can lead to an increased rate of preterm labour, although the

mechanism for this is not fully understood.

Uterine stretch

Women with multiple pregnancies or polyhydramnios have a higher rate of preterm
delivery. This has directed many studies to investigate a role of uterine over distension
and stretch in preterm labour. In vitro studies have confirmed that stretch of both
amniocytes and myocytes can lead to the expression of labour associated genes such

as prostaglandin E2, COX-2, and the oxytocin receptor [82-84].

Infection and Inflammation

A long recognised correlation between intrauterine infection and preterm birth exists.
Goldenburg et al discovered that 80% of women delivering before 30 weeks had
evidence of infection in the amniotic fluid and/or fetal membranes compared with
only 30% of women delivering after 37 weeks [63]. Specifically in the amniotic fluid
microbial invasion occurs in only 1% of women not in labour at term [85]. In
comparison, 12.8% of women with intact membranes in labour have evidence of
microbial invasion [86], and as many as 75% of women in labour with preterm
premature rupture of membranes [87]. The most common microorganisms found in
amniotic fluid are the genital mycoplasmas including Ureaplasma urealyticum,

Mycoplasma hominis, Streptococcus agalactiae, Escherichia coli, and Gardnerella
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vaginalis [88, 89]. It is likely that ascending infection from the vaginal and cervix is the
most common source of intrauterine infection. Other routes include haematogenous
spread via the placenta, retrograde seeding from the peritoneal cavity via the fallopian
tubes and introduction via invasive procedures such as amniocentesis, as shown in

Figure 1.6.

Figure 1.6 The proposed routes of transmission of microbes causing intrauterine infection.
Adapted from Romero et al 1988 [90]

I: ascending from the vagina and cervix, Il: transplacental, lll: retrograde seeding from the
peritoneum, IV: invasive procedures.

The presence of microorganisms results in the recruitment of leukocytes leading to an
inflammatory response. Gram negative bacteria contain endotoxins, whereas gram
positive bacteria contain peptidoglycans and lipoteichoic acid, and mycoplasmas
contain lipoglycans [73]. These components are recognhised by pattern recognition
receptors (PRRs) which further enhance the inflammatory response upon activation.
As part of the inflammatory response, pro-inflammatory cytokines are produced and
this leads to activation of a biochemical cascade; including the production of pro-
labour proteins such as prostaglandins [91] required for uterine contractility and

cervical ripening and MMP’s [92, 93] which are important in membrane rupture.

As revealed by an interrogation of the Pubmed literature, increasing research efforts
are being expended on deducing the role that inflammation plays in preterm birth (see
Figure 1.7) [3]. Evidence has emerged that inflammation in the absence of infection

can be sufficient to cause preterm labour [94]. There is also significant evidence that
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inflammation leads to an increase in neonatal morbidity regardless of an absence of

intrauterine infection [95, 96].
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Figure 1.7 PubMed literature search for causes of preterm labour over the last 2 decades
(Sykes et al 2011) [3]

A blast search using “preterm labour” or “preterm labor” and “inflammation” highlights the
increasing increased awareness and efforts to better understand the role of inflammation in
preterm labour. The search was performed from 1991-2010 in five-year intervals.

The fetal inflammatory response syndrome refers to the fetal response to the
presence of maternal inflammation/infection [97]. The fetus mounts an inflammatory
response, which was first classified as an elevated plasma IL-6 and CRP [98, 99].
Subsequently it has also been found to be associated with activation of neutrophils
and monocytes [100], and a polarised Thl response characterised by an increase in
IFN-y producing cells [101]. The fetal inflammatory response syndrome is an
independent risk factor for severe neonatal morbidity due to the potential

involvement of several target organs [97], as summarised by Figure 1.8.
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Figure 1.8 Target organs of the fetal inflammatory response syndrome (Gotsch et al 2007)
[97]
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1.4 The management of preterm labour

Presentation and risk factors

Preterm labour can present with preterm rupture of membranes, cervical dilation
and/or uterine contractions. Symptoms of threatened preterm labour increases the
risk of early delivery, yet in 70% of cases the pregnancy continues until term [102].
Women in established preterm labour present with cervical dilation in the presence of
regular contractions, (with the exception of women with cervical incompetence,
where cervical dilation is painless). Known risk factors for preterm labour include a
history of prior mid trimester loss or preterm labour [103], women with multiple

pregnancies [104], previous cervical treatment [105] and uterine anomalies [80].

Screening

Cervical length screening can be adopted in women at high risk of preterm labour. The
shorter the cervix, the higher the risk is of preterm labour. A cervical length of <25mm
in asymptomatic high risk women has a positive predictive value of 70% for delivery
<35 weeks if detected at 14-18 weeks, and 40% if detected at 18-22 weeks [106]. In
women presenting with threatened preterm labour a recent meta analysis concluded a
cut off of 15mm gives a positive predictive value 60% and negative predictive value of

96% of delivery within 1 week if presenting under 34 weeks of gestation [107].

Collection of fetal fibronectin from the posterior fornix is also commonly used as a
screening tool both in asymptomatic and symptomatic women. Fetal fibronectin is an
extracellular matrix glycoprotein secreted by the chorion. If any biochemical disruption
to the fetal membranes occurs, this glycoprotein will be detected in the high vagina. A
negative result places both asymptomatic and symptomatic women at low risk of

preterm labour. A systematic review of 26,876 cases revealed a likelihood ratio for
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positive results of 4.01 (95% Cl 2.39-5.49) for predicting birth before 34 weeks in
asymptomatic women, with a corresponding LR for negative results of 0.78 (0.72 to
0.84). In symptomatic women the LR for a positive result was 5.42 (95% Cl 4.36-6.74)
for delivery within 7-10 days, and 0.25 (95% Cl 0.2-0.31 ) for a negative result [108].
Cost savings are seen with the introduction of fetal fibronectin testing into clinical
practice as a result of a reduction in hospitalisation, administration of corticosteroids
and the reduction of in utero transfers to tertiary referral centres in women with a

negative result [109].

Prevention

Cerclage

Cervical cerclage for cervical insufficiency was first described by Shirodkar in 1955
[110], and later by McDonald in 1957 [111]. Both techniques provide structural
support for a weakened cervix, but may also improve the cervical immunological
barrier by improving retention of the mucous plug, and preventing ascending infection
by maintaining cervical length. Cervical cerclage can be placed electively in women
with a strong history suggestive of cervical insufficiency, or can be placed if the cervix
becomes short as detected by ultrasound. A multicentre randomized trial of history-
indicated cervical cerclage in women with 3 or more mid-trimester losses of preterm
births showed a reduction in the risk of PTB before 33 weeks from 32 to 15% [112]. A
meta-analysis of 208 women at high risk of preterm labour with a short cervix
(<25mm), concluded a statistically significant reduction in rate of preterm delivery <35
weeks with cerclage placement (relative risk 0.61; 95 % Cl 0.4-0.92) [113]. There is also
some evidence that cervical cerclage in women at high risk results in a statistically

significant reduction of a composite of perinatal mortality and morbidity [114].

Progesterone

There have been several large trials looking at the potential benefits of vaginal

progesterone to reduce the rates of preterm delivery using gestational age of delivery
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as a primary outcome [115-118]. A large multicentre randomised controlled trial
including mainly women without a prior history of preterm birth has shown a 45%
reduction in preterm labour at <33 weeks using 90mg of vaginal progesterone in
women with a short cervix of 10-20mm [118]. A composite of neonatal indices were
also reduced, including a 60% reduction in respiratory distress syndrome. The
multicentre trial OPPTIMUM, a randomised controlled trial of women at high risk or
preterm labour is specifically powered for long-term neonatal outcome, and therefore
should provide robust evidence of the effect of progesterone on neonatal morbidity

and mortality.

Tocolytics

Tocolytics are aimed at suppressing uterine contractility. They include NSAIDS, beta
agonists, calcium channel blockers and oxytocin receptor antagonists. Although
tocolytics have been shown to increase the delay to delivery at 48 hours and 7 days
[119], there is no evidence of a clear reduction in perinatal mortality or neonatal
morbidity [120]. However, a short course of tocolysis for women with threatened
preterm labour is given to allow time for the administration of corticosteroids to
stimulate fetal maturation. It is likely that the inability of tocolytics to prevent preterm
labour is partly because most women in threatened preterm labour are not destined
to labour; and conversely for those women that really did need tocolysis, once uterine
contractility is established it is likely that the multiple biochemical pathways involved
are too advanced to be overcome by transient inhibition of the contractions.
Nifedipine, (a calcium channel blocker) and Atosiban (an oxytocin antagonist) are the
most commonly used tocolytics in the UK. Although there have been no direct
randomised controlled trials comparing Atosiban with Nifedipine, using adjusted
indirect comparisons there is a non-significant trend to an increased delay in delivery
by 48 hours with Nifedipine [121], with a trend also towards an improvement in
perinatal morbidity, lower side effect profile and a lower cost [122]. A recent meta-
analysis reviewed 95 randomised controlled trials of tocolytic therapies including
prostaglandin inhibitors, calcium channel blockers, oxytocin receptor antagonists,

magnesium sulphate and beta mimetics on [123]. Maternal outcomes included a 48 hr

33



Chapter 1: Introduction

delay in delivery and side effects, whereas neonatal outcomes of respiratory distress
syndrome and mortality were reported on. The meta-analysis concluded that
concluded that prostaglandin inhibitors and calcium channel blockers had the highest

probability of delaying delivery and improving neonatal and maternal outcomes.

1.5 The immunology of pregnancy, term and preterm labour

The immunology of pregnancy

The immunology of pregnancy is a complex phenomenon that involves a balance
between maternal immune tolerance and suppression, often referred to as the
“immune paradox of pregnancy”. The fetus has been described as a semi-allogeneic
graft, being a product of two histoincompatable individuals [124, 125]. This poses a
challenge to the mother; to both tolerate the expression of paternal antigens, whilst
maintaining the ability to reject in the case of overwhelming infection [126]. This
challenge is undertaken in part by the immune system. It was first proposed by
Medawar that the fetus essentially acts as an allograft that avoids rejection due to a
physical separation from the mother, its own antigenic immaturity and the
immunological inertness of the mother (i.e. maternal immune suppression) [127].
Highly regulated responses from both the innate and adaptive immune systems

facilitate immune tolerance and immune activation when needed.

The immune system has two main defence systems which coordinate the immune
response: the innate and the adaptive system. The innate immune response is a non-
specific reaction towards foreign antigens, whereas the adaptive response forms an
antigen specific reaction [128]. Although different immune components are involved
in these systems, much overlap and cross talk exist between the two. Figure 1.9 is a

pictorial representation of the key components of these systems during pregnancy.
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Figure 1.9 The key components of the adaptive and innate immune system in pregnancy
(Sykes et al 2012) [129] Mediators of the adaptive and innate immune system work in parallel
to facilitate a balance between immune tolerance of the fetus whilst maintaining the ability to
mount a response against invading pathogens. PWBC: Peripheral white blood cells.

Innate immune system in pregnancy

The innate immune system the most primitive form and is the first line in the host’s
ability to defend against pathogens. Although it is non-specific, it is critical for the
prevention of microbial invasion. The innate immune system includes physical and
biochemical barriers to non-self. For example, the amnion acts as a membrane barrier
to the mother throughout gestation. Also, immunologically active secretions such as
lysozymes and defensins serve as biochemical barriers to invasive pathogens. Cellular
components of the innate immune system include neutrophils, monocytes and
macrophages, which protect against pathogens by phagocytosis. The innate immune
system has also evolved to recognize non-self utilising pattern recognition receptors
(PRRs) [85] that recognise molecular signatures of pathogens [130]. PRRs are also

capable of recognising non-infections endogenous proteins , such as Hsp70 [131].
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Toll like receptors (TLRs) are a major component of pattern recognition receptors. To
date 11 members have been discovered in mammals [132]. The Toll like receptors
(TLRs) TLR 2 and TLR 4 are pattern recognition receptors stimulated by gram positive
and gram negative bacteria respectively [133]. TLR 2 and TLR 4 are of particular
interest in relation to pregnancy and preterm labour. Both receptors are expressed on
gestational tissues including trophoblasts [134], amnion epithelial cells, [135] and the
myometrium [136]. The expression of these receptors is increased in term labour in
amnion and in myometrium [135, 136]. An important activator downstream of TLRs is
NF-kB which leads to the production of immune response proteins such as cytokines

and chemokines [137].

Adaptive immune system in pregnhancy

In contrast to the innate immune response, the adaptive immune response is a more
specific response. The adaptive immune system relies upon B and T lymphocytes,
which are responsible for the humoral and cellular responses respectively [138]. B cells
differentiate into plasma cells which then secrete antibodies. Antibodies work in
concert with the rest of the immune system by activating complement and immune
cells including macrophages and neutrophils to target pathogens [139]. T cells (CD3")
can be subdivided into T helper cells (Th cells) (CD4") and cytotoxic T cells (Tc cells)
(CD8"), with Th cells being subdivided further into Th1 and Th2 cells depending on the
cytokines they produce. The cytokines produced by T helper cells play a central role in
the protection against pathogens, but also play a role in allergy and autoimmune
conditions. The cytotoxic T cells generally target virally infected cells resulting in cell

death [139].

The hypothesis of immune suppression during pregnancy, proposed originally by
Medawar [140] has been superseded by a more complex hypothesis where a change
in the ratio and function of maternal leukocytes occurs rather than complete
suppression. For example there is an increase in the total peripheral white cell count

from the early stages of pregnancy with no change in the CD4 and CD8 counts (T
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helper and cytotoxic T cells respectively) [141]. However, within the T helper CD4

positive population an increase in T regulatory cells is seen in pregnancy [142].

An important component of the adaptation of the immune system in pregnancy is the
regulation of specific cytokine production [143]. Pregnancy is largely represented by a
shift towards Th2 activity [143] [128] [144, 145]. During pregnancy, peripheral blood
lymphocytes show an increase in mRNA of the prototypical Th2 interleukin IL-4 and
lower mRNA levels of the prototypical Thl interleukin interferon gamma (IFN-y) [146].
Also, in vitro stimulation of peripheral lymphocytes in pregnant women display
increased production of IL-4 and reduced production of IFN-y compared with non
pregnant controls [147]. The Th2 cytokine bias is likely to be more pronounced at the
maternal fetal interface [148]. Decidual leukocytes produce IL-4 and IL-10 [149], with
Th2 cytokines also being produced by non-immune cells including trophoblasts and
decidual cells to contribute to the Th2 cytokine predominance [150] [151]. Th2
interleukins are capable of suppressing the Th1 interleukins as a form of regulating the
Th1:Th2 ratio [152], and can also suppress the production of IL-8 and prostaglandins
[153]. In turn this offers a mechanism by which the Th1:Th2 ratio can contribute to

pregnancy maintenance along with immune tolerance of the fetus as an allograft.
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The immunology of term labour

Term labour is seen as an inflammatory event with physiological activation of the
immune system. Local inflammation in the fetal membranes, cervix and uterus plays a

key role in the cascades leading to both term and preterm birth [73].

Immune activation in the decidua and fetal membranes at the maternal fetal interface

In preparation for delivery, the fetal membranes and decidua undergo complex
biochemical events leading to the physical separation of the membranes from the
decidua and their rupture. The decidua forms the interface between the maternal and
fetal tissues, and it was proposed by Casey and MacDonald that it may also regulate
maternal-fetal immuno-tolerance during pregnancy [154]. In the amnion, the pro-
inflammatory cytokines IL-1B and IL-8 are up regulated during labour as are IL-6 and IL-
8 in the choriodecidua [25]. IL-1B stimulates COX-2 production, which in turn leads to
the production of PGE, in the amnion. The amnion is a major source of prostaglandins

which are required for uterine contractility and cervical ripening [26].

Immune activation in the cervix

At the beginning of parturition, the cervix undergoes a major remodelling process
referred to as “ripening”. This occurs independently, yet concurrently with the
activation of the fetal membranes and myometrium. Cervical ripening involves
activation of an inflammatory cascade that involves the release of pro-inflammatory
cytokines and the infiltration of leukocytes [25, 155]. IL-8 is a chemokine produced by
many immune cells but primarily macrophages and monocytes [156] and is increased
in the cervix with the onset of labour [157]. The invading inflammatory cells contribute
to the release matrix metalloproteinases (MMPs) that, along with activated
collagenases, degrade the structural connective tissue and collagen fibres of the cervix

[32].
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Immune activation in the uterus

During term labour, there is a significant influx of inflammatory cells including
lymphocytes, macrophages and neutrophils [155]. These infiltrating leukocytes
contribute to the source of pro-inflammatory interleukins and prostaglandins which
are involved in term labour. Immunohistochemistry demonstrates that the immune
cells are the likely origin of the majority of pro-inflammatory cytokines within the
myometrium during labour [158]. From this study IL-1 was predominantly located in
leukocytes, with weak staining in myocytes, whereas IL-6 and TNF-a were restricted to
leukocytes. A number of studies have also identified increases of IL-8 in the

myometrium with the onset of labour [157-159].

There has been some debate as to whether the activation of inflammatory pathways
in the myometrium is a cause or consequence of labour. Recent work by Bisits and
colleagues used mathematical modelling to distinguish which pathway of myometrial
activation was most likely to occur first [160]. Of the three pathways investigated;
inflammatory stimulation, functional progesterone withdrawal or oxytocin receptor
activation, data provided from quantitative RT-PCR on key genes of each pathway
strongly supported inflammation as the primary driver for activation of the

myometrium.

The immunology of preterm labour

Although the initial triggers of preterm and term labour may well differ, with term
labour seen as physiological and preterm labour seen as a pathological condition, the
terminal events leading to delivery of the fetus are common to both [161]. The
inflammatory response present in term labour also exists in preterm labour, except
with a greater rate of association with infection, with approximately 30% of preterm
deliveries being associated with an infective process [162]. The earlier the gestation of
preterm labour, the higher the association with infection is. 80-85% of women in
preterm labour < 28 weeks show evidence of intrauterine infection, with >90% around

24 weeks, compared with 15% of women delivering late preterm at 34-36 weeks [163].
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The mechanism by which infection is able to trigger the parturition cascade is
undoubtedly linked to an integrated network of interactions between the pro
inflammatory cytokines and prostaglandins. In response to intrauterine infection,
infiltrating leukocytes and decidual cells are capable of secreting the proinflammatory
cytokines IL-1, IL-6, IL-8 and TNF-a [90, 154, 164] These act in concert to stimulate
uterine contractions, and remodel both the cervix and the fetal membranes leading to

cervical dilation and rupture of membranes respectively [162, 163].

Although microbial infection is a common cause of inflammation, the presence of
infection is not essential for inflammation driven preterm labour. There is a causal role
for cytokines in labour even in the absence of infection [165]. We have previously
shown that pregnancies without clinical overt signs of infection still show increased
levels of IL-8 in the myometrium [166]. Moreover, a recent genomic study of amnion
tissues from women in spontaneous labor without histological chorioamnionitis
revealed that these tissues present an acute inflammation gene expression signature

[167].

Immune activation in the decidua and fetal membranes at the maternal fetal interface

In response to intrauterine infection, infiltrating leukocytes and decidual cells are
capable of secreting the pro-inflammatory cytokines IL-1, IL-6, IL-8 and TNF-a [90, 154,
164]. These cytokines induce prostaglandin production in the fetal membranes and
decidua leading to initiation of parturition [168, 169]. IL-6 is a pro-inflammatory
cytokine and a major mediator of host response to inflammation and infection [170].
IL-6 is significantly increased in amnion and choriodecidua in women with preterm
delivery compared with term delivery [171] and is the most sensitive and specific
indicator of infection-associated preterm labour [11, 172]. Detection of increased in IL-
6 in amniotic fluid and cervicovaginal fluid is an independent risk factor for preterm
labour and neonatal morbidity [173], including cerebral palsy [174] and
bronchopulmonary dysplasia [175]. IL-8 mRNA expression is also increased in preterm
labour by more than 50-fold and more than 1000-fold in preterm labour with evidence

of chorioamnionitis [176].
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Immune activation in the cervix

Premature ripening of the cervix usually occurs in conjunction with uterine
contraction, but in the case of cervical insufficiency is classically painless. The cervix
plays not only a mechanical role but also a biochemical role in the prevention of
ascending infection as demonstrated by the higher incidence of microbial invasion of
the amniotic fluid in women with a shorter cervix [177, 178]. Consistent with the
protective role of the immune response within the cervix, women who are destined to
deliver preterm have a lower number of macrophages antenatally compared with
women delivering at term [179]. In contrast, an exaggerated immune response in the
cervix is also associated with preterm labour. Both IL-6 and IL-8 levels are significantly
higher in cervical secretions of women destined to deliver preterm [180]. Although the
specific role of IL-6 in inducing preterm birth is not fully understood, the function of IL-
8 is by chemoattracting leukocytes such as neutrophils that contribute to cervical

ripening by producing MMPs [181].

Immune activation in the uterus

Preterm labour as well as term labour is characterised by marked leukocyte invasion
into the myometrium [155]. Pro-inflammatory cytokines such as IL-8 and IL-1B are
increased in the myometrium in women in preterm labour compared to women not in
labour [182]. As well as pro-inflammatory cytokines there is also increased expression
of chemokines including CCL5, CXCL5, and CCL20 [183]. As with term labour, pro-
inflammatory cytokines lead to the increased production of prostaglandins in the
myometrium. IL-1B and TNF-a stimulate arachidonic acid release thereby activating
phospholipid metabolism [184] and increasing the production of prostaglandins [185,
186]. IL-1B up regulates COX-2 expression [187] stimulating the production of PGE,
[188] and increases oxytocin secretion both of which contribute to uterine contractility

[189].
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1.6 The Thl and Th2 interleukins in pregnancy, term and preterm labour

The Th1/Th2 cytokines

Th1 and Th2 cells originate from undifferentiated ThO cells under the influence of their
prototypical cytokines IFN-y and IL-4 respectively. Thl and Th2 cells differ in the
cytokines that they produce and their function. Thl cells produce pro-inflammatory
cytokines; IFN-y [190], IL-2 [191], and TNF-a [192], and are the major effectors of
phagocyte-mediated host defence which protect against intracellular pathogens [191,
193, 194]. Th2 cells produce a mixture of pro- and anti-inflammatory cytokines; IL-4,
IL-5, IL-13, IL-10 [190] and IL-6. IL-4 and IL-10 are considered to be anti-inflammatory
cytokines [195] and IL-6 is considered to be pro-inflammatory [196]. Although IL-10
and IL-6 are typically classed as Th2 cytokines [144, 197-201], IL-10 is also produced by
Th1 cells, macrophages and B cells [202, 203], whereas IL-6 is also produced by

macrophages, fibroblasts and B cells [204].

The Th2 cytokines have several functions and are commonly associated with
facilitating antibody responses [205]. IL-4 stimulates IgE and IgG; antibody production
[206]. IL-5 promotes the growth and differentiation of eosinophils whereas IL-13 and
IL-10 inhibit the activity of macrophages [206]. Transcriptional regulation of the Thl
cell cytokine production is mainly by T-bet and STAT-4 [148], whereas the
predominant Th2 cytokine IL-4 is regulated by STAT-6, c-maf, GATA-3 and NFAT [207].
Although the Th1 and Th2 responses may be described as discrete responses, there is
considerable cross talk and overlap between the functions of the T helper cells. For
example the Thl cytokines can promote the production of complement-fixing
antibodies involved in antibody dependent cell cytotoxicity [208]. A balance between
Th1l and Th2 exists rather than complete suppression of one over the other. Figure
1.10 (from O’Garra et al) summarises the cytokines secreted by the Th1 and Th2 cells,
their function, and the internal regulation that exists to maintain the Th1/Th2

interleukin profile [194].
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Figure 1.10 The regulation of T helper cell responses (O’Garra et al 2000)

Th1l development is dependent on IL-12 and IFN-y and is required mainly for cell-mediated
immunity of the adaptive immune system. Thl development is antagonised directly by IL-4
and indirectly by IL-10. Th1l development is dependent on IL-4 and is important for immune
tolerance, allergy and atopy.

The Th1/Th2 cytokines and pregnancy maintenance

Recognition of a bias towards the Th2 cytokine profile during pregnancy has been well
documented. Wegmann and colleagues were the first group to hypothesise that Th2
predominance together with downregulation of the Thl response is important for
pregnancy maintenance [209]. This has subsequently been supported by both murine
studies and the clinical course of Th2 and Thl based conditions in pregnancy. For
example, IL-2, IFN-y and TNF-a induce miscarriage in mice, which can be reversed by
inhibitors of the Th1 cytokines, or by administering the anti-inflammatory Th2 cytokine
IL-10 [210, 211]. Thl mediated autoimmune conditions like rheumatoid arthritis
generally improve in pregnancy [212], whereas the Th2 autoimmune spectrum tend to

worsen, for example systemic lupus erythematosus [213]. The Th2:Th1 bias and thus
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diminished cell-mediated immunity may be responsible for the increased susceptibility
in pregnancy of conditions caused by intracellular pathogenesis such as influenza, and
listeria  monocytogenes [145]. Pregnancy hormones such as progesterone [214],
leukaemic inhibitory factor [215], estradiol [216] and prostaglandin D, (PGD,) [217]
promote the Th2 cell profile, and are likely to be in part responsible for the Th2 bias

associated with pregnancy.

Peripheral blood

Several studies have reported on a Th2 bias in peripheral blood leukocytes in
pregnancy. Marzi and colleagues stimulated peripheral blood mononuclear cells
(PBMCs) with phytohaemagglutinin (PHA), and measured interleukin secretion by
ELISA showing an increase in IL-4 and IL-10 with a reduction in IFN-y and IL-2 in
pregnancy compared with non-pregnant controls [147]. These results were
reproduced by using flow cytometry by Reinhard et al in phorbol myristate acetate
(PMA) stimulated cells, demonstrating an increase in intracellular IL-4 production and
a reduction in intracellular IFN-y and IL-2 in pregnancy compared with non-pregnant
controls [218]. In vivo confirmation of this bias has since been demonstrated by PCR
showing decreasing mRNA of IFN-y through pregnancy along with a concurrent
increase in IL-4 mRNA which peaks in the 7™ month compared with non-pregnant
controls [146]. Whilst the majority of studies support this bias, there are some studies
that do not consistently reproduce this bias. Shimoaka et al., reported a reduction in
PMA-stimulated IL-4 during pregnancy [219] while Matthiesen and colleagues
presented data suggesting an increase in both IL-4 and IFN-y secreting cells in
pregnancy compared with non-pregnant controls [220, 221]. Such discrepancies may
be due to characterisation of cytokine profiles in either isolated cell populations or
whole blood, the gestational stage at time of blood collection, or the undiagnosed

presence of infection or inflammation, confounding results.
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Maternal fetal interface and non-immune cells

Local cytokine production at the maternal interface may be of greater significance
than measurements obtained in the peripheral blood [193], however, access to tissue
makes researching this challenging. Despite this, a number of studies have successfully
shown a bias towards the Th2 cytokine profile during pregnancy. IL-4 and IL-10
production by T cells at the maternal fetal interface is associated with successful
pregnancy [193]. Decidual CD4" cells from women undergoing unexplained recurrent
pregnancy loss typically exhibit reduced IL-4 and IL-10 production [149]. Trophoblast,
decidua and amnion all contribute to the Th2 cytokine environment by production of

IL-13 [222], IL-10 [223], IL-4 and IL-6 [224, 225].

Local regulation of the Th1/Th2 to promote the Th2 bias at the maternal fetal interface
is likely to occur in a number of ways. Local production of IL-4 and IL-10 inhibits the
function of both Th1l cells and macrophages [226]. Co—culture of trophoblasts and T
cells results in an increase in the transcription factors GATA-3 and STAT-6 (which
regulate Th2 cytokine production), and a reduction in the Thl transcription factor
STAT-4 and subsequently decreased production of IFN-y and TNF-a [227]. In vitro
studies also show Th2 interleukins can modulate labour associated genes by inhibiting
the production of the Th1l cytokine TNF-a [152], and TNF-a-induced COX-2 and/or
PGE, synthesis in amnion-derived wish cells. Similar effects are also observed in

decidual and placental cells [153, 228-230].

The Th1/Th2 cytokines and term labour

Peripheral blood

Labour is often seen as a pro-inflammatory state marking the end of the pregnancy
and thus it would be anticipated that a Th1 bias exists during labour, however, there
are limited studies looking at the Th1:Th2 ratio in peripheral blood cells in labour. One
study has reported a reduction in serum IL-4 in the later part of labour with a peak in

the cytokine TNF-a in early labour consistent with a Thl bias over Th2 [231].
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Consistent with this, an increase in IFN-y and IL-1B in women in active labour has also

been reported [232].

Maternal fetal interface and non-immune cells

There is substantial evidence that the Th1l cytokines play a role in the initiation of
labour at term [192]. The importance of local rather than peripheral production of the
cytokines is highlighted by their direct input into the biochemical pathways involved in
parturition. TNF-a and IL-1B are both increased in amnion, amniotic fluid and decidua
at term [233] and can induce PGE, production in amniocytes and decidual cells in vitro
[234, 235]. Therefore, despite the pro-inflammatory nature of the Th1 cytokines they

are required for successful pregnancy contributing to the physiology of term labour.

The Th1/Th2 cytokines and preterm labour

Immune and non-immune cells contribute to a cytokine-rich environment in the
presence of infection and inflammation. Since preterm labour is associated with both
infection and inflammation, the increase in the Thl pro-inflammatory cytokines seen
in preterm labour is not surprising. Pro-inflammatory cytokines, (typically of Th1 type),
ultimately result in the production of prostaglandins and MMPs [236]. This triggers a
cascade of pro-labour events including uterine contractility and fetal membrane
rupture. If this cascade is activated too early in pregnancy then preterm labour can

ensue.

Peripheral blood

Several studies support the hypothesis of an altered bias towards the pro-
inflammatory Th1 cytokines in peripheral blood during preterm labour. Serum taken
from women with preterm pre-labour rupture of membranes (pPROM) compared to

women who deliver at term exhibit a higher concentration of IFN-y, with undetectable
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levels of IL-4 and IL-5 in both groups [237]. In a study of 30 women in preterm labour,
mitogen and antigen stimulated PBMCs show a higher production of the pro-
inflammatory cytokines IFN-y and IL-2 favouring a Thl response compared with
controls who delivered at term [238]. Activation of the Th1 cytokines also occurs as a
specific response to infection caused by intracellular bacteria, parasites and viruses
[239], and thus a prominent Th1l response would be expected in infection mediated
preterm labour. While the Th1 cytokine response may be suppressed by both the
maternal and fetal immune system during pregnancy [240], it still maintains the
capacity to mount a defensive response in the context of infection. Activated T cells
drive both local and systemic cytokine production [239]. This is evident for example in
neonates exposed to intrauterine infection in that there is an increased percentage of

IFN-y-producing peripheral leukocytes [241].

Maternal fetal interface and non-immune cells

The inflammatory response at the maternal fetal interface is likely to reflect the most
pronounced aberrant Thl biased profile in preterm labour. A recent meta-analysis
concluded that pro-inflammatory cytokines at the maternal fetal interface play a role
in the events leading to spontaneous preterm labour, while systemic inflammation
does not appear to be present in asymptomatic women early on in pregnancy who

then go on to deliver preterm [242].

Placentas from women following preterm delivery compared with term delivery show
a bias towards the Thl profile with significantly higher levels of IFN-y and IL-2 as well
as the Th1 inducing cytokine IL-12 [243]. Also, placentas from women delivering
preterm have lower levels of the Th2 cytokines IL-4 and IL-10 than placentas from
term deliveries. The Thl cytokine TNF-a is increased in choriodecidual tissues [171]
and amniotic fluid [244] in preterm labour. TNF-a is known to stimulate prostaglandin
production through the TNF receptor 2, leading to uterine contractions, and is also
likely to contribute to MMP-9 production leading to PROM via activation of its
receptor TNF Receptor 1 (TNFR1) [92].
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The source of pro-inflammatory cytokines at the maternal fetal interface in preterm
labour may be from both non-immune cells and infiltrating leukocytes. Cytokine levels
in placentas and fetal membranes from preterm deliveries (with and without
intrauterine infection) correlate with the extent of leukocyte infiltration in fetal
membranes [233]. This supports the suggestion that in the presence of infection, the
primary cellular source of cytokine production in fetal membranes is likely to be

infiltrating leukocytes rather than amniocytes or choriodecidual cells [233].

1.7 The role of Nuclear Factor-kB in pregnancy, term and preterm labour

Nuclear factor Kappa B (NF-kB) is a transcription factor that plays a central role in
controlling the inflammatory response [161]. The NF-kB signaling pathway also plays
an important role in the process of human labour [245]. Therefore targeting the
inhibition of this transcription factor is an attractive therapeutic strategy for the
prevention of both preterm labour and inflammation induced neurological damage

associated with inflammation induced preterm labour.

The NF-kB family consists of 5 members; NF-kB1 (p105/p50), NF-kB2 (p100/52), Rel A
(p65), Rel B and c-Rel [245]. They play a central role in controlling the inflammatory
response, apoptosis, tissue remodelling and cell proliferation [161]. Pro-inflammatory
cytokines such as IL-1B and TNF-a are both regulated by and can activate NF-kB giving
rise to a positive feed forward loop and thus further activating the NF-kB regulated
genes [246]. The following labour associated genes; phospholipase A2 isoenzymes
(cPLA2) [247], COX-2, IL-8, IL-6, and MMPs [245] are also transcriptionally regulated by
NF-kB.

NF-kB signalling

NF-kB transcription factor activity is inducible by the release of its inactive subunits in
the cytoplasm for nuclear translocation. The inactive subunits of the NF-kB family are

localised as homo or hetero dimers in the cytoplasm together with the NF-kB inhibitor
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IkB. The IkB family has several members; IkB a, IkBj, IkBg, IkB-y, IkB-z, p105, p100, and
Bcl3. The IkB proteins contain multiple ankyrin repeat motifs important for the
maintenance of NF-kB in the cytoplasm [248], by mediating binding to the NF-kB rel
homology domain (RHD) [245]. IkB degradation and the subsequent release of the NF-
kB subunits is regulated by the IkB kinases (IKK). The first IKK complex identified
consists of two subunits IKK-a (IKK-1) and IKK-B (IKK-2), and the regulatory component
IKK-y (also known as NEMO) [247]. IKK-B phosphorylates IkB in response to
proinflammatory stimuli and stress [249]. Recently another IKK complex was been
identified containing IKK- €, which mediates activation of NF-kB by Phorbol ester [250].
Upstream kinases mediate the phosphorylation of the IKK complexes including; MAP
Kinase, NF-kB-inducing kinase (NIK), NF-kB-activating kinase, (NAK), receptor activator
for NF-kB and its ligand (RANK and RANKL), mitogen activated protein kinase/ERK
kinase kinase 1, 2 and 3 (MEKK1,2,3) [251, 252]. Once activated the IKK proteins
phosphorylate IkB at specific serine residues [253] which result in the attachment of
ubiquitin residues [254]. Ubiquitated IkB is then cleaved by the 26S prosteosome [255]
which allows the NF-kB subunit to translocate into the nucleus to bind specifically to

DNA response elements.

Three signalling pathways are involved in NF-kB activation; the atypical, non-canonical
and the canonical pathways. DNA damage activates the atypical pathway and results in
phosphorylation of IkBa by p38 induced casein kinase-2 (CK-2). The non-canonical
pathway is activated by lymphotoxin B or B-cell activating factor (BAFF) and upon
activation IKKa phosphorylates p100 generating p52, releasing RelB/p52 dimers for
translocation into the nucleus. More relevant to the work in this thesis is the canonical
pathway, which is activated by lipopolysaccharide, TNF-a and IL-1B. IkBa is
phosphorylated by IkB kinase (IKK) and is degraded to release p50/p65 dimers for
translocation into the nucleus where it functions as a transcriptional activator of
labour associated genes and pro-inflammatory cytokines. Figure 1.11 summarises the

pathways involved in NF-kB activation from Lindstrom et al [245].
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Figure 1.11 Schematic illustration of the three signalling pathways of NF-kB activation.
(Lindstrom et al 2005) [245]

The canonical pathway is activated by pro-inflammatory cytokines, the atypical pathway by
DNA damage, and the non-canonical pathway by lymphotoxin B and BAFF. Inactive subunits
reside in the cytoplasm attached to the IKB inhibitory proteins. Once phosphorylated the
active subunits translocate into the nucleus.

Peripheral blood

NF-kB is known to play a key regulatory role in controlling the Thl immune response
by modulating the expression of Thl cytokines [256]. NF-kB activity in PBMCs has been
shown to be suppressed in pregnancy compared with non-pregnant controls [257].
The reduction in Th1l cytokine production in PBMCs and specifically T cells during
pregnancy is likely to be as a result of this down regulation of the NF-kB/IkB signalling
[240, 258]. It is not known whether NF-kB activity is increased in PBMCs in term or

preterm labour.
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Amnion

NF-kB plays a key role in the regulation of prostaglandin synthesis in labour through
more than one mechanism. NF-kB regulates the production of cytosolic
phospholipases A2 isoenzymes (cPLA2) in human gestational tissues. These enzymes
generate arachidonic acid from glycerophospholipids [247]. Secondly NF-kB is a
transcriptional regulator of COX-2 in amnion epithelial cells. COX-2 contains two NF-kB
response elements in its promoter region, and site directed mutagenesis of these
regions represses the activity of the COX-2 promoter reporter construct in amnion

epithelial cells [259].

NF-kB activity is increased in amnion during labour [259], with term pre-labour
samples showing varying degrees of p65 expression at different time points, which is
likely to reflect the physiological transition that precedes parturition [260]. Pro-
inflammatory cytokines such as IL-1, IL-8 and IL-6 are elevated in the amnion and
choriodecidua of women in term and preterm labour choriodecidua [233]. These
interleukins are regulated by NF-kB [161]. Inhibition NF-kB can result in the inhibition
of LPS induced pro-inflammatory cytokines including IL-8 and TNF-a in amnion and

choriodecidua [261].

Myometrium

Chapman and colleagues have previously reported the presence of all subunits except
Rel B and p52 in the myometrium. Although total p65 was found to be reduced in
lower segment myometrium in labouring women, DNA binding activity was actually
increased [262]. In contrast expression of the p65 subunit shows a marked increase in
the fundal myometrium during labour [263]. This is consistent with the concept that
the fundal myometrium is more important than the lower segment for the

propagation of uterine contractility. These findings are consistent in animal studies
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with NF-kB activity increased in the pregnant mouse uterus [264] and the fundal

myometrium in baboons at term [265].

NF-kB plays a key role in the transcriptional regulation of contractile associated genes
in the myometrium at the time of labour. The oxytocin receptor (OTR) [266] and COX-2
[259] genes contain NF-kB response elements in their promoter regions. OTR mediates
oxytocin induced myometrial contractions through activation of phospholipase C and
downstream calcium release from intracellular stores [267]. The COX-2 enzyme is the
rate-limiting step for prostaglandin synthesis, which is responsible for uterine
contractions. COX-2 is elevated in lower segment myometrium towards term [268],
and in labour verses non labour samples [269], as is IL-1B at the onset of labour [270].
NF-kB is required for IL-1B induced expression of COX-2 in myocytes [271],

representing another mechanism of NF-kB mediated inhibition of COX-2.

NF-kB also regulates the pro-inflammatory cytokines IL-8 and IL-6 in the myometrium,
both of which contain NF-kB recognition elements within their promoter regions [245].
IL-8 is dramatically increased in labouring myometrium [272], and is detected in the
supernatant of non-stimulated and IL-1B stimulated myocytes in vitro [273].
Microarray analysis on myocytes overexpressing p65 shows that NF-kB regulates genes
principally related to immunity and inflammation in these “non-immune” cells [274].
This provides evidence that the myometrium is capable of functioning as a distinct
immune organ and that inflammatory pathways are critical components during

parturition [159].

Cervix

NF-kB is also involved in transcriptional regulation of matrix metalloproteinases
(MMPs), including MMP-9, which are required for remodelling of the extracellular

matrix [269], leading to both cervical ripening and fetal membrane rupture.
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NF-kB activity in preterm labour

As already highlighted, the terminal biochemical pathways that are activated in term
labour are also activated in preterm labour. Premature enhanced activation of NF-kB
can be triggered by the presence of infection and inflammation. For example, a
positive feed forward loop also exists from the activation of NF-kB by the pro-
inflammatory cytokines such as TNF-a and IL-1 and subsequently leading to their own

transcriptional activation [187, 245, 275].

NF-kB inhibition is therefore an attractive target for the prevention of preterm labour
since, as well as inhibiting labor-associated genes involved in uterine contractility,
cervical ripening and fetal membrane rupture, it would also inhibit the pro-
inflammatory cytokine production. The outcome of which would be to both inhibit
preterm labour and the neurological damage associated with inflammation induced

preterm labour.

1.8 15-deoxy A **** Prostaglandin J2 (15dPGJ,)

15-deoxy-A 12,14-Prostaglandin J2 (15dPGlJ,) is an anti-inflammatory cyclopentenone
prostaglandin. It exerts anti-inflammatory effects through inhibiting the activation of
NF-kB [276]. 15dPGJ, inhibits NF-kB and COX-2 in both in human myocytes and
amniocytes in vitro [271]. It is also capable of delaying inflammation induced preterm
labour in the mouse in vivo [277]. In addition it reduces pup mortality from 75% to 5%
and inhibits pup brain NF-kB and JNK activation. 15dPGJ, is an endogenous
prostaglandin, and is a product of PGD, via a series of dehydration reactions, [278] as
summarised in Figure 1.4. It can accumulate intracellularly, and is detected in amniotic

fluid [279], placenta [280] and urine [281].
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15dPGJ; has multiple cellular targets. It is a ligand with high affinity to the peroxisome
proliferator receptors for example PPAR-y [247, 282]. 15dPGJ, can also act
independently of the PPARy through inhibition of different transcription factors such
as NF-kB [283] AP-1 [284] and NF-AT [285, 286]. Additionally, 15dPG)J; is a ligand for
chemoattractant receptor-homologous molecule 2 (CRTH2) that is present on Th2
cells, eosinophils and basophils [287]. The mechanism by which 15dPGJ, inhibits NF-kB
in amniocytes and myocytes is not yet fully understood. It is plausible that CRTH2 may

play a role in the inhibition, which warrants further investigation.

1.9 Chemoattractant receptor-homologous molecule expressed on T

helper 2 cells

Chemoattractant receptor-homologous molecule expressed on T helper 2 cells
(CRTH2) was first discovered by Nagata et al [287] in 1999 as a second receptor to
Prostaglandin D, (PGD;). Other names for CRTH2 include DP2, GPR44 and CD294. The
human CRTH2 gene is located at chromosome 1112, its transcript length is 2.9kb and
it has two exons and one intron [288]. As a typical G Protein coupled receptor it has
seven putative transmembrane domains [289], with two glycosylation sites at its N
terminus, and a long cytoplasmic tail with multiple phosphorylation sites [287]. CRTH2
is coupled to the G; type G proteins enabling it to inhibit adenylate cyclase and thus

decrease cAMP production.

Distribution of CRTH2 expression

CRTH2 is expressed on Th2 cells, eosinophils, basophils, monocytes and dendritic cells
[289, 290]. The T cells that express CRTH2 secrete interleukins typical of Th2 cells; IL-4,
IL-5, IL-13 [291]. These T cells include Th2 cells and Th2-type CD8" T cells (Tc2). In
cultured CD4" T cells CRTH2 expression is increased by IL-4, and inhibited by the Th1
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cytokine IL-12 [291, 292]. CRTH2 is not expressed on human Th1 cells, and this has led
to CRTH2 becoming a cell differentiation marker of Th2 cells [291].

Studies of the expression of CRTH2 on non-immune cells are limited, probably due to
the lack of antibodies available for detection using techniques other than FACS.
Human bronchial epithelial cells express CRTH2 as demonstrated by FACS analysis by
Chiba et al [293]. Other cell types reported to express CRTH2 include chondrocytes
[294], osteoblasts [295] and keratinocytes [296]. Nagata et al have demonstrated
CRTH2 mRNA in many human tissues; with high expression in heart, brain, stomach,
small intestine, liver, thymus, and placenta and moderate expression in the colon,
uterus, pancreas, prostate and peripheral blood leukocytes [287]. Although, it is
possible that the expression demonstrated in these tissues is through the presence of

infiltrating leukocytes.

Function of CRTH2

As alluded to by its name, upon stimulation CRTH2 leads to chemotaxis of leukocytes
including Th2 cells, basophils and eosinophils [291, 297, 298] . Up regulation of cell
adhesion molecules such as CD11b in eosinophils and basophils are likely to aid
migration of the cells to target locations [298]. CRTH2 stimulation also leads to up
regulation of CD40 in Th2 cells which is needed for T cell to B cell interaction, thus
implying a functional role in aiding leukocyte effector response [287]. It is likely that
CRTH2 plays a functional role in maintaining a Th2 cytokine bias since CRTH2 agonists
result in a dose dependent increase in the production of IL-4, IL-5, IL-13 and IL-10 in
cultured Th2 cells [217, 299]. CRTH2" T cells are increased at the maternal fetal
interface during pregnancy in women undergoing elective termination compared to
women with recurrent miscarriage, suggesting a protective role of CRTH2 in the
maintenance of pregnancy [300]. PGD, production from the placenta is likely to be
responsible for chemoattracting the CRTH2 positive cells and maintaining a pro-

pregnancy Th2 cytokine predominance at the maternal fetal interface [301].
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CRTH2 agonists and their downstream effects

Endogenous CRTH2 agonists include PGD, and 15dPGlJ,. In response to PGD,, CRTH2
induces intracellular calcium mobilization and chemotaxis in Th2 cells, eosinophils and
basophils in a G,/ dependent manner [297]. PGD, induces cytokine production via the
calcineurin and PI3K pathways as demonstrated by inhibition with calcineurin
inhibitors and the PI3K inhibitor Wartmannin [302]. 15dPGJ, induces calcium
mobilisation, actin polymerisation and up regulation of CD11b eosinophils via CRTH2
[303]. Up regulation of CD11b via CRTH2 may be mediated via Gq class proteins
leading to activation of p38 MAP kinase and phosphoinositol-3-kinase (P13K), as these
responses are resistant to the pertussin toxin [304]. The non-steroidal anti-
inflammatory agent Indomethacin is also an agonist of CRTH2. Indomethacin induces
Ca?* mobilization and cell migration via CRTH2 in Th2 cells, which is sensitive to the
pertussin toxin indicating a Gg; dependent mechanism [305]. Indomethacin also
induces Th2 cytokines in vitro [299]. The potential role of CRTH2 and CRTH2 agonists

for the immuno-modulation during pregnancy has not previously been examined.
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1.10 Summary and Aims

Preterm labour and long-term neonatal morbidity is associated with infection and
inflammation. NF-kB is a transcription factor that regulates both inflammatory and
labour associated gene expression. Preterm labour is associated with a switch from a
Th2 bias to a proinflammatory Th1 bias. Our group have previously shown that the
CRTH2 agonist 15dPGJ2 inhibits NF-kB in cultured human amniocytes and myocytes,

and delays inflammation induced preterm labour in the mouse.

This study aims establish if a small molecule CRTH2 agonist can replicate the effects of

15dPGJ2 with the potential of delaying preterm labour and reducing the adverse

effects on the neonate which are associated with inflammation induced preterm

labour.

In this thesis the following questions will be answered:

1. Is CRTH2 expressed in human amniocytes and myocytes?

2. Does a small molecule CRTH2 agonist inhibit NF-kB?

3. Do CRTH2 agonists modulate the Th1/Th2 cytokine profile in peripheral blood

mononuclear cells in pregnancy and labour?

4. Is uterine contractility inhibited by CRTH2 agonists?

5. Can a small molecule CRTH2 agonist delay inflammation induced preterm labour?
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2.1 Materials

2.1.1 Chemicals, Reagents and Solvents

Acrylamide (Biorad)

Acetic Acid (VWR)

Agarose (VWR)

Ampicillin (Sigma)

Bovine Serum Albumin (Sigma)
Brefeldin (Sigma)

Ca Cl, (Sigma)

Chloroform (Sigma)

Coomassie Brilliant Blue (Biorad)

15-deoxy-A 12,14-Prostaglandin J2 (15dPGJ,) (Cayman Chemicals)

DEPC treated water (Ambion)

Dextran (Fluka)

13, 14 dihydro 15 keto Prostaglandin D2 (Cayman Chemicals)

Dimethyl Sulfoxide (DMSO) (Sigma)
Ethanol (VWR)
Ethylenediaminetetraacetic acid (EDTA)
Ficoll Paque Plus (GE healthcare)
Fugene Transfection reagent (Promega)
Geneluice Transfection reagent (Novagem)
Glucose (Sigma)

Glycerol (BDH Chemicals)

Indomethacin (Sigma)

Interleukin-1B (R&D systems)
lonomycin (Sigma)

Isopropanol (Sigma)

LPS 0111:B4 (Sigma)

LPS 055:B5 (Sigma)
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LPS 0128:B12 (Sigma)

LPS 0127:B8 (Sigma)

LPS Salmonella Smooth Form (Alexis)
Methanol (VWR)

MgCl; (Sigma)

NaCl, (Sigma

NP-Alternative (Calbiochem)

Optilyse (Beckman Coulter)
Paraformaldehyde (VWR)

Phorbol 12 myristate 13 acetate (PMA) (Sigma)
Prostaglandin D, (Cayman Chemicals)
Protein ladder (Promega)

Pyl A and Pyl B (Oxygen Healthcare)
Rat Serum (Sigma)

Robosep (Stem Cell Technologies)
Saponin (Sigma)

SDS 20% (National Diagnostics)
Skimmed Milk (Sigma)

S.0.C Media (Invitrogen)

Sodium Azide (BDH Chemicals)

Sybr green (Applied Biosystems)
Sybr safe DNA gel stain (Invitrogen)
TEMED (Sigma)

Tetraethyl ammonium chloride (Sigma)
Tris (Sigma)

Trypan Blue (Sigma)

Tween 20 (BDH)

Versalyse (Beckman Coulter)

X481 (Glaxo Smith Kline)
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2.1.2 Antibodies

Primary Antibodies

B-actin Cat no. A 2228, Sigma

CD4-APC Cat no. 551980, BD Pharminogen
CD11b- PE Cat no. 555388, BD Pharminogen
COX-2 (C-20) Cat no. 1745, Santa Cruz
CRTH2-PE Cat no. A07413, Beckman Coulter
CRTH2 Cat no. PR- 4029, ProScience

CRTH2 Cat no. PR- 4027, ProScience

CRTH2 Cat no. 23092, Santa Cruz

CRTH2 Cat no. 2178, Santa Cruz

p-65 Cat no 8008, Santa Cruz

Phospho-p65 (Ser 536) Cat 3033s, Cell signalling
CD49d-APC cat no 130-093-281, Miltenyi Biotec
IFN-y-FITC Cat No. 554700, BD Pharminogen
IL-4- PECy7 Cat no. 500824, BioLegend
TNF-a—FITC

Secondary antibodies

Anti Rabbit IgG HRP Cat no. 7074, Cell Signalling
Anti Rat HRP Cat 61-9520, Invitrogen

Donkey anti Goat-HRP Cat no. SC 2020 Santa Cruz
Goat anti Mouse-HRP Cat no. SC 2005 Santa Cruz

Isotype controls

APC Mouse IgG1 k isotype Control Cat no. 550854, BD Pharminogen

APC mouse IgG2b isotype control Cat no. 130-092-217, Miltenyi Biotec

FITC Mouse IgG1 k isotype control Cat no. 554679, BD Pharminogen

PE Rat IgG2a isotype control (matched to CRTH2-PE) Cat no. 731666 Beckman Coulter
PE/Cy7 Rat IgG1 k isotype control antibody Cat no. 400416, BioLegend

PE Mouse IgG1 « isotype control Cat 555749, BD Pharminogen
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2.1.3 Cell culture materials

Collagenase Xl or IA (Sigma)

Dispase (Gibco)

Dulbecco’s Modified Eagles Medium (Sigma)

Fetal calf serum (Sigma)

L-glutamine (Sigma)

Penicillin Streptomycin (Sigma)

RPMI medium (Invitrogen)

Trypsin/EDTA (Sigma)

Plastic ware (from Appleton woods): T25 cell culture flask, 24 well plates cell strainer,

filter unit, 50 and 15 ml falcons, conical flasks.

2.1.4 Buffers

Buffer A (Cytosolic)
10 mM HEPES

10 mM KCL

0.1 mM EDTA

0.1 mM EGTA
2mM DTT

1% v/v NP-40 and Complete protease inhibitor (Roche)

Buffer B (Nuclear)

10 mM HEPES

10 mM KCL

0.1 mM EDTA

0.1 mM EGTA

2mM DTT

400 mM NacCl,

1% v/v NP- 40 and Complete protease inhibitor (Roche)

Whole cell lysis buffer 10X (Cell Signalling)
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2.1.5 RNA and DNA synthesis

DNAse Buffer 10x (Invitrogen)
DNAse Grade 1 (Invitrogen)

DNA ladder (Invitrogen and Bioline)
DNA loading dye (Invitrogen)

dNTP 10 mM (Invitrogen/Novogem)
DTT 0.1mM (Invitrogen)

EDTA 25 mM

Oligo DT (Invitrogen)

Primers (Thermo Scientific)
Random Hexamer (Invitrogen)

RNA later (Sigma)

RNAse Out (Invitrogen)

Solution Q 5x (Qiagen)

Superscript Il (Invitrogen)

Taq Pol (Qiagen)

Trizol (Invitrogen)

Qiagen PCR buffer 10x (Qiagen)

2.1.6 Cloning, sequencing, transfection and in vitro transcription translation

AMAXA Basic Nucleofector Smooth Muscle Cell Kit (Lonza)

AMAXA Basic Nucleofector Primary Mammalian Epithelial Cell kit (Lonza)

DNA Maxiprep/Miniprep kit (Qiagen)
Endonuclease (New England Biolabs)
Escherichia coli TOP 10 (Invitrogen)
Geneclean Column kit (Qiagen)
Geneclean Spin Kit (Qbiogene)

Gen Elute Gel Extraction Kit (Qiagen)
Methionine 1mM/?°S (Perkin Elmer),

pSG5 Vector (Agilent Technologies)
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pCR® -Bluntll-TOPO’ (Invitrogen)

T4 DNA ligase (Invitrogen)

T7 TNT Coupled Reticulocyte Lysate System (Promega)
TOPO cloning kit (Invitrogen)

2.1.7 Western and ELISA

High Performance chemiluminescence film (GE healthcare)
Laemelli buffer x4

0.2 M Tris pH 6.8

8% SDS

40% Glycerol

0.4M DTT

0.4% Bromophenol Blue

Polyacrylamide 10% Resolving gel

10% Acrylamide

Tris HCl pH 8.8

0.1% SDS

0.1% Ammonium Persulfate
0.04% TEMED

Polyacrylamide 5% Stacking gel

5% Acrylamide

Tris HCl pH 6.8

1% SDS

1% Ammonium Persulfate
0.1% TEMED

Phosphate Buffered Saline (PBS) (In house)
PVDF membrane (Millipore)

Running Buffer 1x SDS (In house)

1x TBS (In house)

1x TBS-T (In house)
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Transfer Buffer

100 mls TB buffer 10x
200 mls Methanol

700 mls Distilled Water
3.75 mls 10% SDS

TH1/Th2 Multiplex ELISA kit, Meso scale Discovery

2.1.8 Contractility

Gas 95% 0, 5% CO,, BOC

Krebs henseleit buffer pH 7.4
Glucose 2.0g/L

MgS0, 0.141g/L

KH,P0O, 0.16g/L

KCl 0.35 g/L

NaCl, 6.9g/L

CaCl, 0.373g/L

NaHO; 2.1g/L

Muscle Strip Myograph 800MS, DMT

Powerlab software, ADInstruments

2.1.9 Murine study

Morphine
Isofluorane

CD1 Outbred Mice (Charles River)
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2.2 Primary Cell culture

2.2.1 Amnion epithelial cells (Human)

Amnion was collected from women on the Labour ward at Queen Charlotte’s hospital
in accordance with the Ethical approval Ref 2002/6283. Pre-labour amnion was taken

from women undergoing elective caesarean section at term.

Amnion was separated from the choriodecidua, cut into strips and washed in
phosphate buffered saline (PBS). It was then incubated in 0.5 mM of EDTA-PBS for 15
minutes at room temperature, followed by a PBS rinse. The intracellular matrix was
digested in pre-warmed dispase at 2g/L in PBS for 45 minutes at 37°C. The epithelial
cells were then isolated by shaking the amnion strips vigorously in Dulbecco’s modified
Eagle’s medium, DMEM for 3 minutes, then pelleted by centrifugation for 10 minutes
at 2000rpm. Cells were resuspended in DMEM containing 10% fetal calf serum, 2
mM/L L-glutamine, 100U/ml Penicillin and 100 pg/ml of Streptomycin and grown to
confluence in T25 flasks at 5% CO,.

2.2.2 Myometrial Smooth Muscle cells (Human)

Myometrial biopsies were collected from women on the Labour ward at Queen
Charlotte’s hospital in accordance with Ethical approval (Ref 3358). Pre-labour

myometrium was collected at time of elective caesarean section.

Myometrial biopsies were taken from the upper margin of lower segment incisions
during elective caesarean sections. Tissue was washed in PBS, and mechanically
dissected with two sterile blades to form a paste-like texture. Cells were isolated by
incubating with 15 mg of Collagenase 1A, 15 mg of Collagenase X and 50 mg of BSA in
30 mls of PBS for 45 mins at 37°C. The suspension was filtered through a cell strainer
and centrifuged at 400 g for 5 minutes. The cells were resuspended and cultured in

DMEM as described in above.
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2.2.3 Peripheral Blood Mononuclear cells (Human)

Blood from pregnant and non-pregnant women was collected in accordance with the
South East London Ethics approval Ref: 10/H0805/54. 4mls of blood was collected in
sodium citrate vacutainers. Two methods were used for leukocyte isolation,
depending on the leukocyte fraction of interest. For isolating granulocytes, dextran

was used, and for isolating lymphocytes Ficoll was used.

a) Dextran
The white cell fraction was isolated by incubating 4 mlis of blood with 4mls of 4.5%
Dextran (Fluka Analytical) in PBS for 45 minutes at 4°C. The leukocyte fraction was

centrifuged at 500g for 10minutes, and the pellet was resuspended in PBS.

b) Ficoll

For lymphocyte isolation, 4 mls of blood was mixed with 4 mls of PBS. 4 mls of
blood/PBS was layered over 3 mls of Ficoll (GE healthcare), and centrifuged at RT for
40mins at 400g. The supernatant was discarded and the Lymphocyte halo was washed
in PBS and resuspended in RPMI 1604 medium with 10% fetal calf serum and 2 mM/L
L-glutamine, 100U/ml Penicillin and 100 pg/ml of Streptomycin and plated in 24-well

plates.

67



Chapter 2: Materials and Methods

2.3 Protein extraction

2.3.1 Whole cell lysate preparation

Adherent cultured cells (amniocytes and myocytes) were collected using a cell scraper
and placed in whole cell lysis buffer (Cell Signalling) with 5 pl/ml of protease inhibitor
(Sigma). Cells were incubated on ice for 20 minutes and centrifuged at 13,000rpm for
10 minutes at 4°C. Whole cell lysates from tissue were prepared by homogenising in
lysis buffer, centrifugation and collection of supernatant. Leukocytes were collected
using a 1ml pipette and incubated on ice in lysis buffer for 5 minutes and centrifuged

for 20 minutes at 13,000rpm at 4°C. The supernatant was stored at -80°C until use.

2.3.2 Nuclear and Cytosolic protein extraction

Cells were collected as described in 2.2.1 and lysed in Buffer A (10 mM HEPES, 10 mM
KCL, 0.1 mM EGTA, 0.1 mM EDTA, 1mM DTT, 1%(v) NP-40 with protease inhibitor),
with the cytosolic fraction collected following centrifugation at 13,000rpm for 60s at
4°C. The pellet was then resuspended in Buffer B (10 mM HEPES, 10 mM KCL, 0.1 mM
EGTA, 0.1 mM EDTA, 2MM DTT, 400 mM NaCl, and 1% v/v NP-40 and protease
inhibitors), incubated on a shaker for 15 minutes at 4°C, and then centrifuged at

13,000 rpm for 5 minutes at 4°C . The supernatants were stored at -80°C until analysis.

2.3.3 MSD protein extraction buffer for Multispot Elisa

Murine brain and myometrium was collected and snap frozen on dry ice and stored at
-80 until use. For protein extraction, tissue was grinded with a pestle and mortar in
liquid nitrogen and homogenised in MSD lysis buffer (150mM NaCl,, 20mM Tris pH 7.5,
1mM EDTA, ImM EGTA, 1% Triton X-100, with Phosphatase Inhibitor (Sigma) and

Protease inhibitor (Roche)).
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2.3.4 Protein guantification

Protein quantification was performed using the BIORAD assay, measuring absorbance

at 655 nm.

2.4 RNA extraction

Total RNA was isolated from tissue, primary cell cultures and Peripheral blood
mononuclear cells using Trizol© according to the manufacturer’s instructions. Briefly,
tissue was washed in PBS and homogenised using the power homogeniser in 1ml of
Trizol© per 100 mg of tissue. For primary cell cultures 1 ml of Trizol© was added to
each T25 flask or 200ul per well of a 6 well plate and cells were collected using a cell
scraper. Prior to RNA extraction from white blood cells, the white cell fraction was
prepared from blood by incubation with 4.5% Dextran in PBS for 45 minutes at 4°C.
This fraction was then centrifuged for 10 minutes at 200g and the resulting pellet was

resuspended in 1 ml of Trizol© per 1 ml of white cell fraction.

2.5 cDNA synthesis

RNA was treated with DNase to remove contaminating DNA. 1 pg of RNA was
incubated with 1 pl DNase and 1 ul of DNase buffer made up to 10 ul volume with
DEPC treated water for 15 minutes at room temperature. The reaction was terminated
by the addition of 1 ul of 25mM EDTA for 10 minutes at 65°C. 8 pl of the DNAse
treated mix was incubated with 1 pl of 10 mM dNTP and 1 pl of Oligo DT (12-18
0.5ug/ml) for 5 minutes at 65°C. To this mix 2 ul of 10x RT buffer, 4 ul of 25 mM
MgCl,, 2 ul of 0.1m DTT, 1 ul of RNAse Out and 1pul of Superscript Il was added. (In
the reverse transcriptase controls no Superscript Ill was added). The mix was
incubated at 42°C for 10 minutes and the reaction was terminated at 70°C for 15
minutes. 0.5 ul of RNAse H was added and mix was incubated at 37°C for 20 minutes.

Samples were stored at -20°c until further use.
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2.6 Polymerase Chain Reaction (PCR)

PCR is used to amplify specific DNA sequences from a small amount of template and
provides information on gene expression as it amplifies cDNA reverse transcribed from
messenger RNA. Paired oligonucleotide primers for amplification of genes of interest
were either designed by Primer 3 software or were based on publications. Primers
were checked against sequences of the genes of interest using GenBank sequences.
The primer sets produced amplicons where the intron/exon boundary was crossed

wherever possible. Non-template reverse transcriptase controls were used.

2.6.1 Reverse Transcriptase Polymerase Chain Reaction

The PCR programmes varied depending on the primers and the gene of interest. All
reactions included a denaturing step to denature the primers and DNA template.
Cooling then allowed for annealing of the primers to the target sequence. The DNA
polymerase (Tag Po or PFU Turbo) extends the primers at the 3 prime end. Repeated

cycling results in exponential production of the target sequence.

For detection of human CRTH2 in Amniocytes, Amnion, Myocytes, Myometrial,
Choriodecidual and Placental tissue a 309bp CRTH2 transcript was amplified using PCR
mix A, PCR program A, and Primers A, Tables 1-3. In preparation for cloning human
CRTH2 white blood cell cDNA was used and a 1.188kb transcript was amplified using
PCR mix C, Program C, and Primers C, Tables 1-3.

A 344bp CRTH2 transcript was amplified from murine myometrial tissue cDNA using
PCR mix A, Primers E, with the following programme: 94°C for 3 minutes, and 34 cycles
of 94°C for 1 minute to denature, 63°C for 1 minute to anneal, and 72°C for 3 minutes

to extend, followed by a 10 minute holding step at 72 °C. (See Tables 1-4)
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2.6.2 Quantitative Polymerase Chain Reaction

Quantitative PCR was performed with SYBR Green PCR mix. The cycle at which the
fluorescence reaches a preset cycle threshold (non-template control threshold) was
used for quantification. The AAC, method was used for comparative analysis, with
data normalised relative to two endogenous housekeeping genes, B actin and L19 or

GAPDH to serve as endogenous controls.

For quantification of human amniocyte and myocyte CRTH2 a 114bp transcript was
amplified using PCR mix B, TAQMAN program B, and Primers B, Tables 1-3. Myometrial
murine tissue was used to quantify the Thl and Th2 cytokines using PCR mix B,

TAQMAN program B and the relevant primers in Table 4.

2.6.3 Agarose gel electrophoresis

PCR products were detected using 1-1.5% Agarose gels to confirm product sizes.
Agarose was microwaved in 1x TBE buffer until dissolved. On cooling 1:10000 Sybr
Safe gel stain was added, and the gel was allowed to set. Once set the PCR product
was diluted with 6x loading buffer and loaded onto the gel. The gel electrophoresed at
100 V for 20-40 minutes. The gel was transilluminated and photographed under UV
light.
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Table 1 PCR Mix

PCR Mix A B C

Enzyme Taq Po 0.5 ul Sybergreen 12.5ul PFU turbo 0.5 pul

CRTH2 Forward | 0.5 ul (3.2 pmol | 0.06 pl (20um stock) | 0.5 pul (3.2 pmol

Primer stock) stock)

CRTH2 Reverse | 0.5 ul (3.2 pmol | 0.06 pl (20um stock) | 0.5 pl (3.2 pmol

Primer stock) stock)

cDNA 2 ul (600ng/ ul) 1l 1l

Water 17 ul 11.38 pl 11 pl

Buffer 2.5 ul X10 Qiagen | n/a 2.5 pl 10% buffer
buffer PFU

dNTP  mix (2mM | 2.5 ul n/a 2.5 ul

Novagem)

5x Solution Q 5ul n/a 5ul

25mM MgCl, 1.5 ul n/a 1.5 ul

Volume of mix 25 ul 25 ul 25 ul

Table 2 PCR Program

Program A B C

Polymerase 95°C 3 min 50°C 2 min 95°C 3min

activation

Denature 94°C 1 min 95°C 10 min 94°C 1 min

Anneal 67°C for 1 min 95°C 15s 75°C 1 min

Extend 72°Cfor 2 mins 60°C 1min 72°C2 min

Hold 72°C for 10mins Hold 72°C 10min

Cycles 35 40 36
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Table 3 Primers (Human)

Forward Reverse (Anti sense) Size
A| CRTH2 CCTCTGTGCCCAGAGCCCCACGATGTCGGC CACGGCCAAGAAGTAGGTGAAGAAG 309bp
CRTH2 CCTCTGTGCCCAGAGCCCCACGATGTCGGC ATGTAGCGGATGCTGGTGTTG 114bp
C| CRTH2 GGC ACTCACACGCGAAAGTAT ACCAGGGTGCCGCGGTTC 209bp
D| CRTH2 CTGCCCTTCTTCACCTACTTCTTGGC GTGTCCCGGAACACGAAATAGGGCAC 265bp
E| CRTH2 GGATCCATGTCGGCCAACGCCACACTGAAGCC AGATCTCTAACTCGAGGTGCTGCTCAGCGCCC 1188bp
BamH I site Bgl Il site
F| CRTH2 T7 TAATACGACTCACTATAGG SG5 GAAATTTGTGATGCTATTGC n/a
For CRTH2 insert TCACCAGCCTGGCCTTCTTC CRTH2 insert TGCAGTTTGCAGAAGGTGGTG
G| GAPDH TGATGACATCAAGAAGGTGGTGAAG TCCTTGGAGGCCATGTAGGCCAT 240bp
Table 4 Primers (Murine)
Forward Reverse Size
H| M CRTH2 CGTAGCCGTGAGCCTGCGACTG GGCGATTGCGGAGCCCACCACT 344bp
I'{| MIFNy AGCGGCTGACTGAACTCAGATTGTAG GTGTAGTCAGTTTTCAGCTGTATAGG 252bp
J| MTNFa CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 175bp
K| MIL-10 ACCTGGTAGAAGTGATGCCCCAGGCA ACCTGGTAGAAGTGATGCCCCAGGCA 237bp
Ll MIL-4 CGAAGAACACCACAGAGAGTGAGCT GACTCATTCATGGTGCAGCTTATCG 181 bp
M M B Actin AGGCTGTGCTGTCCCTGTAT GCTGTGGTGGTGAAGCTGT 201 bp
N| M GAPDH CTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA 170bp
O| ML-19 GAAAAAGAAGGTCTGGTTGGA TGATCTGCTGACGGGAGTTG 72 bp
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2.7 Cloning and sequencing of CRTH2

In order to achieve a good positive control for determining the presence of CRTH2 at
the protein level | cloned CRTH2. Human peripheral leukocytes were used to extract
mMRNA and to reverse transcribe to cDNA in order to amplify the whole length of

CRTH2 for cloning.

2.7.1 cDNA synthesis

Peripheral blood leukocytes were isolated using Dextran 4.5% and mRNA was
extracted with Trizol© as described in section 2.4. 1ug of DNAse treated RNA was
incubated with 1 pl of 10 mM dNTP and 3 pl of Random hexamer for 5 minutes at
65°C. To this mix 1ul of 10x RT buffer, 4 ul of 25 mM MgCl,, 2 ul of 0.1mDTT, 1 pl of
RNAse Out and 1 ul of Superscript Il was added. The mix was incubated at 25°C for 10
minutes 50°C for 50 minutes and 85°C for 5 minutes. The mix was chilled on ice and 1

pl of RNAse H was added and incubated at 37°C for 20 minutes.

2.7.2 CRTH2 amplification

A 1.18kb transcript was amplified from white cell cDNA with primers from Table 3 (C).
The reaction mix was as described in Table 1 (C). The reaction protocol was as
described in Table 2 (C). The primers introduced a BamH 1 digest sequence upstream
of the CRTH2 coding sequence and a Bgl |l restriction digest sequence downstream.

The fragment was then separated on a 1% Agarose DNA gel.

2.7.3 Purification of DNA from agarose gel

The whole length of CRTH2 was cut out of the gel under UV light vision and the Gene

Clean Spin Kit was used according the manufacturer’s instructions. The gel was melted
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in 400 pl of GC SPIN GLASSMILK in the Geneclean spin filter at 55°C for 5 minutes. The
liquid was spun at 12,000g into a catch tube. The filter was washed with 500 ul of GC
SPIN NEW Wash, and spun for 30 seconds, a repeat wash step was performed and
then a repeat spin for 1 minute was performed to dry the DNA pellet. The DNA was
eluted with 50 ul of GC SPIN Elution Solution, and the spin filter was transferred to a

fresh catch tube and spun for 30 seconds at 12,000 x g to collect the eluted DNA.

2.7.4 Cloning into intermediate vector; pCR® -Bluntll-TOPO’

The PCR product (gel elute) was cloned into a TOPO Vector according to
manufacturer’s instructions. Briefly, ligation was performed with 1 ul of PCR product, 1
ul of TOPO salt solution, 3 ul of Nuclease free water H,0 and 1 pl of TOPO-II vector for
30 minutes at room temperature. Top10 E.coli cells were transformed with 1 pl of
cloning reaction by heat shock at 42°C for 45 seconds and cooled on ice for 2 minutes.
150 pl of S.0.C medium was added to the transformed cells and incubated at 37 °C for
1 hour, and then plated onto ampicillin plates and incubated overnight at 37°C.
Colonies were then selected the next day and 3mls of L-Medium was inoculated and
incubated overnight at 37°C on a shaker set at 200rpm. The next day the medium was
centrifuged at 3800rpm at 4°C and the DNA pellet was isolated using the QlAprep
Miniprep Spin Kit. Briefly the pellet was resuspended in 250 pl of Buffer P1, 250 ul of
Buffer P2, 350 ul of Buffer N3 and centrifuged at 13000 rpm for 10 minutes. The
supernatant was transferred to the Miniprep spin column and centrifuged for 15
seconds. The column was washed with Buffer PE and centrifuged dry. DNA was eluted

with 50 pl of dH,0 and quantified by Nanodrop.
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The plasmid was digested at the BamH 1 and Bgl Il sites using 2 ul of Buffer 3 (New
England Biolabs), 0.5 ul BSA, BamH 1 and Bgl Il digestion enzymes and 2 pg of Plasmid
DNA for 90 minutes at 37 °C. The products were then run on a 1% DNA Agarose gel,
cut and purified using the Geneclean kit for insertion into the pSG5 vector. The map of
the pCR Blunt TOPO is shown in Figure 2.1 showing the insertion point of the PCR

product.

2.7.5 Cloning into the pSG5 Vector

Ligation was performed with 1 ul of T4 ligation enzyme, 2 ul of T4 buffer, 1 ul of pSG5
vector, 1.5 ul of insert, and 4.5 pl of water overnight at 16°C. E.coli Top 10 competent
cells were transformed as above. Colonies were grown overnight on ampicillin plates
at 37°C, all colonies were picked and L medium was inoculated and incubated
overnight at 37°C. All colonies were purified using the QuickLyse Miniprep kit. Plasmid
DNA for each colony was digested at the BamH 1 and Bgl Il sites, as shown in Figure
2.2, and run out on a 1% Agarose gel to confirm product insertion and the correct size
of product. 8 colonies of 24 were selected based on correct size of product insertion to
transform and place into the pSG5 vector, plated out, and isolated again with the
QlAprep Miniprep spin kit for good quality DNA. Plates were stored at 4°C. Plasmids

were digested the insert purified for sequencing.
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Figure 2.2 Map of the pSG5 Vector
This map shows insertion and ligation sites.
The pSG5 Vector From the Agilent Technologies data sheet
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2.7.6 DNA sequencing

Sequencing of the plasmid DNA was performed by the MRC Clinical Sciences Centre at
Imperial College. The sequencing reaction contained the 1 pl of T7 Forward or pSG5
Reverse primer with 600ng of DNA in a 10 ul volume. See Table 3 for primers

sequence.

2.7.7 Plasmid DNA preparation for transfection

Once sequences were confirmed to be correct and inserted in the correct orientation,
the stored plates with the colonies of transformed cells were re-picked, and 5mls of
LB-Broth was inoculated and incubated at 37°C on the shaker at 200rpm for 8 hours.
1ml of the LB- Broth starter culture was placed into 250mls of LB-Broth on the shaker
overnight ay 37°C. The following day the medium was transferred into a conical
centrifuge tube and centrifuged for 20 minutes at 3600 rpm at 4°C. The supernatant
was discarded and the bacterial pellet was purified with the QlAprep Maxiprep Kkit.

10mls of Buffer P1 and 10mls of Buffer P2 were added and incubated for 5 minutes at
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room temperature. 10mls of Buffer P3 was added and incubated for 10minutes in a
filter cartridge. The lysate passed through the cartridge into a HiSpeed Maxi tip and
entered a resin and was then washed with 60mls of Buffer QC. 15mls of Buffer QC was
used to collect the DNA elutant which was then precipitated with Isopropanol. The
elutant was passed though the QlAprecipitator and was dried with flushing of air.
1.5mls of Buffer TE was passed through the precipitator to collect the DNA into a

microcentrifuge tube.

2.8 Transfection of CRTH2

Myocytes

Myometrial smooth muscle cells were cultured in six well plates until they reached 90-
95% confluence. The AMAXA Basic Nucleofector Smooth Muscle Cell Kit was used to
transfect the cells. GFP was used as a positive control for the transfection efficiency.
On the day of transfection cells were Trypsinised and centrifuged at 100 x g for 10
mins at room temperature. Approximately 1x10 ° cells were then resuspended in 100
pl of the Nucleofector solution with either 2ug of CRTH2 expression vector or 2 ug of
GFP. The cell suspension was transferred into the cuvette and placed into the
Nucleofector Program and electroporated on Program A-033. 500 pl of prewarmed
medium was added and cells were gently plated into fresh six well plates. Cells were
incubated at 37 °C in humidified 5% CO,. Medium was changed 18 hours post
transfection. Gene expression of GFP was determined by fluorescent microscope on
day 1, day 2 and day 3-post transfection. Gene expression of CRTH2 was determined

by Flow cytometry on day 1, day 2 and day 3.

Amniocytes

For transfection of CRTH2 into amniocytes; primary amnion epithelial cells were
cultured until 80% confluence. Geneluice® (Novogem) or Fugene (Promega)

transfection reagent was used according to manufacturer’s guidance with 1 pug of DNA

78



Chapter 2: Materials and Methods

per well. Cells were grown in 6 well plates and at the time of confluence the
transfection reagent was added to the wells together with 1ug of CRTH2 expression
vector. Cells were harvested for analysis after 24 hours. GFP was used as a positive

control for the transfection efficiency.

2.9 In vitro transcription translation

CRTH2 expression in a cell free system was examined with the T7 TNT Coupled
Reticulocyte Lysate System. This was in order to produce high quantities of CRTH2, and
to demonstrate CRTH2 at the protein level without the need for antibodies. The TNT
mix and cold Methionine 1mM were incubated with 0.2 ug of the CRTH2 expression
vector 30°C for 90 minutes. The product underwent gel electrophoresis and western
blotting as described in section 2.10. The membrane was probed with antibodies 1, 2
and 3 from Table 5 and detection was with chemilluminescent substrate of
horseradish peroxidase. In order to demonstrate CRTH2 without the use of antibodies
cold Methionine was substituted with radioactive **S Methionine. The product
underwent gel electrophoresis and was transferred onto a membrane. Detection was

by x-ray film.

2.10 _Sodium__dodecyl sulfate polyacrylamide (SDS-PAGE) gel

electrophoresis and Western blotting

2.10.1 SDS polyacrylamide gel electrophoresis

The SDS polyacrylamide gel was prepared as the stacking gel and then the resolving
gel. TEMED and Ammonium persulphate polymerise both stacking and resolving gels.
Once the stacking gel was set, the resolving gel was layered on top, and the 10 well
comb added. As the gel was setting, protein was denatured at 100°C with 4x loading

dye for 5 minutes. Once set, the gels were mounted in the BIORAD tanks and combs
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were removed and wells were rinsed with running buffer prior to loading protein.
Protein ladder and protein of interest were loaded and gels electrophoresed in 1x SDS
Running buffer at 100V until passage into the stacking gel, and then 140V until the dye

front had migrated to the bottom of the gel.

2.10.2 Western blotting

PVDF membrane was activated with methanol for 1 minute and distilled water for 3
minutes prior to transfer. Resolved gels were allowed to equilibrate in Transfer buffer
prior to transfer. The BIORAD wet transfer technique was used. The layers consisted of
(from bottom to top): sponge; two layers of Whatman paper; the gel; the membrane;

two layers of Whatman paper and sponge.

The sandwiched unit was then enclosed in the BIORAD transfer tank with the
membrane towards the anode and the gel towards the cathode. Transfer was for 90
minutes at 100V at 4°C. Following transfer, the membrane was re-activated in
methanol for 1 minute and distilled water for 3 minutes. The membrane was then
blocked in 5% milk in 1x TBS-T for 1 hour. Primary antibodies were used at varying
concentrations and incubated at varying times. (See Table 5) After primary and
secondary antibody incubations membranes were washed in 1x TBS-T for 10, 10 and
10 minutes. Detection was achieved using chemilluminescent substrate of horseradish

peroxidase.
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Table 5 Antibodies

Primary Catalogue | Dilution Incubation Secondary Antibody 1

Antibody No hour at room temp

1 CRTH2 goat Sc- 23092 | 1:200 TBS | Overnight, 1:2000 TBS 1% milk
1% milk 4°C donkey anti goat

2 CRTH2 rat Sc-21798 | 1:500 TBS | Overnight, 1:3000 TBS 1% milk goat
1% milk 4°C anti rat

3 CRTH2 rabbit | PR-4029 1:500 TBS | Overnight, 1:2000 TBS 1% milk
1% milk 4°C mouse anti rabbit

4 CRTH2 rabbit | PR-4027 1:500 TBS | Overnight, 1:2000 TBS 1% milk
1% milk 4°C mouse anti rabbit

5 P65 mouse SC8008 1:1000 1 hour Room | 1:2000 TBS 1% milk goat
TBS 1% | temp anti mouse
milk

6 Phospho-p65 | 3031S 1:1000 in | Overnight, 1:2000 TBS 1% milk anti

rabbit TBS 4°C rabbit

7 Progesterone | N/a 1:1000 Overnight, 1: 2000 TBS 1% milk goat

mouse TBS 1% | 4°C anti mouse
milk

2.10.3 Protein Sequencing

Whole cell lysates were prepared from positive controls (human heart and white cells),

amnion and myometrial samples, and underwent electrophoresis. Membranes were

stained with Coomassie blue (BIORAD) and bands cut at relevant sizes according to

ladder and corresponding western blots. Membranes and bands were sent to

Cambridge University Department of Biochemistry for N terminal sequencing using the

Edman technique, carried out by Cambridge University Department of Biochemistry.
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2.11 Flow cytometry

2.11.1 Cell surface staining (CD11b and CD49D)

Blood was collected from non-pregnant patients in vacutainers containing the
anticoagulant citrate. The white cell fraction was isolated by incubating with 4.5%
Dextran for 45 minutes at 4°C. Following centrifugation of the fraction the cells were
resuspended with PBS containing CaCl, (0.9mM) and MgCl, (0.5mM) and counted.
Cells were then pre-incubated at 37°C, followed by treatment with the CRTH2 agonists
at 0.1 um, 1 um and 10 um for 15 minutes. The reaction was terminated by the
addition of 1 ml of ice cold FACSFlow. In experiments with the CRTH2 antagonist, pre
incubation with x481 was performed for 10 minutes at 37°C. The cells were then
centrifuged at 400g for 5 minutes at 4°C and resuspended in Robosep for labelling with
PE anti-CD11b and APC anti-CD49D for 10 minutes at 4°C in the dark. The red cells
were then lysed by the addition of Optilyse-C for 10 minutes in the dark at room
temperature. Cells were then washed and resuspended in PBS and 1% FBS for analysis.
Eosinophils and basophils were identified as CD49D positive and by high side and
forward scatter, as shown in Figure 2.3. Flow cytometry settings were as follows:
Forward scatter EO Voltage, 1.00 Amp gain Lin, and Side scatter of 329 Voltage, 1.00

Amp gain Lin.
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Figure 2.3 Forward and Side scatter profile of Peripheral Blood cells isolated using Dextran
Granulocytes have the highest forward and side scatter. Lymphocytes have a lower forward
and side scatter than granulocytes and monocytes. Monocytes have a high forward scatter but
low side scatter
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2.11.2 Cell surface staining (CRTH2 and CD4)

Blood was collected in vacutainers containing the anticoagulant citrate and diluted 1:1
in PBS. 4mls of blood/PBS was carefully layered over 4 mls of Ficoll-Paque™ PLUS and
centrifuged at 400 x g for 40 minutes at room temperature. The peripheral blood
mononuclear cells formed a halo and was collected gently and washed twice in PBS.
During the second wash, 10ul of the PBMC suspension was added to 10ul of Trypan

Blue for a cell count with the Neubauer haemocytometer.

The PBMC pellet was resuspended to obtain roughly 3.5 x 10° per eppendorph in 30ul
of staining buffer (1% Fetal Calf Serum, 0.09% Sodium Azide in PBS). 20ul of CRTH2-PE
and 3ul of CD4-APC was added and cells were incubated for 1 hour at 37°C. 3ul of
Mouse 1gG1 k —APC and 1ul of Rat IgG2a- PE Isotype controls were added to relevant
tubes. Cells were washed and resuspended in PBS for analysis. Flow cytometry settings
were as follows: Forward scatter EO Voltage, 1.00 Amp gain Lin, and Side scatter of 329
Voltage, 1.00 Amp gain Lin. 50,000 cells were counted and gating was on lymphocytes
based on the forward and side scatter. Lymphocytes were identified according to

forward and side scatter, as shown in Figure 2.4.
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Figure 2.4 Forward and Side scatter profile of Peripheral Blood cells isolated using Ficoll
Paque. Lymphocytes are the most abundant leukocytes isolated with this technique.
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2.11.3 Cell surface staining of Amniocytes and Myocytes

Amniocytes

Amnion epithelial cells were prepared as described in section 2.2.1. Cell surface
staining with the CRTH2-PE antibody was performed on cells before culturing and on
day 1 of culture. Cultured cells were trypsinised and washed and resuspended in
Robosep for staining. Cells were incubated with either 20 ul of CRTH2-PE or Isotype
control 1 hour at 37 °C. The following settings were used for analysis: Forward Scatter
E1; Voltage 4.77; Amp gain Lin; Side scatter of 320; Voltage 1.00; Amp gain Lin; FL2 347

log. A discrete population of amniocytes is shown in Figure 2.5.
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Myometrial smooth muscle cells were prepared as described in section 2.2.2. Cells
were grown to 100% confluence and harvested by trypsinisation. Cells were washed
and resuspended in PBS with 2% FCS for staining. Cells were incubated with 20 pl of
CRTH2-PE or isotype control for 1 hour at 37°C. Cells were washed with PBS and
resuspended in 250 pl of PBS for analysis. The following settings were used for
analysis: Forward Scatter E1; Voltage 4.37; Amp gain Lin; Side scatter of 197; Voltage
log; FL2 350 log. Two discrete populations of myocytes are shown in Figure 2.6, which
is likely to reflect the different spindle and more rounded cells, or the different

responses seen to trypsinisation.

Figure 2.6 Forward and side scatter profile of
myocytes The discrete population of myocytes are
gated in Region 1. Myocytes appear as two
populations, one is likely to reflect the spindle shaped
myocytes and the other is likely to represent the more
rounded myocytes.

It is also possible that these populations may reflect
the recovery of the shape of the myocytes post

0 200 00 600 800 1000 trypsinisation.
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2.11.4 Intracellular interleukin staining of PBMCs (IL-4, IFN-y, TNF-a)

The PBMCs were isolated as described earlier. The pellet was then resuspended in
11ml of pre-warmed at 37°C RPMI-1640 medium with 10% FCS and
Penicillin/Streptomycin. 1ml was plated per well of a 24 well plate and incubated
overnight at 37°C in 5% CO, and 21 % O,. 18 hours after collection 10 ug of Brefeldin A
was added to each well to plug the interleukins in the Golgi Apparatus. For Interleukin
4 analysis 0.5 ul of Phorbol myristate acetate (PMA) to make (50ng/ml) and 1ul of
lonomycin to make (0.5ug/ml) were added to the appropriate wells for 5 hours of
stimulation. For IFN-y and TNF-a analysis 4 hours of PMA and lonomycin stimulation
was performed at the same concentrations as for Interleukin 4 analysis. PMA is a
protein kinase C activator and lonomycin is a ca® ionophore and are standard in vitro
stimuli of T cell cytokines and are used to reflect the responsiveness of T cells in vivo.
Pre incubation with CRTH2 agonists or vehicle prior to stimulation was at 6 hours prior

to harvest at the time of addition of Brefeldin A.

Prior to intracellular staining, cell surface staining was performed as described above.
Directly after the wash step post cell surface staining cells were resuspended in 250ul
of 2% paraformaldehyde (PFA) and incubated at 37 °C for 15minutes in the dark to fix
the cell surface antibodies to their receptors. Cells were centrifuged at 1000xg at room
temperature for 10 minutes and resuspended in 500 pl of 0.5% Saponin and incubated
for 30 minutes on ice in the dark to permeabilize the cells. After incubation, cells were
centrifuged at 1000 x g for 10 minutes and resuspended in 0.5% Saponin to make up a
volume of 50 pl with the relevant antibody (20ul of IL-4 PE/Cy7, 1 ul of IFN-y -FITC and
0.5ul of TNF-a-FITC). Relevant isotype controls were used; 0.25 pl of PE/Cy7 Rat 1gG1,
k or FITC Mouse IgG1 k. Cells were incubated for 1 hour at room temperature for IL-4
or 20 minutes on ice for IFN-y and TNF-a in the dark. The cell suspensions were then
washed with 500 pl of 0.5% Saponin and centrifuged at 1000 x g for 10 mins at 4°C.
The pellets were then resuspended in 250 ul of PBS for FACS analysis. Flow cytometry
settings were as follows: Forward scatter EO; Voltage 1.00; Amp gain Lin; and Side

scatter of 329; Voltage 1.00; Amp gain Lin.
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2.11.5 Compensation adjustments for FACS analysis

Fluorochromes do not emit light at just a single discrete wavelength, but over a range
of wavelengths. As a result, there may be overlap of spectral emission into the
specified laser channel selected for analysis creating false positive emissions. This can
be overcome through compensation. Single fluorophores for positive and negative
controls were run to set the compensation percentages between channels prior to

double and triple colours.

The populations of singly labeled cells should not appear in other channels and
discrete populations should be clearly seen. Under-compensation occurs when signals
from the singly labeled cells are being detected in the other channels. Over-
compensation can also occur, resulting in the singly labeled cells off-scale on the low

end in a correlated dot plot. Examples of each are shown below in Figure 2.7.
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Figure 2.7 Examples of different spectral compensation

(a) Under compensation occurs when the signals detected in other channels, e.g. FL2.
(b) Over compensation occurs when the signals are off the scale.

(c) Correct compensation occurs when positive cells occur in the correct channel only.

Compensation was required for IL-4 (FL3) and CRTH2 (FL2) and CD4 (FL4) experiments.
Settings required were as follows: “FL2- 20% - FL3”, “FL3 - 2.5% - FL2”, FL1= 430, FL2=
460, FL3= 465 and FL4 = 716.
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2.12 Multi-spot Enzyme linked immunosorbant assay

2.12.1 Tissue preparation

For analysis of Th1:Th2 interleukins in LPS and CRTH2 agonist treated mice, maternal
myometrium and pup brain was collected at 4 hours post injection and snap frozen in
dry ice until processing. Whole cell lysate was prepared with the whole cell extraction
buffer recommended by meso scale discovery. 100mg of tissue per 1 ml of extraction
buffer was used. Following grinding of tissue with liquid nitrogen tissue was
homogenised in ice-cold extraction buffer, and centrifuged for 10 minutes at

13,000rpm. Protein concentration was determined by Bradford assay (BIORAD).

2.12.2 Meso scale discovery protocol

The mesoscale discovery kit contained standards, detection antibodies, and read
buffer. Standards were serially diluted and a range was pre determined with a test run
of sample tissue from the tissue which was anticipated to have the lowest and highest
concentration of interleukins. The 8-point standard curve ranged from 0-2500 pg/ml.
While standards were being prepared the 96 well plate was blocked in 1% BSA in PBS
for 1 hour on the shaker. The plate was washed in PBS-T three times, and then 40 pg
of murine myometrium or 100ug of pup brain protein lysate was added in a volume of
25 pl. The plate was gently rocked for 2 hours. The plate was then washed three times
with 150 ul of PBS-T and a 25 pl mix of detection antibody, Blocker B and Diluent 100
was added and gently rocked for 2 hours at room temperature. Following this the
plate was washed three times in PBS-T and 150 pl of read buffer was added. The plate

was read with the Sanger analyser.
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2.12.3 Analysis

The multi spot Elisa plate is read by the Sanger 2400 imager using
electrochemiluminescence detection techniques. The quantities of interleukins were

determined against the standard curve and transferred into an excel spreadsheet.

2.13 Myometrial Contractility

2.13.1 Tissue preparation and mounting

Human tissue

Myometrium was dissected on a petri dish on ice into 8 strips of approximately 5mm x
10mm and mounted onto the DMT myograph shown below in Figure 2.8. The tissue
was stretched to 4g and was allowed to equilibrate for 90 minutes in 4 mls of modified
Krebs solution (Glucose 2.0g/L, Magnesium sulphate 0.141g/L, Potassium phosphate
0.16g/L, Potassium Chloride 0.35 g/L, Sodium Chloride 6.9g/L, Calcium Chloride
dehydrate 0.373g/L, Sodium bicarbonate 2.1g/L, pH 7.4) and gassed with 95% O, and
5% CO,.

Murine tissue

Mice where sacrificed by cervical dislocation at E16 of gestation under general
anaesthetic. A midline laparotomy was performed to obtain the uterus. The uterus
was transported from the animal house to the laboratory in PBS on ice and was used
within 5 hours of harvesting. Myometrial strips (5mm x 10mm) were mounted on the
DMT myograph along the circular or longitudinal muscle orientation, and stretched to
3g of tension. Each organ bath contained 4 mls of Krebs solution (Glucose 2.0g/L,
Magnesium sulphate 0.141g/L, Potassium phosphate 0.16g/L, Potassium Chloride 0.35
g/L, Sodium Chloride 6.9g/L, Calcium Chloride dehydrate 0.373g/L, Sodium
bicarbonate 2.1g/L, pH 7.4) and was gassed with 95% O, and 5% CO,. Tissue was

allowed to equilibrate for 30 minutes.
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Figure 2.8 Image of contractility machine (800MS DMT)
8 channel organ bath contractility machine.

2.13.2 Dose response to CRTH2 agonists

Cumulative dose responses were performed after 30 minutes of spontaneous
contractions were recorded to serve as baseline contractility. At the end of the
experiment 10 7 M of Oxytocin was added to demonstrate strip viability. 0.1-100 um
concentrations were added every 20-30minutes at the time of organ bath wash out. In
some experiments a preincubation step with the CRTH2 antagonist x481 was

performed.

2.13.3 Analysis of contractility

Contractility was analysed using the Powerlab software V 5.5.6 (ADI instruments) using
the Peak parameters extension. Parameters analysed were area under the curve (work
done by the tissue), peak amplitude (peak tissue tension), duration of contractions and
rate of contractility as shown in Figure 2.9. Data were transferred from the datapad of
the Powerlab software into an excel spreadsheet and statistical analysis was
performed with Graph-Pad Prism (v5.0; GraphPad Software, San Diego, CA). Response
to treatment was measured by normalising to baseline spontaneous contractility and

divided by the relevant timepoint for the vehicle control.
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Figure 2.9 Image of a myometrial contraction

Area under the curve represents the work done by the tissue, the peak of the contraction
represents the peak tension and the width of the base of the contraction represents the
duration of the contraction.

2.14 Murine model of preterm labour

2.14.1 Husbandry

CD1 mice (Charles River) were housed in conditions compliant with Home Office
regulations. All of the animal experiments were performed under the Home Office
Project Licence (Ref 70/6906). A personal licence was obtained from the Home Office

for my work, and was adhered to at all times (Ref 70/22094).

2.14.2 Surgery

Mice were time mated such that plug day was day 0. On day 16 mice were
anaesthetised with Isofluorane briefly and given an intramuscular injection of
Morphine 2.5mg/kg. Mice were allowed to recover, and the morphine was given 15
minutes to work. The mice were re-anaesthetised and a midline mini laparotomy was
performed under aseptic conditions, the uterus was exteriorised, and an intrauterine

injection of Lipopolysaccharide in a total volume of 25 pl was delivered to the right
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horn between the two most distal pups. The peritoneum was closed with continuous
non-locking sutures with 2/0 vicryl, and the skin was sutured with interrupted 2/0
vicryl. The mice were recovered in a warm incubator until active and were then
housed separately. Mice were either sacrificed at 4.5 hours post injection for
harvesting myometrium and pup brain, or allowed to deliver spontaneously.
Continuous monitoring was achieved via infrared CCTV system that was viewed

remotely.

Figure 2.10 CD1 mouse anaesthetised at time of intrauterine injection at laparotomy
The uterus is exteriorised briefly and the LPS is administered between the two most distal
pups of the right horn by Hamilton syringe.

2.14.3 Dose response

A dose response for the Lipopolysaccharide was first performed to obtain the lowest
dose at which preterm delivery was consistently obtained. Control mice were given
PBS alone. A dose of 20 pug was chosen for the model of infection induced preterm

labour.
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2.14.4 CRTH2 agonist administration

In experiments where the CRTH2 agonist Pyl A was used, a separate Hamilton syringe
was used first to administer the 250 ug of Pyl A between the second and third most
distal pups. In those mice which received LPS also, another syringe was used to

administer the LPS between the two most distal pups of the right horn.

Pupin left horn
Injection site 1 P

Injection site 2

Figure 2.11 Murine bicornuate uterus demonstrating site of intrauterine injection
LPS is administered between the two most distal pups of the right horn at site 1. Site 2 is used
for administration of the CRTH2 agonist.

2.14.5 Tissue harvesting

For tissue harvesting, mice were anaesthetised and sacrificed by cervical dislocation. A
laparotomy was performed immediately and pups were sacrificed by decapitation in
accordance with Schedule 1. Myometrium and pup brain were snap frozen and stored

at -80 °C until processing.

2.15 Statistical analysis

All data was processed firstly with Microsoft Excel 2007. Statistical analysis was
performed with Graph-Pad Prism v5 (GraphPad Software, San Diego, CA). The correct
statistical test was carried out depending on normality and the number of groups
analysed. The flow diagram below was used as an aid to determining the correct

statistical test. More detail on statistical analysis will be given in each results section.
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A. Flow diagram to determine statistical test for data with normal distribution

NORMAL

/

\

1 -2 groups > 2 groups
Independent Dependent/related Independent Dependent/related
Unpaired T test*  Paired T test  One way ANOVA  One way repeated AVOVA

* For Catagorical dependant variable and continuous outcome variable the difference in means
between groups needs to be normal rather than the sample distribution itself
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B. Flow diagram to determine statistical test for data with non-parametric

distribution

NOT NORMAL

1-2 groups

/N

> 2 groups

/N

Independent

Dependent/related

Independent

Dependent/related

Mann Whitney

Wilcoxon Kruskall Wallis

Friedman ANOVA

Figures 2.12 A and B. Flow diagrams to aid in determining the correct statistical test to be
used The flow diagram in A was used for normally distributed data, and the flow diagram in B
was used if the data was not normally distributed.
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Chapter summary

Hypothesis:

15dPGJ; is a CRTH2 agonist. Our group has previously shown that it inhibits NF-kB in
human amniocytes and myocytes, and also delays preterm labour in the murine model
of inflammation induced preterm labour. It is possible that CRTH2 plays a role in these

effects seen with 15dPGJ,.

Aims:

Firstly, data presented in this chapter aims to determine if the CRTH2 receptor is
expressed in gestational tissues including amnion, choriodecidua, placenta and
myometrium, and at the cellular level in amniocytes and myocytes. Secondly, the
expression profile of CRTH2 in T helper cells was examined at different stages of
pregnancy and in labour, to determine if there is a potential up regulation of CRTH2 in

pregnancy, consistent with the Th2 bias that exists in pregnancy.

Methods:
mRNA expression was determined by PCR. Protein expression was explored using

western analysis and flow cytometry.

Results:

CRTH2 is not present at the protein level in amniocytes and myocytes. There is no
statistically significant increase in CRTH2 expression in lymphocytes during pregnancy,
and no difference in expression prior to the onset of labour compared with during

labour.

Conclusion:

It is unlikely that CRTH2 plays a role in 15dPGJ,-mediated inhibition of NF-kB since
CRTH2 is not expressed in amniocytes and myocytes, although it may still play a role in
the delay in preterm labour and increased pup survival in the murine model. Despite
not seeing a significant increase in CRTH2 expression on Th2 cells during pregnancy, an

increase in the functional activity of the receptor during pregnancy is still possible.
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Introduction

15dPGJ; inhibits NF-kB in cultured human amniocytes and myocytes in a mechanism
that remains to be fully explained [271]. 15dPGJ, also delays preterm labour and
increases pup survival in the murine model of inflammation induced preterm labour
[277]. 15dPGJ; is an agonist of the CRTH2 receptor and therefore this receptor could
play a role in NF-kB inhibition. CRTH2 is the second prostaglandin D, receptor, first
discovered by Nagata et al in a search to find a specific marker expressed in Th2 cells
but not Th1 cells [291]. It has been shown to be expressed on Th2 cells, eosinophils,
basophils and monocytes at the protein level [289]. However, there are limited data
on the expression profile of CRTH2 non-immune cells, gestational tissues and

myometrium.

The function of CRTH2 appears to be important in maintaining a Th2 type interleukin
rich environment, with PGD, inducing IL-4, IL-5 and IL-10 production in vitro [217].
Since endogenous PGD, and 15dPGJ, are found in the amniotic fluid, it is plausible that
CRTH2 is expressed in the amnion. Tsuda et al have shown a higher percentage of
CRTH2 positive decidual T cells in women undergoing elective termination compared
to women with spontaneous miscarriage [300]. They suggested a role for CRTH2 in the
maintenance of pregnancy, by providing a Th2 rich cytokine environment at the
maternal-fetal interface [198]. It is possible that CRTH2 expression in peripheral blood
also aids in the maintenance of a bias in the Th1:Th2 cytokine ratio in favour of Th2

profile.

In this chapter, the expression profile of CRTH2 in fetal membranes, placental and
myometrial tissue along with expression at the cellular level in amniocytes and
myocytes was explored. The trend in expression of CRTH2 in Th2 cells through
gestational time points was examined, with a comparison of the expression between
pre-labour and in labour samples, and between term labour and preterm labour

samples.
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Results

3.1 CRTH2 mRNA

CRTH2 mRNA expression pattern was analysed by PCR. Standard PCR was run with 35
cycle replications and RT-PCR was run at up to 40 cycles. mRNA from peripheral blood
mononuclear cells (PBMCs) isolated from non-pregnant human blood was used as a
positive control, and non-template water controls or non reverse transcriptase

samples used as negative controls. Four primer sets were used (see Table 3).

Initial experiments revealed detectable levels of CRTH2 mRNA in amniocytes,
choriodecidua, myocytes and placenta with two primer sets (Figure 3.1.1A and B).
Water control samples were introduced along with a third primer set (Figure 3.1.2A
and B). Experiments were then tailored to specific tissue/cell types using primer set A

and B.

MmRNA from fetal membranes and myometrium was examined using primer set A
(n=5). Amnion, myometrium, choriodecidua and placenta were collected from women
at the time of pre-labour caesarean section. CRTH2 mRNA was detected in all five
samples of amnion (A), myometrium (B), choriodecidua (C) and placenta (D) using
PBMCs as a positive control and water non-template water negative control (Figure
3.1.3 A-D). Although the aim of this was qualitative rather than quantitative, very faint
bands were seen in both choriodecidual and amnion samples, suggesting low

expression.

CRTH2 mRNA levels at the cellular level were next investigated. CRTH2 was amplified
by standard PCR with primer set A and by RT-PCR which primer set B, and products
were subjected to agarose gel electrophoresis. Detectable levels where seen in 4 of 6
amniocyte samples (Figure 3.1.4A) and all 6 myocyte samples (Figure 3.1.4B). PBMCs

were used as a positive control, with reverse transcriptase negative controls.
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209bp

Figure 3.1.1 CRTH2 mRNA initial detection
MmRNA was isolated from cultured amniocytes, myocytes, choriodecidual and placental
biopsies and converted to cDNA. Qualitative PCR was used with two primer sets to amplify
CRTH2 showing product sizes of 309bp (A) and 209bp (B). A&B: amniocytes (lane 1),
choriodecidua (lane 2), myocytes (lane 3), placenta (lane 4). (A= amniocytes, D=
choriodecidua, M= myocytes, P= placenta)

309bp
CADMP

B -

CADMP

Figure 3.1.2 CRTH2 mRNA with controls

The same cDNA samples from figure 3.1.1 were used, along with a negative control (non-
template) and amplified by PCR using two primer sets showing correct product sizes of 309bp
(A) and 265bp (B). A&B: non-template control (lane 1), amniocytes (lane 2), choriodecidua
(lane 3), myocytes (lane 4), placenta (lane 5). (C= control, A= amniocytes, D= choriodecidua,
M= myocytes, P= placenta)
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Figure 3.1.3 CRTH2 mRNA in tissue of fetal membranes, myometrium and placenta

mMRNA was isolated from tissue biopsies of fetal membranes, placenta and myometrium and
converted to cDNA (n=5). Qualitative PCR was used to amplify CRTH2 showing the correct
product size of 309bp in amnion (A), myometrium (B), choriodecidua (C) and placenta (D).
Non-template negative controls were used and peripheral blood mononuclear cells (PBMCs)
were used as a positive control. A-D: Non-template control (lane 1), tissue samples (lanes 2-6),
PBMCs (lane 7).
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Figure 3.1.4 CRTH2 mRNA in amniocytes and myocytes

MRNA was isolated from cultured amniocytes and myocytes and converted to cDNA (n=6).
Qualitative PCR was used to amplify CRTH2 showing the correct product size of 309bp in
amniocytes (A) and myocytes (B) (n=6 samples each) using non-template negative controls and
PBMCs as a positive control. Products from RT-PCR using another primer set were run out on a
gel showing the correct size of 114bp for amniocytes and myocytes (n=2 samples each) using
reverse transcriptase negative controls and PBMCs as a positive control. A&B: Non-template
control (lane 1), cell samples (lanes 2-7), PBMCs (lane 8). C: Reverse transcriptase controls
(lanes 1,3,5,7,9), PBMCs (lane 2), amniocytes (lanes 4,6), myocytes (lanes 8,10).
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3.2 Identification of endogenous CRTH2 protein by western analysis

Western analysis was used for the detection of CRTH2 in myometrium and fetal
membranes, performed as described in section 2.10. The Sc 23092 antibody was used
for detection and its data sheet demonstrates CRTH2 at a molecular weight of 34kDA.
Human heart (kindly donated by Dr Grisha Pirianov) and peripheral blood
mononuclear cell protein lysates were used as positive controls.  Amnion,
choriodecidua, placenta and myometrium gave strong bands at 55 correlating with the
positive controls, with no bands seen at 34kDa, Figure 3.2.1 A, B, C and D respectively.
A second antibody was also used (ProSci 4027) as shown in Figure 3.2.1 E, F, G, H.
However, a non-specific band was detected at 70kDA which did not show up in the

human heart and peripheral blood mononuclear cell control samples.

CRTH2 protein expression was also investigated at the cellular level in amniocytes and
myocytes. A faint band at 55 was seen in amniocyte cell lysate, however this band was
as strong as many other bands seen on the blot which is suggestive of being non-
specific (Figure 3.2.2A). No band was detected with myocyte protein lysate (Figure
3.2.2B).

The presence of the band at 55 could represent the glycosylated from of CRTH2. Since
no band was detected at the cellular level, (and if this in the correct band), it is

possible that infiltrating leukocytes account for the expression seen in the tissue.
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Figure 3.2.1 Detection of CRTH2 in gestational tissues and myometrium

Protein lysate from gestational tissues and myometrium were subjected to western analysis.
A-D; Immunoblots were probed with the SC-23092 CRTH2 antibody. Blot A represents amnion,
blot B choriodecidua, blot C placenta, blot D myometrium. Lanes 1-3 of blots A-C represent
labour minus samples, and lanes 4-6 of blots A-C represent labour plus samples. Lane 7 of
blots A-C contains protein lysate from human heart as a positive control. Lanes 2-4 of blot D
represent labour minus myometrium, lanes 5,6 and 7 are positive controls; human heart,
PBMCs sample 1 and PBMCs sample 2 respectively. A single band appeared on the
immunoblot at 55kDa. No band was seen at 34kDa. E-H; Immunoblots were probed with the
ProScience 4027 antibody. Blot E represents amnion in lanes 1-6, lane 7 human heart, lane 8
white blood cells. Blot F represents choriodecidua in lanes 1-6, lane 7 human heart, lane 8
mouse heart. Blot G represents placenta in lanes 1-6, lane 7 human heart, lane 8 white blood
cells. Blot H represents myometrium in lanes 1-3, lane 4 human heart, lane 5 mouse heart,
lanes 6-8 white blood cells.
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Figure 3.2.2 Detection of CRTH2 in amniocyte and myocyte whole cell lysate

Protein lysate from cultured amniocytes and myocytes were subjected to western analysis.
Immunoblots were probed with the SC-23092 CRTH2 antibody. Blot A represents amniocytes
(n=8) and blot B represents myocytes (n=8). Human heart was used as a positive control in
blot A and B in lane 1. A strong single band appeared on the immunoblot at 55kDa with the
positive control only. No significant band was seen at 34kDa in either amniocytes, myocytes or
positive control.
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3.3 Sequencing the band

In an attempt to confirm that the band persistently seen at 55 was CRTH2, N-terminal
protein sequencing of the band on these immunoblots was carried out by the
Biochemistry department at Cambridge University. Figure 3.3A shows an example of
the protein bands that were sequenced, from PBMCs, myometrium, human heart and
amnion protein lysate. The bands were cut off from the immunoblot shown in Figure
3.3B for sequencing. CRTH2 was not identified from these bands at 55kDa. Keratin and
Immunoglobulin heavy chain proteins were seen, possibly through contamination
which is a recognised limitation of this technique. If CRTH2 was present, it was masked

by other proteins of far greater concentration.
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Figure 3.3 Sequencing of the band at 55kDa by N-terminal sequencing

Protein lysate from PBMCs (lane 1), myometrium (lane 2), human heart (lane 3), and amnion
(lane 4), were subjected to western analysis. Blot A was probed with primary and secondary
antibodies to detect CRTH2. Blot B was stained with methylene blue and the bands at 55kDa
were cut out and underwent N-terminal sequencing.
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3.4 Cloning CRTH2

In order to provide a highly concentrated protein lysate of CRTH2 for a positive control
CRTH2 was cloned. The 1.18kb CRTH2 transcript was amplified from white cell cDNA as
described in section 2.7. The product was run out on a gel to confirm amplification and
the correct product size (Figure 3.4A). The PCR was repeated in order to cut the band
containing the cDNA under the UV light to purify ready for insertion into the
intermediate vector pCR®-BIuntII-TOPO®, figure 3.4B. The presence of CRTH2 was
confirmed by digesting at the BAMH | and BGL Il insertion site to produce two
products: the sPG5 expression vector and the 1.18kb CRTH2 insert (Figure 3.4C). The
transcript was also sequenced to confirm the presence of CRTH2 and to confirm that it
was correctly orientated in the expression vector.

The cell free in vitro transcription translation kit (TNT kit) was used with 35°
Methionine to confirm the correct size of the protein product. Detection of the 34kDa
CRTH2 product was by x-ray film (Figure 3.4D). The progesterone expression vector (a
kind donation by Dr Yun Lee) was used as a positive control confirming the
effectiveness of the TNT kit. The CRTH2 product roughly correlated with the Kozak rule
[306], and was consistent with the CRTH2 transfect produced by Nagata et al [291].
The product size also matched the expected size of CRTH2 detected by the Santa Cruz
antibody SC-23092 as published in the data sheet.
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Figure 3.4 Cloning CRTH2

A 1.18kb transcript was amplified from white cell cDNA (A). This transcript was purified for
insertion into an intermediate vector (B). The expression vector containing CRTH2 was
digested to confirm the presence of CRTH2 (n=2) (C). The in vitro transcription translation kit
was used to produce CRTH2 with 35> Methionine and the product was detected by x-ray film,
lane 2 (D). The progesterone (PRC 301) expression vector was used as a positive control, lane 1
(D).
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3.5 Western of cloned CRTH2

Knowing that the pSG5 expression vector was functional | then sought to determine if
the commercially available antibodies were able to detect CRTH2. Firstly, | used the
protein lysate from the cell free system; both the exact lysate seen in Figure 3.4D as
well as a non-radiolabelled lysate and performed western analysis with these
products. As negative controls, the same volume from the kit and the progesterone
lysate were used. The immunoblots were probed with three commercially available
antibodies designed for western blotting. No band was detected at 34kDa, with non-
specific bands appearing also in the negative control of the TNT kit without plasmid

DNA (Figure 3.5.1).

Secondly, amniocytes were transfected with CRTH2 using Geneluice and Fugene
transfection reagents. Whole cell protein lysate was subjected to western analysis,
using PBMC lysate as a positive control (Figure 3.5.2). No band was seen at the
expected 34kDa size. A band was seen at 55 in blot A with the SC-23092 antibody,
however, this corresponds with the band that was sequenced and found not to be
CRTH2. A secondary antibody control blot was also included, which also showed a
band at 55, consistent with this band being non-specific. Upon probing with the ProSci
antibody, non-specific bands were also seen at 70 and 43kDA (Blot B). These bands
were not detected in the positive control samples, and no difference in intensity was

seen between non-transfected and transfected lysate.
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Figure 3.5.1 Detection of CRTH2 produced in the cell free system by immunoblot

The protein lysate from the TNT kit was subjected to western analysis; negative control: TNT
kit with no plasmid DNA (lane 1), negative control: progesterone PSG5 expression vector (lane
2), positive control: 35> Methionine labelled CRTH2 (Lane 3), cold Methionine CRTH2 protein
product (lane 4). Membranes were probed with 3 commercially available antibodies; SC-23092
(A), SC-21798 (B), ProSci 4027 (C). None of the antibodies detected CRTH2.
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Figure 3.5.2 Detection of CRTH2-transfected amniocytes by immunoblot

The protein lysate from non transfected and transfected amniocytes was subjected to western
analysis. Blot A was probed with the SC-23092 antibody and blot B was probed with the ProSci
4027 antibody. Human peripheral blood cell protein lysate was used as a positive control.
Protein lysates from myocytes (lane 1), amniocytes (lane 2), Genejuice-transfected amniocytes
(Lane 3), Fugene-transfected amniocytes (lane 4), and PBMCs (lane 5) were examined. Blot A
failed to show a band at the expected 34kDa. However, it did show the consistently seen band
at 55. This band was confirmed to be non-specific with the secondary antibody control. The
Proscience antibody failed to detect a band in the positive control.
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3.6 FACS of endogenous CRTH2

Flow cytometry is the most commonly reported technique used for the identification
of CRTH2. Many papers have successfully demonstrated expression mainly in immune
cells, but also in some non-immune cells. Having failed to demonstrate sensitivity of
commercially available antibodies suitable for western analysis | used a flow cytometry
antibody, as used by Chiba et al, firstly for demonstrating CRTH2 expression on
peripheral blood lymphocytes, and secondly to examine endogenous and transfected

expression of CRTH2 in amniocytes and myocytes.

3.6.1 Detecting CRTH2 in human lymphocytes by flow cytometry

Peripheral blood mononuclear cells were isolated as described in section 2.2.3 by Ficoll
separation. Subjects were non-pregnant women without asthma or active infection,
(n=6). Lymphocytes were determined on the basis of forward and side scatter profile
as shown in Figure 3.6.1.1A. CRTH2 cell surface staining was performed as described in
section 2.11. Example histograms are shown for cells with no staining, isotype control
and CRTH2-PE (Figure 3.6.1.1B). Graphs are shown in Figure 3.6.1.2 summarising the
percentage of lymphocytes labelled with the fluorophore phycoerythrin (PE), and the
mean, geometric mean and median. A mean of 2.15% of lymphocytes express CRTH2,
with a background staining of 2.54% in the isotype control indicating non-specific
background staining and a low level of expression. However, CRTH2 expression is
clearly demonstrated by the high mean and median fluorescence intensity seen with
CRTH2-PE compared with isotype control. The mean, geo mean and median
fluorescence intensity of CRTH2 positive cells were 483.32, 218.09, and 342.13
respectively compared with 61.60, 23.63 and 18.15 for isotype control (P< 0.0001 for
each parameter), (Figures 3.6.1.2 A-D).
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Figure 3.6.1.1 CRTH2 expression in human lymphocytes

Lymphocytes were gated according to forward scatter and side scatter (n=6) A representative
dot plot shows the lymphocyte population (A). Representative histograms of three subjects
are shown for no staining, isotype controls and CRTH2 stained cells (B). Cells expressing
CRTH2 are shown towards the right of the histogram.
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Figure 3.6.1.2 Graphs showing CRTH2 expression in human lymphocytes

The mean percentage of CRTH2 positive lymphocytes is 2.15%. High background staining with
the isotype is evident with 2.54% percent of cells binding to the isotype control (A). CRTH2
expression is clearly seen as reflected by a higher mean (B), geo mean (C) and median (D)
fluorescence compared with isotype control. For statistical analysis One way ANOVA was used
with Bonferroni’s post hoc analysis; **** P<0.0001.
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3.6.2 Exploring CRTH2 expression in amniocytes by flow cytometry

Cultured primary amniocytes from amnion of pre-labour caesarean sections were
prepared as described in section 2.2, (n=6). Cells were harvested on day 3 and labelled
with CRTH2-PE. A representative dot blot shows the amniocyte population in Figure
3.6.2.1A. The histograms of three representative subjects are shown in Figure 3.6.2.1B,
showing cells with no stain, isotype control and CRTH2-PE. There was no significant
difference between isotype controls and CRTH2 labelled samples with all parameters
(percentage of labelled cells, mean and median fluorescence intensity), indicating no

endogenous expression of CRTH2 on amniocytes (Figures 3.6.2.2A-D).
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Figure 3.6.2.1 CRTH2 is not present on human amniocytes

CRTH2 expression on amniocytes was examined by flow cytometry (n=6). A representative dot
plot shows the amniocyte population (A). Representative histograms of three subjects are
shown for no staining, isotype controls and CRTH2 stained cells (B). No difference is seen
between the histograms of the isotype controls and CRTH2 stained samples reflecting no
expression of CRTH2 on amniocytes.
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Figure 3.6.2.2 Graphs showing no expression of CRTH2 expression in amniocytes

CRTH2 expression on amniocytes was examined by flow cytometry (n=6). There was no
significant difference in mean (B), geo mean (C) or median fluorescence intensity (D) between
isotype control and CRTH2 labelled samples indicating no expression of CRTH2. There was a
higher percentage of cells which stained with the isotype control compared with CRTH2-PE (A).
For statistical analysis ANOVA of repeated measured was used with Bonferroni’s post hoc
analysis.
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3.6.3 Exploring CRTH2 expression in myocytes by flow cytometry

Cultured myocytes from myometrium of pre-labour caesarean sections were prepared
as described in section 2.2 (n=6). Cells were harvested at passage 1-3 and labelled with
CRTH2-PE. A representative dot blot shows the myocyte population in Figure 3.6.3.1A.
The histograms of three representative subjects are shown in Figure 3.6.3.1B, showing
cells with no stain, isotype control and CRTH2-PE. There was no significant difference
between cells with no staining and CRTH2 labelled samples with all parameters of
(percentage of labelled cells, mean and median fluorescence intensity), indicating no
expression of CRTH2 on myocytes, (Figures 3.6.3.2A-D). There was a higher mean, geo
mean and median fluorescence intensity in the isotype control samples compared with

the CRTH2-PE samples indicating a degree of background non-specific staining.
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Figure 3.6.3.1 CRTH2 is not present on human myocytes

CRTH2 expression on myocytes was examined by flow cytometry (n=6). A representative dot
plot shows the myocyte population (A). Representative histograms of three subjects are
shown for no staining, isotype controls and CRTH2 stained cells (B). No difference is seen
between the histograms of the isotype controls and CRTH2 stained samples reflecting no
expression of CRTH2 on myocytes.
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Figure 3.6.3.2 Graphs showing no expression of CRTH2 expression in myocytes

These graphs summarise the results of cultured myocytes (n=6). There was no significant
difference in the percentage of cells labelled with CRTH2-PE (A), mean (B), geo mean (C) or
median fluorescence intensity (D) and cells with no stain, or isotype control. There was a
higher mean fluorescence intensity of cells which were stained with the isotype control
compared with CRTH2-PE (B-D), indicating some background staining. For statistical analysis
ANOVA of repeated measured was used with Bonferroni’s post hoc analysis. * P<0.05.
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3.7 Detection of transfected CRTH2 by flow cytometry

Having found an antibody that detects CRTH2, amniocytes and myocytes were

transfected with the CRTH2 pSG5 expression vector and analysed by flow cytometry.

Geneluice was used to transfect amniocytes which were harvested on day 1 post
transfection as described in section 2.8. GFP was used as a control for transfection
efficiency. Figure 3.7.1 shows the histograms for the cells with no staining, isotype-PE

and CRTH2-PE.

Myocytes were transfected with the CRTH2 pSG5 expression vector by electroporation
as described in section 2.8. Cells were harvested on day 2 post transfection and
analysed by flow cytometry. CRTH2 expression was seen, again at a low level.
Histograms are shown in Figure 3.7.2. A representative image of GFP transfected cells

is shown to demonstrate adequate transfection efficiency, Figure 3.7.3.
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Figure 3.7.1 CRTH2 expression in transfected amniocytes

A representative dot plot shows the transfected amniocyte population (A). Histograms of the
transfected cells are shown for no staining, isotype controls and CRTH2 stained cells (B). The
percentage of CRTH2 transfected cells is shown in (C), along with the mean fluorescence
intensity (D). CRTH2 expression was very low, which is consistent with the cells not being able
to express an endogenous stable CRTH2 protein.

119



Chapter 3: CRTH2 expression

Counts

% of cells

Figure 3.7.2 CRTH2 expression in transfected myocytes
A representative dot plot shows the transfected myocyte population (A). Histograms of the
transfected cells are shown for no staining, isotype controls and CRTH2 stained cells (B). The
percentage of CRTH2 transfected cells is shown in (C), along with the mean fluorescence
intensity (D). CRTH2 expression was low, which is consistent with the cells not being able to

express an endogenous stable CRTH2 protein.
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Figure 3.7.3 GFP transfected cells
An example of the GFP transfected myocytes is shown. Myocytes were viewed under the

microscope (A). The GFP (green fluorescent protein) in the myocytes was detected with the
fluorescent microscope (B).
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3.8 CRTH2 expression _in_peripheral blood mononuclear cells during

pregnancy

The expression of CRTH2 in peripheral blood T helper cells in pregnancy was next
explored to determine if CRTH2 could be used as a marker of the hypothesised Th2
bias of pregnancy. Blood was collected from women at 12 and 28 weeks of pregnancy,
and at term pre-labour and in labour, with non-pregnant women serving as controls
(n=8-10). T helper cells were identified firstly by gating lymphocytes based on forward
and side scatter and secondly with CD4 cell surface staining. Cells were also stained
with CRTH2-PE. Flow cytometry was used to detect CD4-APC and CRTH-2-PE. An
example cytogram is shown in Figure 3.8A, with the upper right quadrant representing
the CRTH2 positive CD4 cells. The percentage of CD4 positive cells expressing CRTH2
was calculated (Figure 3.8B) and the geometric mean of the double positives was
evaluated (Figure 3.8C). A trend was seen of an increase in the percentage of CRTH2
expressing cells in the 3" trimester, however this did not reach statistical significance.
No difference in the mean fluorescence intensity was seen, implying no increase in
CRTH2 receptor expression. The percentage of cells expressing CRTH2 in labour was
not statistically different from non-labouring women. Although a decrease in mean
fluorescence was seen in women in preterm labour, the error bar was large and this

did not reach statistical significance.
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Figure 3.8 CRTH2 expression in CD4 positive lymphocytes during pregnancy
Lymphocytes were gated according to forward scatter and side scatter and T helper cells were
identified using CD4 as a cell surface marker (n=8-10 for each group). A representative
cytogram from lymphocytes taken at 28 weeks gestation is presented with the right upper
quadrant showing CRTH2"/CD4" lymphocytes (A). The percentage of CRTH2 positive T helper
cells (presented as a percentage of CRTH2 positive CD4 positive cells) increased slightly in the
third trimester although statistical significance was not seen (B). No significant difference was
seen in the mean fluorescence intensity between non-pregnant controls and women at each
gestational timepoint (C). For statistical analysis ANOVA with Bonferroni’s multiple comparison
test was used. NP = non-pregnant, 12 w= 12 weeks, 28 w = 28 weeks, TNL = term not in labour,
TL = term in labour, PTL=preterm labour.
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Summary and discussion

CRTH2 is a ligand for 15dPGJ,, a cyclopentenone prostaglandin that inhibits NF-kB in
human amniocytes and myocytes [271], and delays preterm labour in inflammation
induced preterm labour in the mouse [277]. CRTH2 is a receptor typically associated
with immune cells, particularly Th2 cells. The function of CRTH2 on T helper cells
appears to be important for the maintenance of the Th2 interleukin profile, whereas
on eosinophils it appears to be important for chemotaxis in allergic conditions such as
asthma [307]. Few studies have examined its expression in non-immune cells. In this
chapter | explored the expression of CRTH2 in gestational tissues and myometrium as
a basis for exploring the possibility that a) CRTH2 could be involved in 15dPGJ;-
mediated inhibition of NF-kB, and b) CRTH2 could play a functional role in contributing

to a balance in the Th1:Th2 interleukin profile at the maternal fetal interface.

CRTH2 is the second receptor to Prostaglandin D,, discovered over a decade after the
DP1 receptor. The amnion, choriodecidua and placenta all show basal production of
PGD; in cultured explants at a concentration of 2.6, 2.5 and 95.8 pg/mg of tissue over
24 hours respectively [279]. Low or undetectable mRNA levels of the DP1 receptor are
seen in human myometrium [308, 309] and amnion [279]. It is plausible that the target
of endogenous PGD; is the second prostaglandin D, receptor, CRTH2. There is limited
data available on the mRNA expression and no data available on the protein
expression of CRTH2 in these tissues. Nagata and colleagues have shown relatively
high levels of mMRNA expression in placenta and moderate levels in non-pregnant
myometrium [287]. Helliwell and colleagues demonstrated mRNA expression present
in 24/24 placentas, 7/12 choriodecidua samples and none of the 24 amnion samples

examined [279].

Detection of CRTH2 mRNA by PCR

In this study all five pre-labour myometrial, amnion, choriodecidual and placental

samples showed detectable levels of CRTH2 mRNA (Figure 3.1.3). Although standard
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PCR was used for detection rather than quantitative PCR it was still possible to
conclude that expression was weak in these tissue types, particularly in amnion and
choriodecidua, since a cycle number of 35 was used to determine expression. In order
to establish if the expression seen in amnion and myometrium was due to leukocyte
infiltration, MRNA from cultured amniocytes and myocytes was determined. CRTH2
mRNA was detected in 4/6 samples of amniocytes and 6/6 myocyte samples (figure
3.1.4), again at a high cycle number of 35. This is consistent with the high cycle
numbers required to demonstrate expression in monocytes and dendritic cells [290].
Increasing the cycle number is useful in order to analyse low copy number targets
[310]. Rameckers et al reviewed the determinants of cycle numbers and demonstrated
the requirement of cycles up to 45 for the detection of low target sequences [311].
However, with cycles above 40 there is an increased risk of introducing non-specific
products. The consistent absence of a product in the non-template and reverse
transcriptase negative controls in this study supports that neither random nor
systematic contaminants such as genomic DNA are the sources of the products seen,

but rather low target numbers of CRTH2.

Detection of CRTH2 by western analysis

Since mRNA expression was low in the cells and tissues examined, examination of
CRTH2 at the protein level was explored to determine if the mRNA is translated.
Western analysis was employed using two commercially available antibodies to detect
CRTH2 in tissue samples (Figure 3.2.1). A single band at 55kDa was detected with the
Sc-23092 antibody and a single band at 70kDa was detected with the Proscience 4027
antibody in all tissue samples. The band seen at 70kDa was deemed to be non-specific
since it did not appear in the human heart and PBMC positive controls. The band seen
at 55 was consistently seen in the positive controls human heart and PBMCs. Nagata
et al have previously reported detection of CRTH2 in its glycosylated form at 55dKa
and at 34 with oligosaccharide cleavage [291]. No band was detected at 34kDa or
55kDa at the cellular level in amniocytes or myocytes (Figure 3.2.2), meaning that

either CRTH2 is not expressed at the cellular level, or the bands detected in the
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positive controls were non-specific. This led to sequencing of the band at 55kDa and

cloning CRTH2 to provide a highly concentrated positive control.

N-terminal sequencing of the band detected in amnion, myometrium, human heart
and PBMCs failed to detect CRTH2. Immunoglobulin and keratin were detected; both
are contaminants and a recognised limitation of the technique. This led to inconclusive
results since proteins with low expression may be masked by the more highly
expressed proteins of this size. By cloning CRTH2, a highly concentrated protein lysate
was produced both in the cell free system and endogenously by transfecting
amniocytes and myocytes. However, none of the three commercially available
antibodies used for western analysis detected CRTH2 produced by the in vitro
transcription translation kit (Figure 3.5.1). It is likely that the explanation for this is due
to the reliance of the antibodies on the folded G-protein structure and/or the post-
translational modifications such as glycosylation. CRTH2 is known to have the classical
7 transmembrane domains of a G-protein coupled receptor, and also has several

potential sites for N-glycosylation and protein kinase C phosphorylation [291].

To overcome the potential requirement for post-translational modifications for CRTH2
detection, protein lysate from CRTH2-transfected amniocytes was probed with the Sc-
23092 and Proscience 4027 antibodies (Figure 3.5.2). The Santa cruz antibody again
detected a band at 55 but no band in the transfected cells. With the persistence of the
band at 55 in the positive control yet with no band seen in the transfected cells a
secondary antibody control blot was examined. This band was shown to be non-
specific since it was still present in the absence of the primary antibody. The
Proscience antibody detected the non-specific band at 70 again and a weak band at
43. The band at 43 was considered non-specific since it was not present in the PBMC
positive control and there was no increase in band intensity in the transfected cells

compared with the non-transfected cells.

Studies of the expression of CRTH2 on non-immune cells are limited, probably due to
the lack of specific antibodies available for detection using techniques other than flow

cytometry. There are only three publications using western analysis for the detection
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of human CRTH2. Zayed et al detected bands at 41 and 55 for chondrocytes, using
osteoblasts as a positive control [294]. However, they did not include blocking or
secondary antibody controls to confirm specificity. Colombe et al detected a band for
CRTH2 in keratinocytes and melanocytes at 45kDa with a Cayman Chemicals antibody
(also suitable for immunohistochemistry) which has subsequently been taken of the
market for lack of specificity [296]. The third group to publish on detection of CRTH2
by western analysis is Nagata’s group who raised several antibodies to CRTH2,
however, these antibodies are not available commercially. Together with data from
these publications, the data presented in this chapter suggest there are no

commercially available antibodies suitable for detecting CRTH2 by western analysis.

Detection of CRTH2 by flow cytometry

Flow cytometry is used successfully for the detection of CRTH2 on immune cells [291,
312-316]. Flow cytometry detection of CRTH2 on non-immune cells has only been
reported in human bronchial epithelial cells [317]. The antibody from this study was
used to detect CRTH2 firstly in peripheral blood lymphocytes as a positive control, and
then for the detection of CRTH2 in amniocytes and myocytes. CRTH2 was detected on
a mean of 2.15% lymphocytes and 2.43% of CD4" cells (Figures 3.6.1 and 3.8),
consistent with published reports of between 0.4 and 6.5% of peripheral blood CD4"

cells expressing the receptor [291].

Having established a way of demonstrating CRTH2 expression, flow cytometry was
used to explore endogenous and transfected CRTH2 expression in amniocytes and
myocytes. No CRTH2 was detected in any amniocyte and myocyte samples (Figures
3.6.2 and 3.6.3), and low expression was seen in the transfected samples (Figure 3.7).
Good transfection efficiency was seen with GFP, and thus the low expression of CRTH2
in the transfected samples is potentially explained by the inability of amniocytes and
myocytes to express a stable CRTH2 protein. This is consistent with the absence of

endogenous CRTH2 protein expression in these cells.
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The expression of CRTH2 in peripheral blood lymphocytes during pregnancy at
different gestational time points was next examined. Since the immunology of
pregnancy is characterised by a bias towards Th2, and that CRTH2 is a specific marker
of T helper 2 cells [287], an increase in CRTH2 expression in CD4" cells was expected
during pregnancy. Although a small increase was seen in expression at 28 weeks and
at term compared with non-pregnant controls, this did not reach statistical
significance. Tsuda et al have previously reported an increase in CRTH2 expression in
CD4" cells of women at 7 weeks gestation (3.43%, P=0.02) compared with non-
pregnant women (2.08%) [312] but it is possible that this effect is diminished with

advancing gestation.

Expression levels of CRTH2 were also compared between women not in labour and in
term and preterm labour. Since early preterm labour is associated with infection and
inflammation, a Th1 bias is plausible leading to a diminished Th2 bias. For this reason,
CRTH2 expression in women in preterm labour was anticipated to be reduced
compared with women in term labour. No statistically significant reduction was seen
in either the percentage of cells expressing CRTH2 or the mean expression levels of
CRTH2 as determined by the mean fluorescence intensity. Despite no significant
increase being seen in CRTH2 expression in peripheral lymphocytes in pregnancy, this

does not rule out a functional role for the receptor in the immunology of pregnancy.

In summary, CRTH2 is not expressed at the protein level in amniocytes and myocytes,
and can be used as a negative control for future CRTH2 expression studies. The most
reliable technique for protein expression studies of CRTH2 is flow cytometry. It is likely
that any detectable CRTH2 seen in gestational tissues and myometrium is from
leukocyte infiltration. Although no significant increase is seen in CRTH2 expressionin T
helper cells in pregnancy, this does not rule out a functional role for the receptor in
the maintenance of the balanced immunology of pregnancy. Since CRTH2 is not
expressed on amniocytes and myocytes, it is not likely to contribute to 15dPGlJ,
mediated inhibition of NF-kB, however, it may still play a role in 15dPGJ, mediated

delay in inflammation induced preterm labour in the mouse.
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CHAPTER 4

The effect of CRTH2 agonists on NF-kB
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Chapter summary

Hypothesis:

NF-kB controls the expression of many labour associated genes and its activity is
increased in the amnion and myometrium at term and in labour. It may therefore play
a key role in initiating preterm labour. The anti-inflammatory prostaglandin 15dPGJ,
inhibits NF-kB in human amniocytes and myocytes [271]. The mechanism of 15dPGJ,
mediated NF-kB inhibition remains to be elucidated. 15dPGJ, is a CRTH2 agonist;
however, since CRTH2 is not expressed on human myocytes and amniocytes it is
unlikely that this receptor plays a role in 15dPGJ,-mediated inhibition of NF-kB.
Nuclear phospho-p65 is suppressed in T helper cells during pregnancy [240]; but it is
not known if NF-kB becomes activated in peripheral leukocytes during labour. If basal
NF-kB activity is increased in peripheral leukocytes during labour and 15dPGJ, has the
same inhibitory effect on NF-kB in these cells, then 15dPGJ, could provide a beneficial
systemic anti-inflammatory effect, as well as the local anti-inflammatory effect seen

on amniocytes and myocytes.

Aims:

The aims of the work described in this chapter are; first of all, to confirm that CRTH2
plays no role in 15dPGJ,-mediated inhibition of NF-kB, secondly to determine if NF-kB
activity is altered during pregnancy and in labour in peripheral blood mononuclear
cells, and thirdly to determine if 15dPGJ,. mediated inhibition of NF-kB can be

replicated in peripheral blood mononuclear cells (PBMCs).

Methods:

Prior to commencing experiments with the CRTH2 agonist Pyl A, its activity at the
CRTH2 receptor was demonstrated by up regulation of CD11b expression. The effect of
15dPGJ, and Pyl A on IL-1B induced NF-kB activity in amniocytes and myocytes was
determined by western analysis of nuclear p65 and phospho-p65. NF-kB activity in
peripheral blood mononuclear cells from women at 28 weeks of pregnancy, term pre-

labour and in labour, and non-pregnant controls was determined by western analysis
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of whole cell phospho-p65. To confirm that CRTH2 plays no role in 15dPGJ,-mediated
inhibition of NF-kB, PBMCs were incubated with 15dPGJ, with or without a CRTH2

antagonist and analysed for phospho-p65 by western analysis.

Results:

15dPGJ; inhibited NF-kB in amniocytes and myocytes. This effect was not reproduced
by the CRTH2 agonist Pyl A. No change in PBMC phospho-p65 was seen during
pregnancy compared to non-pregnant controls, or in labour compared with pre-
labour. 15dPGJ, inhibited NF-kB activity in PBMCs, but this effect was not attenuated
by the CRTH2 agonist.

Conclusion:

CRTH2 plays no role in 15dPGJ,-mediated inhibition of NF-kB. 15dPGJ, was able to
inhibit NF-kB in peripheral blood mononuclear cells. This inhibition is likely to lead to
further anti-inflammatory effects such as the inhibition of pro-inflammatory cytokines,
which may be of beneficial therapeutic effect in inflammation associated preterm

labour.
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Introduction

15dPGJ; inhibits NF-kB in cultured human amniocytes and myocytes in a mechanism
that remains to be fully explained [271]. 15dPGJ, is an agonist of the CRTH2 receptor
and therefore the work in this thesis aims to explore the potential for the use of small
molecule CRTH2 agonists to induce NF-kB inhibition. However, from the CRTH2
expression studies of CRTH2 in amniocytes and myocytes, (presented in chapter
three), it is evident that CRTH2 is not expressed in these cell types. This implies that
CRTH2 is not involved in 15dPGJ,-mediated NF-kB inhibition. Data presented in this
chapter aims to prove definitively that CRTH2 plays no role in 15dPGJ,-mediated
inhibition of NF-kB.

NF-kB activity is increased in both amnion [259] and myometrium at term [262],
consistent with labour being considered a pro-inflammatory process. There is an
increased production of pro-inflammatory cytokines in the amnion, amniotic fluid,
choriodecidua, myometrium and cervix during labour, including IL-1B, TNF-a, IL-6 and
IL-8 [25, 157, 158, 233]. Preterm labour is associated with infection and inflammation,
and any trigger of NF-kB can lead to switching on a cascade of pro-inflammatory and
labour associated genes such as IL-8, IL-13, COX-2 and the MMPs [245]. The presence
of inflammation is also associated with neonatal brain injury [318]. Systemic infection
and inflammation even in term labour is associated with a poorer neonatal outcome
[319]. Therefore, NF-kB is an attractive therapeutic target for both preventing preterm

labour and neonatal brain injury.

NF-kB activity is suppressed in T cells during pregnancy [240]. This suppression is
thought to contribute to the suppression of Th1 interleukins which ultimately alter the
Th1:Th2 ratio to favour the Th2 bias seen in pregnancy. It is not known whether this
suppression in PBMCs is reversed towards term and during labour. The effect of

15dPGJ, on NF-kB in PBMCS has also not yet been reported on.

Data presented in this chapter examines the effect of the CRTH2 agonists Pyl A on

phospho-p65 amniocytes and myocytes to see if the effects of 15dPGJ, can be
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replicated. Secondly, the effect of these CRTH2 agonists on NF-kB activity in peripheral

blood mononuclear cells was determined.
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Results

Prior to commencing experiments with the small molecule CRTH2 agonist Pyl A, its
activity at the CRTH2 receptor was determined by demonstrating its ability to up-

regulate the expression of CD11b on eosinophils.

4.1 Pyl A increases CD11b expression in eosinophils via CRTH2

The small molecule CRTH2 agonist Pyl A was synthesised by Oxygen Healthcare
(Cambridge, UK) based on the L-888,607 compound from Merck Frosst Centre for
Therapeutic Research (Quebec, Canada) [320]. To prove the CRTH2 agonist activity of
the compound, and based on the knowledge that the CRTH2 agonists PGD, and
15dPGJ, increase CD11b expression on eosinophils and basophils via CRTH2, the effect
of Pyl A on CD11b expression was examined [303, 321]. Granulocytes were isolated
from non-pregnant women as described in section 2.2.3 and were treated with Pyl A.
Flow cytometry was used to detect CD11lb expression on eosinophils which were
identified by high intensity CD49d expression and forward and side scatter
characteristics (Figure 4.1). Up regulation of CD11b expression with Pyl A treatment
was demonstrated by an increase in mean fluorescence intensity of CD11b-PE (P<0.5).
This effect was attenuated with prior incubation of cells with the CRTH2 antagonist

GSKCRTH2X, obtained from Glaxo Smith Kline, (London, UK) (P<0.5).

An example dot blot is shown Figure 4.1A, with CD49d expression along the x-axis and
CD11b along the y-axis. The double positive population is seen in the right upper
quadrant. The cell population shows a subtle shift in the direction of the y-axis
showing increased CD11b expression, which is reversed with pre-incubation with the
CRTH2 antagonist GSKCRTH2. The histogram in Figure 4.1B shows the shift to the right
with Pyl A treatment (grey filled histogram), reflecting increased CD11b expression,
which is reversed with the CRTH2 antagonist (black outlined histogram). The graph in C

summarises the results of three biological replicates.
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Figure 4.1 Pyl A increases CD11b expression on eosinophils

32 um of PYL A was used to increase CD11b expression on eosinophils. Pre-treatment with the
CRTH2 antagonist GSKCRTH2X (100 um) was used to confirm this effect was via CRTH2.
Eosinophils were identified by labelling with anti-CD49d and on the basis of forward and side
scatter. A representative cytogram is presented with the right upper quadrant showing
CD11b*/CD49d" cells (A). A representative histogram reveals a clear shift to the right with Pyl A
treatment indicative of an increase in CD11b expression. This effect was attenuated with
CRTH2 antagonist pre-treatment (B). A summary of CD11b expressed in eosinophils with each
treatment is shown in the graph (n=3) (C). V= vehicle, PA =Pyl A, GSK X= GSKCRTH2X. For
statistical analysis ANOVA of repeated measures with Bonferroni’s multiple comparison test
was used; * P<0.05.
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4.2 15dPGJ, inhibits NF-kB in amniocytes and myocytes

It has previously been shown that 15dPGJ;, inhibits IL-1B induced NF-kB activity in
human amniocytes and myocytes in a mechanism independent of PPAR-y [271]. For
the purpose of this thesis these results were replicated showing a significant reduction
in IL-1B induced NF-kB, as determined by nuclear p65, to below basal levels in

amniocytes at 32 um and in myocytes from 16 um (Figure 4.2A and B).

A Amniocytes B Myocytes

T S —— — p65

pp———— P — B-actin
+ o+ + o+ o+ + o+ o+ -+ + + o+ o+ o+ o+ o+ IL-1B
0 o 01 1 2 4 8 16 32 0 0 01 1 2 4 8 16 32 15dPGJ2

Figure 4.2 15dPGJ, reduces NF-kB activity in amniocytes and myocytes
Protein was extracted from IL-1B stimulated and 15dPGJ, treated cells and levels of nuclear
p65 were examined using immunoblotting. A dose response of 0.1-32 um of 15dPGJ, was
performed (n=3). Representative immunoblots are shown for amniocytes, (A), myocytes (B).
Immunoblots were re-probed for B-actin as an internal loading control.
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4.3 Pyl A has no effect on NF-kB activity in amniocytes and myocytes

The precise mechanism of 15dPGJ,-mediated inhibition of NF-kB is yet to be fully
understood. In chapter three data was presented showing that CRTH2 is not expressed
in amniocytes and myocytes. Therefore, this suggests that CRTH2 does not play a role
in NF-kB inhibition. As anticipated, the small molecule CRTH2 agonist Pyl A did not
reproduce the effects of 15dPGJ,; having no effect IL-1B induced NF-kB in amniocytes
and myocytes. NF-kB activity was assessed by examining nuclear p65 and phospho-p65
by immunoblot. Representative immunoblots for amniocytes and myocytes are shown
in Figures 4.3A and B respectively. Densitometric analysis, taking into account B-actin
loading controls, was performed and a summary of n=3 experiments is shown in
figures 4.3C-F. Figures 4.3C and D represent p65 in amniocytes and myocytes
respectively, and figures 4.3E and D represent phopsho-65 in amniocytes and

myocytes respectively.
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Figure 4.3 Pyl A has no effect on NF-kB activity in amniocytes and myocytes

Protein was extracted from IL-1B stimulated and Pyl A treated cells and levels of nuclear p65
and phosphorylated p65 (p-p65) were examined using immunoblotting. A dose response of
0.1-32 um of Pyl A was used (n=3). Representative immunoblots are shown for amniocytes,
(A), myocytes (B). Immunoblots were re-probed for B-actin as an internal loading control.
Densitometric analysis of the immunoblots was conducted revealing no effect of Pyl A on p65
or p-p65 in amniocytes (C, E) or myocytes (D, F). Effect of treatment was examined for
statistical significance using ANOVA of repeated measures with Bonferroni’s multiple
comparison test; *P<0.05.
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4.4 15dPGJ, reduces NF-kB in peripheral blood mononuclear cells

To determine if the inhibitory effect of 15dPGJ, could be replicated in peripheral blood
mononuclear cells, blood was collected and prepared as described in section 2.2.3.
Cells were incubated with 1-32 um of 15dPGJ; or vehicle for 2 hours and whole cell
lysate was analysed for phopsho-p65, the transcriptionally active form of NF-kB. A
significant reduction in NF-kB activity was seen with 32 um of 15dPGJ, as shown by a
representative blot (Figure 4.4A), and in the graph summarising results of three

biological replicates (Figure 4.4B).
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Figure 4.4 15dPGJ, reduces NF-kB activity in peripheral blood mononuclear cells

Protein was extracted from peripheral blood mononuclear cells after a 2 hr incubation with
15dPGJ, and levels of whole cell phsopho-p65 were examined using immunoblotting. A dose
response of 1-32 um of 15dPGJ, was used (n=3). Representative immunoblots are shown for
phospho-p65 and B-actin (A). Immunoblots were re-probed for B-actin as an internal loading
control and densitometric analysis of the immunoblots for all experiments was conducted and
summarised in the graph (B). A reduction in NF-kB activity was seen from 16 um
concentration. Effect of treatment was examined for statistical significance using One-way
ANOVA with Dunnett’s post-hoc analysis; *P<0.05.
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4.5 Pyl A has no effect on NF-kB in peripheral blood mononuclear cells

The CRTH2 agonist Pyl A was used to determine if the inhibitory effect of 15dPGJ,
could be replicated. Cells were incubated with 0.1-32 um of Pyl A or vehicle for 2 hrs
and whole cell lysate was analysed for phopsho-p65. Four biological replicates were
performed, with an example blot in Figure 4.5 A and a summary of all replicates in

Figure 4.5 B.
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Figure 4.5 Pyl A has no effect on NF-kB activity in peripheral blood mononuclear cells

Protein was extracted from peripheral blood mononuclear cells after a 2 hr incubation with Pyl
A and levels of whole cell phsopho-p65 were examined using immunoblotting. A dose
response of 0.1-32 um of Pyl A was used (n=4). Representative immunoblots are shown for
phospho-p65 and B-actin (A). Immunoblots were re-probed for B-actin as an internal loading
control and densitometric analysis of the immunoblots for all experiments is summarised in
the graph (B). No effect was seen on NF-kB activity at any concentration of Pyl A. Effect of
treatment was examined for statistical significance using One-way ANOVA with Dunnett’s
post-hoc analysis.

140



Chapter 4: CRTH2 agonists and NF-kB

4.6 DK- PGD, _has no effect on NF-kB in peripheral blood mononuclear

cells

A second specific CRTH2 agonist was used to confirm that CRTH2 agonists have no
effect on NF-kB activity. A dose response from 0.1-32 um showed no effect on whole
cell phospho-65 in peripheral blood mononuclear cells. A representative blot is shown
in Figure 4.6A, and a graph summarising the absence of effect with three replicates is

shown in Figure 4.6B.
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Figure 4.6 DK- PGD, has no effect on NF-kB activity in peripheral blood mononuclear cells
Protein was extracted from peripheral blood mononuclear cells after a 2 hr incubation with
DK- PGD, and levels of whole cell phsopho-p65 were examined using immunoblotting. A dose
response of 0.1-32 um of DK- PGD, was used (n=3). Representative immunoblots are shown
for phospho-p65 and B-actin (A). Immunoblots were re-probed for B-actin as an internal
loading control and densitometric analysis of the immunoblots for all experiments is
summarised in the graph (B). No effect was seen on NF-kB activity at any concentration of DK-
PGD,. Effect of treatment was examined for statistical significance using One-way ANOVA with
Dunnett’s post-hoc analysis.
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4.7 15dPGJ, inhibits basal on NF-kB in a mechanism independent of

CRTH2

Data presented so far supporting the hypothesis that CRTH2 is not involved in
15dPGJ,-mediated inhibition of NF-kB includes the inability of Pyl A to replicate NF-kB
inhibition in amniocytes, myocytes and peripheral blood mononuclear cells. The
second CRTH2 agonist used (DK- PGD,) also did not replicate the effects of 15dPGJ; in
PBMCs. As a final confirmation that CRTH2 plays no role in 15dPGJ, -mediated NF-kB
inhibition, prior to treatment of PBMCs with 15dPGJ;, cells were pre-incubated with
the CRTH2 antagonist (GSKCRTH2X). The CRTH2 antagonist could not attenuate the
effects of 15dPGJ,, Figure 4.7.
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Figure 4.7 The effect of 15dPGJ, on basal NF-kB p65 phosphorylation in peripheral blood
mononuclear cells PBMCs were treated with 32 um of 15dPGJ, for 2 hrs with or without
preincubation with 100 pum of GSKCRTH2X for 45 mins. Whole cell protein lysate was
examined for levels of phosphorylated p65 (p-p65) using immunoblotting. A representative
immunoblot from n=6 samples are shown (A). Inmunoblots were reprobed for B-actin as an
internal loading control. Densitometric analysis of the immunoblots was conducted revealing a
complete inhibition of p-p65 levels with 15dPGJ,. Pre-incubation with the CRTH2 antagonist
GSKCRTH2X had no effect on inhibition (B). Effect of treatment was examined for statistical
significance using ANOVA of repeated measures with Bonferroni’s multiple comparison test;
**%* p<0.0001.
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4.8 15dPGJ, reduces PMA stimulated NF-kB in peripheral blood

mononuclear cells

PMA and ionomycin are stimulants used in vitro to represent in vivo T cell activation.
To determine if 15dPGJ, was able to inhibit PMA/ionomycin activated T cells,
peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of
15dPGJ; and stimulated with PMA/ionomycin for 10 mins. Whole cell protein lysate
was extracted and assessed for levels of phosphorylated p65, the transcriptionally
active subunit of NF-kB. PMA/ionomycin treatment stimulated NF-kB phosphorylation
in all samples. Pre-treatment of cells with 15dPGJ, reduced levels of p-p65 in all
samples but narrowly missed out on statistical significance (n=4). A representative
immunoblot is shown in Figure 4.8A and a summary of all experiments is expressed in

the graph in Figure 4.8B.
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Figure 4.8 15dPGJ, reduces PMA stimulated NF-kB activity in peripheral blood mononuclear
cells

PBMCs were treated with 15dPGJ, for 2 hrs then stimulated for 10 mins with PMA/ionomycin.
Whole cell protein lysate was extracted and levels of phosphorylated p65 examined using
immunoblotting. A representative immunoblots is shown (A). Immunoblots were reprobed for
B-actin as an internal loading control. Densitometric analysis of the immunoblots was
conducted revealing a significant increase in p-p65 levels upon stimulation and a decrease
with the addition of 15dPGJ, (B). Effect of treatment was examined for statistical significance
at each gestational timepoint using ANOVA of repeated measures with Bonferroni’s multiple
comparison test; *P<0.05.

144



Chapter 4: CRTH2 agonists and NF-kB

4.9 NF-kB activity is unchanged during pregnancy and labour

Previous studies have shown that NF-kB activity is suppressed in T cells in pregnancy.
However, it is not known if this suppression is reversed at term and in labour.
Peripheral blood mononuclear cell whole cell lysate from non-pregnant women,
women at 28 weeks gestation and at term pre-labour and in labour was analysed for
phospho-65 by western analysis. In this leukocyte population there was no difference
in phosopho-p65 between non-pregnant women and pregnant women, or between
labouring and non-labouring women. Figure 4.9A shows a representative immunoblot

and Figure 4.9B shows a summary of three to four replicates in the form of a graph.
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Figure 4.9 No difference in Phospho-p65 in peripheral blood mononuclear cells during
pregnancy and in labour

Whole cell lysate was extracted from peripheral blood mononuclear cells from non-pregnant
women, women at 28 weeks and at term not in labour or in labour. Levels of phosphorylated
p65 (p-p65) were examined using immunoblotting. Representative immunoblots are shown
for each gestational time point (A), n=3 or 4. Immunoblots were reprobed for B-actin as an
internal loading control. Densitometric analysis of the immunoblots showed no change in p-
p65 between gestational timepoints (B). Effect of treatment was examined for statistical
significance at each gestational timepoint using the Students t-test.
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4.10 15dPGJ, reduces PMA stimulated phospho p65 at all gestational

time points

Since 15dPGJ; was shown to reduce PMA stimulated NF-kB in non-pregnant women,
the effect on NF-kB during pregnancy and in labour was also determined. A reduction
was seen at all gestational time points, with the most significant effect seen at 28

weeks, (P<0.0001) and at term in labour (P<0.05), Figure 4.10.
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Figure 4.10 15dPGJ, reduces PMA stimulated NF-kB p65 phosphorylation in peripheral blood
mononuclear cells during pregnancy and in labour

PBMCs were treated as previously described and whole cell lysate was extracted. Levels of
phosphorylated p65 (p-p65) were examined using immunoblotting. Representative
immunoblots are shown for each gestational time point (A) (n=3). Immunoblots were
reprobed for B-actin as an internal loading control. Densitometric analysis of the immunoblots
was conducted revealing a significant increase in p-p65 levels upon stimulation with
PMA/ionomycin in all samples (B). A significant decrease in PMA/ionomycin stimulated p-p65
was observed following 15dPGJ, treatment in 28 week and term in labour samples. Effect of
treatment was examined for statistical significance at each gestational timepoint using 2 way
ANOVA with Bonferroni’s multiple comparison test; **** P<0.0001*** P<0.001, **P<0.01,
*P<0.05.
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Summary and discussion

The discovery that the anti-inflammatory prostaglandin 15dPGJ, inhibits NF-kB in
human amniocytes and myocytes [271], and delays inflammation induced preterm
labour in the mouse [277] by an unknown mechanism led us to investigate a potential
role for the CRTH2 receptor and small molecule CRTH2 agonists. Data presented in
chapter 3 concludes that CRTH2 is not expressed on human amniocytes and myocytes,
thus implying there is no role for CRTH2 in 15dPGJ,-mediated inhibition of NF-kB in
these cells. It is not known what effect CRTH2 agonists have on NF-kB signalling, and
the effect of 15dPGJ, on NF-kB in human peripheral mononuclear cells has not been
examined before. Data presented in this chapter conclusively rules out any role for
CRTH2 in 15dPGJ,-mediated inhibition of NF-kB, however it shows that 15dPGJ;, does
have inhibitory effects on NF-kB in PBMCs, which is maximal in activated cells at 28

weeks of gestation and in labour.

The CRTH2 agonist Pyl A

Pyl A is a stable synthetic, potent, and selective CRTH2 agonist which was made by
Oxygen Healthcare based on the published compound L-888,607 synthesised by Merck
[320]. The compound was shown to bind to DP1 and CRTH2 with affinity (Ki) of 2331
and 0.8 nM (2.333 uM and 0.0008 um) respectively. The structures of CRTH2 agonists
are shown in Figure 4.11 (adapted from Gervais et al 2005). The CRTH2 agonist Pyl A
(L-888,607) was developed from L-883,595 which generated two stereoisomers; L-
888,291 and L-888,607, with the latter being the most potent. The arrow (1) shows the
point which reflects the stereocisomer structure. The cyclopentenone ring (2)
contributes to the potency as does the presence of the sulphur molecule (3).
Substituting a heavier molecule at the site of the fluoride molecule was found to
reduce the potency (4). At higher concentrations, the compound is able to bind to
other prostanoid receptors with the rank of order of affinity as follows: CRTH2> TP>

EP3> DP> EP4> EP2> FP> IP> EP1.
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Figure 4.11 The structure of CRTH2 agonists. Adapted from Gervais et al, 2005.

The potent stereoisomer L-888,607 was developed from the L-883,595 compound by Gervais
et al. The structure is shown alongside its stereoisomer L-888,291 with arrow 1 at the point
which reflects the stereoisomeric structure. Arrow 2 points to the presence of the
cyclopentenone ring which can be seen in all structures including 15dPGJ,. The presence of
the sulphur molecule appears to be important for the affinity of the compound as shown by
arrow 3. By substituting the fluoride molecule (arrow 4) the potency is reduced.

The activity of L-888,607 at the CRTH2 receptor was demonstrated by its ability to
cause eosinophil morphological shape change and maximal eosinophil chemotaxis at
100 nM concentration [320]. For the purpose of this thesis, the activity at the CRTH2
receptor was demonstrated by its ability to increase the expression of CD11b in
eosinophils (Figure 4.1). PGD,, 15dPGJ, and Indomethacin increase its expression via
CRTH2, which is thought to contribute to eosinophil migration [303, 304, 321]. As
added confirmation that Pyl A was acting through CRTH2, the CRTH2 antagonist
GSKCRTH2X inhibited this response.
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The CRTH2 agonist Pyl A has no effect on NF-kB in amniocytes, myocytes and PBMCs

The agonist Pyl A had no effect on phospho-p65 in human amniocytes and myocytes
(Figure 4.3). This was expected in view of the absence of detectable levels of the
CRTH2 protein in amniocytes and myocytes. The effect of the CRTH2 agonists Pyl A and
DK- PGD, on NF-kB activity was explored in peripheral blood mononuclear cells, with
known expression of CRTH2. However, no effect on phospho-65 was seen in PBMCs
either, (Figures 4.5 and 4.6). The only other study to explore the effect of CRTH2
agonists on NF-kB showed that an IKB inhibitor had no effect PGD, induced cytokine
production. Despite rocaglamide (an NF-«kB inhibitor) causing a reduction in PGD,-
induced cytokine production by 30%, PGD, did not lead to an increase phospho-IkB,
suggesting a non-pathway specific effect of rocaglamide [302]. Together with this data
reporting no direct effect on NF-kB signalling upon CRTH2 activation with PGD,, our
data also supports no direct effect on NF-kB signalling via CRTH2. The main pathway
activated with CRTH2 agonists appears to be the phosphatidylinositol 3-kinase (PI3K)
pathway which is involved in indomethacin induced eosinophil morphological change,
CD11b expression [304] and PGD, induced production of IL-4, IL-5 and IL-13, and
chemotaxis in Th2 cells [302].

The CRTH2 agonist 15dPGJ, inhibits NF-kB in amniocytes, myocytes and PBMCs

independently of CRTH2

As previously described, 15dPGJ; is an endogenous prostaglandin which accumulates
intracellularly [278], and can be measured endogenously in picomolar concentrations
in body fluids [322]. As well as being a ligand for PPAR-y, it is also an agonist of the
CRTH2 receptor [287]. 15dPGJ, has previously been shown to inhibit NF-kB in
amniocytes and myocytes in vitro [271], the effect of which was replicated here as
seen in Figure 4.2A and B. Since NF-kB controls the expression of many labour

associated genes and pro-inflammatory cytokines; targeting its inhibition seems
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attractive to prevent both inflammation induced preterm labour and the associated
risk of brain injury associated with inflammation. As well as the potentially beneficial
effect of 15dPGJ, locally at the maternal fetal interface, a peripheral anti-inflammatory
effect in women with systemic signs of chorioamnionitis could also be beneficial in

preventing neonatal adverse outcome.

The inhibitory effect of 15dPGJ, on NF-kB activity was replicated in peripheral blood
mononuclear cells at similar concentrations used with amniocytes and myocytes,
(Figure 4.4). A reduction was also seen in PBMCs stimulated with the classical
activators of T cells, PMA and ionomycin (Figure 4.8). To finally rule out a role of
CRTH2 in 15dPGJ, mediated inhibition of NF-kB activity, PBMCs were pre-incubated
with the CRTH2 antagonist GSKCRTH2X (Figure 4.7). No attenuation of NF-kB inhibition
was seen with the CRTH2 antagonist. As demonstrated in chapter 3 CRTH2 is only
present on a small subset of T cells, and the PBMCs population examined here will
contain a significant proportion of non-CRTH2 expressing T and B cells. Since there was
complete inhibition of NF-kB (Figure 4.7), whatever the mechanism of action, it must
be a mechanism which is occurs in all subsets of leukocytes in the PBMC population

examined.

Although 15dPGJ; is also a high affinity ligand to the nuclear PPAR-y receptor, this is
not the mechanism of NF-kB inhibition in amniocytes and myocytes [271]. 15dPGJ,
contains an electrophilic cyclopenteneone ring, a property which permits it to ligate
nuclear receptors and modify intracellular signalling molecules. The highly reactive
ring of 15dPGJ, can form a covalent interaction with components of the NF-kB
signalling pathway (IkB kinase complex B, p50, and p65 subunits) via the Michael
reaction, resulting in impaired nuclear entry and DNA binding activity [323]. PGA,,
which contains an electrophilic cyclopentenone ring mimics the effect of 15dPGJ; in
amniocytes and myocytes, whereas 9, 10-dihydro-15dPGJ, (in which the ring is
disrupted) does not [271]. Although Pyl A contains a cyclopentenone ring, it is not
highly electrophilic like 15dPGJ,. It is highly likely that the electrophilic cyclopentenone
ring of 15dPGJ; is also essential for the inhibition of NF-kB seen in PBMCs. Although

prostaglandin J2 has been shown to enter the cell by active transport [324], it is not
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yet clear if this is the mechanism of entry into amniocytes, myocytes and PBMCs. Data
presented in this chapter excludes a CRTH2-dependent receptor-mediated entry into
the cell as a requirement for NF-kB inhibition, and excludes a CRTH2 dependent

downstream signalling effect for the inhibition of NF-kB.

NF-kB activity in PBMCs during pregnancy and in labour

The immune system undergoes significant adaptation during pregnancy to
accommodate the “foreign” fetus with a degree of immune-suppression whilst
maintaining adequate immune function to ward off infection. The precise immuno-
regulatory mechanisms remain to be determined. There is significant evidence
supporting the bias towards a favourable Th2 interleukin profile away from the pro-
inflammatory Th1 profile for successful pregnancy maintenance, which is discussed in
more detail in chapter five. One proposed immuno-regulatory mechanism is that of
suppressed NF-kB activity in T cells during pregnancy compared to non-pregnant
controls which is thought to explain the suppressed Th1 response in pregnancy [240].
Peripheral blood mononuclear cells from women in the third trimester stimulated with
pooled non-pregnant serum and LPS show reduced NF-kB DNA binding activity,
reduced nuclear p65 and reduced cytosolic Ik-Ba and Ik-BB [257]. Isolated T cells of
pregnant women in the third trimester also show a reduced response to
PMA/ionomycin stimulation with absent nuclear and whole cell p65 and reduced
whole cell and cytosolic Ik-Ba and Ik-BB [240].This group demonstrated that levels of
PMA stimulated nuclear p65 returned to non-pregnant values by 72 hours post partum

[256].

Contrary to what was anticipated, basal NF-kB activity as determined by whole cell
phospho-p65 was unchanged throughout pregnancy and in labour in peripheral blood
mononuclear cells (Figure 4.9). PMA/ionomycin stimulation led to a significantly
increased activity of NF-kB at all time points in pregnancy with no apparent difference
compared to non-pregnant controls (Figure 4.10). Two of the studies above isolated T

cells, and therefore the results from the PBMCs, which will include B cells are not
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representative of the cell population in McCracken’s studies [240, 257]. In the one
study in which they also used PBMCs, cells were stimulated with pooled serum and
LPS, which again is not a comparable method to the one which was used in this thesis.
Whilst all studies are valid and provide useful insights into potential in vivo leukocyte
NF-kB activity, isolation of T cells provides more information on the potential immuno-
regulation specifically in these cells which may then alter the Th1/Th2 balance.
However, the presence of B cells in vivo also serve a potentially important role, and
the effect on peripheral blood cells as a whole with cell-cell interaction may be more

relevant in reflecting the overall immune response which occurs in vivo.

15dPGJ;, was able to reduce basal and PMA/ionomycin activated NF-kB, with the most
significant effect seen at 28 weeks and at term in labour. The women at these time
points would be the target populations of any proposed administration of 15dPGJ, as

an anti-inflammatory and anti-labour therapeutic agent.

In summary, from the data presented in this chapter, a conclusion can be drawn that
15dPGJ, inhibits NF-kB in a mechanism independent of CRTH2. The discovery that
15dPGJ, also suppresses NF-kB activity in peripheral blood mononuclear cells raises
the possibility that it may also be used to suppress systemic inflammation and reduce

production of pro-inflammatory cytokines in circulating peripheral leukocytes.
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CHAPTER 5

CRTH2 agonist effect on the Th1/Th2 interleukins
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Chapter summary

Hypothesis:

The CRTH2 agonist PGD, induces the production of the Th2 interleukins in vitro.
15dPGJ; inhibits NF-kB in peripheral blood mononuclear cells (PBMCs). It is possible
that the CRTH2 agonists 15dPGJ; and Pyl A can modulate the systemic production of
Th1/Th2 interleukins.

Aims:

The work presented in this chapter aims to determine if the Thl interleukins are
suppressed and if the Th2 interleukin IL-4 is increased in PBMCs during pregnancy. The
Th1/Th2 interleukin profile during labour was also examined to determine if there is a
shift towards the pro-inflammatory Thl response, consistent with the pro-
inflammatory profile seen locally in amnion and myometrium. The potential
immunomodulatory effect of the CRTH2 agonists 15dPGJ, and Pyl A on the Th1/Th2

profile in PBMCs was examined at different stages of pregnancy and in labour.

Methods:

Blood was collected from women at different gestational time points and during
labour. PBMCs were treated with CRTH2 agonists or vehicle and stimulated with
PMA/ionomycin. Expression of intracellular interleukins in CD4 or CRTH2 positive cells

was determined by flow cytometry.

Results:

The Th1l interleukins IFN-y and TNF-a were suppressed in pregnancy, with no increase
in labour. There was no change in IL-4 production during pregnancy or in labour.
15dPGJ; suppressed PMA/ionomycin stimulated Th1 interleukin production; however

neither 15dPGJ, nor Pyl A increased IL-4 production.

Conclusion:
Unlike Pyl A, 15dPGJ, is able to modulate the Th1:Th2 interleukin ratio, by suppressing
the Th1 cytokines. This effect is not via CRTH2 and is likely to be via inhibition of NF-«B.
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Introduction

The hypothesis of Th2 predominance and downregulation of the Th1 response for the
maintenance of successful pregnancy originated from Wegmann and colleagues [209]
and was reinforced by evidence from both murine studies and the clinical course of
Th2 and Th1 based conditions in pregnancy. Thl and Th2 cell subsets originate from
undifferentiated ThO cells under the influence of IFN-y and IL-4 respectively. Type 1
CD4" T cells produce an array of inflammatory cytokines including IFN-y [190], IL-2
[191], and Tumor necrosis factor-alpha (TNF-a) [192], whereas the type 2 CD4" T cells
(Th2) produce IL-4, IL-5, IL-13, IL-10 [190].

Term labour is often seen as a pro-inflammatory state and therefore it is plausible that
labour is associated with a reversal in the bias back towards Th1 rather than Th2 in the
peripheral blood cells. There is substantial evidence that the Th1 cytokines play a role
in the initiation of labour at term locally at the maternal fetal interface [192]. Fetal
membranes [166, 171] and myometrium [325] produce IL-1B at term, and TNF-a and
IL-1B are both increased in amnion, amniotic fluid and decidua at term [233]. TNF-a
and IL-1f are potent inducers of the transcription factor NF-kB [271]. NF-kB regulates
the expression of several labour-associated genes including COX-2, the oxytocin

receptor, IL-8 and matrix metalloproteinase-9 (MMP-9) [245].

Preterm labour is often associated with infection and inflammation, particularly early
preterm labour [63]. Activation of the Thl cytokines occurs as a specific response to
infection caused by intracellular bacteria, parasites and viruses [239]. During infection
IL-12 is produced by macrophages and dendritic cells [326, 327], which leads to
polarisation from ThO to Th1 type cells [194]. The Th1:Th2 ratio is further altered by
IFN-y up-regulating the IL-12 receptor leading to further Th1 development, and by the
inhibition of Th2 cells [328]. As part of the fetal response to infection and PROM, there
is also evidence of a fetal Th1 polarised response with an increase IFN-y production in
cord blood [101]. Pro-inflammatory cytokines, such as TNF-a and IL-1B can ultimately

result in the production of prostaglandins and MMPs [236], via NF-kB. The production
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of pro-inflammatory Thl interleukins therefore has the potential for triggering a
cascade of pro-labour events including uterine contractility and fetal membrane
rupture leading to preterm labour. The presence of infection and inflammation is now
considered an independent risk factor for the neonatal brain injury in neonates born
preterm [319], and at term [329]. For example, amniotic fluid and cord blood pro-
inflammatory cytokines IL-1B, IL-6, and TNF-a are associated with radiological

evidence of cerebral damage [330, 331].

PGD;, promotes the production of the Th2 interleukins IL-4, IL-13, IL-5 and IL-10 in T
helper 2 cells in vitro via the second PGD, receptor, CRTH2 [217]. PGD, is produced by
the placenta and may play a role in the chemo-attraction of Th2 cells, via the CRTH2
receptor, to the maternal fetal interface to produce a localised Th2 bias [198]. The
non-immune cells of the maternal fetal interface; trophoblast, decidua and amnion
can contribute to the Th2 cytokine environment by production of IL-13 [222], IL-10
[223], IL-4 and IL-6 [224, 225]. There is substantial evidence for the importance of a
Th2 bias during pregnancy, mainly at the maternal fetal interface [192, 208, 332].
Consistent with this, decidual CD4" cells from women undergoing unexplained

recurrent pregnancy loss typically exhibit reduced IL-4 and IL-10 production [149].

In this chapter, the potential for CRTH2 agonists as immunomodulatory therapeutic
agents was explored. The expression profile of the Th1 interleukins IFN-y and TNF-q,
and the Th2 interleukin IL-4 in T helper cells were examined to identify if; firstly a Th2
bias exists during pregnancy, and secondly if this is altered during term labour. The
effect of 15dPGlJ; on the Thl and Th2 interleukins was examined to determine if a Th1l
response could be suppressed via its ability to inhibit NF-kB in PBMCs, and if a Th2
response could be induced via its agonist effect on the CRTH2 receptor. The small
molecule agonist Pyl A was also used to determine if a Th2 response could be induced,
and if a Thl response could be indirectly suppressed by the production of Th2

interleukins.
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Results

5.1 The Th1/Th2 interleukin profile during pregnancy and labour

Many groups have reported on a bias in the Th1:Th2 interleukin ratio in favour of Th2
interleukins during pregnancy at a local level, however there is limited data on the
Th1:Th2 profile in peripheral blood mononuclear cells in labour. This chapter reports
on the Th1:Th2 profile in T helper cells during pregnancy and in labour, and the effects
of the CRTH2 agonists 15dPGJ, and Pyl A on the interleukins. PBMCs were examined
from women at 28 weeks gestation, at term pre labour and in labour, and from non-
pregnant women serving as controls. Cells were stimulated with PMA/ionomycin (or
vehicle control). For examining the effects of the CRTH2 agonists cells were incubated
for 2 hrs with the agonist prior to PMA/ionomycin stimulation. Intracellular production
of the Th1l interleukins IFN-y and TNF-a, and the Th2 interleukin IL-4 were examined by
flow cytometry. The percentage of cells producing the interleukins, as well as the
mean fluorescence intensity of expression was analysed. Four biological replicates

were used in all experiments presented in this chapter.

5.1.1 IFN-y production in CD4" (T helper cells) at different gestational time points

PMA /ionomycin stimulated cells from women at 28 weeks, term pre labour, term in
labour and non-pregnant women were examined for IFN-y production. Cells were
labelled with CD4-APC to identify T helper cells. The percentage of IFN-y’/CD4" cells
and the geometric mean fluorescence intensity of IFN-y in these cells were
determined. Figure 5.1.1A shows a representative dot blot of non-stimulated cells,
non-pregnant and 28 week PMA/ionomycin treated lymphocytes. The right upper
quadrant shows the IFN-y"/CD4" cells. A clear increase in the percentage of cells
producing IFN-y is seen with PMA/lonomycin treatment. A lower percentage of cells
produced IFN-y during pregnancy, as shown by the representative non-pregnant and

28 week dot blots.
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Panel B summarises the results for n=4. The mean percentage of IFN-y-producing CD4"
lymphocytes in response to stimulation reduced from 10.74% in non pregnant women
to 6.57% at 28weeks, 5.065% at term pre-labour and 5.55% at term in labour
respectively (P < 0.05, P <0.001 and P <0.01 respectively). There was also a reduction
in the percentage of cells secreting IFN-y in the non-stimulated state, however this did
not reach statistical significance. PMA/ionomycin significantly increased the
production of IFN-y at all time points, however the mean fluorescence intensity of
production was not significantly different between gestational time points in
stimulated cells; with a mean fluorescence intensity of 101.92, 115.7, 110.14 and
88.28 in non pregnant, 28 weeks, term pre-labour and term in labour samples
respectively (Figure 5.1.1C). No significant increase in either the percentage of cells
producing IFN-y or the expression of IFN-y was seen in labour compared to the pre-
labour samples in stimulated and non-stimulated cells (Figure 5.1.1B). There was
nevertheless a small but clear increasing trend in the basal percentage of cells
producing IFN-y from 28 weeks to term, with a further increase in labour (Figure

5.1.1B — seen more clearly with different axis range later in Figure 5.2.1A panel B).
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Figure 5.1.1 IFN-y production in CD4" T helper cells at different gestational time points
Peripheral blood mononuclear cells were isolated and stimulated with PMA/ionomycin. The
percentage of IFN-y"/CD4" positive cells and the geometric mean fluorescence intensity of
IFN-y" were detected by flow cytometry in samples derived from non-pregnant (NP), 28 week
pregnant, term pre-labour (TL-) and term in labour (TL+) samples. A representative dot blot
shows the effect of stimulation on IFN-y production in CD4 positive cells in non-pregnant and
28 week lymphocyte samples, (seen in the right upper quadrants in panel A). A significant
reduction in the percentage IFN-y secreting CD4" lymphocytes was seen at all gestational time
points compared to non-pregnant controls (B). Geometric mean fluorescence intensity (M.F.l.)
was also assessed as a measure of total cytokine production (C). PMA/ionomycin stimulation
significantly increased IFN-y production in all sample groups, however no differences in
gestation-dependent responses were detected. For statistical analysis Two-way ANOVA with
Bonferroni’s multiple comparison test using NP or non-stimulated samples as a control was
used; ¥****Pp<0.0001, ***P< 0.001, **P<0.01, *P<0.05.
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5.1.2 TNF-a production in CD4" (T helper cells) at different gestational time points

The second Th1 interleukin to be examined in PMA /ionomycin stimulated cells at the
different gestational time points was TNF-a. The percentage of TNF-a*/CD4" cells and
the geometric mean fluorescence intensity of TNF-a in these cells were determined.
Figure 5.1.2A shows a representative dot blot of non-stimulated cells, non-pregnant
and 28 week PMA/ionomycin treated lymphocytes. The right upper quadrant shows
the TNF-a"/CD4" cells. An increase in the percentage of cells producing TNF-a is seen
with PMA/ionomycin treatment. A lower percentage of cells produced TNF-a during
pregnancy, as shown by the representative non-pregnant and 28 week dot blots,

although the effect was more subtle than in the IFN-y dot blots.

Panel B of figure 5.1.2 summarises the results for n=4. The mean percentage of TNF-a -
producing CD4" lymphocytes in response to stimulation reduced from 20.6% in non-
pregnant women to 14.53% at 28 weeks, 15.78% at term pre-labour and 13.26% at
term in labour respectively, however this effect did not reach statistical significance.
There was also a non-significant reduction in the percentage of cells secreting TNF-a in
the non-stimulated cells. PMA/ionomycin significantly increased the percentage of
cells producing TNF-a and the expression within the positive cells at all time points,
however the mean fluorescence intensity of production was not significantly different
between gestational time points in stimulated cells; with a mean fluorescence
intensity of 63.28, 72.62, 64.44 and 55.96 in non pregnant, 28 weeks, term pre-labour
and term in labour samples respectively (Figure 5.1.2C). No significant increase in
either the percentage of cells producing TNF-a or the expression of TNF-a was seen in
labour compared to the pre-labour samples in PMA/ionomycin or non-stimulated cells
(Figures 5.1.2B). There was nevertheless a small but clear increasing trend in the basal
percentage of cells producing TNF-a from 28 weeks to term, with a further increase in
labour (Figure 5.1.2B — seen more clearly with different axis scale later in Figure 5.2.2A

panel B).
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Figure 5.1.2 TNF-a production in CD4" T helper cells at different gestational time points
Peripheral blood mononuclear cells were isolated and stimulated with PMA/ionomycin. The
percentage of TNF-a'/CD4" positive cells and the geometric mean fluorescence intensity of
TNF-a were determined by flow cytometry in samples derived from non-pregnant (NP), 28
week pregnant, term pre-labour (TL-) and term in labour (TL+) samples. A representative dot
blot shows the effect of stimulation on TNF-a production in CD4 positive cells in non-pregnant
and 28 week lymphocyte samples, (seen in the right upper quadrants in panel A).
PMA/ionomycin significantly increased the percentage of cells producing TNF-a and mean
expression (B). Although a reduction was seen in the percentage of TNF-a/CD4" cells during
pregnancy in both non-stimulated and stimulated cells, this narrowly missed out on statistical
significance. Geometric mean fluorescence intensity (M.F.l.) was also assessed as a measure of
total cytokine production (C). PMA/ionomycin stimulation significantly increased TNF-a
production in all sample groups, however no differences in gestation-dependent responses
were detected. For statistical analysis Two-way ANOVA with Bonferroni’s multiple comparison
test using NP or non-stimulated samples as a control was used; ****P<0.0001, ***P< 0.001,
**P<0.01.
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5.1.3 IL-4 production in CRTH2" cells at different gestational time points

The classic Th2 interleukin is IL-4. CRTH2 cells produce IL-4 upon stimulation. The
effect of PMA/ionomycin stimulation at the different gestational time points was
examined. The percentage of IL-4/CRTH2" cells and the geometric mean fluorescence
intensity of IL-4 in these cells were determined. Figure 5.1.3A shows a representative
dot blot of non-stimulated cells, and non-pregnant and 28 week PMA/ionomycin

stimulated lymphocytes. The right upper quadrant shows the IL-4"/CRTH2" cells.

A very small increase in the percentage of CRTH2 positive cells producing IL-4 is seen
with PMA/ionomycin treatment during pregnancy, although this does not reach
statistical significance; see Figure 5.1.3 panel B. PMA/ionomycin significantly increased
the mean production of IL-4 in PMA/ionomycin stimulated cells at 28 weeks and at
term pre-labour from 33.07 to 39.35 and 31.5 to 39.4 respectively. However the mean
fluorescence intensity of production was not significantly different between
gestational time points in stimulated cells. Despite there being an increase in the
percentage of cells producing IL-4 at 28 weeks compared to non —pregnant samples,
with a subsequent reduction pre labour at term, this narrowly missed out on statistical
significance with the use of the Bonferroni’s multiple comparisons test. No significant
difference in either the percentage of cells producing IL-4 or the expression of IL-4 was

seen in labour compared to the pre-labour samples.
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Figure 5.1.3 IL-4 production in CRTH2" T helper cells at different gestational time points
Peripheral blood mononuclear cells were isolated and stimulated with PMA/ionomycin. The
percentage of CRTH2"/ IL-4 positive cells and the geometric mean fluorescence intensity of IL-
4 were determined by flow cytometry in samples derived from non-pregnant (NP), 28 week
pregnant, term pre-labour (TL-) and term in labour (TL+) samples. A representative dot blot
shows the effect of stimulation on IL-4 production in CRTH2 positive cells in non-pregnant and
28 week lymphocyte samples, (seen in the right upper quadrants in panel A). PMA/ionomycin
increased the percentage of cells producing IL-4 (B) and mean expression during pregnancy
(C). No statistically significant difference was seen in the percentage of IL-4/CRTH2" cells or IL-
4 production during pregnancy compared to non-pregnant controls in both non-stimulated
and stimulated cells. For statistical analysis two-way ANOVA with Bonferroni’s multiple
comparison test using NP or non-stimulated samples as a control was used; **P<0.01,
*P<0.05.
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5.2 The effect of the CRTH2 agonist 15dPGJ, on the Thl and Th2

interleukins

15dPGJ; is an anti-inflammatory prostaglandin and a ligand for CRTH2. We therefore
explored the effect of 15dPGJ; on the Th1 cytokines; IFN-y and TNF-a. To do this, cells
were pre incubated with 32 uM of 15dPGJ, or vehicle control prior to the addition of
PMA/ionomycin or vehicle before intracellular cytokines were detected by flow

cytometry.

5.2.1 Effect of 15dPGJ, on IFN-y production in CD4" (T helper cells)

5.2.1A Non PMA/lonomycin stimulated cells

The effect of 15dPGJ, on basal IFN-y production was examined. 15dPGJ, appeared to
create a CD4"/IFN-y" population as demonstrated in the representative dot plot in
panel A of figure 5.2.1A. This led to an increase in the percentage of IFN-y*/CD4" cells
(panel B) and an increase in IFN-y production, (panel C). The percentage of IFN-y*/CD4"
lymphocytes increased from 1.3% to 2.2% in non-pregnant women (non-significant),
0.35% to 2.36% at 28 weeks (P<0.001), 0.57% to 1.84% at term (P<0.05), and 0.87% to
1.78% (non- significant) at term in labour. 15dPGJ, also led to a small increase in the
production of IFN-y (measured as the geometric mean fluorescence intensity) in T
helper cells from 24.36 to 28.08 (non-significant) in non-pregnant controls, 37.29-
45.59 (P<0.05) in 28 week samples and from 29.26 to 34.35 in term pre-labour (non-
significant), and 38.85 to 45.34 in term in labour (non significant) samples. An example
histogram shows the mean intensity of IFN-y"/CD4" cells under the different

conditions, panel D.
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5.2.1B PMA/lonomycin stimulated cells

The effect of 15dPGJ, on PMA/ionomycin IFN-y production was examined, with a
representative dot plot shown in panel A of figure 5.2.1B. 15dPGJ, reduced the
percentage of PMA/ionomycin stimulated IFN-y*/CD4" cells and the mean production
of IFN-y at all gestational time points, see panel B and C Figure 5.2.1B. The percentage
of IFN-y"/CD4" lymphocytes reduced from 10.7% to 5.13% in non-pregnant women
(P<0.001), 6.6% to 3.4% at 28 weeks (P<0.05), 5.1% to 2.5% at term L- and 5.6 % to
2.9% at term L+. The reduction in PMA/ionomycin stimulated IFN-y (measured as the
geometric mean fluorescence intensity) was from 101.9 to 52.96 (P<0.01) in non-
pregnant controls, 115.7 to 52.35 (P<0.001) in 28 week samples and from 110.1 to
60.73 in term pre-labour (P<0.01), and 88.28 to 66.30 in term in labour (P>0.05)
samples. An example histogram shows the mean intensity of IFN-y*/CD4" cells under

the different conditions, panel D.
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Figure 5.2.1A Effect of 15dPGJ, on IFN-y production in non-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
before being gated on the lymphocyte population according to forward and side scatter.
15dPGJ, induced a population of IFN-y*/CD4" cells as shown in a representative 28 week
patient sample, with IFN-y*/CD4" cells shown in the right upper quadrant (A). The percentage
of IFN-y*/CD4" cells increased with 15dPGJ, treatment (B), as did the mean production of IFN-
vy as summarised in the graphs (C). A representative histogram reveals a small shift to the right
upon treatment indicative of an increase in IFN-y (D). For statistical analysis a two-way ANOVA
with Bonferroni’s multiple comparison test was used with non-treated cells as controls;
**%¥p<0.001, *P<0.05.
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Figure 5.2.1B Effect of 15dPGJ, on IFN-y production in PMA stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
and stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. 15dPGJ, reduced the percentage of IFN-y*/CD4" cells as
shown in a representative 28 week patient sample, with IFN-y*/CD4" cells shown in the right
upper quadrant (A). The percentage of IFN-y’/CD4" cells reduced with 15dPGJ, treatment at all
gestational time points (B), as did the mean production of IFN-y* as summarised in the graphs
(C). A representative histogram reveals a clear shift to the left upon treatment with 15dPGJ,
indicative of a decrease in IFN-y (D). For statistical analysis a two-way ANOVA with
Bonferroni’s multiple comparison test was used with non-treated cells as controls;
***P<0.001, **P<0.01, *P<0.05.
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5.2.2 Effect of 15dPGJ2 on TNF-a production in CD4+ (T helper cells)

5.2.2A Non PMA/lonomycin stimulated cells

The effect of 15dPGJ, on basal TNF-a production was examined to determine if the
same effect was seen as with IFN-y. 15dPGJ, also appeared to create a TNF-
a'/CD4 population as demonstrated in the representative dot plot in panel A of Figure
5.2.2A. This led to an increase in the percentage of TNF-a'/CD4" cells (panel B) and a
small increase in TNF-a production, (panel C). The percentage of TNF-
a'/CD4 lymphocytes increased from 1.57% to 3.28% in non-pregnant women (non-
significant), 0.31% to 4.36% at 28 weeks (P<0.001), 0.72% to 3.08% at term (P<0.05),
and 1.12% to 3.13% (non-significant) at term in labour. 15dPG)J, also led to a small
increase in the production of TNF-a (measured as the geometric mean fluorescence
intensity) in T helper cells from 19.85 to 24.75 (non-significant) in non-pregnant
controls, 33.4-34.54 (non-significant) in 28 week samples and from 13.73 to 23.96 in
term pre-labour (P<0.05), and 22.65 to 26.67 in term in labour (non-significant)
samples. An example histogram shows the mean intensity of TNF-a’/CD4" cells under

the different conditions, panel D.

5.2.2B PMA/lonomycin stimulated cells

The effect of 15dPGJ, on PMA/ionomycin TNF-a production was also examined, with a
representative dot plot shown in panel A of figure 5.2.2B. 15dPGJ, reduced the
percentage of PMA/ionomycin stimulated TNF-a*/CD4" cells (panel B) and the mean
production of TNF-a at all gestational time points, see panel C Figure 5.2.2B. The
percentage of TNF-a'/CD4" lymphocytes reduced from 20.6% to 16.75% in non-
pregnant women (P<0.05), 14.53% to 8.99% at 28 weeks (P<0.001), 15.79% to 12.92%
at term (non-significant) and 13.96% to 8.93% (P<0.05). 15dPGJ, also reduced the
production of PMA/ionomycin stimulated TNF-a (measured as the geometric mean
fluorescence intensity) in T helper cells from 63.29 to 45.65 (P<0.05) in non-pregnant

controls, 72.62 to 53.14 (P<0.01) in 28 week samples and from 64.44 to 46.05 in term
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pre-labour (P<0.01), and 55.96 to 45.97 in term in labour (non-significant) samples. An
example histogram shows the mean intensity of TNF-a"/CD4" cells under the different
conditions, panel D.
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Figure 5.2.2A Effect of 15dPGJ, on TNF-a’ production in non-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
before being gated on the lymphocyte population according to forward and side scatter.
15dPGJ, induced a population of TNF-a"/CD4" cells as shown in a representative 28 week
patient sample, with TNF-a’/CD4" cells shown in the right upper quadrant (A). The percentage
of TNF-a'/CD4" cells increased with 15dPGlJ, treatment (B), as did the mean production of TNF-
o as summarised in the graphs (C). A representative histogram reveals a small shift to the right
upon treatment indicative of an increase in TNF-a (D). For statistical analysis a two-way
ANOVA with Bonferroni’s multiple comparison test was used with non-treated cells as
controls; ***P<0.001, **P<0.01 *P<0.05.
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Figure 5.2.2B Effect of 15dPGJ, on TNF-a production in PMA stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
and stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. 15dPGJ, reduced the percentage of TNF-a’/CD4" cells
as shown in a representative 28 week patient sample, with TNF-a’/CD4" cells shown in the
right upper quadrant (A). The percentage of TNF-a'/CD4" cells reduced with 15dPGJ,
treatment at all gestational time points (B), as did the mean production of TNF-a as
summarised in the graphs (C). A representative histogram reveals a clear shift to the left upon
treatment with 15dPGJ, indicative of a decrease in TNF-a (D). For statistical analysis a two-way
ANOVA with Bonferroni’s multiple comparison test was used with non-treated cells as
controls; **P<0.01, *P<0.05.
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5.2.3 Effect of 15dPGJ, on IL-4 production in CRTH2" cells

Since the CRTH2 agonists indomethacin and PGD, induce IL-4 production in T helper
cells via CRTH2, it was hypothesized that 15dPGJ, would induce an increase in IL-4

production via its action on the CRTH2 receptor.

5.2.3A Non PMA/lonomycin stimulated cells

The effect of 15dPGJ, on basal IL-4 production was examined. 15dPGJ, had no effect
on the percentage of IL-4 producing CRTH2 cells and did not increase the mean

production of IL-4, (Figure 5.2.3A, panels A and B).

5.2.3B PMA/lonomycin stimulated cells

PMA/ionomycin stimulation induced a population of IL-4 producing CRTH2" cells.
These cells were pre-treated with 32 um of 15dPGJ, for 2 hours. As with non-
stimulated cells, pre-treatment with 15dPGJ, in the PMA/ionomycin stimulated cells
had no effect on the percentage CRTH2 cells producing IL-4, neither did it increase the

mean production of IL-4 in these cells, (Figure 5.2.3B, panels A and B)
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Figure 5.2.3A Effect of 15dPGJ, on IL-4 production in non-stimulated CRTH2" cells

Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
before being gated on the lymphocyte population according to forward and side scatter. No
significant change in the percentage of IL-4 producing CRTH2® cells was detected (A).
Treatment with 15dPGJ, also had no effect in the mean production of IL-4 production (B). For
statistical analysis a two-way ANOVA with Bonferroni’s multiple comparison test was used
with non-treated cells as controls.
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Figure 5.2.3B Effect of 15dPGJ, on IL-4 production in PMA-stimulated CRTH2" cells

Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of 15dPGJ,
and stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. No significant change in the percentage of IL-4
producing CRTH2" cells was detected (A). Treatment with 15dPGJ, also had no effect in the
mean production of IL-4 production (B). For statistical analysis a Two-way ANOVA with
Bonferroni’s multiple comparison test was used with non-treated cells as controls.
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5.3 The effect of the CRTH2 agonist Pyl A on the Th1/Th2 interleukins

The effect of the in-house CRTH2 agonist Pyl A on the Th1/Th2 interleukins was next
examined. No direct effect on the Thl response should be seen, since CRTH2 is not
expressed on the Thl cells. However, an indirect reduction in the Th1 interleukins is
possible secondary to a possible CRTH2 mediated induction of IL-4 or IL-10 production
in Th2 cells. The effect of Pyl A on the Th1 interleukins IFN-y and TNF-a, along with the

Th2 interleukin IL-4 was examined by flow cytometry.

5.3.1 Effect of Pyl A on IFN-y production in CD4" (T helper cells)

5.3.1A Non PMA/lonomycin stimulated cells

The effect of 32 um of Pyl A on basal IFN-y production was examined. Unlike 15dPGJ,,
Pyl A did not create a CD4"/IFN-y* population as demonstrated in the representative
dot plot in figure 5.3.1A (A). Pyl A had no effect on the percentage of IFN-y*/CD4" cells
at all gestational time points examined (Figure 5.3.1A, panel B). There was also no
effect seen on the production of IFN-y (measured as the geometric mean fluorescence
intensity) (Figure 5.3.1A, panel C). An example histogram shows the mean intensity of
IFN-y*/CD4" cells under the different conditions, with no shift in either direction with

Pyl A treatment (Figure 5.3.1A, panel D).

5.3.1B PMA/lonomycin stimulated cells

The effect of 32 um of Pyl A on PMA/ionomycin induced IFN-y production was
examined, with a representative dot plot shown in Figure 5.3.1B (A). Pyl A had no
effect on the percentage of PMA/ionomycin stimulated IFN-y"/CD4" cells or the mean
production of IFN-y at all gestational time points, (Figure 5.3.1B, panel B and C). An
example histogram shows the mean intensity of IFN-y"/CD4" cells under the different
conditions, with no shift in either direction with Pyl A treatment (Figure 5.3.1B, panel

D).
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Figure 5.3.1A Effect of Pyl A on IFN-y production in non-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of Pyl A
before being gated on the lymphocyte population according to forward and side scatter. Pyl A
did not have any effect on IFN-y production in CD4" cells. A representative dot blot shows the
absence of IFN-y’/CD4" cells in the right upper quadrant in this Pyl A treated 28 week sample
(A). The percentage of IFN-y’/CD4" cells and the mean production of IFN-y* are summarised in
the graphs, showing no difference between non-treated and Pyl A treated samples at all
gestational time points (B and C). A representative histogram reveals no shift indicating no
effect on IFN-y (D). For statistical analysis a two-way ANOVA with Bonferroni’s multiple
comparison test was used with non-treated cells as controls.
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Figure 5.3.1B Effect of Pyl A on IFN-y production in PMA-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of Pyl A,
then stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. Pyl A did not have any effect on IFN-y production in
PMA stimulated CD4" cells. A representative dot blot shows no difference in the percentage of
IFN-y*/CD4" cells in the right upper quadrant in this 28 week sample with Pyl A treatment (A).
The percentage of IFN-y"/CD4" cells and the mean production of IFN-y* are summarised in the
graphs, showing no effect with Pyl A (B and C). A representative histogram reveals no shift
indicating no effect on IFN-y (D). For statistical analysis a two-way ANOVA with Bonferroni’s
multiple comparison test was used with non-treated cells as controls.
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5.3.2 Effect of Pyl A on TNF-a production in CD4" (T helper cells)

5.3.2A Non PMA/lonomycin stimulated cells

The effect of 32 um of Pyl A on basal TNF-a production was examined. Unlike 15dPGJ,,
Pyl A did not create a TNF-a"/CD4" population as demonstrated in the representative
dot plot in figure 5.3.2A, panel A. Pyl A had no effect on the percentage of TNF-
a’/CD4" cells at all gestational time points examined (Figure 5.3.2A, panel B). There
was also no effect seen in the production of TNF-a (measured as the geometric mean
fluorescence intensity) (Figure 5.3.2A, panel C). An example histogram shows the
mean intensity of TNF-a */CD4" cells under the different conditions, with no shift in

either direction with Pyl A treatment (Figure 5.3.2A, panel D).

5.3.2B PMA/lonomycin stimulated cells

The effect of 32 um of Pyl A on PMA/ionomycin induced TNF-a production was
examined, with a representative dot plot shown in figure 5.3.2B, panel A. Pyl A had no
effect on the percentage of PMA/ionomycin stimulated TNF-a /CD4" cells or the mean
production of TNF-a at all gestational time points, figure 5.3.2B, panel B and C. An
example histogram shows the mean intensity of TNF-a */CD4" cells under the different
conditions, with no shift in either direction with Pyl A treatment (Figure 5.3.2B, panel

D).
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Figure 5.3.2A Effect of Pyl A on TNF-a production in non-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of Pyl A
before being gated on the lymphocyte population according to forward and side scatter. Pyl A
did not have any effect on TNF-a production in CD4" cells. A representative dot blot shows the
absence of TNF-a */CD4" cells in the right upper quadrant in this Pyl A treated 28 week sample
(A). The percentage of TNF-a */CD4" cells and the mean production of TNF-a.* are summarised
in the graphs, showing no difference between non-treated and Pyl A treated samples at all
gestational time points (B and C). A representative histogram reveals no shift indicating no
effect on TNF-a (D). For statistical analysis a two-way ANOVA with Bonferroni’s multiple
comparison test was used with non-treated cells as controls.
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Figure 5.3.2B Effect of Pyl A on TNF-a production in PMA-stimulated CD4" (T helper cells)
Peripheral blood mononuclear cells were incubated with vehicle control or 32 uM of Pyl A,
then stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. Pyl A did not have any effect on TNF-a production in
PMA stimulated CD4" cells. A representative dot blot shows no difference in the percentage of
TNF-a*/CD4" cells in the right upper quadrant in this 28 week sample with Pyl A treatment (A).
The percentage of TNF-a */CD4" cells and the mean production of TNF-a * are summarised in
the graphs, showing no difference effect of Pyl A (B and C). A representative histogram reveals
no shift indicating no effect on TNF-a (D). For statistical analysis a two-way ANOVA with
Bonferroni’s multiple comparison test was used with non-treated cells as controls.
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5.3.3 Effect of Pyl A on IL-4 production in CRTH2" cells

The effect of the specific small molecule agonist Pyl A on IL-4 production was also
examined. Two concentrations were used; 32 um and 1 um. 32 um was used to serve
as a direct comparison with 15dPGJ,. 1 um was also used since activity at the CRTH2
receptor should be seen at this concentration [320] with minimal non-specific effects

that may be seen with a higher concentration of 32 um.

5.3.3A Non PMA/lonomycin stimulated cells

Firstly the effect of Pyl A on basal IL-4 production was examined. A representative dot
plot is shown of cells labelled with CRTH2-PE and IL-4-PECy7 in a 28 week sample
(Figure 5.3.3A, panel A). Pyl A had no significant effect on the percentage of IL-4
producing CRTH2 cells or the mean production of IL-4 (Figure 5.3.3A, panel B). The
example histogram shows no effect on IL-4 production with Pyl A in non-PMA treated

cells from a 28 week sample (Figure 5.3.3A, panel CD.

5.3.3B PMA/lonomycin stimulated cells

PMA/ionomycin stimulation induced a population of IL-4 producing CRTH2" cells. Cells
were pre-treated with 1 or 32 um of Pyl A for 2 hrs. A representative dot plot is shown
of cells labelled with CRTH2-PE and IL-4-PECy7 in a 28 week sample (Figure 5.3.3B,
panel A). Pre-treatment with Pyl A in the PMA/lonomycin stimulated cells had no
significant effect on the percentage CRTH2 cells producing IL-4, or mean production of
IL-4 during pregnancy (panel B and C). There was a statistically significant increase in
the mean production of IL-4 from 37.08 to 43.6 in non-pregnant samples (P<0.01),
with no significant increase in the percentage of cells producing of IL-4 (Figure 5.3.3B,
panel B and C). An example histogram shows the effect of Pyl A on IL-4 production in a

28 week sample (Figure 5.3.3B, panel D).
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Figure 5.3.3A Effect of Pyl A on IL-4 production in non-stimulated CRTH2" cells

Peripheral blood mononuclear cells were incubated with vehicle control, 1 uM or 32 uM of Pyl
A before being gated on the lymphocyte population according to forward and side scatter. Pyl
A did not have any effect on IL-4 production in CRTH2" cells. A representative dot blot shows
the absence of IL-4"/CRTH2" cells in the right upper quadrant in this Pyl A treated 28 week
sample (A). The percentage of IL-4 /CRTH2" cells and the mean production of IL-4 are
summarised in the graphs, showing no difference with Pyl A (B and C). A representative
histogram reveals no shift indicating no effect on IL-4 (D). For statistical analysis a two-way
ANOVA with Bonferroni’s multiple comparison test was used with non-treated cells as
controls.
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Figure 5.3.3B Effect of Pyl A on IL-4 production in PMA stimulated CRTH2" cells

Peripheral blood mononuclear cells were incubated with vehicle, 1 uM or 32 uM of Pyl A and
then stimulated with PMA/ionomycin before being gated on the lymphocyte population
according to forward and side scatter. Pyl A did not have a significant effect on IL-4 production
in CRTH2" cells. A representative dot blot shows the IL-4"/CRTH2" cells in the right upper
quadrant with no difference between treatment groups (A). The percentage of IL-4"/CRTH2"
cells and the mean production of IL-4 are summarised in the graphs, showing no difference
with Pyl A (B and C). A small increase in the mean was seen in non-pregnant women (B). A
representative histogram reveals no shift indicating no effect on IL-4 (D). For statistical analysis
a two-way ANOVA with Bonferroni’s multiple comparison test was used with non-treated cells
as controls.
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Summary and discussion

A balance of immune suppression and immune tolerance during pregnancy to
facilitate the growing fetus was first hypothesised by Medawar and colleagues in the
1950’s through his work on transplant rejection [140]. Wegmann and colleagues
further developed this hypothesis and specifically introduced the notion of a shift from
the Thl response towards a Th2 bias during pregnancy [209]. Compelling evidence
particularly from murine studies suggests an important role in this altered ratio for the
maintenance of successful pregnancy [210, 333, 334]. Although many studies have
explored the Th1:Th2 interleukin profile at the maternal fetal interface [149, 223, 335]
and in peripheral blood during human pregnancy [147, 218, 336], data is lacking on the
profile in peripheral blood during labour. Endogenous pro-pregnancy hormones such
as progesterone and leukaemia inhibitory factor have the ability to modulate the
Th1:Th2 profile [149, 337], and therefore developing immunomodulating therapeutic
agents could form and adjunct to maintaining the Th1:Th2 profile. Here | examine the
production of the Th1 cytokines IFN-y and TNF-a, and the Th2 cytokine IL-4 throughout
pregnancy and in labour, and the potential of the CRTH2 agonists 15dPGJ, and Pyl A,

to act as therapeutic agents to modulate the Th1:Th2 response.

The Th1/ Th2 interleukins in pregnancy and in labour

Consistent with the notion of suppressed Th1 cytokine response throughout gestation
[146, 147, 218, 338], the results presented here revealed a reduction in the
percentage of IFN-y and TNF-a-secreting T helper cells during pregnancy in response
to PMA/ionomycin stimulation (Figure 5.1.1B and 5.1.2B respectively). Interestingly,
the mean production of IFN-y and TNF-a remained constant within the CD4"/IFN-y*
and CD4'/TNF-a’ cell populations (Figure 5.1.1C and 5.1.2C respectively). This
indicates that while fewer cells maintain the capacity to initiate a Thl response to
inflammatory stimuli with advancing gestation, the cells which maintain the ability to

produce these cytokines do no show reduced production.
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Since normal human labour reflects a pro-inflammatory state, an increase in the
percentage of IFN-y and TNF-a producing T helper cells with the onset of labour was
anticipated. However, no statistically significant difference in the percentage of T
helper cells producing IFN-y and TNF-a, or the mean production of interleukins was
seen between term non-labouring and term labouring samples in non-stimulated or
PMA/ionomycin stimulated cells. However, a trend of a small increase in the basal
percentage of cells producing IFN-y and TNF-a was seen from 28 weeks to term with a
further increase in labour. It is likely that the extent of localized pro-inflammatory
response in the uterus and fetal membranes seen in labour does not occur
systemically, which indeed would lead to adverse neonatal outcome by the transfer of
maternal cytokines across the placenta. However, the evidence presented here of a
degree of inflammation may suggest a biological requirement for some systemic
inflammation. Examination of these cytokines in women with suspected
chorioamnionitis and who are pyrexial during labour may however have shown a more

exaggerated inflammatory response.

Several studies have shown an increase in intrinsic [146, 221] and mitogen stimulated
IL-4 production in PBMCs during pregnancy [147, 218, 220]. An increase in basal and
PMA/ionomycin induced IL-4 production in CRTH2 positive cells during pregnancy was
anticipated, with a reduction in the labouring samples. CRTH2 is a classic marker of
Th2 cells and thus should reflect their functional role in pregnancy. However, no
significant difference in the percentage of CRTH2"/IL-4" secreting cells, or the mean
production of IL-4 was seen during pregnancy and in labour compared to non-
pregnant controls, (figure 5.1.3B and 5.1.3C respectively). Although an increase in the
percentage of IL-4 secreting cells was observed in both non-stimulated and stimulated
28 week samples, which returned to non-pregnant levels at term, this narrowly missed
out on statistical significance when the Bonferroni’s multiple comparisons test was
applied. The fact that the percentage of CRTH2 expressing CD4" cells is low in the
peripheral blood, and the numbers in this experiment were small, it is not possible to

rule out a modest yet biologically significant change in IL-4 production in these cells.
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The effect of 15dPGJ, on the Th1/Th2 interleukins

To examine the potential of further modulating the Th1:Th2 bias in pregnancy the
effect of the CRTH2 agonist and anti-inflammatory cyclopentenone prostaglandin on
the Thl and Th2 interleukins was determined by flow cytometry. 15dPGJ, is an
endogenous product of PGD,. PGD,; is readily converted to 15dPGJ, by a series of
dehydration reactions in the presence of albumin and is found in amniotic fluid [279]
and the placenta [280]. PGD, has been shown to promote the Th2 bias through IL-4, IL-
10 and IL-5 production in Th2 cells in vitro via CRTH2 [217]. Therefore, the combined
properties of being both an anti-inflammatory prostaglandin and a CRTH2 agonist led
to the hypothesis that it could both suppress the Thl interleukins whilst promoting the

Th2 response.

15dPGJ, pre-treatment significantly reduced the PMA-stimulated production of both
Th1 cytokines; IFN-y and TNF-a, in non-pregnant and all pregnant samples (Figure
5.2.1B and 5.2.2B respectively). The anti-inflammatory properties of 15dPGJ, are
thought to be at least partly via the inhibition of the transcription factor NF-kB [339].
NF-kB is known to play a key regulatory role in controlling the Thl immune response
by modulating the expression of Th1 cytokines [256]. Data is presented in chapter four
showing the ability of 15dPGJ, to inhibit basal NF-kB (Figure 4.4) and significantly
reduce PMA stimulated NF-kB in PBMCS of women at 28 weeks of pregnancy and at
term in labour, as determined by western analysis of the transcriptionally active NF-kB
subunit p-p65 (Figure 4.10). A non-significant reduction was also observed in non-
pregnant controls and samples acquired at term pre-labour. This data provides
evidence that the Th1 inhibitory properties of 15dPGJ, are likely to be regulated
through NF-kB.

The effect of 15dPGJ, on basal production of IFN-y and TNF-a was surprising. A small
population of CD4"/IFN-y* and CD4"/TNF-a* appeared upon treatment with 32um of
15dPGJ, (Figure 5.2.1A and 5.2.2A). This led to a statistically significant increase in the
percentage of cells producing IFN-y and TNF-a at 28 weeks and at term pre-labour.

However, the percentage of IFN-y and TNF-a producing cells was still low, 2.3% and
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4.3% at 28 weeks and 1.7% and 3.1% at term in labour respectively, and therefore the
potential in vivo biological relevance of this is uncertain. 15dPGJ, significantly
improves pup survival with intrauterine injection in LPS treated mice [277], and
therefore this suggests an overall in vivo neuroprotective effect rather than causing
adverse effects. In other cell types 15dPGJ; has been shown to suppress both IFN-y
[340] and LPS and PMA induced TNF-a [341].

The relevance of 15dPGJ,-mediated inhibition of IFN-y and TNF-a seen in the
PMA/ionomycin treated cells is nevertheless still significant, since PMA and ionomycin
are standard in vitro stimulants used to most closely mimic the degree potential of in
vivo activation of T cells in an in vitro setting. T cell activation involves several steps
including activation of protein tyrosine kinases, plasma membrane inositol
phospholipid hydrolysis and an increase in intracellular Ca** to activate calcineurin
[342]. PMA activates protein kinase C and ionomycin artificially increases intracellular

Ca’"[343], and therefore mimics the in vivo mechanism of T cell activation.

Interestingly, no increase was seen on the production of the Th2 cytokine, IL-4, in
response to 15dPGJ, treatment. An increase may have been counteracted by an
overriding effect of a non-CRTH2 mediated mechanism such as the inhibition of other
signalling proteins involved the transcriptional regulation of IL-4 expression. Evidence
for this has been previously reported in a PMA/ionomycin activated T cell line where
15dPGJ;, inhibited IL-4 production in a dose dependent manner through the down-

regulation of Nuclear factor of activated T-cells (NF-AT) activation [286].

The effect of the CRTH2 agonist Pyl A on the Th1/Th2 interleukins

Pyl A had no effect on the Th1 interleukins. Th1l cells do not express the CRTH2
receptor, however, an indirect inhibition of the Thl cytokines could have been
possible if CRTH2 mediated IL-4 and IL-10 production occurred in the T helper cells. Pyl
A alone did not induce IL-4 production (Figure 5.3.3A). With the addition of

PMA/ionomycin, Pyl A led to a statistically significant increase in IL-4 production in
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non-pregnant samples at 1 um concentration (Figure 5.3.3B). No significant response
was seen during pregnancy and in labour. Two studies have shown a CRTH2-mediated
increase in the Th2 interleukins in T helper cells in vitro, including IL-4. Tanaka et al
used treated purified CRTH2" cells with PGD,, Indomethacin and DK- PGD, for 6 hours
which resulted in an increase in the percentage of cells producing IL-4, IL-5 and IL-13
[299]. Xue et al also treated purified CRTH2" cells with PGD, and demonstrated a dose
dependent increase in the production of IL-4, IL-5, IL-13 and IL-10 [217]. Both of these
studies differ in design to this study in that they used a purified CRTH2 population for
determining the effects of the CRTH2 agonists. Only approximately 13% of the CRTH2"
cells in Tanaka’s study produced IL-4, and therefore, with only roughly 2% of
lymphocytes expressing CRTH2 in our study any CRTH2 agonist effect could be difficult

to detect without using purified CRTH2" cells.

Summary

While 15dPGJ, appears to have no effect on the peripheral Th2 response, the
demonstrated inhibition of the Thl response represents a collective shift towards a
Th2 bias, or in other words, an increase in the Th2:Thl ratio. The lack of a
demonstrable effect on the Th2 profile by Pyl A could be explained by the design of
the experiment by not isolating a purified CRTH2" population. Nevertheless, this data
presents evidence that the Th1l:Th2 balance is naturally altered during pregnancy
through Th1l suppression rather than Th2 promotion. It also provides further evidence
of the potential anti-inflammatory effects of 15dPGJ,; through the suppression of NF-
kB, and the Th1 pro-inflammatory cytokines IFN-y and TNF-a. These properties may be
of therapeutic benefit for the prevention of inflammation associated preterm labour
and the reduction of inflammation induced neonatal morbidity where an aberrant

profile favouring the Th1 response is seen.
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CHAPTER 6

The effect of CRTH2 agonists on myometrial contractility

187



Chapter 6: CRTH2 agonists and human myometrial contractility

Chapter summary

Hypothesis:

15dPGJ, inhibits NF-kB in human myocytes [271]. NF-kB controls the expression of
many genes required for uterine contractility. It is possible the 15dPGJ; could inhibit
myometrial contractility via NF-kB. Although CRTH2 is not expressed on human
myocytes, the CRTH2 agonist indomethacin inhibits myometrial contractility in a
mechanism independent of CRTH2. Indomethacin has a similar structure to Pyl A and
therefore it is possible that Pyl A could replicate the inhibitory effects of indomethacin

on myometrial contractility.

Aims:
To determine if the CRTH2 agonists 15dPGJ, and Pyl A inhibit human myometrial

contractility.

Methods:

Myometrial biopsies were collected from women undergoing pre-labour caesarean
section, dissected into strips and mounted on the DMT myograph. A cumulative dose
response was performed with 1-100 um of 15dPGlJ,, Pyl A, PGD, and indomethacin.
Vehicle control strips were also used. The total and average area under the curve,
peak amplitude and rate of contractions were analysed as markers of myometrial

contractility.

Results:
15dPGJ, and PGD;, had no effect on myometrial contractility. Pyl A mimicked the

effects of indomethacin and inhibited myometrial contractility.

Conclusion:
Although 15dPGJ, did not inhibit myometrial contractility, the CRTH2 agonist Pyl A did

so in @ mechanism independent of CRTH2.
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Introduction

Throughout pregnancy and parturition the uterus undergoes changes which can be
separated into four phases, as described by Challis et al [53]. During pregnancy the
uterus remains quiescent, but as labour approaches an activation phase occurs with
up-regulation of contraction-associated proteins, and is followed by a stimulation
phase when the uterus becomes responsive to prostaglandins and oxytocin. Finally,
post-partum the uterus involutes. Throughout pregnancy, uterine quiescence is
thought to be attributed in part to the effects of progesterone. It is likely that
progesterone represses NF-kB activity [344] until term, when NF-kB activity is
increased in the myometrium in association with an increase in PR-A:PR-B ratio and
possibly the expression of truncated forms of the inhibitory progesterone receptors

PR-C[263].

NF-kB controls the expression of several genes required for uterine contractions.
Prostaglandins are essential for stimulating myometrial contractions [55].
Prostaglandins are synthesised in a 2-step reaction, firstly from the generation of
arachidonic acid from glycerophospholipids via PLA2 isozymes, and then from the
conversion of arachidonic acid via COX-2 which is the rate limiting step [345]. The
cPLA2 and sPLA2 isozymes are expressed in gestational tissues and appear to play
significant roles in parturition [346]. cPLA2 and sPLA2 have response elements for NF-
kB in their promoter regions [247], suggesting a regulatory role for NF-kB in their
activity. In support of this, NF-kB inhibition with sulphalazine [275] and NAC [347]
results in the inhibition of LPS induced production of these isozymes in placenta
amnion and choriodecidua. The COX-2 gene also contains two NF-kB response
elements, and site directed mutation of either of these elements leads to suppression
of COX-2 promoter activity [259]. The promoter region of the oxytocin receptor
contains three NF-kB binding sites, suggesting a role for NF-kB in the regulation of the
oxytocin receptor [54]. The oxytocin receptor can also be activated by a synergistic
interaction between NF-kB and the C/EBP transcription factor, forming a complex

which binds with the receptor [266].
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NF-kB appears to play a key role in regulating proteins that are central to the
mechanism of uterine contractility. Since inhibition of NF-kB is seen in myocytes
treated with 15dPGJ,, it is plausible that 15dPGJ; can also lead to the inhibition of

myometrial contractility.

Indomethacin can be used as a tocolytic [348]; however, due to the potential adverse
effects on the fetus and the advent of other safer tocolytics, it is now less commonly
used. Indomethacin is a non-selective COX inhibitor and an agonist of the CRTH2
receptor. Many of the adverse effects of indomethacin are thought to be due to COX-1
inhibition since it is mainly COX-1 that contributes to prostaglandin synthesis in the
fetus [348, 349]. Myometrial contractility is inhibited ex vivo by indomethacin in a
relatively rapid response [349, 350]. It is likely that inhibition is due to inhibition of
calcium channels rather than the inhibition of COX-2 and prostaglandin synthesis.
Since CRTH2 is not expressed in myocytes, the inhibitory mechanism is also
independent of CRTH2. The structure of Pyl A is similar to indomethacin; therefore it is
plausible that Pyl A may reproduce the effects of indomethacin and inhibit myometrial
contractility. This chapter explores the effects of the CRTH2 agonists 15dPGJ,,

indomethacin, Pyl A and PGD;, on human myometrial contractility.
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Results

To determine if the CRTH2 agonists 15dPGJ,, Pyl A and PGD, have a direct effect on
uterine contractility, myometrial biopsies were collected from women undergoing pre-
labour caesarean section. Strips were dissected and mounted on a myograph. A
cumulative dose response from 1 um to 100 um was performed. Effect of treatment
was compared to spontaneous contractions at the beginning of the experiment and
divided by the equivalent timepoint for vehicle control. The total area under the curve
per time point of the experiment, the average area under the curve, average peak

amplitude and the rate of contractions were analysed.

6.1 15dPGJ, does not inhibit human myometrial contractility

No inhibition of myometrial contractility was seen with cumulative doses of 15dPGJ,,
(Figure 6.1). There was a small non-significant decrease in the area under the curve,
peak amplitude and rate of contractility, but this did not follow a dose response. There
was also variability within subjects and between subjects which is reflected in the large
error bars seen at some time points. Figure 6.1A shows a representative experiment
with 15dPGJ; and vehicle control strips. Overall, no effect on myometrial contractility

was seen with 15dPGlJ,.
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Figure 6.1 The effect of 15dPGJ, on myometrial contractility

Non-labouring myometrial biopsies were dissected and mounted on the myograph (n=3
subjects with 2-3 strips each). A representative trace is shown for 15dPGJ, treated strips and
vehicle control (A). A cumulative dose response with 15dPGJ, or vehicle was performed and
the effect on total and average area under the curve (B and C), peak amplitude (D) and rate of
contractility (E) was determined. 15dPGJ, had no significant effect on myometrial contractility.

V=vehicle.
multiple comparison test.

For statistical analysis ANOVA of repeated measures was used with Dunnett’s

192



Chapter 6: CRTH2 agonists and human myometrial contractility

6.2 Indomethacin inhibits human myometrial contractility

Indomethacin has previously been shown to inhibit myometrial contractility ex vivo.
Indomethacin has several known actions. For example, it is a CRTH2 agonist, a COX-2
inhibitor, and is likely to inhibit contractility via modulation of intracellular calcium. A
cumulative dose response from 1 um to 100 um was performed. Figure 6.2A shows
contracting strips from a representative experiment. Total area under the curve was
significantly reduced from 10 um (Figure 6.2B) and the peak amplitude and rate of

contractions was significantly reduced from 100 um p<0.01 (Figure 6.2 D and E).
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Figure 6.2 The effect of Indomethacin on myometrial contractility

Non-labouring myometrial biopsies were dissected and mounted on the myograph (n=3
subjects with 2-3 strips each). A representative trace is shown for indomethacin treated strips
and vehicle control (A). A cumulative dose response with indomethacin or vehicle was
performed and the effect on total and average area under the curve (B and C), peak amplitude
(D) and rate of contractility (E) was determined. Indomethacin significantly reduced
myometrial contractility with maximal response seen at 100 um. V=vehicle. For statistical
analysis ANOVA of repeated measures was used with Dunnett’s multiple comparison test; (*
P<0.05, ** P<0.01, *** P<0.001).
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6.3 Pyl A inhibits human myometrial contractility

Although CRTH2 is not expressed on human myometrium, Pyl A has a similar chemical
structure to indomethacin and therefore its effect on myometrial contractility was
examined. A cumulative dose response from 1 um to 100 um was performed. Figure
6.3A shows contracting strips from a representative experiment. Total area under the
curve was significantly reduced from 1 um (Figure 6.3B) and the rate of contractions
was significantly reduced from 20 um (p<0.001) (Figure 6.3 D and E). Complete

inhibition was seen with 100 um.
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Figure 6.3 The effect of Pyl A on myometrial contractility
Non-labouring myometrial biopsies were dissected and mounted on the myograph (n=4
subjects with 2-3 strips each). A representative trace is shown for Pyl A treated strips and
vehicle control (A). A cumulative dose response with Pyl A or vehicle was performed and the
effect on total and average area under the curve (B and C), peak amplitude (D) and rate of
contractility (E) was determined. Pyl A significantly reduced myometrial contractility with

maximal response seen at 100 um. V=vehicle.

For statistical analysis ANOVA of repeated

measures was used with Dunnett’s multiple comparison test; (* P<0.05, ** P<0.01, ***

P<0.001).
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6.4 PGD, does not inhibit human myometrial contractility

PGD, has two receptors: DP; and DP,. The effect of PGD, on myometrial contractility
was determined in order to establish if Pyl A was acting in a non-CRTH2 mediated
mechanism by inhibiting the DP; receptor at the high concentrations used. However,
no inhibition of myometrial contractility was seen with the cumulative dose response
(Figure 6.4). There was a non-statistically significant trend in increased myometrial
contractility as seen in all parameters examined. There was significant variability
within subjects and between subjects which is reflected in the large error bars seen at
some most time points. Overall, no inhibition of myometrial contractility was seen
with PGD,, which excludes the DP; receptor as a target for Pyl A mediated inhibition of

contractility.
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Figure 6.4 The effect of PGD, on myometrial contractility

Non-labouring myometrial biopsies were dissected and mounted on the myograph (n=3
subjects with 2 strips each). A representative trace is shown for PGD, treated strips and
vehicle control (A). A cumulative dose response with PGD, or vehicle was performed and the
effect on total and average area under the curve (B and C), peak amplitude (D) and rate of
contractility (E) was determined. PGD, had no significant effect on myometrial contractility.

V=vehicle. For statistical analysis ANOVA of repeated measures was used with Dunnett’s
multiple comparison test.
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Summary and Discussion

For the uterus to become activated for labour to ensue, there is an increase in the
expression of contraction-associated proteins. These proteins enhance the interaction
between actin and myosin, increase the excitability of myometrial cells and promote
intercellular connectivity which aids the development of synchronous contractions
[41]. The contractile force of the myometrium is due to cyclical attachments and
detachments of cross bridges between myosin and actin microfilaments which is
triggered by the activation of the regulatory 20 kDa chain of myosin molecules [351].
Myosin light chain activation occurs by phosphorylation by myosin light chain kinase
(MLK), which is in turn activated by calmodulin [40]. An increase in intracellular
calcium and calmodulin activate MLK [43]. After depolarization of the myocyte there is
an influx of extracellular calcium and a release of intracellular calcium stores [44],

which then promotes myosin actin interaction and further promoting contractions.

The major contractile pathways activate phospholipase C (PLC), the release of
intracellular calcium and the stimulation of calcium entry [54]. PGE, and PGF,, activate
ligand-regulated channels leading to the release of calcium from intracellular stores
[352, 353]. Oxytocin activates the Gag OTR, which is linked to PLC, leading to the
release of inositol triphosphate and in turn the release of calcium from intracellular
stores [43, 354, 355]. Relaxant pathways often target G protein coupled receptors
which upon activation increase cAMP or cGMP [54], such as the B adrenergics, or
target the inhibition of calcium entry such as nifedipine and oxytocin antagonists

[356].

The major disadvantage with the currently available tocolytics is their lack of anti-
inflammatory effects. Therefore, delaying preterm labour with tocolytics to provide
steroid treatment for lung maturation, may lead to a detrimental increase in duration
of exposure of the fetus to a hostile inflammatory environment. For this reason, the
effects of the anti-inflammatory prostaglandin 15dPGJ, were explored to determine if,

by inhibition of NF-kB and thus COX-2 and prostaglandins, inhibition of myometrial
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contractility could be elicited. Acute administration of 15dPGJ, in a cumulative dose
response failed to inhibit myometrial contractility. It is possible that the duration of
the experiment was not long enough to assess for inhibition of protein expression, via
NF-kB. A reduction in NF-kB and cPLA2 can be demonstrated in vivo in the murine
model by 1 hr after administration of 15dPGJ,, with COX-2 inhibition at the protein
level seen at 6 hrs [277]. Unfortunately the control strips failed to contract for long
enough to demonstrate meaningful results at time points long enough to reliably
assess for inhibition of prostaglandin synthesis. However, pre-incubation with 15dPGJ,
for 2 hours prior to mounting strips on the contractility machine led to a reduction in

contractility [357].

Mechanical stretch activates NF-kB in cultured myocytes [183], increases the
expression of the oxytocin receptor [84] and the gap junction proteins: Connexin-43
and Connexin-26 in the rat [358], and thus stretch may contribute to triggering uterine
contractility and labour. In support of this, women with multiple pregnancies and
polyhydramnios are at a higher risk of delivering preterm [359, 360]. The stretch on
the uterus at term is estimated to correlate with a resting tone of 0.5g per 1mm
diameter of myometrial strips ex vivo on a myograph [361]. The stretch of 3-4g which
is applied to the individual 5-10 mm strips in this study correlates with the resting tone
of the uterus. It was anticipated that 15dPGJ, would inhibit contractility via NF-kB
inhibition in the stretched myometrium. The assumption was made however, that
15dPGJ, was able to penetrate the myometrial tissue to act at the cellular level on NF-
kB. To allow for this, higher concentrations of up to 100 um was used compared to 32
pum used in the in vitro studies, yet despite this, no inhibition of contractility was seen,

(Figure 6.1).

Indomethacin did however cause inhibition of myometrial contractility (Figure 6.2)
consistent with previous experiments performed by this research group [349, 350].
Although 10 um of indomethacin reduces PGE, production by 90% in fetal membranes
[362], the rapid inhibitory effect on myometrial contractility seen with indomethacin
suggests that its mechanism is not via the inhibition of COX-2 and prostaglandin
synthesis. The effect of indomethacin on calcium influx has therefore been explored in

myocytes, which revealed an inhibition in the Ca?* channel current, although with a
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smaller inhibitory effect than the effect seen on actual contractility [349]. This could
be explained by an alternative and as yet unidentified mechanism for indomethacin-
induced inhibition of contractility. By demonstrating the absence of CRTH2 on human
myocytes, the role of CRTH2 in indomethacin-induced inhibition of myometrial

contractility has been excluded in this study.

Despite this, the effect of the CRTH2 agonist Pyl A on human myometrial contractility
was examined, since it shares a similar chemical structure to indomethacin. Pyl A also
inhibited myometrial contractility (figure 6.3), but more potently than indomethacin.
The mechanism of inhibition, which is independent of CRTH2, may be via the
alteration of the Ca®* channel current, as with indomethacin. However, at higher
concentrations, Pyl A also reacts with other prostanoid receptors at a potency of TP>
EP3> DP> EP4> EP,> FP> IP> EP1 [320]. The prostaglandin receptors can be grouped
into two categories; EPy, EP3 FP, and TP which stimulate contraction, and DP4, EP,, EP,,
and IP which are considered to be relaxatory receptors [363]. It is likely that the effect
of Pyl A is due to non-specific binding with either the EP, or EP4 receptors, or the DP,

receptor.

Upon activation of the stimulatory receptors EP;, EP; and FP, an increase in
intracellular calcium leads to increased uterine contractility [352, 364]. The relaxatory
receptors EP, and EP, are expressed in the myometrium, but the quiescence
associated with pregnancy is more likely to be due to EP2 rather than the EP,receptor,
[308] by increasing cAMP thereby inducing smooth muscle relaxation [352]. Our
group have shown inhibition of myometrial contractility with EP, receptor but not with
EP, agonists [365]. Typically the DP1 receptor is considered to be relaxatory.
Expression studies of the prostanoid receptors in the human myometrium reveal
higher mRNA expression of DP; than EP,, with no difference in either between non-
pregnant or pre-labour and in-labour myometrial samples [366]. The effect of PGD, on
human myometrial contractility was therefore explored to see if myometrial
contractility could be inhibited via the DP, receptor. However no inhibition was seen.
Previous studies of human non-pregnant and pregnant myometrium have shown

initial excitatory responses [308, 367], consistent with the slight increase in
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contractility seen in Figure 6.4. However both studies then showed the excitatory
response was followed by a subsequent inhibitory effect with PGD,. The excitatory
effects of PGD, are likely to be due to cross-reactivity with the EP3, FP or TP receptor.

In conclusion, Pyl A inhibited myometrial contractility in a mechanism independent of
CRTH2. It is likely that the inhibitory effect of Pyl A is through non-specific binding with
the EP; receptor or via alteration of calcium channel current. Contrary to anticipated
15dPGlJ, failed to inhibit human myometrial contractility. The use of Pyl A as a tocolytic

may therefore be considered.

202



Chapter 7: CRTH2 agonists and murine preterm labour

CHAPTER 7

CRTH2 agonist effect on murine myometrial contractility and

inflammation induced preterm labour
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Chapter summary

Hypothesis:

15dPGJ, delays inflammation induced preterm labour and significantly reduces pup
mortality. The mechanism behind this effect is not fully understood. 15dPGJ; is a
ligand for the CRTH2 receptor; therefore it is plausible that a small molecule agonist

could replicate some of the effects of 15dPGJ,.

Aims:

CRTH2 expression in murine myometrium was determined, and the direct effects of
the CRTH2 agonists 15dPGJ, and Pyl A on murine myometrial contractility was
investigated. The effects of Pyl A on both LPS induced preterm labour and fetal
viability were explored, together with the effects on the inflammatory proteins; NF-kB,

COX-2 and the Th1:Th2 interleukins in the myometrium.

Methods:

CRTH2 mRNA expression was determined by PCR, and the direct effect of the CRTH2
agonists on myometrial contractility was examined ex-vivo using a myograph. Intra-
uterine LPS was administered on E16 to CD1 mice with vehicle or Pyl A. Dams were
sacrificed at 4.5 hours post injection and myometrium and pup brain was harvested
for mRNA and protein analysis by PCR, western analysis or ELISA. Fetal viability was
also assessed. In a subsequent experiment mice were allowed to deliver

spontaneously, and delivery time and pup survival was recorded.

Results:

CRTH2 mRNA was detected by PCR. Pyl A inhibited circular myometrial contractility in
a mechanism independent of CRTH2. Pyl A augmented an inflammatory response in
murine myometrium leading to an increase in NF-kB, TNF-a, IFN-y and IL-13. Despite
this an increase in fetal viability was seen which was associated with an increase in

myometrial IL-10. In contrast to the anticipated delay in preterm labour, but in
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keeping with the pro-inflammatory effect seen with Pyl A, preterm labour was

augmented rather than delayed.

Conclusion:

15dPGJ,-mediated delay in inflammation induced preterm labour is not mediated via
CRTH2. CRTH2 agonist activity is associated with augmentation of inflammation
induced preterm birth, therefore CRTH2 should not be considered as potential

therapeutic target for the prevention of preterm labour and neonatal morbidity.
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Introduction

In @ murine model of inflammation induced preterm labour, 15dPGJ, delays preterm
labour. More importantly 15dPGJ, improves pup survival from 30% with LPS, to 95%
with co-injection of 15dPGJ, [277]. The mechanisms by which 15dPGJ, exert these
effects are not fully understood, but it is likely that the inhibition of NF-kB in the
myometrium and the brain is important. Alternative mechanisms such as the direct
inhibition of uterine contractility or an alteration Th1:Th2 interleukin profile via

CRTH2, are also plausible.

Murine CRTH2 expression at the protein level is hampered by the lack of specific
antibodies [368]. Prior to this thesis, mRNA expression of CRTH2 in murine
myometrium had not been explored. Although CRTH2 was not detected at the protein
level in human myometrium, the distribution of CRTH2 differs in the mouse compared
to the human. For example, CRTH2 is detected on both Th1 and Th2 cells in the mouse
[369].

Murine CRTH2 shares 77% homology with the human CRTH2 receptor amnio acid
sequence [369], and shares 90% homology within the transmembrane domains which
explains the virtually identical pharmacology between receptors [370]. The CRTH2
agonists Pyl A, 15dPGJ,, DK- PGD,, PGD,, and indomethacin all show activity at the
mouse CRTH2 receptor [290, 320, 371-373]. Human contractility studies with the
CRTH2 agonists (presented in chapter six) revealed an inhibitory effect with Pyl A
which was not mediated via the CRTH2 receptor. It is plausible that this inhibitory

effect could be demonstrated in murine myometrium.

15dPGJ, inhibits NF-kB in human amniocytes, myocytes and PBMCS, as shown in
chapter four [271, 374]. Upon intrauterine injection in the mouse it also reduces basal
and LPS induced NF-kB in both the myometrium and the pup brain [277]. Pyl A failed
to replicate this effect in human amniocytes, myocytes and PBMCs (see chapter four)
and therefore is also unlikely to replicate the effects of 15dPGJ, in the murine

myometrium and pup brain. The effects of Pyl A on both NF-kB and COX-2 in the
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murine myometrium were nevertheless explored in this chapter to confirm that

15dPGJ; inhibits NF-kB in the mouse independently of CRTH2.

The importance of the balance between the Th1:Th2 profile at the maternal fetal
interface in the mouse for successful pregnancy maintenance is well established. In
the deciduas/placental compartment IL-4, IL-5 and IL-10 are present in all three
trimesters with IFN-y present at low levels only in first trimester. Interestingly, all are
undetectable in the spleen indicating local production of the interleukin [334]. IL-10
protects the fetus by reducing fetal loss as a result of pro-inflammatory cytokines and
LPS administration [210, 375]. In the human, PGD, stimulates the production of the
Th2 cytokines IL-4, IL-5, IL-13 and IL-10 in cultured Th2 cells in vitro [217]. IL-4 is able to
inhibit the Th1 response directly, with IL-10 inhibiting the production of inflammatory
mediators indirectly [194]. Although 15dPGJ, was able to modulate the Th1:Th2 bias in
human PBMCs in vitro by suppressing the Thl response , Pyl A could not mimic the
effects of 15dPGJ; or the increase in Th2 cytokine profile seen with PGD, (data shown
in chapter five). It is possible that the lack of effect seen may represent a limitation of

in vitro models.

The data presented in this chapter focuses on the in vivo effects of the CRTH2 agonist
Pyl A in the mouse. CRTH2 expression at the mRNA level in murine myometrium was
examined. The direct effects of the CRTH2 agonists 15dPGlJ,, Pyl A and DK- PGD, on
murine myometrial contractility were examined to determine if this is an additional
mechanism of action of 15dPGJ,-mediated delay in murine preterm labour. Finally, the
in vivo effects of Pyl A on NF-kB and the Th1:Th2 interleukin profiles were examined to
conclude if there is any potential for in vivo administration of CRTH2 agonists in the

prevention of preterm labour.
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Results

7.1 CRTH2 mRNA expression in murine myometrium

Murine myometrium was harvested from mice treated with intrauterine
administration of vehicle, LPS +/- Pyl A. mRNA was extracted and a CRTH2 transcript
was amplified using RT-PCR, along with the housekeeping gene L-19, (Figure 7.1).
Amplification of CRTH2 was seen by cycle 33 (four-fold higher than the human) and L-
19 by cycle 19.

CRTH2

L-19

12 3 45

Figure 7.1 Murine myometrial CRTH2 mRNA

MRNA was isolated from murine uterus and converted to cDNA (n=3 per treatment group). A
CRTH2 transcript of product size of 344bp and L-19 transcript of product size 72bp were
amplified by RT-PCR. No difference in CRTH2 expression was seen between the treatment
groups. Non-template control (lane 1), vehicle treated mouse (lane 2), Pyl A treated (lane 3),
LPS treated (lane 4), LPS/Pyl A treated (lane 5).
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7.2 The effects of the CRTH2 agonists on murine myometrial contractility

To determine if the CRTH2 agonists 15dPGJ,, Pyl A and DK- PGD, have a direct effect
on uterine contractility, uteri were harvested from mice on E15-16, dissected, and
mounted on the myograph in the circular orientation. A cumulative dose response

from 1 um to 100 um was performed, with vehicle control strips.

7.2.1 The effect of 15dPGJ, on murine myometrial contractility

No inhibition of myometrial contractility was seen with the cumulative dose response
of 15dPGlJ,, (Figure 7.2.1). This indicates that the delay in inflammation induced
preterm labour seen with 15dPGJ, is not due to a direct effect on myometrial

contractility.

7.2.2 The effect of Pyl A on murine myometrial contractility

Pyl A reduced myometrial contractility from 10 um concentration (P<0.01), with
complete inhibition seen with 100 um (P<0.001) (Figure 7.2.2). The effect of Pyl A on
longitudinal muscle was also examined by mounting the strips along the longitudinal
orientation. Contractility was not maintained in the longitudinal orientation for the
whole duration of the experiment in control strips to robustly examine the effect of Pyl
A on longitudinal muscle contractility. Despite this, the clear inhibition seen in the

circular muscle was not evident in the longitudinal strips.

7.2.3 The effect of DK- PGD, on murine myometrial contractility

No inhibition of myometrial contractility was seen with the cumulative dose response
of DK- PGD, (Figure 7.2.3), indicating no role for CRTH2 in Pyl A mediated inhibition of

circular myometrial contractility.
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Figure 7.2.1 The effect of 15dPGJ, on circular muscle contractility

CD1 mice were sacrificed on E15-16 and myometrial tissue was harvested and mounted on the
myograph in the circular orientation (n=3). A cumulative dose response with 15dPGJ, or
vehicle was performed and the effect on average area under the curve, peak amplitude and
rate of contractility was determined. 15dPGJ, had no effect on myometrial contractility. A
representative trace is shown in (A), with graphs summarising parameters of n=3 experiments
(B,C,D). V=vehicle. For statistical analysis ANOVA of repeated measures was used with
Dunnett’s multiple comparison test.
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Figure 7.2.2 The effect of Pyl A on circular muscle contractility

CD1 mice were sacrificed on E15-16 and myometrial tissue was harvested and mounted on the
myograph in the circular orientation (n=3). A cumulative dose response with Pyl A or vehicle
was performed and the effect on average area under the curve, peak amplitude and rate of
contractility was determined. Pyl A inhibited myometrial contractility. A representative trace is
shown in (A), with graphs summarising parameters of n=3 experiments (B,C,D). V=vehicle, PA =
Pyl A. For statistical analysis ANOVA of repeated measures was used with Dunnett’s multiple
comparison test; (* P<0.05, ** P<0.01, *** P<0.001)
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Figure 7.2.3 The effect of DK- PGD, on circular muscle contractility

CD1 mice were sacrificed on E15-16 and myometrial tissue was harvested and mounted on the
myograph in the circular orientation (n=3). A cumulative dose response with DK- PGD, or
vehicle was performed and the effect on average area under the curve, peak amplitude and
rate of contractility was determined. DK- PGD, had no effect on myometrial contractility. A
representative trace is shown in (A), with graphs summarising parameters of n=3 experiments
(B,C,D). V=vehicle. For statistical analysis ANOVA of repeated measures was used with
Dunnett’s multiple comparison test.
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7.3 LPS induced murine preterm labour

Prior to commencing experiments exploring the effect of the CRTH2 agonist on
inflammation induced preterm labour, a dose response with the LPS serotype 0111:B4
was performed to find the optimal concentration for reliably inducing preterm labour.
CD1 mice were time-mated and an intrauterine infection of LPS or vehicle was
performed by mini laparotomy and mice were allowed to delivery spontaneously.
Mice were monitored by infrared CCTV, allowing continuous monitoring without
physical intrusion, in order not to disrupt labour. The optimal concentration with the
minimal variation was found to be 20 pg which induced preterm labour at a mean

12.45 hrs (SEM +/- 1.33). No pups survived labour with >10 ug of LPS.
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Figure 7.3 Dose response of LPS induced preterm labour

CD1 mice received an intrauterine injection of vehicle or LPS at E16 and were allowed to
deliver, (n=3-10 per treatment group). No vehicle control mice delivered preterm and LPS
induced preterm labour in a dose response effect, (A). No surviving pups were seen at an LPS
dose of >10 pg (B). For statistical analysis one-way ANOVA with Dunnett’s post hoc test
comparing all groups to the vehicle control; **P<0.01, *** P<0.001.
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7.4 The effect of the CRTH2 agonist Pyl A on LPS induced murine preterm

labour

We sought to determine if the CRTH2 agonist Pyl A had the same feto-protective effect
as 15dPGJ; in delaying preterm labour in LPS treated mice. 20 pg of LPS with vehicle or
250 pg of Pyl A was introduced by intrauterine injection and mice were allowed to
labour spontaneously. Vehicle control mice delivered 64.5 hrs post injection and LPS
treated mice delivered 7.7 hrs post injection (P<0.001). Co-injection of LPS and Pyl A
augmented delivery to 5.8 hrs (mean) post injection (Figure 7.4A). This effect was
more pronounced with a higher dose of Pyl A of 500 ug and lower dose of LPS of 10
ug, shortening delivery time from 14.7 to 8.7 hrs post injection (P<0.01) (Figure 7.4B).
Although at 250 pg Pyl A alone did not induce labour earlier than control mice, at 500
pg labour was induced earlier with a mean of 44.8 hrs post injection compared to 64.6
in the vehicle control group (Figure 7.4C). None of the vehicle control treated mice

delivered preterm.
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Figure 7.4 The effect of Pyl A on LPS induced preterm labour

CD1 mice received an intrauterine injection of vehicle, LPS or Pyl A at E16 and were allowed to
deliver, (n=3 per treatment group). No vehicle control mice delivered preterm, and at 250 pug
Pyl A alone did not induce preterm labour (A). LPS induced preterm labour in a dose response
effect, and this effect was augmented with the addition of Pyl A (B). 250 pg of Pyl A alone did
not induce preterm labour, however at 500 pg Pyl A augmented labour (C). V= vehicle, PA=
Pyl A. For statistical analysis one-way ANOVA with Bonferroni’s multiple comparison’s test or
Dunnett’s post hoc test was used; **P<0.01, *** P<0.001.

215



Chapter 7: CRTH2 agonists and murine preterm labour

7.5 The effect of the CRTH2 agonist Pyl A on the inflammatory cascade

7.5.1 Effect of Pyl A on NF-kB and COX-2 in the myometrium and pup brain

To explore the mechanisms behind Pyl A-augmented LPS-induced preterm labour, key
mediators of inflammation in the myometrium were investigated. Myometrium and
pup brain were harvested at 4.5 hrs post intrauterine injection and western analysis
was used to detect whole cell phospho-p65 and COX-2. LPS did not lead to an increase
in NF-kB in the myometrium; however an increase was seen with co-administration of
LPS and Pyl A (P<0.05) (Figure 7.5.1 A). A reduction was seen in NF-kB in pup brain
with LPS compared to vehicle control, with no increase with co-administration with Pyl
A (Figure 7.5.1 B). No difference in COX-2 expression was seen between treatment

groups in the myometrium or pup brain at this timepoint (Figure 7.5.1 C and D).
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Figure 7.5.1 The effect of LPS and Pyl A on myometrial and pup brain NF-kB and COX 2

Dams were sacrificed at 4.5 hrs post intrauterine injection and tissue was harvested for
protein for detection of phospho-p65 and COX-2 by western analysis (n=3). Co-injection of LPS
and Pyl A increased myometrial phospho-p65 (A), with no effect on pup brain phospho-p65.
Phospho-p65 was decreased in pup brain of dams treated with LPS alone (B). Representative
phospho-p65 immunoblots are shown for each treatment group, and B-actin was used as a
loading control. No significant changes in COX-2 were seen in any treatment group in either
the myometrium or pup brain (C,D). For statistical analysis one-way ANOVA and Bonferroni’s
multiple comparison test was used; * P< 0.05.
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7.5.2 Effect of Pyl A on inflammatory cytokines in the myometrium and pup brain

With the activation of NF-kB upon co-administration of Pyl A and LPS, the effect on
downstream activation of pro-inflammatory cytokines was next examined. Since the
CRTH2 agonist PGD, induces the production of the Th2 cytokines IL-10 and IL-4 in
human T cells [217], the anticipated effect of Pyl A was to see an increase in these
anti-inflammatory cytokines and an inhibition of the pro-inflammatory cytokines.
However, contrary to anticipated but yet consistent with NF-kB activation, Pyl A and
LPS led to an increase in the pro-inflammatory cytokines (Figure 7.5.2). mRNA of the
Th1 interleukins IFN-y and TNF-a was significantly increased at 4.5 hrs post injection (P
<0.05 and P< 0.01 respectively) (Figure 7.5.2 A), but the increase in protein expression
missed out on statistical significance. A significant increase in protein expression of
other pro-inflammatory cytokines was seen including IL-18, KC/GRO (the murine

chemokine equivalent of human IL-8 [376]), and IL-12 (P<0.05) (Figure 7.5.2 B).
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Figure 7.5.2 Effect of LPS and Pyl A on the pro-inflammatory cytokines in the myometrium
Dams were sacrificed at 4.5 hrs post intrauterine injection of 20 pg of LPS/250 ug of Pyl A for
harvesting myometrium. mRNA and protein was extracted and analysed by PCR and ELISA
respectively (n=3). With co-injection of LPS and Pyl A, IFN-y and TNF-a mRNA were significantly
increased (A) as well as protein levels of IL-12, IL-1B and KC-GRO (IL-8) (B). V= vehicle, PA = Pyl
A. For statistical analysis one-way ANOVA with Bonferroni’s multiple comparison test was
used; * P<0.05, ** P<0.01.
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7.5.3 Effect of Pyl A on inflammatory cytokines in the pup brain

The effect of Pyl A on the pro-inflammatory cytokines in the pup brain was examined
by ELISA. Only KC-GRO (the murine equivalent of IL-8) was found at detectable levels.
KC-GRO was slightly elevated in LPS treated mice with a further increase with co-
administration of Pyl A, although this was not statistically significant (Figure 7.5.3).

Overall, no statistically significant difference was seen between treatment groups.

KC-GRO

Picograms/mL

\ LPS LPS/PA PA

Figure 7.5.3 Effect of LPS and Pyl A on the pro-inflammatory cytokines in the brain

Dams were sacrificed at 4.5 hrs post intrauterine injection of 20 pg of LPS/250 pg of Pyl A and
protein was extracted from the pup brain (n=3). The Th1:Th2 profile was determined by ELISA,
with only KC-GRO (IL-8) expressed at detectable levels. No statistically significant difference
was seen between groups. V= vehicle, PA = Pyl A. For statistical analysis one-way ANOVA with
Bonferroni’s multiple comparison test was used.
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7.6 The effect of the CRTH2 agonists on in utero viability in LPS treated

mice

To determine if the CRTH2 agonist Pyl A maintained the same feto-protective effect as
15dPGJ,, fetal wellbeing was examined at 4.5 hrs post intrauterine injection of LPS
with vehicle or Pyl A. Mice were anaesthetised and a mini laparotomy was performed,
and uteri were incised. Fetuses were assessed for viability by assessment of movement
with or without physical stimulus. Contrary to expected, in view of the findings of the
effect of Pyl A and LPS on the pro-inflammatory cascade, a significant improvement in
fetal viability was observed when LPS treated mice were injected with Pyl A compared
to LPS and vehicle control. Fetal survival was increased from 20% in LPS treated mice
to 100% in LPS/Pyl A treated mice, (P<0.0001) (Figure 7.6A). However, this benefit was

not seen post spontaneous labour (Figure 7.6B), due to the adverse effects of preterm

labour.
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Figure 7.6 Effect of Pyl A on intrauterine fetal viability at 4.5 hours post intrauterine
injection and post spontaneous labour

Dams were sacrificed at 4.5 hrs post intrauterine injection of 20 ug of LPS/ 250 pg of Pyl A and
pup viability was assessed (n=3 dams). There was an average of 11-14 pups per dam in all
treatment groups. Pyl A significantly reduced fetal death at 4.5 hrs post injection from 100%
with LPS alone to 20% with Pyl A (A). However, post labour, no surviving pups were seen,
which is likely to be attributed to the effects of prematurity (B). V= vehicle, PA = Pyl A. For
statistical analysis one-way ANOVA with Bonferroni’s multiple comparison test was used;
***%p<0.0001.
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7.7 The effect of the CRTH2 agonist Pyl A on the anti-inflammatory Th2

interleukins

The mechanism of increased in utero fetal survival seen with Pyl A was explored by
analysing the mRNA and protein expression of Th2 anti-inflammatory cytokines in the
myometrium and pup brains. There was no difference in IL-4 mRNA between
treatment groups, and protein concentrations were below the detection level of the
assay. There was a slight increase in the production of IL-5, and an increase in both
mRNA (Figure 7.7A) and protein expression (Figure 7.7B) of IL-10, which also did not

achieve statistical significance. These interleukins were not detectable in fetal brain

samples.
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Figure 7.7 Effect of LPS and Pyl A on the anti-inflammatory cytokines in the myometrium
Dams were sacrificed at 4.5 hrs post intrauterine injection of 20 pg of LPS/ 250 ug of Pyl A.
MRNA and protein was extracted from the myometrium and analysed by PCR or ELISA
respectively. No change in IL-4 mRNA expression was seen, and a non-significant increase in IL-
10 was seen with co-administration of Pyl A and LPS (A). Although there was an increase in
protein levels of IL-10 and IL-5 with co-injection of LPS and Pyl A, this did not reach statistical
significance (B). V=Vehicle, PA= Pyl A.
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Summary and Discussion

The search for preventative therapies for both preterm birth and related neurological
damage has recently focused upon anti-inflammatory in addition to tocolytic
strategies. It is generally accepted that parturition is a pro-inflammatory event, with
preterm labour being associated with an exaggerated inflammatory response and/or
infection. With the discovery that the CRTH2 agonist 15dPGJ, delays inflammation
induced preterm labour in the mouse and increases pup survival [277], this led to the
hypothesis that this effect could be replicated with stable small molecule CRTH2
agonists. This chapter explored the potential for the small molecule agonist Pyl A to
both delay preterm labour and improve fetal outcomes in a model of inflammation

induced preterm labour in the mice.

CRTH2 expression in murine myometrium

Murine CRTH2 mRNA was detected in the mouse myometrium using the primers as
described by Abe et al [369], (Figure 7.1). Detection at the protein level was hampered
by the lack of available antibodies [368]. However, mRNA expression of CRTH2 has
been shown in murine Thl and Th2 cells, and in various tissues including the lung,
kidney, brain heart thymus and spleen [369]. It is possible that detection of CRTH2 in
tissue samples is through contamination of leukocytes. However, it is unlikely that the
CRTH2 detected in the murine myometrium in this study can be explained by this since
there was no difference in mRNA expression between vehicle, Pyl A, LPS or LPS/Pyl A
treated mice, and one would anticipate leukocyte infiltration particularly in the LPS
treated group. Although we cannot definitively conclude that CRTH2 is expressed at
the protein level in murine myometrium on the basis of mMRNA expression alone,
amplification at a cycle number of 33, (four fold higher than the human), is suggestive
that the mRNA is expressed and thus is likely to be translated. This may imply a

biological relevance for CRTH2 in the myometrium of the mouse.
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The effects of the CRTH2 agonists on murine myometrial contractility

15dPG)J; inhibits the pro-labour transcription factor NF-kB at both the basal level and
in LPS treated mice [277]. NF-kB controls the expression of labour associated genes
such as prostaglandins, connexin 43 and the oxytocin receptor [245] and therefore
15dPGJ, may indirectly inhibit myometrial contractility via NF-kB. The effect of
15dPGJ; on murine myometrial contractility was examined ex vivo with a myograph.
As with human myometrial contractility, no effect was seen with acute administration
of 15dPGJ, in a cumulative dose response of 1-100 um over a two and a half hour time
frame (Figure 7.2.1). Arguably this may not be long enough to assess a downstream

inhibitory effect at the level of control of gene expression.

A non-CRTH2 mediated inhibition of human contractility was seen with Pyl A (see
chapter six) which indeed was replicated in murine circular muscle (Figure 7.2.2).
Again this was shown to be independent of CRTH2 since neither 15dPGJ, nor DK- PGD,
had the same effects (Figures 7.2.1 and 7.2.3). The robust inhibitory effect was clearly
demonstrated in circular muscle, however, was not demonstrated in longitudinal
muscle in part since the control strips did not contract for long enough to carry out the
cumulative dose response. At high doses Pyl A cross-reacts with other prostanoid
receptors including the EP, and EP,4 receptors [320]. Previously we have shown that
the EP, agonist, but not EP4 agonist inhibits human myometrial contractility [365].
Stimulation of the EP, and EP,4 receptors leads to cAMP production via the G protein G
leading to smooth muscle relaxation [377]. Thus the effect seen with Pyl A study could

be due to non-specific binding with the EP, receptor.

The effect of the CRTH2 agonist Pyl A on LPS induced murine preterm labour

Pyl A does not replicate the inhibitory effects of 15dPGJ; on NF-kB in human cultured
amniocytes and myocytes (chapter four), and therefore it is unlikely to inhibit NF-kB in

the murine myometrium. However, in view of the discovery that Pyl A inhibits murine
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circular myometrial contractility, it is still possible that a delay in LPS induced preterm
labour could be demonstrated. Contrary to anticipated, co-injection of LPS treated
mice with Pyl A was found to augment the time to preterm labour in a dose dependant
response (Figure 7.4B). At a high dose of Pyl A alone, labour was augmented to a mean
of 44 hrs post delivery compared to 65 hrs in the vehicle control (Figure 7.4C). Several

mechanisms were explored in order to explain these findings.

Firstly, current understanding of the functional role of the individual muscle layers of
the mouse uterus in pregnancy and parturition suggests that inhibition of the circular
myometrial muscle is unlikely to prevent labour. Although there is limited knowledge
of the role of the individual muscle layers in the mouse, it has been suggested that the
function of the longitudinal muscle myometrium in other species such as the pig and
rat is to move luminal contents by contraction [378], and that tonic contraction of the
circular muscle may be required for spacing and retention of the embryos/fetuses
[379]. Circular muscle cells have a higher spontaneous electrical activity than
longitudinal muscle cells during rat pregnancy [380], supporting its potential role in
the maintenance of pregnancy. If circular muscle contraction is necessary for retention
of uterine contents, this could explain how inhibition of circular muscle contraction by
Pyl A leads to preterm expulsion of the fetuses seen in this study. In the human a
relatively new, although controversial, concept has emerged relating to the
importance of relaxation of uterine tone during human labour [381]. It is proposed
that relaxation of the lower segment of the uterus, in conjunction with contractions of
the fundal region, is required for the passage of the fetus through the birth canal.
Secondly, the effect of Pyl A on the pro-labour transcription factor NF-kB in the
myometrium was examined, and thirdly its effect on the anti and pro-inflammatory

cytokines was determined.

The effect of the CRTH2 agonist Pyl A on the inflammatory cascade

Treatment of animals with Pyl A alone increased NF-kB activity in the myometrium

which was enhanced with co-administration of LPS (Figure 7.5.1 A). Surprisingly,
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myometrial COX-2 levels remained unchanged 4.5 hrs post treatment in all groups
(Figure 7.5.1 C). As preterm labour was induced following LPS/Pyl A treatment at 5.8
hrs (SEM + 0.7) it was expected that any COX-2 up-regulation in the myometrium
should have already been apparent by 4.5 hrs post treatment. It is possible that COX-2
was already up-regulated prior to intrauterine injection in preparation for term labour.
In support of this COX-2 is suppressed in pregnancy and by E16 it is already up-
regulated in preparation for term labour and cannot be further increased [382].
Analysis of pup brain extracts collected from LPS treated dams revealed a decrease in
levels of phospho-p65. This may reflect protein degradation induced by the pre-

terminal state of the live pups (Figure 7.5.1 B).

Co-injection of Pyl A and LPS also led to an increase in the production of the pro-
inflammatory cytokines TNF-a, IFN-y, IL-12, IL-1B and KC-GRO (Figure 7.5.2). Pro-
inflammatory stimuli such as LPS [383] and the cytokines TNF-a [384] and IL-1 [385]
have been shown to activate NF-kB via the canonical pathway by phosphorylating
serines leading to IKB degradation and translocation of the NF-kB complex into the
nucleus, activating gene expression of pro-inflammatory cytokines which further
augments the pro-inflammatory response in a positive feed-forward loop [245]. The
assessed cytokines were also increased (but to a lesser degree) in the absence of NF-
kB activation with LPS treatment alone (Figure 7.5.2 A and B). It is therefore plausible
that LPS and Pyl A co-administration activates a strong cytokine response which then

further induces NF-kB activation via a feed forward mechanism.

The pro-labour and pro-inflammatory effect seen with the CRTH2 agonist Pyl A was
disappointing. However, consistent with the effect seen here, several murine studies
with CRTH2 agonists/antagonists and/or the use of CRTH2 knock-out mice have shown
a pro-inflammatory role for the CRTH2 receptor [371, 372, 386-390]. The CRTH2
agonist DK- PGD, causes eosinophilia in mouse lung [390] and intra-peritoneal
administration of DK- PGD, causes a 2-fold induction of MCP-1 and a 25-fold induction
of MIP-2 (the functional equivalent of the IL-8 receptor in the mouse) [371].
Furthermore, in a murine study of FITC induced inflammation of the skin (a model of

contact hypersensitivity), a CRTH2 antagonist was found to significantly reduce the
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production of the pro- inflammatory cytokines TNF-a, IL-1B and the chemokines MIP-2
and GRO-a [391]. Similarly reduced levels of lung IFN-y, IL-4 and IL-5 have been
observed in a mouse model of airways inflammation upon administration of a CRTH2

antagonist [389].

The Pyl A and LPS induced pro-inflammatory effects on both NF-kB and the Th1l type

cytokines, along with the inhibition of circular muscle contractility are the likely

mechanisms explaining augmented preterm labour.

The effect of Pyl A on in-utero viability in LPS treated mice and the anti-inflammatory

Th2 interleukins

With the overwhelming pro-inflammatory response seen in the myometrium, it was
surprising to discover the significant increase in fetal viability seen with co-injection of
Pyl A compared to LPS alone (Figure 7.6). The mechanism behind the increase in fetal
viability seen with administration of Pyl A and LPS at 4.5 hours post injection was
explored by analysing the effect on the anti-inflammatory Th2 type cytokines. While
no changes in the levels of IL-4 were detected, an increase (non-significant) in IL-5 was
observed (Figure 7.7). Moreover, a non-significant increase in IL-10 mRNA and protein
with LPS and Pyl A treatment was also detected. Although the increase did not reach
statistical significance with an n=3, the biological relevance of a small increase is not
always necessarily reflected by statistical analyses. IL-10 is a potent protective
interleukin against fetal loss in the mouse, including loss associated with LPS

administration [375].

In summary, this chapter reveals that the CRTH2 agonist Pyl A augments a pro-
inflammatory response in LPS induced preterm labour in the mouse. Pyl A shortened
the time interval from intrauterine injection to preterm delivery via increased NF-kB
activity and increased production of pro-inflammatory cytokines. Pyl A also led to an

inhibition of circular myometrial contractility ex vivo which was likely to contribute to
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the rapid expulsion of the fetuses. Despite increased fetal viability seen with Pyl A in
LPS treated dams, which was likely to be secondary to an increase in IL-10, an
overwhelming pro-inflammatory response was seen with the CRTH2 agonist in the
mouse. This may be secondary to a functional CRTH2 receptor on murine Thl cells,
unlike in humans. Therefore, in conclusion, 15dPGJ,-mediated delay in murine
preterm labour is not mediated via CRTH2. Finally, since the CRTH2 agonist seems to
augment inflammation induced preterm birth, CRTH2 should not be considered as a
potential therapeutic target for the prevention of preterm labour and neonatal

morbidity.
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8.1 Summary of hypotheses

Prior to the work presented in this thesis, 15dPGJ, was found to be a promising agent
for the prevention of inflammation associated preterm labour and the neurological
sequale associated with inflammation. 15dPGJ, was shown to inhibit the pro-labour
and pro-inflammatory transcription factor NF-kB in human amniocytes and myocytes
[271] and delay inflammation induced preterm labour in the mouse where it offered
neuroprotection and increased pup survival [277]. However, the mechanism of action

by which 15dPGJ, operates in these systems was not fully understood.

Since 15dPGJ, is a CRTH2 agonist, the key hypotheses of this work were that CRTH2

plays a role in the following effects of 15dPGJ;;

a) NF-kB inhibition
b) Delay in inflammation induced preterm labour

c) Increased pup survival

Secondly, it was hypothesised that the CRTH2 agonist effects could be exploited, to

create a Th2 cytokine bias and promote positive pregnancy outcomes.

Thirdly, it was hypothesised that if CRTH2 was involved in the mechanism of action of
15dPGJ,, then a stable small molecule agonist could be used as a future therapeutic
agent for both the prevention of inflammation associated preterm labour and the

reduction of inflammation induced brain injury.
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8.2 Summary of results and discussion

CRTH2 expression

The potential expression of CRTH2 on amniocytes and myocytes was first explored as
part of the investigations to determine if CRTH2 plays a role in 15dPGJ, mediated
inhibition of NF-kB. There are limited studies examining CRTH2 expression in fetal
membranes and the uterus. One study failed to demonstrate mRNA expression in
amnion [279], and another study examining non-pregnant uterus detected moderate
levels [287]. As presented in chapter three, CRTH2 mRNA was detected at low levels in
both amniocytes and myocytes. However, this mRNA was not translated since CRTH2
could not be detected at the protein level using a variety of approaches. The work
presented in this thesis demonstrates the lack of sensitive and specific commercially
available antibodies hampering the use of western blotting for detecting CRTH2. By
using peripheral blood leukocytes and CRTH2-transfected amniocytes and myocytes as
positive controls, flow cytometry was successful in detecting both endogenous PBMC
CRTH2 and transfected amniocyte and myocyte CRTH2. Flow cytometry failed to
detect endogenous CRTH2 on amniocytes and myocytes, thus providing conclusive

evidence that these cells do not express CRTH2.

CRTH2 and NF-kB

In view of the absence of the CRTH2 receptor on amniocytes and myocytes, it seemed
unlikely that CRTH2 had a functional role in 15dPGJ,-mediated inhibition of NF-kB.
However, to fully conclude this, a series of experiments were performed with 15dPGJ,,
a specific CRTH2 agonist (Pyl A), and the CRTH2 antagonist GSKCRTH2 on amniocytes,
myocytes and peripheral blood mononuclear cells (PBMCs), results of which are
presented in chapter four. Pyl A failed to replicate 15dPGJ,-mediated inhibition of IL-

1B-stimulated NF-kB in amniocytes and myocytes. Although 15dPGJ, was found to
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inhibit NF-kB in peripheral blood mononuclear cells, this effect was not replicated by
the specific CRTH2 agonists DK-PGD, or Pyl A, and its effect was not attenuated by pre-
incubation with the CRTH2 antagonist. These experiments provide compelling

evidence that CRTH2 is not involved in 15dPGJ,-mediated NF-kB inhibition.

Although 15dPGlJ, is also a ligand for PPAR-y, inhibition of NF-kB in amniocytes and
myocytes is independent of this receptor [271]. The electrophilic cyclopentenone ring
of 15dPGJ, appears to contribute to its actions. The cyclopentenone prostaglandin
PGA1 (which contains one reactive electrophilic carbon as opposed to two) also
inhibits NF-kB activity, although at markedly higher concentrations. 15dPGJ, is able to
inhibit multiple steps in the IKK/NF-kB signalling pathway. It inhibits nuclear
translocation by preventing the IL-1B induced phosphorylation of IKKa and IKKB, and
also by preventing IKBa degradation and thus the release of the NF-kB subunits [271].
Endogenous 15dPGJ;, can accumulate intracellularly and can bind to components of
the NF-kB signalling pathway directly. For example, direct modification of cysteine 179
of IKKB by covalent interaction with 15dPGJ, has been demonstrated in Hela cells
[392]. Furthermore, the formation of covalent adducts between 15dPGJ, and the p50
subunit has been demonstrated [323]. Despite these mechanisms having been
described, it is still not known how 15dPGlJ; enters the cell, or if a receptor dependent
factor is required for the inhibition of NF-kB. However, work presented in this thesis
has at least excluded the possibility that the effects of 15dPGJ, are via the G protein

coupled receptor CRTH2.

Effect of pregnancy, labour and CRTH2 agonists on the Th1/Th2 profile

A bias exists in pregnancy to favour the Th2 interleukin profile, especially at the
maternal fetal interface [193]. The suppression of Th1l interleukins peripherally is
thought to be at least in part due to suppression of NF-kB in T helper cells in pregnancy
[240]. Several groups have demonstrated this bias in PBMCs during pregnancy which
returns to the non-pregnant state post-partum [146, 147, 218]. However, during

labour it is unclear if cells are activated or if the bias has already reversed consistent
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with the post-partum state [393, 394] . PBMCs of women in labour were examined to
see if a systemic pro-inflammatory state was reflected, consistent with local activation
of NF-kB and pro-inflammatory cytokines seen at the maternal fetal interface and in

the uterus at term and in labour.

Confirmation of the reduction in both IFN-y and TNF-a production in PMA/ionomycin
and non-stimulated cells during pregnancy is reported in chapter five. Although the
mean production per cell of IFN-y and TNF-a was generally unchanged, the percentage
of cells secreting the interleukins was reduced. This potentially reflects regulation at
the levels of differentiation or development of the cells rather than at an individual
cellular level. However, no significant increase in the production of Thl interleukins
was seen in PMA/ionomycin treated PBMCs of women in labour. A moderate increase
in the basal percentage of cells producing IFN-y and TNF-a was seen from 28 weeks to
term with a further increase with the onset of labour. However, this increase was not
statistically significant. The biological relevance of this increase is not known and
indeed the physiological implications of a systemic inflammatory response could
potentially be detrimental to both mother and fetus. Studies to explore both NF-kB
and the Th1 profile in women with clinical evidence of chorioamnionitis are required
to determine if this basal inflammatory response is more pronounced, and therefore

amenable to immuno-modulation.

Several groups have demonstrated an increase in IL-4 production systemically during
pregnancy [146, 147, 218], however the contrary has been reported by one group
where a reduction in IL-4 during pregnancy was observed [219]. Since CRTH2 is a
marker of Th2 cells, the production of IL-4 in this population was examined during
pregnancy and in labour. An increase in the percentage of cells secreting IL-4 was seen
at 28 weeks compared to non-pregnant women, with return to non-pregnant values at
term, however this did not reach statistical significance when the multiple
comparisons test was applied. Had more subjects have been examined, or if the
CRTH2" cells producing IL-4 had been purified, a more marked response may have
been demonstrated. The increase in IL-4 producing cells, together with the absence of

any change in the mean production is consistent with a potential regulation at the
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levels of differentiation or development of the CRTH2 positive cells rather than at an

individual cellular level, as seen with the Th1 interleukin profile.

The CRTH2 agonists PGD, and Indomethacin both induce the production of the Th2
interleukins IL-4, IL-5 and IL-10 in Th2 cells in vitro [217, 299]. As part of a negative
feedback regulatory system, IL-4 can directly inhibit the development of Thl cells,
whereas IL-10 achieves this indirectly [194]. This leads to the inhibition of the
production of pro-inflammatory cytokines. Having demonstrated a bias towards Th2
with suppression of the percentage of cells producing Thl interleukins as well as a
moderate increase in the CRTH2 positive cells secreting IL-4 during pregnancy, the
immunomodulatory effects of CRTH2 agonists were examined. It was anticipated that
the agonists would be able to further modulate interleukin production at the cellular

level by modifying mean interleukin production.

Only 1 uM of Pyl A had any effect on CRTH2 positive cells. A small, yet non-significant,
increase was seen in the percentage and mean production of IL-4 at 28 weeks in non-
PMA/ionomycin treated cells. A statistically significant increase in the mean
production in PMA/ionomycin treated cells in non-pregnant samples was also found.
The subtle response may be due to the experimental design in view of the small
amount of non-purified CRTH2" cells being analysed, but also the PMA/ionomycin may
be maximally stimulating IL-4 preventing further stimulation with Pyl A. No change was
seen in IFN-y or TNF-a production with either concentration used, probably due to
only a minor effect on IL-4 production. Overall, no significant immuno-modulation

could be demonstrated with Pyl A.

In contrast, significant modulation of the Th1l cytokines was seen with 15dPGJ,, with
substantial downregulation of PMA/ionomycin stimulated IFN-y and TNF-a at all
gestational time points. Data presented in chapter four reveals the inhibitory effect of
15dPGJ, on NF-kB in peripheral blood mononuclear cells. Since NF-kB is known to play
a key regulatory role in controlling the Thl immune response by modulating the
expression of Thl cytokines [256], it is likely that the Th1 inhibitory properties of

15dPGJ, are regulated through NF-kB. Conversely, no effect was seen on IL-4
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production. This may be due to an overriding effect of a non-CRTH2 mediated
mechanism such as the inhibition of other signalling proteins involved the
transcriptional regulation of IL-4 expression. For example, 15dPGJ, inhibits nuclear
factor of activated T-cells (NF-AT), which transcriptionally regulates IL-4 production, in
a PMA/ionomycin activated T cell line in a dose dependent manner [286]. Overall, Thl
suppression is seen with 15dPGJ,, thereby leading to a Th2 bias indirectly. Preterm
labour, particularly in the presence of chorioamnionitis, is associated with a shift
towards the Thl cytokine response [192]. Specifically PMA stimulated PBMCs of
women in threatened preterm labour who deliver preterm have significantly higher
IFN-y compared to women who go on to deliver at term [238]. Data presented in this
thesis demonstrates that the anti-inflammatory properties of 15dPGJ,, previously
demonstrated in the amnion and myometrium [271], can also be applied systemically

resulting in the inhibition of NF-kB and the Th1 interleukins in PBMCs.

Effect of CRTH2 agonists on myometrial contractility

An ideal therapeutic agent for the prevention of preterm labour would have both anti-
inflammatory and tocolytic properties. The inhibitory effect of 15dPGJ, on NF-kB and
COX-2 in myocytes [271], together with stretch mediating an increase in NF-kB activity
[183], led to the hypothesis that 15dPGJ, could also have tocolytic properties. This was
investigated ex vivo by mounting myometrial strips collected from women at term
(pre-labour) and treating them with 15dPGJ, in a cumulative dose response, as
presented in chapter six. No effect on contractility was seen with acute administration.
This may be because activation of NF-kB may not be required for uterine contractions
induced ex vivo by the myograph. Surprisingly, treatment of myometrial strips with Pyl
A led to a dose dependent inhibition of myometrial contractility, although in a CRTH2
independent mechanism. Possible mechanisms of inhibition include wither via non-
specific interaction with the EP, receptor, or via its structural similarity to

Indomethacin.
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Effect of the CRTH2 agonist Pyl A on a murine model of inflammation induced preterm

labour

Despite not being able to replicate the anti-inflammatory effect of 15dPGJ, on NF-kB,
or showing immunomodulatory effects on the human Th1/Th2 profile in vitro, the
considerable tocolytic effect of Pyl A led us to investigate if the same effect could be
achieved in vivo. Whilst it is appreciated that tocolysis in the presence of clinically
apparent inflammation is not advisable, it was also important to establish if CRTH2
plays a role in 15dPGJ,-mediated delay in inflammation induced preterm labour and
increased pup survival. Results of the effect of Pyl A on murine myometrial
contractility and inflammation induced preterm labour were presented in chapter

seven.

Pyl A showed significant tocolytic effects on murine circular myometrium ex vivo,
consistent with the effects seen in the human, and again in a CRTH2 independent
mechanism. However, in vivo administration of Pyl A led to augmentation of labour,
which was amplified with co-injection of LPS. Controversy remains with regards to the
function of the circular muscle in the mouse. Tonic contraction of the circular muscle
in the rat may be required for spacing and retention of embryos/fetuses [379], and
weak high frequency contractions in the circular muscle layer are thought to prevent
movement of fetuses towards the cervix during pregnancy [395], supporting the
potential role of tonic contraction in the maintenance of pregnancy. Also, in support of
this, uterine relaxation of the lower segment during human labour in the human is

thought to aid passage of the fetus through the birth canal [381].

Alternatively the tocolytic effect of Pyl A may not have contributed to the
augmentation of labour. This may have been purely due to the overwhelming
inflammatory response induced by the co-administration of Pyl A and LPS. Activation
of NF-kB was demonstrated which also lead to downstream activation of several pro-
inflammatory cytokines including IL-1B, IFN-y, TNF-a and KC-Gro (the murine

equivalent of IL-8). Although this pro-inflammatory effect was not induced by Pyl A
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alone, and only a small effect with LPS alone, there is a clear synergistic effect with
both LPS and Pyl A together. It is plausible that a subtle trigger in NF-kB activation with
LPS together with a subtle trigger from Pyl A is enough to lead to an amplified
response and a continued feed forward loop. Despite the significant pro-inflammatory
response caused by Pyl A, a surprising increase in fetal viability was seen at the 4.5 hr
sacrificial timepoint, likely to be due to the increase in IL-10 production. This
protective effect however was not maintained post delivery, with zero pup survival
since all delivered at a pre-viable gestation. In conclusion, data presented here
provides conclusive evidence that CRTH2 does not play a role in 15dPGJ, mediated

delay in preterm labour or increased pup survival.

The differences in effect seen with Pyl A between the human and the mouse highlight
the limitations of in vivo work in species other than humans. The mouse is commonly
used for models of preterm labour, due to its relatively short gestation and low cost of
experiments and maintenance, however, there are clear differences in pregnancy and
parturition compared to that of the human. For example, the human myometrium is
not composed of such a discrete longitudinal/circular muscle arrangement, nor is the
uterus bicornuate. A biochemical withdrawal of progesterone occurs in the mouse at
term [396] rather than a functional progesterone withdrawal that is seen in the human
[397]. Specifically with regards to CRTH2, unlike in the humans, its expression is
detected on murine Th1 cells [369]. Although it is not known if the CRTH2 receptor is
functional in murine Th1 cells, this could account for the significant production of Thl
cytokines induced by Pyl A. Finally, although protein expression of CRTH2 in murine
myocytes was hampered by the lack of commercially available antibodies, the
comparable mRNA expression in the myometrium of vehicle vs LPS vs LPS Pyl A
suggests that CRTH2 expression in the myometrium is not solely due to infiltrating

leukocytes.
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8.3 Conclusion

In conclusion, the CRTH2 agonist Pyl A does not replicate the anti-inflammatory effects
of 15dPGJ; in the human or the mouse. It can be deduced that CRTH2 does not play a
functional role in NF-kB inhibition; delay in inflammation induced murine preterm
labour or increased pup survival. Finally, Pyl A and 15dPGJ, do not modulate the Th2
interleukin profile in peripheral blood mononuclear cells via CRTH2. However, it was
found that the anti-inflammatory effects of 15dPGJ, can be extended to activated
peripheral blood mononuclear cells resulting in both the inhibition of NF-kB and Th1
interleukins, thereby indirectly modulating the peripheral Th1/Th2 interleukin profile

to favour the Th2 response.

8.4 Clinical relevance

Preterm labour remains a common challenge to obstetrics. The incidence has not
reduced, despite increased efforts in understanding the mechanisms controlling its
onset. The management of women with preterm rupture of membranes, particularly
pre-viability or at the margin of viability, remains variable amongst obstetricians. The
use of tocolytics also remains variable worldwide in terms of the type of tocolytic
used, the indication and the duration. Economically, the neonatal sequale of preterm
labour and indeed the long-term health issues that follow account for a significant
portion of NHS resources. It is therefore imperative that preventive strategies are

developed to target those at risk of preterm labour.

Controversy still remains with regards to aiming to prevent preterm labour in those
presenting with threatened preterm labour. This is mainly due to the risk of delaying
preterm labour in the presence of subclinical infection/inflammation, thereby
potentially increasing neonatal morbidity and mortality. The focus of this thesis was on
the potential use of 15dPGJ, or a specific CRTH2 agonist with a view to targeting the

inhibition of the biochemical pathways associated with both inflammation and labour.
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The ultimate aim is to prophylactically administer such an agent to prevent the initial
biochemical triggers of both inflammation and labour that precede the onset of clinical
symptoms. Although specific small molecule CRTH2 agonists should not be considered
as future therapeutic agents, the anti-inflammatory prostaglandin 15dPGJ, shows

considerable promise for the future.

8.5 Future work

Future work with 15dPGJ; will include exploring its role in the inhibition of NF-kB and
pro-inflammatory cytokines both locally at the maternal fetal interface and
systemically in maternal peripheral blood mononuclear cells in women in preterm
labour and term labour associated with clinically evident chorioamnionitis. Effects of
the anti-inflammatory compound will also be explored in cord blood obtained from
matched samples to ascertain if it has potential for preventing the fetal inflammatory
response syndrome. If these results are consistent with the anti-inflammatory effects
seen so far, as presented in this thesis, then it will be proposed that 15dPGJ; should be

used in a primate model of inflammation induced preterm labour.
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Pre-term Labour and Delivery
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bebween Intrasterne infaction and pre-lenm hirth cdsts] howavar,
s rwsaied by an inferrogation of the: Fubiad Meraturs, InCraasing
resaych eforts e being expended On deducng the ok that
nfammuation pleys injpra-iarm birth (soa Fpurs 1}, Dospita the | norose
nawarenes of inflammation and infeciion in pes-formn bebour, rafies of
pes-Barm kibour hawe Not reduced.

Appruximatoy 3 %o pro-tonm births 22 resul of e et
for roasons Such 25 pro-ciampa and fool growth sestrction. The
semzinder ane spontancous labours and are mosty the result of
2n inflammatony andior nfectve procass* Since nflammation and
infection are the most commen [pathogenks rOceses In extieme
prematune labowr, ENpetng mmuns actvation In the pravention and
‘beatmant of pro-farm abowr & an 2iiractiva shiatagy.

Pre-term Labour, Inflammatlon and

Neonatal Sequelae

The neoratl sequelas of pra-tonm delvary 2 manly dependant
on gestational age 2t delwery. Sunal ates mprove fom % at 25
woaks 0 58 % 2t 37 weoks® Pra-larm daivary nesults in 2n inooad
=k of nemolising enbarocolis, chronic ung discaso, pariveniricular
lkomaaca (P} and iIntrveniriculsr foemortage (NHLE Coretral
by, for which PVL is:a pradicior, i 80 imes mong raquant in neonates
‘born before 28 wesks of gesiation ompasd with thase bom &t term.”
The additional it of inflamemation and infecion furthar INoesas the
msk of chnonic ung disoasa ® PYL* and WH by thing- o four-likd ®

intzzutaring inflammiation & protably madiated by both the matermal
2nd foatal resporsa. Fotal inflammatory responss syndrome (FIRS)
s propasad by Romarn 2nd Colsagues 2nd 15 charcaisad by he
adtizlion of the fosial Inmate IMmune Sysiem™ This condition was
inittly doinad 35 clwsind mloriosking (L-5 concontraions in loatal
pl=ma in women wih pre-demm labowr 2nd prebibowr premabus:
rupturs of mambsanes (PPROM,L™ Howewar, ofher indicaiors of footal

O rOUCE EEIEFIHED 3817
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Inflammation includs: umbibcal cond C-macte: protoin,™ amniodc fud
white call counis® and other proinflammaiony ofckines. E is ey
that inflammatory mediaiors. rdlezsad in FIRS play a funchional rola in
riggaing the main signaliing pathways that resukt in labour, o shoden
the axpomre of tha foetus 10 2 hoslio eneronment. Hovweeer, hise
Inflammaiony mediators may b pertty responshie for the damaging
efacts of nfammation on the neonatal coniral nanous sysiom

Az ot of the Togtal responen tn infiection 2nd PROM, thare = svidanoa
of a foatel Th poimised responss wih nCmased inlarfermn JFH
FAMTE poduction in oovd biood.™ Amnictic Muid and oo biood
oinfammalory oytokines 1L, IL5 ond Mo necoss tacor-alph
[THF-o)y 352 msocisiad with radicingical ewidence of Dassieal damagg
Intra-amniotic proinflammatony oytokines incheding IL-B are assodaiod
with the: developmant of msshral sy ™ Thera | mounting, mwdanoa
Trom in wirs and invsvo S thal the =me:

L) aF

aciivated In prs-barm labour, invoiving Tol-ike receplors (TLA=) and
nuckeey Tactor fkappa B (N« 8, a0 play 2ok in inflammation incuced
hezin camaga.™ Thus, rgeting nfammatory athways may ako prove
usaful for the prewention of neonatal morhicity.

Immunology of Pregnancy
The immuncicgy of pregnancy Is 3 complex phenomancn thal
halances immune boigrance and suppression. The: IMMune pardm

IUESFEIAN ORETNFEIZE & ETHAIEOLOET

of pregnancy dsis a5 tha mothar does not roject the foatus, confrary
io an anfcpaied miedion of paternaly inheried footal anfigens. As
st proposed by Matdawer, th fostus essontialy acs a5 2n alograt
trat awnics rajection owing o a pryscal sapmbmrrmmnrmunr
iz own antigenic y and the gl

e mother (e malemal I'nrrl.lm suppiesson,™ HEh ra-pmcl
responses from hoth the Innaieand ataptve Immung systoms it
this procesz.

THe INAZtE IMMURe SYstEm In Fregnancy

e Inn2ie immune Syskem & the st ine in the host's abliy 1o
delend against pathogens. In s most primitve form, & Incudes
physical bariers that protect against oniry of foretgn matarial. in the
camg of Bha fopfs, the amnion ads as a membrane bamiar o

tha mathar Ehroughout gestation. Immunalogically acive ssTsfions
such 25 lysoaymes 2nd delonsins senve as biochemical bamiars

1o Invasive pathogens. Tha Inmale mmuns System has evohed 1o
tecognisa non-selutiising pettem recognition recepiors (PR
that recogniss mokcular signatures of pathogens® PRRS are also
capable of recognising non-infections. endogenows profeins such
25 Hspdl =

TLRs aim & major component ol PRfs, and b daie 11 membes haee
tean diSCvered N Mammas™ Evidence INCIEISNEY [pOITEs irwasds

m
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TLA-mexioted inflamimai sy mechanisITs 2 3 Figgar i infection-induced
po-term hirth, with TLR secaptns 2 and 4 porti culary i mplicated. TLA 2
recognises the producks of Gram-positve bartora and mymplsms,
wiseeas TLA 4 recognises the products of Cram-negafes: bociaria * TLR
2 and 4 are mepressed in Immung ik within the plapenta bul akon
the mophoblasts ot differant Sages of pregnancy ™ Amnion opihelal
calls a5 s TLA 2 and 4, wih 2n inoeass in mesenger AA
[N In both erm and pre-tem Lebowr T Smiry, both recepiom
o coqeessod I MySMatrism, with rotoin lavols of TLR? incrossosd
in labour wermes non-abowr  An imporfant adhelor downesirsam of
TLRs & WF-«E, which can kad o the produrion of Immune-nesponsd
proieing such s oyokings and chemaokines. ™

The acquired IMMUNE SYSEEM N Fregnancy

Inconirast o innatn mEmUne Systom, Eho adaptva Immune sysiom
rafies on 8 and T cels, which 2re responshie for e humol and
mm:m'mmunlm mmune systom can b
500N 25 3 prerequsite tor trigeenng the Aoquinod | MM Fesponss,
particuarty sding T-Cal polartsation towards T haiper 1 effectr cais™
An mportant componant of the adaptation of the IMmune systam n
pmuhmdmtqmﬂmpmm%‘ﬂmm
parficipain in cither T helpar 1 ==

b0 5oen s phySoingical 2nd pra-tenm Lbour sen 25 3 pathoogical
concition, tha leminal events ieading 1o delvery of the loohs s
‘omEman b bofh condiions ® Wa o have INCraasing @vidence that
in tha foatal enix and wiens i a major
player in the cascades lading 1o both barm and pro-tarm birth =

Immune Activation In the Decldua and Foetal
MEMDranes at the matermal-Foetal interface

Actvaion of tha Ioatal mambranes and decidus Invokas 3 ompiex sof
of hlochemical events ¢ g In tha sap of tha

hom the: dociun in ha lowsr Ltering: segment and, uitmaisly, thar
rupture. As the decidua acs o5 an interfaoe botween the matemal and
toatal s, i was proposed by Cosey and MacDonaid that it may
2= reguiain matemal-inetal Immunoioirance dunng prograncy” In
o 2mnion, proinfammatony cyiskdnes IL-18 and I8 s uprapuistod
during labour, 2= 2re IL-4 and L8 in the chorodecidu @ IL- 1@ i known
o stmukata cycho-orygenan 2 (CO0-7) production, which In tum s
1o the procuction of prostaglandin 3 in e ammion, 2 major souncs of
prosizglanding that ads on e ulens o s3muiate conmtsacions and on
the canvix b 2id cenical inpening ™

Immune Activation In the Cenix

immunity} or T helper 2 resp ¥
Is largely representad by 3 shift bowerds mmq-"mu tha
presance of infaction ond inflammation Inggers 2n opposite shift
Iowzrds the Thi rasponss. Consistont with this, InTessss I tha
Thl-specific cytnicng THF -z 2ra highly corraistod with Infacton reisted
prefamm birth * Furthermeng, the double-knodul THE - 2nd IL-18
muring modsl does not suffer pro-torm Lahour whan

Trroughout pragnancy, the i ks rigd and Hghtly closod. A1 e
yEinning of p the cervix goes & major

T mm———
conCuranity with e acivaion of the MynmEtnm 2nd inwhes an
nfammaiory c2sradn Bt Induces the reicasn of proinflammatony
cyinkines and the Infifration of Inskocptes ™" Thes reikass mars

popolysacrhanide, 3 majr comg of Gram-negatva bacteria
ol walks.
A shifl In tha bixs Fom Thi o Th? = ssdont both sysiomicaly and
focaty 2t the matormal-footal infarface. During prognancy, periphanl
bised! ymphocytes show an incioese in mENA of the profotypical
ThZ niedsukn L4 and lower mANA evels of the prolotypical Thi
Intariauicn IFN-y. ™ Also, i7 wino stimulation of peripheral

injpragnant women dsplays inCresed procuction of IL4 2nd roduced
producion of FHy comparad with non-pregnant controls ™ The
retuction in T helper 1 cytoking production s Mkey 3 resutt of

MMFs), which, zlong with actvatad coliggenasas,
dograth e sruchid cormoctvs teo and colagen Porms of
the cerva”

IMmune Activation In the viemnis

The mycmeirium ks 1 Muscs byer ssponsible for (ening Contracity.
it consists of smooth-musde colls, myocytes, srmundad by connacie
s, vesculzture 2nd Infitrating leskocyies capebie of Secnating
cytokines™ During term labow, thame Is an masshe N of
infammatory colis ko the Myometrum, mainly tha: owas sagment,
inchsding neutrophils, marmophages and T lymphooyies® Thess
ImiErating leukocytis anea Source of proinfmmaiony N eukins and

downraguiation of the MFcEE n
T calls throughout pregrancy.®

N aidBon b docdial lukocy production of e ThE cytoidnes
L4 and 1110 nonymphid caks in the placenta and decidus sk
cooniribute to the THE cyinkng pradominancs = Thess ThE interioukies
are capaitic of Suppressing tha Th SILBandp
mm.‘manlwbmmwm
and risring quissmence whilg 2k contribuing b immune: olkerance of
the: torhe 2 2n alografl

L) - e |

Immune Actlvation In Term Labour
Tasm labour ooours 3t botwean 38 and 47 weels of gesistion, at
‘wihich ima e Cenvix UderEDes remodeling and ripsning 1o [adi e
the epuision of the foehs Iom the contractie wens Despia
elensan resaarch, the axact igrors and ook coordination of
binchamical and endocrinclogical componanix of those proceses
% poorty udersiood. This has croated the biggest chalionga for
for e of jpra-term Labowr. ARhough
mmmmwpmmmmmwm with larm

10z

prosiag witich anz Ny fo contrbute fo nomal parfuribon
A compiehinsye study by Young et ol used immunohistochemistry 1o
ncals: thesa cyiokings 1o therr collular ongn, Comparng ma-bour
ferm mynmeirium and in-iabour my LB was

Deatad In oy, WHIST prEsnce Cramed during e labour.
Wk staining wos als demonstated in myooyes. -6 and THF-x
wem resirictad b lukooyies, trom the marphological appearnca of
e kewkooytes, thay am Niety o be neutrophils 2nd macophages
respectivoly. Iniorestingly, L8 was cimarvad infilrating iuknofios
in the lzbouring myomatium and not in e myooples themesaises;
howsnved, 25 disc1emnd bolow, ofhors haes attributed increesad kel of

L& in tha Labouring myomatrium ko the myncyies thomsahes ®

Whattr tha acivaion of inflammaiony patways i tha myomatrium &
3 s o DEngquencs of labo & dobalaible. Rocont waek by B
and colleagues has pone soma wary o addressing this™ Using a novel
appiication of stucheal eg £ mn ical
plaribiity of Hres
m“mmmmmmm
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Iunctional progestenong wihorawel ond cogtioon s=oaphor actvation.
Datn provided Bom quantiate rverss tanscripbs poymensa
chain: reaction performed on key genes imvolved in them pathwonys
WS Lsed B g Casal | ¥ LIS - |
frmubae known 25 dvpciod graghs The dafn angyssd fom 2
non-zbouning and 17 khouring women simnghy Spporad Inflammaton
s 2 primany dewer of human Myometrial actheton o ko,

Nuclear FAceOr K3Qpa B &5 3 Mediator OF Labaur onset
KB i a family of frarscription faciors Classically amociaiod wih

that contral of cytokings and chemakings, for
examia, THE - ared IL-8. % Thi: §F-x family Comprisas fes mombars;
NF <l (pI/PE0, NP« pIOLED), Aok (pEE), Foll and canl™
Interactions, boswaen thesn membars and thair inracalular locafion
dictale their Aonction and abilly to inferact with DMA by promoéa

avnts leadng fo pra-iarm lebow, there 5 a pathological presence
of inflammation, wih of without nfeciion, which procipitates mnical
ripening, wioring conbractiity and ¢ nuphura of

‘This may prasant 25 PRRACA only, [s0iated uianing Imitabiky or monical
diiation In the absence of contractions of PRAOM, depanding on the
incation of Inflammation and'or indvidual patien! Characiarsics.

infection andyar mflammation and Fre-term Labour

Ona of tha mest common cowses of inflammation s inkction in e
conteet of pragnancy, approdmataly 30 % of pro-lom delvaries @
a=snciated with an infoctve Fm'LpnﬂWlﬂﬂn limzare,
{Goidenburg o al summarsad that BI-£5 % of spontaneous pra-tem
labours af less than 7B wesis of gestation showed evidence of
intrautring inlecion, rsing o oeer 70 % around 24 woeks, In contiast
foaround 15 % of women who dalvered late pre-em at 3438 wosks

the mpression of inflammatory ganes. Chapman 2nd moilaagues havw
Previcusy repartad the pressnc of ol subunits moept AuE and pa2
In the myomtrium. Although total RelA wias. found b be reducad in
|- SRR MyDMmEtrium N |bouring woman, DNA-binding actvity
W achually Incraeed ¥

WF«E olso appans in play a phold rois N e trensoipional
reguiation of moiractle associsiod ganes in e MymETUm and
Toatzl memiranas af te tme of bbow. O0X-2, the rate-Aming step
Tor prostaglandin syréhests, ks giovatad In |Dwer-Sogment myametrum
et BEme and in labour verses non-bbowr Symples™ Work by
owr own group has confmed i wing that WF=B s reguired Tor
L--induced aqeszion of OOK-2 n myocyes™ and, consistont with
this, that IL-18 conc noossDs in with the ormsat
of lzbour® NFc @isn regsiates the proinfammatony Ccenes L8
and L4, which both contain NF=B rocognition ciomonts within
their prometar regions ™ IL-B I dramaticaly inooasod in bouwing
myomatrism? and i dofctod in the supernatant of non smulatod and
L--simuiatad mryocyhes in Wi, Tramsciptomic Shudes comparing
myomatrial biopsies from non-iabouring versus ibowing term women
revedled hat the largest diffensncas wese in L-3 §47-jold InCreass with
batwour, L& {4-Fokd inresea) and IL-18 (11-fcd incooese) @ This shely

the imp o [ ¥ Beres in lowas-ssgment
mmhm P —— microanay analysis on
MyoCytes overaqrassing A5 and showed that NF«E reguiates genas
pencipally relatod 1o ImmUnity 2nd infiammation in hesa cals.® Thsa
studies, dong wih arir work by Chan ot a ™ provide swidoncn
that tha myoematsum i capatis of fncioning & 3 dstnt mmung

o g = Tha: miss « iy idanfified pathogens associated
with pra-barm [abaur pricr to rupture of membranes 2 Uneapiasma
uraatyticum and Mycoplasma homink” Ineresingy, the latar s a
{Gram-negatve bactora Ehat c2n instigats inflammaton thiough TLRE
sgnaling ™ Routes of traremizsicn of infecton infn tha s 2nd
subsequantly the foalus may be via haomatopanous sproad wia e
placonia, birngEnkc prOCROWTES SUCH &5 AMTKCAMESSE 07, 35 MOSt
commonky dascrited, by an Escending foule from the vagin hough

e ey

Tha mechanism by wihich Infoction s abic b trigger o parturttion
casrado is ¥ linked fo2n network of inlerachions
between the pronfammatony cjtnkines and prostagindns. Thas:
&t in concert o sBmulaie ulsring confractions and remodsd both
e cervx and the foetal membranes, kading to cerwcal dilation and
nuphwe of membranes, respaciely ™ In responss o Nt
imaction, nMitratng ouknoytes and docidual oils e capabio of
sacrating tha proinflammuatony cyiokings L1, L&, IL-8 and THF o #88
Thess oytckines: then nducs prssaglandin. production in the Tt
mambranas and dacidia, leading o intistion of partuntion =7

Mdthough miciobial infoction 5 3 common cxen of Inflammation, e
presence of infection & nok essenial for infamematon-driven pe-iarm
laboax. Thera Is a causal soke for Cyloldnas in lzbour awen In the
atmanma of infection® W has prvousy shown that prognandoes
without cinicaly overt Sigs of Infecion sl show nCasad ok
of Il and ILE In tha myometrum, amnion and choriodeciia ™
ioroovar, 3 recont genomic sy of amion Bssues hom womean

ovgan and that il 2re critical ¢ during

[ with 2 proposad roi in reguisng labour onsat,

anﬁmmﬂ-ﬂ]_m NF-«8 inhibfor, nﬂ'lﬂaTl'ldic'l'l.lIiDl’
iR wers Shown [0 delay pra-term hirth

Immune Activation In Pre-term Labour

Apart from gestationsl 2ga, the oulcome of me-tarm lshour and
tmem labour s phenchypically similar.® Both s 2 fAinal pafway of
canvcal npaning, iering contractity 2nd ruptuss of membranes.
Inbusttvly, this saggests that thers is oy o ba considerable overap
In the binchamical pattways Ieading to the: Aral trigger of ibowr and
expuision of the foghe Infection andfor inflammation arm the onky
well-defined pathological prooesses 2t tha molecular lavel in which
a firm causal ink with pra-term 2bour s been establshad.

As discussed zhows, ImmRne achvation and inflammafon ar
piysiciogical componanis of norma, harm |zbour. Wi proposs ha, in

FUESFEAN ONETETEISE B CTERICOLOETY

in Izbour without hisiclogical chorinammionits sewazkod
mmm present an aculn INflammation gene EEpresson
sgnahn ™ Rentty publishad dat uggest that rladn, 3 hamone
secratad by the corpus iusum, can also modulaha cyloking production
by dockual macrophages af e maloraklootal infarfaco and
oonirituie 10 3 iocalmed “starfio” Imfammatony response ™ Topsther,
hass data kend support B the notion that inflammation, but not
reces=wy Infaction-indured iInflammation, is 2 common patiweay 0
‘tha acteation of bitour.

Theraples for the Preventlon of Pre-term
Labour - An Antl-inflammatory Perspecdve
PIOQeSLErONe

Sovardl lrge endomised conbolled rials hawe now shown that
WOgRSarng i 2bis o delry pre-lenm labour in high-isk pregnancies.™
The ongoing muticente DPFTIMIUM [ISRCTI: 14558373 ral anms o
doterming i this profongation of pragrancy will confor banaft b the
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infarst In tha iong term. Tha preciss mochanim by which progesianng
15 2hig o clolzsy pra-torm Lehour b sl not knowm, yat i & Bty that

the antHrflammatory e of endogenous progesterng combrbues
0 2 tavourabls Mmunoingical orvimnmant for the oous.

Tha raditionally accoplod prmany roke of progastenong in pragnancy
manienance & fis onfrbulion tn myomatrial quisscence. Saveral
propossd mechanisms @xist for this, inCudng downreguiation of
\zbour-associted ganes Sech a5 connaon™™ KMMP-5" and COX-2."
Nongenomic machanisms include modulaion of the confraciia
pparahe by 3 surpessng infracciular fro caicum™ and InCresing
oyclic adenosing monophosphate, which resulis in relxetion ™ The

Wity in thiose women with Iow canscmeginal IL-E lavels ™ in womean
wha ziroady fove estzhilshod inflamemafion of infaction, th iriggers
of prtwiton ore not Ky 10 be reversed by merdage. I cerciage
s play 3 min In ErgEANg IMmune acivaion, its. affacivencss i
Mcaly b b in thie praweniion of inflammaticn and scending infoction
and nof the reversal of infammaticn. Thus, corciage ombined with
anti ¥ rotiial - may enhance
and improve posffs pbient outcoemes by phys cilly inhibiting conical
shortening and managig underying binchamical inflammation.

Mom-steraldal And-Inflammatory orugs
Tha sode of non-slercida andinfiammationy drugs (READs] in e

¥ ffacts of progs have baen

bott ocalty in tha Lt and foatal mambranes 25 wal o systemicily
in peripharal blood kukoopes.

Af the malemal-foatsl inlerface, the placonta IS & major sowree of

P of pra-farm 2bour has boan svalated mainl in the:conlaxt
of fooohmis DOW-2 k5 the ratelimiting siop for the production of
prostagiandins. ‘Snce prostagiandins 2ng infegral o the mechanm of
cervical ripening and wening contractity, this coes of drug intaly
OmE Afractig X% & proventaive dimtopy in aymplomatic women.

progesiorone. Deddul louknoytos produce prog Inducad
bincking facior in responsa 1o rog wihich regulaies the shift
In Th cytnking bia=, and 2 raduced cyiniod natural Kk acivit "
In vt stuies fove shown Bt progestemng negatvaly Interacts
WEh 2nd suppresses NF B aCvEy In myocytes amniocytes™ and
Jowr utoring: sopront fhenblacte™ loading fo dowmreguiation of
CO0-2. Tha suppresmhes aftect of progesiorona on NF.cl sl resuts
In the supE ol Y oy uch & ThFa®
Progesiarona has o oo shown o nouce 2 ThE phanotyps
In reing parphea biood mononucker cals in ol ousfure and
Induces L4 aqpeson,™ mrssknt with the ThE domnanme seen
in vivo. Despito the Immenomoduisony afects of progesirong in
the manierance of pregmancy, t appexs thal adminsration of
progestarnng for the provantion of pra-tenm kibour may not ir.ans st
these afiecis. N a muring mods of pre-ienm ko, P
Oelayod Ibowr onsal et infammaiory markers wers uUnchanged
o N INTexsE N pUp sunival WS omenved.™ Simiary, & recent
sludy amining tha «ffects of vaginal progesiznons In women with a
shoriened onic showed no reduction in oytotine producion in e
cenicowvaginal Tud. ™ Ancther study of progestenona dm nksration
Companed inbarkeukin ks in mynmitrial s and paripheral biood
leubooyies at tha time of pre-labowr cassaraan secion and found no
statmtically significant difarences

cenvical cerclage

Canvical shorfaning is mociated with 2n inoessad risk of pre-fem
deiwarny: 2 canvical kength of less than 15 mm leds o a 50 % risk of
pe-darm obow before 37 weois of gestzbion™ Pacoment of a
oevical meclage educes The sk of delvery balore 35 weeks of
pestaton by 30 %, wih a 35 % roduction in parinatal morsality and
Morbidly™ Carvical merlage prowdes. machanicl support 1o 3
‘weakengd coreix and & ypicaly placed in women with suspecid
canvical insufMiciency. Howaver, as wal 25 contr buting to mechanical

support, prsanvation of rvical Iengh 2nd the murows plg i By
0 conirizuta e protection zganst asEming nfecton ™

Thers i a Cormeiation bahwesn shoraning cerical lengih and positva
amniotic fud cutturs == iIntrautoring inflammaton jusing MMP-E 25
a markar bs a0 Ineased With shortaning canvix length, appeanng in
7 % of woman with 2 canical langth of less than 35 mm comparsd
with T3 % of women with 2 cendcal kngth of kess than 5 mm™ in a

study Of Women with a shorened DRV undergoing, Cerciage, a
rechiction In pen-tenm |abour bafons 37 Wedis With CRICI2E Was mond
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n ks a non-siecive OO inhibitor and & efectve in redudng
pra-lerm kzbow. ™ Originally, the machanism of action wes hought 1o
 solely Wl of prostag) ! = Howwer,
ndometacn is aso abie bo inhibt caloum canne cuEnts in
myncyles, keadng do compiste Inhibition of myomatiial Contractity
in wire™ Aspisn and salicyate hawe bean shown 10 InhibE NF«E
actiity by dssct inhibition of i Hnome™ As proviously mantonad,
W Is fundamantal 1o the hiochemical pattreerys ivoked N both
12 and pre-tarm labour, thus e 2nt-nMammeaiony Sfects of NSADS
2w aiso By 1o coniributa tn their eMCRCH IN recuCing pra-ar Labowr.
Urforiunaichy, the acverss effect profie of NSAIDS, particuary that
of indometacn ncrozsad ek of premature ciosure of e duchs
atoriorns, incrazssd sk of neTodsng emfsrocofts and WHL haE
preverniad it more frequent w2 I the pravention of pre-lem labour
N high-risk womien.™ Spactic inhiofon of 002 In wamen at high nsk
of pre-arm kbou 2ppeass in further inCrazsa B sk, which SugEess
et COK-F may piay cual rols I O pregnancy mamienance
and parturition '

Anlbiotcs

dis disommod shova, thers axisis a char F=ociadon bobweon
inlaciion and pra- berm iabowr. Hows, thara is a paucy of midence
demonsraling a benafit in the administration: of amtibiotics for the
pravention of pre-lerm labow. Anbbodcs appear IndfTective wihan
abnormal wagnal Niora™ or fostal 1hvonoctn are used a5 Indcators of
highrisk pregroncies;'™ in fact, the wo of aniibiolics in highrisk
Zmymptomztic women ncraasas tha sk of pre-derm delwany '™
In mymptomatic women with Intac memiranes, antbicics hoee
bean shown b INCresa kong-em funcional imparment, nCuding
cenehil palcy™ As the administration of antibiofics In hess cases
toliows overt cinical indicalors, = fempang o specubin tat
inflammaiony pattrays ows long been activated and the cescades of
parturition have: Avmady bean inftated. Thus, the efficacy of andbiotic
‘tratment may be improved wih oior dagnieis of infaction.

Conclusion

Tris articke has highlighind the infogral e of o inflammatory
respan=a in the activation of both prematurs: and farm lzbour and i
neonztal consequence. Current tespiia having potentis
IMMunomoduiting efieds, have proved dEappaintng in tnms of
daiying pra-term lzbow and Improving mecnatal culcome. Wik &
& fexsihin thet trestmen! doses, popuiion bages o Bming of
tmatment have ol o bo comectly optmised, we fd that i & mom

IEROFIAH CHITETRICE & STHAICCLEST

245



Appendix 1: Paper 1

Targeting Immune Activation in the Prevention of Pre-term Lebour

likely thai inflammation- or infection-induced pra-term abowr invoives
multipie omponents that contritde to 3 Minol common patway.
Targating a key modulstor of this Common patiteery, such as W «E,

may prove particulary benafical in tha: rational design of tharopautic
tragtments for pra-ierm hirth.

Specfically targeling MF-cH would laad Eo inhibion of 0002 and
prostagiandin production and, subsoquenty, uloring contractifty
and convical ripening, Additionaly, E might ko ned.ce (eponshe e
bo the TLA-acthaled pathways, resuking N the reduction of
proinflammaiory cytokines such 2s IL-18 2nd L3 Wa haw
temonsirated In an animal model of Iipopalymicchande-induced

pra-torm labour that #ha antiHinflammatony prosiagiandin 15-dooy &
prostaghndin 2 [150PEZ) not only delays pra-tarm bour but alsa
prowidas 2nd InCrexses pup survieal ™ 15dRGIZ
mhibis NP« 8 and O0XF In both humzn myocyles ond amniooies
in viro® Addtonaly, 150FCD s a Igand v chemoatiracant
tocepior- homciognus moiooue 7, which |5 prasent on THE colis
2nd| which may augment benaficial Th cytoking bias.

W conciude with tha wsion of 2 pofanial Immuncmodulating gant
trat wil not oty dekzy pre-iemm lzbour but 2lso Suppress the foatl
miammaiory responss, kRading o newroproiacion and, ubimataly,
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Pre-term Labour and Delivery
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Prevention of preterm labour via the modulation of inflammatory

pathways

David A. Macntyra'*, Lynne Sykas'-*, Tiong GheaTeoh? & Phillip R. Bennett!

'Department of Surgery

and Cancer, Parturition Research Group, Institute of Reproduction and Developmental Biclogy, Imperial

College London, London, UK and 25t Mary's Hospital, Imperial College Healthcare NHS Trust, London, UK

Pregnancy is characterized by a complex interplay of inflammia-
tory events regulated by both the innate and acquired immune
5. Simillarly, parturition can be viewed as the activation
of “pro-labour” inflammatory pathways, which drive cervical
ripening and myometrial activation. Premature activation of
these pathways, for example, by infection, can lead to preterm
labour and birth. Nuclear factor kf is a key modulator of these
and functions by regulating the expression of prosta-
glandins, chemokines and pro-inflammatory cytokines inwelved
in bath term and preterm labour. Future design of therapeutics
that target key mediators of inflammation and immune activa-
tion would therefore be a rational approach for preventing
preterm labour and immune-mediated neonatal brain damage.

Keywords: Inflammation, nuclear factor «fi, pregnancy

Inflammation and preterm labour

Preterm birth is the major cause of infant death and handicap in
the developed world, accounting for 65% neonatal deaths and
50% neurological disabilities. Survival rates sharply decrease from
900 at 32 weeks to 1% at 23 weeks, and this is associated with a
reciprocal increase in the risk of handicap [1]. As reporied in the
EPICure study, of those babies borm before 25 weeks who survive
to discharge, 25% developed severe disability and less than 50%
are normal at 30 months of age.

Inflammatory mediators play important roles in all aspects of
successful pregnancy. After implantation, which ftself involves
localized activation of inflammatory mediators, there is the need
for strict maternal regulation of immune and inflammatory medi-
ators o prevent rejection of the semi-allogeneic fehes but to still
provide profection against infection. Term labour results from
a physiological reduction in the influence of endocrine signals
and other factors that act to inhibit myometrial contractility, in
conjunction with the activation of pro-inflammatory biochemical
pathways that precede myometrial activation and contraction.
Premature activation of inflammatory mediators is a major feature
of the pathophysiokegy of preterm labour and in particularly very
preterm labour where it is often induced by infection [2].

The transcription facior noclear factor wff (NEF-wfi) is an
important modulator of the inflammatory signalling pathways
involved in both term and preterm labour and directly regulates
the expression of variows labour associated genes such as the

oxytocin receptor, which are not typically considered inflamma-
tory. There is growing evidence that activation of inflammation
within the uterus not only keads to the onset of preterm kabour but
can independently be damaging to the fetal brain [3]. Data from
our laboratory and athers suggest that this is mediated by toll-like
receptons (TLEs) and NF-xf [4]. The targeting key mediators of
inflammation within the uterus may therefore prove to be wseful
strategies for both preventing preterm labour and improving
neonatal oubcome.

The immune system during pregnancy

The complex balance between immune tolerance and suppres-
siom is often referred to as the “immune paradox of pregnancy”
and is critical in ensuring that the mother does not reject the
semi-allogeneic fetus. This is largely achieved by the physical
separation of the fetus from the mother by the matermal-fetal
interface in combination with its own antigenic immaturity and
through maternal adaption of the innate and acguired immune
systems [5].

The amnion acts as a membrane barrier between fetus and
mother and is the most elemental feature of the innate immune
system and is complemented by other nonspecific biochemical
barriers induding lvsosymes and defensins. The innate immune
system also incorporates non-self pattern recognition receptors,
TLRs which play a major role in activation of inflammatory
mechanisms in the context of inflammation or infection indeced
preterm birth. In particular, expression of TLR2 and TLRA in
the amnion increases with both term and preterm labour and
expression of TLR2 increases in the myometrium with the onset
of labour [6]. Activation of TLR2 or TLRA leads to downstream
upregulation of pro-inflammatory transcription factors including
NE-xft and Activator Protein-1 {AP1) leading to the production
of pro-inflammatory cytokines and chemokines.

The adaptive immune system is based upon B and T lympho-
cytes which mediate humoral and ceflular responses [7] in which
cytokine production is an important component of adaption in
pregnancy. Cytokines play roles in either T helper 1 (Thi; cell
mediated immunity) or T helper 2 (Th2) mediated responses
(humoral immunity). A critical step in the activation of the
goguired immune response is the triggering of the innate immune
response, aiding the polarization of T cells towards Thi etfector
cells [8]. Mormal pregnancy is associated with a change in the
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Thi/Th2 cytokine response towards Th2 activity and that infec-
tion within the wterus triggers an opposite shift towards the Thl
response | 9]. In support of this concept, increased synthesis of the
Thl specific cytokine, tumour necrosis factor a (THE-a), is highly
correlated with infection associated preterm birth [10]. Preterm
labour can be indoced in the mouse by exposure to lpopoly-
sacharide, a3 major component of gram negative bacterial cell
walls, either through intra or extra amniotic or intraperitoneal
injection. However, the TNF-a/intedeukin-1f (IL-1p) double
knock out mouse is protected from preterm labour under these
circumsiances.

The bias towards Th? cytokines during pregnancy can be
seen both systemically and locally at the maternal-fetal interface.
Pregnant maternal peripheral blood lvmphocytes show increased
expression of IL-4, the archetypal Th? cytokine, and reduced
expression of the interferon y (IFN-vy), the classical Thl cytokine
[11]. Stimulation of peripheral hmphocytes from pregnant
women leads to a greater increase in [L-4 and a greater decrease
in IFN-y production when compared with lymphocyies from
nonpregnant women [12]. The NF-«fi/Ixfl signalling pathway
has also been shown to be downregulated in maternal T cells
throughowt pregnancy and this is probably a2 major component
of the mechanism leading to the reduction in Thi cytokines in
pregnancy 13, At the maternal-fetal interface, there is decidual
leukocyte production of Th2 cytokines, [L-4 and IL- 1014]. There
is also a contribution from nonlymphoid cells in the placenta and
the decidua These Th2 cytokines suppress the synthesis of Thi
interleukins, IL-8, cyclo-oxygenase-2 (C0X-2), prostaglandins
and therefore contribute to pregnancy maintenance both through
affects on immune tolerance of the fetus as an allograft and an
inhibition of cervical ripening and myometrial contractions.

Immune regulation at the onset of term labour
Term labour imvalves an initial phase of cervical remodelling
leading to dilation and werine contractions leading to expulsion
of the fetus. The exact triggers and networked co-ordination of
these processes are yet to be elucidated impeding advancements
in developments of therapies to prevent preterm birth. Regardless
of the initial triggers of preterm and term labour, & common junc-
tion in the mechanisms leading to contractions is likely to exist.
Inflammation in fetal membranes, cervix and uterss is a common
prelude to both term and preterm Lahour.

The decidua acts as an interface between maternal and fetal
compartments and regulates maternal/fetal immune tolerance
during pregnancy. With the onset of labour there i upregulation
of the pro-inflammatory cytokines, IL-1f, 1L-6 and IL-8 in the
amnion and chorion deciduas [15]. IL-1f upregulates COX-2
synthesis and this in turn drives the synthesis of prostaglandin
E2, particularly in the amnion, which then plays important rales
in membrane remodelling, cervical ripening and myometrial
contractions.

For most of pregnancy the cervix remains rigid and closed
bat prior to the onset of established labour, it undergoes major
remodelling associated with the production of pro-inflammatory
cytokines, chemokines and leukocyte infiltration [15]. This leads
to increased matrix metalloproteinases and collagenase expres-
sion which degrades the connective tissue and collagen fibres of
the cervin.

During ksbouwr, there is a large influx of inflammatory cells
including neutrophils, macrophages and T lymphocytes into
the myometrium which are an important source of pro-inflam-
matory interleukins and prostaglandins and are presumed to

play an important role in normal parturition. The concept that
activation of inflammation within the myometrium is a cause
rather than a consequence of labour has been supported by
mathematical modelling undertaken by Bisets and colleagues
|16] who modelled three possible pathways leading to labour,
inflammatory stimulation. functional progesterone  with-
drawal or oxytocin receptor activation. These studies strongly
supported the hypothesis that the primary event is activation
of inflammation with less evidence for functional progesterone
withdrawal and oxytocin receptor activation as the initiating
events.

Immune regulation at the onset of preterm labour

The final common pathways of cervical ripening and uterine
contractility occur both in term and preterm labour suggesting
considerabde overlap in the terminal biochemical pathways. A
firm causal link has been established between infection and'
or inflammation with the uterus and preterm labour. This is
particulardy imporiant in preterm labour at early gestational
ages with evidence of infection in 80-85% cases of preterm
labour before 28 weeks and over 90% cases before 24 weeks.
This contrasts markedly with only 15% of women delivering
late preterm, beyond 34 weeks, showing clear evidence of infec-
tion. The most commonly identified pathogens are Ureaplasma
urealyticum and Mycoplasma hominis, the latter being a gram
negative bacterium that can activate TLR4 signalling. It is
thought that these pathogens enter the wlerus by hasmatog-
enous spread via the placenta through iatrogenic mechanisms
such as amniocentesis but most commonly by ascending from
the vagina through the cervix. Although infection is commeanly
associated with inflammation and preterm birth, infection is not
essential for inflammation to occur and there is a causal role
for inflammatory cytokines in preterm labour in the absence of
infection. There are reports of increased levels of [L-1f and I1-8
in the myometrium, amnion and chorion decidea in preterm
labour withowt clinically overt signs of infection [17]. A recent
transcriptomics study of amnion from women in sponfaneous
labour without histological choroamnionitis showed that
there was nevertheless evidence of an acute inflammatory gene
expression [18]. The correlation between activation of inflam-
mation and the presence of bacteria within the uterus is not
strong suggesting that inflammation, but not necessarily infec-
tion induced inflammation, is a common pathway in the activa-
tion of preterm labour and that some cases of preterm labour
may be due to an excessive inflammatory response to relatively
trivial number of bacteria. Mot surprisingly, studies associating
genetic polymorphisms with a risk of preterm birth have found
links between a risk of preterm birth and polymorphisms in or
near a range of genes known to participate in the inflammatory
TespOnse.

MNF-xp as a mediator of labour onset

WF-if} is & transcription factor important in the regulation of
a range of cytokines and chemokines and other inflammatory
mediators such zs COX-2. MF-f also plays a key role in the regu-
lation of other labour asseciated proteins at the time of kebour.
For example, the expression of C0X-2, the central entyme for
prostaglandin synthesis, increases in the lower segment of the
uterus towards term and again with the onset of labour [19].
ME-sf}t also modulates the expression of the pro-inflammatory
cytokines, IL-6 and IL-8. Production of IL-8 is increased in
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labouring myometrium and in the supernatant of myocytes stim-
ulated with IL-15 i witro [20]. Studies of the transcriptome of
myometrial bivpsies comparing myometriom before and after the
onset of labour showed large differences in 1L-8, IL-6 and IL-1f
expression. Activation of NF-kfi in myocytes in culture shows
that NE-wxf regulates genes principally related to immunity and
inflammation in these cells [21]. Myocytes therefore appear to
b capable of functioning as immune cells as well as contractile
cells and it is probable that activation of inflammatory pathways
inmyocytes are critical components during parturition consistent
with a proposed mole for NF-xfi in the regulation of the onset of
labour.

Anti-inflammatory therapies for the prevention of

pretarm birth

A number of well-conducted large randomized controlled trials
have demonstrated that progesterone can reduce the risk of
preterm birth in women at high risk of preterm labouar [22].
Although there is now evidence of short-term neonatal benefit,
there is still no evidence of long term infant benefit, which is the
goal of the currently ongoing multicentre trial, OPPTIMUM
(https=/fwwwopptimumeorguk/: ISRCTN  14568373). The
generally accepted primary role of progesterone in main-
taining pregnancy is through repression of factors leading to
myometrial contractility incleding downregulation of labour
associated proteins, connexin 43, matrix metalloproteinase-9
and COX-2. Progesterone may also modulate contractility by
suppressing intracellular free calcium and increasing cydlic
AMP concentrations. However it is rational to suggest that
progesterone also plays immune-modulatory roles, both at the
maternalffetal interface and systemically.

The placenta is a major source of progesterone. Progesterone
stimulates progesterone-induced blocking factor expression in
decidual leukocytes inducing a shift towards Th cytokine bias
and a reduction in the cytotoodc natwral killer cell activity [23].
Several studies have shown that progesterone suppresses ME-sff
activity in myometrium, amnion and fibroblast from the lower
segment of the uterus leading to suppression of COX-2 expres-
sion and downregulation of prostaglandin synthesis [24]. The
repression of NE-kf by progesterone also keads to suppression of
pro-inflammatory cytokine synthesis, such as TNF-a [25]. While
progesterone appears to play a varety of immume- modulatory
roles, its therapeutic use in the treatment of preterm labour does
not appear o transfer these characteristics. In a mouse maodel
of preterm labowr, although progesterone delayed the onset of
labour, inflammatory markers were not changed and there was
no increase in pup's survival. Moreover, the CLIC (cervical length
inflammation cerclage) study showed that administration of
vaginal progesterone to women with a short cervix did not lead to
a reduction in cytokine production in cervico-vaginal fluid.

Progressive cervical shortening during pregnancy is associ-
ated with an increased risk of preterm delivery. Placement of
a cervical cerclage in a woman with a short cervix redueces the
risk of preterm delivery before 35 weeks by 30% [26]. In addi-
tion to providing mechanical support, cervical cerclage prob-
ahly also contributes to protection against ascending infection
by preserving cervical length and the cervical mucus plog.
Evidence for this includes the fact that there is a positive corre-
lation between amniotic fluid cultures and shortened cervix
There is also an association between evidence of intrauterine
inflammation and & short cervix with one study showing that
amniotic fluid MMP-8 concentrations, were present inm 73%
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women whose cervical length was less than 5 mm compared
to 22% women with a cervical length greater than 25 mm [27].
Additionally, a study of women with a short cervix who under-
went cervical cerclage showed that the probability of reducing
the risk of preterm birth before 36 weeks was higher in those
with low cervice-vaginal [L-8 concentrations [28]. It seems
likely that women who already have an established inflamma-
tion or infection are unlikely to have this reversed by cervical
cerclage.

Monstercddal, anti-inflammatory dnegs have largely been eval-
uated in the role of acute tocolysis. Indomethacin, a nonselective
inhibitor of cyclo-oxygenase, is effective in short-term suppression
of preterm labour [29]. Originally, the mechanism of action was
thought to be via inhibition of prostaglandin synthesis; however,
indomethacin is also a calcium channel blocker. Indomethacin,
aspirin and other salicilates have also been shown to inhibit WE-wf
activity, and thus contribute to its anti-inflammatory properties
[30]. Due to the fetal side effect profile of most nonsteroidal, anti-
inflammatory drugs, particularly that of indomethacin, the use
in high risk women is wsually limited to short cowrses in women
who are extremely high risk. The finding that the principle enzyme
responsible for prostaglandin synthesis at the time of labour is
COX-2 has lead to the hope that specific inhibition of COX-2
might reduce the risk of preterm birth without the associated
fetal side effects. However, the TOCOX, (type-2 cycylo-oxygenase
inhibition to prevent preterm birth) study study showed that
although the fetal side effect profile is improved. prophylactic use
of specific COX-2 inhibitors actually increases the risk of preterm
labour sugpesting that CO0X-2 plays dual roles in both pregnancy
maintenance and the onset of labour.

The future

It is clear that inflammatory responses play key mles in both
preterm and term labour and in the adverse neonatal outcomes
associated with preterm labour. Targeting key modulators of
this pathway, such & MF-xkfi, may prove to be beneficial both in
reducing the risk of preterm birth and in improving the outcome
for the preterm neonate. Specifically, targeting of NF-wxfl would
inhibit COX-2 and prostaglandin production and reduce respon-
siveness to TLR activated pathways resulting in a reduction in
the synthesis of pro-inflammatory cytokines such as IL-1f and
IL-8. As an example of this possible approach we have demon-
strated that the anti-inflammatory prostaglandin 15-deooxy-
A1 Prostaglandin 1, (15dPG],) can inhibit NF-wfl, COX-Z and
prostaglandin synthesis in human amnion and myometriom, and
in an animal model of inflammation indwced preterm labour
not only delays labowr but also increases pup survival with some
evidence of neuro-profection. 15dPG, is also a bgand for the
chemo-attractant receptor homologous molecule expressed on
Th2 cells {CRThI) and may therefore augment a beneficial Th2
cytokine bias. Other anti-inflammatory approaches to the preven-
tion of preterm labour are being studied or developed and much
mare is yet to be learned about the mechanisms and potentials
of established treatments such as progesterone. It is essential
however that future study of dregs intended to prevent or delay
preterm labour have, as their outcome, long term benefit to the
preterm necnate not just short-term obstetric outcomes such as
gestation of delivery.
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Pregnancy is a unique immunological state in which a balance of immune tolerance and suppression is needed to protect the fetus
without compromising the mother. It has long been established that a bias from the T helper 1 cytokine profile towards the T helper
2 profile contributes towards successful pregnancy maintenance. The majority of publications that report on aberrant Th1:Th2
balance focus on early pregnancy loss and preeclampsia. Over the last few decades, there has been an increased awareness of the
role of infection and inflammation in preterm labour, and the search for new biomarkers to predict preterm labour continues. In
this paper, we explore the evidence for an aberrant Th1:Th2 profile associated with preterm labour. We also consider the potential
for its use in screening women at high risk of preterm labour and for prophylactic therapeutic measures for the prevention of
preterm labour and associated neonatal adverse outcomes.

1. Introduction

Preterm labour occurs in some 10% of pregnancies [1]. In
many developed countries, the rates are rising. Birth before
37 weeks of gestation is thought to account for up to 70% of
neonatal deaths, and the extremely high neonatal intensive
care costs required to support those who do survive make
preterm birth both a social and economic burden. It is now
widely acknowledged that the aetiology of preterm labour is
multifactorial, and, as such, the underlying cause of preterm
labour is often unknown. There is a strong association
between preterm labour and infection and inflammation,
and research in this field has dramatically increased over
the last few decades [2]. However, we still have made little
significant progress in the prevention of preterm labour.
Evidence of the detrimental direct impact of maternal
infection/inflammation on neonatal outcome is emerging,
yet we do not fully understand if anti-inflammatory thera-
peutic agents would provide benefit or harm to the neonate
born under conditions of infection/inflammation-induced
preterm labour.

The immunology of pregnancy is complex, in that the
mother must tolerate the “foreign” fetus, and thus requires
a degree of immunosuppression whilst on the other hand

needs to maintain immune function to fight off infection.
One mechanism which is involved in successful pregnancy
maintenance is the proposed switch from the T helper 1
(Th1) cytokine profile to the T helper 2 (Th2) profile. This
paper explores the evidence for an imbalance in the Th1:Th2
profile in women at risk of and who are in established
preterm labour.

2. The Immunology of Pregnancy

The fetus can be described as a semiallogeneic graft, being
a product of two histoincompatible individuals [3, 4]. This
poses a challenge to the mother, to both tolerate and
accommoadate the fetus, which will express paternal antigens,
and maintain an ability to reject in case of overwhelming
infection [5]. This challenge is undertaken in part by
the immune system. The immune system has two main
defence systems: the innate and the adaptive. The innate
immune response is a nonspecific reaction towards foreign
antigens, whereas the adaptive response forms a very specific
reaction towards antigens [6]. Although different immune
components are involved in these systems, much overlap and
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cross-talk exist between the two. Figure 1 summarises the key
elements of these systems during pregnancy.

The immune cells that make up the adaptive immune
response include B and T lymphocytes. Activation by antigen
presenting cells and cytokines leads to cytokine release by
T cells in a cell-mediated response, or antibody release
by B cells in a humoral response [7]. Although Medawar
originally hypothesised that pregnancy represents a time
of immune suppression [8], a more complex picture has
recently emerged where a change in the ratio and function—
rather than a complete suppression—of the maternal leuko-
cytes occurs during pregnancy. For example, there is an
increase in the total peripheral white cell count from the
early stages of pregnancy with no change in the CD4 and
CD8 counts [9]. Within the CD4 positive population, an
increase in T regulatory cells is seen in pregnancy [10]. The
function of the T cells adapts in pregnancy to favour the T
helper 2 cytokine profile, which is more pronounced at the
maternal fetal interface [11]. Nonimmune cells, for example,
placental trophoblasts also contribute to the Th2 cytokine
predominance in pregnancy [12].

The innate immune system provides a less specific
response nevertheless is critical for the prevention of
microbial invasion. Cellular components include neutro-
phils, monocytes, and macrophages, which protect against
pathogens by phagocytosis. The Toll-like receptors (TLRs)
TLR2 and TLR4 are pattern recognition receptors stimulated
by Gram-positive and Gram-negative bacteria, respectively
[1]. TLRs are expressed on nonimmune cells in the placenta

and fetal membranes, which mediate part of the innate
immune system at the maternal fetal interface [13]. TLR2
and 4 mutations are associated with an increased risk of
preterm birth [14, 15]. During pregnancy, there is tight
regulation and considerable cross-talk between the adaptive
and the innate adaptive immune system that is responsible
for preventing or activating rejection of the conceptus.

3. Th1:Th2 Cytokines

T helper 1 and 2 cell subsets originate from undifferentiated
Tho cells under the influence of interferon-gamma (IFN-y)
and interleukin-4 (IL-4), respectively. Pregnancy hormones
such as progesterone [16], leukaemic inhibitory factor [17],
estradiol [18], and prostaglandin D> (PGD;) [19] promote
the T helper 2 cell profile and are likely to be in part
responsible for the Th2 bias associated with pregnancy.

Type 1 CD4" T cells (Thl) produce an array of
inflammatory cytokines including IFN-y [20], IL-2 [21], and
Tumor necrosis factor-alpha (TNF-a) [22] and are the major
effectors of phagocyte-mediated host defence, protective
against intracellular pathogens [21, 23, 24]. Type 2 CD4'
T cells (Th2) produce IL-4, IL-5, IL-13, IL-10 [20], and
IL-6. Whilst IL-4 and IL-10 are considered to be anti-
inflammatory cytokines [25], IL-6 has proinflammatory
properties [26]. Although IL-10 and IL-6 are frequently
referred to as Th2 cytokines [27-32], they are both produced
by other cell types including Thl cells, macrophages, and B
cells for IL-10 [33, 34], and macrophages, fibroblasts, and B
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cells for IL-6 [35]. The T helper 2 cytokines are commonly
associated with strong antibody responses [36], for example,
IL-4 stimulates IgE and IgG, antibody production [37].
However, the Th2 cytokines also serve other functions, for
example; IL-5 promotes the growth and differentiation of
cosinophils, whereas 1L-13 and IL-10 inhibit the activity
of macrophages [37]. T helper 2 cell responses are also
associated with protection against parasites, since IL-4
mediates IgE production, and IL-5 mediates an eosinophilia,
both of which are hallmarks of parasitic infection [38]. It is
important to note that, although the Th1 and Th2 responses
can be seen as discrete responses, there is considerable cross-
talk and overlap between the functions of the T helper cells.
For example, the Thl cytokines can promote the produc-
tion of complement-fixing antibodies involved in antibody-
dependent cell cytotoxicity [39], and thus the dichotomy
described may be an oversimplified representation of the
complex immune system. Transcriptional regulation of the
predominant Th2 cytokine IL-4 is by STAT-6, c-maf, GATA-
3, and NFAT [40], whereas Thl cell cytokine production is
transcriptionally regulated by T-bet and STAT-4 [11].

4. Th1:Th2 and Pregnancy Maintenance

The hypothesis of Th2 predominance and downregulation of
the Thl response originated from Wegmann and colleagues
[41] and was reinforced by evidence from both murine
studies and the clinical course of Th2 and Thl based
conditions in pregnancy. IL-2, IFN-y, and TNF-a induce
miscarriage in mice, which can be reversed by inhibitors of
the Th1 cytokines or by administering the anti-inflammatory
Th2 cytokine 1L-10 [42, 43]. Autoimmune conditions where
Th1 is involved in the pathophysiology generally improve in
pregnancy (e.g., rheumatoid arthritis [44]), whereas the Th2
autoimmune spectrum tends to worsen (e.g., systemic lupus
erythematosus [45]). With a Th2:Th1 bias, the diminished
cell-mediated immunity may be responsible for the increased
susceptibility in pregnancy of conditions caused by intra-
cellular pathogenesis (e.g., influenza, leprosy, and Listeria
monocytogenes [46]).

4.1. Peripheral Blood. Several techniques are available to
establish the function of Th1 and Th2 cells in pregnancy; en-
zyme-linked immunosorbent assay (ELISA) can be used to
measure maternal serum interleukins; peripheral T cells can
be isolated and stimulated with a mitogen such as phorbol
myristate acetate (PMA) or phytohaemagglutinin (PHA) to
measure the cytokine production either by ELISA or flow
cytometry during pregnancy compared with nonpregnant
controls.

Marzi and colleagues isolated PBMCs, stimulated them
with PHA, and measured interleukin secretion by ELISA
showing a reduction in IFN-y and IL-2 and an increase in
IL-4 and IL-10 in pregnancy compared with nonpregnant
controls [47]. In support of this study, Reinhard et al. stim-
ulated cells with PMA and demonstrated by flow cytometry
a reduction in intracellular IFN-y and IL-2, and an increase
in intracellular IL-4 production in pregnancy compared

with nonpregnant controls [48]. In vive confirmation of
this bias has since been demonstrated by polymerase chain
reaction (PCR) reflecting decreasing messenger ribonucleic
acid (mRNA) of IFN-y through pregnancy and a concurrent
increase in IL-4 mRNA which peaks in the 7th month
compared with nonpregnant controls [49]. However, not all
studies support the Th1 to Th2 bias. Shimaoka et al. reported
a reduction in PMA-stimulated IL-4 during pregnancy [50],
while Matthiesen and colleagues presented data suggesting
an increase in both IL-4 and IFN-y secreting cells in preg-
nancy compared with nonpregnant controls [51, 52]. Such
discrepancies may be due to characterisation of cytokine
profiles in either isolated cell populations or whole blood, the
latter arguably being a more biologically relevant system.

4.2. Maternal Fetal Interface and Nonimmune Cells. While
much research has been dedicated toward circulating
cytokines in pregnancy, local cytokine production at the
maternal interface may be of greater significance than
measurements obtained in the peripheral blood [23]. IL-
4, IL-10, and macrophage colony-stimulating factor (m-
CSF) production by T cells at the maternal fetal interface
is associated with successful pregnancy [23]. Trophoblast,
decidua, and amnion all contribute to the Th2 cytokine
environment by production of IL-13 [53], IL-10 [54], IL-
4 and IL-6 |55, 56]. Coculture of trophoblasts and T cells
results in an increase in the transcription factors GATA-
3 and STAT-6 (which regulate Th2 cytokine production),
and a reduction in the Thl transcription factor STAT-4 and
subsequently decreased production of IFN-y and TNF-a
[57]. The placenta also synthesises PGD,, which may act as
a chemoattractant of Th2 cells to the maternal fetal inter-
face via the classic Th2 receptor CRTH2 (chemoattractant
receptor-homologous molecule expressed on Th2 cells) [28].
CRTH2* cells are reduced at the maternal fetal interface of
women suffering from recurrent loss compared with women
undergoing elective termination [58].

Local production of IL-4 and IL-10 inhibits the function
of both Thl cells and macrophages, which serves to prevent
fetal allograft rejection [59]. Other anti-inflammatory effects
of these interleukins result in inhibition of the Th1 cytokine
TNF-a [60], and TNF-a-induced cyclo-oxygenase-2 (COX-
2), and/or PGE, synthesis in amnion-derived wish cells.
Similar effects are observed in decidual and placental cells in
vitro |61—64], which is thought to inhibit the onset of labour.
Consistent with such a role, decidual CD4 positive cells from
women undergoing unexplained recurrent pregnancy loss
typically exhibit reduced IL-4 and IL-10 production [65].

5. Th1:Th2 Cytokines in Labour

5.1. Peripheral Blood. The Th2 cytokine predominance
which exists during pregnancy has been shown to return to
nonpregnant Th1:Th2 ratios by 4 weeks postpartum [66].
Labour is often seen as a proinflammatory state marking
the end of the pregnancy, and thus it is plausible that
labour is associated with a reversal in the bias back towards
Thl rather than Th2. Rather, Kuwajima and colleagues
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have shown that the Th2:Thl ratio remained constant in
favour of Th2 through pregnancy and labour, with a reversal
back to nonpregnant parameters at 7 days postpartum [67].
However, this finding is somewhat contrary to an earlier
report indicating that serum IL-4 levels measured by ELISA
in women through pregnancy and at different stages of
labour were reduced in the later part of labour and by day 1
postpartum in both normotensive and preeclamptic women
[68]. In this study, the Th1 proinflammatory cytokine TNF-
a peaked in early labour consistent with labour being a
proinflammatory state. Consistent with this, an increase in
IFN-y and IL-1§ in women in active labour has also been
reported [69].

5.2. Maternal Fetal Interface and Nonimmune Cells. There
is substantial evidence that the Thl cytokines play a role
in the initiation of labour at term [22]. The importance of
local rather than peripheral production of the cytokines is
highlighted by their direct input into the biochemical path-
ways involved in parturition. Fetal membranes [70, 71] and
myometrium [72] produce IL-1§ at term, a potent inducer
of NF-B [73]. This transcription factor regulates the expres-
sion of numerous labour-associated genes including COX-2,
the oxytocin receptor, IL-8, and matrix metalloproteinase-
9 (MMP-9) [74]. TNF-a and IL-1f are both increased in
amnion, amniotic fluid, and decidua at term [75] and can
induce PGE; production in amniocytes and decidual cells
in vitro |76, 77]. Despite the proinflammatory nature of the
Thl cytokines they are required for successful pregnancy
contributing to the physiology of term labour.

6. Th1:Th2 Cytokines in Infection

Activation of the Thl cytokines occurs as a specific response
to infection caused by intracellular bacteria, parasites, and
viruses [78]. The necessary proinflammatory type 1 response
elicited by infection, along with the action of the activated
T cells, drives local and systemic cytokine production that,
if left unchecked, can be harmful to the host [78]. In some
situations, the Thl response is balanced by the production
of Th2 cytokines, particularly IL-4 and IL-10 [79-82]. In the
early stages of infection, IL-12 is produced by macrophages
and dendritic cells [83, 84], which lead to polarisation from
ThO to Th1 type cells [24]. IFN-y enhances Th1 development
by upregulating the IL-12 receptor and inhibiting the growth
of Th2 cells [85]. IFN-y also primes macrophages to begin
phagocytosis and to stimulate the release of interleukin-1
[86].

While the Thl cytokine response may be suppressed
by both the maternal and fetal immune system during
pregnancy [87], it still maintains the capacity to mount a
defensive response in the context of infection. For example,
cord blood mononuclear cells cultured with lipopolysaccha-
ride (LPS) in vitro show an increased production of IFN-
y concurrent with reduced IL-4 secretion [88]. Similarly,
neonates exposed to intrauterine infection have an increased
percentage of IFN-y-producing cells, with some neonates
also showing an increase in IL-4-producing cells [89].

Mediators of Inflammation

In response to LPS amnion, chorion, deciduas, and placenta
also release proinflammatory cytokines [64, 90, 91].

7. Th1:Th2 Cytokines in Preterm Labour

Approximately, 30% of preterm births are associated with
infection [92], with a higher rate of 80-85% in early preterm
birth (<28 weeks) [93]. Immune and nonimmune cells
contribute to a cytokine-rich environment in the presence
of infection and inflammation. Proinflammatory cytokines
such as TNF-a and IL-1p ultimately result in the production
of prostaglandins and MMPs [86], via NF-«B. This triggers
a cascade of prolabour events including uterine contractility
and fetal membrane rupture, and if this cascade is activated
early in pregnancy, preterm labour can ensue.

7.1. Peripheral Blood. As discussed above, the peripheral
response may not be as potent as the local Th1:Th2 response
and may instead reflect a more significant inflammatory
response at the fetal placental compartment. A large case
control study of 101,042 Danish women showed that an
elevated mid pregnancy IFN-y plasma level was associated
with moderate and late spontaneous preterm delivery,
whereas no increased risk was seen with elevated TNF-a
or IL-2 [94]. However, a study comparing women in active
preterm labour and no labour looked at mitogen-stimulated
production of IFN-y and the Th2 cytokines IL-4, IL-10,
and IL-13 and showed no difference in median cytokine
production in the supernatant in vitro [86]. The differing
results between these studies could be explained by the fact
that the in vitro cells lack the presence of other cells of
the immune system and thus lack the ability to reflect the
complexity of the immune system as a whole. This same
study did however show a higher IL-12 and lower IL-4 in
cervical secretions of women in preterm labour, reflecting
the localised Th1:Th2 dichotomy. Bahar and colleagues did
not demonstrate any difference in serum TNF-a or IFN-y
in women with preterm labour compared to term labour
or matched controls not in labour [95]. However, those
women in the preterm labour group received indomethacin,
an anti-inflammatory COX-2 inhibitor, which could have
dampened a typical proinflammatory response. Serum taken
from women with preterm prelabour rupture of membranes
(pPROM) compared to women who delivered at term
exhibit a higher concentration of IFN-y. Levels of [L-4 and
IL-5 were undetectable in both groups [96]. In a study
of 30 women in preterm labour, mitogen- and antigen-
stimulated PBMCs showed a higher production of the pro-
inflammatory cytokines IFN-y and IL-2, along with an
altered Th1:Th2 ratio favouring a Thl response compared
with controls who delivered at term [97]. Taken together,
these results suggest that, rather than a decrease in the
Th2 response, preterm labour most likely represents an
activation of the Thl response. Thus, future development of
therapeutic targets would likely be more effective if directed
towards the modulation of the Thl cytokines.

The Th1:Th2 dichotomy likely represents an oversim-
plification of the complexity of the cross-talk between the
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Thl and Th2 cytokines. The ratio of Thl:Th2 is likely
to be of more physiological importance than the actual
concentrations produced. In support of such a notion,
women in threatened preterm labour with high serum levels
of IL-12 (which induces a Thl cytokine response) and no
change in serum IL-18 (which can induce both Th1 and Th2
response) do not show significant associations with preterm
labour. However, women with high IL-12 levels and low IL-
18 and thus a high IL-12:1L-18 ratio increasing the Thl
predominance are associated with a twofold risk of preterm
labour when presenting with threatened preterm labour [98].

7.2. Maternal Fetal Interface and Nonimmune Cells. The
inflammatory response at the maternal fetal interface more
likely reflects the true importance of the Th1:Th2 dichotomy
and the aberrant profile in preterm labour. A recent meta-
analysis concluded that proinflammatory cytokines at the
maternal fetal interface play a role in the events leading to
spontaneous preterm labour, while systemic inflammation
does not appear to be present in asymptomatic women
early on in pregnancy who then go on to deliver preterm
[99]. This is consistent with a more local intrauterine
inflammatory response syndrome, where no organisms
are identified. Understanding the pathophysiology at the
maternal interface is essential for developing new therapies
for the prevention of inflammation-induced preterm labour,
although using such local changes for the prediction is
challenging because of lack of access to the maternal fetal
interface.

Placentas from women with pPROM and preterm deliv-
ery have higher Thl, inducing cytokines [100], and placentas
from women following preterm delivery compared with term
delivery show a bias towards the Th1 profile with significantly
higher levels of IFN-y and IL-2 as well as the Th1-inducing
cytokine IL-12 [100]. Moreover, term placentas exhibit
comparatively higher levels of the Th2 cytokines, 1L-4, and
IL-10, compared with the preterm placentas.

TNE-a is increased in choriodecidual tissues [71] and
amniotic fluid [101] in preterm labour. TNF-a« is known
to stimulate PG production through the TNF receptor 2,
leading to uterine contractions likely via activation of NF-
kB, but is also likely to contribute to MMP-9 production
leading to PROM via activation of its receptor TNF Receptor
1 (TNFRI1) [102]. Interestingly, samples of myometrium
collected women in preterm labour and samples collected
preterm before labour express comparable mRNA levels of
TNF-a. However, mRNA levels of the receptors, TNF R1 A
and B, are increased in preterm labour and term labour com-
pared with nonlabour controls [103] suggesting a receptor-
mediated increase in sensitivity to TNF-a.

Although placental, amnion, and choriodecidual cells
secrete proinflammatory cytokines, cytokine levels in tissues
from preterm deliveries (with and without intrauterine
infection) correlate with the extent of leukocyte infiltration
in fetal membranes [75]. In the presence of infection, the
primary cellular source of cytokine production in fetal
membranes is likely to be infiltrating leukocytes rather than
amniocytes or choriodecidual cells. [75].

7.3. Polymorphisms of the Thl and Th2 Cytokines. Studying
genetic polymorphisms of the Thl and Th2 cytokines could
provide a novel screening method for determining women
at high risk of preterm labour. Polymorphisms giving rise to
functional alterations can also provide information on the
importance of the interleukins in preterm labour. There has
yet to be any promising genetic polymorphisms identified in
the Th1:Th2 cytokines for the prediction of preterm labour,
the work conducted warrants consideration (see Table 1).

8. Non-Th1:Th2 Interleukins

8.1. IL-8. Interleukin 8 is a chemokine produced by many
immune cells but primarily macrophages and monocytes
[116]. Its production is stimulated by LPS, TNE, and IL-1
[117] and, in the context of pregnancy, is thought to attract
leukocytes to the gestational tissues and the cervix at the
onset of term and preterm labour. IL-8 mRNA expression has
been reported to be increased more than 50-fold in preterm
labour and more than 1000-fold in preterm labour with
evidence of choricamnionitis in amnion and choriodecidua
[118]. A number of studies have also identified increases of
IL-8 in the myometrium and cervix with the onset of labour
[119, 120]. Placental IL-8 is also higher in preterm deliveries
compared with term deliveries [71].

8.2. IL-6. Although IL-6 is produced by Th2 cells, it is a
proinflammatory cytokine and a major mediator of host
response to inflammation and infection [121]. IL-6 levels
are moderately increased in placenta, significantly increased
in amnion and choriodecidua in women with preterm
delivery compared with term delivery [71]. IL-6 appears
to be among the most sensitive and specific indicators of
infection-associated preterm labour [122, 123]. The presence
of an increase in [L-6 in amniotic fluid and cervicovaginal
fluid is an independent risk factor for preterm labour and
neonatal morbidity [124] including cerebral palsy [125] and
bronchopulmonary dysplasia [126].

9. Therapeutic Modulation of
Th1 and Th2 Profile

Various therapeutic strategies have been proposed to pre-
vent preterm labour, with the primary objectives of (1)
delaying delivery to increase gestation at delivery and (2)
to improve neonatal condition at birth [127]. Currently,
many of the strategies adopted for the prevention of preterm
labour involve targeting the proposed pathways and events
that result in uterine contractions and cervical shortening
and dilation rather than targeting immune activation. As
described here, an aberrant proinflammatory profile exists
in both term and preterm labour, which is associated
with neonatal morbidity. The limitation of tocolytics is
the inability to counteract the exposure of the fetus to
proinflammatory cytokines, which lead to the fetal inflam-
matory response syndrome. This may in fact worsen neonatal
outcome by prolonging the exposure of the fetus to a hostile
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TaeLe 1: Cytokine polymorphism associations with preterm labour (PTL).
Gene Polymorphism Th1/Th2 Function Reference
IFN- +B74AST Thi ;:FI;_ssic Thi cytoki_ue. Proinflammatory. No clear association between [104, 105]
-y polymorphisms and PTL
Refute
association
. . . [104, 106,
TNF-a _308G5A Thi Regu.lalory_ rolle in PG synthesis elevated at maternal fel_:l] interface 107)
controversial link between PTL and TNF-a polymorphisms
Support
association
(108, 109]
Classic Th2 cytokine. The IL-4 590 C/C genotype is associated with
preterm birth but unclear. 1L-4-590 SNP has been associated with
IL-4 —590 Th2 both low and high IL-4 expression. Link also exists between IL-4 110, 111]
promoter polymorphisms and preterm birth in multiple pregnancies;
however, polymorphism actually associated with increased 11L-4
Anti-inflammatory Th2 cytokine inhibits production of cytokines,
—1082G=A chemokines, and prostaglandins in LPS stimulated amnion, [104-
IL-10 —819C>T Th2 choriodecidual, and placental explants [112-114]. However, no clear 106, 115]
—592C=A association between IL-10 polymorphisms and PTL or adverse ’ :

neonatal outcome

environment. There is mounting evidence that periventric-
ular leukomalacia and cerebral palsy are associated with
fetal exposure to intra-amniotic inflammation and the devel-
opment of fetal inflammatory response syndrome [128].
Thus, a strategy for targeting immune activation through the
modulation of the Th1:Th2 bias may be beneficial for both
the prevention of preterm labour as well as the reduction of
neurological insult to the fetus.

9.1. Progesterone. There have been several studies indicating
a positive response to progesterone treatment for the pre-
vention of preterm labour in specific patient populations
[129-131]. The strongest evidence for improvement in
neonatal outcomes comes from the most recent multicentre
randomised controlled trial which showed a 45% reduction
in preterm labour (<33 weeks) and a 60% reduction in respi-
ratory distress syndrome at <33 weeks using 90 mg of vaginal
progesterone in women with a short cervix of 10-20mm
[132]. The mechanism by which progesterone contributes
to pregnancy maintenance has traditionally been attributed
to maintenance of uterine quiescence by increasing cyclic
AMP (cAMP) and a reduction in intracellular calcium thus
reducing contractility [ 133]. Moreover, progesterone appears
to inhibit the phosphorylation of myosin, a critical step in the
activation of the myometrial contractile machinery required
for labour onset [134, 135].

Progesterone also has immunomodulatory effects on
the Th1:Th2 bias. Progesterone is able to suppress Thl
differentiation and enhance Th2 differentiation in peripheral
blood mononuclear cells in vitro [136]. A more potent and
orally bioavailable progestogen, dydrogesterone (6-dehydro-
9B,10a-progesterone) upregulates IL-4 and downregulates
IFN-y in PHA-stimulated PBMCs more significantly than
progesterone in vitro [137]. There is also in vivo evidence

of an anti-inflammatory effect of prolonged administration
of vaginal progesterone. In a study of pregnant women
receiving either progesterone or placebo from 24 to 34
weeks, peripheral blood leukocytes were collected before
and after treatment [138]. mRNAs of the proinflamma-
tory cytokines IL-1f and IL-8 were reduced with proges-
terone treatment, whereas the anti-inflammatory IL-10 was
increased. A multicentre placebo controlled trial (OPPTI-
MUM, https://www.opptimum.org.uk/: ISRCTN 14568373)
powered on neonatal outcome will provide us with evidence
of any potential beneficial effect of vaginal progesterone on
neonates born preterm.

9.2, NF-xB Inhibitors. Inhibition of NF-xB activation is
another attractive strategy to prevent preterm labour as NF-
B activation is central to the activation of labour-associated
genes in labour [139]. NF-xB activation also leads to a
proinflammatory response in various cytokines including
IFN-y [140], IL-18 [74], TNF-a, and IL-8 [141]. Ex vivo
studies with the anti-inflammatory sulfasalazine suppress
LPS-induced IL-6 and TNF-a production in fetal membranes
via inhibition of translocation of p65 to the nucleus [142].
The reported clinical safety profile of sulfasalazine has
been variable [143-145], however, if used in pregnancy
is often supplemented with folate. The anti-inflammatory
characteristics of the cyclopentenone PG, 15-deoxy-A'>!-
prostaglandin J; (15dPGJ;) appears to be derived from its
ability to inhibit NF-xB activation in human amnion and
myometrial cell culture [146]. We have also shown that
15dPGJ; inhibits activation of NF-xB in human peripheral
blood mononuclear cells and reduces the percentage of
cells producing the proinflammatory cytokines, IFN-y and
TNF-a, [147]. Work conducted in our laboratory has also
shown that 15dPGJ; is able to delay labour and provide
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neuroprotection by reducing pup mortality from 75% to 5%
in a murine model of inflammation induced preterm labour
[148].

10. Conclusion

There has been extensive interest in the Th1:Th2 dichotomy
for the maintenance of successful pregnancy. A trend towards
the Th2 cytokine profile and a suppression of the Thl
cytokine profile appears to exist both in the peripheral
blood but more significantly at the maternal fetal interface.
Activation of the proinflammatory Th1 profile—rather than
suppression of the Th2 profile—is apparent in preterm
labour and thus should be considered as the logical target for
immunomodulating therapies for the prevention of preterm
labour and improving neonatal outcome.
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Pregnancy is a complex immunological state in which a bias tmrds T hdper 2(Th2) protzcts the fetus. Evidence suggests that
promﬂammatory cytokmes increase the risk of poor | outcome, ind, dently of the direct effect of preterm labour.
The anti-i rostaglandin 15-deoxy- A‘l" Prostaglandin |, [I:dPGl ) inhibits nuclear factor Kappa B (NF-xB) in
amniocytes and mvocvtes in virro and is a ligand for the chemoattractant reccpaor-homologons molecule expressed on Th2 cells
(CRTH2) receptor. Here we examine the Th1:Th2 cytokine bias in pregnancy and whether 15dPGJ; could be used to inhibit
the production of the proinflammatory cytokines through inhibition of NF-xB while simultaneously promoting Th2 interieukin
4 (I1L-4) synthesis via CRTH2 in T helper cells. Peripheral blood mononuclear cells (PBMCs) from women at 28 weeks, term
pre-labour, term labour as well as non-pregnant female controls were cultured with 15dPGJ; or vehicle control and stimulated
with phorbol myristyl acetate (PMA)/ionomycin. The percentage of CD4* cells producing interferon gamma (IFN-y) and tamor
necrosis factor alpha (TNF-a) in response to PMA/ionomycin was significantly reduced in pregnancy. 15dPGJ; reduced IFN-y
and TNF-a production in stimulated T helper cells, but did not alter 1L-4 production in CRTH2*~ cells. 15dPG]; also reduced

hospho-pé5 in stimulated PBMCs. In v, 15dPGJ; supp the Thi of PBMCs during pregnancy and acu\-c
labour whilst maintaining the Th2 response suggesting a therapeutic benefit in reducing | morbidity in infl
induced PTL.
1. Introduction understood. Regardless, the presence of increased proinflam-

Preterm labour <34 weeks occurs in about 4% of pregnancies
[1]. In B0-85% of cases of spontaneous preterm labour
(PTL) <28 weeks, there is evidence of intrauterine infection
[2]. Despite increased awareness of the association between
inflammation and preterm labour [3], there have been no
major advances in the prevention of preterm labour which
have been shown to improve long-term neonatal outcomes.
During normal term labour, the uterus and cervix become
infiltrated with leukocytes and undergo changes in response
to local secretion of proinflammatory cytokines. A similar
pattern of biochemical events occur during PTL; however,
the triggers for this premature activation are still not fully

matory cytokines during pregnancy is clearly associated with
a poor prognosis for babies born preterm [4].

The immune system can generally be divided into
the innate and adaptive immune system. The former is
a nonspecific system providing immediate defence against
pathogens, while the latter is more targeted, characterised
by T and B lymphocytes. Although cross-talk between these
lymphocytes exist, B cells and their antibodies mainly give
rise to humeoral immunity, whereas T cells primarily provide
cell mediated immunity [5]. T helper cells (CD4") form
a subset of T cells and can be further subdivided into T
helper 1 cells (Thl) and T helper 2 cells (Th2) depending
on their pattern of cytokine production. Thi cells secrete
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proinflammatory cytokines such as interferon gamma (IFN-
y) and tumor necrosis factor alpha (TNF-a), whereas the
ThZ cells secrete anti-inflammatory cytokines such as inter-
leukin 4 (IL-4), IL-10, and IL-13 [6]. A mutually exclusive
interaction exists between the Thl interleukin, IFN-y, and
the Th2 interlenkin, IL-4. IL-4 is the dominant factor for
promoting growth and differentiation from the Thi to the
Th2 subtype, and directly inhibits the development of the
Thl cells [7]. IFN-y indirectly promotes Thl differentiation
by upregulating the IL-11 receptor whilst inhibiting the
growth of Th2 cells |8, 9.

Wegmann and colleagues first developed the concept
that during pregnancy there is a shift from a T helper 1
(Thl) response to a T helper 2 (Th2) bias during pregnancy
that functionally induces maternal tolerance and suppression
[10]. Consistent with this notion, administration of the
Thl interleuking IFN-y [11] and IL-2 [12] leads to fetal
loss and preterm labour in the mouse. Similarly, CBA x
DBA/Z mice that have placentas deficient in IL-4 and IL-10
are prone to fetal resorption. Treatment of these mice via
intraperitoneal injection of IL-10 protects the fetuses from
resorption [13]. Several human studies have shown a Th2
bias in the ratio of circulating T helper cytokine profile
in normal pregnancys and an increase in the Thl ratio in
cases of recurrent miscarriage [14] and in preeclampsia [15].
Peripheral blood lymphocytes taken from women in the
first trimester show an increased production of IL-4 and
IL-10 and less [FM-y compared to nonpregnant controls in
vitro [16]. There is in wive evidence in pregnant women
of increased expression of 1L-4 messenger ribonucleic acid
(mRMNA) and lower expression of the [FN-y mENA [17].

Not all studies support the requirement of the shift from
Thl to Thl for successful pregnancy outcome [18, 19].
Despite showing a suppression of IFN-y and an increase in
IL-10 during pregnancy compared to nonpregnant controls,
Bates et al. showed no difference in 1EN-y, 1L-10, or IL-4
secretion in women who subsequently miscarried compared
with those who went on to complete their pregnancy [18].
However, contrary to this study, women with recurrent
miscarriage have been shown to have increased IFN-y and
TMF-a levels compared with women that go on to have
successful pregnancies [20]. While the mechanism regulating
the Thl: Th2 ratio is yet to be fully elucidated the importance
of maternal immune tolerance during pregnancy is unques-
tionable. Several pregnancy-related proteins are known o
promote Th2 bias such as leukemia inhibitory factor [21],
progesterone, progesterone-induced blocking factor [22],
and estradiol [23]. Prostaglandin D, (PGD;) promotes 1L-4,
IL-13, IL-5, and IL-10 production in T helper 2 cells in vitra
via the second PGD, receptor; chemoattractant receptor-
homologous molecule expressed on Th cells (CRTH2) [24].
PGD, is produced by the placenta and may play a role in the
chemoattraction of Th2 cells via the CRTH2 receptor to the
maternal fetal interface to produce a localised Th2 bias [25].

15-deoxy-A'">"-Prostaglandin I, (15dPGJ; ). an endoge-
nous prostaglandin (PG), is a product of PGD, via a series
of dehydration reactions [26]. As well as being a ligand for
Peroxisome proliferator-activated receptor gamma (PPARy),
it is also an agonist of the CRTH2 receptor [27]. We have
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previously demonstrated that this anti-inflammatory PG
inhibits nuclear factor Kappa B (NF-xB) in amniocytes and
myocytes in witro [28] and delays infection induced preterm
labour and increases pup survival in the mouse via NF-xB
inhibition [29]. Moreover, recent work has shown that the
first trimester of pregnancy is associated with the suppression
of available T cell NF-xB and reduced levels of IFN-y
compared to nonpregnant controls [30, 31]. Collectively
these data suggest that the Thl:ThZ ratio is modulated
through the regulatory interplay of both Thl suppression
and Th2 promotion.

In this study, we examined the expression of the dom-
inant Thl interleukins IFN-y and TNF-a, and the Th2
interleukin IL-4 in T helper cells obtained from nonpregnant
women, women in the early and late third trimester, and
during labour. We examined the effect of the CRTH2 agonist,
15dPG]J;. on these interleukins and on NF-xB activation at
different gestational time points to determine ifs potential
role in suppressing the Thl response wia NF-«B whilst
simultaneously promoting the Th2 response via CRTHI.

2. Materials and Methods

21. Subjects. Pregnant women at 28 weeks and term
(prelabour and in labour) and nonpregnant women of
child bearing age were included in the study in accordance
with ethical approval from the South East London Ethical
Committee Ref. 10/HOB05/54. Exclusion criteria included
women with Asthma and HIV, women not of childbearing
age, and women with a fever. After obtaining informed
consent, >mL of peripheral venous blood was collected
in sodium citrate tubes, and processed within 30mins of
collection. Unless otherwise stated, a minimum of 4 subjects
were included for each experimental sample group.

2.2 Isolation of Peripheral Blood Moronuclear Cells (PBMCs).
Blood was diluted 1:1 with phosphate-buffered saline
(PBS) and carefully layered onto Ficoll-Pagque PLUS (GE
Healthcare, Uppsala, Sweden) before centrifuging at 400 xg
for 40 mins at room temperature. After centrifugation, the
halo containing PEMCs was carefully transferred into a
clean centrifuge tube and washed twice with 7 mL of PBS.
After centrifugation (400 xg for 10 mins), the cell pellet was
resuspended in either PBS or RPMI 1640 (Invitrogen Life
Technologies, Grand Island, NY, USA) culture medium.

2.3, CRTH2 Expression Studies. The PEMC pellet was resus-
pended PBS, and cells were counted with a Neubaner
hasmocytometer and then resuspended in staining buffer
(1% fetal calf serum: 0.09% sodium azide in PBS) to
obtain roughly 3.5 x 10% cells per sample. Preparations
were incubated in the dark for 1h at 37-C with Z0uL
of CRTH2-phycoerythrin (CRTH2-PE) (Beckman Coulter,
High Wycombe, UK) and 3 ul of CD4-Allophycocyanin
(CD4-APC) (BD Pharminogen, Oxford, UK) or the relevant
isotype controls; Rat Immunoglobulin (1g)G.,-PE (Beckman
Coulter) and Mouse IgG,,-APC (BD Pharminogen). After
incubation, the PBMC suspension was washed twice in
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I mL of PBES and then resuspended in PBS for analysis.
Flow cytometry settings were as follows: forward scatter EO
voltage, 1.00 Amp gain Lin, and side scatter of 329 voltage,
1.00 Amp gain Lin. A total of 50,000 cells were counted and
gating was on lymphocytes based on the forward and side
scatter.

2.4 Intracellular Cyml:inc Studies (I1-4, IFN-y, and TNE-
«). For intracellular cytokine studies, cells were resuspended
in RPMI 1640 (Invitrogen) media supplemented with 10%
fetal calf serum, 2 mM/L L-glutamine, 100 U/mL penicillin,
and 100 pg/mL of streptomycin (Sigma, 5t. Louis, MO, USA)
before being plated in 24-well plates and incubated for 18h
in 5% COx/humidified air at 37°C. Following this, 10ug of
brefeldin A (Sigma) was added to each well to immaobilize
the interleukins in the golgi apparatus. Cells were pretreated
with 32 M of 15dPGJ» (Cayman Chemicals, Ann Arbor, M,
USA) or dimethyl sulfoxide (DMSO) (Sigma) vehicle control
fior 2 hin the case of IFN-y and TNF-a experiments or 1 h for
IL-4. Following this 50ng/mL of phorbol myristate acetate
(PMA) and 0.5 ggfmL of ionomycin were added for 4h in
the case of [FN-y and THF-a experiments or 5h for IL-4.
Prior to intracellular staining. cell surface staining with either
CRTH2 and CD4, or CD4 antibodies alone, was performed
as described in Section 2.3, Cells were then fixed with 2%
paraformaldehyde (PFA) and incubated at 37°C for 15 mins
in the dark. Cells were washed and resuspended in 0.5%
saponin and incubated for 30mins on ice in the dark to
permeabilize the cells. After incubation, cells were washed
and resuspended in 0.5% saponin for intracellular staining
with the relevant antibody: IL-4 PE/Cy7 (BioLegend, San
Diego, CA, USA), IFN-yp-(fluorescein isothiocyanate (FITC)
of TMF-a-FITC (BD Biosciences, Franklin Lakes, NI, USA).
Appropriate isotype controls were used; PE/Cy7 Rat IgG,,
(Biolegend), or FITC Mouse 1gG,, (BD Biosciences, Oxford,
UK). Cells were incubated in the dark for lh at room
temperature for IL-4 staining or 20 mins on ice for [FN-y and
THF-a staining. Finally, cell suspensions were washed with
0.5% saponin and resuspended in PBS for flow cytometry
analysis as follows: Forward scatter EO voltage: 1.00 Amp gain
Lin: side scatter of 329 Voltage: 1.00 Amp gain Lin.

2.5, Flow Cytometry. Flow cytometry of lymphocytes was
carried out using FACSCalibur flow cytometer (BD Bio-
sciences) equipped with FACSCalibur software for analysis.
The lymphocyte population was gated on the scatter plot
as determined by the characteristic forward scatter (F5) and
side scatter {SC) which indicates the cell size and shape. The
analysis was of CD4", CRTH2", and CRTH2Z*/CD4" in the
CHETH2 expression studies and 1L-47, IL-4"/CRTH2", TNF-
o /CD4", and IFN-y"/CD4" for the intracellular cytokines.
The expression levels of CRTH2, CD4, and intracellular
cytokines were evaluated by the percentage of cells expressing
the protein of interest or by mean fluorescence intensity
(MET).

2.6, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophore-
sis (SDS-PAGE) and Western Blotting. Following culture

and treatments, cells were collected using a 1 mL pipette
and incubated on ice in whole cell lysis buffer (Cell
Signalling, Beverly, MA, USA) with 5ul/mL of protease
inhibitor (Sigma) lysis buffer for 5 mins and centrifuged for
20 mins at 13,000 rpm at 4°C. The supernatant was stored at
—&0" C until use. Prior to SD5-PAGE, protein concentrations
were determined using the BIORAD quantification assay
measuring absorbance at 655 nm. Approximately 15pug of
extracted protein per sample was resolved by SDS-PAGE and
subsequently transferred onto polyvinyl difinoride (FVDF)
membranes {GE Healthcare) 100V constant at 4°C. Fol-
lowing transfer, the membrane was then blocked in 3%
(wifvol) milk in tris-buffered saline (THS) supplemented
with 0.1% Tween 20 (TBST) for 1h. The membrane was
then probed with phospho-p65 (Ser 536) (Cell signalling)
primary antibody (1 : 1000 in tris-buffered saline) overnight
at 4°C followed by the appropriate secondary antibody
(1:2000 in 1% milk/TBS) for 1h at room temperature.
Chemiluminescence detection was then carried out with ECL
Plus (GE Healthcare), and the membranes developed using a
high-performance chemiluminescence film (GE Healthcare).
Blots were scanned, and densitometry was performed with
ImageJ (v1.44p).

2.7. Statistical Analysis. Experimental sample groups con-
sisted of at least 4 biological replicates unless otherwise
stated. Statistical analysis was performed with Graph-Pad
Prism (vd.0; GraphPad Software, San Diego, CA, USA).
Paired Student’s ¢-test or repeated measures ANOVA was
conducted where appropriate. Samples with P < 0.05 was
considered to be statistically significant.

3. Results

3.1. Gestational Effect on ThI and Th2 Cytokines. A change in
the production of the Thl and ThZ cytokines in pregnancy
has previously been described. In this study, we employed
flow cytometry to examine the effect of stimulation by
the mitogen PMA/ionomycin on cytokine production at
different gestational stages of pregnancy and during labour
(see Figure 1). Thl cytokine profiles of CD4 positive cells
were assessed for intracellular IFN-y and TNF-a (Figures
I(a)-1{d})) and compared to levels of nonpregnant controls.
The percentage of peripheral T cells producing 1FM-y in
response to stimulation reduced in pregnancy from 10.7%
in nonpregnant women to 6.7% at 28 weeks, 5.1% at
term (P < 0.05), and 5.6% at term in labour (P <
0.05). Similarly, the proportion of TNF-a producing cells
was reduced, althoungh not significantly, from 20.6% in
nonpregnant women to 14.5% at 28 weeks, 15.8% at term
and 13.3% at term in labour. Overall levels of Thl cytokine
production (expressed as mean fluorescence intensity), in the
CD4+IFN-p* or CD4*/TNF-a* cells remained consistent
throughout gestation and unchanged compared to nonpreg-
nant controls. The Th2 cytokine, IL-4, was similarly assessed
in CRTHI positive cells (Figures 1{e) and 1({f)). While
PMA/fionomycin stimulation did not increase the percentage
of IL-4 expressing cells, the mean fluorescence intensity of
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Frougre 1: Thl and Th2 cytokine production in peripheral T cdls from nonpregnant and pregnant women. Peripheral blood mononuclear
cells were isolated and stimulated with PMAfionomycin. The percentage of CD4*IFN-y*, CD4*/TNF-a*, and CRTH2*/1L-4 positive cells
were detected by flow cytometry in samples derived from nonpregnant (NP), 28-week pregnant, term no labour (TNL), and term labour
(TL) samples (a}, (<), and (). A reduction in the percentage of peripheral CD4 positive cells secreting the Thl cyickines [FN-y and TNF-a
was observed, whereas the percentage of cells secreting the Th2 cytokine, IL-4, remained consistent throughout gestation. Mean fluorescence
intensity (MFI) was also assessed as a measare of total cytokine production (b), (d), and (f). PMA/ionomycin stimulation induced both Thl
and Th2 cytokine production in all sample groups compared to ML controls. Mo differences in gestation-dependent responses were detected.
(g) a ratio of IFN-y: IL-4 revealed a decrease in the Th : Th2 ratio during pregnancy, which was increased prior to the onset of labour. For
statistical analysis ANOVA with Dunnett’s multiple comparison test with NP as a control was used; == P < 0,01 and =P < (.05,
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Frcure 2: CRTH2 expression in lymphocytes derived from nonpregnant and pregnant subjects. Lymphocytes were gated according to
forward scatter and side scatter and T helper cells were identified using CD4 a5 a cell surface marker (n = & for each group). A representative
cytogram from a woman of 28-week gestation is presented with the right upper quadrant showing CRTH2*/CD4* lymphocytes (a). The
percentage of CRTH2 positive T helper cells | presented as a percentage of positive CIM positive cells) increased slightly in the third trimester,
although statistical significance was not reached (b). No change in mean fluorescence intensity was detected in either the nonpregnant or
pregnant samples (c). For statistical analysis ANOVA with Dunnett’s multiple comparison test with NP as a control was used.

IL-4 was significantly increased in samples collected from
women at 28 weeks (393, P < 0.01) and at term (394,
P« 0.05) compared to levels of nonpregnant controls (37.1).
Levels of IL-4 in term labouring samples were consistent
with nonlabouring samples (37.1). The ratio of the IFN-
y 1 1L-4 producing cells reduces during pregnancy, due to the
suppression of the Th1 rather than the promotion of the Th2
cytokine production (Figure 1(g)).

3.2 CRTHI Expression. To determine whether the Th2
response in pregnancy is reflected by an increase im the
percentage of CRTH2 positive cells, we used CD4 as a marker
of T helper cells and calculated the percentage these cells
that express CRTH2 (Figure 2{a}). The percentage of CRTH2
positive cells in the CD4 positive population was observed to
increase in the second trimester of pregnancy from 2.24% in
nonpregnant women to 3.12% at 28 weeks before reducing to
1.75% at term and 2.4% in term labour, although statistical
significance was not reached (Figure 2(b)). There was no
significant increase in the mean fluorescence intensity of
CRTH2 in T helper cells between nonpregnant and pregnant

subjects (Figure 2(c)), although a slight increase in CRTH2
production was noted in term labouring samples (P = 0.15).

3.3. The Effect of I15dPG; on the Thl and Th2 Cytokines
15dPG]; is an anti-inflammatory PG and a ligand for
CRTH2. We therefore explored the effect of 15dPG]; on
the Thl cytokines, IEN-y and TNF-a. To do this, cells were
preincubated with 32uM of 15dPGI; or vehicle control
prior to the addition of PMA/ionomycin before intracellular
cytokines were detected by flow cytometry (Figures 3(a) and
3(b)). 15dPGI, reduced the production of PMA/ionomycin
stimulated IFN-y production (measured as mean fluores-
cence intensity) in T helper cells from 101.9 to 53 (P <
0.01) in nonpregnant controls, 115.7 to 524 (F < 0.01)
in 28 week samples and from 110 to 60.7 in term (P <
0.01) samples. There was a nonsignificant decrease observed
in term labouring samples also (88.3 to 66.3, Figure 3(c)).
Similarly, a significant decrease in PMASionomycin-induced
TNF-a production following treatment with 15dPG], was
detected in all pregnant samples assessed (Figure 3(d)).

The percentage of T helper cells producing IFN-y was
also reduced from 10.7% to 5.13% in nonpregnant women
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Effect of 15dPG]2 on Thl and Th2 cytokines. Peripheral Blood mononuclear cells were incubated with vehicle controd or 32 pM
af 1z and stimulated with PMA/ionomycin before being gated on the lymphocyte population according to forward and side scatter.
A representative 28-week patient sample is presented with CD4*/1FN-¥* cells shown in the right upper quadrant (a). A representative
histogram reveals a clear shift to the right upon stimulation indicative of increased 1FN-y producing cells (b). This effect was attenuated
with 15dPG]; pre-treatment. PMASionomycin indeced IFN-y and THNF-a production was decreased with 15dPGI; treatment (c) and (d);
however, levels of 1L-4 remained unchanged. Mo change in 11-4 producing cells was detected (e). For statistical analysis a Student’s (-test was
used to compare means between paired treated and nontreated samples; ** P < (.01 and * P < 0.05.
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(P < 0.01), 6.6% to 3.4% at 28 weeks (P < 0.01), 5.1% to
1.5% at term (P < 0.05), and 5.6% to 2.9% (P < 0.01). A
reduction in the percentage of T cells producing THF-a was
also seen with 15dPGJ» from 20L6%: to 16.7% in nonpregnant
women, 14.5% to 9.0% at 28 weeks (P < 0.03), 15.8% to
12.9% at term (P < (.01}, and 13.2% to 8.93% at term in
labour (P - 0.05) (data not shown).

Considering its anti-inflammatory properties, it was
hypothesized that 15dPGI; would induce an increase in
IL-4 production via its action on the CRTHI receptor.
Contrary to what was anticipated, 15dPG]J, had no effect on
the production of IL-4 (Figure 3(e)). Consistent with this,
the percentage of CRTHI+/IL-4+ lymphocytes remained
constant following 15dPGI, treatment except for samples
collected at 28 weeks gestation [ 1.65% to L16%, P < 005
data not shown).

4. 15dPGly Inhibits PMAdonomycin-Stimulated NF-xB
Activation in Peripheral Blood Mononuclear Cells. Peripheral
blood mononuclear cells were incubated with vehicle control
or 32uM 15dPG]; and stimulated with PMA/ionomycin
for 10 min before being extracted and assessed for levels of
phosphorylated p65, the transcriptionally active subunit of
NF-xB. PMA/ionomycin treatment stimulated NF-xB phos-
phorylation in all samples and at all gestational time points
(Figure 4). Pretreatment of cells with 15dPG]; significantly
reduced levels of p-p65 in samples collected from women
at I8-week pgestation. A clear trend of decreased p-p6>
Tollowing 15dPG]; was observed in the remaining samples
yet they did not return to basal levels of p-p65.

4. Discussion

The immunological paradox of pregnancy relies on a careful
balance of both immune tolerance and immune suppression.
‘Work by Medawar, and later Wegmann and colleagues, has
led to the proposal that this balance is determined by a func-
tional immune suppression via a shift from a Thl response
to a Thl bias during pregnancy [10, 20, 32]. Although not
all human and murine studies support the importance or the
simplification of the Thl : Th2 paradigm |18, 19, 33], further
understanding of this hypothesis to aid the development of
new therapentic strategies is still required. In this study, we
have explored the Thl cytokines IFN-y and TNF-a, and
the Th2 cytokine IL-4 throughout pregnancy, and examined
the potential of the cyclopentenone PG CRTHZ agonist,
15dPG];, to act as a therapeutic agent to modulate the
Thl : Th2 response.

Consistent with the notion of suppressed Thl cytokine
response throughout gestation [16, 17, 34, 35], our results
revealed a reduction in the percentage of [FN-y and THE-
a-secreting T helper cells during pregnancy in response
to PMA/ionomycin stimulation (Figures I{a) and 1{c)).
However, mean production of IFM-y and TNF-a remained
constant within the CD4*/IFN-y* and CD4*/TNF-a* cell
populations (Figures 1{b} and 1{d})). This indicates that
while fewer cells maintain the capacity to initiate a Thl
response to inflammatory stimuli with advancing gestation,

a compensatory mechanism facilitates increased IFN-y and
TNF-« production. These results suggest that Thl response
during gestation is likely to be regulated at both an individual
cellular level as well as at the level of the cell population.

As mormal buman labour reflects a proinflammatory
state, we anticipated that the percentage of IFN-y and TNF-
a producing T helper cells would increase with the onset of
labour. However, no difference between term nonlabouring
and term labouring samples was detected. This may be due
to the proinflammatory state of labour being a localized
response in the uterus and fetal membranes, rather than
an extending to peripheral inflammation. This would be
consistent with the localised increase in the DNA binding
activity of NF-xB in amnion cells postlabour compared to
prelabour [36] and in myometrinm during labour compared
to pre-labour [37] as well as the reported increase in labour
of [FN-y in amnion, choriodecidua, and placenta [38], and
TNF-a in the amniotic fluid, myometrium, and cervix [39,
40] rather than in the peripheral blood.

A number of studies have shown that mitogen stimula-
tion can induce 1L-4 production in PEMCs of the second
and third trimesters of pregnancy in witro [16, 35, 41].
Intrinsic IL-4 production by PEMCs also shows an increase
in pregnancy compared with nonpregnant controls [17. 42].
We therefore hypothesized that PMAfionomycin stimulation
of PMBCs would drive 1L-4 production during pregnancy,
and that this phenomenon would subside at term concurrent
with the activation of inflammatory pathways involved in
normal labour pathways. To examine any evidence of a
shift towards the Th2 profile in peripheral blood during
pregnancy, PBMCs were gated for CRTH2 (a marker for
Th cells) and the level of 1L-4 assessed (Figures 1{e) and
1(f})). The percentage of CRTHI/IL-4" secreting cells, as
well as mean production levels of IL-4 remained consistent
throughout pregnancy and advancing gestation (Figures 1(f)
and 1{e)) although a slight increase in the percentage of IL-
4 secreting cells was observed in both nonstimulated and
stimulated 28-week samples. Between 0.4—6.5% of peripheral
blood CDM* cells of nonpregnant women express CRTH2
and secrete IL-4, but not [FN-yp, in response to PMA
and ionomycin and are thus typical of Th cells [43].
Consistent with this, we found that between 24% of CIM"
PMBCs express CRTH2 (Figure 2(a)). This percentage was
maintained throughout gestation with a minor, statistically
nonsignificant, increase observed at 28 weeks (Figure 2(b)).
Tsuda et al. have previously reported an increase in CRTH2
expression in CD4" cells between nonpregnant (2.08%)
and 7-week gestation (3.43%, P = 0.02) [#4], but it is
possible that this effect is diminished with advancing ges-
tation. Mean levels of CRTH2 expressed in CD4" cells were
also unchanged through gestation and labour (Figure 2(c)).
Taken together with the fact that we were unable to detect
any difference in IL-4 secretion levels in these cells upon
mitogen stimulation, our results collectively suggest that the
Th2 response in PMBCs is maximised during pregnancy and
cannot be further stimulated. This would imply that any
beneficial effects of therapeutic agents intended to push the
Th2:Thl ratio towards Th2 would need to do so through
inhibition of Thi, rather than npregulation of Th2. Although
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Ficure 4: The effect of 15dPGI2 on ME-xB pé5 phosphorylation in peripheral blood mononudear cells. PBMCs were treated as previously
described before being extracted and levels of phosphorylated p6S (p-p&5) examined wsing immunoblotting. Representative immunoblots
are shown for each gestational time point (a). Immuncblots were reprobed for f-actin as an internal loading control. Densitometric analysis
of the immunoblots was conducted revealing a significant increase in p-pé5 levels npon stimulation with PM Ationomycin in all samples (b).
A significant decrease in PMA/ionomycin stimulated p-p&S was observed following 15dPG); treatment in 28-week samples. The capacity
of 15dPG]; to inhibit PMAtionomycin-induced p-p&5 was lost in those samples collected at term. N5: nonstimulated, 5: PMAfionomycin
stimulated, and I;: 15dPG); pretreatment. Effect of treatment was examined for statistical significance at each gestational timepoint using
ANOVA with Bonferroni’s multiple comparison test; ***P < 0,001, *=P < 0.01 and *P < 0.05.

the percentage of CRTH2 expressing CD4™ cells is low in
the peripheral blood, we are unable to rule out any modest
yet biologically significant changes in IL-4 production from
these cells at a tissue-specific level.

To further investigate the potential of Thl promotion
versus Thl suppression, we examined the response of PEMCs
to 15dPGJ,, an endogenous product of Prostaglandin Dy
(PG} {and potential therapeutic agent) that has been
shown to promote Th bias through IL-4 production in
T helper 2 cells in witro via CRTHZ [24]. PG}, is readily
converted to 15dPGJ; by a series of dehydration reactions in
the presence of albumin and is found in the amniotic fluid
[45], placenta [46], and urine [47]. 15dPG]J, pretreatment
significantly inhibited the PMA-stimulated production of
both Thl cytokines: IFN-y and TNF-a, in nonpregnant
and all pregnant samples (Figures 3{a)-3(d)). However,
no effect on the production of the Th2 cytokine, 1L-4,
could be detected in response to 15dPGJ, treatment. This
may be due to an overriding effect of a non-CRTH2-
mediated mechanism such as the inhibition of other sig-
nalling proteins involved the transcriptional regulation of

IL-4 expression. Evidence for this has been previously
reported in a PMA/lonomycin-activated T-cell line, where
15dPGJ; inhibited IL-4 production in a dose-dependent
manner through the downregulation of nuclear factor of
activated T-cells {NE-AT) activation [48].

The anti-inflammatory properties of 15dPGJ, are
thought to be at least partly via the inhibition of the
transcription factor NF-xB [49]. NF-xB is known to play a
key regulatory role in controlling the Thl immune response
by modulating the expression of Thl cytokines [31]. NE-xB
activity in PBMCs during pregnancy is reduced compared
to nonpregnant controls [50], and it has therefore been
suggested that this is responsible for suppressed Thi response
in pregnancy [30]. To determine whether the observed
inhibitory effects of 15dPGI; on Thl cytokine production
may be via NF-xB, treated cells were extracted, and levels
of the transcriptionally active NF-xB subunit p-p65 were
examined by immunoblotting. Our results indicate that
15dPG], significantly inhibits p-p65 in PMAfionomycin
stimulated T helper at 28 weeks of gestation. A nonsignificant
reduction was also observed in nonpregnant controls and
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Frcuie 5: Schematic proposal of the Thl and Th2 balance and the role of CRTH2 and NF-xB. T-helper cell precursors are directed toward
committed immunophenotype by the typical Thl and Th2 interleukins, IFN-y and [L-4, respectively. Infection or propregnancy hormones
such as progesterone can further modulate the Th1/Th2 bias. Based upon our findings and those of others, we propose that 15dPGlL
miaintains a Th2 bias principally through the suppression Th interlenkins through the inhibition of NF-kB.

samples acquired at term. This data provides evidence that
the Thl inhibitory properties of 15dPGJ2 are likely regulated
throngh NF-«B.

15dPG]; is a cyclopentenone PG which possesses an a,f-
unsaturated carbonyl group in the cyclopentenone ring [51].
This group can form Michael adducts with I Kappa B kinase
(IKK) [52]. and the p65 [53] and p50 subunits leading to
modification of these proteins, thus inhibition of NF-xB
activity [51]. We have shown that in amnion and myometrial
cells, inhibition of ME-xB by 15dPGJ: is not via PPAR-y [28].
However, 15dPGJ;-mediated suppression of Thl interleukin
expression in lymphocytes via PPAR-y receptor inhibition
or activator protein 1 (AP-1) has not been raled out in this
study.

While 15dPG]; appears to have no effect on the
peripheral Th? response, the demonstrated inhibition of
the Thl response represents a collective shift toward a
Thl bias, or in other words, an increase in the Th2:Thl
ratio. This has important ramifications for the future design
of therapeutic strategies to prevent preterm labour and
pregnancy loss (Figure 5). The percentage of CRTH2 positive
decidual lymphocytes is far higher, accounting for 10.5% of T
lymphocytes and 18% of CD4+ ymphocytes [44]. Exploring
the effect of 15dPG]; on purified decidual T cells may give
rise both Thl suppression and Th2 cytokine promotion.

Immunomodulating therapies such as progesterone (for
women at high risk of preterm labour) and intravenous
Immunoglobulins (for women with recurrent miscarriage)
are currently being used in a clinical context. Proges-
terone suppresses IFN-y production in peripheral blood

mononuclear blood cells cultured with trophoblasts [54]
and dydrogesterone suppresses both IFN-p and TNE-
a whilst increasing IL-4 in phytohaemagglutinin (PHA)
stimulated PBMCs leading to a substantial Thl to Th2
shift [55]. Immunoglobulins are capable of altering the
Thl:Th2 balance leading to a reduction in the CD4*IEN-
¥ /CD4TIL-47 lymphocyte ratio [56]. The endogenous pro-
tein, progesterone-induced blocking factor (PIBF). is capable
of increasing the production of IL-4 and IL-10 in PEMC, but
has no effect on the Thl cytokines IFN-y and TNF-a [57].
15dPG]; may show more promising immunomodulating
effects for the prevention of preterm labour exploiting
its ability to both suppress the Thl cytokines with the
added benefit of inhibiting NF-xB activity. Preterm labour,
particularly in the presence of chorioamnionitis, is associated
with a shift towards the Thl cytokine response [58]. PRMCs
of women in preterm labour when stimulated with PMA
produce significantly higher IFN-y compared to women who
go on to deliver at term [59]. The presence of IFN-y in cer-
vicovaginal fluid in the late second and early third trimesters
has also been shown to be a risk factor for preterm labour in
asymptomatic women [60]. Similarly, TNF-« is thought to
be key cytokine involved in the initial trigger of biochemical
events leading to infection-mediated preterm birth, for
example, by causing prostaglandin E; (PGE,) synthesis by
intranterine tissues which drive pathways leading to uterine
contractility and cervical ripening [61-63]. While global
changes in the PBMCs likely reflect important systemic
inflammatory events, their sub-components (e.g., T cells,
B cells, and monocytes) may play functionally independent
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roles at the maternal fetal interface. Future work using an
in vive model examining effects of 15dPG]: and CRTHI
agonists on Thl and Th2 interleukins at local sites (e.g.,
decidua and myometrium) would allow us to extrapolate
how immune cells influence nonimmune cell function.

Prophylactic administration of 15dPG]: to women at
high risk of preterm birth may lead to the inability of
infection to activate NF-xB and thus preventing transcrip-
tion of labour associated genes, and the inability to alter
the Thil:Th2 bias to favour Thl, thus preventing the pro
inflammatory detrimental environment of the fetus. Consid-
eration for the route of administration should be supported
by further studies of the potential local effect of 15dPGI;
on interlenkin production from the cervix, myometriam,
and fetal membranes. The anti-inflammatory effect on MNE-
kB and the Thl interlenkins may not be replicated in the
cervix, for example, which would serve as the least invasive
route of administration of 15dPG]; in the form of a pessary.
Absorption at the local level is also unlikely to provide
systemic levels high enough to effect peripheral cytokine
production, likewise, the effect of peripheral administration
on the local maternal fetal interface is not guaranteed to
result in a physiological effect. Nevertheless, this study shows
promising potential for the future application of 15dPGI,
as an immunomodulating therapy for infection-mediated
preterm labour, and thus further studies examining its effect
on gestational tissues should be pursued.

5. Conclusion

This study presents evidence that the Thi:Th2 balance is
changed in pregnancy through Thi suppression rather than
Thl promotion. We have also demonstrated the potential
anti-inflammatory effects of 15dPGJ; through the suppres-
sion of NF-xB and the Thl proinflammatory cytokines
IFM-y and TNF-a. These properties may be of therapeutic
benefit for the prevention of infection-mediated preterm
labour and the reduction of inflammation induced neonatal
morbidity, where an aberrant profile favouring the Thl
response is seen. Thus, future work in this area may be best
directed toward designing therapeutic strategies aimed to
manipulate the Thi response during pregnancy as a rational
strategy for the prevention of preterm labour and pregnancy
loss/miscarriage.
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Abstract

Background: 15-deoxy-A 12,14- Prostaglandin J2 (15dPGJ2) inhibits Nuclear factor kappa B (NF-kB) in human myocytes and
amniocytes and delays inflammation induced preterm labour in the mouse. 15dPGJ2 is a ligand for the Chemoattractant
Receptor Homologous to the T helper 2 cell (CRTH2), a G protein-coupled receptor, present on a subset of T helper 2 (Th2)
cells, eosinophils and basophils. It is the second receptor for Prostaglandin D2, whose activation leads to chemotaxis and
the production of Th2-type interleukins. The cellular distribution of CRTH2 in non-immune cells has not been extensively
researched, and its identification at the protein level has been limited by the lack of specific antibodies. In this study we
explored the possibility that CRTH2 plays a role in 15dPGJ2-mediated inhibition of NF-kB and would therefore represent a
novel small molecule therapeutic target for the prevention of inflammation induced preterm labour.

Method's: The effect of a small molecule CRTH2 agonist on NF-kB activity in human cultured amniocytes and myocytes was
assessed by detection of p65 and phospho-p65 by immunoblot. Endogenous CRTH2 expression in amniocytes, myocytes
and peripheral blood mononuclear cells (PBMCs) was examined by PCR, western analysis and flow cytometry, with
amniocytes and myocytes transfected with CRTH2 acting as a positive control in flow cytometry studies.

Results: The CRTH2 agonist had no effect on NF-kB activity in amniocytes and myocytes. Although CRTH2 mRNA was
detected in amniocytes and myocytes, CRTH2 was not detectable at the protein level, as demonstrated by western analysis
and flow cytometry. 15dPGJ2 inhibited phospho-65 in PBMC'S, however the CRTH2 antagonist was not able to attenuate
this effect. In conclusion, CRTH2 is not expressed on human amniocytes or myocytes and plays no role in the mechanism of

15dPGJ2-mediated inhibition of NF-xB.
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Introduction

Preterm delivery complicates 6-11% of pregnancies in Europe
and North America [1]. Preterm labour is a heterogenous
condition [2], however there is a strong association between
infection and inflammation, particularly in early preterm deliveries
[3]. Despite our increased awareness of this association [4], limited
progress has been made in drug development targeted towards
anti-inflammatory pathways involved in infection/inflammation
induced preterm labour.

Nuclear factor Kappa B (NI-kB) is a transcription factor that
plays a central role in controlling the inflammatory response [5].
Human T cell NF-kB activity is suppressed during pregnancy,
which likely explains the altered bias from the Thl to Th2
cytokine ratio [6]. The NF-kB signaling pathway also plays an
important role in the process of human labour [7]. Expression of
the p65 subunit shows a marked increase in the fundal

PLOS ONE | www.plosone.org

myometrium during labour [8], associated with an mcrease in
DNA binding activity [9]. NF-kB activity is also increased in
amnion during labour [10], with pre-labour samples showing
varying degrees of p65 expression, which is likely to reflect the
physiological transition that precedes parturiton [11]. Many
labour associated genes, such as the phospholipases A2 isoenzymes
(cPLA2) [12], cyclooxygenase-2 (COX-2), interleukin-8 (IL-8), 1L-
6, and matrix metalloproteinases (MMPs) [7] are transcriptionally
regulated by NF-kB. Pro-inflammatory cytokines such as IL-1f
and TNF-o are both regulated by and can activate NF-kB giving
rise to a positive feed forward loop and thus further activating the
NF-kB regulated genes [13].

Given the importance of NF-kB in the regulation of inflamma-
tion and labour, it represents an important potential therapeutic
target for the prevention of preterm labour and the neonatal
sequale as a direct result of both inflammation and premarurity.
We have previously investigated the potential of 15-deoxy A2
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Prostaglandin ]2 (15dP(G]2), an anti-inflammarory cyclopenentone
prostaglandin, in the prevention of inflammation/infection
induced preterm labour. 15dPG]2 inhibits IL-1f stimulated NF-
#B in human amniocytes and myocytes, independently of PPAR-y
| 14], and reduces the percentage of peripheral blood mononuclear
cells producing IFN-y and TNF-2 during pregnancy [13].
Moreover, in a mouse model of lipopolysaccharide-induced
preterm labour, 15dPGJ2 delays preterm labour and increases

pup survival from 30% to 95% [16]. The precise mechanism of

NF-kB inhibition is still not fully understood. 15dPG]2 is also a
ligand for the second Prostaglandin D2 (PGD2) recepror,
Chemoattractant receptor-homologous molecule expressed on T
helper 2 cells (CRTH2), and binds to it with equivalent affinity to
PGD2 as the specific CRTH2 agonist DE-PGD2 [17].

The human CRTH2 gene is located at chromosome 1112, its
transeript length is 2.9 kb consisting of two exons and one intron
| 18]. It was first named and described by Nagata and colleagues as
being expressed on Th2 but not Thl clones following a gene
expression search method [19]. Subsequently it was entitled
‘receptor 1D2', a second novel receptor of Prostaglandin D2
(PGD2) [20] as well as ‘GPR44" following a search for novel G
protein coupled receptors [21]. It is now apparent that these are
the same receptor, which i also referred to as the cluster
differentiation protein CD294 [22]. As a typical GPCR it has
seven putative transmembrane domains, with two potential
glycosylation sites at its N terminus, and a long cytoplasmic tail
with multiple phosphorylation sites [ 19]. Despite PGD2 acting as a

ligand to bath the DP1 and CRTH2 receptor, there is a lack of

homology between their sequences and their downstream effects
differ substantially. CRTH2 is expressed on T’ helper 2 cells,
eosinophils and basophils [23]. The CD4 T cells that express
CRTH2 secrete interleukins typical of Th2 cells; 11-4, 11-5, I1-13,
and litde if any INF-y [19]. CRTH2 & not expressed on human
Thl cells, and this has led to CRTH2 becoming a cell
differentiation marker of Th2 cells [19].

CRTH2 mRNA expression has been described in a number of

tissue types, with high expression in heart, brain, stomach, small
intestine, liver, thymus, and placenta and moderate expression in
the colon, uterus, pancreas, prostate and peripheral blood
leukocytes [24]. Other groups have demonstrated CRTH2 mRNA
expression at the cellular level in non-immune cells including
osteoblasts [25], chondrocytes [26] bronchial epithelial cells [27]
and keratinocytes [28]. However, studies of CRTHZ expression at
the protein level in non-immune cells are limited, probably due to
the lack of specific commercially available antibodies available for
detection of CRTH2 using techniques other than flow cytometry.
The protein expression profile of CRTH2 in human amniocytes
and myocytes has not been investigated to date.

In this smdy we explored the potental role of CRTH2 in
15dP(G]2 mediated NF-xB inhibition. We examined the effect of a
small molecule CRTH2 agonist (Pyl A) on NF-xB activity in
human cultured amniocytes and myocytes and examined both the
mRNA and protein CRTH2 expression profile in these cell rypes.

Materials and Methods

Ethics Statement

Ethical approval was obtained for placenta (Ref 2002/6283)
and myometrium (Ref 3358) from the ethics committees of the
Imperial College Healthcare NHS Trust/Imperial College or
from the South East London ethical committee for peripheral
blood (Ref 10/H0805/54), and in accordance with Imperial
College NHS Healthcare Trust Research and Development.
Written consent was obtained from all subjects. All clinical
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investigation was conducted according to the principles expressed
in the Dedaration of Helsinki.

Reagents

15dPG]2 was purchased from Cayman Chemicals (Ann Arbor,
MI). The small molecule CRTH2 agonist, Pyl A, was synthesised
commercially by Oxygen Healthcare, (Cambridge, London) based
on the L-888607 compound from Merck Frosst Centre for
Therapeutc Research (Quebec, Canada) [29]. The CRTH2
antagonist GSKCRTH2X was obtained from Glaxo Smith Kline,
(London, UK). I1-1f was from R&D Systems (Abingdon, UK).
Antibodies against phospho-p65 (Ser 336), p65 and CRTH?2 for
western analysis were purchased from Cell Signaling Technology
(Beverly, MA), Santa Cruz Biotechnology (Santa Cruz, CA) or
Santa Cruz and ProSci Incorporated (Poway, CA) respectively.
The P-actin antibody was purchased from Sigma (Gillingham,
UK). The flow cytometry antibodies and their sotype controls for
CRTHZ were purchased from were from Beckman Coulter (High
Wyecombe, UK), and CD4 from BID Pharminogen (Oxford, UK).
All primers were from Thermo-Scientific (Walthamn, MA). For
cloning and transfection experiments the sources of reagents were
as follows: the mtermediate wvector p{]R® ~Bluntll- TOPO®,
Invitrogen Life Technologies (Grand Island NY); p5(G5 expression
vector, Agilent Technologies (Wokingham, UK); T7 TNT
Coupled Reticulocyte Lysate System, Promega (Madison, WIJ;
GeneJuice® transfection reagent, Novagem (Hertford UK); and
AMAXNA Basic Nucleofector Smooth Muscle Cell Kit, Lonza
(Basel, Switzerland).

Cell Culture

Pacentas and myometrial biopsies were collected at the time of

pre-labour caesarean section, and blood was taken from non
pregnant women.

Preparation of amnion epithelial cells. Amnion was
separated from the choriodecidua, cut into strips and washed in

phosphate buffered saline (PBS). It was then incubated 0.5 mM of

EDTA-FPBS for 15 mins at room temperature, and washed in PBS.
The intracellular matrix was digested in pre-warmed Dispase at
2 g/Lin PBS for 45 mins at 37°C. The epithelial cells were then
isolated by shaking the amnion strips vigorously in Dulbecco’s
modified Fagle's medium, DMEM for 3 mins, then pelleted by
centrifugation for 10 mins at 2000 rpm. Cells were resuspended in
DMEM containing 10% fetal calf serum, 2 mM/L L-glutamine,
100 U/ml Penidillin and 100 pg/ml of Streptomycin and grown
to confluence in 125 flasks at 5% CO,. Cells were cultured for 24
hours until confluent.

Preparation of myocytes.  Myometrial biopsies were taken
from the upper margin of lower segment incisions during elective
caesarean sections. Tissue was washed in PBS and mechanically
dissected with two sterile blades to form a paste-like texture. Cells
were isolated by incubating with 15 mg of Collagenase 1A, 15 mg
of Collagenase X and 50 mg of BSA in 30 mls of PBS for 45 mins
at 37°C. The suspension was filtered through a cell strainer and
centrifuged at 400 g for 5 mins. The cells were resuspended and
cultured in DMEM as described above. Myocytes were cultured
until confluent. Passage one myocytes were used for transfection
studies and passage (4 for studies of endogenous CRTHZ2.

Preparation of pl a and choriodecid
placenta and choriodecidua were snap frozen and ground in licuid
nitrogen in preparation for mRNA extraction.

Preparation  of  peripheral  blood mononuclear
cells. Blood was diluted 1:1 with phosphate buffered saline
(PBS) and carefully layered onto Ficoll-Paque™ PLUS (GE
Healthcare, Uppsala, Sweden) before centrifuging at 400 g for
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40 mins at room temperature. After centrifugation, the halo
containing  PBMCs was carefully transferred into a clean
centrifuge mbe and washed twice with 7 ml of PBS. After
centrifugation (400 g for 10 mins), the cell pellet was resuspended
in extraction buffer or RPMI 1640 culture medium (Invitrogen
Life Technologies, Grand Island, NY) culture medium.

Cell Treatment

A dese response with the CR'TH2 agonists 15dP(;]2 and Pyl A
from 0.1 pM-32 pM for 2 hrs was used to determine the effect on
NF-xB actvity in IL-1f wreated amniocyies and myocytes.
Stimulation was required with | ng/ml of IL-1f, since basal
activity in pre-labour amnion and myometrium is low [14]. Based
on previous work with 15dPGJ2 on amniocytes, myocytes [14]
and PBMC’s [15], 32 uM of 15dP(;]2 was used for determining
the effect of NF-xB activity in PBMC's. Prior to treatment with
15dP(3]2, cells were pre-treated with 2 pM of GSKCRTH2X (a
CRTH? antagonist) or vehicle for 45 mins.

PCR

Tatal RNA was extracted using TRIzol® (Invitrogen) and
reverse transcribed by Superscript 111 (Invitrogen). Taq Po was
used for qualitative PUR. CR'TH2 was detected using qualitative
PCR with the Primer sets A and B (Table 1) under cycling
conditions of; 95°C for 3 min, amplification by 35 cycles of PCR
(34°C, 1 min; 67°C, 1 min; 72°C, 2 min) for set A and 95°C for
3 min, amplification by 40 cycles of PCR (94°C, 1 min; 63°C,
1 min; 72°C, 2 min) for set B with ABl StepOne. Products of
quantitative PCR were also qualitatively assessed on an agarose gel
having heen amplified with primer set C (Table 1) with
SYBRGreen PCR Master mix (Applied Biosystems) under the
following cycling conditions of activation at 50°C for 2 min with
40 cycles of (95°C, 1 min; 95°C, 15 s; 60°C, 1 min). Peripheral
mononuclear blood cell cDNA was used to amplify a 1.188 kb
CRTH2 transcript using primer set 1) with activation at 95°C for
3 min and 36 cycles of (94°C, 1 min; 75°C, 1 min; 72°C, 2 min).
The primer sets produced amplicons where the intron/exon

boundary was crossed wherever possible. Non-template controls
and reverse transcriptase negative controls were used. Products
were subjected to gel electrophoresis and detected by staining with
Sybersafe (Invitrogen| to assess for correct product size.

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SD5-PAGE) and Western Blotting

Protein was extracted from cells with whole cell lvsis buffer
(Cell Signalling, Beverly, MA) and 5 ul/ml of protease inhibitor
(Sigma). Cells were incubated with ice cold buffer for 5 mins
and centrifuged for 20 mins ar 13,000 rpm at 4°C. Protein
extraction from tissue was performed by homogenising in whale
cell lysis buffer prior to the above incubation steps. For nuclear

CRTH2 Is Not Expressed on Amniocytes and Myocytes

protein extraction cells were lysed in Buffer A (10 mM HEPES,
10 mM KCL, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT,
1%(v) NP-4) with protease inhibitor), with the cytosolic fraction
collected following centrifugation at 13,000 rpm for 60s ar 4°C.
The pellet was then resuspended in Buffer B (10 mM HEPES,
10mM KCL, 0.1 mM EGTA, 0.1 mM EDTA, 2MM DT,
400 mM NaCl and 1% wv/v NP-40 and protease inhibitors),
incubated on a shaker for 15 mins at 4°C, and then centrifuged
at 13,000 rpm for 5 mins at 4°C. Prior to SDS-PAGE, protein
concentrations were determined using the BIORAD quantifica-
tion assay measuring absorbance at 655 nm. Between 15 and
50 ug of extracted protein per sample, was resolved by SDS-
PAGE and subsequently transferred onto polyvinyl difluoride
(PVDF) membranes (GE Healthcare) ar 100 V constant ar 4°C.
Following transfer, the membrane was then blocked in 5% (wt/
vol) milk in tris-buffered saline (TBS) supplemented with 0.1%
Tween 20 (I'BST) for 1 h. The membrane was then probed
with the relevant primary antibody followed by the appropriate
secondary antibody under conditions specified in (Table 2).
Chemiluminescence detection was then carried out with ECL
Plus (GE Healthcare) and the membranes developed using a
high Performance chemiluminescence film (GE Healthcare).
Blots were scanned and densitometry was performed with
Image] (v1.44p).

Cloning

Hurnan peripheral leukocytes were used to extract mRNA and
o reverse transcribe to cDDNA with random hexamers with
Superscript 11 according to manufacturer’s instructions (Invitro-
gen Life Technologies). A 1.18 kB CRTH2 transcript of the
coding region was amplified with primers which introduced BamH
1 digest sequence upstream of the CRTH2 coding sequence and a
BGL 11 restriction digest sequence downstream (Table 2). The
transcript was cloned into an intermediate TOPO Vector (pCR® -
BluntlI-TOPO®) according to manufacturer’s instructions (Invi-
rogen Life Technologies). The plasmid was digested at the
BamH]1 and Bglll sites, run on a 1% DNA Agarose gel, cut and
purified using the Geneclean kit for insertion into the p5G5
expression vector. Plasmids were digested and the insert was
purified for sequencing to confirm that CRTH2 was present and
in frame. The pSG5 expression vector was selected since this has
previously been shown to lead to high and stable expression of
multiple proteins in myocytes [30].

In vitro Transcription Translation and Transfection
CRTH2 expression in a cell free system was examined with
the T7 INT Coupled Reticulocyte Lysate System. The TN'T
kit was used as per manufacturer’s instructions (Promega) to
produce CRTH2 with both cold Methionine and radicactive
3§ Methionine for detection by both weswern analysis and x-ray
film respectively. The progesterone pS(G5 expression vector, a

Table 1. The primer sequences used for amplification of CRTHZ2.

Forward 5° Anti-sense 5' bp
Set A CCTCTGTGLCCAGAGCCCCACGATGTCGGL CACGGLCAAGAAGT AGGTGAAGAAG El]
Set B CTGCCOTTCTTCACCTACTTCTTGGC GTGTCCOGGAACACGAAATAGGGCAC 265
Set C CCTCTGTGLC CAGAGCCCCACGATGTCGGL ATGTAGCGGATGCTGGTGTTG 114
Set D* 5'GGATCCATGTCGGCCAACGCCACACTGAAGCC (Mincludes  AGATCTCTAACTCGAGGT GCTGCTCAGCGCCC 1ss
BAMH | site) ["Includes BGL Il site)

doi:10.1371 fjoumal pone 00507 34,0001
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Table 2. The incubation conditions and the catalogue numbers for all antibodies used.

Primary antibody Secondary antibody Cat number
P-p65 (Sers536) 1:1000 Overright at 4°C Anti-rabbit; 1:2000 1 hr RT Cat 30335
phs 1:1000 Owvernight at 4°C Anti-mouse; 1:200 1 hr RT Cat no BO0E
CRTH2 1:200 Ovemight at 4°C Anti-goat 1:2000 1 hr RT Cat no. 23092
CRTH2 1:500 Ovemight at 4°C Anti-rat; 1:3000 1 hr AT Cat no. 2178
CRTH2 1:500 Ovemight at 4°C Anti-rabbit; 1:2000 1 hr RT Cat no. PR-4029
[actin 160-000 30 minutes at RT Anti-mousa; 20:1000 15 mins AT Cat no. A 2228

dei:10.1371/joumnal pone 0050724 1002

kind donadon of Dr Yun Lee, served as a positive control for
the efficiency of the transcription-translation reaction. For
transfection of CRTHZ2 into  amniocytes; primary amnion
epithelial cells were cultured untl 80% confluence. GeneJuice™
transfection  reagent was used according to manufacturer’s
guidance (Novagem) with 1 pg of DNA per well For
ransfection of CRTH2 into myocytes; myomerrial smooth
muscle cells were cultured until 100% confluence. The AMAXA
Basic Nucleofector Smooth Muscle Cell Kit was used as per
manufacturer’s instructions (Lonza). Electroporation was per-
formed with the Nucleofector Program using Program A-033.
GFP was used as a positive control for the transfection
efficiency. Gene expression of Green Fuorescent Protein
(GFP) was determined by fuorescent microscope on days 1
and 2 post transfection. Gene expression of CRTH2 was
determined by Flow cytometry on days 1 and 2 post
transfection.

Flow Cytometry for Detection of CRTH2

PBMC, amniocyte and myocyte pellets were resuspended in
staining buffer (1% Feral Calf’ Serum, 0.09% Sodium Azide in
PBS). Cells were incubated in the dark for 1 h at 37°C with 20
40yl of CRTH2-PE. PBMCs were also incubated with 3 ul of
CD4-APC. Mouse IgGl ® —APC and Rat [gGo,-PE were used as
isotype controls. After incubation, the PBMC suspension was
washed twice in 1 ml of PBS and then resuspended in PBS for
analysis. The FACSCalibr flow cytometer was used for CRTH2
detection and settings were as follows: PBMCs; Forward scatter EQ
Voltage, 1.00 Amp gain Lin, and Side scatter of 329 Voltage,
1.00 Amp gain Lin, amniocytes; Forward Scarter El; Volrage
4.77; Amp gain Lin; Side scatter of 320; Volage 1.008 Amp gain

A Amniocytes B

— . ——— - — —

pa———— Lo
L e

00 011 2 4 8 16 32

Lin; FL2 347 log, Myocytes; Forward Scater E1; Voltage 4.37;
Amp gain Lin; Side scarter of 197, Voltage log; FL2 350 log.
Results are expressed as percentage of cells expressing the recepor
and mean fluorescence intensity of receptor expression. The
peographical mean was used since data was collected on a
logarithmic scale and is a better indicator of the central tendency
of the population.

Statistical Analysis
Experimental sample groups consisted of 36 biological
replicates. Statisical analysis was performed with Graph-Pad

Prism (v5.0; GraphPad Software, San Diego, CA). ANOVA of

repeated measures was  conducted where appropriate, with
Bonferroni’s multiple comparison’s st for post-oc analysis.
Samples with £<0.05 was considered to be staristically
significant.

Results

The CRTH2 Agonist 15dPGJ2 Inhibits IL-1B Induced NF-
kB Activity in Human Amniocytes and Myocytes but the
CRTH2 Agonist Pyl A does not Replicate this Effect

We have previously shown that 15dP(G]2 inhibits IL- 1B induced
NF-kB activity in human amniocytes and myocytes in a
mechanism independent of PPAR-y [14]. Here we initially
replicated these results showing a significant reduction in IL-1p
induced NF-kB, as determined by nuclear pG3, to below basal
levels in amniocytes at 32 yM and in myocytes from 16 pM
(Figure 1A and 1B). If CRTH2 is expressed in amniocytes and
myoeytes and is the mechanism of action of 15dPG]2, we would

expect a small molecule CRTH2 agonist to replicate the effect of

Myocytes

i — pB5

palh I —— B-actin
+ + + + o+ + o+ o+ IL-1g
0 0 01 1 2 4 B 16 32 15dPGJ2

Figure 1. 15dPGJ2 reduced NF-kB p65 activity in amniocytes and myocytes. Protein was extracted from IL-1f stimulated and 15dPGJ2
treated cell and levels of nudear p65 were examined using immunoblotting. A dose response of 0.1-32 yM of 15dPGJ2 was used (n=3)
Representative immunoblots are shown for amniocytes, (A), myocytes (B). Immunoblots were re-probed for fl-actin as an internal loading control

doi:10.1371/journal pone 0050734 g0o01
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Figure 2. Pyl A has no effect on NF-kB p65 activity in amniocytes and myocytes. Protein was extracted from IL-1§ stimulated and Pyl
treated cells and levels of nuclear p65 and phosphorylated p65 (p-p65) were examined using immunoblotting. A dose response of 0.1-32 uM of Pyl A
was used. Representative immunoblots are shown for amniocytes, (A) and myocytes (B). Immunoblots were re-probed for f-actin as an internal
loading control. Densitometric analysis of the immunoblots was conducted revealing no effect of Pyl A on p65 or p-p65 in amniocytes (C, E) or
myocytes (D, F). NS =non-stimulated (non-IL-1f treated cells). Effect of treatment was examined for statistical significance using ANOVA of repeated

measures with Bonferroni’s multiple comparison test; *P<0.05.
doi:10.1371/journal pone.0050734.g002

15dPGJ]2 We therefore examined the effect of the CRTH2 agonist
Pyl A on 11-1 induced NF-xB in amniocytes and myocytes to
determine if the small molecule agonist could replicate the effects
of 15dPGJ2. NF-xB activity was assessed by examining nuclear
p65 and phospho-p65 by immunoblot. There was no difference in
IL-1B stimulated NF-kB activity seen with Pyl A treatment in
either cell type. Representative immunoblots for amniocytes and

PLOS ONE | www.plosone.org

myocytes are shown in Figures 2A and 2B respectively, with
densitometric analysis taking into account B-actin loading controls
seen in Figures 2C-F.

CRTH2 mRNA is Expressed in Amniocytes and Myocytes
The absence of Pyl A mediated inhibition of NF-xB in
amniocytes and myocytes led us to question if this was due to a

5 November 2012 | Volume 7 | Issue 11 | e50734
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Figure 3. CRTH2 mRNA is expressed in amniocytes and myocytes. mRNA was isolated from cultured amniocytes, myocytes, PBMCs,
choriodecidual and placental extracts and converted to cDNA (n=6). Qualitative PCR was used with three primer sets to amplify CRTH2 showing
product sizes of 309 bp, 265 bp, and 114 bp. Non-template and reverse transcriptase negative controls were used and mRNA from placenta,
choriodecidua and peripheral blood mononuclear cells were used as a positive controls. (A B): Non-template control (lane 1), amniocytes (lane 3),
choriodecidua (lane 3), myocytes (lane 4), placenta (lane 5); (C): Reverse transariptase controls (lanes 1,3,5,7,9), PBMCs (lane 2), amniocytes (lanes 4,6),

myocytes (lanes 810).
doi:10.1371/journal pone 0050734.g003

lack of expression of CRTH2 in these cells, or, alternatively that

there is no role for CRTH2 in 15dP(]2 mediated inhibition of

NF-kB. Accordingly, CRTH2 mRNA and protein expression of in
amniocytes and myocytes was examined by POR and western
analysis. CRTH2 mRENA was detected in amniocytes and
myocytes as well as choriodecidual tissue and placental tissue
with two primer sets. Placenta served as a positive control [24] and
non-template negative controls were included (Figure 3A and 3B).
A third primer set was used as confirmation of consistent
expression in amniocytes and myocytes with reverse transcriptase
negative controls and PBMCs as a positive control (Figure 3C).
N =6 biological replicates were examined.

CRTH2 is not Expressed at the Protein Level in
Amniocytes and Myocytes

Western analysis of endogenous CRTH2. CRTH2 ex-
pression at the protein level was then examined by imrmunoblot
using the CRTH2 antibody Sc-23092 (Figure 4). 50 pg of total
protein derived from PBMOC whole cell lysate, amniocytes,
myocytes was used. Multiple bands are seen in both the positive
control (PBMCs) and in the amniocyte and myocyte lanes. A band
appears at Mr—~34 (00 in amniocytes, faintly in the myocyte lane,
but is absent in the positive control PBMGs lane. However, the
strongest bands appear at M,~15 000 and at just above M,~43
000 in all lanes. No culture dependent effect was seen as
demonstrated by myocytes from passage 04 in panel C,
Figure 4. With the absence of CRTH2 detection in the positive

control, we cannot determine the presence or absence of

endogenous CRTH2 in amniocytes and myocytes from this
immunoblot alone.
of CRTH2? in the pSG5 expression
With the possibility of very low endogenous protein
expression of CRTH2 explaining the reason for the antibody
failing to detect CR'THZ in the positive control of the immunaoblot
in Figure 4, we cloned and synthesised CRTHZ2 using an n-vitro
transcription translation kit to form a highly concentrated CRTH2
protein lysate to serve as a positive control. A band at M,~ 34 000,
consistent with the reported expected size could be dearly
observed following detection of radioactive **$ Methionine by x-
ray film (Figure 5A). The protein lysate was then lbaded and
transferred onto immunoblots and probed with three commer-
cially available antibodies designed for western blotting. No band
was detected at M,~34 000, with non-specific bands appearing
also in the negative control of the TNT kit without plasmid DNA
[Figure 5B-1).

Detection  of  endogenous CRTH2 by flow
Several smdies have used commerdally available

Detection
vector.

cytomeiry.

antibodies for flow cytomerry successfully for the detection of

endogenous CRTH2 |27,51,532]. Similarly, we were able to detect

PLOS ONE | www.plosone.org

endogenous CRTH2 by flow cytometry on human lymphocytes.
Lymphocytes were gated based on forward and side scarter profile.
A representative cytogram is shown with CRTHZ/CD4 cells
seenin the right upper quadmnt (Figure 6A). 1.6% of lymphocytes
were CRTHZ™/CIM™, and 0.57% were CRTH2Z7/CD4™. A
representative histogram of cells with no staining, isotype control
and CRTH2 staining is shown, with the mean fluorescence
mtensity of 157.80 compared to 22.8 in the isotype control sample
(Figure 6B). No CRTH2 expression was seen in amniocytes or
myocytes, with a mean fluorescence intensity of 1441 with
labelling compared to 15.71 for the sotype in amniocytes; and
69.69 with labelling compared to 69.30 in the isotype control
labelled myocyres (Figure 6C and 61), n= 6. Table 3 summarises
the mean fluorescence intensity and percentage of cells expressing
CRTH? in the gated populations.

Detection of transfected CRTH2 in ammiocytes and
myocytes by flow cytometry. Since we could not dewct
CRTH? in amniocytes or amniocytes by flow cytometry we
transfected in a CRTH2 expression vector to confirm that
endogenous CRTHZ could have been detected if present. CRTH2
was detected in amniocytes and myocytes transfected with
CRTH2, as seen by an increase in the mean fluorescence
intensity. Representative histograms are shown for transfected
samples, with sotype controls for amniocytes (Figure 7A) and
myocytes (Figure 7B). The mean fluorescence intensity increased
from 87.75 in the isotype control to 14349 in amniocytes, and
from 68.84 to 96.97 in myocytes. A GFP transfection control is
shown to confirm adequate transfection efficiency (Figure 70).
Table 4 summarises the mean fluorescence intensity and
percentage of cells expressing CR'TH2 in the gated populations.

15dPGJ2 Inhibits Basal NF-xB Activity in PBMC's in a
Mechanism Independent of CRTH2

Thus far we have demonstrated that CRTH2 & not expressed at
detectable levels in amniocytes and myocytes. We therefore
proposed that CRTH2 does not play a rale in 15dPG]2-mediated
inhibition of NF-kB. To confirm this we treated PBMCs with
15dP(]2 with or without the CRTH2 antagonist, GSKCRTH2X
(m=6). 15dPG]2 showed complete inhibition of phospho-65
(P<<0.0001) which was not artenuated by pre-incubation with the
CRTH2 antagonist (Figure 8).

Discussion

Preterm birth accounts for 70-75% of neonatal morbidity and
maortality [33]. In 80-85% of cases of spontaneous preterm labour
<228 weeks there is evidence of intrauterine infection [34]. The
presence of inflammation can increase the risk of neonatal
morbidity, independently of premamrity [35]. Inflammatory
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Figure 4. Western blot of protein lysate from PBMCs, amniocytes, myocytes. 50 ug of whole cell lysate from PBMCs, amniocytes, myocytes
were subject to western analysis. Membranes were probed with the primary antibody -5C-23092 to detect a Mr~34 000 product (A; Lanes 1-3). The
secondary antibody control blot is also shown (B; Lanes 1-3). fi-actin was used as a loading control. Lane 1=PBMCs, lane 2=amniocytes, lane
3 =myocytes. Multiple bands are seen on the blot. A band appears at Mr—34 000 in amniocytes, faintly in the myocyte lane, but is absent in the
positive control PBMCs lane. However, the strongest bands appear at Mr--15 000 and at just above Mr~43 000 in all lanes. Myocytes from passage
zero, one, two, three and four (lanes 1-5 respectively) were also examined for CRTH2 expression showing a very faint band at Mr--34 000, with no
effect of passage number (C).

doi:10.1371/journal pone.0050734.g004
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Figure 5. Detection of radiolabelled CRTH2 in pSG5 expression vector by x-ray and immunoblot. The in vitro transcription translation kit
was used with 35° Methionine to demonstrate the expression of CRTH2 and to provide a positive control for detection of CRTH2. A Mr~-34 000
product was detected by x-ray (Lane 2). The progesterone expression vector was used as a control for the TNT kit (A). The protein lysate from the TNT
kit was subjected to wP_marn analysis; Negative Control: TNT kit with no plasmid DNA (lane 1), Negative control: Progesterone PSGS Expression vector
{lane 32), Positive controk 35° Methionine labelled CRTH2 (Lane 3), Cold Methionine CRTH2 protein product (lane 4). Membranes were probed with 3
commercial antibodies; SC-23092 (B), SC-21798 (C), ProSc 4027 (D). Mone of the antibodies detected CRTH2

doi:10.1371/journal pone 0050734 9005

cytokines, produced in association with infection, can activate the
transcription factor NF-kB. Since NF-kB controls the expression
of many labour associated genes and pro-inflammatory cytokines,
targeting the inhibition of NF-xB seems attractive to prevent both
infection induced preterm labour and the associated risk of brain
injury associated with inflammation. In this study we explored the
possibility that CRTH2 plays a role in  153dPGJ2-mediated
inhibition of N¥-xB both at a local level in cells of the maternal
fetal interface; amniocytes and myocytes, and systemically in
peripheral blood mononuclear cells. If this were true, then small
molecule agonists of CRTH2 could potentially be used in the
management of preterm labour.

We have previously shown that 15dPG]2 inhibits IL-1f induced
NF-kB activity in human amniocytes and myocytes through a
mechanism independent of the PPAR-y receptor [ 14]. 15dPGJ2 is
a CRTH2 agonist, and upregulates CDI11b expression in
eosinophils via CRTH2 [36]. This led us to examine the effect
of a small molecule CRTH2 agonist, Pyl A, on NF-kB activiry in
human amniocytes and myocytes. We saw no effect of Pyl A on
1L-1f stimulated p63 or phospho-p63 in either cell type (Figure 2).
We have also previously seen differing effects between 15dP(G]2
and Byl A on NF-kB acivity in the murine myometriom.
Intrauterine administration of 15dPGJ2 inhibits LPS induced
NF-B in the murine myometrinm and is associated with a delay
in preterm labour [16]. In contrast, Pyl A did not inhibir NF-xB
but instead angmented LPS stimulated NF-kB, which led to earlier
preterm delivery of the pups (unpublished data). Despite both
15dPG]2 and Pyl A activating the CRTH2 receptor, cross talk
may exist between their other downstream targets of varying cell
types, which could explain their contrasting effects when given
e,

Few studies have sought to characterise CRTH2 expression in
human gestational tissues. Helliwell er al examined mRNA
expression in amnion, choriodecidua and placental tissue [37].
They failed to detect CRTHZ2 in all 24 amnion samples, both
preterm and term. 3/12 preterm choriodecidual samples ex-
pressed CRTHZ, all three had histological evidence of choriam-
nionitis, whereas 7/12 term samples expressed CRTH2. All
placental samples had detectable but variable levels of CRTH2
mRNA, with no difference between preterm and term samples.
Nagata et al have reported detectable CRTH2 mRNA in many
human tissue types induding the placenta and non-pregnant

PLOS ONE | www.plosone.org

myometrium  [24]. Since CRTH2 & dassically expressed on
immune cells, it is plausible that the mRNA detected in these tissue
samples is from infiltrating leukocytes, which would explain why
CRTH2 can be detected choriodecidual samples associated with
choribamnionitis.

Several studies have examined the presence of CRTH2 positive
T cells in the decidua in early pregnancy in association with the
potential CRTH2 mediated bias towards the anti-inflammatory
Th2 cytokine profile at the maternal fetal interface [38,39,41].
The percentage of CRTH2" cells in CD4*/CD3* cells are higher
in the decidua than the peripheral blood in early pregnancy [38].
It has been proposed that decidual Th2 cells are recruited to the
maternal fetal interface by PGD2 mediated chemoatraction via
the CRTH2 receptor [39]. In this study we examined CRTH2 at
the cellular level and found detectable levels of CRTH2 mRNA in
amniocytes and myocytes with three primer sets (Figure 3), using
choriodecidua and placental tissue and PBMUs as positive
controls.
between 35 and 40 used for detection. This is consistent with
the low expression levels seen in other cell rypes such as monocytes
and dendritic cells, being amplified with up to 40 cycles [41].

To determine if the mRNA was translated into protein in
amniocytes and myocytes we used a polyclonal antibody against

the extracellular domain of CRTH2 intended for detection of

human CRTH2 at Mr~34 000 by immunoblot. This antibody
failed to convincingly detect CRTH2 in amniocyte and myocyte
protein lysate (Figure 4). Although a faint band was detected in
ammniocytes and myocytes, no band was detected in the positive
control (PBMCs). Since no band was detected in the positive
control, we cannot conclude with this immunoblot i CRTH2 is
endogenously expressed or not. There are relatively few studies
that have used western analysis for the detection of human
CRTH2 by western analysis. Zayed et al derected bands at
Mr~41 000 and Mr~55 000 for chondrocytes, using osteoblasts
as a positive control [26]. However, they did not include blocking
or secondary antibody controls to confirm specificity. CRTH2 has
previously been demonstrated in osteoclasts by immunohisto-
chemistry with appropriate secondary antibody controls [42].
However, sale of this antibody has since been discontinued
because of non-specificity. Colombe et al detected a band for
CRTH2 in keratinocytes and melanocytes at Mr~435 000 with the
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Figure 6. Flow cytometry for the detection of endogenous CRTH2. Lymphocytes were gated according to forward scatter and side scatter
and T helper cells were identified using CD4 as a cell surface marker (n=6). A representative cytogram is presented with the right upper quadrant
showing CRTH2"/CD4" lymphocytes (A). Histograms showing no staining, isotype control and CRTH2" labelled lymphocytes (B), amniocytes (C) and
myogytes (D), (n=5).

doi:10.1371/journal pone.0050734.g006

Table 3. An overview of the mean fluorescence intensities and percentages in the gated cells during detection of endogenous
CRTH2 in lymphocytes, amniocytes and myocytes.

Endogenous expression No stain Isotype-PE CRTH2-PE
Lymphocytes 12.98 (MFI) 0.0 (%) 22.8 (MFI) 0.66 (%) 157.80 (MF1) 1.70 (%)
Amniocytes 13.91 (MFI) 0.46 (%) 15.71 (MFI) 0.80 (%) 1441 (MFI) 047 (%)
Myocytes 71.38 (MFI} 2.06 (%) 69.30 (MFI) 1.44 (%) 69.69 (MF1) 125 (%)

doi:10.1371/joumal pone.0050734.1003
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Figure 7. Flow cytometry for the detection of transfected CRTH2. Amniocytes (A) and myocytes (B) were transfected using gene juice and
electroporation respectively with CRTH2 PSG5 expression vector and labeled with ant-CRTH2-PE. A small shift to the right is seen in the histogram
showing expression of CRTH2 in transfected cells with an increase in the mean fluorescence intensity from 87.75 in the isotype control to 143.49 in
amniocytes, and from 68.84 to 96.97 in myocytes. An example of a GFP control is given for the myocyte transfection, with cells imaged with phase
contrast and with the fluorescent microscope to detect GFP transfected cells (C). A direct comparison is also shown with non-GFP transfected cells
(D).

doi:10.1371/journal pone.0050734.g007
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CRTH2 in amniocytes and myocytes.

CRTH2 Is Not Expressed on Amniocytes and Myocytes

Table 4. An overview of the mean fluorescence intensities and percentages in the gated cells during detection of transfected

Transfected expression Mo stain

lsotype-PE CRTH2-PE

4520 (MFI} 0.04 (%)
63.88 (MFI) 0.69 (%)

Amniocytes
Myocytas

B7.75 (MFI) 0.26 (%)
G884 (MFI) 3.82 (%)

143.49 (MFI) 0.62 (%)
96.97 (MFI) 803(%)

doiz10.1371/joumal pone 00507 341004

same antibody, again without negative or secondary antibody
controls [28].

We cloned CRTH2 to provide a highly concentrated positive
control for detection by western analysis and flow cytometry.
CRTH2 was synthesized at the correct size of Mr—34 000
(Figure 5A), conforming roughly with the Kozak rule, and
consistent with the size determined by Nagata et al [19]. Nagata
et al raised three antibodies against CRTH2 which detected the
presumed ghveosylared form of CRTH2 at Mr~55 000 and the
Mr~34 000 CRTH2 product following oligosaccharide cleavage
ith Endo F, consistent with CRTH2 carrying N-glycosylation
sites as predicted by its amnio acid sequence.

Three commercially available antibodies failed to detect in vitro
rranslated CRTH2 by immunoblot (Figure 5B-1)). CRTH2 has 7
transmembrane domains which is typical of the G protein coupled
seven transmembrane receptor superfamily. There are two
potential sites for N-glycosylation in the first extracellular domain,

A

wkhd *hkk

2.0+

Vehicle J2 J2AGSKX

Fold change of phospho-p65/ p-actin

N

2

and four consensus sites for protein kinase ¢ phosphorylation on a
long cvioplasmic tail [19]. It s very likely that the antbodies
require the correct folding structure and/or post translational
modifications of the CRTHZ protein to bind to their epitopes. The
limitation of the cell free system is the mability to construct the

protein to its correctly folded structure or to reproduce the post-
translational modifications that exist in the cell, which may explain
why CRTH2 was not detected.

To overcome the lmitation of the cell free
transfected CRTH2 into amniocytes and myocyt
number of studies in which flow y stully detecred
human CRTH2 on immune cells [19,31,32,38,43 44]. Since no
conclusion could be made on CRTH2 expression in amniocytes
and myocytes by immunoblot, we used flow cytometry to examine
CRTH2 expression on amniocytes and myocytes, using PBMCs as
a positive control. We used a monodonal antibody raised against
the BMIG clone which has also successfully detected CRTH2 on

p-pB5

B-Actin

GSKX

Figure 8. The effect of 15dPGJ2 on basal NF-kB p65 phosphorylation in peripheral blood mononuclear cells. PEMCs were treated with
32 uM of 15dPGJ2 for 2 hours with or without preincubation with 2 uM of GSKCRTH2X for 45 mins. Whole cell protein lysate was examined for levels
of phosphorylated p6s (p-p65) using immunoblotting. A representative immunoblot from n =6 samples are shown (A). Immunoblots were reprobed
for fi-actin as an internal loading control. Densitometric analysis of the immunoblots was conducted revealing a complete inhibition of p-p65 levels
with 15dPGJ2. Pre-incubation with the CRTH2 antagonist GSKCRTH2X had no effect on inhibition (B). J2=15dPGJ2, GSKX =GSKCRTH2X. Effect of
treatment was examined for statistical significance using ANOVA of repeated measures with Bonferroni's multiple comparison test; **** P-<0.0001.

doi:10.1371/journal pone 0050734 g008
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non immune cells; human bronchial epithelial cells [27]. The
expression of CRTHZ is low in known cellular populations, with
between (0.4-65% of peripheral blood CD4™ cells expressing the
receptor  [19]. Our data is consistent with this, with the
representative sample showing 2.5% of CD4™ cells expressing
CRTH2, (Figure 6B). This antibody did not detect endogenous
CRTH2 in amniocytes and myocytes (Figure 6C and 6D).
However, CRTH2 was detected at low levels in transfected cells
(Figure 7A and 7B). The pSG5 expression vector leads to high
expression of multiple proteins in myocytes [30], and good
transfection efficiency was achieved as demonstrated by the GFP
control (Figure 7C). Therefore, the inefficiency of amniocytes and
myocytes to express a stable CRTH2 protein supports our
conclusion that CRTHZ2 & not endogenously expressed in
amniocytes and myocytes.

The absence of CRTHZ on human amniocytes and myocytes
imply that the mechanism of 15dP(3]2 mediated inhibition of NF-
kB is independent of CRTH2. Moreover, the CRTH2 antagonist
failed to attenuate the effects of 15dPGJ2 in peripheral blood
mononuclear cells confirming that CRTH2 plays no role in NF-
&B inhibition (Figure 8). There are several signalling pathways
known to be involved upon CRTH2 activation and contral the
varying effects of CRTH2 agonists. Indomethacin induces Ca™
mobilization via CRTH2 in Th2 cells, which is nhibited by
pertussin toxin indicating a G, dependent mechanism [453].
Indomethacin induced eosinophil morphological change and
upregulation of CD1lb via CRTHZ2 can be attenuated with
inhibitors of MAP Kinase and phosphatidylinositol 3-kinase
(PI3K), suggesting an important role for these signalling pathways
in CRTH?2 mediated effects [46]. PGD2 induces 1L-4, 1L-5 and
1L-13 production and cell migration in Th2 cells via CRTHZ,
which is also attenuated by inhibiting the PI3K pathway [47]. The
only ather study to explore the effect of CRTH2 agonists on NF-
kB showed that an IKB inhibitor had no effect PGD2 induced
eytokine production, however the NF-kB inhibitor rocaglamide
reduced PGD2 induced cytokine production by 30% [47]. The
authors of this study concluded that since PGD2 did not lead to an
increase phospho-IkB, a marker of NF-xB activation, that this
effect was likely to be non-pathway specific. Together with their
data showing no direct effect on NF-kB signalling upon CRTH2
activation with PGD2, our data also suppors no direct effect on
NF-kB signalling with CR'TH2 activation or inhibition (Figure ).

The CRTH? agonist 15dPG]?2 is an endogenous anti-inflam-
matory prostaglandin, formed from a non-enzymatic dehydration
of PGD2 [48]. It can accumulate intracellularly [49], and can be
measured endogenously in picomolar concentrations in body fluids
|50]. Although it is a high affinity ligand to the nuclear PPAR-y
receptor, lidP[}_]'Q inhibits NF-xB iride}'mndenﬂy' of this receptor
in amniocytes and myocytes [14]. We have previously shown that
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15dPGJ2 is able to inhibit multple steps in the IKK/NF-xB
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Conclusions

We have demonstrated that despite being able to detect low
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express CRTH2 at a detectable protein level. We conclude that
the mechanism of 13dPGJ2 mediated inhibition of NF-xB does
not mvolve CRTHZ2. Small molecule CRTHZ agonists are
therefore unlikely to be of value in the inhibition of inflammation
associated preterm birth.
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Introduction

Summary

We have previously demonstrated that the anti-inflammatory prostaglan-
din 15-deoxy-A 12,14-prostaglandin J, (15dPGJ,) delays inflammation-
induced preterm labour in the mouse and improves pup survival through
the inhibition of nuclear factor-kB (NF-kB) by a mechanism yet to be
elucidated. The 15dPGJ, is an agonist of the second prostaglandin D,
receptor, chemoattractant receptor homologous to the T helper 2 cell
(CRTH2). In human T helper cells CRTH2 agonists induce the produc-
tion of the anti-inflammatory interleukins IL-10 and IL-4. We hypothe-
sized that CRTH2 is involved in the protective effect of 15dPGJ; in
inflammation-induced preterm labour in the murine model. We therefore
studied the effects of a specific small molecule CRTH2 agonist on preterm
labour and pup survival. An intrauterine injection of lipopolysaccharide
(LPS) was administered to CD1 mice at embryonic day 16, = CRTH2
agonist/vehicle controls. Mice were killed at 4.5 hr to assess fetal wellbeing
and to harvest myometrium and pup brain for analysis of NF-kB, and T
helper type 1/2 interleukins. To examine the effects of the CRTH2 agonist
on LPS-induced preterm labour, mice were allowed to labour spontane-
ously. Direct effects of the CRTH2 agonist on uterine contractility were
examined ex vive on contracting myometrial strips. The CRTH2 agonist
increased fetal survival from 20 to 100% in LPS-treated mice, and inhib-
ited circular muscle contractility ex vivo. However, it augmented
LPS-induced labour and significantly increased myometrial NF-xB, IL-1f,

KC-GRO, interferon-y and tumour necrosis factor-x. This suggests that E]

the action of 15dPGJ, is not via CRTH2 and therefore small molecule
CRTH2 agonists are not likely to be beneficial for the prevention of
inflammation-induced preterm labour.

Keywords: 15-deoxy-A12,14-prostaglandin  J»; chemoattractant receptor
homologous to the T helper 2 cell; lipopolysaccharide; murine preterm
labour; nuclear factor-xB.

Currently, there is a drive to develop anti-inflammatory
therapies to not only delay preterm labour, but to prevent

Preterm labour is one of the most challenging complica-
tions of human pregnancy. Its incidence in the western
world remains between 6 and 15% depending on the
geography and demographics of the population.' It is a
heterogeneous condition,” with the only firm causal link
being that of infection.” Despite the increased awareness
of the association between infection and inflammation
and preterm labour,® there have been limited advances in

the treatment and prevention of preterm labour.

the long-term neurological damage thought to be a result
of the impact of pro-inflammatory factors on fetal
inflammatory response syndrome.

The transcription factor nuclear factor-xB (NF-xB),
which is classically associated with inflammation, is cen-
tral to regulating the biochemical pathways involved in
both term labour and preterm labour.” The oxytocin
receptor and cyclo-oxygenase-2 (COX-2) genes contain
NE-kB response elements in their promoter regions.®”
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Oxytocin receptor mediates oxytocin-induced myometrial
contractions through activation of phospholipase C and
downstream calcium release from intracellular stores.®
The COX-2 enzyme is the rate-limiting step for prosta-
glandin synthesis, which is responsible for uterine con-
tractions and cervical dilatation. The NF-xB is also
involved in the transcriptional regulation of matrix metal-
loproteinases, including matrix  metalloproteinase-9,
which are required for remodelling of the extracellular
matrix,9 leading to cervical ripening and fetal membrane
rupture. A positive feed-forward loop also exists from
activation of NF-xB by the pro-inflaimmatory cytokines
and subsequently their transcriptional activation, includ-
ing tumour necrosis factor-a (TNF-%) and interleukin-1§
(IL-1f)>'™"" Hence, premature activation of NE-xB by
pro-inflammatory cytokines, or activation of the Toll-like
receptors as a result of infection and inflammation, can
lead to the amplificaion of the pro-inflaimmatory
response and the transcription of the labour-associated
genes via NF-kB activation, resulting in preterm labour.

Inhibition of NF-xB is an attractive therapeutic target
because apart from inhibiting labour-associated genes
involved in uterine contractility, cervical ripening and
fetal membrane rupture, it would also target pro-inflam-
matory cytokine production, which may contribute to the
neurological damage seen independently of the effect of
prematurity. We have previously shown that 15-deoxy-A
12,14-prostaglandin ], (15dPGJ;), an anti-inflammatory
cyclopentenone prostaglandin, inhibits NF-xkB activity
and COX-2 in vitro in both human cultured myocytes
and amniocytes.”” In a murine model of inflammation-
induced preterm labour, 15dPG]; delays preterm labour
from 20 hr post lipopolysaccharide (LPS) injection to
30 hr post LPS plus 15dPGJ, injection. More importantly
15dPG]; improved pup survival from 30% with LPS, to
95% with co-injection of LPS and 15dPGJ,." The mecha-
nism by which 15dPGJ; inhibits NF-xB is not entirely
understood. The 15dPG], has more than one ligand,
including peroxisome proliferator-activated receptor-y**
and the second prostaglandin D; (PGD;) receptor chemo-
attractant receptor homologous to the T helper 2 cell
(CRTH2)."” We have shown that 15dPGJ, does not inhi-
bit NF-kB via the peroxisome proliferator-activated

H receptor-y receptor.”” Whether CRTH2 plays a role in the
mechanism of NF-kB and COX-2 inhibition by 15dPGJ,
is currently unknown.

CRTH2 is a G protein-coupled receptor linked to the
G subunit.' It is the classical receptor of the T helper
type 2 (Th2) cell,'” and has also been identified on eosin-
ophils' and basophils.” CRTH2 mRNA has been
detected in non-pregnant human uterine tissue,” placenta
and choriodecidua.”’ Prostaglandin D, stimulates the pro-
duction of the Th2 cytokines IL-4, IL-5, IL-13 and IL-10
in cultured Th2 cells in vitro.™ Interleukin-4 is a classic
Th2 cytokine that is able to inhibit the Thl response

directly, with IL-10 inhibiting the production of inflam-
matory mediators indirectly.” Interleukin-10 has also
been shown in the mouse to protect the fetus by reducing
fetal loss as a result of pro-inflammatory cytokines.” The
function of CRTH2 in non-immune cells remains
unclear.

We sought to determine if a small molecule CRTH2
agonist was able to mimic the effects of 15dPGJ, by exert-
ing anti-inflammatory effects and subsequently delaying
preterm labour and providing neuroprotection for the
fetus and increased pup survival. The effect of CRTH2
agonists on murine uterine contractility was examined ex
vivo using a myograph.

Materials and methods

Reagents

The small molecule agonist CRTH2, referred to from
now on as Pyl A, was synthesized commercially by Oxy-
gen Healthcare, (Cambridge, UK) and is chemically iden-
tical to the L-888 607 compound from the Merck Frosst
Centre for Therapeutic Research (Quebec, QC, Canada).®
The compound has an indole core with an acetic acid
side chain and a phenyl sulphide group, which is para-
substituted by a chlorine atom. Based on the pharmacoki-
netics of 5 mg/kg described by Gervais et al.,” 250 pg of
Pyl A was wed for intrauterine injection. The CRTH2
antagonist GSKCRTH2X was obtained from Glaxo Smith
Kline, (London, UK) and 15dPG], from Cayman Chemi-
cals (Ann Arbor, MI). Escherichia coli LPS serotype 0111:
B4 (Sigma, 5t Louis, MO) was used in the murine model
of inflammation-induced preterm labour.

Ethics statement

Human blood from non-pregnant women of childbearing
age was collected in accordance with the South East Lon-
don Ethics Committee approval Ref: 10/H0805/54, and in
accordance with Imperial College NHS Healthcare Trust
Research and Development department where recruit-
ment took place. All blood was collected with written
informed consent. Animal studies were performed under
UK Home Office Licence 70/6906 and in accordance with
the UK Animals (Scientific Procedures) Act of 1986, and
the Imperial College Ethics Review Board.

Flow cytometry of granulocytes for detection of CR3
(CD11b) expression

A protocol based on previous studies on CR3 (CDI11b)
expression was followed."® Four millilitres of human
blood was collected in sodium citrate vacutainers and the
granulocyte fraction was isolated by incubating 1:1
blood : 4-5% Dextran (Fluka Analytical) in PBS for B

2 @ 2013 The Authors. Immunology @ 2013 Blackwell Publishing Ltd, Immunalogy
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45 min at 4° The leucocyte fraction was centrifuged at
500 g for 10 min, and the pellet was resuspended in PBS
containing CaCl; (0-9 mm) and MgCly; (0-5 mm) and
counted. Cells were then pre-incubated at 37°, followed
by treatment with the CRTH2 agonists Pyl A or 15dPG].
for 15 min. The reaction was terminated by the addition
of 1 ml ice-cold FACSFlow. In experiments with the
CRTH2 antagonist, pre-incubation with GSKCRTH2X
was performed for 10 min at 37°. The cells were then
centrifuged at 400 g for 5 min at 4° and resuspended
in PBS with 2% fetal calf serum for labelling with
phycoerythrin-conjugated anti-CD11b and allophycocya-
nin-conjugated anti-CD49d for 10 min at 4° in the dark.
The red cells were then lysed by the addition of Optilyse-
C for 10 min in the dark at room temperature. Cells were
then washed and resuspended in PBS and 1% fetal bovine
serum for analysis. Eosinophils were identified as CD49d
positive and by high side and forward scatter. Flow
cytometry settings were as follows: Forward scatter EO
Voltage, 1-00 Amp gain Lin, and Side scatter of 329 Volt-
age, 1-00 Amp gain Lin.

Murine model of infection-induced preterm labour

CD1 outbred virgin female and stud male mice (Charles
River, Margate, UK) were purchased at 6-8 weeks of age.
All mice were housed in open cages at 21 +1°, on a
12 : 12 light : dark cycle regimen, with ad libitum access
to standard chow and water. Timed mating was per-
formed, with the presence of a copulatory plug being
classed as E0 (day 0) of gestation. A mini-laparotomy was
performed on embryonic day 16 (E16) of gestation corre-
lating with human gestation of between 33 and 34 weeks.
Morphine analgesia (2-5 mg/kg) was administered subcu-
taneously 20 min before surgery. Both uterine horns were
exteriorized and the number of live fetuses per horn was
determined. Twenty micrograms (25 ul total volume) Esc-
herichia coli LPS serotype 0111:B4 (Sigma) or sterile PBS
was injected into the upper right uterine horn between
the first and second sacs taking care not to enter the
amniotic cavity. Two-hundred and fifty micrograms Pyl
A or vehicle control was then injected between the second
and third sacs. Treatment groups consisted of (i) vehicle,
(ii) LPS, (iii) LPS and Pyl A and (iv) Pyl A alone.
Animals were allowed to recover before fetal wellbeing
assessment and tissue collection (myometrium and pup
brain) at 4-5 hr post injection. A qualitative assessment of
fetal viability was made in accordance with Pinto-Mach-
[ ado™ Fetuses were deemed viable if they were pink and
moved spontaneously or in response to stimulus. In sub-
sequent experiments dams were allowed to deliver spon-
taneously. Continuous monitoring was achieved via a
remote infrared CCTV system. A dose—response for the
LPS was first performed to obtain the lowest dose at
which preterm delivery was consistently obtained. For

CRTH2 agonist Pyl A in fetal death and preterm labour i

tissue harvesting, mice were anaesthetized and killed by
cervical dislocation. A laparotomy was performed imme-
diately and pups were killed by decapitation in accor-
dance with the project licence. Before processing tissue,
uteri were incised in the longitudinal direction and pups
were expelled. Right and left horns of the uterus were
snap frozen separately with placentas and vasculature
removed. Myometrium from the frozen left uterine horns
were used for analysis. Pup brains were alo extracted and
snap frozen. Tissue was stored at —80° until processing,

Protein extraction

Tissue was ground with a pestle and mortar in liquid
nitrogen and homogenized in whole cell lysis buffer
(150 mm NaCl, 20 mm Tris-HCI pH 7.5, 1 mm EDTA,
1 mm EGTA, 1% Triton X-100, with phosphatase Inhibi-
tor (Sigma) and protease inhibitor (Roche)). The homog- H
enate was incubated on ice for 5 min and centrifuged for
20 min at 13 000 rpm at 4°. The supernatant was stored |
at —80° until use. Protein quantification was performed
using the Bio-Rad assay, measuring absorbance at
655 nm (Bio-Rad, Hercules, CA).

SDS-PAGE and Western blotting

Approximately 15 pg extracted protein per sample was
resolved by SDS-PAGE and subsequently transferred onto
PVDFE membranes (GE Healthcare) at 100 constant V at [0
4°. Following transfer, the membrane was then blocked in
5% (weight/volume) milk in TBST x 1 for 1 hr. The I
membrane was then probed with phospho-p65 (Ser 536)
(Cell Signalling) primary antibody (1:1000 in TBS) [
overnight at 4° or COX-2 (Santa Cruz) primary antibody
(1 : 2000 in 1% milk in TBS) for 2.5 hr at room temper-
ature, followed by secondary antibody (1 : 2000 in 1%
milk/TBS) for 1 hr at room temperature. Chemilumines-
cence detection was then carried out with ECL Plus
(GE Healthcare). The membranes were developed using a
high-performance chemiluminescence film (GE Health-
care). Blots were scanned and densitometry was
performed with ImMace] (v1.44p). [14]

Detection of CRTH2 and interleukin mRNA

Total RNA was isolated from tissue with Trizol® accord-
ing to the manufacturer’s instructions. Tissue was washed
in PBS and homogenized using the power homogenizer
in 1 ml Trizol” per 100 mg of tissue. 1 pg RNA was
incubated with 1 pl DNase and 1 pl DNase buffer made
up to 10 pl volume with diethylpyrocarbonate-treated IH
water for 15 min at room temperature for removal of
contaminating DNA. Eight microlitres of the DNAse-
treated mix was incubated with 1 ul 10 mm dNTP and
1yl oligo-dT(12-18) (0-5 pg/ml) for 5 min at 65°. To

© 2013 The Authors. Immunology © 2013 Blackwell Publishing Ltd, immunalogy 3

291



Appendix 6: Paper 6 Accepted by Immunology Jan 2013

L. Sykes et al.

this mix, 2 ul 10X RT buffer, 4 g 25 mm MgCl,, 2 ul

M3 0-1 mum dithiothreitol, 1 gl RNAse Out and 1 ul Super-
script 111 was added. (In the reverse transcriptase controls
no Superscript 111 was added.) The mix was incubated at
42° for 10 min and the reaction was terminated at 70°
for 15 min. Then 0-5 gl RNAse H was added and the
mix was incubated at 37° for 20 min. Samples were
stored at —20° until further use. PCR was used to amplify
the cDNA. Paired oligonucleotide primers for amplifica-
tion of the genes of interest were designed to produce
amplicons where the intron/exon boundary was crossed
wherever possible. Non-template reverse transcriptase
controls were used. Table 1 provides the primers for

[E CRTH2, L-19, COX-2 and the cytokines IL-4, IL-10,
interferon-y (IEN-y) and TNF-z.

Multi-spot enzyme-linked immunosorbent assay

The mesoscale discovery multi-spot ultrasensitive mouse
Th1/Th2 9-plex assay was used as per the manufacturer’s
M protocol for the detection of the following cytokines:
ELIL-12, IFN-p, TNF-g, IL-1f, KC/GRO, IL-4, IL-5, IL-10
P and IL-2. Cytokines were quantified against an eight-
point calibration curve from 0 to 2500 pg/ml, constructed
from serially diluted standards provided by the kit. The
96-well multi-spot plate was blocked in 1% BSA in PBS
for 1 hr before the addition of 40 ug of murine myome-
trium or 100 pg of pup brain protein lysate and incu-
bated for 2 hr at room temperature. The multi-spot
ELISA plate was read using a Sanger 2400 imager. The
PN quantities of cytokines were determined against the stan-
dard curve and transferred into an exce spreadsheet for
further analysis.

Myometrial contractility

Mice were killed by cervical dislocation at E15-16 of ges-
tation; the uterus was harvested, kept in PBS on ice and
was used within 5 hr of harvesting. The uterus was dis-
sected either in the longitudinal or horizontal direction to
expel the fetuses and the placentas. Vasculature and
decidua were removed macroscopically, and 5 x 10 mm

strips were mounted on the DMT myograph (DMT,

Aarhus, Denmark) in the orientation dependent on the A

muscle type being examined; longitudinal direction for
longitudinal muscle and horizontally for the circular mus-
cle orientation. Strips were stretched to 3 g of tension in
the organ baths containing 4 ml Krebs solution (glucose
2-0 g/l, magnesium sulphate 0-141 g/l, potassium phos-
phate 0-16 g/l, potassium chloride 0-35 g/l, sodium chlo-
ride 69 gfl, calcium chloride dehydrate 0-373 g/l, sodium
bicarbonate 2-1 g/, pH 7-4) and was gassed with %% O
and 3% CO;. Tissue was allowed to equilibrate for
30 min. Cumulative dose responses were performed after
30 min of spontaneous contractions were recorded to
serve as baseline contractility. At the end of the experi-
ment 1077 M oxytocin was added to demonstrate strip
viability. Concentrations from 0-1 to 100 gm were added
every 20 min at the time of organ bath wash out. Con-
tractility was analysed using the PowemrLas software V

5.5.6 (ADI instruments) using the peak parameters exten- BE

sion. Data were transferred from the datapad of the Pow-
erLAB software onto an exce. spreadsheet for analysis.
Response to treatment was measured by normalizing to
baseline spontaneous contractility and divided by the
relevant time-point for the vehicle control

Statistical analysis

Experimental groups consisted of at least three replicates
unless otherwise stated. Statistical analysis was performed
with Graps-Pap Prism v5 (GraphPad Software, San Diego,
CA). One-way analysis of variance or analysis of variance
of repeated measures was conducted, with either Dunnett’s
or Bonferroni’s multiple comparisons tests. Samples with
P = 0-05 were considered to be statistically significant.

Results

CRTHZ mRNA

CRTH2 mRNA was detected in murine myometrium by
RT-PCR, using L-19 as a housekeeping gene. No signifi-
cant difference in CRTH2 expression was seen between

Table 1. Primer sequences used for amplifiation of CRTH2, cyclo-oxygenase 2 (COX-2), L-19 and the cytokines: interleukin-4 (IL-4), IL-10,

interferon-y (IFN-y) and tumour necrosis factor-x (TNF-x)

Forward 53 Reverse 53 bp
CRTH2 COTAGCCGTGAGCCTGCGACTG GGOGATTGCGGAGCCCACCACT 44
COX-2 AGCCAGGCAGCAAATCCTTGCTGTT TCAAATCCTGTGCTCATACATTCC 71
IFN-y AGCGGCTGACTGAACTCAGATTGTAG CGGGTGTAGT CACAGTTTTCAGCTGTATAGG 252
TNF-x CATCTTCTCAAAATTCGAGT GACAA TGGGAGTAGACAAGGT ACAACCC 175
IL-4 CGAAGAACACCACAGAGAGT GAGCT GACTCATTCATGGTGCAGCTTATCG 237
IL-10 ACCTGGTAGAAGT GATGCCCCAGGCA CTATGCAGTTGATGAAGATGTCAAA 181
L-19 GAAAAAGAAGGTCTGGTTGGA TGATCTGCTGACGGGAGTTG 72
4 @ 2013 The Authors. Immunology @ 2013 Blackwell Publishing Ltd, Immunology
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the treatment groups (Fig. 1). Amplification of CRTH2
was seen by cycle 33 and L-19 by cycle 19.

Pyl A up-regulates CR3 (CD11b) via CRTH2

The CRTH2 agonists PGD; and 15dPGJ; increase the
expression of CR3 (CD11b) on eosinophils and basophils
via CRTH2."*?7 Before experiments with the CRTH2 ago-
nist Pyl A, activity at the CRTH2 receptor was confirmed
by demonstrating up-regulation of CR3 (CDI11b) in
human eosinophils. We used flow cytometry to detect
CR3 (CDI11b) expression on eosinophils, identified by
high intensity CD49d expression and forward and side
scatter characteristics (Fig. 2). Up-regulation of CR3
(CD11b) expression with Pyl A treatment was demon-
strated by an increase in mean fluorescence intensity of
CD11b-PE (P < 0:01). This effect was attenuated with
previous incubation of cells with the CRTH2 antagonist
GSKCRTH2X (Fig. 2a,b). The effect of Pyl A was identi-
cal to the effect of 15dPGJ; in causing increased expres-
sion of CR3 (Fig. 2c).

Pyl A induces preterm labour in the mouse

We sought to determine if the CRTH2 agonist Pyl A had
the same tocolytic and feto-protective effect as 15dPGJ;
in delaying preterm labour in LPS-treated mice. A dose—
response  effect was demonstrated with LPS (serotype
0111:B4) since varying potencies can be seen between ser-
otypes and within batches.”® Administration of 20 pug LPS
led to reliable preterm delivery with the least variation
between mice (Fig. 3a). No surviving pups at the time of
delivery were seen with concentrations above 10 ug
(Fig. 3b). Subsequent experiments were performed with

CRTH2

L-19

Cc V.  PA LPS LPS
+PA

Figure 1. Murine myometrial CRTH2 mRNA. The mRNA was iso-
lated from murine uterus and converted o ¢cDNA (n = 3 per treat-
ment group). RT-PCR was used to amplify CRTH2 showing a
product size of 344 bp. No difference in CRTH2 expression was seen
between treatment groups. CRTH2 mRNA expression was compara-
ble between mice. C = Non-template control, V = vehicle, PA = Pyl
A, LPS = lipopolysaccharide.

CRTH2 agonist Pyl A in fetal death and preterm labour £l

20 ug LPS. Twenty micrograms LPS with wvehicle or
250 pg Pyl A was given by intrauterine injection under
general anaesthetic and mice were allowed to labour
spontaneously. Vehicle control mice delivered 64-5 hr
post injection and LPS-treated mice delivered 7-7 hr post
injection (P < 0-001) (Fig. 4a). Co-injection of LPS and
Pyl A augmented delivery to 5-8 hr (mean) post injection
(Fig. 4a). This effect was more pronounced with a higher
dose of Pyl A (500 pg) and lower dose of LPS (10 pg),
shortening delivery time from 14-7 to 8.7 hr post injec-
tion (P < 0-01) (Fig. 4b). Although at 250 ug Pyl A alone
did not induce labour, at 500 pg labour was induced at
44-8 hr post injection from 64 hr in the vehicle control
group. None of the vehicle control-treated mice delivered
preterm.

Pyl A prevents LPS-induced intrauterine death

We then determined if the CRTH2 agonist Pyl A main-
tained the same feto-protective effect as 15dPGJ, by
examining fetal wellbeing at 4.5 hr post intrauterine
injection of LPS with vehicle or Pyl A. Mice were anaes-
thetized and underwent a caesarean section. Fetuses were
assessed for viability by assessment of colour and move-
ment with or without mechanical stimulus. A significant
improvement in fetal viability was observed when LPS-
treated mice were co-injected with Pyl A compared with
LPS and wvehicle control. There was a clear difference in
the appearance between both groups, in that the LPS-
treated mice were clearly dead with no respiratory effort,
whereas the LPS/Pyl A-treated mice were pink, moved
spontaneously or with stimulus, and had respiratory
effort. Fetal survival was increased from 20% in LPS-
treated mice to 100% in LPS/Pyl A-treated mice,
(P < 0-0001) (Fig. 5a). However, following spontaneous
labour no pups were viable in the LPS-treated and LPS/
Pyl A-treated groups (Fig. 5b).

The effect of Pyl A on the inflammatory cascade in
the myometrium and fetal brain

To explore the mechanisms behind Pyl A-augmented
LPS-induced preterm labour, key mediators of inflam-
mation in the myometrium were investigated. Myome-
trium and pup brain were harvested at 4-5 hr post
intrauterine injection and Western blotting was used to
detect whole cell phospho-p65 and COX-2. Administra-
tion of LPS did not lead to an increase in NF-xB in the
myometrium; however, an increase was seen with
co-administration of LPS and Pyl A (P < 0-05) (Fig. 6a).
A reduction was seen in NF-xB in pup brain with LPS
compared with vehicle control, with no increase with
co-administration with Pyl A (Fig. 6b). No significant
difference in  COX-2 protein expression was seen
between treatment groups in the myometrium or pup
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Figure 2. The effect of Pyl A and GSKCRTH2X on CR3 (CD11b) expression on eosinophils. Pyl A (32 pym) was used to increase CR3 (CD11b) ET
expression on eosinophils. Pre-treatment with the CRTH2 antagonist GSKCRTH2ZX (100 pum) was used to confirm this effect was via CRTH2.
Eosinophils were identified by labelling with anti-CD49d and on the basis of forward and side scatter. A representative histogram reveals a clear
shift to the right with Pyl A treatment indicative of an increase in CR3 (CD11b) expression. This effect was attenuated with CRTH2 antagonist

pre-treatment (a). A summary of CR3 (CD11b) expressed in eosinophils with each treatment is shown in the graph (n

3) (b). The effect of Pyl

A on CR3 expression is identical to that of 15dPG].. A representative histogram is shown for the effect of both 15dPGJ; and Pyl A on CR3

expression (c). V
post hoc test was used; **P < 0.01.

brain at this time-point (Fig. 6c,d). However, the mes-
senger RNA of COX-2 was increased in the myometri-
um of dams treated with Pyl A and LPS compared with
other treatment groups (Fig. 6e).

The effect of Pyl A on inflammatory cytokines

We next sought to determine whether activation of
NE-kB resulted in downstream activation of pro-inflam-
matory cytokines. As the CRTH2 agonist PGD; induces
the production of the Th2 cytokines [L-10 and IL-4 in
human T cells,” we anticipated that Pyl A would lead to

vehicle, PA = Pyl A, GSK X = GSKCRTH2X. For statistical analysis, analysis of variance of repeated measures with Dunnett’s

an increase in these anti-inflammatory cytokines and an
inhibition of the pro-inflammatory cytokines. However,
consistent with NF-xB activation, Pyl A and LPS led to
an increase in the pro-inflammatory cytokines (Fig 7).
Messenger RNA of the Thl cytokines [EN-y and TNF-x B
was  significantly increased at 4.5 hr post injection
(P <005 and P <001, respectively); however, the
increase in protein expression did not reach statistical sig-
nificance. Protein expression levels of other pro-inflam-
matory cytokines were significantly elevated including
IL-1ff, KC/GRO (the murine chemokine equivalent of
human IL-8%%), and IL-12 (P < 0-05).
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Figure 3. Dose response of lipopolysaccharide (LPS) induced preterm labour. CD1 mice received an intrauterine injection of vehicle or LPS at
E16 and were allowed to deliver, (n = 310 per treatment group). No vehicle control mice delivered preterm and LPS induced preterm labour in
a dose-response effect, (a). No surviving pups were seen at an LPS dose of >10 pg (b). For statistical analysis, one-way analysis of variance with
Dunnett's post hoc test comparing all groups to the vehicle control was used; **P < 0.01, ***P < 0.001.
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Figure 4. The effect of Pyl A on lipopolysaccharide (LPS) -induced preterm labour. CD1 mice received an intrauterine injection of vehicle, LPS
or Pyl A at E16 and were allowed to deliver, (n = 4 per treatment group). No vehicle control mice delivered preterm, and at 250 ug Pyl A alone
did not induce preterm labour (a). LPS induced preterm labour in a dose response manner, and this effect was augmented with the addition of
Pyl A (b). V = vehicle, PA = Pyl A. For statistical analysis, one-way analysis of variance with Bonferroni’s multiple comparison’s test was used;
**P < 0.01,***P < 0.001.
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Figure 5. Effect of Pyl A on intrauterine fetal viability at 4.5 hr post intrauterine injection. Dams were killed at 4.5 hr post intrauterine injection
of 20 pg of lipopolysaccharide (LPS), 250 pg of Pyl A and pup viability was assessed (n = 3 dams). An average of 11-14 pups per dam was seen
in each treatment condition. Pyl A significantly increased viability at 45 hr post injection from 20% survival to 100% (a). In a subsequent exper-
iment mice were allowed to deliver spontaneously. No pups in the LPS-treated or LPS/Pyl A-treated groups survived premature delivery (b).
V = wehicle, PA =Pyl A. For statistical analysis, one-way analysis of variance with Bonferroni’s multiple comparison test was used;
*e00p < 0.0001.

protein expression of Th2 anti-inflammatory cytokines in
the myometrium and pup brains. There was no difference
in IL-4 mRNA between treatment groups, and protein
The mechanism of increased in utero fetal survival seen concentrations were below the detection level of the assay.
with Pyl A was explored by analysing the mRNA and There was a slight increase in the production of IL-5, and

The effect of Pyl A on the anti-inflammatory
cytokines
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an increase in both mRNA and protein expression of
IL-10, which did not achieve statistical significance
(Fig. 8). These interleukins were not detectable in fetal
brain samples (data not shown).

The effect of Pyl A on uterine contractility

To determine if Pyl A had a direct effect on uterine con-
tractility, uteri were harvested from mice on E15-16, dis-
sected and mounted on the myograph in the circular
orientation. Pyl A inhibited myometrial contractility from
a concentration of 10 ym (P < 0-01), with complete inhi-
bition seen with 100 ym (P < 0-001) (Fig. 9ab). The
effect of Pyl A on longitudinal muscle was also examined
by mounting the strips along the longitudinal orientation.
Contractility was not maintained in the longitudinal ori-
entation for the whole duration of the experiment in con-
trol strips to robustly examine the effect of Pyl A on

Figure 6. The effect of lipopolysaccharide
(LPS) and Pyl A on myometrial and pup brain
nuclear factor-kB (NF-kB) and cyclo-oxygen-
ase 2 (COX 2). Dams were killed at 4.5 hr post
intrautering injection and tissue was harvested
for protein analysis of phospho-p6S and
COX-2 (n = 3). Co-injection of LPS and Pyl A
increased myometrial phospho p65 (a), with
no effect on pup brain phospho-p65. Phospho-
p65 was decreased in brains of pups from
dams treated with LPS alone (b). Representa-
tive phospho-p65 immunoblots are shown for
each treatment group with B actin used as a
loading control. No significant changes in
COX-2 protein expression were seen in any
treatment group in both myometrium and pup
brain (c,d). However, an increase in messenger
RNA of COX-2 was seen in LPS-treated and
LPS/Pyl A-treated mice (). For statistical anal-
ysis, one-way analysis of variance with Bonfer-
roni's multiple comparison test was used;
*P < 0.05, ***P < 0.001.

longitudinal muscle contractility. Despite this, the clear
inhibition seen in the circular muscle was not evident in
the longitudinal strips (data not shown). The inhibition
of contractility in circular muscle was probably not
CRTH2-mediated because other agonists, 15dPGJ, and
13,14-dihydro-15-keto-prostaglandin D, (DK-PGD,), did
not have the same effect (Fig. 9c-f).

Discussion

The search for preventative therapies for both preterm
birth and related neurological injury has largely focused
upon anti-inflammatory strategies. It is generally accepted
that parturition is a pro-inflammatory event, with pre-
term labour being associated with an exaggerated inflam-
matory response and infection. When women present in
preterm labour, it is likely that inflammation precedes
any clinical symptoms. We have previously reported that
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Figure 7. Effect of lipopolysaccharide (LPS) 2
and Pyl A on the pro-inflammatory cytokines
in the myometrium. Dams were killed at

4.5 hr post intrautering injection of 20 pg
LP5/250 pg Pyl A and mRNA and protein was
extracted from the myometrium and analysed IL-1B
by PCR or ELISA (n = 3). With co-injection
of LPS and Pyl A, interferon-y (IFN-y) and
tumour necrosis factor-z (TNF-2) mRNA were
significantly increased (a) as well as protein
levels of intereukin-12 (IL-12), IL-1f§ and
KC-GRO (b). V= wehicle, PA = Pyl A. For
statistical analysis, one-way analysis of variance
with Bonferroni's multiple comparison’s test
was used; *P < 005, **P < 001 v
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the anti-inflaimmatory cyclopentenone prostaglandin and
CRTH2 agonist 15dPGJ; delay inflammation-induced
preterm labour in the mouse and increases pup survival.”
In this study we have examined the potential for acute
administration of a small molecule CRTH2 agonist to
improve both maternal and fetal outcomes in LPS-
induced murine preterm labour.

The CRTH2 agonist Pyl A was manufactured based on
the L-888 607 compound from the Merck Frosst Centre
for Therapeutic Research in which radioligand binding
assays were used to demonstrate the affinity of the com-
pound to the CRTH2 receptor.”® The CRTH2 agonist
activity of Pyl A was confirmed with a gold standard

CRTH2 agonist Pyl A in fetal death and preterm labour £l
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experiment based on the work of Cossette, Monneret and
MNagata, in which the CRTH2 agonists PGD3, DK-PGD3,
indomethacin and 15dPG]; cause up-regulation of CR3
(CD11b) in granulocytes."> " Pyl A caused a signifi-
cant increase in the expression of CR3 (CDI11b) in
human eosinophils, which could be attenuated by pre-
incubation with the CRTH2 antagonist GSKCRTH2X
(Fig. 2), further confirming activity at the CRTH2 recep-
tor. CR3 (CDI11b) up-regulation via CRTH2 is believed
to aid cell adhesion to the vascular wall for migration of
cells from the blood into tissue at sites of inflammation.™
The murine CRTH2 gene was first cloned and character-
ized by Abe et al** and shares 77% homology with the
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Figure 8. Effect of lipopolysaccharide (LPS)
and Pyl A on the anti-inflammatory cytokines
in the myometrium. Dams were killed at
4.5 hr post intrauterine injection of 20 ug
LPS/250 pug Pyl A and mRNA and protein was
extracted from the myometrium and analysed
by PCR or ELISA. No change in interleukin-4
(IL-4) mRNA expression was seen, and a non-
significant increase in IL-10 was seen with
co-administration of Pyl A and LPS (a).
Although there was an increase in protein lev-
els of IL-10 and IL-5 with co-injection of LPS
and Pyl A, this did not reach statistical signifi-
cance (b). V = Vehicle, PA = Pyl A.
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human CRTH2 receptor gene. The pharmacologies of the
human and mouse CRTH2 receptors are virtually identi-
cal, and the receptors share 90% homology within the
tr: brane dc ** The CRTH2 agonists PGD»,
DK-PGD,, 15dPGJ, and indomethacin all show activity
to the mouse CRTH2 receptor.” ™ 15dPGJ, binds to the
mouse CRTH2 receptor with an affinity several orders of
magnitude greater than that seen for peroxisome prolifer-
ator-activated receptor-7.*?*" We detected CRTH2 mRNA

10 ® 2013

0.01, ***P < 0.001.

in the mouse myometrium using the primers used by
Abe et al** (Fig. 1). There was no difference in mRNA
expression between vehicle and Pyl A-treated or LPS-trea-
ted mice and LPS/Pyl A-treated mice. However, the
degree of expression seen at the mRNA level suggests that
CRTH2 is expressed in the myometrium. Determining if
expression is seen on both myocytes and infiltrating leu-
cocytes or leucocytes alone has not been possible because
of the lack of available specific antibodies to murine
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CRTH2. Human studies have demonstrated mRNA
expression in the myometrium, but flow cytometry con-
firms the absence of the expressed protein in cultured
myocytes.'' CRTH2 positive leucocytes are also detected
in the endometrium and are likely to be recruited to
decidua via PGD,. "

We have previously reported that the CRTH2 agonist
15dPG), delays LPS-induced preterm  labour in  the
mouse, which is thought to be via NF-xB inhibition in
the myometrium.”” 15dPGJ, also inhibits NE-xB in
human cultured amniocytes and myocytes;'” however, the
mechanism by which NF-xB inhibition is achieved is
unclear. It was therefore hypothesized that Pyl A could
reproduce the effects of 15dPG]; of delaying preterm
labour by diminishing the pro-infl oy effect of LPS
via NF-xB inhibition. However, co-injection of LPS-
treated mice with Pyl A was found to exacerbate time to
preterm labour in a dose-dependent response (Fig 4b).
To establish the mechanism of Pyl A-augmented labour
onset we first examined the effect of Pyl A and LPS on
the pro-inflammatory and pro-labour transcription factor
NF-kB and its downstream targets. Treatment of animals
with Pyl A alone increased NF-kB activity in the myome-
trium, which was enhanced with co-administration of
LPS (Fig. 6a). The inability of Pyl A to inhibit NF-xB
implies that CRTH2 is not involved in the mechanism of
15dPGJ,-mediated inhibition. In support of this, we dem-
onstrated that CRTH2 is not required for 15dPGJ;- medi-
ated inhibition of NF-xB in human amniocytes, myocytes
and lymphocytes."!

Surprisingly, myometrial COX-2 protein levels
remained unchanged 4-5 hr post treatment in all groups.
As preterm labour was typically induced following LPS/
Pyl A treatment at 58 hr (SEM + 07) it was expected
that any COX-2 up-regulation in the myometrium should
have already been apparent by 4-5 hr post treatment. It is
possible that COX-2 was already up-regulated before
intrauterine injection in preparation for term labour,
which is one limitation of using a model at E16. Proges-
terone withdrawal in the mouse occurs late E16 and so
downstream activation of pro-labour genes is not likely
to have been initiated in our model™ Consistent with
this the majority of labour-associated proteins such as
PGE,, PGF,,, the oxytocin receptor and Connexin-43 are
not significantly up-regulated until E18.*% We have
shown, however, that COX-2 is suppressed in pregnancy
and is up-regulated from El6, which was not increased
further in term labour."” We further explored the possi-
bility that, despite seeing no change at the protein level,
COX-2 was still activated by LPS and LPS plus Pyl A.
Messenger RNA was indeed increased in LPS-treated
mice, and was further increased with co-injection of Pyl
A (Fig 6e). COX-2 requires peroxidases for activation
and the endogenous peroxide tone of smooth muscle cells
can be mimicked by nitration."™ Previous studies have

CRTH2 agonist Pyl A in fetal death and preterm labour @l

shown that peroxynitrite increases the activity of COX-2
with no alteration of COX-2 protein cxpression.w'w Con-
sistent with our results, Aisemberg et al.”' demonstrated
an increase in LPS-induced mRNA COX-2 with no effect
at the protein level. It is plausible that this is a result of
LPS-induced NO leading to the formation of peroxyni-
trite, which in turn, activates COX-2 without alteration
of protein expression. Alternatively, it is also plausible
that the nitrated form of COX-2 is not recognized by the
COX-2 antibody.

Analysis of pup brain extracts collected from LPS-trea-
ted dams revealed a decrease in levels of phosphorylated
p65 (ser 536). It is thought that this may reflect protein
degradation induced by the pre-terminal state of the live
pups (Fig. 6b). A significant increase in in utero fetal via-
bility was achieved with Pyl A treatment (Fig. 5a) but this
was not associated with altered NF-kB activity. This also
highlights the contrasting effects of Pyl A compared with
the 15dPGJ, because we have previously shown that
15dPG]; inhibits NF-xB in the pup brain of dams treated
with LPS."* Co-injection of Pyl A and LPS led to an
increase in the production of the pro-inflammatory cyto-
kines TNF-z, IFN-y, 1L-12, IL-1f and IL-8 (Fig. 7b). Pro-
inflammatory stimuli such as LPS™ and the cytokines
TNE-2* and IL-1°* have been shown to activate NF-xB
via the canonical pathway by phosphorylating serines,

leading to IxkB degradation and translocation of the B

NF-B complex into the nucleus, thereby activating gene
expression of pro-inflammatory cytokines, which aug-
ments the pro-inflaimmatory response in a positive feed-
forward loop.” The assessed cytokines were also increased
but to a lesser degree in the absence of NF-kB activation
with LPS treatment alone (Fig. 7a,b). It is therefore plau-
sible that LPS and Pyl A co-administration activates a
strong cytokine response, which then further induces NF-
kB activation via a feed-forward mechanism. Lipopolysac-
charide induces a strong inflammatory response and leads
to the recruitment of leucocytes.”® CRTH2 agonists also
chemoattract CRTH2-positive leucocytes,””  including
Th2 cells,'” msinophilss” and dendritic cells’” The
increase in inflammatory cytokines seen with combined
injection of both LPS and the CRTH2 agonist Pyl A may
be as a result of the increase in infiltrating leucocytes
rather than a direct effect on myocytes. Importantly,
CRTH2 is also expressed on Thl cells in the mouse,
unlike the human, which is likely to have contributed to
the unexpected pro-inflimmatory response seen in the
mouse.

Several murine studies with CRTH2 agonists/antagonists
and the use of CRTH2 knock-out mice have shown a pro-
inflammatory role for the CRTH2 receptor.™®*** ™ The
CRTH2 agonist DK-PGD; causes eosinophilia in mouse
lung®™ and intra-peritoneal administration of DK-PGD,
causes a two-fold induction of monocyte chemoattractant
protein-1 and a 25-fold induction of macrophage
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Fd inflammatory protein-2 (the functional equivalent of the

IL-8 receptor in the mouse).”® Furthermore, in a murine
study of FITC-induced inflaimmation of the skin (a model
of contact hypersensitivity), a CRTH2 antagonist was
found to significantly reduce the production of the pro-
inflammatory cytokines TNF-a, IL-1§ and the chemokines
macrophage inflammatory protein-2 and GRO-2.*" How-
ever, no distinction between the Thl or Th2 type cytokines
being modulated was made. Similarly reduced levels of
lung I[FN-y, IL-4 and IL-5 have been observed in a mouse
model of airway infl ion upon administration of a
CRTH2 antagonist.*

Our finding of increased fetal viability with Pyl A in
LP5-treated mice was surprising in view of the shortened
time interval from injection to delivery. Although follow-
ing spontaneous labour there were no surviving pups in
the LPS and LPS/Pyl A treatment groups (Fig. 5b). We
attribute this to the pups delivering preterm, based on
unpublished data showing non-viability at E16 even in
the absence of inflammation-induced preterm labour. The
CRTH2 agonists indomethacin and PGD; lead to an
increase in the production of the Th2 cytokines in human
T cells in vitro,”* which in turn can antagonize the Thl
response. In vitro stimulation of Th2 cells by PGD,
requires much higher concentrations to stimulate 1L-10
production compared with 1L-4, IL-5 and 1L-13."* We
therefore examined the effect of Pyl A on the Th2-type
anti-inflammatory cytokines in the myometrium (Fig. 8).
Although no changes in levels of IL-4 were detected, an
increase (non-significant) in IL-5 was observed (Fig. 8).
Moreover, a non-significant increase in IL-10 mRNA and
protein with LPS and Pyl A treatment was detected con-
sistent with improved protection against LPS-induced
fetal loss in mice™ as well as the reduced rate of naturally
occurring fetal loss in IL-10-deficient mice."

Although Pyl A led to a small increase in the pro-
labour transcription factor NF-kB and the pro-inflamma-
tory cytokines, we did not see an increase in COX-2
protein expression. We therefore examined the direct
effect of Pyl A on myometrial contractility ex vivo. Con-
trary to the expected uterotonic effect, Pyl A administra-
tion resulted in complete inhibition of circular muscle
contractility (Fig. 9), but had no effect on longitudinal
muscle. There is limited knowledge on the functional role
of the individual muscle layers of the mouse uterus, the
inner circular and outer longitudinal muscle, in preg-
nancy and parturition. In the myometrium of other spe-
cies such as the pig and rat, it has been suggested that the
function of the longitudinal muscle is to move luminal
contents by contraction® and that tonic contraction of
the circular muscle may be required for spacing and
retention of embryos/fetuses.” Circular muscle cells have
a higher spontaneous electrical activity than longitudinal
muscle cells during rat pregnancy,®® and weak high-fre-
quency contractions in the circular muscle layer prevent

movement of fetuses towards the cervix during
pregnancy,” supporting its potential role in the mainte-
nance of pregnancy. If circular muscle contraction is nec-
essary for retention of uterine contents, this would
explain how inhibition of circular muscle contraction by
Pyl A leads to preterm expulsion of the fetuses, as seen in
this study. Consistent with this, relaxation of uterine tone
is also believed to be important during human labour.”
It is proposed that relaxation of the lower segment of the
uterus, in conjunction with contractions of the fundal
region, is required for the passage of the fetus through
the birth canal.

Alternatively, relaxation of circular muscle may not be
important in murine labour. Many rodent studies suggest
that by term, the function of circular muscle becomes
more similar to the longitudinal layer, and that contrac-
tility of both the circular and longitudinal muscle is
required for labour.”"7* It is possible that despite the
inhibitory effect on contractions seen with Pyl A ex vivo,
that the overwhelming in vivo inflaimmatory effect was
enough to overcome the tocolytic effect resulting in pre-
term labour. It is also plausible that the in vive uterotonic
effect of Pyl A occurs through indirect stimulation of
immune cells and activation of the myometrium via an
inflammatory response, rather than a direct action of Pyl
A on myocytes. This is comparable to the indirect effect
of LPS-induced labour, because addition of LPS to
myometrial strips ex vivo does not lead to increased
myometrial contractility.

The observed inhibition in myometrial contractility
seen with Pyl A is likely to be through a CRTH2-inde-
pendent mechanism as the other CRTH2 agonists
15dPG]; and DE-PGD; did not show the same effect. At
higher concentrations, Pyl A is able to bind to other pro-
stanoid receptors with the rank of order of affinity as
follows: CRTH2> TP> EP3> DP> EP4> EPZ> FP> P>
EP1.*® Since the TP/IP/EP3/EP] receptors are considered
to be excitatory and the EP2/EP4 and DP1 receptors
relaxatory, we hypothesize that Pyl A may be having off-
target effects on one of the latter mentioned receptors.
The effect of DP1 agonists on murine contractility has
been investigated previously by several groups. We have
shown that the EP2 agonist, but not EP4 agonist, inhibits
human myometrial contractility.” Stimulation of the EP2
and EP4 receptors leads to cAMP production via the G
protein Gs leading to smooth muscle relaxation.” Hence
the effect seen in our study is potentially a result of
non-specific binding with the EP2 receptor.

Conclusion

This study presents evidence that the CRTH2 agonist Pyl
A augments a pro-inflammatory response in LP5-induced
preterm labour in the mouse. Pyl A shortened the time
interval from intrauterine injection to preterm delivery
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via increased NF-xB activity and increased production of
pro-inflammatory cytokines. We also demonstrated a
non-CRTH2-mediated inhibition of circular myometrial
contractility ex vivo, which was likely to contribute to
rapid expulsion of the fetus. Despite increased fetal viabil-
ity seen with Pyl A in LP5-treated dams, an overwhelm-
ing pro-inflammatory response was seen with the CRTH2
agonist in the mouse. This may be secondary to a func-
tional CRTH2 receptor on murine Thl cells, unlike in
humans. We conclude that 15dPGJ;-mediated inhibition
of NF-kB is not mediated via CRTH2. The CRTH2 ago-
nist seems to augment inflammation-induced preterm
birth, so CRTH2 is unlikely to be a suitable therapeutic
target for the prevention of preterm labour and neonatal
morbidity.
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