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Thesis Abstract

Chlamydia trachomatis (Ct), the most common sexually transmitted bacterium,
has been associated with adverse pregnancy outcomes including controversial
data on miscarriage, intrauterine growth restriction and low birth weight,
however the causative mechanisms are unknown. A successful pregnancy
requires normal endometrial stromal cell (ESC) decidualisation and trophoblast
invasion, processes that involve chemokine action and lead to successful
implantation. My objectives were to determine whether Ct infection impacts
upon ESC decidualisation and chemokine secretion on human primary ESC in-
vitro, to investigate the role of Ct infection in pregnancy in-vivo using a murine
model of pregnancy and to investigate the role of Ct in miscarriage in a

statistically powered case control study.

A novel finding is that Ct can infect and proliferate in ESC, resulting in
suboptimal decidualisation as measured by decidualisation marker prolactin’s
reduced mRNA and protein levels in infected ESC. Furthermore, the altered
secreted chemokine profile of decidualised ESC suggests an attenuated innate
immune response from infected ESC. Focusing on chemokines C-X-C motif
chemokine 12 (CXCL12) and CXCL16, important for trophoblast invasion,
decreased mRNA and protein concentrations were detected in infected

decidualised cells.

From the in-vivo mouse model of past Ct infection in pregnancy, it was
demonstrated that Ct infection did neither affect the fertility of the mice,
pregnancy or resorption numbers in C3H mice nor alter embryonic and
placental weight on e12 embryos. However, Ct infection caused reduction of

embryo and placenta weight on e14 embryos.

Finally, preliminary data from the case control study indicate that past Ct
infection is not associated with miscarriage. Our in house PGP3 ELISA that
detects past Ct infection was more sensitive than a commercially available
MOMP ELISA.
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My data suggests that Ct infection affects pregnancy during the implantation
stage by impairing decidualisation and altering chemokine secretion
predisposing for adverse pregnancy outcomes that include growth restriction

during later gestation.
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Lay abstract

Chlamydia trachomatis (Ct) is the most common sexually transmitted bacterial
disease worldwide. Controversial research data indicates that it may be a cause
of pregnancy complications including miscarriage, growth restriction of the
embryo during pregnancy and decreased birth weight. It is not yet known how
Ct infection can cause this, however it is known that a successful pregnancy is
determined during the first days, when the embryo attaches itself to a receptive
womb, a process called implantation. A womb is not receptive to an embryo
throughout the menstrual cycle, it has to prepare during every cycle for a
possible implantation, a process called decidualisation. Decidualisation
happens in a specific part of the womb that consists of cells called endometrial
stromal cells (ESC) and following decidualisation the functional role of ESC is
to allow and assist the implantation of an embryo. In combination with
generation of new blood vessels and invasion of the embryonic trophoblast (the
cells that will form the placenta) in the womb, these processes are essential for
a successful pregnancy. Signalling molecules of the immune system called
chemokines play an important role in regulating and coordinating all the above
processes. My assumption was that Ct infection interferes with decidualisation

resulting in pregnancy complications.

To investigate the effect of infection in decidualisation, | showed for the first
time that Ct can infect the ESC of the womb. The infected ESC seem to not be
able to undergo a decidualisation-like process they were subjected on as
efficiently as non infected ESC. This was measured by reduced levels of
molecules known to be essential for decidualisation and implantation,

including chemokines that guide foetal trophoblast cells during implantation.

Furthermore, to clarify whether maternal Ct infection that has been cleared
(past Ct infection) can affect pregnancy outcome and embryo growth I used a
mouse model of Ct infection. The mice were infected with Ct and a month later
were impregnated. The results from the Ct infected mice were compared to
pregnancy outcomes of mice that had not been infected. My experiments
showed that past infection did not affect the pregnancy rate of the mice and did
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not result change the number of miscarried pups when the pregnancy outcome
was examined on day 12 (el12) of mouse pregnancy. Also, there was no change
in the weight of the pups and the placentas on e12, however pups and placentas
from e14 of mouse pregnancy weighed less compared to their e14 counterparts

from mice that were not infected with Ct.

Finally, | examined women that miscarried compared to women with healthy
pregnancies to see if they had Ct infection in the past to verify whether this
increases the miscarriage incidence in women. Even though the study is not yet
complete, preliminary data suggest that past Ct infection is not likely to
increase miscarriage incidence. The same samples were tested using a
commercially available ELISA that proved to be less accurate at detecting past

infection in patients.

To summarise, the present study suggests that changes caused by Ct infection
in the womb can potentially disrupt delicate and strictly regulated processes
during early pregnancy that could lead to pregnancy complications such as
restricted embryonic growth. Since Ct is treatable but difficult to diagnose,
screening for Ct infection in high-risk populations could decrease these

incidents.
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1. Chapter 1: Literature review

1.1 Chlamydia trachomatis (Ct)

Chlamydia trachomatis (Ct) is the most common sexually transmitted pathogen
worldwide (Howie et al., 2011).

1.1.1 Taxonomy

Ct’s taxonomical lineage is: Chlamydiae/Verrucomicrobia group; Chlamydiae;
Chlamydiia; Chlamydiales; Chlamydiaceae; Chlamydia/Chlamydophila
group; Chlamydia. Ct serovars (bacterial strains that have different antigenic
properties as determined by a microimmunofluorescence test) A, B, Ba and C
infect mainly the conjunctiva and are associated with trachoma (Monroy and
Villalba-magdaleno, 2012). Serovars D, Da, E, F, G, Ga, H, I, J and K are
predominantly isolated from the urogenital tract and are associated with
sexually transmitted diseases (STDs), inclusion conjunctivitis or neonatal
pneumonitis in infants born to infected mothers (Clarke, 2011; Klint et al.,
2007; Monroy and Villalba-magdaleno, 2012). Serovars L1, L2, L2a and L3
can be found in the inguinal lymph nodes and are associated with
lymphogranuloma venereum (Clarke, 2011; Klint et al., 2007; Monroy and
Villalba-magdaleno, 2012).

1.1.2 Prevalence, symptoms, diagnosis, treatment,
persistence and vaccine

Ct prevalence is high, estimated at 97 million new cases in 2005 worldwide
(World Health Organisation (WHO), 2011). The most recent data from Public
Health England for 2015 show that the most commonly diagnosed sexually
transmitted infection was Ct as 200,288 infections were diagnosed, a small
decrease from 206,774 diagnoses made during 2014 (Health Protection Report,
2016). More specifically, 1.5 million young people aged 15 to 24 years old
were tested, the target population for the National Chlamydia Screening

Programme (Health Protection Report, 2016).
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Though untreated Ct infection is often asymptomatic in women, it can result in
mucopurulent cervicitis (Brunham et al., 1984), acute urethral syndrome
(Stamm et al., 1980) and pelvic inflammatory disease (PID, Paavonen and
Lehtinen, 1996). Reinfection with Ct can result in a strong adaptive immune
response and the increased inflammation may cause further damage to the
reproductive tract, as it is presumed to be the case in chronic PID (Hillis et al.,
1997; Price et al., 2013).

Diagnosis is carried out by PCR on swab samples. Treatment includes
administration of antibiotics, such as tetracyclines, azithromycin, or
erythromycin (Brocklehurst and Rooney, 2000; MedlinePlus, 2014).

Following infection, Ct can under specific conditions convert into a dormant
form that remains undetected by the immune system of the host. This form
does not multiply although continues to survive in the cell for 6 months up to 5
years (Meijer et al., 2005; Morré et al., 2002). In-vitro data have demonstrated
that exposure to penicillin and interferon-y (IFN-y) can result in “persistent” Ct
infection (Beatty et al., 1993; Lambden et al., 2006). Persistence also depends
on the serovar causing the infection, as it has been shown that serovar E has
lower clearance rate compared to other serovars (Meijer et al., 2005; Morré et
al., 2002).

There is no vaccine available for Ct yet, despite many attempts at developing
one (Cambridge et al., 2013; Peterson et al., 1999; Schautteet, Stuyven, et al.,
2011; Singh et al., 2006; Stary et al., 2015). These attempts often resulted in
partial to non prophylactic protection from Ct reinfection. However, even when
protection against reinfection has been demonstrated by a study (Brunham and
Rey-Ladino, 2005), there is significant serovar to serovar variation between
characteristic surface proteins such as major outer membrane complex
(MOMP) that hinders the development of a universal vaccine of the host
against any future infection. Furthermore, persistent Ct infection that results in
sophisticated mechanisms of avoiding detection from the host immune system
is an additional challenge that needs to be addressed (Brunham and Rey-
Ladino, 2005). Recent vaccines tend to shift towards prevention of disease

21


http://www.mendeley.com/research/mucopurulent-cervicitis-ignored-counterpart-women-urethritis-men/

rather than protection from reinfection, however an effective vaccine has not
yet been developed (reviewed in Brunham and Rey-Ladino, 2005; Schautteet,
De Clercq, et al., 2011).

1.1.3 Life cycle of Ct

Ct has two developmental stages, the infectious but metabolically inactive
elementary body (EB) and the metabolically active intracellular reticulate body
(RB). EBs measure from 200 to 400 nm in diameter, are susceptible to
penicillin and are resistant to mechanical shock. In contrast, RBs are between
500 and 1500 nm in diameter, are not infective or affected by penicillin
however they are susceptible to mechanical shock (Monroy and Villalba-
magdaleno, 2012). Ct is known to infect epithelial cells of mucosal tissues
(Hossain, 1989; Monroy and Villalba-magdaleno, 2012; Rdodel, Grosse, Yu,
Wolf, Otto, Liebler-Tenorio, Forsbach-Birk, Straube, et al., 2011). Briefly, as
seen in Figure 1.1, a Ct EB enters a host epithelial cell, transitions to RB that
multiplies by binary fission and approximately 24-48 hours later the RBs
transform to EBs, the host cell is lysed and the EBs are released to infect

nearby healthy cells.
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Figure 1.1. Life cycle of Ct in the female genital tract. The Ct infectious elementary body
(EB) enters a host epithelial cell of the female genital tract and transforms to the metabolically
active reticulate body (RB). RBs multiply by binary fission utilising host cell nutrients within a
protective membrane called inclusion and approximately 24-48 hours later the RBs transform
to EBs. The host cell is lysed and the released EBs are able to infect nearby healthy cells.
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1.1.3.1 Molecular mechanisms of Ct infection

The infectious process begins with attachment of an EB to an eukaryotic
epithelial cell (Dautry-Varsat et al., 2005). Ct serovars utilise slightly different
mechanisms of entry to host cells (Dautry-Varsat et al., 2005). Serovars such
as L1-L3 utilize a surface heparan-sulfate-like ligand that binds to a specific
host cell receptor that facilitates bacterial entry into the cell (Chen and
Stephens, 1997; Jian Ping Zhang and Stephens, 1992). Serovar E attachment to
the HEC-1B epithelial cell line was not affected by heparin or heparan
sulphate, indicating it enters host cells via another mechanism (Davis and
Wyrick, 1997). It has been suggested that serovar E uses lipid microdomains in
the host cell plasma membrane that are known as detergent insoluble
glycolipid-rich domains or lipid “rafts” (Stuart et al., 2003), however a more
recent study reported that serovar E is not using this mechanism (Gabel et al.,
2004). Although the paper by Gabel et al. does not show data from several
results, both studies appear to have conducted very similar experiments
including same concentration of drugs used to inhibit Ct infection of HelLa
cells. Another study has implicated the protein disulfide isomerase, a
component of the estrogen receptor complex, to attachment of serovar E to
endometrial epithelial cells (Davis et al., 2002). The precise entry process of

serovar E EBs remains therefore unclear to date.

Following internalization, a vacuole called inclusion forms from Ct-originating
vesicles in the infected cell. Ct, as an obligate intracellular bacterium, requires
host nutrients to proliferate whilst it modifies the cell defence mechanisms to
avoid destruction. All such interactions are facilitated by the inclusion
membrane. It was originally thought that Ct depends completely on the host
cell’s energy molecules ATP, GTP, CTP and UTP to acquire energy, however
it was later revealed that Ct can synthesize CTP (Tipples and McClarty, 1993).
Immediately after cell entry, Ct protein synthesis produces inclusion proteins
(Li et al., 2008; Scidmore-Carlson et al., 1999). Sphingomyelin and cholesterol
are both examples of materials required by the growing RBs and are
transported from the Golgi apparatus, a process that has been shown to involve

Ct encoded proteins such as the Ct inclusion membrane protein (IncA) and is
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promoted by microtubule trafficking (Carabeo et al., 2003; Hackstadt et al.,
1995, 1999; Richards et al., 2013).

As seen in Figure 1.2, it is believed that the Ct developmental cycle is
regulated at a transcriptional level and is divided in three stages (Nicholson et
al., 2003). Very little is known regarding the transformation of EBs to RBs that
occurs within the first 2-6 hours following internalisation. During early
differentiation of stage I, genes that are expressed are involved in transcription
or nutrient transport, genes inhibiting fusion of the Ct inclusion with the host
cell lysosomal pathway and inclusion membrane proteins (AbdelRahman and
Belland, 2005; Belland et al., 2003). Stage Il, 18 hours post infection, is when
RB proliferation has reached a plateau (Nicholson et al., 2003; Stephens et al.,
1998). Genes upregulated during this stage include “cell envelope biogenesis
components (18%), energy metabolism (11%), protein folding (3%), and DNA
replication, modification, repair, and recombination (4%)” and some genes that
are in common with stage 111 (Nicholson et al., 2003). During stage Il of the
developmental cycle, RBs transition to EBs, therefore proteins specific for EBs
are expressed among other genes (Nicholson et al., 2003). It is known that the
Ct cell envelope becomes rigid and septated at the time of transition from RB
to EB (Peterson and de la Maza, 1988).

Finally, at the end of a Ct life cycle, RBs transform back into EBs and EBs are
released by host cell lysis or extrusion (packaged EB release that leaves host
cell intact, Hybiske and Stephens, 2007).
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Figure 1.2. The three stages of Ct developmental cycle within the cell. Early differentiation
during the first 12 hours that is characterised by transformation of an EB to RB and
transcription of early stage genes that are involved in Ct growth and protection from host cell
defence mechanisms. During stage Il, up to 18 hours post infection, the RBs proliferate and
divide. Finally, 24 hours post infection the first RBs begin to transform to EBs that will infect
nearby cells when the cell is lysed 48 hours post infection. (Image adapted from open access
article Nicholson et al., 2003).

1.1.3.2 Host immune response to Ct infection

The host immune response to Ct has two stages: an early response caused by
the innate immune system and a more delayed response of the adaptive
immune system. The innate immune system acts both as a first barrier against
pathogens and as an activator of the adaptive immune system (lwasaki and
Medzhitov, 2010).

The innate immune system is the first line of defence against pathogens. It
includes physical barriers such as the epithelial cell barrier, the complement
system (a number of proteins found in the blood that enhance the ability of
phagocytes and antibodies to eliminate pathogens) as well as specialised cells
including mast cells, macrophages, neutrophils, dendritic cells (DC), basophils,
eosinophils and natural killer (NK) cells circulating throughout the whole
body.

Host—pathogen interactions are induced via host recognition of conserved
molecular structures of the pathogen that are known as pathogen-associated
molecular patterns (PAMPs). PAMPS are sensed by the host’s pattern
recognition receptors (PRRs). Several classes of PRRs recognize distinct
microbial components and directly activate immune cells (reviewed in
Uematsu and Akira, 2008). PRRs are expressed on innate immune cells such as

DCs, neutrophils, NK cells and macrophages. These receptors include among
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others the highly conserved among species family of transmembrane Toll-like
receptors (TLRs), the Scavenger receptors and the NOD-like receptors
(Dempsey et al., 2003; Iwasaki and Medzhitov, 2010; Kumar et al., 2011;
Meylan et al., 2006).

Ct is a Gram-ve bacterium that has an inner and outer membrane similar to
Gram-ve bacteria and a lipopolysaccharide (LPS) but does not have a
peptidoglycan layer (Monroy and Villalba-magdaleno, 2012). However, it does
not contain peptidoglycan (Hatch, 1996). As demonstrated in Figure 1.3, Ct is
known to contain unique PAMPs including MOMP (Caldwell et al., 1981) and
rough LPS (Heine et al., 2003). Ct LPS has been reported to be recognised by
both TLR2 (Erridge et al., 2004) and TLR4 (Heine et al., 2003). Another
known antigen of Ct that induces a strong immunological response is
Chlamydia heat shock protein 60 (Hsp60) that is located on the inclusion
(Raulston et al., 1998) and is recognised by TLR4 (Sasu et al., 2001).

Chlamydia
trachomatis KEY
MOMP:
Major Outer
Membrane
Protein
LPS:
D Lipopolysaccharides

Figure 1.3. Notable antigens of Ct include Lipopolysaccharides (LPS), Major outer
membrane protein (MOMP) and secreted plasmid protein PGP3. LPS is targeted by
pattern recognition receptors (PRRs) of the innate immune system whereas MOMP and PGP
are recognised by antibodies and memory cells of the adaptive immune system. These antigens
are also commonly used to detect presence of Ct in diagnostic and laboratory techniques.

If a PAMP is successfully recognised, signalling pathways that activate host
immune responses mediated by various cytokines and chemokines are
mobilised, including immune cell recruitment (Dempsey et al., 2003; Iwasaki
and Medzhitov, 2010; Kumar et al., 2011). These processes aim to eradicate

the pathogens from the host organism. One such chemokine that is known to be
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strongly induced by Ct infection in epithelial cells is C-X-C motif chemokine 8
or interleukin 8 (CXCL8 or IL8, Buckner et al., 2013; Das et al., 2010;
Natividad et al., 2009). CXCLS8 attracts neutrophils to the cite of infection
(Buckner et al., 2013; Das et al., 2010; Natividad et al., 2009). As seen in
Figure 1.4, other innate immune cells recruited in response to Ct infection
include macrophages and DCs. DCs secrete Interleukin 12 (I1L-12) that acts as
an attractant to NK cells (Bas et al., 2008; Hook et al., 2004; Lu and Zhong,
1999).

The NACHT, LRR, and pyrin domain-containing (NALP) protein family are a
subtype of the NOD-like receptor family. NALP proteins have an important
role in activation of proinflammatory caspases through formation of a complex
called “inflammasome”. NALP2/NALP3 inflammasomes contain the proteins
NALP2, NALP3, CARDINAL, the adaptor protein ASC and caspase 1. The
NALP1 inflammasome consists of NALP1, ASC, caspase 1 and caspase 5.
Both inflammasomes control the activation of proinflammatory cytokines IL-
1B and IL-18 (van de Veerdonk et al., 2011).
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Figure 1.4. Host immune response to Ct infection is facilitated by both the innate and the
adaptive immune system.

27



Following the innate immune response, defensive mechanisms of the adaptive
immune system are activated by antigen-presenting cells including
macrophages and DCs.

The adaptive immune system has two arms, humoral (antibody mediated) and
cellular (cell mediated). T-cells and B-cells are the main effector and memory
cells of adaptive immunity. In the thymus, naive T-cells that encounter self-
antigens are deleted (central tolerance). Mature T-cells that exit the thymus can
also become tolerant to antigens at other anatomical sites (peripheral
tolerance). T-cells are divided into distinct populations characterised by
specific cluster of differentiation (CD) markers expressed on each population:
CD4" T-cells mediate the innate immune response by secreting various
cytokines and this group includes include T-helper 1(Thl), T-helper 2 (Th2),
T-regulatory cells (Treg) and other subtypes. Cytotoxic CD8" T-cells are the
cells that have the potential to that “kill” infected cells, cancer cells and
generally damaged cells. T-cell activation is a highly complex process
(reviewed in Smith-Garvin et al., 2009). Briefly, to activate a cytotoxic or
helper T-cell to proliferate and differentiate into an effector cell, an antigen-
presenting cell provides a signal by an antigen bound to a MHC protein on the
surface of the presenting cell and a second signal provided by co-stimulatory
proteins. This process is known as antigen presentation. Following activation,
T-cells are believed to migrate from the thymus to other areas in the body. B-
cells, following activation via T-cells or APCs produce antibodies and interact
with various T-cell subtypes in a complex network that mediates the innate

immune response (Dempsey et al., 2003).

At the site of infection there is a strong inflammatory reaction mediated mainly
by activated CD4" T-cells with a Thl phenotype aiming to clear the Ct
infection (Hafner et al., 2008). Despite the fact that this dual response of innate
and adaptive immune systems is usually effective in clearing the pathogens, in
several cases Ct evades eradication resulting in a persistent infection. Ct uses a
plethora of mechanisms to evade the host immune response. It has been

established that Ct can infect macrophages and this results in cytotoxic effect
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of the macrophages on the T-cells via tumour necrosis alpha factor (TNFa)
secretion (Jendro et al., 2000, 2004). However, one of the most known
mechanisms is IFN-y mediated persistence (Perry et al., 1997). Thl cells
produce IFN-y, which is known to inhibit Ct reproduction (Perry et al., 1997).
The resolution of infection depends on the concentration of IFN-y. It is known
that high levels of IFN-y are associated with the clearance of infection whereas
in low levels the bacteria stop replicating however they survive within the cells

resulting in a persistent infection (Beatty et al., 1993).

1.2 Ct and adverse pregnhancy outcomes

As Ct infects the female genital tract, its role in adverse pregnancy outcome
has been a subject of research interest during the past decades. Studies indicate
a strong association with ectopic pregnancy supported by mechanistic data
(Bakken et al., 2007; Shaw et al., 2011). However, the data on miscarriage
(Baud et al., 2011; Wilkowska-Trojniel et al., 2009; Nigro et al., 2011), low
birth weight (Berman et al. 1987; Johnson et al., 2011; Blas et al., 2007),
intrauterine growth restriction (Investigators of the John Hopkins Study of
Cervicitis and Adverse Pregnancy, 1989; Vedmedovska et al., 2010) and
preterm labour (Hollegaard et al., 2007; Blaset et al., 2007; Silveira et al.,
2009; Johnson et al., 2011) are the subject of on-going debate.

Controversial data exist due to the many confounders that can affect pregnancy
outcomes in humans as well as issues with study design, including
underpowered sample size, difficulty in recruitment, variable diagnostic test
sensitivity that can differ significantly from study to study. Further research
into the potential association between Ct and these adverse pregnancy

outcomes is essential.
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1.2.1 Ct and miscarriage

1.2.1.1 Miscarriage definition and statistics

Miscarriage is the spontaneous loss of pregnancy during the first 24 weeks of
gestation (Figure 1.5), with the majority noted during the first 12 weeks. For
the majority of women, a miscarriage is an isolated event and is followed by a
successful pregnancy (“spontaneous miscarriage”, termed “miscarriage” from
this point onwards). A smaller number (0.5-1%) of women may experience
three or more successive miscarriages, a condition known as ‘“recurrent
miscarriage” (Bulletti et al.,, 1996). “Early miscarriage” is defined as
pregnancy loss during the first trimester of pregnancy (less than 12 weeks of
gestation) and occurs in up to one in five pregnancies. A “late miscarriage”
during the second trimester (12-24 weeks of gestation) is less common,
occurring in 1-2% of pregnancies (Hay, 2004). Foetal death from the 25" week

of gestation onwards is defined as stillbirth (Figure 1.5).
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Figure 1.5. Adverse pregnancy outcomes throughout gestation. (Image from Giakoumelou
et al., 2015, reproduced with publisher's permission).

Although miscarriage is considered the most common adverse pregnancy
outcome, worldwide figures are not available. It is generally accepted that
miscarriage occurs in 20% of all pregnancies (Everett, 1997; Hure et al., 2012).
Measurements from a recent Australian prospective cohort study including
14,247 women aged 18-23 years, indicate a miscarriage rate between 11.3 to
86.5 per 100 live births amongst different groups. Miscarriage occurred in 25%
of the women in the study when the women were 31-36 years old (Hure et al.,
2012). Contributing to the inaccuracy of miscarriage statistics is the fact that

many miscarriages remain unreported and are managed at home.
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Miscarriages are associated with physical and psychological morbidity. An
early miscarriage is managed expectantly, medically or surgically often with no
complications, however 2-3% of patients may develop an infection (Trinder et
al., 2006). Bleeding due to miscarriage can lead to haemodynamic shock and
maternal death (Everett, 1997). The emotional response of a woman to
miscarriage can include depression and anxiety (Blackmore et al., 2011). It was
reported that 25% of women one month after miscarriage display symptoms of
post-traumatic stress disorder (PTSD) and depression. Four months after the
occurrence, PTSD symptoms were reduced to 7% of the population, however
depression rates remained similar, an indication as to how seriously an adverse
pregnancy outcome can affect the psychological health of a woman (Engelhard
etal., 2001).

1.2.1.2 Aetiology of miscarriage

Approximately 50% of early miscarriages are attributed to chromosomal
aberrations such as a structural alteration or abnormal chromosomal numbers
of the foetus (Eiben et al., 1990; Suzumori and Sugiura-Ogasawara, 2010).
Several other factors have been associated with increased risk of miscarriage.
The age of both parents has a significant role as the risk of an adverse
pregnancy outcome is increased if the parents are 35 years old or older and it is
50% higher if the mother is 42 years of age (Fretts et al., 1995; de la
Rochebrochard and Thonneau, 2002; Maconochie et al., 2007; Nybo Andersen
et al., 2000; Slama et al., 2005). In addition, factors such as ethnic origin,
psychological state of the mother, very low or very high pre-pregnancy BMI,
feelings of stress, use of non-steroidal anti-inflammatory drugs, smoking and
alcohol consumption have also been associated with significantly higher rates
of miscarriage (Coste et al., 1991; Lashen et al., 2004; Maconochie et al.,
2007; Nielsen et al., 2001; Sopori, 2002). Moreover, it has been reported that
women whose first pregnancy resulted in miscarriage are at a higher risk of the
second pregnancy resulting in miscarriage compared to women who had a live
birth (Kashanian et al., 2006).
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1.2.1.3 Therole of infection in miscarriage
Maternal infection causes 15% of early miscarriages and 66% of late

miscarriages (Baud et al., 2008; Srinivas et al., 2006). It has been reported that
78% of 101 tissue samples from miscarriage were infected with bacteria
(chorioamnionitis), whereas all the control samples from medically-induced
abortions were uninfected in the same study (Allanson et al., 2010). Studies
published in the last five years suggest that infections such as bacterial
vaginosis, malaria, cytomegalovirus, dengue fever, brucellosis and HIV may
result in miscarriage (reviewed in Giakoumelou et al., 2015, Appendix 2). On
the contrary, there is no evidence to support that Coxiella burnetii, adeno-
associated virus, Bocavirus, Hepatitis C and Mycoplasma genitalium are
associated with miscarriage. More importantly though, there are contradicting
data regarding the effects of Ct, Toxoplasma gondii, Human papillomavirus,
human herpes virus 1&2, Polyomavirus BK, Hepatitis B and B19V infection.
The study quality and results reported in each individual study have been
assessed in the review included in Appendix 2 (Table 1.1,from Giakoumelou et
al., 2015).

Table 1.1. Pathogens and their association with miscarriage (from Giakoumelou et al.,
2015, reproduced with publisher's permission).

Bacteria Viruses Protozoa

Associated with miscarriage * Bacterial vaginosis (including Mycoplasma hominis and * Cytomegalovirus ¢ Malaria
Ureaplasma urealyticum) ¢ Dengue fever (Flavivius) (Plasmodium)

* Brucellosis o HIV

* Syphilis * Rubella
Litde or no evidence for association o Caxiella bumetii ¢ Adeno-associated virus * None
with miscarriage * Myaplasma genitalium * Bocavirus

* Hepatitis C

Conflicting evidence for association * Chlamydia trachomatis * Human papillomavirus * Toxoplasma gondii

with miscarriage * Herpes simplex virus |
and2
* Parvovirus BI9
* Polyomavirus BK
* Hepatitis B

HIV, human immunodefidency virus.

1.2.1.4 Therole of Ct infection in miscarriage

Several studies have been published regarding the association of Ct with
miscarriage and they will be discussed in more detail in Chapter 5. Briefly,
active infection has been shown to be associated with miscarriage in two

studies (Vigil et al., 2002, Arsovic et al., 2014), however a number of studies
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reported no association between active infection and miscarriage (Baud et al.,
2011; Gronroos et al., 1983; Munday et al., 1984; Sozio and Ness, 1998). On
the contrary, studies have been published in support of the association of past
Ct infection with miscarriage, with Ct prevalence ranging between 11%-69%
in miscarriages compared to 2-7% in healthy pregnant controls (Arsovic et al.,
2014; Baud et al., 2011; Licciardi and Grifo, 1992; Wilkowska-Trojniel et al.,
2009), a fact disputed only by one study (Paukku et al., 1999).

1.2.2 The role of Ct infection in low birth weight,
premature labour and intrauterine growth
restriction

1.2.2.1 Definitions, prevalence statistics and aetiology

Low birth weight is defined by the World Health Organisation (WHO) as birth
weight below 2,500g and is a significant cause of neonatal mortality and
childhood morbidity (Kramer, 1987; McCormick, 1985). The most recent
prevalence data from the US show that 8.0% of babies born in 2014 were born
with low birth weight, a percentage that remains unchanged since 2013
(National Vital Statistics Reports, 2015). In England and Wales in 2015, 7% of
babies had low birth weight, a percentage that remains unchanged since 2011
(Low birth weight of term babies, 2015). Low birth weight infants have been
shown to have decreased motor development and have moderate-to-severe
deficits in academic achievement, attention problems and internalising
behavioural problems that continually hinder these individuals compared to
their peers up to early adulthood (Aarnoudse-Moens et al., 2009; de Kieviet et
al., 2009). Low birth weight can be attributed to either premature delivery or
intrauterine growth restriction commencing as early as the first trimester
(Kramer, 1987; Smith et al., 1998).

Labour can be termed “preterm” or premature if the onset of labour is prior to
37 weeks of gestation (CDC - Centre for Disease Control and Prevention,
2013). Cases are classiffied as “extremely preterm” when gestational age is less
than 28 weeks, “very preterm” when gestational age is between 28 and 32
weeks and as “moderate to late preterm” from 32 to less 37 gestational weeks.

The most recent prevalence data from the US show that 11.4% of babies born

33



in 2013 were born prematurely (CDC - Centre for Disease Control and
Prevention, 2013). Premature labour has been associated with intrauterine
growth restriction (Ananth et al., 2001).

Intrauterine growth restriction (IUGR) is most commonly defined as
embryonic weight decreased by 10% compared to the expected weight at any
gestational age and it occurs in approximately 10% of pregnancies (American
College of and Gynecologists, 2013). IUGR is a significant cause of morbidity
and mortality among premature neonates (Garite et al., 2004). The aetiology of
IUGR is attributed to maternal, placental and foetal causes (reviewed in Suhag,
A & Berghella, 2013). Known maternal risk factors for IUGR include parity,
maternal age, a history of preterm delivery, smoking, short stature, low weight,
low weight gain (Horta et al., 1997; Wen et al., 1990) and many more. IUGR
caused by placental insufficiency occurs in up to 3% of all pregnancies (Suhag,
A & Berghella, 2013). The most common causes include abnormal
implantation such as placenta previa, reduced uterine blood flow and reduced
placental nutrient transport (Ananth et al., 2001; Battaglia, 2003; Laurini et al.,
1994). Similar results identifying these parameters have been previously
demonstrated by IUGR animal models such as sheep and rat (Block et al.,
1990; Gilbert and Leturque, 1982). Furthermore, disruptions of the innate
immune system in the fetomaternal interface including the lack of dendritic cell
activation in the maternal decidua have also been demonstrated in IUGR
pregnancies (Cappelletti et al., 2013). Common foetal factors known to result
in IUGR are often genetic such as chromosomal abnormalities (Snijders et al.,
1993). Additionally, preeclampsia is a serious condition that can occur in
pregnancy after 20 weeks and is associated with premature labour and ITUGR
(Srinivas et al., 2009). Finally, it has been suggested that maternal infection
with some pathogenic factors might result in IUGR, however the data is sparse
and further studies are required identify potential risk factors (reviewed in
Vedmedovska et al., 2015).
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1.2.2.2 Therole of Ct infection in low birth weight, premature
labour and intrauterine growth restriction

A prospective study of 801 women within 22 to 30 weeks of gestation
examined the role of several pathogens including Ct in IUGR and preterm
delivery (Investigators of the John Hopkins Study of Cervicitis and Adverse
Pregnancy, 1989). Active Ct infection was significantly associated both with
intrauterine growth retardation (odds ratio = 2.4, 90% Confidence Interval (CI)
1.32-4.18) and preterm delivery (odds ratio = 1.6, 90% CI 1.01-2.50) after
adjustment for confounding factors (Investigators of the John Hopkins Study of
Cervicitis and Adverse Pregnancy, 1989). Conversely, in a 1994 cohort study
of 13,914 women, active Ct infection was not associated with IUGR (Germain
et al., 1994). The above studies both used cell culture as a detection method for
Ct infection. New diagnostic tests with higher sensitivity than cell culture have
been developed such as PCR detection (Centers for Disease Control and
Prevention., 2014) and a new study should be carried out to investigate the

association of Ct infection and IUGR utilising modern detection methods.

A strong association of Ct infection with premature birth is supported by data
from several case control, cohort, retrospective or prospective studies
(Andrews et al., 2000; Baud et al., 2015; Folger, 2013; Hollegaard et al., 2007;
Martius et al., 1988; Rours, de Krijger, et al., 2011; Rours, Duijts, et al., 2011).
Ct was detected in 25% of IUGR placentae and was shown to induce placental

inflammation (Rours, de Krijger, et al., 2011).

There is little evidence regarding the role of Ct infection with low birth weight.
Among women with diagnosed Ct infection, recent Ct infection was identified
as a risk factor for low birth weight compared to persistent Ct infection
(Berman et al., 1987). A study associated maternal Ct infection with
bronchopulmonary dysplasia in very low birth weight babies (Da Silva et al.,
1997), however another study reported zero prevalence of Ct infection in low
birth weight babies (Garland and Bowman, 1996).
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1.3 The role of the maternal environment in
successful pregnancy

A receptive uterus and successful implantation are crucial factors for normal

pregnancy development.

1.3.1 Endometrial decidualisation and embryo
implantation

1.3.1.1 Anatomy of human endometrium

The human endometrium is the innermost layer of the human uterus (Figure
1.6). It undergoes cyclic remodelling in response to sex steroid hormones
during the menstrual cycle. The endometrium is comprised of luminal
epithelial cells and beneath them lies a stromal compartment that contains
endometrial fibroblasts/stromal cells (ESC), blood vessels created by
endothelial cells, secretory epithelial cells forming glands and several types of
immune cells including the uterine natural killer cells (UNK), DCs and
macrophages (Aplin et al., 2008a).

Endometrium Fallopian Tube

Uterus
Myometrium

Vagina

Figure 1.6. Anatomy of the human uterus.

The endometrium is composed of two layers; the basalis or basal layer and the
functionalis or functional layer. The basal layer is located over the

myometrium and does not alter significantly during the menstrual cycle. The
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functional layer contains the stromal compartment and the luminal epithelium
that are affected cyclically by the steroid hormones during the menstrual cycle
(Aplin et al., 2008a).

1.3.1.2 Endometrial decidualisation
A 28-day menstrual cycle has three distinct phases:

e Proliferative phase (days 5-14 of a 28-day menstrual cycle)

During the proliferative phase, the functional layer including the stromal
compartment and the luminal epithelium regenerate, recovering from the
previous menstrual phase. The main hormone of this phase is estrogen whose
actions are mediated via various receptors. The endometrial thickness is
increased from 1mm to 3-4 mm by ovulation (Figure 1.7, Aplin et al., 2008a).

e Secretory phase: Decidualisation (days 14-28 of a 28-day menstrual

cycle)

Around day 14 of a 28-day menstrual cycle, under the influence of anterior
pituitary gland hormones luteinising hormone (LH) and follicle-stimulating
hormone (FSH), ovulation occurs. During the secretory phase, the dominant
hormone in the endometrium is progesterone that is secreted by the corpus
luteum that in the ovary from a follicle following oocyte ovulation (Aplin et
al., 2008a; Graham and Clarke, 1997). In early secretory phase, the
endometrial glands proliferate and, at a later stage, angiogenesis occurs whilst

the stromal compartment undergoes decidualisation increasing in thickness.

Endometrial decidualisation is the process whereby, under the influence of
estrogen and progesterone (P4), the stromal compartment of the endometrium
proliferates and differentiates during the mid secretory phase of the menstrual
cycle (Figure 1.7, Aplin et al., 2008a). This process ensures that the
endometrium transiently becomes receptive to a blastocyst during a brief
period called the “window of implantation” at days 18-22 of a 28-day
menstrual cycle (Gellersen and Brosens, 2014a). The ESC undergo structural

changes as they become rounder and bigger as well as functional changes
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displayed by secretion of decidualisation-specific markers such as prolactin
(PRL, Gellersen and Brosens, 2014). Primary cells isolated from human
endometrium have been used in in-vitro studies as a model for investigating the
molecular events that occur during decidualisation, discussed further in section
1.3.6.

The molecular pathways of decidualisation are analysed in section 1.3.1.3.

e Menstrual phase (days 1-5 of a 28-day menstrual cycle)

If there is no blastocyst implantation, progesterone secretion ceases and as a
result of progesterone withdrawal the functional layer of the endometrium is
shed during the menstrual phase as the cells undergo apoptosis (Figure 1.7,
Aplin et al., 2008a).

Basement

membrane . :
Theca, - ]‘ _Granulosa % Blastocyst
v

4 Oome‘.j‘ Corpus Luteum

Pregnancy

<r
‘{ ro;mm W & J .3 '." Mature Corpus Luteum
S s a4 79 o
o Dominant o p ad 2
£ e Owulation

" 1 :
4’6 v%::ﬁs)q .¢ € N
L Py :
/&&‘é Menstruation
. 14 28

Figure 1.7. The menstrual cycle is governed by ovarian estrogen and progesterone
secretion. It has three phases; proliferative, secretory and menstrual phase. During the
proliferative phase, the functional layer of the endometrium regenerates under the influence of
estrogen. When secreted estrogen levels drop, due to an increase in progesterone the stromal
compartment commences decidualisation during the secretory phase. The stromal cells become
bigger and rounder and increased angiogenesis is observed as the endometrium prepares of a
possible blastocyst implantation (termed ‘decidualisation’). In the event of no implantation,
progesterone levels drop and the functional layer is shed during the menstrual phase. (Image
drawn by T Pinner and obtained from Prof Philippa Saunders).

1.3.1.3 The fetomaternal interface during implantation
In humans, the embryo enters the uterine cavity at 72-96 hours after

fertilization. Hatching of the embryo (escape from the zona pellucida) occurs
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by day 5 (about 110-120 hours after ovulation). The embryo is prepared to
implant, however whether this occurs depends on maternal receptivity and
whether implantation occurs during the window of implantation (Gellersen et
al., 2010).

A successful pregnancy depends upon maternal receptivity during the
implantation window. The importance of conception timing and ovulation has
been of interest for several years. In a prospective study of 221 women
attempting to get pregnant, it was shown that 84% of implantations occurred 8-
10 days post ovulation and late implantation was associated with early
pregnancy loss (Wilcox et al., 1999). Implantation is a process that involves
maternal and embryonic participation and interaction, however as the above
study highlights, a healthy embryo is unlikely to survive in a non receptive
uterus (Lessey, 2000).

Placenta formation begins as the embryonic trophoblast cells come into contact
maternal epithelium (blastocyst apposition) and differentiate further into
syncytiotrophoblast cells that invade the epithelial layer during blastocyst
adhesion (Figure 1.8A). Syncytiotrophoblasts, supported by the decidualised
stroma (Godbole et al., 2011), penetrate the endometrium and surround the
embryo, whilst it embeds itself in the stromal compartment at the final stage of
implantation (blastocyst invasion/embedment). A second trophoblast layer, the
cytotrophoblast, is an inner layer without contact with the maternal cells. At
days 10-12 of gestation, the embryo is completely embedded in the
endometrium, the epithelium has grown over it and the implantation process is
complete (Figure 1.8B). The maternal decidua is not “passive” during the
invasion process as it was widely believed for many decades; on the contrary it
was recently shown that the ESC acquire invasive capabilities in response to
trophoblast-derived signals and ESC migration is essential to facilitate

implantation (Gellersen et al., 2010; Grewal et al., 2008).

Trophectoderm in the blastocyst gives rise to the trophoblast lineages of the
placenta, whereas the placental stroma and vasculature rise from the

extraembryonic mesoderm. 20-22 days post conception, Vvasculogenesis
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commences as the first placental villi appear. The foetal heart begins beating
around day 22 of gestation, the embryonic circulatory system is formed around
day 32 and by day 45 blood begins to circulate in the placenta (Gellersen et al.,
2010; Godbole et al., 2011; Grewal et al., 2008).

Cytotrophoblast invasion of the uterine wall begins after implantation until
week 18 of gestation. As a result, cytotrophoblast cells infiltrate the maternal
decidua and spiral arteries, reaching as far as the uterine myometrium during
the second semester. The invasion of the maternal spiral arteries is essential for
the transformation of the vessels during pregnancy, that includes the loss of
vascular smooth muscle that results in reduced blood flow typical of the
fetomaternal interface during pregnancy (Gellersen et al., 2010; Godbole et al.,
2011; Grewal et al., 2008).
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Figure 1.8. Blastocyst implantation in receptive human uterus during the window of
implantation. (A) The trophoblast comes into contact with the epithelium and differentiates
further into syncytiotrophoblast that invades the epithelial layer. (B) Syncytiotrophoblasts,
supported by the decidualised stroma penetrate the endometrium and surround the embryo,
whilst it embeds itself in the decidual stroma. The implantation process is complete by day 12
of gestation, rendering the embryo completely embedded in the endometrium (from
Giakoumelou et al., 2015, reproduced with publisher's permission).

The process of implantation is highly complex and, although many key
pathways involved have been identified, new discoveries are still made
(reviewed in Salamonsen et al., 2015). P4 is an important regulator of
endometrial receptivity during the menstrual cycle and can also negatively
regulate trophoblast invasion via regulation of the matrix metalloproteinases
(MMPs, reviewed in Halasz and Szekeres-Bartho, 2013). MMPs mediate
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extracellular matrix degradation and are involved in several normal and
pathological processes, including implantation (reviewed in Nardo et al.,
2003). The blastocyst also utilises adhesion proteins, called integrins, during
the implantation window (Merviel et al., 2001). In addition, the blastocyst has
been shown to regulate apoptosis of the maternal epithelial cells in-vitro via the
Fas ligand pathway (Galan et al., 2000). Several studies confirm heparin-
binding epidermal growth factor (HB-EGF) is required for trophoblast cell
survival, in particular during hypoxic conditions (Armant et al., 2006; Imudia
et al., 2008). The action of HB-EGF is known to impact on decidual ESC
polyploidy and was shown to be mediated by cyclin D3 (Tan et al., 2004).
Increased HB-EGF levels were reported in maternal decidual cells and
placental stromal cells from miscarriages compared to normal pregnancies
(Ozbilgin et al., 2015). Finally, deregulation of serum and glucocorticoid-
inducible kinase 1 (SGK1) were shown to interfere with implantation and

predispose to pregnancy complications such as RPL (Salker et al., 2011).

1.3.2 Molecular pathways of endometrial decidualisation
Several molecular cues, pathways and cell types are involved in stromal cell
transformation to decidualised ESC. Decidualisation in humans will be

discussed first, followed by decidualisation in mice.

1.3.2.1 Endocrine signalling

As mentioned in paragraph 1.3.1 estrogen and P4, the ovarian steroid
hormones, predominantly control uterine physiology (Gellersen and Brosens,
2014a). The postovulatory rise in circulating progesterone, produced by
luteinizing granulosa cells, dictates the onset of decidualisation of estrogen-

primed endometrium (Aplin et al., 2008b).

1.3.2.2 Autocrine and paracrine signalling

The endometrial microenvironment is crucial to decidualisation; autocrine
signals from ESC and paracrine cues from neighbouring cell populations such
as epithelial cells, immune cells and endometrial vasculature cells all

contribute to successful decidualisation (Gellersen and Brosens, 2014a).

41



1.3.2.2.1 Prolactin (PRL)

PRL is a peptide hormone and its levels are correlated with the progression of
ESC decidualisation (Bole-Feysot et al., 1998), hence its extensive use as a
decidualisation marker in in-vitro studies (Telgmann and Gellersen, 1998).
PRL expression is regulated by P4 (Brosens et al., 1999). The role of PRL in
decidualisation and early pregnancy, though crucial, is not completely known
yet. It is has been reported that PRL has an active role in epithelial cell
differentiation, as it has been shown to promote epithelial cell growth via
crosstalk with the epidermal cell factor. It is known to be implicated in immune
cell regulation, to induce angiogenesis and promote trophoblast cell growth and
invasion (Corbacho et al., 2002; Montgomery, 2001; Reuwer et al., 2012;
Stefanoska et al., 2013). PRL also plays an important role in implantation and
early pregnancy as it has been demonstrated that prolactin receptor (PRLR)
knock-out mice have implantation failure (Lucas et al., 1998). PRLR has also
been shown to increase cell proliferation, implantation, angiogenesis,
trophoblast cell growth and immune regulation during early pregnancy
(Jabbour and Critchley, 2001). More recently it was shown that this effect
attributed to ovarian not uterine PRLR (Reese et al., 2000).

1.3.2.2.2 Growth factors

Decidualisation induces the expression of soluble and transmembrane HB-
EGF, which has many roles in pregnancy. It facilitates embryo development,
mediates implantation and is thought to have a function in endometrial
receptivity and maturation (as reviewed in Iwamoto and Mekada, 2000; Raab
and Klagsbrun, 1997).

Regarding in-vitro decidualisation, HB-EGF and its receptors EGFR and
ERBB4/HER4 are increased in ESC after CAMP treatment and its expression is
regulated by TNFo and TGFP, which suggests that it inhibits stromal cell
apoptosis whilst a decidualisation signal is present. Inhibition of HB-EGF
results in reduction of PRL and IGFBP1 (Chobotova et al., 2005).

Members of the transforming growth factor p (TGFp) superfamily, including

activins, inhibins and follistatin, play a major role in the paracrine/ autocrine
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regulation of the decidual process (as reviewed in Jones et al., 2002). TGFp is
a multifunctional modulator that is involved in processes ranging from
apoptosis promotion to cell differentiation both in health and disease in various
cell types and tissues (as reviewed in Wajant et al., 2003). It has three
isoforms, TGFB1-3. TGFBLl is induced by progesterone by endometrial
epithelial cells in-vitro and acts on stromal cells to commence PRL secretion
(Kim, 2006). Another autocrine modulator, a TGFB family member, is
LEFTY2, an important inhibitor of the NODAL signalling pathway (Derynck
and Zhang, 2003; Saijoh et al., 2000). LEFTY2 is increased during
decidualisation and is activated by pro-protein convertase 5/6 (PC5/6, Okada et
al., 2005; Tang et al., 2005). PC5/6 also activates vascular endothelial growth
factor (VEGF, Siegfried et al.,, 2003). VEGF, a known proangiogenic
modulator (as reviewed in Ferrara et al., 2003) is known to be activated by
CAMP (Popovici et al., 1999) and was shown to be increased in an in-vitro
decidualisation model (Matsui et al., 2004). Endothelial growth factor (EGF) is
another angiogenic factor that was recently shown to be increased during the
secretory phase together with VEGF (Modller et al., 2001), however its role in

decidualisation has not been further investigated.

Furthermore, activin and inhibin pathways as well as notch and lipid signalling,
such as endocannabinoids and phosphatidic acid are also involved in

decidualisation (as reviewed in Gellersen and Brosens, 2014).

1.3.2.3 Regulation of endometrial decidualisation

Progesterone and cAMP signalling pathways are crucial for successful
decidualisation and both are required for the process to be completed (Brosens
etal., 1999).

P4 acts by binding and activating progesterone receptor (PGR). Two main PGR
isoforms act in the endometrium, PGRA and B, which are both regulated by
estrogen (Kastner et al., 1990). PGRA and PGRB regulate different genes and
pathways and PGRA even acts as a suppressor of PGRB (Gao et al., 2000;
Kastner et al., 1990; Lockwood et al., 2000). Progestin-dependent activation of
the MAPK pathway through c-Src is mediated by PGRB (Migliaccio et al.,
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1998). PGRB together with the estrogen receptor B also induce MAPK and
AKT activation in response to progestin signalling (Vallejo et al., 2005).

PGRA is the main PGR isoform in the endometrial stromal compartment (Mote
et al., 1999). It was also shown to be a stronger activator of insulin-like growth
factor-binding protein 1 (IGFBP1) and decidual PRL promoters than PGRB
(Christian, Pohnke, et al., 2002; Gao et al., 2000).

Cyclic adenosine monophosphate (CAMP) is a ubiquitous second messenger
produced upon binding of extracellular ligands to Gs protein coupled receptors.
Subsequent activation of membrane-bound adenylyl cyclase leads to generation
of CAMP from adenosine triphosphate (ATP). A major target for CAMP is
protein kinase A (PKA), a holoenzyme composed of two regulatory and two
catalytic subunits. Binding of two cAMP molecules to each regulatory subunit
leads to dissociation of the catalytic subunits, which in turn catalyse
phosphorylation of various cytoplasmic target proteins (as reviewed in
Skalhegg and Tasken, 2000). Catalytic subunits also phosphorylate and
activate nuclear targets like cAMP response element (CRE) binding protein
(CREB) or the related CRE modulator (CREM) (as reviewed in Lamas et al.,
1996; Mayr and Montminy, 2001) that act as activators of a plethora of genes.

Together, cAMP and progesterone are known to significantly induce
expression of decidualisation markers IGFBP1 and PRL in-vitro decidualised
ESC, thus providing a reliable in-vitro model of decidualisation (Brosens et al.,
1996, 1999). Many other genes are induced or suppressed during
decidualisation and some of them have been identified in a microarray analysis

of human decidualisation (Brar et al., 2001).

Crucial to the decidualisation process, downstream of PI3BK/AKT pathway are
the Forkhead box (FOXO) subfamily of Forkhead transcription factors that are
involved in cell cycle arrest, senescence, and apoptosis as well as cellular
differentiation (as reviewed in Accili and Arden, 2004; Downward, 2004;
Greer and Brunet, 2005). Phosphorylation in response to SGK1 or AKT results
in the cytoplasmic retention of FOXO3A resulting increased proliferation
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(Brunet et al., 2001). FOXO1 is significantly upregulated in the human
endometrium during decidualisation in-vivo, an effect also seen in-vitro
(Christian, Zhang, et al., 2002; Labied et al., 2006). FOXOL1 is required to
activate IGFBP1 and PRL in ESC (Gao et al., 1999; Kim et al., 2005).

IGFBP1 and PRL are also regulated by HOX transcription factors, proteins that
bind DNA through a conserved sequence, the homeobox. HOXA10 and
HOXA11 both can induce these two classic decidualisation markers (Godbole
and Modi, 2010; Lynch et al., 2009).

A plethora of other signalling pathways, molecules and transcription factors are
involved in decidualisation, an indication of how tightly regulated this process
is in humans (reviewed in Gellersen and Brosens, 2014b).

1.3.3 Decidualisation and early pregnancy in mice

1.3.3.1 Anatomy of the mouse uterus and estrous cycle

The mouse (Mus musculus) reproductive tract is bilateral as it consists of two
ovaries, a bicornuate uterus (two oviducts, two uterine horns), one cervix and
one vagina (Figure 1.9). All these organs respond to hormonal changes due to
the mouse estrous cycle and are very dynamic as they undergo many
morphological changes during estrous cycles and gestation (Bertolin and
Murphy, 2014).

The mouse uterus consists of the perimetrium, myometrium, endometrium,
lumen, endometrial epithelium, stromal compartment that contains several
immune cells and the uterine glands (Figure 1.9E). The mesometrium (the part
that is closer to the abdominal cavity and contains uterine vessels and nerves)
when decidualised contributes to the formation of placenta. The
antimesometrial region (opposite the mesometrium) decidua supports the

embryo during early pregnancy (reviewed in Groothuis et al., 2007).

In female mice, similarly to women, gonadotropin-releasing hormone (GnRH)
released by the hypothalamus causes secretion of LH and FSH from the

gonadotrophs of the anterior pituitary, leading to ovulation (Bertolin and
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Murphy, 2014). Ovarian follicles secrete estrogen, the action of which is
followed by progesterone to render the endometrium receptive to implantation

(Groothuis et al., 2007).
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Figure 1.9. Mouse uterus during the four phases of the estrous cycle. (A-D) Female
internal reproductive tract, (O - ovary, OV - oviduct, U — uterus, C — cervix). Scale bars
represent 2 mm. (E—H) Bright field microscopy images of hematoxylin—eosin stained sections
of the mouse uterus (P — perimetrium, M — myometrium, E — endometrium, L — lumen, Ep -
endometrial epithelium, St - stromal compartment, Ug - uterine glands) Scale bars represent 0.1
mm. Image adapted from Bertolin and Murphy, 2014.

The equivalent of the menstrual cycle in rodents is called the estrous cycle,

lasts approximately 4-5 days and has many similarities to the menstrual cycle

(reviewed in Groothuis et al., 2007).

The estrous cycle in mice consists of four stages:

e Proestrus (day 1)

This stage corresponds to the proliferative phase of the menstrual cycle,
characterised by follicle and uterine growth. During this stage, a Prl surge
occurs following the LH and FSH surge (Figure 1.9A,E, reviewed in

Bertolin and Murphy, 2014; Groothuis et al., 2007).
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e Estrous (day 2)

This stage is similar to the early secretory phase of the menstrual cycle;
following ovulation there is a shift from estrogen to progesterone secreted by
the corpus luteum as the main hormone influencing the murine endometrium.
During this phase the female is receptive “in heat”. Furthermore, observed Prl
concentrations peak during this phase (Figure 1.9B,F, reviewed in Bertolin and
Murphy, 2014; Groothuis et al., 2007).

e Metestrous (day 3)

Corresponds to late secretory phase of humans. Progesterone secretion inhibits
LH and thus prevents further ovulation. Towards the end of metestrous of an
unmated mouse, the corpus luteum ceases progesterone secretion as it becomes
non functional (Figure 1.9C,G, reviewed in Bertolin and Murphy, 2014;
Groothuis et al., 2007).

e Diestrous (day 4)

Similar to late secretory/ menstruation phase. Regression of the corpus luteum,
followed by reabsorption of the endometrium in the uterus instead of menstrual
shedding. Finally, estrogen levels start to increase preparing for the next
proestrous phase. (Figure 1.9D,H, reviewed in Bertolin and Murphy, 2014;
Groothuis et al., 2007).

1.3.3.2 Decidualisation, implantation and early pregnancy in mice
Another major similarity between humans and mice is that implantation is
critical to a successful pregnancy and occurs only during an “implantation
window” during which the endometrium is receptive to the embryos (Favaro et
al., 2014; Yoshinaga, 1988).

Trophoblast differentiation in the mouse begins with the embryo polarisation at
the 8-cell stage (reviewed in Sutherland, 2003). The outer polarised cells form
the epithelial trophectoderm layer of the trophoblast that at the time of

implantation transform to the invasive population called trophoblast giant cells.
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These cells mediate embryo invasion in the uterus and vasculogenesis, as seen
in Figure 1.10. This transformation includes morphological changes such as
cytoskeleton modifications and is a complex process that involves factors such
as Oct3/4 and Cdx2 (Carney et al., 1993; Niwa et al., 2005; Parast et al., 2001,
Ralston and Rossant, 2008; Strumpf et al., 2005). Once the giant trophoblast
cells adhere to the uterine epithelium, the epithelial cells undergo apoptosis and
the giant trophoblast cells contact first the epithelial membrane and then the
decidualised stromal cells as they invade the uterus (Favaro et al., 2014; Parr et
al., 1987; Sutherland, 2003). Maternal receptivity is mediated mainly by
estrogen and P4 action in the endometrium through a highly complex and
tightly regulated process leading to decidualisation (reviewed in Ozturk and
Demir, 2010). The blastocyst growth stage also known to influence maternal

receptivity (Paria, Huet-Hudson, et al., 1993).
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Figure 1.10. Transition of the trophectoderm to an invasive phenotype. The hatched
blastocyst has a polarized, transporting, epithelial trophectoderm layer (TE), which exhibits no
motility. The trophectoderm can be divided into two regions based on proximity to the inner
cell mass (ICM): the polar TE (in green) and the mural TE (in yellow). As the blastocyst
becomes competent to implant, the TE cells alter their polarity and begin to extend apical
protrusions. During implantation in-vivo, these protrusions aid in displacement and
phagocytosis of the apoptotic uterine epithelial cells, and give rise to the laminar extensions
that ultimately form the blood sinuses of the yolk sac placenta. Figure from open access article
(Sutherland, 2003).

Hb-egf is the first marker of embryo implantation in the mouse. It is expressed
in the luminal epithelium prior to implantation at the site of blastocyst
apposition on day 4 of gestation (Das et al., 1994). Hb-egf was also shown to

activate the epidermal growth factor receptor (Egfr, Das et al., 1994) that is
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known to be expressed by the blastocyst trophectoderm and its expression is
regulated by maternal steroid hormones (Paria, Das, et al., 1993). Hb-egf was
later shown to be also expressed by the mouse uterus at the site of
implantation, therefore suggesting involvement in foeto-maternal cross-talk
during implantation (Hamatani et al., 2004). Furthermore, Hb-egf’~ mice

display reduced litter size as a result of defective implantation.

The prolactin homologue in the mouse (Prl) has multiple roles during
decidualisation and early gestation. It is also responsible for the mammary
gland development during early pregnancy (reviewed in Mizoguchi et al.,
1997).

1.3.4 The role of the immune system in endometrial
decidualisation and implantation

1.3.4.1 Innate immune system in early pregnancy

Evidence has emerged in the past few years supporting multiple roles of
immune system regulators in decidualisation, angiogenesis and implantation
during early pregnancy (Bowen et al., 2002; Nagamatsu and Schust, 2010).
Whilst the immune tolerance of the semi-allogeneic foetus is maintained,
several components of the immune system fulfil their designated roles in
preparation for implantation as well as during gestation (Chaouat et al., 2004;
Entrican, 2002).

NK cells, macrophages and DCs have all been detected in the foeto-maternal
interface and there is strong evidence of the critical role of the maternal innate
immune system in early pregnancy (Gardner and Moffett, 2003; Guleria and
Pollard, 2000; Moffett-King, 2002).

Approximately 40% of cells in the decidua are uNK (CD56”""CD16" NK
cells) that are in immediate contact with invading extravillous trophoblasts
(Bulmer et al., 1991; Hanna et al., 2006) CXCL12 expression by invasive
trophoblasts induces the specific migration of CD16~ human NK cells, human
placental cytotrophoblasts attract monocytes and CD56”"9" NK cells via the

actions of MIP1a (Wu et al., 2005). Hanna et al demonstrated in-vitro and in-
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vivo that decidual NK cells regulate trophoblast invasion by production of the
interleukin-8 (CXCLS8/IL8) and interferon-inducible protein—10 chemokines
(Hanna et al., 2006)

Macrophages in the placental bed have been shown to induce apoptosis of
extravillous trophoblast via tumour necrosis factor a (TNFa) secretion, that
resulted in limited extravillous trophoblast invasion of spiral arterial segments
in-vitro (Reister et al., 2001).

1.3.4.2 Adaptive immunity in early pregnancy

Cytotoxic immune cells, including T-cells and B cells are not entirely absent
during gestation. Gestation is not immunologically privileged; rather the
maternal immune system is accepting a semi-allogeneic foetus. Several aspects
of the processes governing maternal acceptance have been investigated and it is
now known that multiple mechanisms are involved, making this process highly
complex and tightly regulated (Chaouat, 2007; Entrican, 2002).

The traditional view of maternal acceptance was a shift in the ratio of Th1/Th2
cells in the uterus towards the Th2 during gestation, suggesting that Thl
population decrease is essential for the maternal acceptance of the semi-
allogeneic foetus (Chaouat, 2007). Women with recurrent miscarriage
displayed non-pregnancy Th1/Th2 ratio, indicating the shift to Th2 did not
occur post conception (Reinhard et al., 1998). However, research emerging
during the past few decades has revealed several other mechanisms and cell

types involved in maternal acceptance.

Decidualised ESC have been shown to actively ensure that the foeto-maternal
interface is populated by CD56"" NK cells and macrophages but not CD56%4™
NK cells, T-cells, B cells or uterine DCs (uDCs, Silasi and Mor, 2012; Volchek
et al., 2010). Normally, DCs initiate T-cell responses to antigens they present
in lymph nodes. However, uDCs have been shown in mice studies to be
“entrapped” in the decidua and thus unable to present antigens in lymph nodes
(Collins et al., 2009; Tagliani and Erlebacher, 2011). Another mechanism via

which T-cell recruitment in the uterus is minimised is epigenetic silencing of
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chemokines that attract T-cells (Nancy et al., 2012). Inflammatory cytokines
such as IFN-y and TNFa are not usually expressed in the placenta and have
been associated with miscarriage in mouse models (Entrican, 2002).

Treg cells control immune homeostasis and immunosuppression (Saito et al.,
2010). Studies have demonstrated that unexplained infertility, miscarriage and
preeclampsia are often associated with deficit in Treg cell number and function
while normal pregnancy selectively stimulates the accumulation of maternal
forkhead-box-P3* (FoxP3") CD4* Treg cells with foetal specificity (reviewed
in La Rocca et al., 2014; Roncarolo and Battaglia, 2007). Interleukin-10 (IL-
10), a chemokine that mediates immunosuppression, is known to be highly
expressed during early pregnancy until before the onset of labour, assisting in
maternal acceptance and cross-talk between the placenta and decidua
(reviewed in Thaxton and Sharma, 2010). Finally, the newly discovered
immune effector cells, T-helper 17 cells (Th17) have also been associated with
maternal acceptance and their role is still under investigation (Saito et al.,
2010).

1.3.4.3 Chemokines of particular importance in early pregnancy
Chemokines are a family of small secreted chemotactic cytokines. The
chemokine superfamily consists of a large number of ligands and receptors
with an important role in the immune system (Soares, 2004). According to the
motif displayed by the first two cysteines at the amino end, they have been
classified into four families: CXC, CC, XC and CX3C, named due to their
ability to induce chemotaxis not only on immune cells but also on various other
cell types (Luster, 1998; Rossi and Zlotnik, 2000).

1.3.4.3.1 Stromal derived factor 1 (SDF-1/CXCL12)

Stromal derived factor 1 (SDF-1/CXCL12) is a proliferative and chemotactic
factor for cells as well as endothelial cells and is also involved in
haematopoiesis, germ cell development, cardiogenesis and neurogenesis
together with its receptor CXCR4 (Nagasawa, 2014).
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Estrogen induces expression of CXCL12 in ESC (Tsutsumi et al., 2011) and
promotes the survival of secretory phase ESC via CXCL12/CXCR4 up-
regulation-mediated autophagy inhibition (Mei et al.,, 2015). However,
CXCL12 levels were not found to be different throughout the menstrual cycle,
in contrast to CXCR4 levels which were higher in proliferative phase (Laird et
al., 2011). Laird et al also reported strong immunostainning of CXCL12 and
CXCR4 in the glandular epithelium and no staining of CXCL12 in stromal
cells, whereas CXCR4 seemed present in low levels (Laird et al., 2011).
CXCL12 mRNA was detected in stromal and in decidual endothelial cells and
its levels in stromal cells were not altered due to progesterone or estrogen
treatment in another study (Carlino et al., 2008). Another study reported few
patient samples staining positive for CXCL12 during secretory phase and
researchers were unable to detect any CXCL12 in cell supernatants in-vitro in

response to 17B-estradiol or progesterone treatment (Kitaya et al., 2004).

The CXCL12/CXCR4 axis is involved in the maintenance of Th2 bias at the
maternal/foetal interface in early human pregnancy (Piao et al., 2012). More
importantly, CXCL12 controls over-invasion of trophoblasts via upregulating
CD82 expression in DCs at maternal-foetal interface of human early pregnancy
in a paracrine manner (Li et al., 2011) and promotes the cross-talk between
trophoblasts and decidual stromal cells in human first-trimester pregnancy
(Zhou et al.,, 2008). This is potentially mediated by recruitment of
CD56°9"CD16~ NK cells into decidua due to CXCL12 secretion by
trophoblast cells (Carlino et al., 2008; Hanna et al., 2003; Wu et al., 2005).
CsA was shown to increase trophoblast invasiveness through strengthening the
cross-talk of trophoblasts and decidual stromal cells mediated by CXCL12 and
CD82 in early pregnancy (Meng et al., 2012). Finally, human cytomegalovirus
infection was shown to result in trophoblast invasion failure due to CXCL12
inhibition (Warner et al., 2012).

In mice, Cxcrd™ DCs were shown to promote angiogenesis during embryo
implantation (Barrientos et al., 2013). DCs are known to be crucial for mouse

implantation as depletion of uterine DCs causes implantation impairment that
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resulted in embryonic resorptions (Plaks et al., 2008). Cxcl12 has also been
shown to enhance exogenous CD4"CD25" T-cell migration in the uterus and

thus prevent embryo loss in non-obese diabetic mice (Lin et al., 2009).

1.3.4.3.2 CXCL16/ SRPSOX

CXCL16/ SRPSOX is a recently characterised chemokine (Matloubian et al.,
2000) that together with its receptor CXCR6 (Bonzo/STRL33/TYMSTR) has
been associated with Thl cells (Kim et al., 2001), DCs and CD4" T-cells
(Tabata et al., 2005) as well as NK cells (Unutmaz et al., 2000). CXCR6 was
found to be critical for activation, homeostasis and recruitment of natural killer
T (NKT) (Germanov et al., 2008; Kim et al., 2002). CXCL16 mRNA is
activated by IFN-y and TNFo (Abel et al.,, 2004). Soluble CXCL16
(chemokine domain) induces chemotaxis of activated T-cells and bone marrow
plasma cells via its receptor CXCR6, but the transmembrane molecule
functions as a scavenger receptor for OxLDL, phosphatidylserine, dextran
sulphate and bacteria and can uptake OXLDL and phagocytose bacteria as well
as adhere to CXCR6-expressing cells (Abel et al., 2004; Shimaoka et al., 2004;
Shimaoka et al., 2004 (1)). The CXCL16/CXCR®6 pathway has been associated
also with cancer (Darash-Yahana et al., 2009; Deng et al., 2010), angiogenesis
(Isozaki et al., 2013) and juvenile idiopathic arthritis (Martini et al., 2008).

Human trophoblast- recruited T-cells and monocytes into decidua by secretion
of chemokine CXCL16 and interaction with CXCR6 in the first-trimester
pregnancy (Huang et al., 2008). Furthermore, CXCL16 has been reported to
induce proliferation and invasion of first-trimester human trophoblast cells in

an autocrine manner (Huang, Zhu, et al., 2006).

In mice, the role of Cxcl16 and its receptor Cxcr6 in pregnancy remains

unknown.

1.3.4.3.3 Interleukin 8 (IL8/CXCLS8)

CXCLS8 is a proinflammatory chemokine that has many identified roles. It acts
as a chemoattractant and activator for neutrophils (Das et al., 2010; Himmel et
al.,, 2011; Loos et al.,, 2009) and T-cells (Larsen et al., 1989). It is
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proinflammatory (as reviewed in Huang et al.,, 2006), proangiogenic
(Heidemann et al.,, 2003) and has also been associated with cancer and
response to drugs (as reviewed in Gales et al., 2013). It acts via surface
receptors CXCR1 and CXCR2.

CXCLS8 is expressed in perivascular cells and glandular epithelium and
increases in late secretory phase endometrium and decidua during early
pregnancy (Arici et al., 1998; Caballero-Campo et al., 2002; Critchley et al.,
1994; Milne et al., 1999). This effect seems to be induced via lysophosphatidic
acid (LPA) signalling in ESC through the LPA receptor and Nuclear Factor-
kB-Dependent Pathway (NF-kB, Chen et al., 2008). CXCL8 has furthermore
been reported to increase proliferation of ESC (Arici et al., 1998). CXCLS8
expression in endometrial epithelial and stromal cells is induced by IL-10 and
TNFa and its mRNA is slightly increased due to progesterone, even though
there is no significant change in protein levels (Arici et al., 1996). Stable
protein levels throughout the menstrual cycle were also reported by another
study that further demonstrated inhibition of CXCL8 secretion by P4 in
endometrial explants (Kelly et al., 1994).

Finally, CXCLS8 secretion by uNK cells is reported to increase the invasiveness
of extravillous trophoblast cells treated with conditioned supernatants in an in-
vitro model (De Oliveira et al., 2010). Decidual CXCL8 was shown to enhance
trophoblast invasion by increasing MMP2 and MMP9 and integrins a5 and B1
(Jovanovi¢ et al., 2010). The human blastocyst does not secrete measurable
amounts of CXCL8, CCL2 and CCL5, however it does upregulate mRNA and
protein levels of CXCL8 within endometrial epithelial cells whilst inhibiting

protein secretion (Caballero-Campo et al., 2002).

1.3.5 Abnormal decidualisation, implantation and

placentation in adverse pregnancy outcomes

As presented above, extensive research indicates that decidualisation and
implantation are inextricably associated and normal completion of both

processes is essential for the establishment of a successful pregnancy.
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1.3.5.1 Abnormal early gestation and miscarriage

The maternal endometrium plays a very important role to pregnancy outcome.
It has recently been demonstrated that maternal decidualised ESC actively
select blastocysts that are of good quality and this ability is not displayed by
non decidualised stromal cells (Salker et al.,, 2010; Teklenburg, Salker,
Molokhia, et al., 2010). Furthermore, both undifferentiated and decidualised
endometrium has been shown to be altered compared to normal pregnancies in
women with spontaneous miscarriage (Plaisier et al., 2009). Additionally,
impaired decidualisation, measured by a reduction in the decidualisation
marker PRL in the endometrium, has been associated with recurrent
miscarriage (Salker et al., 2010) and in rodent models decidual cell prolactin

production is essential for successful pregnancy (Bao et al., 2007).

The timing of implantation is crucial for pregnancy outcome (Mahendru et al.,
2012). Among the pregnancies examined in this study, from 102 that implanted
on day 9 after ovulation, 13% ended in early miscarriage. This proportion was
increased to 26% with implantation on day 10, 52% on day 11, and 82% when
implantation occurred after day 11 (Mahendru et al., 2012).

1.3.5.2 Premature labour, low birth weight, IUGR and abnormal
early gestation

IUGR has also been linked to abnormal implantation and placentation. Delayed
implantation was also associated with decreased foetal size in the first trimester
measured by smaller crown-rump length of the foetus (Mahendru et al., 2012).
It has been shown that smaller crown-rump length during the first trimester
correlates with lower birth weight and subsequently ITUGR (Salomon et al.,
2011). Furthermore, abnormal implantation that leads to defective placentation,
such as in the case of placenta praevia, has been linked to low birth weight due
to premature delivery and IUGR (Ananth et al., 2001). The role of
decidualisation to development of IUGR, low birth weight and premature

labour has not yet been elucidated.
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1.3.6 Studying decidualisation and early pregnancy: in-

vitro and in-vivo models

In-vitro models have been used in research for many decades. They are
generally faster and easier to use than in-vivo models. Furthermore, they allow
for experimentation on primary cells and small tissue samples, thus enabling
scientists to investigate if certain mechanisms and effects could exist in a living
subject (Wu and Swartz, 2014). Importantly, they can replace certain in-vivo
studies and preliminary data from in-vitro studies can inform on subsequent in-
vivo experiments, thus reducing the number of animals required for research.
As a result, they have a significant ethical advantage over in-vivo studies (Balls
and M., 2002). However, as in-vitro models consist of the study of either
individual cells or few cell types in co-culture (primary cells, cell lines or
combination), they do not represent the complex microenvironment of a tissue
or organ (James, Carter, et al., 2012). Moreover, in several cases primary cells
in single cell culture display different behaviour and transcriptional profiles
due to the lack of interaction with other cell types (James, Carter, et al., 2012).
The advantages of immortalised cell lines are the ease of obtaining a culture
stock, ease of handling and culture manipulation and generally faster cell
proliferation compared to primary cells. However, they can significantly differ
from their primary cell counterparts (Kaur and Dufour, 2012). Despite these
limitations, in-vitro experiments are used to test whether a hypothesis is
plausible prior to progressing to more complex in-vitro experiments or studies

in humans such as clinical trials.

Several in-vitro models have been used to study decidualisation of primary
ESC (reviewed in Gellersen and Brosens, 2014). ESC can be decidualised in-
vitro when treated with medroxyprogesterone acetate (MPA) combined with
enhancer cCAMP for 4 to 10 days (Brosens et al., 1999). When using MPA
alone culture of ESC can last between 10-20 days (Tseng et al., 1992). On the
contrary, using cCAMP alone was shown to induce decidualisation in a cell line
derived from immortalised ESC within three days (Samalecos et al., 2009).

Estrogen followed by P4 can induce decidualisation of ESC in-vitro, however
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it is a long protocol as it lasts 10-14 days (Hess et al., 2007; Popovici et al.,
2000). Treatment of primary ESC using P4 and cAMP results in decidualised
phenotype from day 4 of treatment (Gibson et al., 2016). All of the above
protocols induce mRNA and protein expression of classic decidualisation
markers such as PRL and IGFBP1.

Mice have a number of advantages as research model organisms. The mouse
genome is similar to the human genome (99%) and mouse biology has been
well characterised due to years of extensive research (Peters et al., 2007). Mice
have short gestation period (less than 20 days), produce plenty of offspring and
their reproductive biology is similar enough to humans to allow extrapolation
of conclusions of animal studies to humans, often followed by validation of
identified mechanisms (Lim and Wang, 2010). Mouse models have been
developed utilising genetic manipulations such as gene deletion (Woods et al.,
1996). In addition, as a result of their small size and short life span, the
financial cost of murine studies is often significantly less compared to larger
organisms, such as sheep. However, important factors taken into consideration
when using mouse models are that mice have several differences with humans:
an estrous cycle, decidualisation occurs after fertilisation only, they usually
produce multiple offspring per gestation, they have bicornuate uteruses,
gestation lasts 20 days whereas the human gestation is much longer and some
human genes may not have a mouse homolog or the mouse gene may have a
different function to the human (Arck and Hecher, 2013).

Extensive gestational studies are conducted in other species, such as sheep and
cows, due to similarities to human gestation and the industrial use of these
animals. Several observational studies have been carried out in ruminants (Wu
et al., 2006). A comparison of human and sheep gestation and advantages of
using sheep as an animal model is reviewed in (Barry and Anthony, 2008).

Due to the limitations in studying reproductive outcomes with relation to
Chlamydia infection in humans, several mouse models have been established
and used to investigate whether infection has a causative role. These include
Chlamydia psittaci (C. psittaci, Buzoni-Gatel and Rodolakis, 1983), C.abortus
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(de Oca et al., 2000), C.muridarum (Habbeddine et al., 2013) and various
serovars of Ct (de la Maza et al.,, 1994; Pal et al., 1999, 2001). Detailed
analysis of the above studies can be found in Chapter 4, section 1.

When the focus of research is human health and disease, in-vitro and in-vivo
studies can inform on potential mechanisms involved as well as the potential
efficacy of a treatment, however further investigation on humans in the form of
a study is required to confirm each hypothesis. When designing a study,
statistical power is calculated based on previous studies that inform on
prevalence or predictions of the extend of the effect under investigation if this
is a novel investigation (Concato et al., 2000). Following strict ethical rules,
prospective and retrospective large-scale studies can be used to investigate
prevalence of a disease and whether it is associated with a certain outcome.
These allow for direct extrapolation of results regarding patient health and can
impact upon health policies (Song and Chung, 2010). Limitations of these
studies include adequate sample size and inclusion bias that can lead to
conclusions that are not representative for the whole population. Due to the
complexity of humans biology, multiple factors can result in the same outcome
(Saeidnia et al., 2015). Suboptimal study design that does not take into account
all confounding factors can be a serious limitation for many studies (Saeidnia
et al.,, 2015). However, carefully designed studies that investigate issues

regarding human health are one of the pillars of current research.
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1.4 Hypothesis and aims of PhD

The hypothesis of the work presented in this thesis is that Ct infection of the
maternal endometrial stromal compartment has a detrimental effect on
decidualisation leading to adverse pregnancy outcomes including miscarriage
and IUGR. To address this hypothesis, the aims of my PhD were:

1. To determine whether Ct infection impacts upon decidualisation and
chemokine secretion in a human model of endometrial stromal cell

decidualisation

2. To investigate the role of Ct infection on adverse pregnancy outcome in

a murine model of pregnancy

3. To determine the association of Ct in miscarriage in a case-control

study
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2. Chapter 2: Materials and Methods

Unless otherwise stated all chemicals and reagents were purchased from Sigma
(Sigma- Aldrich Company Ltd, Dorset, UK).

2.1. Chlamydia trachomatis (Ct) stock
production

2.1.1. Production of Ct stocks for in vitro and
iNn-vivo experiments

Ct serovar E was used for both in-vitro and in-vivo infection studies. Stocks
were produced at the Moredun Research Institute, with the generous help and
guidance of Dr Nick Wheelhouse, Dr Sean Wattegedera and Prof. Gary

Entrican.

2.1.2. Ctelementary bodies (EBs) growth and
purification

Ct serotype E stock was produced in HEp2 cells using well established
protocols. Sub-confluent flasks of HEp2 cells were inoculated with Ct. Infected
cells were cultured for 48-72 hours in Iscove’s Modified Dulbecco’s Medium
(IMDM, Life Technologies, Paisley, UK) supplemented with 2% heat
inactivated foetal calf serum (FCS) and 1 pg/ml cycloheximide (Sigma, Cat.
No C4859, PAA laboratories Ltd, Yeovil, Somerset, UK) until high numbers of
mature inclusions were observed by optical microscopy. The cell monolayers
were disrupted with glass beads and the medium containing cell debris was
briefly sonicated (Vibracell, Sonics & Materials, Connecticut, USA) and
centrifuged at 50 x g for 5 minutes at 4°C to remove intact cells. The
supernatant was removed and centrifuged at 12,000 x g using a J-LITE JLA-
16.250 rotor (Beckman Coulter Ltd. High Wycombe, UK). The pellet was
resuspended by sonication in Tris/KCI and 25ml of inoculum was layered onto
10ml 40% Gastrografin® (Bayer plc, Berkshire, UK) and centrifuged at 20,000
rpm at 4°C for 45 minutes using a SW 32Ti rotor on Optima L-90K
ultracentrifuge (Beckman Coulter Ltd). The pellet was re-suspended into 1ml
Tris/KCl and layered onto discontinuous gradient (54%, 44%, 34%
Gastrografin®) and centrifuged at 20, 000 rpm as above at 4°C for two hours.
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The interface between the 44% and 54% layers, containing the EBs was
carefully removed. The EBs were washed by resuspension in 10ml Tris KCI
and centrifuged at 20, 000 rpm as above at 4°C for a further 45 minutes to
remove residual traces of Gastrografin®. The final pellet was resuspended by
sonication in 10ml of Chlamydia Transport Medium (218mM Sucrose, 3.76
mM KH2P0s, 7.1 mM K;HPO4, 4.9 mM L-glutamic acid, 10% FCS, 0.05
mg/ml Gentamycin, 0.1mg/ml Streptomycin, 150U/ml Nystatin) and the
aliquots stored at -80°C.

2.1.3. UVinactivation of Ct elementary bodies
To UV inactivate Ct EB’s, 500 ul of inoculum was exposed to 2J UV-C.
The successful inactivation of Ct was confirmed by culturing HelLa cells,
known to be infected by Ct (Rodel, Grosse, Yu, Wolf, Otto, Liebler-Tenorio,
Forsbach-Birk, and Straube, 2011), with UV inactivated bacteria for 96 hours

without the development of any inclusions.

2.1.4. Titration of Ct stock

To determine the titre of the Ct stock, HEp2 cells were plated at 10° per
well in 8 well glass chamber slides, infected with serial tenfold dilutions of Ct
inoculum (Multiplicity of infection [MOI] 1 — 10®) and cultured for 48 hours.
The cells were fixed in ice-cold acetone for 5 minutes, left to air dry and stored
at -20°C. After thawing, the slides were rehydrated in phosphate-buffered
saline (PBS) and incubated with the primary antibody (mouse monoclonal anti-
C. abortus LPS, Santa Cruz Biotechnology, Cat. No. 13/4) for 1 hour at room
temperature. Following PBS washes, the slides were incubated with a
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG antibody
(Sigma) for 60 minutes at room temperature in a light-tight humidity chamber.
Slides were mounted using ProLong® Gold Antifade Mountant with 4',6-
diamidino-2-phenylindole (DAPI) nuclear counterstain (lifeTechonologies,
Cat. No. P36930). The total number of inclusions per well was counted at serial
dilutions 10°-107 and the titre of stock was calculated. The titre is a
measurement of EBs that can form inclusions and are called inclusion-forming
units (IFU).
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2.2. RNA extraction, quantification and
guality assessment

To assess changes in expression levels of genes of interest, total ribonucleic
acid (RNA) extraction was performed using RNeasy® Mini (Qiagen, Crawley,
UK, Cat. No. 74104) and RNeasy Micro (Qiagen, Cat. No. 74004) kits for

RNA extraction from tissue and cells respectively.

2.2.1. RNA extraction from cultured cells
Cultured cells were grown as monolayers in six-or 12-well plates, as described
in Chapter 3, section 2. Per well of each plate, 350 ul of RLT lysis buffer
containing 0.01% p-mercaptoethanol were added following PBS washes to
remove cell media. The cell lysates were immediately stored at -80°C until
extraction. Frozen lysates were defrosted, mixed at 1:1 ratio with 70% ethanol
and the sample was added to an RNeasy MinElute® Spin Column. Following a
series of wash steps with wash buffers provided in the kit and on-column
DNasel digestion to remove contaminating DNA (Qiagen, Qiagen RNAse-Free
DNase kit, Cat. N0.79254), 80% ethanol was added to the samples and the
column membranes were dried using centrifugation. During the final step, the

samples were eluted in 15 ul RNase-free H>O.

2.2.2. Tissue RNA extraction
To extract RNA from mouse tissue (model described in Chapter 4) a
phenol/chloroform protocol provided by the RNeasy® Mini Kit was used.
Tissue samples weighing 5-10 pg were transferred in sterilized 2ml tubes
containing a steel bead and 1 ml TRI-Reagent® (Cat. N0.T924, Sigma).
Samples were lysed for three minutes at 25 Hz twice using a tissue lyser.
Lysates were transferred to 1.5 ml PhaseLock Heavy Gel™ tubes and 200 pl of
chloroform was added. Following mixing of the two phases in each tube by
shaking and room temperature incubation for five minutes, samples were
centrifuged at 14,000 g at 4°C. The aqueous top layer was poured into new
tubes and 1:1 volume 70% ethanol was added. The mixture was transferred to

RNeasy mini spin columns and the manufacturer’s protocol was followed.
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Briefly, after a series of wash steps and on-column DNasel digestion, samples

were eluted in 30 pl RNase-free H20.

2.2.3. Quantification and quality assessment of
RNA samples

Quantification of all RNA samples was done using a Nanodrop® ND-1000
Spectrophotometer (Nanodrop Technologies, Wilminton, DE, USA). All

extracted samples were stored at -80°C.

To assess the efficacy of the RNA extraction protocol and the quality of the
extracted RNA, the Agilent RNA 6000 Nano Kitsystem was used (Agilent,
CA, USA, Cat. No. 5067-1511). The manufacturer’s protocol was followed -
briefly, the gel-dye mix was prepared and added to the chip provided from the
specified well. The RNA marker was loaded in all wells, followed by the
ladder and the samples. The chip was then vortexed and run on the Agilent

2100 Bioanalyzer.

2.3. Quantitative-Real Time PCR
Quantitative-Real Time- polymerase chain reaction (qPCR) is widely used to
investigate changes in transcription levels of genes of interest, the expression
level compared to genes that are known to be stably expressed across all
experimental conditions, called ‘housekeeper’ genes (relative expression).
Furthermore, gPCR can be used to quantify levels of a target in samples
utilising a standard curve of samples with known levels (absolute

quantification).

2.3.1. Preparation of complementary DNA
(cDNA) using SuperScript® VILO™ Synthesis
Kit
First-strand complementary DNA (cDNA) synthesis was carried out using a
SuperScript® VILO™ Synthesis Kit (InVitrogen, Paisley, UK, Cat. No.

11754050) according to the manufacturer’s protocol, as summarised in Table

2.1.
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Table 2.1. Reaction mix for cDNA synthesis using SuperScript VILO Synthesis Kit for a
20 pl reaction.

Stock Final concentration VVolume per 20 ul
5x VILO Reaction mix 1X 4 ul
10x Superscript Enzyme Mix 0.125 x 0.25 pl
RNA (100 ng/ul ) 100 ng 1wl
Nuclease Free H20 14.75 ul

Samples were incubated in a thermo-cycler (MJ Research PTC-200 Thermo
Cycler, BC-MJPC200) under the following conditions:

e 25°C for 10 minutes
e 42°C for 60 minutes
e 85°C at 5 minutes

The samples were stored at —20°C until use.

2.3.2. Housekeeping gene assay
The choice of housekeeping genes is an essential first step to ensure the results
of each gPCR experiment are accurate and reproducible. To determine how
many and which genes were appropriate, a housekeeping gene assay was
performed for both the in-vitro human cell studies and the in-vivo mouse
model (Primerdesign, Southampton, UK, Cat. No. ge-SY-12). Candidate
housekeeping genes included in the geNorm housekeeping assay kit were 18S,
RPL13A, EIF4A2, YWHAZ, ACTB, GAPDH, CANX, UBC, SDHA, CYC1
and ATP5B. The optimal amount of genes and the best housekeeping genes

were selected by analysing the data using the gbase+ program.

This gPCR assay was based on the TagMan probe method, whereby the gene
specific probes are bind to single stranded DNA and are separated from the
attached fluorophore only if the specific gene sequence is amplified by the
DNA polymerase. The fluorophore is then cleaved and omits light when

excited by the gPCR cycler.
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Samples from all treatments derived from four different patients and five
different mice were used. The assay was carried out in 384-well clear optical
pates (Applied Biosystems, Cat. N0.4309849) plates at 10 ul/ well final
reaction volume, as described in Table 2.2.

Table 2.2. Sample preparation for geNorm Housekeeping gene gPCR assays (TagMan
method)

Stock Final concentration Volume per 10 ul
2X Tagman universal 1X Sul
master mix
Primer pair 20 uM 0.5 ul
Nuclease free H.O 3.5ul
cDNA 5 Nng 1ul

The experiments were carried out using ABI7900 thermal cyclers (instruments
that employs precise temperature control and rapid temperature changes to

conduct PCR) under standard conditions.

The results were analysed using gbase+ (Biogazelle), which contains the
geNorm program that: “calculates the gene expression stability measure M for
a reference gene as the average pairwise variation V for that gene with all other
tested reference genes. Stepwise exclusion of the gene with the highest M
value allows ranking of the tested genes according to their expression
stability”(geNorm manual). The principles on which this analysis is based are

widely accepted (Vandesompele et al., 2002).

2.3.3. Quantitative-Real Time-PCR using SYBR
green

SYBR green is a cyanide dye which only binds to double stranded DNA, the
result of amplification of the double-stranded DNA due to gene-specific
primers (Zipper et al., 2004). The resulting complex, when excited with blue
light, omits green light that is detected by the gPCR thermal cycler machine.

All reactions were carried out in 384-well plates at a final reaction volume of
10ul per sample, as seen in Table 2.3. The samples were mixed by repeat

pipetting and centrifuged in a mini plate spinner (Applied Biosystems,
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Warrington, UK) at 1000 g for 20 seconds to remove any bubbles. A standard

curve of cDNA made from standardised placenta RNA (Ambion, Cat. No

AMT7950) was used on every plate to ensure comparability between all plates.

Table 2.3. qPCR sample using SYBR green

Stock Final concentration Volume per 10 ul
2x Brilliant 11l SYBR 1X Sul
Mix
Primer pair 10 uM 0.5l
Diluted Reference Dye 0.15 ul
Nuclease Free H20 3.35 ul
cDNA 2.5ng 1ul

Plates were assayed using the cycle conditions described in Table 2.4.

Table 2.4 gPCR cycling protocol on ABI 7900 using Brilliant 111 ultra-fast SYBR green
master mix

Cycles Temperature Time
1 cycle 95°C 180 seconds
95°C 5 seconds
40 cycles 60°C 15 seconds
95°C 15 seconds
1 cycle 60°C 15 seconds
95°C 15 seconds

All primers were predesigned KiCqgStart® SYBR® Green Primers (Cat. No.
KSPQ12012). Furthermore, all primers were validated using a standard curve
of placental RNA with known concentration (Ambion, Cat. No AM7950). The
placental RNA sample was used as positive control sample across all plates to
further assess the variability of the assay among plates. Dissociation curves
were used for every primer, as shown by a single peak, to confirm specific

products. Quantification was performed using the 244 method.
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3. Chapter 3: Chlamydia trachomatis
infection of human endometrial stromal
cells induces defective decidualisation
and chemokine release.

3.1. Introduction and aims

The development of a successful pregnancy depends upon maternal receptivity.
This is largely established during decidualisation, and the normally
decidualised endometrium plays a crucial role in successful pregnancy. It has
recently been demonstrated that decidualised ESC actively select blastocysts
based on quality and this ability is not exhibited by non decidualised stromal
cells (Salker et al., 2010; Teklenburg et al., 2010). Decidualised ESC in the
presence of arresting embryos in an in-vitro co-culture displayed suppression
of important factors for implantation such as HB-EGF, an effect not seen in
when embryos were cultured with non decidualised ESC (Teklenburg et al.,
2010).

In women with spontaneous miscarriage, decidualised endometrium is altered
compared to normal pregnancies as it displayed decreased vascularisation
evident by fewer blood vessels presented and accompanied by decreased
expression of pro-angiogenic factors such as VEGF-A (Plaisier et al., 2009).
Novel findings highlight that endometrial stem cells may also impact in the
establishment of a receptive endometrium. Specifically, ESC from patients
with recurrent miscarriage have been recently discovered to be in a premature
status of senescence that results in impaired decidualisation response, a fact
attributed to the absence of stem cells in the uteri of women with recurrent
miscarriage (Lucas et al., 2016). Furthermore, impaired decidualisation,
measured by a reduction in the decidualisation marker PRL in the
endometrium, has also been associated with recurrent miscarriage (Salker et
al., 2010) and in rodent models decidual PRL production has been shown to be
critical for successful pregnancy (Bao et al., 2007). Moreover, in endometrial
biopsies of women with miscarriage, use of electron microscopy revealed a

reduction in intracellular communication gaps compared to healthy women
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(Kara et al., 2007). However, it is not specified whether the samples were from

recurrent or spontaneous miscarriage cases (Kara et al., 2007).

The maternal immune system impacts significantly upon decidualisation,
implantation and pregnancy maintenance, with immune cells and chemokines
being involved in processes such as the menstrual cycle, trophoblast invasion
and spiral artery remodelling among many others (Critchley et al., 2001; Lash
et al., 2010; Smith et al., 2009). Secretion of appropriate chemokine signals by
decidual cells contributes to the recruitment of predominantly anti-
inflammatory leukocyte subpopulations necessary for pregnancy maintenance
(He et al., 2012), and prevent recruitment of potentially damaging Thl-cells in
response to inflammation (Nancy et al., 2012). A Th1 response was associated
with recurrent miscarriage in a small study (Jenkins et al., 2000). Furthermore,
chemokines are also involved in trophoblast invasion and angiogenesis during
early pregnancy (Du et al., 2014). As discussed in Chapter 1, important
chemokines shown to induce trophoblast invasion include CXCL12, CXCL16
and CXCL8 among others.

The maternal immune response to miscarriage associated infections can have
detrimental effects on pregnancy maintenance, a characteristic example of
which is seen when malaria pathogens are detected in the placenta (reviewed in
Giakoumelou et al., 2015).

Ct is the most common sexually transmitted bacterial disease and its potential
association with adverse pregnancy outcomes such as miscarriage is discussed
in Chapter 1. However, even studies that suggest an association between Ct and
miscarriage (Baud et al., 2011; Licciardi et al., 1992; Vigil et al., 2002) have

not yet identified the mechanism(s) responsible.

It is well established that Ct infects endometrial epithelial cells (Buchholz and
Stephens, 2006; Rasmussen et al., 1997; Rddel, Grosse, Yu, Wolf, Otto,
Liebler-Tenorio, Forsbach-Birk, and Straube, 2011), but the effect of Ct
infection on ESC function and decidualisation is yet undetermined and may

have a role in the association of Ct infection with adverse pregnancy outcomes.
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Ct is known to cause endometritis, namely inflammation of the endometrium
that can be asymptomatic, in non-pregnant women (Tait et al., 1997). Data
from animal studies indicate that in mice, C. abortus induces the murine
equivalent of miscarriage without foetal harm, likely due to decidual damage
(Buendia et al., 1998). In cattle C. psittaci associated chronic endometritis is a
recognised cause of infertility (strain now known as C.pecorum, (Wittenbrink
et al., 1993). To my knowledge, no study to date has identified why Ct can
cause endometritis in women or how infection of the stromal compartment of

the endometrium might alter the function of human ESC.

The hypothesis of the work presented in this Chapter was that Ct can infect
ESC and impact on decidualisation and immune response.

To address this hypothesis | aimed:
1. to determine whether Ct can infect human ESC in-vitro

2. to examine the effect of Ct infection on decidualisation and chemokine

secretion in an in-vitro model of human ESC decidualisation.

69



3.2. Materials and methods

Details of Ct elementary bodies (EBs) growth, purification and detection by
immunohistochemistry, UV inactivation of Ct elementary bodies, titration of
Ct stock, RNA extraction, quantification and quality assessment and Real time

PCR have been described in Chapter 2. All cell lines were Mycoplasma free.

3.2.1.Patients and Samples

3.2.1.1. Primary human endometrial stromal cells (ESC)
The ESC used in this study were isolated from endometrial tissue samples from
women undergoing hysterectomy for benign gynaecological conditions
collected after informed written consent (kindly supplied by Professor Hilary
Critchley; LREC10/S1402/59). Samples from women in the proliferative phase
of the menstrual cycle (determined by the last menstrual period and
measurement of serum estradiol and progesterone levels) were selected for the
experiments described in this Chapter. The tissue underwent dissociation using
enzymatic digestion with 1 mg/ml of collagenase type IV for two hours at
37°C, (Sigma C5138), followed by mechanical break down using a 70 um and
subsequently 40um filters (Falcon, Corning, Cat. No 352350 and 352340
respectively), allowing the dissociated stromal cells to pass through the filter
pores, while the partly digested epithelial-containing glands were discarded.
Single cells were plated in RPMI 1640 medium (Sigma, Cat. No. R0883)
supplemented with 10% heat inactivated foetal calf serum (HIFCS, Gibco, Cat.
No 10082147), 1% L-glutamine (Sigma, Cat. No G-7513) and 1% penicillin/
streptomycin (Sigma, Cat. No. P4333), prepared under sterile conditions. The
medium was maintained for a maximum of seven days after which fresh
medium was prepared. The cells were monitored on a daily basis, cultured until
confluent, harvested and stored in medium containing 0.5% FCS and 15%
Dimethyl sulfoxide (DMSO, Sigma, Cat. No. 472301) in liquid nitrogen until

required.
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3.2.2.Cell culture
3.2.2.1. ESC
Proliferative phase ESC isolated as detailed in section 3.2.1.1 were thawed and
re-suspended in RPMI 1640 medium supplemented as described above. The
medium, containing DMSO, was changed following cell attachment to the
flasks and culture was maintained until sufficient cell numbers were reached
for up to five passages. Prior to any treatments, cells were transferred to phenol
red-free RPMI 1640 (Sigma, Cat. No R7509) containing 10% charcoal stripped
foetal calf serum (CSFCS, prepared in house from FCS), 1% L-glutamine and
0.5% gentamycin (Sigma, Cat. No. G1272) for 48 hours prior to use. The
antibiotic gentamycin was used instead of penicillin/ streptomycin, because it
does not inhibit Ct growth (Bowie et al., 1978). Cells were incubated at 37°C
in 5% CO. Treatments were performed in duplicate per experiment and cells
from 2-7 different patients were used per experiment, as detailed in individual

sections of this chapter.

3.2.2.2. Immortalised trophoblast cell line (SW71)
Swan-71 (SW71) is a first trimester human trophoblast cell line that has been
telomerase immortalised (Straszewski-Chavez et al., 2009). Cell stock aliquots
were stored in liquid nitrogen. After being thawed, cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM, LifeTechnologies, Cat. No.
11966-025) with 10% HIFCS, 1% L-glutamine and 0.5% gentamycin.

3.2.2.3. HelLacell line
The HeLa cell line was a kind gift from Professor Sarah EM Howie, Centre for

Inflammation Research, University of Edinburgh. HelLa cells were cultured in
RPMI 1640 media containing phenol, supplemented with 10% HIFCS, 1% L-

glutamine and 0.5% gentamycin.

3.2.3.In-vitro decidualisation
To assess the effects of infection on the decidualisation of primary ESC
treatment with P4 and cAMP for 6 days (Gibson et al., 2016) was selected

from the published models of in-vitro decidualisation (discussed in 1.3.6) as an
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optimal protocol length for ESC decidualisation and survival, as it was to be

followed by a 48 hour Ct infection.

Cells were trypsinised, centrifuged for 3.5 minutes at 115 g and resuspended in
phenol red-free RPMI 1640 with 10% CSFCS. They were then plated at 2x10°
cells per well in a six-well plate or 10° cells per well in a 12-well plate for a
minimum of 24 hours. Before the decidualisation protocol commenced, cells
were serum starved in 2% CSFCS medium for 24 hours, supplemented as
previously described. The cells were treated with 10 M P4 (Sigma, Cat. No.
P0130) and cAMP (Sigma, Cat. No. A9501) at a final concentration of 0.1
mg/ml. The medium was changed every 48 hours over a six-day period (Table
3.1).

To assess the decidualisation of ESC, levels of the secreted classic
decidualisation marker PRL were measured using ELISA according to the
manufacturer’s protocol (R&D, Cat. No. DY682). Consistent with PRL
secretion, morphological changes of the cells (cells became bigger, rounder and

multinuclear) were observed as the protocol was progressing.

3.2.4.In-vitro Ct infection of decidualised ESC
ESC, decidualised as described in 3.3, were infected with multiplicity of
infection (MOI) 0.001, 0.01, 0.1, 1, 2 or 3 on day 6 of the decidualisation
protocol to determine optimal Ct concentration for ESC infection as described
in Table 3.1. For example, infection with MOI 1 was conducted by adding 10°
Ct EBs on 10° decidualised ESC in 2% CSFCS medium for 48 hours.
Following infection, the cells were fixed in ice cold methanol for 20 minutes,

air dried and stored at -20°C until further use.
Table 3.1. Decidualisation protocol for ESC. Treatments of progesterone (P4) and cyclic-

AMP (cAMP) were administered in the cell media on days 1, 3 and 5. On day 6 the cells were
infected with Ct or vehicle control and 48 hours later samples were collected.

Day 1 Day 3 Day 5 Day 6 Day 8
ESC | P4/cAMP P4/cAMP P4/cAMP Ct/mock Sample
treatment treatment treatment infection collection
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3.2.4.1. Counting Ct inclusions and cell numbers

To visualise ESC infection, ESC fixed on plates were stained for 10 minutes
using Giemsa stain (Sigma, Cat. No. 48900) diluted at 0.04 % (w/v) in pH6
buffer followed by a wash with distilled water. When air-dried, pictures were
immediately taken using an Axiovert 200 Zeiss microscope to analyse the
infection status of cells.

When performing cell and Ct inclusion counts, 15 images were taken for each
well at random locations of the well by the author and were subsequently
analysed using ImageJ. The numbers of both inclusions (infected) and
uninfected cells were counted in all 15 images and the mean was used in
calculating the different cell and inclusion numbers as a response to Ct

infection, treatment with UV-Ct or uninfected media control.

3.2.4.2. Detection of Ct inclusions using

Immunofluorescence

To stain the Ct inclusions, ESC and HelLa cells were grown on round glass
coverslips (FisherScientific, Cat. No015) that were sterilised in 70% ethanol
and then transferred in six-well plates. ESC and HeLa cells were grown at 10*
cells/coverslip on glass slides coated with Matrigel (Corning, Cat. No 354248).
Matrigel is a solubilized basement membrane preparation extracted from the
Engelbreth-Holm-Swarm mouse sarcoma, a tumour rich in proteins such as
laminin (a major component), collagen IV, heparin sulphate proteoglycans,
entactin/nidogen, and a number of growth factors that improves cell adhesion

and survival.

An antibody for lipopolysaccharide (LPS), a protein found on the outer wall of
Gramve bacteria (anti- C.abortus LPS, Santa Cruz Biotechnology, Cat. No. sc-
101593) was tested. The second antibody tested was an anti-Ct MOMP
antibody (ThermoFisher, Cat. No MA1-7334). Several concentrations and

antigen retrieval conditions (1 pg/ml - 100 ng/ml incubated overnight at 4°C,
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pH6 heat induced epitope retrieval, pH9 heat induced epitope retrieval, no
retrieval) were tested and the anti-LPS antibody did not stain Ct inclusions in
infected samples. However, the anti-MOMP antibody’s optimal concentration
was 1 ug/ml with overnight incubation at 4°C. To visualise the primary
antibody staining, Tyramide amplification system (Perkin Elmer, Cat. No
SAT701B001EA for FITC, NEL745B001KT for Cy5) was used according to
the manufacturer’s instructions. Cells were visualised using an LSM 710

confocal microscope.

3.2.4.3. DNA extraction and Ct plasmid copy assay
analysis of Ct infected cells

To elucidate whether Ct was multiplying in ESC, | used a Ct plasmid copy
assay that utilised a standard curve to estimate the plasmid copies of Ct in the
samples. This is a gPCR based method that detects the Ct Cryptic Plasmid
Helicase (DnaB) gene that is found in 7-9 copies per bacterium.

3.2.4.4. DNA extraction from ESC
To extract DNA from infected cells, the MagMAX™ Total Nucleic Acid
Isolation Kit (Ambion, Cat. No. AM1840) was used. 235 pl of lysis/binding
solution were added in bead tubes. Cells were washed with PBS three times
and scraped off using a cell scraper in 175 pl of PBS. The mixture was
transferred into bead tubes containing magnetic zirconia beads that bind
nucleic acids and vortexed for 15 minutes. Tubes were then centrifuged at
8,000 g for 30 seconds to pellet the zirconia beads. 115 ul of each sample were
moved to a processing plate and remaining samples were stored at -20°C. 65 pl
of 100% isopropanol was added in each well and it was mixed for 1 minute. 20
ul of Bead Mix were subsequently added and mixed for 5 minutes at a plate
shaker. Binding beads that were holding the DNA were captured using a
magnetic plate and washed twice with 150 ul of wash solution followed by two
washes with 150 ul wash solution 2. Beads were dried by shaking for 2 minutes

and 30 pl 65°C elution buffer and mixed for three minutes. The beads were

captured and supernatant containing purified DNA was stored at -20°C.
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3.2.4.5.
To assess whether Ct could proliferate in ESC the Chlamydia trachomatis

Ct plasmid copy assay

Genesig Standard Kit (PrimerDesign, Cat. No Path-C.trachomatis-standard)
was used. Using a standard curve of known concentration provided by the kit, |
was able to do absolute quantification of Ct in DNA extracts from ESC cells.
The qPCR protocol is described in 2.3.3 (TagMan method) respectively.

3.2.5.Human Chemokine Array
To investigate changes in secreted chemokines from decidualised primary ESC
in response to Ct infection, the Proteome Profiler™ Human Chemokine Array
Kit (R&DSystems, Abingdon, UK, Cat. No. ARY017) was used with the help
of Mrs June Stroud, MRC Centre for Inflammation Research. This proteomic
assay is a membrane based antibody sandwich immunoassay that detects 33
different chemokines, shown in Table 3.2.

Table 3.2. Chemokines detected by the Proteome Profiler™ Human Chemokine Array
Kit

CCL1/1-309 CCL21/6Ckine CXCLS8/IL-8
CCL2/MCP-1 CCL22/MDC CXCL9/MIG
CCL3/CCL4 (MIP-1 alpha/MIP- | CCL26/Eotaxin-3 CXCL10/IP-10
1 beta)
CCL5/RANTES CCL28 CXCL11/I-TAC
CCL7/MCP-3 Chemerin CXCL12/SDF-1
CCL14/HCC-1/HCC-3 CX3CL1/Fractalkine CXCL16
CCL15/MIP-1 delta/LKN-1 CXCL1/GRO alpha CXCL17/VCC-1
CCL17/TARC CXCLA4/PF4 IL-16
CCL18/PARC CXCL5/ENA-78 Midkine

CCL19/MIP-3 beta

CXCL7/NAP-2

XCL1/Lymphotactin

CCL20/MIP-3 alpha

Samples used were pooled supernatants from three in-vitro Ct infected ESC
and the manufacturer’s protocol was followed without deviation. Briefly, the
membranes were blocked for one hour on a rocking platform. After several
washes, sample/detection antibody mix was added on the membranes,
overnight at 4°C. The next day the membranes were washed and Streptavidin-
HRP was added for 30 minutes, after which they were developed in X-ray film
for 1, 3, 5 and 7 minutes. Each chemokine was represented in film (if present)
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by a circle. Varying diameters corresponded to various concentrations of
chemokines. Using ImageJ and Photoshop, the pixel density of each chemokine

was estimated across all samples.

3.2.6.Enzyme-linked Immunosorbent Assay
3.2.6.1. Protocol of sandwich ELISA

Sandwich ELISA was used to detect IGFBP-1 (R&DSystems, Cat.
No.DY871), PRL (R&DSystems, Cat. N0.DY682) and CXCL8 (R&DSystems,
Cat. No. DY208). All ELISAs were used as per manufacturer’s instructions. .
For more information regarding the reagents involved in this ELISA, see Table
1.3.

Clear flat-bottomed 96-well plates (Sigma, Cat. No. CLS3590) were coated
with 100 pl per well of capture antibody diluted to working concentration in
PBS. Plates were incubated overnight at room temperature. After incubation,
the solution was aspirated, all wells were washed three times with wash buffer
and the plate was blotted on a paper towel, a procedure that was repeated after
every protocol step. Plates were blocked using blocking buffer for one hour
during which a two-fold serial dilution standard curve and appropriate sample
dilutions in reagent diluent were prepared. Standard curve dilutions were
commencing from 2000 ng/ul. The wash step was repeated and 100 ul of
sample or standard were added to each plate, along with appropriate negative
controls, for two hours at room temperature on a plate rocker. Plates were
again washed and detection antibody was added for two hours at 100 pl per
well on a plate rocker. The antibody was then removed, and the wells were
washed and incubated with Streptavidin-HRP solution for 12 minutes on a
plate rocker. A final wash step was then performed and substrate, 3,3',5,5'-
Tetramethylbenzidine (TMB) was added in the wells under dark on a plate
rocker. TMB is colourless but is converted to light blue by streptavidin, if it is
present in each well. This was converted to yellow with the addition of 50 pl
2M sulphuric acid, which also stopped the reaction. Optical density was
measured immediately after, using a microplate reader at appropriate
wavelengths, as specified by each manufacturer (Table 3.3).
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Table 3.3. Concentrations of capture antibody, detection antibody, streptavidin-HRP and
recipe of wash buffer, blocking buffer used in IGFBP-1, PRL and CXCL8 ELISAs.
*Antibody concentration differed between ELISA kit batches.

Reagent IGFBP-1 ELISA PRL ELISA CXCLS8/IL8
ELISA
Wash buffer 0.05% Tween® | 0.05% Tween® 0.05% Tween®
20 in PBS 20 in PBS 20 in PBS
Blocking buffer | 5% Tween® 20 | 1% bovine serum | 1% bovine serum
in PBS albumin (BSA) albumin in PBS
in PBS
Capture as specified on as specified on as specified on
antibody* bottle bottle bottle
Detection as specified on as specified on as specified on
antibody* bottle bottle bottle
Reagent diluent | 5% Tween® 20 0.1% BSA and 0.1% BSA and
in PBS 0.05% Tween® 0.05% Tween®
20 in PBS 20 in PBS
Streptavidin as specified on as specified on as specified on
bottle bottle bottle

Substrate 1:1 mixture of 1:1 mixture of 1:1 mixture of
solution colour reagent A | colour reagent A | colour reagent A
and B and B and B
Stop solution 2N H2SO4 2N H>SO4 2N H>SO4

Sample concentrations were calculated using MasterPlex® QT (Hitachi)

software, courtesy of Dr Forbes Howie.

3.2.7.Magnetic Luminex®Screening Assay
The Luminex® Screening Assay (R&D Systems, Cat.No. LXSAHM) was used
to detect CXCL12 and CXCL16 as per manufacturer’s instructions.
Supernatants from Ct infected, UV-Ct treated and uninfected ESC originating
from three patients were pooled and the assay membranes were incubated in
these supernatants and following washes, Streptavidin-Horseradish Peroxidase
and chemiluminescent detection reagents were added. The signal produced is
in proportion to the amount of cytokine bound on the capture antibodies
located on each membrane. Using an X-ray developer, the signal was
visualised. To compare the quantity of each chemokine across the membranes,
each chemokine was expressed as a % proportion of the average of three

reference dots that are present on each membrane.
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3.2.8.Trophoblast cell migration assays
To analyse the migration potential of first trimester trophoblast cell line SW71
in response to chemokines CXCL12, CXCL16, their combination and
conditioned media from infected ESC and controls, a migration assay was

designed.

The minimal concentrations of CXCL12 and CXCL16 recombinant proteins
(R&D systems, Cat. No. 350-NS/CF and 976-CX-025 respectively) were
determined using the following scratch assay. Scratch assays are widely used to
assess cell migration in in-vitro culture systems (Liang et al., 2007). SW71
cells were plated at 10° in 12-well plates and left to rest for four hours.
Subsequently, the media was changed to media containing 5 ng, 25 ng, 50 ng
and 100 ng of each chemokine and their combination per ml. Using a 1 ml
pipette tip, the well was scratched in the middle and pictures were taken using
an Axiovert 200 Zeiss microscope at this point termed 0 hours. 30 hours later,
the distance covered between cells on 30 points randomly chosen was counted

using surface measure in ImageJ.

Due to large variations observed in the scratch assay, a spheroid assay was
developed to assess SW71 migration in response to chemokines and ESC
conditioned media. Briefly, 10° SW71 cells were plated in round bottom non-
adhesive 96-well plates overnight. The following morning, the cell spheroids
formed were transferred in 48-well plates (2 spheroids per well), that were
containing 1ml of conditioned media, with and without chemokines as seen in
Table 3.4. 30 hours later, the assay was stopped, the spheroids were
photographed using an Axiovert 200. The migration are was defined as the one
cell layer surface originating from an attached spheroid, excluding the area
covered by the spheroid and was calculated using ImageJ. Each treatment was

completed in duplicate, for a total of three experiments.
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Table 3.4. Conditions of trophoblast migration assay experiment.

Conditioned ESC DMEM | Total Chemokines added
Media- volume
Decidualised Ct infected 200 pl 500 pl +/- 50 ng/ml CXCL12
300 ul +/- 100 ng/ml CXCL16
Decidualised UV-Ct treated 200 pl 500 pl +/- 50 ng/ml CXCL12
300 ul +/- 100 ng/ml CXCL16
Decidualised uninfected 200 pl 500 pl +/- 50 ng/ml CXCL12
300 ul +/- 100 ng/ml CXCL16
Non decidualised uninfected — | 200 pl 500 pl none
300 ul
RPMI control — 300 ul 200 ul 500 ul none
DMEM control — 300 ul 200 ul 500 ul none

3.2.9.Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6. Repeated
measures non parametric ANOVA- Friedman’s test was used for all sample
sets. By using a non parametric test it was assumed that the samples are not
following a Gaussian distribution, as the sample size was not suitable for a
normality test. Friedman’s test was selected as using a repeated-measures test
(RM one way ANOVA) controls for experimental variability attributed to
patient-to-patient response variations. Some factors not controlled for in the
experiment will affect all the measurements from one subject equally, so they
will not affect the difference between the measurements in that subject. By
analyzing only the differences, therefore, a matched test controls for some of
the sources of scatter. Furthermore, to compare specific groups when
Friedman’s test showed a significant difference, Dunn’s method for non
parametric multiple comparisons was used, as it allows for comparison of two
particular groups by determining each rank from the entire data set (all groups),
not just the two groups being compared. All graphs are representing mean with
standard deviation (SD) of the data.

Dr loannis Papastathopoulos, Chancellor’s Fellow at the University of
Edinburgh’s School of Mathematics has reviewed the statistical analysis and
approved it for analysis of the data presented in this chapter.
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3.3. Results
3.3.1.Ct stock viability and titration

Two Ct stocks used for in-vitro experiments were produced as described in 2.1.
Titration of stock was carried out using anti-LPS immunohistochemistry on 8-
well chamber slides containing HEP2 cells infected with multiplicities of
infection (MOI) of Ct (10 to 107), as described in 2.1. Following thorough
counting of all inclusions in dilutions 10° and 10, the titre of the first stock
was estimated at 2.8 x 108 bacteria per ml of stock and the second stock 2 x 10°
bacteria/ml. A portion of this stock was UV-inactivated (UV-Ct, see paragraph
2.1). Aliquots were transported from Moredun Institute to the QMRI according
to safety regulations and were used for all experiments described in this chapter

unless otherwise specified.

CHX was used for Ct stock production as explained in 2.1. As it was shown
not to be required for successful infection in-vitro and it is highly toxic for cells
(as seen in Figure 3.1), all experiments in the present thesis were carried out
without CHX.
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Figure 3.1. Cycloheximide (CHX) has a highly toxic effect on HeLa cells. (A) Significantly
reduced numbers of uninfected HelLa cells were observed when CHX was included in their
media. (B) Uninfected HeLa cells without CHX in their media. Both pictures were taken 96
hours after plating. Scale bars equal 200 um.

80



To confirm the viability of Ct stock after transfer and the successful UV-
inactivation of the Ct stock, HelLa cells were infected at MOI 1 for 96 hours
and treated with UV-Ct at the same concentration.

In cultures infected with viable Ct, visible inclusions were seen in Giemsa
stained cells from 48 hours, with an exemplar image seen in Figure 3.2A and
highlighted in Figure 3.2B.
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Figure 3.2. Ct inclusions in HeLa cells infected with MOI 1. Cells were stained with Giemsa
48 hours post infection. (A) Staining revealed large Ct inclusions within infected HelLa cells,
coloured purple darker than the cytoplasm with a grainy appearance. Several dead cells were
also visible, as absorbing Giemsa stained them dark blue. (B) In the sketch corresponding to
panel A, Ct inclusions are highlighted in green, dead cells in red and uninfected HelLa cells in
blue. Scale bars equal 50 pm.
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The number of cells containing inclusions increased over time. By 96 hours
post infection, very few live HelLa cells remained in the wells and some
inclusions were visible (

Figure 3.3A). In contrast, UV-Ct treated HelLa and uninfected controls
proliferated as expected in a 96-hour cell culture (

Figure 3.3B,

Figure 3.3C). Moreover, no inclusions were seen in cells cultured with UV-Ct at
the same MOI as Ct over the same time course, indicating no infectious EBs
remained after UV inactivation of the Ct stock.

Figure 3.3. Ct infection of HelLa cells causes reduction in cell numbers and cell death.
HelLa cells were infected with MOI 1 of Ct, then cells were fixed and stained with Giemsa 96
hours post infection. (A) Ct inclusions (stained light purple) were visible in some cells.
Uninfected live HelLa cells were scarce and there was a clear reduction in cell numbers, as well
as many dead cells and cell debris (stained blue). (B) UV-Ct did not infect HeLa cells and their
appearance resembled that of uninfected HeLa cells. (C) Uninfected HelLa cells cultured for 96
hours proliferated and as a result high cell density was observed. Scale bars equal 200 um.
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3.3.2.Ct can directly infect human ESC

Primary ESC were infected in 12-well plates with Ct serovar E at MOI 0.01,
0.1, 1, 2 and 3. No visible inclusions were present in cells at MOI 0.01 and
MOI 0.1 48 hours post infection and very few inclusions were seen at MOI 1,
whereas ESC infected with MOI 2 and 3 showed similar numbers of inclusions
following infection. The non infected non decidualised and decidualised ESC
displayed no signs of infection however uninfected decidualised ESC were
visibly enlarged and rounder as expected (Figure 3.4A, Figure 3.4B) whereas
visible Ct inclusions were seen in cells infected at MOI 2, as well as dead cells
and cell debris (Figure 3.4C). Decidualised ESC treated with UV-Ct were
morphologically similar to uninfected decidualised ESC and displayed no signs
of infection (Figure 3.4.D). No copies of Ct cryptic plasmid were detected in
uninfected cells, as assessed using qPCR. UV-Ct treated ESC (which still
contained bacterial DNA) had 2.5 x10* — 7.5 x10* plasmid copies per well. Ct
infected wells contained 1.2 x10% — 3.3 x10° plasmid copies indicating that
significant replication had occurred (Figure 3.4.E). Although the number of
decidualised uninfected ESC was decreased compared to non-decidualised
ESC, UV-Ct treated and Ct infected ESC samples contained similar numbers of
cells compared to decidualised uninfected ESC (Figure 3.4.F). In infected wells,
between 0.05% - 20% of ESC contained Ct inclusions (Figure 3.5). These

conditions were used for all subsequent experiments.

To visualise Ct more accurately, two anti-Ct antibodies were tested under
various antigen retrieval conditions and primary antibody concentration as
described in 3.4.2. Using the Tyramide amplification system for
immunofluorescence, Ct inclusions were clearly stained in HeLa cells but ESC
cells were autofluorescing when stained with Cy3 and FITC, thus imaging and
detecting Ct inclusions was difficult. When using Cy5, detection of inclusions
was possible in ESC. However, ESC were not surviving on glass coverslips
longer than 72 hours, regardless of coverslip coating with Matrigel.

Decidualised ESC had poor survival if trypsinised and replated. Ct infected
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decidualised ESC proved to be particularly fragile and could not be transferred
onto glass slides to perform immunofluorescence. Finally, as ESC were grown
in 12-well plates, the cost of immunofluorescence was quite high and the
available visualisation methods did not produce good quality images.
Therefore, Giemsa stain was selected as the optimal staining method for
visualising Ct infection in ESC.
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Figure 3.4. Ct can infect decidualised ESC. ESC were infected with Ct MOI 2 following an
in-vitro decidualisation protocol. Non decidualised uninfected ESC, uninfected decidualised
ESC and UV-Ct treated ESC were used as controls. 48 hours post infection DNA was collected
for qPCR and cells were stained with Giemsa. Cell counts were conducted in 15 fields of view
per well measuring 0.32 mm? each. (A) Non decidualised uninfected ESC were elongated and
thin. (B) Decidualised uninfected ECS became rounder and larger compared to non
decidualised ESC. (C) Ct infected decidualised ESC displayed signs of infection and contained
inclusions that were stained purple by Giemsa stain. The wells also contained dead cells and
cell debris. (D) UV-Ct treated decidualised ESC did not contain inclusions and resembled
uninfected decidualised ESC in appearance. (E) 25.000 — 75.000 Ct plasmid DNA copies were
detected in UV-Ct treated ESC. Ct infected ESC had a significantly higher number of
1.200.000 — 3.300.000 plasmid copies per sample, indicating proliferation of Ct only in
infected cells (RM one-way ANOVA-Friedman’s test with Dunn’s multiple comparisons test,
p=0.0094, n=4). (F) Cell counts on Giemsa stained ESC indicated that decidualised uninfected
cells were significantly fewer compared to non-decidualised controls (RM one-way ANOVA-
Friedman’s test with Dunn’s multiple comparisons test, p= 0.0185, n=4). In contrast, UV-Ct
treated cells and Ct infected cell numbers were similar to uninfected decidualised ESC. Scale
bars equal 200 um. Graphs show the mean and standard deviation.
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Figure 3.5. Ct infects 0.05% - 18% of decidualised ESC 48 hours post infection. ESC were
infected with Ct MOI 2 following an in-vitro decidualisation protocol, then were fixed 48
hours post infection and stained with Giemsa stain. Cell counts were conducted in 15 fields of
view per well measuring 0.32 mm?each. Graph shows the mean and standard deviation.

85



3.3.3.Ct infection of human ESC results in defective

decidualisation

3.3.3.1. Ctinfection did not affect decidualisation
marker IGFBP1

For decidualisation marker IGFBP1, both mRNA and protein were
significantly upregulated in decidualised uninfected ESC compared to non
decidualised controls (Figure 3.6A&B). However, no differences in IGFBP1
levels were observed as a result of UV-inactivated Ct treatment or Ct infection
(Figure 3.6A&B).
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Figure 3.6. Ct infection does not affect MRNA and protein levels of decidualisation
marker IGFBP1. ESC were infected with Ct MOI 2 following an in-vitro decidualisation
protocol. Non decidualised uninfected ESC, uninfected decidualised ESC and UV-Ct treated
ESC were used as controls. 48 hours post infection mMRNA and supernatants were collected for
gPCR and ELISA tests respectively. (A) IGFBP1 mRNA levels were elevated in response to
decidualisation signals as expected, however no difference was observed between decidualised
Ct infected and UV-Ct treated or uninfected decidualised ESC (RM one-way ANOVA-
Friedman’s test with Dunn’s multiple comparisons test, p=0.0057, n=7). (B) Secreted IGFBP1
protein concentration was not altered by Ct infection, however it was higher in decidualised
ESC compared to non decidualised cells (RM one-way ANOVA-Friedman’s test with Dunn’s
multiple comparisons test, p=0.044, n=5). Graphs show the mean and standard deviation.
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3.3.3.2. Ctinfection affected decidualisation marker
PRL

Infection with Ct reduced the mRNA expression of the classic decidualisation
marker PRL at mRNA but not protein levels in decidualised Ct infected ESC
(Figure 3.7A&B). Decidualised uninfected ESC had increased levels of both
PRL mRNA and protein compared to non decidualised ESC (Figure 3.7A&B).
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Figure 3.7. Ct infection of ESC reduces mRNA but not protein levels of decidualisation
marker PRL. ESC were infected with Ct MOI 2 following an in-vitro decidualisation
protocol. Non decidualised uninfected ESC, uninfected decidualised ESC and UV-Ct treated
ESC were used as controls. 48 hours post infection mRNA and supernatants were collected for
gPCR and ELISA tests respectively. (A) PRL mRNA was upregulated in response to
decidualisation stimulus, whereas it was downregulated in infected decidualised cells
compared to uninfected controls indicating the adverse effect of Ct infection on decidualisation
(RM one-way ANOVA-Friedman’s test with Dunn’s multiple comparisons test, p=0.0009 and
0.0151 respectively, n=7). (B) PRL protein levels were increased in decidualised non infected
cells compared to non decidualised controls as expected (RM one-way ANOVA-Friedman’s
test with Dunn’s multiple comparisons test, p=0.0044, n=5). However, PRL levels were not
significantly different between Ct infected ESC compared to decidualised uninfected controls,
(RM one-way ANOVA-Friedman’s test with Dunn’s multiple comparisons test, p>0.05, n=5).
Graphs show the mean and standard deviation.

3.3.4.Ct infection does not affect SGK1, VEGF,
FOXO3A, HB-EGF but reduces EGF expression

To further investigate the effect of Ct on other genes that have been identified
as important to decidualisation, implantation or association with miscarriage
(discussed in Chapter 1), the mRNA levels of SGK1, VEGF, FOXO3A, EGF
and HB-EGF were investigated by gPCR. However, with the exception of
reduced EGF mRNA levels in Ct infected decidualised ESC compared to
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uninfected non decidualised controls, no change was observed in response to

Ct infection in any of the above genes (Figure 3.8).
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Figure 3.8. Ct infection has no effect on SGK1, VEGF, FOXO3A, HB-EGF but reduces
the levels of EGF mRNA. ESC were infected with Ct MOI 2 following an in-vitro
decidualisation protocol. Non decidualised uninfected ESC, uninfected decidualised ESC and
UV-Ct treated ESC were used as controls. 48 hours post infection mMRNA was collected test the
effect of Ct infection on VEGF, EGF, SGK1, FOXO3A and HB-EGF expression levels using
gPCR. (A) SGK1 mRNA levels were not altered by Ct infection (RM one-way ANOVA-
Friedman’s test, p>0.05, n=7). (B) VEGF mRNA levels did not differ among all groups (RM
one-way ANOVA-Friedman’s test, p>0.05, n=7). (C) FOXO3A mRNA expression levels
remained unchanged (RM one-way ANOVA-Friedman’s test, p>0.05, n=7). (D) HB-EGF
MRNA levels did not differ among the four groups (RM one-way ANOVA-Friedman’s test,
p>0.05, n=7). (E) EGF mRNA levels were reduced in Ct infected ESC (RM one-way ANOVA-
Friedman’s test with Dunn’s multiple comparisons test, p=0.0389, n=7). Graphs show the
mean and standard deviation.
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3.3.5.Ct infected human ESC have an altered
chemokine profile

To assess the immune response of ESC to Ct infection, CXCL8 mRNA and
protein levels were examined and a significant increase of this chemokine was
observed in response to active Ct infection, however the levels of CXCL8 were

not affected by decidualisation or exposure to UV-inactivated Ct (Figure 3.9).
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Figure 3.9. CXCLS8 expression is induced by Ct infection. ESC were infected with Ct MOI 2
following an in-vitro decidualisation protocol. Non decidualised uninfected ESC, uninfected
decidualised ESC and UV-Ct treated ESC were used as controls. 48 hours post infection
MRNA and supernatants were collected for g°PCR and ELISA tests respectively. (A) CXCL8
MRNA was upregulated in Ct infected decidualised ESC (RM one-way ANOVA-Friedman’s
test with Dunn’s multiple comparisons test, p= 0.001, n=7). CXCL8 was not upregulated as a
response to decidualisation or UV-Ct treatments alone. (B) CXCL8 protein secretion was
increased in infected ESC but not in controls (RM one-way ANOVA-Friedman’s test with
Dunn’s multiple comparisons test, p= 0.011, n=6). CXCLS8 protein levels in decidualised ESC
supernatants were not higher compared to non decidualised cells. All graphs show the mean
and standard deviation.

To investigate the effect of Ct infection on chemokine secretion by
decidualised ESC, the levels of 31 secreted chemokines were examined by
proteomic array in supernatants from decidualised uninfected and infected
ESC. A pattern of differential expression between the cell types was observed
(Figure 3.10).
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Figure 3.10. Chemokine proteomic array of 31 chemokines on pooled cell supernatants
indicated altered chemokine secretion from decidualised Ct infected compared to
uninfected decidualised ESC. ESC were infected with Ct MOI 2 following an in-vitro
decidualisation protocol. Non decidualised uninfected ESC were used as controls. 48 hours
post infection supernatants were collected. The secretion levels of 31 chemokines in pooled
supernatants from three patient samples were analysed on blot membranes. Each chemokine
was represented by two dots. (A) Layout of each membrane with cytokines CXCL12 and
CXCL16 highlighted in red and green respectively (B) Ct infected decidualised ESC secreted
chemokine profile, demonstrating ESC secreted all 31 chemokines. (C) Uninfected
decidualised ESC secreted chemokine profile is altered compared to Ct infected ESC. (n=1)

Table 3.2 shows that four chemokines were upregulated and 15 downregulated
in Ct infected decidualised compared to non infected ESC (threshold 5%). Of
the chemokines known to be involved with early pregnancy, trophoblast
invasion and/or genital infection CXCL12 and CXCL16 were both strongly
downregulated in infected decidualised ESC, as were chemokines CCL7,
CCL12 and Midkine whilst CXCL7, CXCL1 and XCL1 were strongly

upregulated.
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Table 3.5. Chemokine proteomic array showed altered chemokine secretion due to Ct infection in decidualised ESC. Results were calculated as % of the average
of positive controls present in each membrane. Significant differences higher than 5% are highlighted in grey. Table contains information about the role of each
chemokine in decidualisation, early pregnancy and association with miscarriage and Ct infection.

Protein % of positive control | A % of | Role in decidualisation/early pregnancy/miscarriage/association with Ct in humans
Decidualised posi-
Ct Uninfected tive
infected control

6CKkine/CCL 14.90 19.43 -4.53 | mRNA detected in the endometrium throughout the menstrual cycle and increased in early

21/ Exodus- pregnancy (GCID:GC09M034709). No information on miscarriage and association with Ct

2 infection.

CCL28/ 6.42 7.78 -1.36 | Detected by immunohistochemistry in decidualised ESC and first trimester decidua, was

MEC shown to induce apoptosis in ESC and its receptors were increased in ESC from
miscarriage (Sun et al., 2013). No information on association with Ct infection.

CXCL16/ 24.59 53.31 | -28.72 | Human trophoblasts recruited T lymphocytes and monocytes into decidua by secretion of

SRPSOX CXCL16 in early pregnancy (Huang et al., 2008). CXCL16 also induces invasion and
proliferation of first-trimester human trophoblast cells (Huang, Zhu, et al., 2006). No
information on decidualisation, miscarriage or association with Ct infection.

Chemerin 91.66 99.69 -8.03 | Chemerin serum concentration was significantly higher in pregnant women in the 3rd

ITIG-2/ trimester than in non-pregnant and pregnant women in the 1st trimester, whilst no

RARRES2 differences were observed during the menstrual cycle (Garces et al., 2013).No information
on miscarriage or association with Ct infection.

ENA-78/ 10.67 14.48 -3.82 | Elevated ENA-78 levels were associated with increased risk of miscarriage (Whitcomb et

CXCL5 al., 2007). mRNA levels were increased in trachoma patients (Burton et al., 2011). No
information on decidualisation.

Eotaxin-3/ 16.52 23.75 -7.23 | IL-33 enhances proliferation and invasiveness of ESC by up-regulation of CCL2 and its

CCL2 receptor CCR2(Hu et al., 2014). No association between maternal circulation levels during
the first trimester of CCL2 and miscarriage(Hannan et al., 2014). No information on
association with Ct infection.
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Protein % of positive control | A % of | Role in decidualisation/early pregnancy/miscarriage/association with Ct in humans
Decidualised posi-
Ct Uninfected tive
infected control

Fractalkine/ 28.68 30.31 -1.63 | Is expressed in maternal decidua and promotes human trophoblast invasion (Hannan et al.,

CX3CLY/ 2006). No association between maternal circulation levels during the first trimester of

Neurotactin CCL2 and miscarriage(Hannan et al., 2014). No information on association with Ct
infection.

GROw/ 94.17 66.23 27.94 | Expressed in early pregnancy decidua (GCID:GC04P073869). Upregulated in women with

CXCL1 antiphospholipid antibodies inducing a placental inflammatory response via the TLR-
4/MyD88 pathway, which in turn compromises trophoblast survival(Mulla et al., 2009).
Associated with asymptomatic Ct infection in men (Hakimi et al., 2014).

HCC-1/ 10.22 15.23 -5.01 | Promotes human trophoblast invasion (Hannan et al., 2006). No information on miscarriage

CCL14/ or association with Ct infection.

HCC-3

1309/ CCL1/ 10.82 18.54 -7.72 | No information on decidualisation, early pregnancy, miscarriage or association with Ct

TCA3 infection.

IL- 98.02 100.15 -2.13 | Promotes trophoblast invasion (Jovanovi¢ et al., 2010). Upregulated in women with

8/CXCL8 antiphospholipid antibodies inducing a placental inflammatory response, which in turn
compromises trophoblast survival(Mulla et al., 2009). No association of serum levels with
miscarriage (Whitcomb et al., 2007). Induced by Ct infection (Natividad et al., 2009).

IP-10/ 36.13 44.75 -8.62 | Increased in decidua during the implantation window (Sela et al., 2013). Also reported to be

CXCL10 increased in women with Ct associated infertility (Gupta et al., 2009). No information on
miscarriage.

I-TAC/ 8.70 13.58 -4.88 | Increased levels in euthyroid women with autoimmune thyroiditis with recurrent

CXCL11 miscarriage and compared to diabetics with successful pregnancy (Aktas et al., 2014).
Secreted by progesterone primed primary endocervical epithelial cells infected with Ct
(Wan et al., 2014). No information on decidualisation or early pregnancy.
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Protein % of positive control | A % of | Role in decidualisation/early pregnancy/miscarriage/association with Ct in humans
Decidualised posi-
Ct Uninfected tive
infected control

Lymphotacti 46.07 23.09 22.98 | Upregulated during implantation window (Lobo et al., 2004). No information on

n/ SCM-1a miscarriage or association with Ct infection.

MCP-1/ 101.83 99.08 2.75 | Localised in glandular epithelium and endothelial cells, not secreted by blastocyst during

CCL2/ early implantation window (GCID: GC17P034255). Upregulated in women with

MCAF antiphospholipid antibodies inducing a placental inflammatory response which in turn
compromises trophoblast survival (Mulla et al., 2009). Elevated mRNA due to Ct infection
(Molestina et al., 2000).

IL-16/ LCF 20.71 36.59 | -15.88 | Expressed in decidua during the implantation window (GCID:GC15P081159).
Induced in response to Ct infection in cell lines (Marti et al., 2014). No information on
miscarriage.

MCP-3/ 38.34 61.95 | -23.61 | Detected in plasma of women during 1% trimester of pregnancy but not altered in

CCL7 miscarriage cases (Hannan et al., 2014). Does not induce trophoblast migration (Hannan et
al., 2006).

MDC/ 31.95 46.88 | -14.93 | Detected on maternal stromal cells and increased in placentae from miscarriage cases

CCL22/ (Freier et al., 2015). No information on association with Ct infection.

STCP1

MDK/MK/ 76.92 97.66 | -20.75 | No information on decidualisation, early pregnancy, miscarriage or association with Ct

Midkine infection.

MIG/ 10.27 17.56 -7.29 | Associated with asymptomatic Ct infection in men (Hakimi et al., 2014).No information on

CXCL9 decidualisation or early pregnancy.

MIP-1a/B / 10.44 18.14 -7.70 | Secreted by ESC in response to hCG (Srivastava et al., 2013). Promotes trophoblast

CCL3/ migration (Hannan et al., 2006). No association of serum levels with miscarriage

CCL4 (Whitcomb et al., 2007). Levels were not affected by Ct infection (Maxion and Kelly,
2002).

93




Protein % of positive control | A % of | Role in decidualisation/early pregnancy/miscarriage/association with Ct in humans
Decidualised posi-
Ct Uninfected tive
infected control
MIP-106/ 10.74 16.56 -5.82 | No information on decidualisation, early pregnancy, miscarriage or association with Ct
CCL15/ infection.
Leukotactin
1/ HCC-2
MIP-3a/ 14.12 14.36 -0.24 | Was shown to be increased due to Ct infection (Porcella et al., 2015). No information on
CCL20/ decidualisation, early pregnancy or miscarriage.
LARC/
Exodus-1
MIP-3[/ 36.15 37.03 -0.88 | No information on decidualisation, early pregnancy, miscarriage or association with Ct
CCL19/Exo infection.
dus-3
NAP-2/ 78.93 18.09 60.84 | No information on decidualisation, early pregnancy, miscarriage or association with Ct
CXCL7/ infection.
CTAP 1lI
PARC/ 15.85 25.42 -9.57 | Increased in trachoma patients in response to 11-17 (Burton et al., 2011). No information on
CCL18/ decidualisation, early pregnancy or miscarriage.
MIP-4/
AMAC-1
PF4/ 19.27 31.85 | -12.57 | No information on decidualisation, early pregnancy, miscarriage or association with Ct
CXCL4 infection.
RANTES / 34.42 25.36 9.07 | Localised in endometrial stromal and endothelial cells during the implantation window and
CCL5/ SISsd is not produced by the trophoblast (GCID:GC17M035871). No association of serum levels
with miscarriage (Whitcomb et al., 2007).
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Protein % of positive control | A % of | Role in decidualisation/early pregnancy/miscarriage/association with Ct in humans
Decidualised posi-
Ct Uninfected tive
infected control
SDF-1/ 15.12 94.86 | -79.75 | Associated with trophoblast invasion and implantation in primary stromal cells (Hanna et
CXCL12/ al., 2003; Zhou et al., 2008). There is also a study showing inhibition of CXCL12 due to
PBSF cytomegalovirus infection that resulted in impaired migration and invasion of human
extravillous cytotrophoblasts (Warner et al., 2012). Levels not altered in semen of men with
asymptomatic Ct infection (Hakimi et al., 2014). No information on association with
miscarriage.
TARC/ 17.75 30.25 | -12.50 | Induces trophoblast migration (Li et al., 2014). No information on decidualisation,
CCL17 miscarriage or association with Ct infection.
VCC-1/ 6.77 10.00 -3.23 | No information on decidualisation, early pregnancy, miscarriage or association with Ct
CXCL17/ infection.
DMC
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To validate the array results, qPCR and ELISA were used to measure changes
in MRNA and protein levels of chemokines CXCL12 and CXCL16 as a result
of infection with Ct. As seen in Figure 3.11A and Figure 3.11C, there were no
significant differences in mMRNA encoding CXCL12 and CXCL16. In contrast,
infected ESC secreted significantly less CXCL12 and CXCL16 (Figure 3.11B,
Figure 3.11D). CXR4 (the receptor for CXCL12) mRNA was significantly
decreased in infected decidualised ESC (Figure 3.11E). However, CXCR6 (the
receptor for CXCL16) mMRNA was not affected by Ct infection (Figure 3.11F).
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Figure 3.11. Ct infection alters innate immune response of decidualised ESC as measured
by attenuated mRNA and protein levels of trophoblast invasion-associated chemokines
CXCL12 and CXCL16. ESC were infected with Ct MOI 2 following an in-vitro
decidualisation protocol. Non decidualised uninfected ESC, uninfected decidualised ESC and
UV-Ct treated ESC were used as controls. 48 hours post infection mRNA and supernatants
were collected for gPCR and ELISA tests respectively. (A) CXCL12 mRNA was not altered in
response to infection (RM one-way ANOVA-Friedman’s test, p>0.05 n=7). (B) Reduction of
secreted CXCL12 in Ct infected cell supernatants (RM one-way ANOVA-Friedman’s test with
Dunn’s multiple comparisons test, p= 0.0267, n=4). (C) mRNA levels of CXCL16 were not
altered (RM one-way ANOVA-Friedman’s test, p>0.05, n=7). (D) Decreased CXCL16 protein
levels were measured in Ct infected ESC supernatants (RM one-way ANOVA-Friedman’s test
with Dunn’s multiple comparisons test, p= 0.0078, n=4). (E) CXR4 mRNA, receptor of
CXCL12, was increased only in infected cells (RM one-way ANOVA-Friedman’s test with
Dunn’s multiple comparisons test, p=0.0267, n=7). (F) CXCRS6, receptor of CXCL16 was not
affected by Ct infection in mRNA level CXR4 mRNA, receptor of CXCL12, was increased
only in infected cells (RM one-way ANOVA-Friedman’s test, p>0.05, n=7). Graphs show the
mean and standard deviation.
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3.3.6.Supernatants from Ct infected cells do not

affect SW71 trophoblast cell line migration

Since CXCL12 and CXCL16 are known to affect trophoblast migration (as
discussed in Chapter 1), I hypothesised that decreased secretion of these two
chemokines might affect trophoblast migration thus potentially impairing

implantation.

To test this hypothesis, SW71 first trimester trophoblast cells were treated with
conditioned media from Ct infected ESC with and without recombinant
CXCL12 and CXCL16. The optimal concentration of CXCL12 and CXCL16
that can induce SW71 migration was calculated from a scratch assay was

completed in triplicate as described in paragraph 3.2.8.

SW71 spheroids were plated in 48-well plates and treated as seen in Table 3.4.
There were no other significant differences in migration among all treatment
groups (Figure 3.12A). Supernatants from primary decidualised ESC alone was
not sufficient to induce migration of SW71 cells compared to media from non
decidualised ESC (Figure 3.12B). Similarly, addition of recombinant CXCL12
and CXCL16 did not affect trophoblast migration in cells treated with various
conditioned media (Figure 3.12C, Figure 3.12D). However, when both
CXCL12 and CXCL16 were both added in trophoblast spheroids treated with
Ct infected conditioned media, cells expanded further away from the main
spheroid body (Figure 3.12E). An example can be seen in Figure 3.12F.

Further validation and troubleshooting of this experiment was not possible due

to time restriction.
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Figure 3.12. Supernatants from Ct infected ESC do not affect migration of trophoblast
cell line SW71. ESC were infected with Ct MOI 2 following an in-vitro decidualisation
protocol. Non decidualised uninfected ESC, uninfected decidualised ESC and UV-Ct treated
ESC were used as controls. Supernatants were collected from ESC 48 hours post infection and
added to SW71 spheroids. Recombinant CXCL12 and CXCL16 proteins were added either
individually or combined in conjunction with ESC cell supernatants. 30 hours later the area
between the main spheroid body (marked in red) and the outer ring of cells (marked in green)
was measured to calculate migration. (A) SW71 migration distance was not different among
decidualised uninfected and Ct infected ESC supernatants (RM one-way ANOVA-Friedman’s,
p>0.05, n=3). (B) Supernatants from decidualised ESC did not induce increased migration (RM
one-way ANOVA-Friedman’s test, p>0.05, n=3). (C) Addition of CXCL12 to SW71 media did
not induce migration (RM one-way ANOVA-Friedman’s test, p>0.05, n=3). (D) Addition of
CXCL16 to SW71 media did not induce migration (RM one-way ANOVA-Friedman’s test,
p>0.05, n=3). (E) Trophoblast cells treated with Ct infection supernatant supplemented with
CXCL12 and CXCL16 migrated more compared to controls (RM one-way ANOVA-
Friedman’s test with Dunn’s multiple comparisons test, p=0.047, n=3). (F) Representative
image of expansion of trophoblast spheroids in response to Ct infected conditioned media
combined with CXCL12 and CXCL16, indicated by the green line. Scale bar equals 200um.
Graphs show the mean and standard deviation.
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3.4. Discussion
The data presented in this chapter demonstrate that Ct can infect ESC and
infection could impair decidualisation as it decreases the mRNA levels of
decidualisation marker PRL and alters the secretion of chemokines CXCL12
and CXCL16.

It was previously believed that Ct can only infect epithelial cells (Buchholz and
Stephens, 2006; Rasmussen et al., 1997; Rddel, Grosse, Yu, Wolf, Otto,
Liebler-Tenorio, Forsbach-Birk, and Straube, 2011). | demonstrated for the
first time that Ct can also infect and proliferate in ESC, the functional
compartment of the endometrium that is responsible for decidualisation. It is
therefore possible that ascending genital Ct infection might be a more
complicated process than previously thought. Ct could breach the epithelial
barrier of the endometrium and infect other cell types such as stromal cells,
endothelial cells or glandular epithelial cells causing extended inflammation
(endometrial structure reviewed in Chapter 1). Ct is known to cause
endometritis, namely inflammation of the endometrium that is often
asymptomatic, in non-pregnant women (Tait et al., 1997). Some studies have
suggested an association of chronic endometritis with miscarriage and
implantation failure (Cicinelli et al., 2014; McQueen et al., 2014). Data from
animal studies indicate that in mice, C. abortus induces the murine equivalent
of miscarriage likely due to decidual damage (Buendia et al., 1998). The effect
of a Ct infected endometrial stromal compartment on gestation-related
processes, such as decidualisation, might be a possible mechanism of Ct

infection induced pregnancy complications.

Using a novel in-vitro model of active Ct infection on ESC cells, |
demonstrated that infection can impact ESC decidualisation by affecting
expression of widely used decidualisation marker PRL. PRL is a key molecule
of decidualisation, also thought to be involved in epithelial cell differentiation
(Haines et al., 2009). Furthermore, PRL has been associated with angiogenesis,

trophoblast cell growth and immune regulation during early pregnancy
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(reviewed in Jabbour and Critchley, 2001). The PRL receptor (PRLR) has also
been shown to increase cell proliferation (Olazabal et al., 2000). Given the
crucial role of PRL during decidualisation and early gestation, it is possible
that reduced PRL levels due to Ct infection might have a detrimental effect on
a potential pregnancy. It is known that PRL mRNA and protein was expressed
in some patients suffering from recurrent miscarriage and infertility but not in
others (Garzia et al., 2004). Reduction of endometrial PRL has been linked
recently to recurrent miscarriage (Salker et al., 2010). Finally, in rodent models
decidual cell prolactin production has been shown to be critical for successful
pregnancy (Bao et al.,, 2007). Although the exact mechanism remains
unknown, reduction of PRL due to Ct infection might be a potential

mechanism of Ct induced miscarriage.

On the contrary, Ct infection did not affect the expression of IGFBP1 mRNA
or protein. This could be attributed to the fact that infection occurred after ESC
were decidualised and IGFBP1 is the first marker to be induced in high levels
(Gellersen and Brosens, 2014b). It is therefore possible that at that stage of
decidualisation, the impact of Ct infection on IGFPB1 was negligible.
However, PRL is induced at a later stage and although IGFBP1 and PRL are
similarly regulated by various transcriptional factors, there is one study to date
that has reported slightly differential regulation (Buzzio et al., 2006). Buzzio et
al. reported that FOXO1A and FOXO3A transcriptional factor silencing was
sufficient to downregulate IGFBP1 but PRL levels were not affected, although
overexpression of FOXOL1 activated both molecules as expected (Buzzio et al.,
2006). However, my data demonstrated that FOXO3A mRNA was not affected
by Ct infection in decidualised ESC (Figure 3.9C). This mechanism is
therefore not likely to be responsible for the different effect of Ct infection on
IGFPB1 and PRL observed in this model. Another possibility is that the ratio
between FOXO1 and FOXO3A can impact upon decidualisation markers
expression (Buzzio et al., 2006); examination of FOXO1 mRNA levels in
further experiments is required to clarify this possibility. Alternatively, there

may be yet more unknown mechanisms involved in induction of
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decidualisation marker secretion, mechanisms that result in differential

regulation of IGFBP1 and PRL in the presence of Ct infection.

Ct infection had no effect on decidualisation and miscarriage-associated gene
SGK1 and it’s downstream target FOXO3A, indicating that this is not a
pathway that is likely to be affected by Ct infection of ESC. Furthermore,
MRNA levels of proangiogenic factor VEGF and HB-EGF were similarly not
altered. HB-EGF has been shown to mediate decidualisation and ESC survival
(Chobotova et al., 2005); it therefore appears that Ct infection does not affect
this decidualisation pathway. On the contrary, EGF mRNA was reduced in
infected ESC compared to decidualised controls. A study reported that
increasing concentration of EGF resulted in inhibition of cAMP induced in-
vitro decidualisation of ESC (Sakamoto et al., 2000). Since EGF mRNA was
reduced by Ct infection, the impaired decidualisation observed in infected ESC
is not likely to be mediated via EGF. Reduction of EGF could be the result of a
mechanism attempting to compensate for the reduced PRL mRNA levels,

however this requires further investigation.

It would be very interesting to induce decidualisation on ESC infected with a
lower MOI, allowing to experiment to be stopped at various time points after
the onset of decidualisation, to investigate whether active infection would
impair the process by decreasing PRL and/or IGFBP1 secretion. Unfortunately,
it was not possible to conduct these experiments due to time restriction,
however future studies could further explore the mechanism via which Ct

infection impacts on decidualisation.

Ct infection of ESC induces a strong innate immune response from the host,
indicated by high levels of transcript and secreted CXCL8 in decidualised ESC.
Several studies have already shown this in epithelial cells and cell lines such as
HelLa cells, identifying NOD1 pattern recognition receptor as responsible for
CXCLS8 induction (Buchholz and Stephens, 2006, 2007, 2008; Cheng et al.,
2008). Importantly, CXCLS8 recruits proinflammatory M1 macrophages (Xuan
et al., 2015), thus tipping the M1/M2 balance in the fetomaternal interface
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from M2 to M1, a fact recently shown to be associated with miscarriage
(Brown et al., 2014; Guenther et al., 2012). Innate immune response of
maternal decidua to active Ct infection during gestation could potentially have

serious implications on pregnancy outcome.

Furthermore, data presented in this study demonstrate that Ct infection changes
the chemokine secretion profile in decidualised ESC. Interestingly, a reduction
in the levels of CXCL12 and CXCL16 was observed. The reduction in protein
expression in the culture supernatants cannot be attributed to increased
receptor-ligand interactions as the receptor for neither chemokine showed
increased expression. This observation may have relevance to the role of Ct in
miscarriage because both CXCL12 and CXCL16 are known to promote
trophoblast migration (Huang, Zhu, et al., 2006; Isozaki et al., 2013).
Furthermore, reduced CXCL12 levels were shown to be the cause of decreased
trophoblast migration as a result of human cytomegalovirus infection (Warner
et al., 2012). Importantly, in a pituitary adenoma cell line it was shown that
CXCL12/CXCR4 pathway activation resulted in increased PRL secretion,
suggesting a potential link between reduced PRL and CXCL12 levels (Barbieri
et al., 2007). It is possible that Ct infection could subsequently lead to
defective trophoblast invasion due to lack of essential attractant signalling

molecules secreted from maternal decidua, such as CXCL12 and CXCL16.

To test this hypothesis, a trophoblast invasion assay was conducted using
spheroid trophoblast SW71 cells treated with conditioned media from infected
ESC and controls. Expansion of trophoblast SW71 cells from the central
spheroid body was not hindered by conditioned media from Ct infected ESC or
UV-Ct treated ESC. This could be due to the fact that ESC supernatants were
mixed with trophoblast DMEM media and this might have reduced the impact
on SW71 spheroids. However, when lack of both CXCL12 and CXL16 was
compensated by supplementing recombinant chemokines in Ct infection media,
trophoblast cells surprisingly migrated over a wider area compared to controls.
This observation could be attributed to many factors. The chemokine array
conducted in this study indicated highly secreted RANTES/CCLS5 (regulated
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on activation, normal T-cell expressed and secreted) and MCP1/ CCL2
(monocyte chemotactic protein 1), chemokines that are also known to induce
trophoblast migration (as seen in Table 3.5). A study showed that trophoblast
cells migrated into media containing CXCL8, RANTES and MCP1 (James,
Cartwright, et al., 2012). CXCL8 alone has been reported to induce trophoblast
migration (Jovanovi¢ et al., 2010). It is thus possible that high levels of
CXCL8, RANTES and MCP1 found in Ct infection conditioned media, when
combined with additional CXCL12 and CXCL16 result in increased
trophoblast migration. The complicated interactions between various cytokines
and their pleiotropic action pose a particular challenge when trying to
investigate the effect of infection on trophoblast migration. An interesting
future experiment would be investigating the effect of a co-culture of Ct
infected decidualised ESC and SW71 cells. If Ct infection hindered SW71 cell
migration, the experiment could be repeated using primary first trimester
trophoblast cells and analysis could result in identification of more factors

involved in this process.

Developing a novel in-vitro model of infection of decidualised ESC proved
particularly challenging due to the difficulties of ESC cell culture. Each
experiment lasted approximately two months as ESC are growing at a slow rate
in cell culture and are quite sensitive. Several repetitions were required to
establish the model, ensuring both successful decidualisation via secretion of
decidualisation markers and successful infection with the presence of
inclusions and CXCL8 secretion. A limitation of the present study was the
quantification of Ct inclusions was conducted using observation of inclusion
staining by Giemsa. Due to significant difficulties of immunohistochemical
staining of Ct inclusions, the fixed cells could be fluorescently stained for Ct
and results visualised to facilitate counting. For a more user-independent
quantification, the automated snapshot function of an appropriate imaging
program could be utilised to confirm unbiased selection of areas. The
experiment could be further supported by a second individual independently
counting infected cells, which unfortunately was not possible at this time.
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In summary, my data suggest that Ct infection leads to defective endometrial
stromal cell decidualisation and results in an altered immune response that
could impact on trophoblast migration and immune cell recruitment. Future
work to clarify the role of Ct infection on trophoblast invasion via CXCL12
and CXCL16 dysregulation and immune cell recruitment in the endometrium
due to altered chemokine profile could further our understanding of the

mechanism of Ct-induced miscarriage.
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4. Chapter 4: The effect of Ct infection in a
murine model of pregnancy

4.1. Introduction and aims
Studies indicate that during gestation presence of acute infection leads to
premature labour (de la Maza et al., 1994; Pal et al., 1999). In a study by Pal et
al. (Pal et al., 1999), Ct mouse pneumonitis (MoPn) biovar was used to infect
BALB/c mice intravaginally at concentrations ranging between 10! and 10’
IFU during gestation in a model of acute infection. It was shown that high
concentrations of MoPn EBs (10° or 107) led to premature pup delivery (Pal et
al., 1999). Mice infected with lower concentrations mostly delivered at term
and no differences were observed in pup weight, however weight
measurements were not taken in prematurely delivered pups as they were
cannibalized by their mothers upon delivery (Pal et al., 1999). This study had
good methodology, thus the data presented appears to be reliable. Using the
same MoPn biovar in an earlier study (de la Maza et al., 1994), it was shown
that 6 weeks post intravaginal inoculation with 3x10’ bacteria, C3H/HeN,
C57BL/6N and BALB/cANN mice were less fertile compared to controls as
indicated by a reduction in the number of pregnant mice and total pup number
per mouse (de la Maza et al., 1994). However, the methodology of this study is
not described in detail and no statistical power calculation is given (de la Maza
et al., 1994). Another study (Pal et al., 2001) demonstrated that susceptibility
of BALB/c, C3H, and C57BL/6 mice ranging from 5 to 14 weeks of age to
intravaginal infection with various concentrations (10 - 107) of Ct pneumonitis
serovar was shown to be age-dependant. Younger mice had higher number of
IFU recovered per mouse, vaginal shedding lasted longer and following mating
higher rates of infertility and a decrease in the number of embryos were
observed in the infected young mice (Pal et al., 2001). The methodology of this

study is however not described in detail.

Additionally, vaginal infection with Ct serovars prior to gestation in mice can
result in infertility (Igietseme et al., 2013). C57BI/6 mice that were infected

106



twice with 10° IFU of Ct serovar L2 were infertile, an effect reversed by local
caspase activity inhibition in a more clearly designed study by Igietseme et al
(lgietseme et al., 2013).

On the contrary, in a different study (Tuffrey et al., 1988) when TO mice were
infected with 1x10” IFU of Ct serovar E during gestation, the number of fetuses
was not altered and the bacteria failed to cross the foetal membranes. Placental
colonisation was detected especially when the infection was intraperitoneal
versus intravaginal or intravenous infection, however this outcome was not
observed if the mice were infected prior to day 5 of gestation (Tuffrey et al.,
1988). This study is an old study and further details on the mouse strain used
could not be obtained, a serious limitation of this study. Furthermore, it seems
low numbers of mice were used as well as both intraperitoneal and intravaginal
inoculation of Ct, however the experiments are not clearly described and that

needs to be taken into consideration when interpreting the data.

Despite their limitations, the majority of the above studies indicate that vaginal
infection with Ct serovars prior to gestation in mice can result in infertility and
during gestation presence of acute infection leads to premature labour.
However, no study to date has examined the effect the effect of Ct serovar E
past infection on mouse implantation, pregnancy and resorption, and
embryonic growth. In addition, the mechanism(s) by which Ct could result in

these adverse pregnancy outcomes remains unknown.

The hypothesis of this chapter was that past Ct infection with serovar E in C3H
mice can affect pregnancy outcomes.

To address this hypothesis | aimed:

1. To investigate the effect of past Ct serovar E infection in C3H mice on
pregnancy outcomes including implantation rates, pregnancy resorption
numbers, and embryonic growth

2. To investigate the effect of past Ct serovar E infection in C3H mice on

genes of importance to mouse gestation and embryonic growth
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4.2. Materials and methods
All procedures were undertaken according to UK Home Office regulations
after ethical review, under project license 60/3544 held by Professor Andrew

Horne.

4.2.1. Murine pregnancy Ct infection model
C3H mice were selected as several studies have indicated they are susceptible
to infection with Ct (Carmichael et al., 2013; Darville et al., 1997; de la Maza
et al., 1994; Peterson et al., 1999). Assuming the null hypothesis that prior Ct
infection has no effect on pregnancy rate, a 95% infection rate with Ct and a
viable pregnancy rate of 95%, this study required 80 female (40 infected and
40 sham infected) and therefore 12 male mice to achieve significant results.
Due to time restrictions, from the first set of experiments (termination of
pregnancy at el2 of gestation) 60 out of 80 mice in total were used in the
experiment. Only preliminary experiments were conducted for the second set
(termination of pregnancy at e14) due to time restrictions and 10 infected and

10 sham infected animals were sacrificed.

Mice were kept in a 12-hour light/dark cycle with humidity maintained at 55%
and temperature between 20°C and 25°C. Food and water were available as
required. Mice from C3H strain at seven weeks of age were used for all
experiments and mice were housed in individually ventilated cage (IVC)
conditions at a maximum of five mice per box. All experiments were
performed in a Class Il hood according to health and safety regulations of the

BRR animal facility.

4.2.2. Preparation of Ct stock for intravaginal
inoculation

Ct stock at a titre of 3x10° /ml was used and each mouse was inoculated
vaginally with 10° EBs. Prior to inoculation, the bacterial stock was spun at
5,0009 for 5 minutes and subsequently re-suspended in Succinic acid, sodium
phosphate monobasic monohydrate and glycine buffer (SPG) buffer at pH7 (for

protocol see Table 4.1) at a final volume of 30 pl per mouse. Control C3H mice

108



were inoculated vaginally with 30 ul of SPG buffer that did not contain any Ct
(sham infection). Prior to vaginal inoculation, the mice were anaesthetised

using 4% isofluorane for 30 seconds.

Table 4.1. SPG buffer recipe.

Component Concentration Company and Cat. No
Sucrose 250 mM Sigma, Cat. No S0389
Sodium Phosphate 10 mM Sigma, Cat. No 342483
L-glutamate 5mM Sigma, Cat. No G1251
Sterile water volume as required Baxter, Cat. No

BHL2F7113CS

4.2.3. Mouse model protocol
The following protocol was used:

x 10 C3H mice x 10 C3H mice

Ctinfection 6 weeks old Mock infection
T <
Day1swab —» <« Day1swab
Day 8 swab —> 30 Days < Day 8 swab
Day 18 swab —* <“— Day 18 swab
Day 24 swab —> “— Day 24 swab

Mated @f
(—

’\@ Mated
S

Repeat x 3

Figure 4.1. In-vivo murine model of past Ct infection.

Day 0: Control mice received intravaginal injection of 30ul SPG buffer. Case mice received
30ul of SPG buffer containing 10° Ct each.

Day 1: All mice were vaginally swabbed to test for Ct presence.

Day 8: All mice were vaginally swabbed to test for Ct presence.

Day 18: All mice were vaginally swabbed to test for Ct presence.

Day 24: All mice were vaginally swabbed to test for Ct presence.

Day 30: All mice were mated and checked for plugs daily until pregnancy was established.
Mice that remained unplugged over three consecutive cycles (3x4-day-cycles) were removed
from the male mice and culled when each experiment was finished.

el2-e14 of gestation: pregnant mice were culled at appropriate time points as required for each
experiment.
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4.2.4. Timed mouse mating
C3H mice were mated 30 days post infection. For timed mating, each male was
housed in an individual cage and was allocated a maximum of two females.
Vaginal plug checks of breeding females were undertaken each morning before
10 am to allow accurate calculation of their gestation stage. The day of plug

discovery was designated el of gestation.

4.2.5. Testing for presence of Ct infection
To ensure that the mice were infected, vaginal FLOQswabs (COPAN floc
technologies, Cat. No 518CS01) were collected and subsequently tested for
evidence of Ct infection at the Microbiology lab of the Royal Infirmary of
Edinburgh by Mike Shepherd using Abbott RealTime Ct/NG Amplification
Reagent Kit (Abbot, Cat. No 08L07-091). Mice were immobilized by hand and

swabbed vaginally without anaesthesia.

4.2.6. Tissue collection and processing
Mice were killed by a schedule 1 method.

The uterus was removed from each pregnant mouse post-mortem. The number
of live pups and non viable pups (resorption sites) was recorded. Each embryo
and placenta was morphologically observed to identify potential
malformations. Embryonic and placental weights were recorded immediately
after dissection using a scale by one observer. All measurements were recorded

on paper and subsequently imported in Excel.

Embryonic and placental weight data were available for 12/19 non infected
mice, 15/16 Ct exposed mice and 7/9 Ct infected mice at e12 as they were not
initially included in the measured outcomes of this study and therefore not
recorded.

Tissue samples from each uterus, placenta and embryo were collected in
RNAlater (ThermoFisher Scientific, Cat. No AM7021) to study mRNA levels
of genes of interest. RNA samples were stored at -80°C following a 24-hour
incubation period in RNAlater.
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4.2.7.  Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6. Normality was
assessed using Kolmogorov Smirnoff tests. Where data was not normally
distributed, the Kruskal-Wallis non-parametric test was used to analyse the
data. This was followed by Dunn’s multiple comparison’s test as it allows for
comparison of two particular groups by determining each rank from the entire
data set (all groups), not just the two groups being compared. If the data was
normally distributed, a parametric ordinary one-way ANOVA (Brown-
Forsythe test) was used to determine if there were any significant differences.
This was followed by the Bonferroni’s post-hoc test for comparison among
groups if any significant differences were indicated by the ANOVA test. All
graphs show mean and standard deviation of the data.

Dr loannis Papastathopoulos, Chancellor’s Fellow at the University of
Edinburgh’s school of mathematics, reviewed the statistical analysis and

approved it for analysis of the data presented in this chapter.
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4.3. Results

4.3.1. Natural history of Ct infection in the
exposed cohort of mice

As seen in Table 4.2, none of the control mice tested positive for Ct one day
post infection but all mice inoculated with Ct tested positive. Seven days later,
20 of 40 case mice remained positive for Ct and these mice were considered
‘Ct infected’. The remaining case mice were considered ‘Ct-exposed’ (n=20).
All mice tested negative for Ct 18 and 24 days post-infection, indicating that

infected mice cleared the infection in maximum three weeks time.

Table 4.2. Vaginal swab test for Ct infection results from C3H mouse experiments.

Number of mice
Sham infected Ct infected
Negative Positive Negative Positive
swab test | swab test | swab test | swab test

Swab day 1 40 0 0 40
Swab day 8 40 0 20 20
Swab day 18 40 0 40 0
Swab day 24 40 0 40 0

4.3.2. Pregnancy outcomes of Ct infection in
the exposed cohort of mice

Mice were killed at e12 and el4 of gestation as calculated based on vaginal
plug detection. An example of a pregnant mouse uterus at e12 can be seen in
Figure 4.2A. Resorptions, namely pups that are no longer viable and are
subsequently absorbed by the mouse uterus (Passey et al., 1999), were
classified as “early” when at the time of dissection it was not possible to
distinguish the embryonic tissue from the placenta (Figure 4.2B) and as “late”
it the distinction was clear (Figure 4.2C). From here onwards, with the term
“resorption” both early and late resorptions are included and normally
developed pups are named “NDev”. The experiment was conducted on 60 out

of 80 mice for e12 and 20 out of 80 mice for e14 due to time restrictions.
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'B in utero

Resorption NDev pup e12

Figure 4.2. C3H mouse uterus, resorption and embryos at e12 of gestation. (A) Uterus with
normally developed (NDev) pups and pups that were no longer viable, namely resorptions. (B)
In utero resorption and live pup. (C) Dissected resorption placenta and embryo (left) and live
embryonic and placental tissue (right). Ruler in cm.

As some mice were not successfully mated, in a total of five experiments, the
outcomes were 23 out of 40 control “non infected” mice. 18 negative cases or
“Ct-exposed” and 12 out of a total of 40 positive cases termed “Ct infected”
mice (Table 4.3). Embryonic and placental weight data were available for
12/19 non infected mice, 15/15 Ct exposed mice and 7/9 Ct infected mice at
el2 as they were not initially included in the outcomes of this study and
therefore not recorded.

Table 4.3. Number of C3H mice per non infected, Ct exposed and Ct infected group,
classified by gestation age at day of termination.

umber of Non- Mice Non Ct exposed | Ct infected
ice pregnant with infected mice mice
mice missed mice
day of plug
gestation
el2 9 8 19 15 9
eld 4 6 4 3 3
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4.3.3. Past Ct infection does not affect
implantation rate, or resorption or pup
numbers

The total number of implantation sites was calculated per mouse (live pups
plus resorption sites), similar levels of total implantation sites per mouse were
demonstrated (Figure 4.3A).
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Figure 4.3. Past Ct infection of C3H mice does not impact on implantation and pregnancy
outcome at el2 of gestation. C3H mice were intravaginally inoculated with Ct or sham
infected and mated 30 days post infection. They were classified as Ct infected if they presented
with infection 8 days post inoculation, Ct exposed if they cleared the infection by day 8 and
controls (non infected mice). (A) Ct infection did not alter total embryo implantation site
numbers per mouse, therefore not affecting the implantation rate of the mice (ordinary one-way
ANOVA, p>0.05, n=9-19 mice per group). (B) Past Ct infection and exposure to Ct did not
affect pup or resorption numbers (ordinary one-way ANOVA, p>0.05, n=9-19 mice per group).
Graphs show mean and standard deviation.

Furthermore, the number of normally developed pups and resorptions did not

differ among non infected, Ct exposed and Ct infected mice (Figure 4.3B).
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4.3.4. Past Ctinfection does not affect
placental or embryo weight at e12

Average e12 embryo weight Average e12 placenta weight
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Figure 4.4. Past Ct infection does not affect the average embryonic and placental weight
of e12 pups. C3H mice were intravaginally inoculated with Ct or sham infected and mated 30
days post infection. They were classified as Ct infected if they presented with infection 8 days
post inoculation, Ct exposed if they cleared the infection by day 8 and controls (non infected
mice). (A) No difference was observed in the average el2 embryo weight among all groups
(ordinary one-way ANOVA, p>0.05, n=7-15 mice per group). (B) The average e12 placental
weight was not affected by Ct infection or exposure to Ct (ordinary one-way ANOVA, p>0.05,
n=7-15 mice per group). Graphs show mean and standard deviation.

The average weight of embryos and placenta per mouse did not differ among
the three groups (Figure 4.4). When examining each pup as an individual
independent unit, data shows the weight of each pup and placenta was not
altered due to exposure to Ct or presence of Ct infection on el12 (Figure 4.5A,
Figure 4.5B). The embryo to placenta ratio per mouse was also not different

among the three groups (Figure 4.5C).
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Figure 4.5. Past Ct infection of C3H mice does not affect embryonic and placental weight
at el2 of gestation. C3H mice were intravaginally inoculated with Ct or sham infected and
mated 30 days post infection. They were classified as Ct infected if they presented with
infection 8 days post inoculation, Ct exposed if they cleared the infection by day 8 and controls
(non infected mice). (A) No change in embryonic weight was observed (ordinary one-way
ANOVA, p>0.05, n=49-98 pups). (B) Placental weight did not differ among all groups
(Kruskal-Wallis test, p>0.05, n=49-98 pups). (C) Embryo to placenta ratio was not altered due
to exposure to Ct or Ct infection (ordinary one-way ANOVA, p>0.05, n=7-15 mice). Graphs
show mean and standard deviation.
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4.3.5. Past Ctinfection does not affect
implantation rate, pup or resorption numbers
at el4

At el4 no differences were observed on the number of normally developed
pups and resorptions or total implantation sites among non infected, Ct exposed
and Ct infected mice (Figure 4.6A, Figure 4.6B).
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Figure 4.6. Past Ct infection does not impact on C3H mice implantation and pregnancy
outcome at el4 of gestation. C3H mice were intravaginally inoculated with Ct or sham
infected and mated 30 days post infection. They were classified as Ct infected if they presented
with infection 8 days post inoculation, Ct exposed if they cleared the infection by day 8 and
controls (non infected mice). (A) The number of implantation sites did not differ among all
groups (Kruskal-Wallis test, p>0.05, n=3-4 mice). (B) Similar numbers of NDev pups and
resorption sites per mouse were observed at el4 (Kruskal-Wallis test, p>0.05, n=3-4 mice).
Graphs show mean and standard deviation.
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4.3.6. Past Ct infection reduces embryo and
placenta weight at el4

When examining the average embryo and placenta weight per dam, no
differences were observed among Ct infected, Ct exposed and non infected

dams at e14 as seen in Figure 3.7.
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Figure 4.7. Past Ct infection does not affect neither the average embryonic nor the
average placental weight of e14 C3H mice pups. C3H mice were intravaginally inoculated
with Ct or sham infected and mated 30 days post infection. They were classified as Ct infected
if they presented with infection 8 days post inoculation, Ct exposed if they cleared the infection
by day 8 and controls (non infected mice). (A) No change in average embryonic weight was
observed among all groups (Kruskal-Wallis test, p>0.05, n=3-4 mice). (B) The average
placental weight did not differ among all groups. (Kruskal-Wallis test, p>0.05, n=3-4 mice).
Graphs show mean and standard deviation.

The weight of e14 embryos from Ct infected mothers was reduced compared to
non infected pups (mean of 0.1138g compared to a mean of 0.1219g, Figure
4.8A). Similarly, placentae from Ct infected mice weighed less than those from
non infected controls (a mean of 0.06828g compared to a mean of 0.07598g,
Figure 4.8B). On the contrary, the embryo/placenta ratio of individual mice did

not differ among groups (Figure 4.8C).
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Figure 4.8. Ct past infection of C3H mice results in reduced embryonic and placental
weight of e14 C3H pups. C3H mice were intravaginally inoculated with Ct or sham infected
and mated 30 days post infection. They were classified as Ct infected if they presented with
infection 8 days post inoculation, Ct exposed if they cleared the infection by day 8 and controls
(non infected mice). (A) Reduction in embryonic weight of el4 pups was measured in Ct
infected embryos compared to non infected control mice (Kruskal-Wallis test with Dunn’s
multiple comparison’s test, p=0.034, n=23-26 pups). (B) Similarly, placentae of pups from Ct
infected mice weighed less than non infected controls (ordinary one-way ANOVA with
Bonferroni’s multiple comparison’s test, p=0.0019, n=23-26 pups). (C) No difference was
observed in the embryo/placenta ratio per mouse among all groups (Kruskal-Wallis test,
p>0.05, n=3-4 mice). Graphs show mean and standard deviation.

4.3.7. Ctinfection induces Prlr, Cxcl16 and Egf
expression in el2 mouse uterus surrounding
resorption sites but does not alter Cxcl12 or
their respective receptor expression levels

To investigate potential changes in my genes of interest for this study, the
levels of on Prl, Cxcl12, Cxcl16, Egf and their receptors were examined
(Figure 4.9). The mRNA levels of Prir, Cxcl16 and Egf were elevated in
uterine tissue in proximity to mouse resorption implantation sites in Ct infected
mice. In contrast, Prl, Cxcl12, Cxcr4 and Cxcr6 were not affected by past Ct

infection.
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Figure 4.9. Past Ct infection on does not affect the mRNA levels of Prl and Cxcl16 but
alters the expression levels of Prlr, Cxcl12, Cxcr4, Cxcré and Egf in the uterus at e12 of
C3H mouse gestation. C3H mice were intravaginally inoculated with Ct or sham infected and
mated 30 days post infection. They were classified as Ct infected if they presented with
infection 8 days post inoculation, Ct exposed if they cleared the infection by day 8 and controls
(non infected mice). (A) The mRNA of Prl was not altered among all groups (Kruskal-Wallis
test, p>0.05, n=5-7 mice). (B) Prir mRNA was increased in resorption sites of Ct infected C3H
mice compared to resorptions of non infected mice (Kruskal-Wallis test with Dunn’s multiple
comparisons test, p=0.0052, n=5-7 mice). (C) Cxcl12 expression levels were not altered among
all groups (Kruskal-Wallis test, p>0.05, n=5-7 mice). (D) mRNA levels of Cxcr4, receptor of
Cxcl12 chemokine, remained unchanged among all groups (Kruskal-Wallis test, p>0.05, n=5-7
mice). (E) Cxcl16 mRNA was increased in resorption sites of Ct infected mice (Kruskal-Wallis
test with Dunn’s multiple comparisons test, p=0.0061, n=5-7 mice). (F) In contrast, mMRNA for
Cxcl16 receptor Cxcr6 remained unchanged (Kruskal-Wallis test, p>0.05, n=5-7 mice). (G) Egf
messenger RNA was also upregulated in Ct infected mice resorptions (Kruskal-Wallis test with
Dunn’s multiple comparisons test, p=0.0049, n=5-7 mice). Graphs show mean and standard
deviation.

To summarise, pregnancy outcomes including implantation rate and pregnancy
or resorption numbers remained unchanged in Ct exposed and Ct infected mice
compared to non infected controls at e12 and e14 of gestation. Embryonic and
placental weight of Ct infected mice was similar to controls on e12 however a
reduction was observed on el4 of gestation. Prl, Cxcl12, Cxcr4 and Cxcr6
MRNA levels were not affected by past Ct infection, whereas Prlr, Cxcl16 and
Egf where elevated in uterine tissue in proximity to mouse resorption
implantation sites in Ct infected mice compared to tissue near normally

developed pups from non infected mice.
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4.4. Discussion
This study demonstrates that Ct infection, cleared prior to pregnancy, reduces
embryonic and placental weight at e14 but has no effect on implantation or pup
resorption rates in a murine model of pregnancy. Furthermore, changes in
gestation related genes Prlr, Cxcl16 and Egf indicate possible mechanisms that

might be responsible for Ct induced adverse pregnancy outcomes in mice.

There are few models of ascending Ct infection in the mouse female
reproductive tract (Gondek et al., 2012; Pal et al., 1994; Swenson et al., 1983)
and even fewer models of ascending infection leading to adverse pregnancy
outcomes (lgietseme et al., 2013; de la Maza et al., 1994; Pal et al., 1999,
2001; Tuffrey et al., 1988). In my model using Ct serovar E, vaginal
inoculation with 10° IFU of Ct was sufficient to induce ascending and
subsequent uterine infection in C3H mice that was cleared 18 days post
infection in all mice. This could be a useful model to study processes and
pathways related to early pregnancy that are affected by serovar E, the human

sexually transmitted Ct serovar.

The number of total implantation sites per mouse was not altered following
exposure to Ct indicating no effect of past Ct infection on implantation.
Similarly, no differences were observed in the number of live embryos or
resorptions at both e12 and el4 gestational days. Although the experiments
were not completed due to time restrictions, it is likely that past Ct infection
does not alter implantation rates or fertility in C3H mice. However, infertility
has been induced by the MoPn serovar (in high IFU doses, such as 108 and 107,
Carmichael et al.,, 2013). Serovar E has been shown to be less potent
pathogenic factor in mice compared to other Ct serovars such as D and F in
C3H mice (Carmichael et al., 2013). Although my results indicate that it is not
likely that past infection with serovar E results in infertility, future experiments
utilizing higher IFU for serovar E infection and comparison with MoPn serovar

infection should be carried out to further investigate this hypothesis.
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The average embryonic and placental weight per mouse was not affected by Ct
infection or exposure to Ct at el2 of gestation. Similarly, in preliminary
experiments at e14 of gestation, no difference was observed when the average
pup and placental weight was examined per dam. However, Ct infection was
shown to decrease placenta and embryonic weight at e14 but not el2 if each
embryo was considered an individual value. Some published studies have
analysed gestational parameters by regarding each embryo and placenta as an
individual value (Constancia et al., 2002; Mu et al., 2008), whereas others
either analysed the mean weight per dam or analysed the data both ways
(Cosselman et al., 2012; Hubbard et al., 2013). Both ways of analysing the data
are valid, however they highlight the need of further experiments to investigate

the potential link between past Ct infection and IUGR.

Although these were preliminary experiments, this is the first murine model to
demonstrate that past maternal infection with Ct infection could potentially
lead to IUGR. IUGR has been induced in other mouse models with a maternal
low-protein diet and hypercholesterolemia (Bhasin et al., 2009). In the absence
of maternal malnutrition, insufficient vascularisation as a result of abnormal
vessel development in Vegf’ mice caused IUGR (Carmeliet et al., 1996). Nitric
oxide synthase knockout (eNOS™) mice display suboptimal uterine artery
function and placental nutrient transport is impaired leading to IUGR (Kusinski
et al.,, 2012). Insulin-growth factor Il (Igfll) depletion has been shown to
induce reduction of placenta weight that also results in IJUGR (Constancia et
al., 2002). It would be interesting to determine whether Ct infection leads to
IUGR through any of these pathways in future experiments utilising the mouse

model of infection and gestation developed in this study.

It was surprising that Prlr and Egf transcripts were upregulated in uterine tissue
of mouse resorption in Ct infected mice. There are no data available regarding
pathogenic roles of excess Prlr or Egf. It is known however that Prl”-and Prir”
mouse models display serious reproductive failure phenotypes including
impaired fertilisation, implantation failure and abnormal mammary gland

development (Bao et al., 2007; Horseman et al., 1997; Lucas et al., 1998;
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Ormandy et al., 1997). Furthermore, reduced Prl and Egf protein levels have
been associated to placental induced IUGR by several studies in mice (Ain et
al., 2005; Cellini et al., 2004; Kamei et al., 1999; Rab et al., 2013). Taking into
consideration that elevated mRNA levels do not necessarily result in increased
protein levels, it is possible that the mRNA levels of Prlr are increased in an
attempt to compensate for reduced protein levels due to the past Ct infection.
This suggests a potential effect of Ct in post-translational regulation of these

critical genes and requires further investigation.

Finally, the role of Cxcl16 during mouse gestation is completely unknown and
the presence of mMRNA on gestational day e12 is a novel finding. As Cxcl16 is
affected by Ct infection in a pattern similar to Prlr and Egf, it is likely that it is
also involved in mouse gestation similarly to its role in human gestation,
including recruitment of immune cells and interaction with trophoblast cells or
maternal decidua. It would be very interesting to explore the role of Cxcl16
utilising a knock-out mouse model, with and without Ct infection during

gestation.

A limitation of the current study is that weight data were not available for all
dams at e12 as this was not an outcome initially included in the study aims.
Future studies should be planned in great detail in advance and include
embryonic and placental weight measurements. Furthermore, due to time
restrictions, the experiments presented in this study are preliminary and should
be repeated until a sufficient sample number is reached, as established in the
statistical power calculation of this study.

In future studies of past Ct infection utilising the current C3H model of
gestation, it would be very interesting to investigate whether the growth
restriction is continued till labour and whether the labour onset is premature or
not. Moreover, another study could be designed to explore whether the effect
of antibiotic treatment of Ct infection could prevent any of the above

complications in a future gestation.
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This study demonstrated that past Ct infection not only reduced embryonic and
placental growth on el4 pups but also attenuated the expression levels of
gestation related genes Prir, Cxcl16 and Egf. These findings require further
investigation initially using the murine model and further evaluation in
humans, as they may highlight a previously unknown effect of past Ct infection
to gestation and provide a link between infection, IJUGR and potentially other
adverse pregnancy outcomes such as premature labour and reduced birth
weight.
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5. Chapter 5: Interim study analysis:
association between Ct infection and
miscarriage

5.1. Introduction and aims

Active Ct infection is defined as ‘current’ infection and is detected by PCR of a
cervical swab (Centers for Disease Control and Prevention., 2014) although
historically this was done by the less sensitive method of tissue culture
(Centers for Disease Control and Prevention., 2014; Sozio and Ness, 1998).
Persistent Ct infection is defined as infection that is still active for a minimum
of 6 months up to 5 years after initial diagnosis (Meijer et al., 2005; Morré et
al., 2002). Past Ct infection, which has been either treated using antibiotics or
spontaneously cleared, can be diagnosed by proxy via detection of anti-Ct 1gG
antibodies in serum (Baud et al., 2011). Several ELISAs based on the detection
of antibodies against Ct antigegn MOMP are commercially available at the
moment such as the MEDAC ELISA plus, the Savyon Sero Ct-IgG ELISA and
the Anilabsystems IgG EIA (Wills et al., 2009b). A newly developed ELISA
targeting antibodies against the Pgp3 protein of the Ct plasmid was shown to
be the most sensitive assay when detecting past Ct infection (Horner et al.,
2013; Wills et al., 2009c).

Active infection was shown to be associated with miscarriage in a study of 66
women with spontaneous miscarriage (Vigil et al., 2002). In this study (Vigil et
al., 2002), 21% (14 of 66) were Ct infected compared with 8.9% (23 of 59) of
women with full-term pregnancies (p<0.05). The percentage increased to
68.8% (22 of 32) when both parents were infected.

Conversely, other studies have reported no association between active Ct
infection and miscarriage (Baud et al., 2011; Gronroos et al., 1983; Munday et
al., 1984; Sozio and Ness, 1998). In a study of 145 women with miscarriage
and 261 controls (Baud et al., 2011), Ct was detected in 4% (5 of 145) of
placentae from women with miscarriage and 0.7% (18 of 261) of control

women with healthy pregnancies, however no difference was observed in the
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prevalence of active Ct infection between women with miscarriage and
controls (p=0.026). Baud et al. (Baud et al., 2011) more recently conducted a
statistically powered study, with defined patient recruitment criteria for both
cases and controls and examined for the presence of Ct infection in women and
placentae using sensitive methods (ELISA and PCR), therefore this study is of
high quality. In a separate study (Sozio and Ness, 1998), the proportion of
women with Ct infection was 3.8% (2 of 52) among spontaneous miscarriage
cases and 8.5% (5 of 59) controls under 22 weeks of gestation, therefore the
researchers reported no increased risk of miscarriage due to Ct. In another
prospective study (Munday et al., 1984), 241 pregnant women, 76 women
miscarried and Ct was detected in the cervix of one woman in the study using
cell culture followed by Giemsa stain, leading the authors to believe there was
no association between Ct and miscarriage. In a study by Groénroos et al.
(Gronroos et al., 1983), detection of IgG and IgA Ct antibodies by
radioimmunoassay in sera and cervical secretions of 189 women with
threatened miscarriage, showed no difference in Ct prevalence among women
that subsequently delivered a healthy baby compared to women that

miscarried. Further details of these studies are shown in Table 5.1.

Several studies have been published in support of the association of past Ct
infection with miscarriage, with Ct prevalence ranging between 11%-69% in
miscarriages compared to 2-7% in healthy pregnant controls (Arsovic et al.,
2014; Baud et al., 2011; Licciardi and Grifo, 1992; Wilkowska-Trojniel et al.,
2009). In one study (Arsovic et al., 2014), 10 of 54 women with miscarriage
were shown to have persistent Ct infection. Arsovic et al. (Arsovic et al.,
2014), suggest an association between persistent Ct infection and miscarriage,
however a limitation of this study is these cases were compared only against
patients with tubal infertility and not uninfected healthy pregnant women
(Arsovic et al., 2014). In another study (Baud et al., 2011), 145 women with
miscarriage and 261 controls, a positive association of past Ct infection with
miscarriage was observed. The prevalence of Ct antibodies was 15.2% (2 of
145) in women with miscarriage compared to 7.3% (19 in 261) in controls
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(p=0.018, Baud et al., 2011). Furthermore, in an observational study of 4,920
women with genital tract infections (Kortekangas-Savolainen et al., 2012),
Kortekangas-Savolainen et al., have suggested that late complications can
occur in Ct infected pregnant women. Moreover, Wilkowska-Trojniel et al.
(Wilkowska-Trojniel et al., 2009) observed the prevalence of Ct antibodies in
11.28% (9 of 76) patients with one spontaneous miscarriage compared to 2.2%
(1 of 46) of 2" and 3™ pregnancy trimester controls (p=0.029). In an older
study of 195 miscarriage cases (Feist et al., 1999), 4.1% (8 of 195) patients
were seropositive for Ct and none of the placenta sections examined were
infected with the bacterium. This study examined no controls (Feist et al.,
1999). Finally, 69.0% (20 of 29) women with miscarriage were found to be
positive for Ct antibodies compared to 23.7% controls (9 of 38, p<0.001) or
25.6% of women who did not become pregnant (20 of 78, p<0.001) after IVF
(Licciardi et al., 1992). In contrast, a number of older studies have disputed the
association of past Ct infection and miscarriage (Coste et al., 1991; Feist et al.,
1999). In a case control study (Coste et al., 1991) comprising of 279
miscarriage and 279 control cases, previous miscarriage, ethnic origin,
maternal age above 30 at time of conception but not Ct infection were
highlighted as significant risk factors to miscarriage. Additionally, a different
study (Feist et al., 1999) examined 195 placental samples from miscarriage
cases where examined using anti-Ct LPS antibody and were all negative. In the
same study, serum samples from 187 patients were tested for detection of anti-
Ct antibodies by microimmunofluorescence. Serological findings indicated that
only 8 patients had had past Ct infection (Feist et al., 1999). Finally, Paukku et
al. (Paukku et al., 1999) examined 72 recurrent miscarriage patients and 132
controls using serum Ct IgG and IgA ELISA to detect Ct infection and reported
no association between Ct and miscarriage. This paper appears to have
contradictory statements, as the microimmunofluorescence data the authors
also presented in the paper demonstrated a higher prevalence of Ct infection
antibodies in the control group. This was also openly criticised also in a letter
to the same journal (Witkin, 2000). Further details of these studies and their

limitations are shown in Table 5.1.
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To summarise, the evidence supporting an association of Ct with miscarriage is
inconsistent. This can be attributed to poor sensitivity of older detection assays
and the inability of assays that detect current infection to detect past infection.
Moreover, many of the above studies have been poorly designed, with some
having unequal group sizes or missing a control patient population.

| therefore set out to investigate the association of lifetime exposure to genital
Ct infection with miscarriage using a novel ELISA that detects antibodies to
the Pgp3 protein of Ct plasmids with more sensitivity than widely used
commercial assays (Wills et al., 2009a). The Pgp3 antigen is unique to Ct,
eliminating cross-reactivity with antibodies to other Chlamydia species such as
C.pneumoniae, a major weakness of previous serological tests (Wills et al.,
2009a). A well-powered case-control study to investigate whether past Ct
infection is a risk factor for miscarriage (for further details see sections 5.2.1).
The hypothesis of this study was that past Ct infection is associated with
increased risk of miscarriage.

To address this hypothesis | aimed:

1. To compare the detection of past Ct infection

2. To investigate whether lifetime exposure to Ct is associated with
increased risk of miscarriage

3. To investigate the prevalence of active Ct infection in women

presenting with miscarriage.

129



Table 5.1. Analysis of studies investigating the role of past and active Ct infection and miscarriage.

Study Pregnancy Case population Control population Type of Assay used Result Study quality
complication infection
Grénroos | Spontaneous 189 consecutive None Active Active infection: cell culture from No association Less reliable due to
etal., miscarriage patients with infection cervical swab and IgA between active lack of control
1983 (not further threatened radioimmunoassay on cervical and | infection and population and less
defined) miscarriage serum samples spontaneous sensitive detection
miscarriage methods
Munday et | 1%t and 2" 76 women with 149 women whose Active Active infection: cell culture No association Less reliable due to
al., 1984 trimester spontaneous pregnancies ended in infection detection using GIEMSA stain between active less sensitive
miscarriage miscarriage live-births from cervical swab test infection and detection methods
under 28 weeks miscarriage
of gestation
Sozio and | 1%tand 2™ 60 women 60 women chosen Active DNA testing on urine samples No association Limitation is the
Ness, trimester between the ages | randomly with infection using the Abbott LCR Probe between active sample size of both
1998 miscarriage of 14 and 40 with | uncomplicated system infection and groups
miscarriage up to | pregnancies continuing miscarriage
22 weeks of past 22 weeks of
gestation gestation
Vigil et 1%t trimester 66 women with 259 women with Active Immunofluorescence on cervical Active infection More reliable study
al., 2002 miscarriage history of one or | children and no history | infection smears using MicroTrak kit significantly although the much
more 1% trimester | of spontaneous associated with smaller size of the
spontaneous miscarriage recruited miscarriage case population is a
miscarriages during annual limiting factor
gynaecological
examination
Licciardi Spontaneous 29 women 116 women Active Active: cell culture, DNA probe Past infection Prospective study
etal., miscarriage undergoing IVF undergoing IVF and past Past: serum IgG detection using significantly with case group
1992 (not further treatment treatment infection associated with much smaller
defined) spontaneous compared to
miscarriage control group —

significant
limitation
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Study Pregnancy Case population Control population Type of Assay used Result Study quality
complication infection
Wilkowsk | 1%t trimester 120 women aged | 46 women, in the 2" Active Active: PCR of endocervical swabs | Past infection Serious limitation
a-Trojniel | miscarriage: 19-44 years with | and 3™ trimester with and past Past: serum 1gG and IgA detection | associated with is the smaller
etal., spontaneous miscarriage normal pregnancy, no infection using MEDAC p-ELISA spontaneous and | sample size of the
2009 and recurrent history history of miscarriage recurrent control group
(>2 or urogenital disorders miscarriage therefore not as
miscarriages) reliable
Baud et Miscarriage 125 women 261 women attending Active Active: PCR of endocervical Past infection More reliable study
al., 2011 (not further consulting for an | the labour ward with and past swabs, associated with using sensitive
defined) acute no past miscarriage, infection Past: serum 1gG and IgA using miscarriage, Ct detection methods
miscarriage. stillbirth, preterm Foetal Ridascreen ELISA detection foetal despite the smaller
labour. infection Foetal: PCR on placentae from placentae size of the case
miscarried foetuses population
Arsovic et | Spontaneous 54 women with 33 women with tubal Past and Serum samples: ELISA on IgG and | Association only | Serious limitation
al., 2014 miscarriage spontaneous factor infertility active IgA Ct antibodies using MEDAC of persistent is the small sample
(not further miscarriage infection p-ELISA active infection size of both groups
defined) with miscarriage | therefore not as
reliable
Paukku et | Recurrent 70 selected 40 normal parous Past Serum samples: ELISA on IgG and | No association Serious limitations:
al., 1999 miscarriage women from women, 94 infection IgA Ct antibodies between past small sample size
RPL clinic asymptomatic sexually microimmunofluorescence infection and of both groups,
active women miscarriage contradictory
statements
Coste et Miscarriage 279 women 279 women 15 - 44 Not Microimmunofluorescence method | No association Limitation is the
al., 1991 (expulsion of a | between 15 and years, giving birth in specified | on unspecified Ct antibodies on with miscarriage | detection method
fetus weighing | 44 years with the same hospitals on serum samples sensitivity
<500q) miscarriage date close to a case
Feist et Spontaneous 195 women None Not Microimmunofluorescence method | No association Less reliable due to
al., 1999 miscarriage between 19 and specified on unspecified Ct antibodies on with miscarriage | lack of control
(not further 44 years, serum. Immunohistochemistry, population,
defined) miscarriage- histological examination of detection method
gestational ages placental samples sensitivity

of 3-37 weeks
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5.2. Materials and Methods

5.2.1.  Statistical power of study

This is a large study of women with miscarriage with sufficient power to estimate the
Ct population attributable risk in miscarriage (300 women in the miscarriage group
and 300 women in the control group). Past Ct infection seroprevalence of 20% in the
control group and 40% in women with miscarriage is anticipated based on literature
review and pilot work (Baud et al., 2010; Lyytikéinen et al., 2008). The study has
over 99% power to demonstrate an association between Ct exposure and miscarriage.
It will have 86% power to detect a dose response effect of Ct titre, if 35% of the
estimated 60 pregnant Ct positive controls have a high titre compared with 60% of the
expected 120 miscarriage Ct positive population. With 300 women who have
miscarried and 300 women with normal pregnancies, this will allow estimation of
exposure within the miscarriage group (95% CI) 34.5%- 45.8% and 15.7%-25.1%
within the control group respectively.

5.2.2.  Study participants
All women gave written informed consent to the study, which was approved by the
Scotland Ethics committee (REC reference number: 12/SS/0098).

Women who attended the Pregnancy Support Centre of the Royal Infirmary of
Edinburgh with a miscarriage that had been confirmed with an ultrasound scan were
recruited. These women were aged between 16 and 45 years old with no history of

HIV. The miscarriages were all within the first 12 weeks of pregnancy.

Details of age, ethnicity, patient reported number of previous episodes of Ct, height
and weight, medical history, current medication and current Ct infection status
(cervical swab tested by Abbott RealTime CCOt/NG Amplification Reagent Kit,
Abbot, Cat. No 08L07-091, and/or results obtained from the clinic notes if taken as
part of routine clinical care) were collected for each patient. Additionally, birth

weight (grams) of the baby was recorded for control patients.

Patients in the control group were recruited from the Edinburgh Tissue Biobank and
the Obstetric Triage Department at the Royal infirmary. The Edinburgh Tissue
Biobank database folders were checked for eligible patients. Inclusion criteria

included were between 15 and 45 years old, had no history of miscarriage or stillbirth
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in previous pregnancies, no history of HIV, and were in their third trimester of their
current pregnancy when approached. If information regarding history of Ct infection
was recorded in the Biobank database, it was recorded. Details of age, ethnicity,
patient reported number of previous episodes of Ct, height and weight, medical
history, current medication were also recorded. However, routine Ct PCR swab test
was not conducted by the Biobank at the time of recruitment. Serum samples were
retrieved from the Biobank and analysed. The same inclusion criteria were used for
women approached at the Obstetric Triage Department at the Royal infirmary,
however a Ct PCR swab test was also conducted during recruitment in addition to

serum sample collection.

5.2.3. Ct antibody detection in serum samples
5.2.3.1. Pgp3indirect ELISA assay
Samples were analysed for evidence of past Ct infection by Dr Gillian Wills as
published in (Wills et al., 2009a) in Professor Myra McClure’s laboratory (Jefferiss
Trust Laboratories, Wright-Fleming Institute, Imperial College London). This assay
was selected as it is the most sensitive and specific assay compared to the most widely
used anti-MOMP ELISAs (Wills et al., 2009c).

Briefly, immunosorb 96-well microtitration plates were coated with Pgp3 protein for
1 h at 37°C (20 ng per well in 100 mM sodium carbonate buffer, pH 9.6). The bound
protein was washed with PBST-B (PBS, pH 7.2, containing 0.05% Tween 20),
blocked with 200 ul of 1% Hammersten casein in PBST-B for 2 h at 37°C, and
washed three times. All sera were then assayed in duplicate at a 1:100 dilution in the
blocking buffer. After 1 h at 37°C, the bound protein and antibody were washed three
times, and 100 pl of an HRP-labelled goat anti-human antibody (Fc fragment) diluted
1:8,000 was added. After 1 h at 37°C, unbound antibody was removed by six washes
with PBST-B; then 100 pul TMB solution was added, and the mixture was incubated
for 10 min at 25°C. The reaction was stopped with 50 ul 2 M H2SO4, and absorbance
was read at 450 nm. Readings were corrected for background by subtracting the

average absorbance of two (blank) wells with no serum.

5.2.4. RIDASCREEN® Chlamydia IgG/IgM assay
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The second Ct detection assay used was the RIDASCREEN® Chlamydia IgG/IgM
kit, used in the study by in the study by Baud and colleagues (Baud et al., 2011), R-
biopharm, Cat. no: KGM3101).

The kit was used according to the manufacturer’s protocol. Briefly, 100 pl sample
buffer was added into each of the microwells followed by 5 ul sample or control. The
plate was mixed on a plate mixer and incubated for 45 minutes at 37 °C in an
incubator. The wells were emptied into a waste container containing hypochlorite
solution for disinfection. Then the plate was blotted onto absorbent paper in order to
remove the residual moisture and washed 5 times using 300 pl diluted wash buffer
each time. Subsequently, 100 ul of the streptavidin conjugated- 1gG was added and
incubated at 37 °C for 30 minutes. Following 5 washes, 100 ul of substrate were
added to each well and incubated at room temperature for 20 minutes. The reaction
was stopped by adding 50 ul stop reagent and the absorbance was measured at 450

nm (reference wavelength 620 nm).

5.2.5.  Statistical analysis

Statistical analysis was carried out by the Chi square test (used to test for a
relationship between two groups of categorical values), Mann-Whitney test (used to
test for a relationship between two groups of continuous values) and Fisher’s exact
test (is used to analyse contingency tables with two nominal variables). The GraphPad
Prism 6 software was used with the guidance of my study collaborator Dr Paddy
Horner (Consultant Senior Lecturer in the School of Social and Community Medicine
at the University of Bristol and expert in statistical analysis and modelling) (Horner et
al., 2013; Wills et al., 2009c¢).
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5.3. Results

5.3.1. Demographic characteristics of study
participants

During January 2013-November 2015, a total of 199 women with miscarriage
(‘miscarriage group’) were recruited to my study at the Pregnancy Support Centre of
the Royal Infirmary of Edinburgh. 141 ‘control’ women were prospectively recruited
from the Obstetric Triage Department at the Royal Infirmary of Edinburgh (‘control
group’) and the Edinburgh Tissue Biobank.

| personally identified 130 eligible control patients from the Edinburgh Tissue
Biobank and recruited 10 patients from the Obstetric Triage Department at the Royal
infirmary. Furthermore, | personally recruited 58 women at the Pregnancy Support

Centre of the Royal Infirmary of Edinburgh.

Due to difficulties with recruitment, | did not achieve the target set out in my sample
size calculation and | therefore present an interim analysis. Recruitment is on-going
by the Horne group and the target of 300 women in each group should be achieved by
2017.
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Figure 5.1. Case-control study recruitment was not completed till July 2015. (A) The target of 300
women in the control group was not reached by May 2016, a total of 199 women were recruited. (B)
Similarly, 141 of 300 women of the control group were recruited.

As shown in Table 5.2, the groups did not significantly differ in age, as the average
was 32.87 years of age for the control group and 36.62 for the miscarriage group.

Similarly, no differences were observed in weight, height or body mass index (BMI)




between both groups. Ethnicity was a parameter that differed between groups, as
more participants in the control group were of “unknown/other” ethnicity (9,3%
compared to 0% whereas in the miscarriage group the majority of participants were
Caucasian (95.5% compared to 87.9% in the control group).

Table 5.2. Study participants displayed no difference in demographics including age, weight,

height, smoking status and body mass index (BMI), however a difference was observed in the
ethnicity between the control and miscarriage group.

Parameter Statistic Control Miscarriage p value
group group
(n=141) (n=199)
Age (years) | Meanzx Std. dev. | 32.87 £ 32.62 +5.816 | 0.9506*
5.419
Weight (kg) | Mean + Std. 70.84 70.18 £17.42 | 0.2131*
dev. 13.76
Height (cm) | Mean + Std. 164.8 + 165.2 £ 6.619 | 0.4059*
dev. 5.785
Body mass | Mean + Std. 26.22 + 25.72 +6.024 | 0.0991*
index dev. 5.374
(BMI)
Smoking Smoker (%) 13 (9.6%) 21 (10.7%) 0.6720**
status Ex smoker (%) | 27 (19.9%) | 46 (23.4%)
Never smoked 96 (70.6) 130 (66%)
(%)
Ethnicity Caucasian (%) | 123 (87.9%) | 190 (95.5%) | <0.0001**
Black (%) 3 (2.1%) 3 (1.5%)
Asian (%) 1 (0.7%) 6 (4%)
Other/Unknown | 13 (9.3%) 0 (0%)
(%)
*Mann-Whitney test, **Chi square test

Detailed statistical parameters can be found in Appendix 3.

5.3.2. Pgp3 ELISA detected more patients exposed
to Ct than RIDASCREEN Chlamydia IgG ELISA

Using the RIDASCREEN ELISA to detect past infection, 12 women with miscarriage
and ten women from the control group were found to be seropositive for past Ct
infection. However, using the Pgp3 ELISA 36 women with miscarriage and 31
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women from the control group were positive for the Pgp3 antigen, indicating past Ct

infection (Figure 5.2).
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Figure 5.2. The Pgp3 ELISA detected more women that had been exposed to past Ct infection
compared to the RIDASCREEN ELISA. Serum samples were collected from 36 versus 12 patients
in the miscarriage group and 31 compared to 10 in the control group. Past Ct infection was detected
using an in-house ELISA assay detecting antibodies against Ct cryptic plasmid protein Pgp3 and a
commercially available ELISA detecting anti-Ct LPS antibodies.

5.3.3. No association with miscarriage and past Ct
infection (based on interim analysis)

Past Ct infection was detected by both the Pgp3 and the commercially available anti-
LPS ELISA. 31 women from the control group and 36 women from the miscarriage
group were seropositive for Pgp3, whereas 96 and 124 respectively were
seronegative. Using the commercially available 1gG LPS ELISA on the same
samples, 12 women from the control group where positive with 113 negatives and 10
women from the miscarriage group were positive whilst 113 were negative (Table
5.3).

Table 5.3. Interim analysis of 141 serum samples from women with normal pregnancies and 199
women with miscarriage demonstrates no association between past Ct infection and miscarriage.
Past Ct infection was detected in serum samples using an in-house ELISA assay detecting antibodies
against Ct cryptic plasmid protein Pgp3 and a commercially available ELISA detecting anti-Ct LPS
antibodies. In the control group, 31 participants tested positive and 96 tested negatively for past Ct
infection, whereas in the miscarriage group 36 were seropositive and 124 were seronegative as detected
by the Pgp3 assay.

Parameter Outcome Control | Miscarriage p value
group group
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(n=141) (n=199)
Pgp3 result Positive 31 36 0.7790**
Negative 96 124
Not yet 25 40
tested
LPS Positive 12 10 0.8240**
RIDASCREEN
. Negative 113 113
Elisa result
Not yet 0 0
tested

**Chi square test

History of past Ct infection was reported by 4 women of the control group and 17
women with miscarriage, with 17 women from the control group and 182 women
from the miscarriage group reporting no previous Ct diagnosis. Information on history

of Ct infection was not available for 120 women from the control group retrieved

from the Biobank.

Taking into account the self-reported history of past infection and the past Ct
infection seroprevalence data from the Pgp3 assay, it is evident that several women
had been exposed to Ct in the past without ever been diagnosed. More specifically,
out of 31 seropositive women in the control group, only 4 reported past Ct diagnosis,

whereas in the miscarriage group more women had received a diagnosis as 17 out of

36 seropositive patients reported history of Ct infection (p=0.0034).

5.3.4.

None of the 14 women from the control group and 177 women from the miscarriage

group was infected with Ct at the time of enrolment. The remaining 129 women of the
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control group were not tested for active infection as the serum samples had been

collected previously by Edinburgh tissue Biobank (Table 5.4).

Table 5.4. Active Ct infection was not detected in any of the study participants. Participants were
tested for active Ct infection at the time of enrolment in the study by PCR (Abbott RealTime Ct/NG
Amplification Reagent Kit) on a cervical swab sample the participants collected themselves. This was
not possible for control samples retrieved from the Edinburgh tissue Biobank, thus only 14 patients
were tested and found seronegative. In the miscarriage group, none of the 177 women tested were
diagnosed with active Ct infection.

Parameter Outcome Control group Miscarriage
group
Current Ct | Positive 0 0
infection
Negative 14 177
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5.4. Discussion

To summarise, interim analysis of the samples from this study to date indicates that
past Ct infection is not associated with miscarriage. If this holds true for the

completed dataset, this is a very important public health message.

The Pgp3 assay is more sensitive than other commercially available ELISAs (Wills et
al., 2009a). As | have demonstrated, the Pgp3 ELISA detected more cases of past Ct
infection compared to the RIDASCREEN Chlamydia IgG assay used by Baud and
colleagues in the most recent study showing an association between Ct and
miscarriage (Baud et al., 2011), however a study on samples with known history of Ct

infection is required to establish the difference in sensitivity of these two ELISAs.

With a total of 340 participants from both the miscarriage and control groups, the
present study has a sample size larger than most studies published on the association
between past and active Ct infection and miscarriage (Arsovic et al., 2014; Coste et
al., 1991; Feist et al., 1999; Gronroos et al., 1983; Munday et al., 1984; Paukku et al.,
1999; Sozio and Ness, 1998; Wilkowska-Trojniel et al., 2009). The interim analysis
suggests no association between past Ct infection and miscarriage, a result that, if
confirmed upon study completion, contradicts several published studies (Arsovic et
al., 2014; Baud et al., 2011; Licciardi and Grifo, 1992; Wilkowska-Trojniel et al.,
2009), whilst adding to those arguing against past Ct infection being a risk factor for
miscarriage (Coste et al., 1991; Feist et al., 1999). It is likely that upon completion of
the study the lack of association will be proved given the statistical power of the
present study, thus clarifying that lifetime exposure to Ct is not a risk factor for

miscarriage.

An important factor that must be taken into consideration is that this study has 99%
power to detect the association between Ct and miscarriage provided the prevalence
of past Ct infection is 20% in the control group and 40% in the miscarriage group.
Preliminary data indicate that the difference in Ct prevalence is not as high as 20%
between the two groups. Although the study is still on-going, it is possible that a far
larger scale study may be required to have sufficient power to establish an association

between Ct and miscarriage.
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Maternal weight and obesity, defined as body mass index (BMI) >=28, as well as
smoking status were not associated with miscarriage. Obesity has been identified as a
risk factor for miscarriage (Boots and Stephenson, 2011). The results reported in the
present interim analysis could be attributed to similar weight, height and BMI
distribution between the two groups, leading to no association between BMI and
miscarriage. Furthermore, published systematic review of 98 studies has demonstrated
that active smoking during pregnancy, including passive smoking, increased the risk
of miscarriage (Pineles et al., 2014). However, similarly to BMI, smoking status was
not associated with miscarriage in my analysis and a similar pattern of smokers, ex

smokers and non smokers was observed among both groups.

An important outcome from the interim analysis was that no active Ct infection was
detected in any of the women in the miscarriage group so it is not going to be possible
to come to any conclusion on active infection from this study. A past study on
pregnant women in England has reported prevalence ranging from 0.08% to 2.1% in
adult women 25-44 years old (Price et al., 2014). Similar prevalence statistics have
been reported across Europe, ranging between 1.7% and 17% (Rours, Duijts, et al.,
2011; Wilson et al., 2002). Crucial to prevalence of the disease is country of origin as
prevalence rates are higher in developing countries (27% in Saudi Arabia (Ashshi et
al., 2015), 23% (Patel et al., 2010)and 29.8% in India (Yasodhara et al., 2001), and
10.9-12.5% in Argentina (Golijow et al., 2005)). Furthermore, younger women are at
higher risk of Ct infection and detection rates in pregnant adolescents have been
reported as high as 37% (Hardy et al., 1984). In my sample set, zero prevalence
reflects on Ct testing policies in Scotland that have been applied to young women 17-
24 years old and have resulted in 21% reduction of Ct cases (Looker et al., 2015) as
well as the fact that the average age of both groups was 32 years old, suggesting a
population of women at a lower risk of Ct infection (Adams et al., 2004; Price et al.,
2014). 1t is also possible that women who wish to become pregnant are more
conscious of their health and ask to get tested if they think they might be at risk. It is
therefore likely that potential infections might have been treated at the time of
recruitment. As Ct prevalence rates are higher in developing countries, risk of adverse
pregnancy outcomes due to past Ct infections might be more relevant in developing
countries, highlighting the importance of the conduction of2 a statistically powered

study in these areas.
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The recruiting process for this study proved particularly challenging. Abiding by the
schedule of each patient visit can be time consuming, as appointments can be delayed.
This could result in missing patients if appointments occur in parallel in different
departments. Furthermore, many patients did not consent to discussing the study or
refused to participate after discussion. Another important factor was the lack of
eligible patient samples from the Edinburgh Tissue Biobank for inclusion in my
study. Another limitation of the Edinburgh Tissue Biobank samples was the lack of
past Ct infection medical history information and current infection tested at the time
of recruitment, as this was not a process normally undertaken by the Biobank. This
resulted in a need for additional recruitment of patients attending their elective C-

section appointments at the Triage for the control group of this study.

Recruitment to this study should be completed by 2017 and detailed statistical
analysis will be followed by publication of the findings that will contribute to a better

understanding of Ct infection and risk of miscarriage.
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6. Chapter 6: General discussion

In the present thesis three questions were addressed:

1. Does Ct infection impact upon decidualisation and chemokine secretion?
2. Does past Ct infection cause adverse pregnancy outcomes in a murine
pregnancy model?

3. Is past Ct infection associated with miscarriage in humans?

The hypothesis was that Ct can infect ESC that undergo decidualisation. Ct infection
could result in suboptimal decidualisation and attenuated chemokine secretion, which
could negatively impact on a potential implantation. Furthermore, | hypothesised that
there is a causal relationship between past Ct infection and adverse pregnancy
outcomes including increased number of pup resorptions and IUGR in a murine
model of pregnancy. Finally, drawing parallels between the mice and humans, |

postulated that past Ct infection could be a risk factor for miscarriage.

6.1. Therole of the endometrium in Ct infection
and adverse pregnancy outcomes

The fetomaternal microenvironment during decidualisation and early pregnancy is a
result of complex interactions between various cell types of the mother and the fetus.
Consequently, any disruption of this delicate balance may lead to adverse pregnancy
outcomes. As demonstrated in Chapter 3, Ct can infect not only the endometrial
luminal epithelium but also the stromal cells. Furthermore, it can disrupt
decidualisation as measured by reduced levels of decidualisation marker PRL, without
affecting the high mRNA and protein levels of the other important decidualisation
marker, IGFBP1.

PRL is a key molecule for gestation and decidualised, with a well characterised role,
and reduced PRL secretion has been linked to recurrent miscarriage (Salker et al.,
2010). In contrast, the role of PRL in IUGR remains unclear. It has been shown that
MRNA and protein levels of decidualisation marker IGFBP-1 and leptin were
elevated in ITUGR placentae compared to placentae from normal birth weight babies,
whereas PRL levels were found to be similar between the two groups (Struwe et al.,
2010).Interestingly, the same group detected elevated levels of IGFBP-1, leptin and

PRL levels in the periphery and intermediate zone of IUGR placentae compared to
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normal birth weight control placentae, demonstrating that sampling area is crucial for

accurate quantification of proteins of interest (Tzschoppe et al., 2010).

As demonstrated in Chapter 4, within a controlled experimental environment where
the only variable is Ct infection of dams a month prior to mating, it is evident that
past Ct infection did not cause increased resorption and did not evidently affect
pregnancy up to el2 of gestation. However, preliminary experimental data collected
by examination of individual pups at el4 have shown that Ct infection causes an
apparent reduction in fetal size, indicating IUGR. Prl is expressed during the first half
of mouse gestation and it is downregulated from e10 onwards (Barkley et al., 1978;
Mednick et al., 1980), similar to the pattern observed during human gestation (Rigg et
al., 1977). It was therefore not unexpected that the mRNA levels of Prl (Figure 4.9)
were barely detected in the whole uteri examined in my mouse model. This does not
necessarily mean that it has no role in contributing to IUGR caused by Ct infection in
a mouse model of gestation. Future experiments are needed to investigate changes in
Prl protein and mRNA levels during the early mouse gestation, namely at the stage

corresponding to early decidualisation of the in-vitro experiments.

Another largely unexplored field is the role of the immune system in IUGR. More
specifically, there is no information on the role of CXCL12 and CXCL16 in IUGR
development. A recent study has reported raised levels of interleukin-6, CXCL8 and
interleukin-18 in IUGR new born babies compared to healthy babies, indicating that
inflammation might be associated with IUGR (Krajewski et al., 2014). Moreover,
increased umbilical artery CCL16 levels were associated with IUGR and preterm
preeclampsia (Makikallio et al., 2012). | showed that CXCL12 and CXCL16 were
reduced in-vitro in decidualised ESC infected with Ct (Figure 3.11) whereas CXCL8
was elevated (Figure 3.9). As the role of maternal decidua is critical during early
gestation, this could be a potential mechanism via which Ct infection could result in
IUGR. A study utilising a proteomic array on babies and mothers with ITUGR
compared to healthy babies and mothers could identify more cytokines involved in
IUGR pathogenesis and thus contribute to clarifying factors responsible for this

adverse pregnancy outcome.
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6.2. Therole of past Ct infection in IUGR
The role of active Ct infection in IUGR has not been firmly established, although
most studies indicate that it can have a causative effect (Germain et al., 1994,
Investigators of the John Hopkins Study of Cervicitis and Adverse Pregnancy, 1989;
Vedmedovska et al., 2010). The complexity of mechanisms associated with adverse
pregnancy outcomes has been furthermore demonstrated by the several risk factors
associated with ITUGR such as smoking, high BMI and drug use among others
(reviewed in Suhag, A & Berghella, 2013). Therefore, a future study should account

for all the above factors in order to elucidate whether Ct is a risk factor for IUGR.

In this study, mRNA levels of Prl and Egf were upregulated in uterine tissue of mouse
resorption in Ct infected mice indicating that past Ct infection might affect gestation
related pathways. . Contrary to expectations none of the gene changes reported in a
2010 microarray analysis of mice uteri in an IUGR model induced by the human
pathogen Campylobacter rectus infection (Bobetsis et al., 2010) were observed here,
which highlights the possibility that different pathogens could impact upon different
pathways whilst resulting to similar outcome. In a study of IUGR, induced by
dexamethasone in rats, in addition to the placental prolactin family genes, the insulin-
like growth factor-11 and the Akt signalling pathway were dysregulated (Ain et al.,
2005). Due to attenuated expression of Akt/ protein kinase B, increased apoptosis was
observed from placentae of IUGR mothers, partially explaining the reduced placental
size observed (Ain et al., 2005). Insulin growth factor 1 (IGF1) mutation was shown
to be responsible for growth retardation of a 15-year old boy (Woods et al., 1996).
The role of IGF1 in IUGR is further supported by another reported case of IUGR in a
female patient (Wallborn et al., 2010). It is therefore important for future experiments

with the in-vivo model to further investigate these genes as potential targets.

An interesting question raised is the mechanism via which past Ct infection results in
permanent uterine damage that could affect future pregnancies. It is has been well
established that Ct can regulate the transcription of host cell genes to promote its
multiplication and protect itself from the host organism’s immune system (Nicholson
et al., 2003). An emerging new field is examining the effect of infections on the
epigenetic regulation of genes, called “patho-epigenetics” (Minarovits, 2009). The

field of epigenetics examines the effect of DNA methylation, mainly at gene
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promoters and enhancers that results in gene silencing, post-translational
modifications of histone proteins, and RNA-based silencing on the phenotype of an
individual (Riddihough and Zahn, 2010). Epigenetic alterations have been proven to
be involved in disease development, including cancer and schizophrenia (Kanwal and
Gupta, 2012; Van Vliet et al., 2007). Emerging data indicates that some viral and
bacterial infections can attenuate epigenetic modifications resulting in abnormal
phenotype that could lead to disease development (reviewed in Bierne et al., 2012;
Minérovits, 2009). Helicobacter pylori infection of gastric mucosal cells was shown
to increase methylation of several genes such as pl16, resulting in increased risk of
gastric cancer (Maekita et al.,, 2006). Infection with intracellular Listeria
monocytogenes but not non-invasive Listeria innocua altered the epigenetic
modifications of CXCL8 promoter, resulting in increased CXCL8 by HUVEC cells,
however it did not affect IFN-y (Opitz et al., 2006; Schmeck et al., 2005). No
research to date is available on whether Ct infection can alter the epigenome of
infected cells and whether this alterations could be lingering after the infection has
been cleared, thus impairing normal cell function. This is an interesting new
parameter of the potential long term health effects of bacterial infections that should

be further investigated in the future.

6.3. Investigating the role of past and current Ct
infection in adverse pregnancy outcomes

Upon completion of sample collection for the case control study, analysis of the
results will elucidate the role of past Ct infection and miscarriage. Secondary
outcomes of the study will include prevalence of current Ct infection in women of
reproductive age in Scotland and association of factors such as maternal BMI and
smoking status with miscarriage. Interim analysis of the data suggests no association
of past Ct infection with miscarriage, an outcome that coincides with the findings

from the in-vivo mouse model.

The role of maternal infections in the development of IUGR has not been elucidated.
It is postulated that infections including C.pneumoniae and Cytomegalovirus are an
important risk factor to development of preeclampsia, a condition that includes
complications such as premature labour and IUGR (von Dadelszen and Magee, 2002).

The association between IUGR and past Ct that was indicated by data from the in-
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vivo model presented in Chapter 4 could potentially be addressed by examining the
birth weight and placental weight of embryos born from control women enrolled in
the study. However, as this study has not been statistically powered to answer this
question, a new appropriately designed case control study should be carried out. It is
vital to take into consideration in the design of such a study important risk factors for
IUGR development, such as maternal malnutrition and socioeconomic status
(reviewed in Suhag, A & Berghella, 2013).

Past and active Ct infection has been linked to female infertility, more specifically
tubal factor infertility (Brunham et al., 1985; Mania-Pramanik et al., 2012; Patton et
al., 1994). If the lack of association between past Ct infection and miscarriage is
confirmed when the present study analysis is complete, this will indicate that although
some women may have fertility problems as a result of exposure to Ct infection,
women can be reassured that if they do have a normal uterine pregnancy there is no

evidence of an adverse outcome.

6.4. Future studies
Sample collection for the case control study should be completed by the end of 2017.

Statistical analysis of the results will be followed by publication of the findings.

Future experiments utilising the in-vivo Ct infection model, in addition to further
elucidation the role of past Ct infection in IUGR as suggested in Chapter 4, could
focus on exploring the mechanism via which this effect is taking place. Molecules
such as leptin, interleukin-6, CXCL8 and interleukin-18 that have been highlighted by
other studies could be targets of interest. However, another future step could be a
large-scale proteomic or mMRNA array that could potentially reveal pathways affected
by Ct infection that have never previously been identified. Sample sets could include
pregnant mice with active infection and past infection, with and without antibiotic
treatment at early and later gestational time points. This could lead not only to
important discoveries regarding the role of past and active Ct infection in gestation,

but also reveal potential implications to the general health of the mother.

The role of many PRR receptors such as the NOD family of receptors in gestation is a
new field of scientific interest (Abrahams, 2011). NOD1 and NOD?2 are expressed in
first trimester trophoblast cells and their activation may induce a proinflammatory
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response (Costello et al., 2007). Another member of the NOD family, NALP3 was
also shown to be expressed in trophoblast cells (Mulla et al., 2013). Inflammasome-
dependent caspase-1 activation (via NALP3 and ASC) was shown to induce Ct
intracellular growth (Abdul-Sater et al., 2009). This could potentially have
detrimental effect in establishing Ct infection in the decidua and placenta and is a

direction that future experiments both in-vitro and in-vivo could explore.

Moreover, a study in epigenetic changes such as changes in DNA methylation and
histone modification in infected ESC could be a clue as to how does past Ct infection
have long lasting effects. Similarly, this could be explored in uterine samples from the

mouse model.

As active Ct infection in pregnancy is recognised to be a risk factor for adverse
pregnancy outcomes, an optimised in-vitro model of trophoblast invasion could be
used to ascertain whether active Ct infection can impact on trophoblast cell migration.
This could be conducted in parallel with studies in mice that could focus on active

maternal infection and onset of gestation and placentation.

Finally, the efficacy of antibiotic treatment in preventing adverse consequences of Ct
infection could be explored both in-vivo and in-vitro. An interesting set of
experiments could focus on key targets highlighted by the above studies and whether
antibiotic treatment can reverse the attenuated expression/ regulation of genes of
interest. If this hypothesis were to be proven true, the importance of diagnosis and

treatment of Ct infection would be particularly highlighted.

6.5. Conclusions of PhD
In summary, the data presented in this thesis suggests that Ct has the capability to
infect the stromal compartment of the endometrium and infection could result in
suboptimal decidualisation as reduced mRNA and protein levels of the
decidualisation marker PRL were observed in Ct infected ESC in-vitro. Furthermore,
infection altered chemokine secretion of decidualised ESC in-vitro, thus attenuating
levels of chemokines essential for normal implantation. The role of past Ct infection
in causing miscarriage was investigated in a mouse model, however the number of

resorptions did not differ between control and Ct infected mice. Importantly, the
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embryonic and placental weight of pups of Ct infected dams was reduced compared to

controls, a consequence that could lead to IUGR later during gestation.

Though it may be the case that already exposed women may be at a higher risk of
pregnancy complications, quick diagnosis and effective treatment could result in
minimising the risk for a future pregnancy. The current study indicates that it is
preferable to maintain vigilance and prophylactic policies as a precaution whilst
future research efforts should be focused on elucidating key issues that remain
unknown regarding the role of Ct infection in pregnancy.
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Miscarriage affects ~20% of pregnancies and maternal infections account for ~15% of early
miscarriages. Chlamydia trachomatis (Ct) has been associated with miscarriage but the
underlying mechanisms are unknown. Successful implantation requires endometrial stromal
cell (ESC) decidualisation. Maintenance of pregnancy requires angiogenesis, establishment of
the correct cellular milieu and trophoblast invasion, all of which involve the action of
chemokines. Our objective was to determine whether Ct infection impacts upon ESC
decidualisation and chemokine secretion. Human primary ESC were decidualised in-vitro,
infected with Ct serovar E, and changes in expression of genes of interest were measured
using RT-PCR, proteomic array and ELISA. We demonstrate for the first time that Ct can
infect and proliferate in ESC. Expression of the decidualisation marker prolactin was
decreased in Ct-infected ESC at both mRNA and protein levels. Ct infection altered the
chemokine profile of decidualised ESC as shown by proteomic array. Chemokines CXCL12
and CXCL16, important for trophoblast invasion, were analysed further and expression was
reduced in infected decidualised cells at mMRNA and protein levels. Our data indicate that Ct
infection of ESC impairs decidualisation and alters chemokine release. These findings at least

partially explain how Ct infection could result in adverse pregnancy outcomes.

Word count: 198/200
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Introduction

A miscarriage is defined as the spontaneous loss of a pregnancy during the first 24 weeks of
gestation and occurs in approximately 20% of clinically recognised pregnancies.
Miscarriages are associated with considerable physical and psychological morbidity. Bleeding
due to miscarriage can lead to haemodynamic shock and death and the emotional response to
miscarriage can include depression and anxiety*. Approximately, 50% of early miscarriages
are attributed to fetal chromosomal abnormalities, however, the underlying cause in other
cases is often undefined. A number of infections have also been linked to miscarriage and
infections are thought to account for 15% of early and 66% of late miscarriages (reviewed
int). Several studies have been published regarding the association of pelvic Chlamydia
trachomatis (Ct) infection with miscarriage, with Ct prevalence ranging between 11%-69% in
miscarriages compared to 2-7% in healthy pregnant controls?®. The mechanisms underlying
this association between Ct infection and miscarriage are unknown, though a recent study

suggests Ct may interfere in essential early pregnancy inflammatory processes’.

The development of a successful pregnancy depends upon maternal receptivity during the
implantation window. This is largely established during decidualisation, the process whereby
the stromal cells of the endometrium undergo structural and morphological changes to
prepare for possible embryo implantation. Secretion of appropriate chemokine signals by
decidual cells contributes to the recruitment of predominantly anti-inflammatory leukocyte
subpopulations necessary for pregnancy maintenance®, and prevents recruitment of potentially
damaging T lymphocytes®. The maternal immune response to miscarriage associated
infections can have detrimental effects on pregnancy maintenance, a characteristic example of
which is seen when malaria pathogens are detected in the placenta (reviewed in?).
Furthermore, chemokines not only recruit and impact on immune cells but are also involved

in trophoblast invasion and angiogenesis during early pregnancy?.

Both undifferentiated and decidualised endometrium has been shown to be altered compared
to normal pregnancies!! in women with spontaneous miscarriage. Impaired decidualisation,
measured by a reduction in the decidualisation marker prolactin (PRL) in the endometrium,
has been associated with recurrent miscarriage'? and in rodent models decidual cell prolactin
production has been shown to be critical for successful pregnancy®3. Infection can markedly

change the chemokine profile to recruit pro-inflammatory cell subsets.
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It is well established that Ct infects endometrial epithelial cells'*28, however the effect of Ct
infection on endometrial stromal cell function and decidualisation is yet undetermined and
may have a role in the association of Ct infection with miscarriage. Ct is known to cause
endometritis, namely inflammation of the endometrium that is often asymptomatic, in non-
pregnant women?’. Data from animal studies indicate that in mice, C. abortus induces the
murine equivalent of miscarriage without fetal harm, likely due to decidual damage*®. In
cattle C. psittaci associated chronic endometritis is a recognized cause of infertility (strain
now known as Chlamydia pecorum)*®. To our knowledge, no study to date has identified why
Ct can cause endometritis in women or how infection of the stromal compartment of the
endometrium might alter the function of human endometrial stromal cells. We therefore
aimed to determine whether Ct can infect human endometrial stromal cells (ESC) and
examine the effect of Ct infection on decidualisation and chemokine secretion in an in-vitro

model.

Results

Ct can directly infect human endometrial stromal cells (ESC)

Primary ESC (n=4) were infected in 12 well plates with Ct serovar E at a multiplicity of
infection (MOI) of 0.01, 0.1, 1, 2 and 3. No visible inclusions were present in cells at MOI
0.01 and MOI 0.1 48 hours post infection and few inclusions were seen at MOI 1 (data not
shown). The non-infected ESC and ESC treated with UV-inactivated Ct at MOI 2, displayed
no signs of infection (Figure 1A, B, C) whereas visible Ct inclusions were seen in cells
infected at MOI 2 (Figure 1, D, E). No copies of Ct cryptic plasmid were detected in
uninfected cells, as assessed using gPCR. ESC exposed to UV-inactivated Ct (which still
contained bacterial DNA) had 2.5 x10* — 7.5 x10* plasmid copies per well. Ct infected wells
contained 1.2x10° — 3.3 x10° plasmid copies indicating that significant replication had
occurred (Figure 1F). Although the number of decidualised uninfected ESC was decreased
compared to non-decidualised ESC, UV-treated and Ct infected ESC samples contained
similar numbers of cells compared to decidualised uninfected ESC (Figure 1G). In infected
wells, between 0.05% - 20% of ESC contained chlamydial inclusions (Supplementary Figure
1). These conditions were used for all subsequent experiments. Cells infected at MOI 3
appeared similar to those infected at MOI 2 (equivalent to 4x10° organisms per well,

supplementary Figure 2).
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Ct infection of human ESC results in defective decidualisation

Infection with Ct, but not treatment with UV-inactivated Ct, reduced the expression of the
classic decidualisation marker prolactin (PRL) at both mRNA (Figure 2A) but not protein
levels (Figure 2B) in decidualised Ct infected ESC. Similarly, exposure of decidualised ESC
to either 200 or 100 pg/ml lipopolysaccharide (LPS) derived from either, Escherichia coli (E.
coli) or Salmonella enterica serotype Minnesota (S. Minnesota) also failed to inhibit the of
prolactin secretion (Supplementary figure 2). Decidualised uninfected ESC had increased
levels of both PRL mRNA and protein compared to non decidualised ESC.

Ct-infected human ESC have an altered chemokine profile

To investigate the effect of Ct infection on chemokine secretion by decidualised ESC, the
levels of 31 secreted chemokines were examined by proteomic array in supernatants from
decidualised uninfected and infected ESC. All of the chemokines on the array were detected
and a pattern of preferential expression between infected and uninfected cells was seen
(Figure 3). Supplementary table 1 shows that four chemokines were upregulated and 17
downregulated in Ct infected decidualised compared to non-infected ESC (cutoff 5%). Of the
chemokines known to be involved with early pregnancy, trophoblast invasion and/or genital
infection CXCL12 and CXCL16 were both strongly downregulated in infected decidualised
ESC, as were chemokines CCL7, CCL12 and Midkine whilst CXCL7, CXCL1 and XCL1
were strongly upregulated (see Supplementary table 1 for further details). To validate the
array results, g°PCR and ELISA were used to measure changes in mMRNA and protein levels of
chemokines CXCL12 and CXCL16 as a result of infection with Ct. As seen in Figures 4A
and C, there were no significant differences in mMRNA encoding CXCL12 and CXCL16. In
contrast, infected ESC secreted significantly less CXCL12 and CXCL16 (Figure 4B, D).
CXR4 (the receptor for CXCL12) mRNA was significantly decreased in infected decidualised
ESC (Figure 4E). In contrast, CXCR®6 (the receptor for CXCL16) mRNA was not affected by
Ct infection (Figure 4F).
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Discussion

Herein, we demonstrate for the first time that Ct can infect and proliferate in human
endometrial stromal cells (ESC) and that active infection impairs decidualisation and alters

the secretion of chemokines.

To our knowledge, all previous studies have only explored the effect of Ct on epithelial cells
of the female reproductive tract?>-?, however as we have demonstrated here Ct can also infect
and affect the function of ESC. In light of this novel finding, we propose that ascending
genital Ct infection might be a more complicated process than previously thought, as Ct could
breach the epithelial barrier of the endometrium and infect other cell types such as stromal
cells, endothelial cells or glandular epithelial cells (endometrial structure reviewed in?)
causing extended inflammation. Infection with Ct has been reported to cause endometritis and
some studies have suggested an association of chronic endometritis with miscarriage and
implantation failure??*, The effect of a Ct infected endometrial stromal compartment on
gestation-related processes, such as decidualisation, might at least partially explain infection

related adverse pregnancy outcomes.

Using an in-vitro model, we demonstrated that Ct infection attenuates ESC decidualisation.
Furthermore, in the current model active Ct infection, but not exposure to either UV-
inactivated organisms or to purified E. coli or S. Minnesota LPS, caused a reduction in
MRNA but not protein levels of the widely used phenotypic decidualisation marker, PRL.
PRL protein levels may not be altered due to the infection occurring after ESC decidualisation
however a reduction of mMRNA potentially indicates impaired decidualisation capability of Ct
infected ESC. PRL is a key factor in the process of decidualisation and is thought to also be
involved in epithelial cell differentiation, implantation, angiogenesis, trophoblast cell growth
and immune regulation during early pregnancy®. We believe this observation is important

because a reduction of endometrial PRL has been linked recently to recurrent miscarriage??.

Furthermore, we show that Ct infection changes the chemokine secretion profile in
decidualised ESC. Interestingly, we observed a reduction in the levels of CXCL12 and
CXCL16. The reduction in protein expression in the culture supernatants cannot be attributed
to increased receptor-ligand interactions as the receptor for neither chemokine showed
increased expression. We believe that this may have relevance to the role of Ct in miscarriage
because these cytokines are known to promote trophoblast migration?®-28, It is possible that

that infection could therefore lead to defective trophoblast invasion due to lack of essential
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attractant signalling molecules secreted from maternal decidua, such as CXCL12 and
CXCL16.

Our findings are also important because decidualised endometrium from spontaneous and
recurrent miscarriages have been reported to have different immune cell profiles compared to
viable pregnancies, including increased levels of uterine natural killer cells (UNK) and
macrophages?. Dysregulated chemokines due to Ct infection, as indicated in our array,
could therefore also impact on the population of immune cells at the feto-maternal interface

by altering immune cell recruitment.

In summary, our data suggest a novel mechanism through which infection leads to defective
endometrial stromal cell decidualisation, resulting in an altered immune response that could
impact upon trophoblast migration and immune cell recruitment. Future work to clarify the
potential role of Ct and other bacterial infections upon trophoblast invasion via CXCL12 and
CXCL16 dysregulation and immune cell recruitment in the endometrium due to altered
chemokine profile could further our understanding of this potential mechanism of infection

associated miscarriage.
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Materials and methods
Subjects

Ethical approval for this study was obtained from the Lothian Research Ethics Committee
(LREC10/S1402/59). Informed written consent obtained from all patients and all of the
methods were carried out in accordance with the approved guidelines. Human endometrial
stromal cells (ESC) were collected after informed written consent from women undergoing
hysterectomy for benign gynaecological conditions. Only samples from women in the
proliferative phase of the menstrual cycle (cycle staging determined by the last menstrual
period and measurement of serum estradiol and progesterone levels) were selected for further
experiments. The tissue was dissociated using enzymatic digestion with 1mg/ml of
collagenase type 1V for two hours at 37°¢, (Sigma C5138), followed by mechanical
breakdown using a 70um and subsequently 40um filter (Falcon, Corning, Cat. No 352350 and
352340 respectively). Single cells were plated in RPMI 1640 media (Sigma, Cat. No. R0883)
supplemented with 10% heat inactivated foetal calf serum (HIFCS, Gibco, Cat. No
10082139), 1% L-glutamine (Sigma, Cat. No G-7513) and 1% Penicillin/ Streptomycin
(Sigma, Cat. No. P4333).

Primary human endometrial stromal cell (ESC) culture

Prior to any treatments, cells were transferred to phenol red-free RPMI 1640 (Sigma, Cat. No
R7509) containing 10% charcoal stripped fetal calf serum (CSFCS, prepared in house from
FCS), 1% L-glutamine and 0.5% gentamycin (Sigma, Cat. No. G1272) for 48 hours prior to
use. The antibiotic gentamycin was used instead of the standard penicillin/ streptomycin
regimen, because it does not inhibit Ct growth®. Cells were maintained at 37°C and 5% CO?2.
Treatments were completed in duplicate per experiment and were repeated on 4 (for initial
chlamydial growth experiments) or 6 (prolactin/ chemokine expression) times using cells

derived from different patients on each occasion.

In-vitro decidualisation

To assess the effects of chlamydial infection on the decidualisation of primary endometrial
stromal cells, an in-vitro decidualisation method previously described was used?. Cells were
trypsinised, spun for 3.5 minutes at 800rpm and resuspended phenol red-free RPMI 1640 with
10% CSFCS. They were then plated at 10° cells per well of a 12-well plate for a minimum of
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24 hours. Before the decidualisation protocol commenced, cells were serum starved in 2%
CSFCS medium for 24 hours, supplemented as previously described. The cells were treated
with 10-6M progesterone (Sigma, Cat. No. P0130) and 8-Bromo-adenosine 3’-5’-cyclic
monophosphate (CAMP, Sigma, Cat. No. A9501) at a final concentration of 0.1 mg/ml. The

medium was changed every 48 hours over a six-day period (supplementary table 2).

Ct elementary bodies (EBs) growth and purification

Chlamydia trachomatis (Ct) serotype E stock was produced in HEp2 cells using well
established protocols. Sub-confluent flasks of HEp2’s were inoculated with Ct. Infected cells
were cultured for 48-72 hours in Iscove’s Modified Dulbecco’s Medium (IMDM, Life
Technologies, Paisley, UK) supplemented with 2% heat inactivated fetal calf serum (FBS) and
1 ug/ml cycloheximide (Sigma, Cat. No C4859) (PAA laboratories Ltd, Yeovil, Somerset, UK),
until high numbers of mature inclusions were observed by optical microscopy. The cell
monolayers were disrupted with glass beads and the medium containing cell debris was
briefly sonicated (Vibracell, Sonics & Materials, Connecticut, USA) and centrifuged at 50 x g
for 5 minutes at 4°C to remove intact cells. The supernatant was removed and centrifuged at
12,000 x g using a J-LITE JLA-16.250 rotor (Beckman Coulter Ltd. High Wycombe, UK). The
pellet was resuspended by sonication in Tris/KCL and 25ml of inoculum were layered onto
10ml 40% Gastrografin® (Bayer plc, Berkshire, UK) and centrifuged at 20,000 rpm at 4°C for
45 minutes SW 32Ti rotor on Optima L-90K ultracentrifuge (Beckman Coulter Ltd). The pellet
was re-suspended into 1ml Tris/KCL and layered onto discontinuous gradient (54%, 44%,
34% Gastrografin®) and centrifuged at 20, 000 rpm at 4°C for two hours. The interface
between the 44% and 54% layers, containing the EBs was carefully removed. The EBs were
washed by resuspension in 10ml Tris KCL and centrifugation at 20, 000 rpm at 4°C for a
further 45 minutes, to remove residual traces of Gastrografin®. The final pellet was
resuspended by sonication in 10 ml of Chlamydia Transport Medium (218mM Sucrose,
3.76mM KH2P04, 7.1mM K2HP04, 4.9mM L-glutamic acid, 10% FBS, 0.05 mg/ml

Gentamycin, 0.1mg/ml Streptomycin, 150U/ml Nystatin). and the aliquots stored at -800C.

UV inactivation of Ct elementary bodies
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To UV inactivate Ct EB’s, 500 ul of inoculum was exposed to 2J UV-C. The successful
inactivation of Ct was confirmed by cell culture of HelLa cells with UV inactivated bacteria

for 96 hours without the presence of any inclusions.

Titration of Ct stock

To determine the titre of the Ct stock, HEp2 cells were plated at 10° per well of 8 well glass
chamber slides, infected with serial tenfold dilutions of Ct inoculum (Multiplicity of infection
[MOI] 1 - 10®) and cultured for 48 hours. The cells were fixed in ice-cold acetone for 5
minutes, left to air dry and stored at -20°C. After thawing, the slides were rehydrated in PBS
and incubated with the primary antibody (C. abortus LPS, Santa Cruz Biotechnology, Cat.
No. 13/4) for 1 hour at room temperature. Following PBS washes, the slides were incubated
with a fluorescein isothiocyanate (FITC)-conjugated anti-mouse antibody (Sigma) for 60
minutes at room temperature in a light-tight humidity chamber. Slides were mounted using
ProLong® Gold Antifade Mountant with DAPI (lifeTechonologies, Cat. No. P36930). The
total number of inclusions per well was counted at serial dilutions 10-°-10"" and the titre of

stock was calculated.

Ct infection of decidualised ESC

ESC were seeded at 12-well plates and decidualised as described above. On day 6 of the
protocol, ESC were infected with Ct MOI 0.01, 0.1, 1, 2 and 3 or UV-Ct at the same MOI for
48 hours prior to sample collection. To determine whether decidualisation of ESC was
affected by exposure to lipopolysaccharide (LPS) from other bacterial species, decidualised
ESC isolated from a further five subjects were exposed to LPS from either E. coli or S.
Minnesota (both Invivogen) (each at 200pg/ml and 100ug/ml) for 48 hours prior to sample

collection.
RNA extraction, quantification and quality assessment

To assess changes in expression levels of genes of interest, total RNA extraction was
performed Using the RNeasy® Micro kit (Qiagen, Crawley, UK, Cat. No. 74004) following

the manufacturer’s protocol.
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Real time PCR

All reactions were carried out in 384 well plates at a final reaction volume of 10ul per sample,
as seen in supplementary table 3. The samples were mixed by repeat pipetting and centrifuged
in a mini plate spinner (Applied Biosystems, Warrington, UK) at 1000g for 20 seconds to
remove any bubbles. A standard curve of cDNA made from standardised placenta RNA
(Ambion, Cat.No AM7950) was used on every plate to ensure comparability among all plates.
All primers were predesigned KiCqStart® SYBR® Green Primers (Cat. No. KSPQ12012).

PCR conditions were an initial step of 3 min at 95°C, followed by 40 cycles of 5s at 95°C,
15s at 60°C and a final disassociation step consisting of 15s at 95°C, 15s at 60°C and finally
15s at 95°C.

DNA extraction from ESC

To extract DNA from infected cells, the MagMAX™ Total Nucleic Acid Isolation Kit

(Ambion, Cat. No. AM1840) was used according to the manufacturers’ protocol.

Ct plasmid copy assay

To assess whether Ct could proliferate in ESC the ‘Chlamydia trachomatis Genesig Standard
Kit” (PrimerDesign, Cat. No Path-C.trachomatis-standard) was used. A standard curve of
known concentration provided by the kit was used to absolutely quantify Ct plasmid copy

numbers in DNA extracts from ESC cells using qPCR.

Human Chemokine Array

Proteome Profiler™ Human Chemokine Array Kit (R&DSystems, Abingdon, UK, Cat. No.
ARY017) was used. Samples were pooled supernatants from ESC cultures and the
manufacturer’s protocol was followed without deviation. The data are expressed as
percentage of positive control of each membrane and pixel density was measured using

ImageJ.
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Enzyme-linked Immunoabsorbant Assay (ELISA)

The sandwich ELISA was used to detect PRL (R&DSystems, Cat. No.DY682) protein
concentrations as per manufacturer’s instructions. Sample concentrations were calculated

using MasterPlex® QT (Hitachi) software.

Magnetic Luminex®Screening Assay

The Luminex®Screening Assay (R&D Systems,Cat.No. LXSAHM) was used to detect
CXCL12 and CXCL16 as per manufacturer’s instructions.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6. Friedman’s non parametric test

was used for all sample sets. The “n” number corresponds to individual patients.

Repeated measures non parametric ANOVA- Friedman’s test was used for all sample sets. By
using a non parametric test it was assumed that the samples are not following a Gaussian
distribution, as the sample size was not suitable for a normality test. Friedman’s test was
selected as using a repeated-measures test (RM one way ANOVA) controls for experimental
variability attributed to patient-to-patient response variations. Some factors not controlled for
in the experiment will affect all the measurements from one subject equally, so they will not
affect the difference between the measurements in that subject. By analyzing only the
differences, therefore, a matched test controls for some of the sources of scatter. Furthermore,
to compare specific groups, Dunn’s method for non parametric multiple comparisons was
used, as it allows for comparison of two particular groups by determining each rank from the
entire data set (all groups), not just the two groups being compared. However, the absolute
value of the difference between the mean rank of the groups being compared is entered into
the calculation of the z ratio. All graphs are representing mean with standard deviation (SD)
of the data.
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Figure 1. Ct infects decidualised ESC. ESC were infected with Ct MOI 2 following an in-vitro decidualisation protocol. Non decidualised uninfected
ESC, uninfected decidualised ESC and UV-Ct treated ESC were used as controls. 48 hours post infection DNA was collected for gPCR and cells were
stained with Giemsa. Cell counts were conducted in 15 fields of view per well measuring 0.32 mm? each. (a) Non decidualised uninfected ESC were
elongated and thin. (b) Decidualised uninfected ECS became rounder and larger compared to non decidualised ESC. (¢) Ct infected decidualised ESC
displayed signs of infection and contained inclusions that were stained purple by Giemsa stain (highlighted by green circles). (d) UV-Ct treated
decidualised ESC did not contain chlamydial inclusions and resembled uninfected decidualised ESC in appearance. (e) 25.000 — 75.000 Ct plasmid
DNA copies were detected in UV-Ct treated ESC. Ct infected ESC had a significantly higher number of 1.200.000 — 3.200.000 plasmid copies per
sample, indicating proliferation of Ct only in infected cells (RM one-way ANOVA-Friedman’s test with Dunn’s multiple comparisons test, p=0.0094,
n=4). (f) Cell counts on Giemsa stained ESC indicated that decidualised uninfected cells were significantly fewer compared to non-decidualised
controls (RM one-way ANOVA-Friedman’s test with Dunn’s multiple comparisons test, p= 0.0185, n=4). In contrast, UV-Ct treated cells and Ct

infected cell numbers were similar to uninfected decidualised ESC. Scale bars equal 200pum. Graphs show the mean and standard deviation.

Figure 2. Ct serovar E infection of ESC results in suboptimal decidualisation of ESC. (a) PRL mRNA is upregulated in response to decidualisation
stimulus, whereas it is downregulated in infected decidualised cells compared to uninfected controls (n=5, One way ANOVA Friedman’s test with

Dunn’s multiple comparisons test, p=0.0009 and 0.0151 respectively). (b) PRL protein levels are increased in decidualised non infected cells compared
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to non decidualised controls as expected (n=5, One way ANOVA Friedman’s test with Dunn’s multiple comparisons test, p=0.0044). Reduction of PRL
is observed only in cells infected by Ct compared to decidualised controls, indicating the adverse effect of Ct infection on decidualisation (n=5, One
way ANOVA Friedman’s test with Dunn’s multiple comparisons test, p=0.028). Each circle/square represents an individual patient.

Figure 3. Chemokine proteomic array of 31 chemokines on pooled cell supernatants from Ct infected and uninfected decidualised cells. Each
chemokine is represented by a dot. (a) Ct infected decidualised ESC secreted chemokine profile, demonstrating ESC secrete all 31 chemokines. (b)

Uninfected decidualised ESC secreted chemokine profile that is altered compared to Ct infected ESC. (n=3)

Figure 4. Innate immune response of decidualised ESC to Ct infection. The innate response was determined by measurement (at an mRNA and
protein level) of trophoblast invasion-associated chemokines CXCL12 and CXCL16. (a-b). CXCL12 mRNA was not altered in response to infection,
however there was a reduction in protein levels in cell supernatants (n=4, One way ANOVA Friedman’s test with Dunn’s multiple comparisons test, p=
0.0267). (c-d) Similarly, there was less secreted CXCL16 protein observed only in infected cells however no change in mRNA levels (n=4, One way

ANOVA Friedman’s test with Dunn’s multiple comparisons test, p= 0.0078). (e) CXR4 mRNA, receptor of CXCL12, was increased only in infected
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cells (n=7, One way ANOVA Friedman’s test with Dunn’s multiple comparisons test,, p=0.0267). f. CXCR6, receptor of CXCL16 does not seem to be
affected by Ct infection in mRNA level. Each circle/square represents an individual patient.
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8. Appendix 2

The following review was published at Human Reproduction update, with open

access and is reproduced here with permission from the editor.

Giakoumelou, S. et al. The role of infection in miscarriage. Hum. Reprod.

Update (2015). (Epub ahead of print)
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during e first mimeser ofpregrancy fessthan |2 weslkes of gesngon)
ard aoors I up o one In fve pregrancies. lae mscamiagd ooors
during the sacond trimester (|2-24 wede of geaton) and & less
comman, ocasrirg In 1-1% of pegrandes (Hay, J004). Feal desh
from e B wesk of gectation arveards is defined as slbird, an
oumme @ken into onddermtion in some of e sodes induded
eere, howeser & & not e main focus of s eview

Ahowgh mismaniage s oradersd the mos common adverse
pregrancy auome, woridwide figres are not avalkble In 2002- 3013
there weme 719674 Ive birfs econded In Engand and Wales (Ofice
for Matora Sarsscs, 2012 Loss of one in five pregrandes suggess
that ths fgue & acompanied by =~ 200000 mscarages Sagses
firom Englared ard Wales for 2002713 report dhat 75800 mizarages
resulied in 2 hospial sy (Ofice for Magona Saggics, 2012} nanAus-
trallan prospecive cohort ncluding |14 247 women aged 18 -Fyars, e
rateof mscarage afed fom |13 o855 per 100 e bitsamongs:
diferert groups; overall, msmniage ooormed In 25 of fe women In
the: srady when the women were 31 - 36 years od (Hore &al, 2013

Aeticlogy of miscarriage

The cases of mcarage are ofien unkmosn. However, In ~50% of
eary micariages e fenus eshibis chromasomal aberrations sudh as
a stucwrd akermion or abnormal dwomosomal remberss ([Bben
et ol 1990 Smnar and Sugun Ogosvara, J010). Several ather
facnrs hawe been amodated with Indressed risk of mscariage. The
age of both parerts has a signifian roleas e ride of an adverse preg-
ranoy aurnme & inrexsed If the pamnts are 35 years old or older

ared itis S0 higher i the motheris 41 years of age [Frets et al, 1995
Mybo Andersen & al, B0, de la Rodwbrochard and Thonnea,
B0 Sana eral, J005; Maconodhie & g, B00T). In ad deion, faoors
arh & ethric afgn, pechologal stane of e mother, very low or
weryhigh pre-pregrancy B fealings of sress, use of non-geroidal ane-
rflarm aory drugs, smakdng and dookol corsampgon have dso been
asmocied with sgnificantly higher raes of misaniage Coste et al,
1991 Midzen etal, 3001; Sopor, 200 Lashen etal, 2004 Maconodhie
o o, X0T). Momover, & has been reported fat women whose first
pregrancy resulted inmscarage areata Hgherrisk of e second preg-
ARGy Fesulting I misarrage compaed with women whaobada e birk
{xhananetal, H05) Firaly, a rumber ofinfedions have been Inked
o misarrage [Benedetin etal, J004) and © other adverse curomes,
arhas silbinh {Godenbeg and Thompson, 2003 and precerm deli-
ary (Garard etal, 2007%). Specficaly, 15% ofearly miscarriages and S6%
of e mscariages have been aarbuted o Infactons (Sifas = al,
HO05; Baud eral, 2008 Ina recent stady, TEE of 101 gxsue amples
fom misarrag wee infeded with bacera (dhormmnionits),
wherezs al e conrol smples from medialy induoed abortors
were uninfeoed (Allrcon erdl, J010)

Methods

Tt o i b o B ey v T PP e et P it el
o i i e R b i s Pt g g
e e @ e Grkw S vl o S G, et 00 O S
kst i e pasn 5 years. OuF aim was D vestgoe CureT eddence
regarding high-riske pathegers and scerdfic resardh rends In Pubied
g T bty ek " g i vl Trdond and “infation
ety Py, Ergghh largusage” ared 1005 presend’ fnrs, atidies pubihad
i e et § s vt e Thie sesre i e o totd of 192 ard
T prapetrs o T artia e it e i i e it ions, mespethely
o DOLAOE TN 4], Friosm e, sigh izt repers e st in ariivl
o o ol vl e o i v g U ek e of et
g with s wd te fndngs e praentad in hs rades
Thole Lo veter: s S by Mooty iivichsal IOty b o et
Peveradie - Ommn Qualily Asesavent Sole for coe corml Sukes The
e e b s veses rnhoor v i by e et il

Results

Infections associated with miscarriage

An overview of dl e stodes aralysed & presented In Supp emenary
Tabie 81, induding pathogen|s) Feestigated, cutonm e of the sasdy and

Fieat Trimsssine = Secned Trwmantar = Third Trmestar

iF3 2 1

Eairky rscaTiage | Lale Phscamiags | Al i

I I I I I I I |

Witk 4 i 12 1% o Fa ] = W 40

Figure | Adwersspregrarcy o omes aoross the S idemestars of preg rancy .
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an estimation on the srength of e stdy, & descrbed in Medods.
Some of e most common caeas addressed In s review wene var-
aionin sample o and deteotion bechniques, wheser muthvariaoe ara -
sk was Implemented or not and vafaton in stady design.

Bacterial infections

lin bty women, the normalgenital raa e corests for e mostpart
of Lacnbadius spedes barweria {Lamont eral, 2011} Oherpomraaly |

wrdent organems, suach & Grdeemib vagingds, group B streprocoo],

Seepdopl aweis, Lmgpl wrmolyacem (L emolrtcum) or My
phmhnh‘:{kl haring) ooashorally dsplce ladobadili 2 fe pre-

domirant organsms In e vagra, a ondtion nown as bameral
sagross (BV) [Escherbadh, 1993 Caxarietal, 2010). BY is present In
M-I of women of reproducive age [Ralph e al, 1999 Wison

o o, J00%) and muses arise in e vagral pH from e normal value
of 18-42 up o T k is usually syrpammaic kot may eadting

wagral disdarge, which @n be gey n odowr wih a daacaisic
Fihvy” odowr. BV iz dagnosed wsing micmsoop o eamiraton ofvaginal

seab mamples for “chee cells’ andfor Mugent otera and Is commaonly

wreated with antbiotics, sudh as metmnidazole [Dondes o 4, 2014
Trange of seonl parrer, 3 moent pregancy, e of an ntauerire
contracepive device and antbiotic treament Fave bemn Idenified =
plaushle cases of BV (Hay, D004 Smarr, J004). BY has been assoced
with prermasre delvery {Hay eral, |994) ndwithmisamiage Dondes
e al., D% Roccheti et dl., 201 1; Tawo, J013).

In a rmspeaive stady from Albana, UL eeolgiam and 8. baminis

were present in 543 and M0 4K of e patients (150 hospitalized
women, presening wWih rferiny, who hadhada miscarriage or medic-
iy irduced aborgon, Tawn, 3013). The presalence of bath pahogers
was sgnifcandly higher among women with a hisory of mscarriage
UL ereolygceer P =000 and M bamins P = 0.03) and women who
repored morme than one miscrrage | =002 for both pathogers)
This sasdy hovmever has some weakresses, @ It s not dear whethar
e comparsars made were with non-infeaied women with a misar-

riage Hstory or rondrfeded women with no misarrage hstory and
e et by sabviich piresalenc e of Pricrobes was tecied & not spedfied

Data on the prewalence of group B srepincocd and pregrancy

ourame In 405 Badian women wih gesteiona age besaeen 35 and
3T wests was publshed In 1001 {Rocdets u'n! BN Creerall,
E5 4% of women wem positve for S ardirdeion
mmnﬂmmn”ﬁmm*ﬁahmqn[ﬂm{ﬁﬁ
rao {OR) | 8T5 955 confidence inmnal () 1008 33487).
Azzochton of BV and partadary M. kaming and L sredlygiam was
repored from a stady from Turkey (Bayrabkar etal, 2000} lnoal 50
pregrant woman with BV symptoms were estad for M. fomibg and
L pveymaum ard observed unl erd ofpregrancy. The pregrancy out-
comes of 50 asyrnpan matic pregrant wamen wene used as coneals. Mis-

amwsnpnudhligﬂm:mln!dﬂth.ﬂm
Lhedefinigonof |

ared Ll s i e H
miscaTage wad inths sdy was e’ tan 16 wesle. Futhermone,
o parative aralysis betwesn e B0 groups was not caried out

Urmpidezrnag ovmolyiicom was dso. detemed in 25% of 101 gectational
Tsmue smples (dodon, amnion, umbilal cord) from mscarriage
mses thar wem othersise normal. Second most common pahogrs
e M. hominis and group Betrepanoncd a |1 1E, whermsal contmbks
were not infecied (Allarcon & d., 2010}

In a furdher stady wing acohort of 759 Belgan pregrant women fal-
licpaingg rirobiological evalumion of wgnal Sor, 845 of paridpants
In e cobort presenied with B and were rottreed (Donders & al,
B B was postively cormelaied with mis@arrage, a XX of postive
warmen miscurried bafome 15 weslkes gongon with an OFL of 8.6 fOR
Gk 95K T2 -10%). An abeence of laonbacill was ako s odaned
with mismmiage (lss than 15 wesls, OR 4% 95% O 14— 189,
Donders o o, 3009

These stadies ndicaean asockgion of B wih mismrrage. Ac BVis
treable, soreering programmes for pregrant women can be wmed ©
prevent adverse pregrarcy aurome. Corment guiddines from de USA
achise agaliret SCRSEnIng AgIpaD Mac pregrant wamen [US. Presente
Sardioes, 2008) The mame prindple & appled n Carada (Yodn and
Marey, JO0H) and te UK 2 of W owerber 2014 LU Magoral Soremirg
Cornrnmes, 2014} A recent Cochmne revies, ircisding T84T women in
2l wids found decreased risk of e micarriage when antbiofcrmesment
s adminishared {medate ride A 00 5% O 005 0 T4 sao triak,
1270 women, fhed-afec, F = 0K} As fe ashors highlght, frder
sdies are requred © esoblsh e efect of sresring progammes ©
prevent adverse pregrancy ouomes | Bmddehost etal, J013).

Bruceloss

Bactesta of e gens Buosfh can inkot aretyofwildand dom esticared
rrarnmak Cattle and deer are susoentible to Buosil abaries (B abartus)
whemeas Brosfl malterns's aSecs gonars and shemp, casing fever and
aborgor 2 dsease known as brucelioss (Adur & al, 200 1; Morero,
H 4). Humars anconraa nfecfon via corsamption of urpastasrised
dairy produas [{Corbel, 1997 Infleaion s demaedwa banterilisolation
frombloodsamples or semlogy {0C—Carre e Disease and Preven-
tion, 201ka)

Kurdoguand colleagaesin Torkey Kurdoguetal, 2010), corducieda
case—conmral shdy eaminng e mscarage e of M1 pregant
waomen with bruceliods compared with 33 935 uninfaced women of
similar sodosconormic st treaed infe same hospltal The researdh-
ersooncisded thar 4. M ¥ofinfemed pregrantwomen misared werss
T 5% ofthe conmrals. This resudt howeser could be: infuenced by stas-
tiral powver, a5 th = 100 ler than the conmral group.

The semprevalence of brcelosis among 445 mscarage cases and
445 corml pregrant Jordarian women with o hstory of misarage
coreeathely momied, madwed for age sodosconomic saus and
ama ofresidence, wasnot signifiartyd Serent (Abo-shefada and Abu-
Halzareh, 201 1) In e pap ar the researchers st fata mmple of 441
wias adequane 2 the presalence o fbnaoeliog s is X n high-risk patensin
conma with Ivesnde [ Abo-Sharada & dl, | 995), fhoughfeireference
fior smistal power oould not be reviased. The overall prevaence was
similarin both groups; 1% incormb and | 5% incases.

Theewdenoe sugmecs bruoslinss & sl a rgk Qoo for miscurmagein
ameas where fe infacton Is endemic in frm animaks. This is in acond-
arce with oder studies thar hewe reported high mscarage raes
arnorg waomnen with bracelas {Lulu et al, 1988 Khan e g, 2000}

Chiomydia roctomatis

Chlampdia sradbonatis, an ablgae rracelilar baoteriom, & e most
common sedialy raremied baoeral dsease woridwide (Howe
et d., M) The prevalerce of $e disesce & high, estimased at 101
millon rew cees In 3005 workdwide (World Health Organisation,
HIN). Thosgh in women K s oftn asymptomatc unresbed
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L. madhamat Infedion @n neslt iIn mcopondent carvicks [Bunkam
etal., |984), aane urathra syrdrome (Stamm etal., | 980) ard pelvic in-
flammatory deease P ID) {Paavonen and Lehtinen, |97596). Glamydia -
chomeds Irfiecton Is a known risk facor for edopic pregrancy and
premrm birth (Martn & g, 1955 Hills eral, 1997, Egger & g, 1998,
Kowicseral, |9598; Balden o al, 2007, Shaw & g, 201 1) Diagnosk is
camied auw by PCR on vagiral swab samples and treamment indudes
the adminisration of antbio®os, such & eragrdines, axthromycn or
eryhromycn (Brockiehus tand Rooney, J000; MedinefMus, 2014}

The: micst mecent @se —contml study iIrvestgEng a poential assock-
agon of . sodhomo® and miscrriage ws published n 2001 (Baud
et al, JI1). Lbng an ercymednked mmunosobent assay [ELEA) o
deea C mrhomars antbodies n sora, & wel as a sandard vagral
swab Br O trachomats detecgon by PCR, on 145 casesand 351 consrals,
a posithve asodation wWith mismriage was observed. Immunogiobulin
(G antbodies agaira C rafommds wee present in higher keves in
the mismriage group (15.7%) dan in e ontrals (734 P = 0018).
Thee: sarme pagarm was ob sarvwed for lgA argbodies only afer adjussnent
fior age. origin, edumton and rember ofseon parres_Furfermone,
L sochamats was detered weng PCR In the placenitae from @ses
mare often an thase from conrrok (4.0 and OUTE repecvely, P =
QUie). Subsequently, an observationa stady fom Finland on 4520
wormen with gental e nfectons has sugpested that ke complicions
can oo In C sodumats nfeded pregrant women (Komskangas-
Savchiren & al, J01Z). Howewr there was no onird group infis
sty aned melther were the terms early” or Tae” pregrancy ddined,
therefore Imitng exrapoaton of the findrgs.

In 2 study from Serbia, 21.3% of S mscarage moes wereshown o
ave persstert £ sadhamo Infedion 2 determined by levek of sem.
IgA a@rer O sochamats major cauter mambmne proein (Arsovic
et al, JI4). The awhors suggest an assocRfon betwesn persctant
£ machamats nfection and mscarriage, howesnar thise @oes wane com-
pared only agairet pagents with wbal inkrtley and not unirdeded preg-
PR WIS

ey ot ha s b shudied ecteraied yard al ot of das are
available for this Infeation from over thees demdes ofreseandh. Conira
dicting smadies have been published, resulting In corfiiaing eddence
regamding the mie of £ motnmek in mscariag (Feist et al, 1999
Wilkowsica Trojnied ef o, J00%). Takdng nto account e most recant
firdings and e Inorese In soreening programmes workd wide, sudh as
the screming ofiered i al pregrant womn in e USA §C0C 7014),
public asamnecs of the postble sk of C fdbamat’s infedion 1o a
funure pregrancy mightbeadvsable.

My s ma penito furm

Myeoglasma gendolim Is 2 seomlly Faremiied bacerium, known o
came wethits, enddis and PID, butinfecton @mnako be asymptom-
atc (Tapor-Fobreon and fersen, 2001} k has bemn suggesed thar
M. Erimleom an enfanoe human immonodefidency ne IV nfec-
tion ard mraremizsion {Mapieraa Masedzenge and Weis, 009 diagno-
sz s wia PCR on wine samples (CD0 20130) and resmens indude
azmhrormydnand dogeycine (Homeret al, 2014). The only publshed
stdy of this infecion, Is a case—oontral study fom de LEA on 352
warnen with misarriage bafome 2 wedcs of gestation and 802 healdwy
pregrant conrals, and wed dam from partdpants argiraly enmled
In anoter sudy Overall M. pendiolum had a pravaence of 5.5 but
i aseor Ron withmscarage wa foond Ehort aral, J000).

Qfeer

Crfeveris a 2oonotc infecton, cused by fe barerum Caviela bomesy
{Mawrn and Faoult, 195%). Infarton s most commonly absersed n
Fumars who come Into dose proadmity © esinde Gl bome &
wmally taremimed Wa infalaton of Neciows aemsols from animal
flids {Mawrn ard Racult, 1999, van der Hosketal, 3010} Infedion s
asyrmpanmaic inhalfofall msesinaduits bt cn present 2 anurepectic
liness combined with preumaonia o heparts. O fewer & confirmed va
PO on blood samples ({0, 3013}, Reoommnended srestmentinzpm p-
mmatic adults and dhildren & dogeycine adminstaton. In pregrant
women, ( fever infection has been assodated withadwerse pregrancy
CUTOMES, a5 I a recent report from the Unied Soes Centres for
Disexxe Contra and Preversion (CD0) (Anderson = al, 2013}
Howeser, a e auhorsnote, studies irves Sgaing serological eddence
of infedion and mis@mage hawe produced commdioory esals
Srmeering of pregrantwomen s not asrend yreonmmerded in the Eum-
pean Union {Moreer e al, 1)

T Diarish sasdies, arein 2002 and fee secordin 30013, conciuded
£ bowetd & not linked i mismmiage (Mielsn atal, W12 313
Both used mndomized sera sarmples from e Darish Magoral Birk
Cohom. The first stady was powered o dea whether infacton
ol be sssodated with mismrrage The precence of infacton was
rreestigated In acase group of 218 women with mismrrage (loss of preg-
mangy prior to X wesks of gearation) companed with 452 healdy preg-
mndes. The seond sndy foased on pregrarcy cncomes of 357
women expsed o @me and sheep high rek of expooure o
L burred riedion) veme 459 women that had no con@a wih
animals. Contelly bormedi presalenoe was 5% in cases and &% in conroks
of the first study, whemas In the seoond stady 19.5% of all women
were positve, howeser ST ofthese women had conmuo with livestock
Mielsan and colleagaes (Misken e al, 201F) reported one positve mis-
cariag e L46K) and 3 DATE) semposkive among corimbs
wherms In the seoond stady ten mEcaTRgES wene poditve (Mo
e, 20 1) These reouls sugge thar, despite: presence ofiC barmed in-
Bcton epecaly in pregrant women In prosdmity with agie ard sheep,
his bacmerium does not seam tobe widely asndaned with adwerse preg-
Ry oo, aithough ind Mdud @oes have been repored.

Srpvils
Syphils isa barwerial infesfon that can be raemited seaaly or Wa
contact with the binod of an infaceed person. ltis @used by Trepanens
polldum, dagnased using PCR, and & reated with arabiotics {Cohen
aal, H1¥). Sage ore spmptomns indude a highly conagos sore fat
deveiops durng stage wvo o a rash accom panied by sore throar. The
third and firal sage & tatary syphils, whidh & ROt coniagious but &
ey harmial

Cazal and coleagees (Casal eral, 301 %) assecsed rige famors asso-
dated with syphills and pregrancy cutoomes in 2 Brazilan populagon.
The mses corested of women pasitve for syphilis, 169 wih e
births ard 58 wha had an adwerse pregrancy oumcome. This induded
mscrage, stlbirth and neoratd death grouped togeder. The
conwra group of women neguive for spphils inciuded 219 women
i hiad e binthes ard 83 with adverse pregranoy autonme. Syphills
was sgrificantly assodated with history of mismrriage (O 330; O
EH-4% P 00000) afer eming wing 2 multiple regrestion
madel. Mozt of the pregancies reilfng In Ive binhe wem not
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completly FEyrptomatic wien infieoton was present, resalEng in ot
comessach & premanurity, low b intweigh tand respimtony problems,
amaong ofers. They ako observed fat maemal syphils was asso-
dapedwith llegaldnugs, alcohal, rocourselling on spphills, sesa aay-
Eyintationat |6 years ofage or younger, Dan or more sexl parmers
during the praceding |5 years, e inahowseholdwitha low incomeand
poorer sanitarion; al foors that may also havea desrimental impaoon
ep P T O O

A suady from Chira repormed $at, following a soreering programm e
aimirg to present mother-to-dhild syphils Faremssion, the adveme
pregrancy ouromes Incuding mismage were reduced from 2775
2003 o X0 (Hong et al, 2O14)

Thee el of gyphilis on pregrancy has been 2 subeo of iInerest for
alrest |00 years gereal coreerss s that syphils mn have adevataing
efect onfenmes moding in mscarriage, stllbird and congenital ars-
mission {Temmesman et al, 1995 Oswal and Lyons, 2008). Sphis
soresring programmes are in dfiect in $e LEA and BU (00O, Hl4
Jarier et ., 014}

¥iral infections

Hepes wines infections

The Herpes family of DA Wnses indudes a rumber of pafogic
wnees of Fomars (Homan Hepes Vinsses/HHY) fat @an mman
aent i $e hog and can reactvae (Whitey and Roiznan, 3001)
Thera memibeers ofithis il HEV- | (HHY 1) and HEV-2 (HHY-1) esab-
IshRencyinnewroml cels and on reacfva gon @n @ hep o gentals
or labals (Margols eral, 3007 Cpomegiowns CHV) (HHV-5) &
alz0 avery comman ¥ins, aoquired by mast paople daring dhildhood
hsholm and Lopez, 2001} CMVY infects mosty myslod cells and &
raver eradicated fom the body (Koch o ol J005) Herpes Wne
canbe diagriosed wsing POR In sera mamples (Sngh o gl, 2005}

HEW-T and HEW-2

HEV | and for HEVE DRA were d seched in 43 5% of% Sfromen srop ho-
et tiense samples from Grsslc women with Spontansous pregrancy
oz compared with |6 T% ofwomnen und ergoirg eleahe abarton (p =
35, P = 000, Fisher's et et {Kapranos and Kosronias, B0 Ldng
insia hybrideaion HEY [N Awss deeced In e trophoblast of 18 our
of 15 HEV positve cases. The anthors corduded a5V seems i have:
a roke I early mscarrage, dihough theydid not dissrgah beasesn the
A Types of HEV.

These dam are supportad by a more mecert stady from Kaorea (Km,
& al, W), The anthors of this sudy teoed sem of 500 pregrant
women for HEV-Z and 85 (ITK) were seroposive Most of the
women in both groups also tesed posigve for rubelia, varicela 2oster
HHV.Y) and heparit B [HEPH), however e authors adjused for

s OF HEV- T seropasave wamnen, 38X fad a hisoey of mscamiage

compared with F6% of the conral growup (P2 0LO5)
A prsible geendatinnof HEY and HEVT with mismriage cannot be
acatained fom fese mpons and fonther sudies are requined.

Herman CMV/HHES

Hadar and oollemgees studied 2 group of seropasitive 59 women with
pest-concepgoral CMV infention, whidh oonsmed between 4 wesks
prior to e last reported merstnaal peiod and up to 3 wesks 2ter
e epaed due of the period. Owr of these women, four had

mizmniages befome undergaing amniooentess & confm iNrasteine
Inflacgon. The remaining patients ether deaed o ermirate e preg-
rarcy or gwe birth o Iveinfres. Mo concesion could be drasn with
regands i MECATIagE Esodalon & No condrals weee induded in fis
susdy {Hador e 2, 20 10}

Dan from a Maaysan study Saraseaty etal, 201 1) showed thar
ara-CHY s artibody was demcwd in 84X of heady pregrant
wamen as wel as women with adverse pregrancy ouimome, Indudng
17 cases of mis carriage.

Dhesspine: the: lack of recert sdies supponting an assodation of MY
with mEcrriage, in win sodies have shown thar OV nfecton an
result In placensl defondions (see below). Howeser, Driher stadies
are: maquired i elucidame e true ok of CHV in adwerse pregrancyout-
comes.

Hurman papilomowes

Human papilomavineses (HPY) comprse 2 group of aver |50 dferent
typeess of sall DA vinses some of which cusse common seoalytrars-
mited infeotors {Cums et g, J00T). Seoally rarem med HPY nfeaion
hasaprecdenceramaf | 1.7 R twe genera fermale popalation of repro-
ductveage B et ., 30 10). According to TDC seoully traremised
HPY presalence ratiorsdde in the LUSA among women 14-5% years od
s 4 5 Im 000 - 005, an estirn ation based on posiive servicovagral
swab e {Harir e al, 101 ). Persstert infaction with Hgh-risk types of
P (e ot presalent beirg HIPY 162 |8 whorl dide) rave beeniasso-
ched with cerdal @ncer, and others PV 6711 ) with genital wars
(s e, D007, Creshieetal, 3013). The vastmajoriy of nfedions
are aymptomatc and dear nanurally without casing long- e dismse
ard a vacdre s now avalable for grpes &, 11, 16 and 18 (O ez al,
HOT). Y rfegion @annot be diagnosed by blood tess, howeser
PO on cervical cell samplesis used todetarmine spedfcviral genogpes
following a positve Papanicolanu {PAP)-ext Maln et al, D05)

The resuis of recent studies inin the efecs of HPY inkcton upon
mismmage are contmdiaory (Perno & o, J011; Scoczetdd & al,
HI; Yang e al, B3 Astady in Chira on e efea of HPYV on the
pregrarcyauame of IVF reated patents found no dfierenoe inmiscar-
riage rabes berween women with abrormal cendal cpnlogywhao had a
pasiive high risk HPY test (p = 58) and thase wiho ested negative for
Figh-risk HPY (i = 56, Yargetal, J013). A second seady from Polnd
nestedfor 33 HPY o grpes and al sofor specific HPV 167 18 DNADes-
ence in placertas from mscarriages (p = 51 and from e delivestes
from wormnen whao showed no signs of systemic nfecton b weme ot
vested, = TH). They fourd HPY DRA In | 774 of misariage cses
ard in M4% comra placertae A ool of 11.5% of misariages and
125% of normal placertae were posigve br HPY 16718, but nore of
these diferences reached sofstal ggficance Eloopfeld et 4,
). Bodh of dese snadies suggec thar HPY ifecton In women has
na efiect on pregrancy cuicome, aiough no more than 150 women
e examiresd in either

Cormersely, results fom a 201 | sudy sgnficandy assodated male
parmer HPY rfeaion with misaniage e n 199 ouples atendng
IVF diniics in ey (S5 7% In B infeced cowples werss |5% of conerals
with o HPY infection, P <001, Pariro etal, 3011} The resmrders
ako identfied thar al pregrandes in couples where both parmers
were Infoied resuited In misariage (p = %)

These snries present conmadicnry dam, Fowewsr S frst two
examined recton in fermale pamers whemas e seord one
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Irveestgaed male partrers. Interestingly, an ol der sudy (Hermona e al.,
19757 reported HIPY DA preserce in | 5725 eariymscarage amples
compared wih 1715 firg rrmester eleaive abortion mmples. Furier
el -desigred, adequadyp ovwered stud ies are requined to fully duddane:
the role of HPY asa powngal Ak facnr for miscariage, whilst coraid er-
Ing fe role ofan nfeoed male pariner asthee are indcatiors ofa po-

tertia roke in eady misarrage {Garolaeral, J01).

A irers infecti
Parnuimmes belong to the Pareowinidas amiyand are ey small snge
srarded DMA vinmes tat inkcor inedbrates and vemebmes
(Cotmnore et al, H014) OF rerest to smdies of msaniage are
Adero-associmed s (AAV), Parcouinesd 19819 and Bocadnes (30).

AAY

Artibodies agairat severl semgpes of AAY show infecton In varous
tismues, bart itls asympiomatc {Gao eral, D0HL AAY neads e help
of a helper Wns, adenovines, to meplicare. Despie dis, 80K of he
Feaman population |5 seropoasive for AMY, & diagnosed by PCR fGon-
galvess, FOOS)

Mo assocRtonof AMY Negionwith serogpes L3 and Swihrear-
rentm scarrage {defined & two or more)was found in oo uples with sub-
ferginy|Sdhlahafer eral, 012 Anal of |46 sermenamplesaswel as
134 endocerdal samples from couples aending a fertliy dinic were
tested for the preserce of AAY DA and 14.5% of fermale and 19.9%
of male smples ware poditve. Mo asodations with ofer Recios
pathogens, semen qualty orsih saquent By issues were Indicmed.

In another stady Pereira, 2010), the presenoe of AAY wasexamined
I8l pagens, duidedinmg fres groupe: | 3medialy nduced sbortons,
39 miscrtages and 39 “undesrmired” (nciuding &6 deddua and 52
avarian binpaies fom the me paderrs). AAY DRA wa demoed In
1780 (PR 4K) of cases for & least one of the deddual or ovular fag-
ments. farthermone, Y18 (323 of spontanecuss and 7.7 (1713)
of dectve dborfors (dasifed acordng to patiert Réormmaton)
tesedpostive. The anhors group ad mses with corfimed gpe of abor-
tion and obsarved 386K (1 2/42) and 24% {1/42) AAY posite Yor
sponmresus and medicaly ndured aborgon, respeaively | < 005"
The chasfration of mmples wed 2 wel 2 definition of the various
Froups companed In s sdyare undear from $e paper desorpon,
thiss Inerpretation & chalenging. The awhors suggest 2 “caomal assock-
afon” of AAV mmEcaTage.

Despine thed epeation of AAY DINA In some mscamiagecases, them s
Inconcisive eddence for a role forthis vine iInmiscarage.

Pareovires Bl 9 B 1'%)

Parwines 819 (21%) & asmal vrs apable of @usng dferent ds-
eases In humars, such as Fifh deease” during dhildhood (Young and
Bmvan, DO0H). I & estmaed fat ~50% of young men and women
e angbodies agairat BIYY, detarmined via serology tess (Bmiden
etal, 7005} The mmainng S04 of women are a rigk of deselopirg In-
fedion durng pregrandy, which @n kead © nondmmone Rydmops
fenli, 2 wel-established caxe of ferl dexh Sllngardl e al, 0%

A momit sidy from Morfemn brdand eamined 3521 women of
reproducive age and 33.5% of tem were at rigk of infedtion as they
had no artibodies agairat BIYY (Wam et ., 2013). Though feal lnss
was reported In infeded women with confirmed presence of e Wnes
In misaried fetses, no Rceased assodation with mis@riage was

observed. Howewer, the auhors reported radequate follow-up” of
pregrandes potentially assoced with 319 infeaion.

Inan earer studyof T2 pregrant womnen with 3 19V, Dwas nowed fat
e risk of vertal Taremission & higher Finfedion oonrs by gesatonal
s 10 S ot o fedght cases offetal loss abserved ware aarbutedto
BI%Y infecton” without fumther elucidaton. Mo condusions regarding
e assocRion were reachad by the reseandhers [Borddni eral, 2011}

A higher percermge of kg antb odies Indicaing recent infeation was
obsered inwomenwith advese pregrancy outoomes {11 71, n= &)
com pared with 4 5% observed In 88 control healiy pregrart women
(Bridceral, 301 1). Imerestngy, ant BI9Y kG artbodies were highar
In controlsthan cases (F0L5 ard 534K mspecsely, P= 0045 ) Anim-
porant Imiceion of s study s that fe adwerse pregrancy aucome
rduded mscarage, nondmmone hydrops fetds and InTawerne
Bl death, thus the asodaton of mEcarage alone with BI% is not
dear.

Inastudyfromn Migera, B9V prevalence among pregnant women was
estimated 2 40T as | 1] o of 173 patens in e studyhad descable
el of either lpG or lgMarah odies, howeser thesewere notassocaed
with a hisiory of misamiage (Emiasegen erdl, 2011}

From e above, It evdenttar a mse— conrol stady onwomen wWith
miscaTiag wrak headdy pregrant conrols, satstaly powered 1o
duddae therale of 8 19V inmisarrage & raqured, asthee areindia-
tors of high prevaence In pregrarcy andfetal nfeaion.

Bocerinr (B0

Thee harnan B & anewly decovered member of the parsodnes mily
daeded in Y3 of sera of dhildren older fan 3 years old (Maraar
e d., M0} Ina snd yon 535 ferl biopaies | | B misamages, 169 inmra-
werire fenl deathe and 245 Induced sbomions), even toughonly |0 of
VSIS Ve Sem regative, rone of dhe feloes teshed praitiee ard fe
arorsconduded fat B could not have 2 postible role in mscarage
{Fipin ezal, 2010},

HIV
HIV Isa resovine, and Is most commonly taremitad va unprotecied
seanl ntemourse o sharng of equipment for InTavenous dug Ee.
There are two types of HIV, HIVG | and HIN-Z, with the first being e
st comman {Grann atal, 1987 The vne nfeds several ool types
of the: host Immune sy, sudh as D44 T lymphogres (Misderma.
o al, 988, Embreson et al, 1993), macmphages (Oreraiein ef al,
1997} ard dendrigc cdls (Grnghuis & ol 201 0. Waorldwide, e
‘World Health Organizaion (WHO) estmaes thar 34 milllon people
are Iving with HIV, diagnosed by HIV vird lsad Blood tess PCR)
(Waorld Hath Orgnsason, 2013, And-reroviral reament delays
e orset of severe sympanme and protecs the patent fom opporiun-
i Inflections, which ane the main @use of deash amaong HIV-positve:
patiens Dbl e al, B0

A I3 sudy fom Mgeda examined 238 | pregrandes in 1702
women postive for HY compared with 2321 pregrant nondiniced
women fomithe same hespitals. folowing pressmdelvery, mscarage
was sgrifandy asodated with HIV pogisey (OR 137Gk 1L1-23)
This & sodaion was reained afer adusmant for several confounding
wariables such & age, parity, hisoey of mscarage and others. The
rfened wormen In iz s ywere al receling ang-reroviral restment,
howeer dferentregmes wene used durirg the pears in whidh Sestudy
was conduded. Umintors of tis shudy inciude the rumber af controk
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ot beirgclearty staved andlack of westing for ather sewnly raremied
dseases {Exedi e al, H0I3).

In a shudyin Zambia 1229 HV-posite pregrant waomen were fiol -
lowed up (Kim o g, 3003 b} The ratio of miscurages o e binks
s 31100 and CD4 counts hess than 350 ool o were sgrifiardy
asmodated with mscarriage. Thewomen were reauieed d uringbatfirss
and secord wimesers and rone of e women who misaried had
receied andretmiml resment. The sudy did ot compare the
mses with uninfeted pregrant women.

In a smudy of 382 Ugndand Zimbabwean HiVinfaced pregrart
women undergoing multple andretmml therapies (Gbb & al,
HIZL miscarriage and medically mduced aborfors oocuming prlor T
El wedes of gestation were assecced as one famor, RO Sparae Out-
cornies . OF mote, fetl death afer F2 weekes was dassfed as stllbard
Therefore, no oncleiors regrding misarrage spedfcadly @n be
draan from ths study. A study from Inda. on &9 HIVinfeaed and 345
nondnfeded women demorarated higher miscarragefsllbinth risk
amongst the nfeded group, howeser again there was no distnaton
betwem medially nduced abortiors and misamages [Damk ef al,
HIL Ina rerepeaie anadysis from Germary, 2% of HiV- poitiee
women amending an oupatent dinic for premneeption oursdling
bemmeprgrantand only one miscaried (Gngdmaier e al, 2001).

HW st was aveo dated with m scarrage inasudyof 1,218 pegrant
women from Uganda (De Beasdrap e al, 701 3). Howeser, ey defired
stlbirth as e delvery of 2 non-lving fans > 18 wedes gestaion; and
miscarTiage a5 the delvery of a non-vable fers dtherar <8 wesks ges-
mfon or weighing <2500 g Futhesmaore, as stillbirth and miscarriage
were groupad gether as one outoom e, no deinie conclelora regrd-
Ing ricarriage an bedmsan from ths sudy

T surnm arize, evidene saggecrs thar HIV infecton negaively aSecs
pregrancy. howarer, ang-rimml resment can reduce e risk of
adverse outcomes (Zolopa atal, H00%; Friedman eal, 300 1) Furder-
rrecre, HIV Foes been associued with BV which could have: a desrimensl
ok on pregrancy autoom & {Ledna e gL, 1997). The presence of multple:
dioeg opss could Dty compromisea pregrancy. As most ofithe sodie
suggest, coredtion and montaring of HIV-po stive women whao wish
o bacome pregant & desimble. Women durng ther frst anteranl
sk are ofered HV s in the UK, USA and BU {European Centre
fior Dism se Presention and Conral, 2010 U Masoral Soreening Com-
e, 01X CDC, 2014}

Polrormainus BE
Polyomadnes B ifecs up to 9K of the gereral populaton v an
LI T esisin n M ue and & usualya symp omatic with e esren-
fon of mrmunommpromised Indvidak [Hirst and Seiger, J003)
Antbodies agairet the vins can be dewced wing sora samples and
PR, wrine: opanlogy and viral immornostaining {Masoand, 2014).
Recent stadieshave rvestigaieda potertial roke of B Wne infeaion
on adverse pregrancy ouromes. A sty on patents with uneplired
willeis frfection of te placertal Wil Esodated with adverse pregrarcy
ouromes) dewced no B in phoenm fom mismriages (Cajaba
aral, 11 1) Theawhors saetha Forases with dfice Wiz, e ges-
atoral age ranged fom3 | o 41 wesk (aeorage 17 3 weske] kosems
derefore more subble o addess dese cames as stlbinks, ot
miscariages. I another stady from Ialy, samples from five miscarried
fanseswith chorioamnionizsard mscarages due o chromasomal ab-
narrmalfes fonmrals), B was demored In ferl argars {Boldormi e al,

HI0). Though tis provides possible proof of wertal rarem ssion of
thevines, as Dwas detaried In four oot of five chromosomaly dbnomnal
corirals ard thee outo e cases, the authors corduded thas B8 infec-
tiondoesnot haee a rosinmisarage. nacondanoe with e frstdy,
thee fetuses were betwean the |58 and the Bith week of gestation, so
some of hem ware stllbinths aoordng to our redew’s dassificeion.
Momawer, the fetmes ware not maxched for gestatoral age In both
sudies, the rumbers weme smal and mo early mscariages were
tested. The queston wheter BE Jne coud be asodated with

mis@mMage mquires tharefore funher rvestigation.

Dhenpue fer

Dengae fever Is 3 disease caed by four Wnuses of the sngle sranded
A dadviridae genss ([DEN | 4), raremized v mosquio bites
sl yinropicl and sub-tropial dimaes woridwid e WHO estmanes
4050 millionrew mses every year. Dengoe & 2 fis-lkee lliness with na
varrrafon and resment curendy asalable. Dagnoss s dfioilt as
SympInms rsemble other disegces, howerer usial approachesindiusde
DA and antibody deneaionin semm samp essingPCR and ELEA, -
spectively {00 2012).

The role of dengue fever In miscriage was examined ina prospecge
sudy from Makysia on |15 womenwith mismmageup to X2 weskes of
Estatinnard 296 healthy pregrant conrols. This shedy fiund sgnificant
assodation of rement dengee fever Infecfon with misarrage aer adjust-
Ingfar corfounders sudh amaemal age, gentoral age parity and ed-
ridy (53X in @ses verne |.TE n contmk, adusted OR4ZE, 95501
12— 14,P = 0023, Tan etal, 2012}

In 2 @se series report from S Lanka, swo ot of fifheen pregrant
waomen esparienced fenl death 2 34 and 35 wesls of gesmion,
howeser e sudy prodides no eddence of wertal traremission o the
fenmes (Maryyawzmam and Serarayabe, J010L In another @se sries
reportfrom Frendy Guiara the anhors repomed two R misamages
In 53 pregrant women with dengue fewer. However, e infedion
coud not be connecied o S adverse pregrancy ouimome (Basurko
etal, HO0H)

A symemn atc review on 10 sudies conduded that R isundear whesher
dergue Bver & asodated with adwerse pregrancy atcomes (Poulliar
eral, M0 Bxmed on recent eddence howeser, we @n condusde
thar dergue fever seems o bea risk facorformscarage: herefore ©
Isadwizable i raise aaareness regarding pmiscTve measures nhigh-fsk
amas and for people raveling to those aness.

HEPE ond HEPC

The HEFE vine & a member of the Hepadrasnes family of small DA
winses and the HEPC wine & 2 member of the fawdidae geres of
sirge stranded FUNA vinuses. Both Wnuses cause [verinfammaton and
dizezce and are both fourd In body Suids HEPS & often resobied
within a couple of manths, however HERC an develop into a chranic
disegee. Both disesses are diggnosed wing blood serological e
{Gretdh, 1997 Krajden e ol 2005).

Ina case - cortral stdyfrom Chira, 75 couples thar receved assicred
reprodudion treamment ware falowed up, divided inin a group with one
parrer diagriosed with dhnonic HEFE infacton and 2 control groupraith
bath parens seronegive for HEPS (Ve aral, 2014). The mrly mscar-
riage rae (geatonal wesk rarge not specified) was 44K In the cse
Fowp compared with %1% in e conra group P = 0043, Feher's
exact test) Highest mecamage raes (G0X) were observed when
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maihers wee soroposiive and fhes seronegaive (P= 00%). Usirg
PCR, HEFE DA was decied In 662 “dhandoned embryos’ fom
e e group . wherea sl embrpns of the control groop were negie
These reoilrs syt o poible role of chronic HEPS inflsdtion In
misarrage.

Corversely, a onoss-sectional sudy from femen ecamined theasso-
chton of mecarag with HEPS and HEPC infecton In pregrant
wamen, ard found far 10X ofwomenwere posiive Bir HEPE B85
CE R0 140%) and 85X for HPC (95X O 80— 11.5%) Mo assoct
afon of Infeation with mECaTag W appament e molfarhe ara-
Iyl Murad e al, BO1Y).

These sasdies raize questons regardng the mibe of perscrentHIERS in-
fedion durng pregrancy. At $e MommL, sTeenng programmes of
pregrant women for HEPB and HEPC during their fiest areraal vst
Tyt LA ared 1L airm to prevenita dherse pregrancy aotoo e U Na-
tioral Scmening Commites, 1013 (0 H14).

Fubeln

Aubeda & a mild dhidhood disesse dae, I aoquired durng fe firse 16
wiesks of gecngon, @nresul in mscarage and serows fenl defeos
{Baranwala ard Brosn, J004). A vacdre has been aalable for seweral
years resding in sgrifiant redudion in rew Gses accondng D e
laes WHO progress report (Fleef ral, 101 1) Regardess of thi pro-
gress, [ k important i be avsare that there rermain 2 romber of ursac
ciramed pregrant women in Eorope ard woridwide that do not hae
aoess to vardration and who are sl at rigk of adverse pregrancy
outoome duebo nubela (Mewrald o ol 201 I; Muscar aral, 2014).

Iflusrza wirs

A suady of e 1918 infuerca pandernic concluded thar & resdted na
decrease of Ive binths due not only to high moraley butalso toan n-
crease of ety miscarriages in pregrant woman who were ifisoed by
e {Bioom Fedhac e al, 201 1) Ina moeserie pornt egardirg
i H NI nduenza A pard amic, s« women were admited i inerae
care ared had ad wersep regrancy cutoomes, howeser only o reseroud il
pagent had a sportaneos aborton as four cases oocurred durng S
third rimeser {Olupomi-Obi o ol J010).

Protozoan infections

Mabria

Malara & Gused by infction wih protozna of the gars Hasmodiom
(P. fokparum, P wiva, P.malaios, P. ool Is raramined via mosquim
bites and & endemnic In more fan |00 countries in Ao, Asia and
Sounh Ameria (World Hedd Orgniagon, 20138). In 2012 dere
were an esimated 207 millon @ees of malara resdlting i an approd
ey S2T 000 deathe (S0 of all malrn. deatie ocar in sub Sdamn
Afia) (Warld Health Ovganisation, 30136 Symptoms indude fewer,
sweas, headache and danboea and @n be eated weing d Serent
drugs depending on e spmptoms and the speclfic patogen cung
the dsease such 2 amvaquone pls progaanil or dogeycine {ar and
o, 010). Maada parasies areidengfied by micrascopit esamiration
of patients” binod mmples i 2007, 54 7 million pregrancies aoorred
In arness with endemic P fabponmmaariaand afunber 7005 millon in
arms with excentioraly low malara raramizton or with Favar anly
(Delicour et al, 2010} Masmodom can bird chondroitn salphate A

expressed on trophoblast ard ths Is wha cases loml parastaemia in
e placenta (Aghor-Enoh et al, 1003, Mawrral disease is most
savem inprimigraica waormen, and ireduoes with s pregranoy asim-
ity builds up i thise pamctes thar mrgerthe placerra (fried aal,
1958

‘Wiomen with asyrpanmatc and septomatc maaa {snge episode
befiare |4 wetdes of gesaton) are 2 a Hgher risc of misarrage (adused
CRLET0, 95500 204359 and 199, 95K T2 10513, respectively).
This suady induded 3527 women with mismriage and 14 087 women
it g it ol b s i Thailard. Thee siie ratices wesre not diferent
for both P flopanm and P vve (MoGready etal, J013).

D Beawdmp et gl [3013) akko sudied maara doring pregrancy n
Umnda In 1218 pregramt women no amsochton of maaria with
adverse pregrancy Utoome wias shown but an assodaton with Hi
sEh was demorstaed, a5 described ab o

An azeodation of malara Wit adverse pregrondy Gtoomes, and
more specficly mismrage. s evident from e abowe shadies. Presen-
O MresEanes ard screening of pregrant women 2 risoof malara irfec-
gon are advised.

Tovooomrmross:

Prevalenoe of Toooplasmoss diflers aonoes the world, from 20-40% n
e U and LEA (Food Standards Agercy, 2012 to ~ 0% in tropixal
countries (®laren and Hjsea, 200F). h a recent study from Londan,
17314 of 2510 samples tested were seropostive Fag and Swey,
01 X} By thwosgh rracesst ot ane: sy PO S . [T ST o -
Eed individualz are ssoentible tod ansiop ing severe dizm oe 2 rd women
whn beonme infaced whilst pregrant @n pass the inkboton serialy
flones eral, 301 ). The presence of T gondl Is confirmed by antbody
detetion.

Alarada-Esqusveletal (1014) showed that & TR 136 women witha
Hanryafmismmage hadbeen expesed i T goadi This shady bowewer
didratindude acontral groupsith no historyofmisarmage Mecamae
or stilbird oowmed in 38 oot of |90 pregrant @ses with nooplamo s
presenting in Engand and Wakes berween 3008 and 301E, howewar
these are dam fom e survdllanoe progrmme curendy I place and
rot part of a smady (Hakhy eral, 2014 In a suady on sem samples
from 100 wormen who bad mscaried, 86% of which were doring e
first mimeser of pregronoy, S5% were seropeiine for G agairer
T gond (Vado-Saols aral, 3013, howeser, no comparson Do uninfeoed
At women was made. A men-analsis of several Medmn sudies
ako Ind imes tat nfecton raves are highar I women with miscriage
{Galan-Ramirez & al, 101 ). Despine this, as the anfos highlght oy
e ot of the 132 sudies nciuded In el sysemaic revias, wee
ased anwormnen whi hada miscanisge.

Thee: Nioed oo d of association of T. gonct Infecfon resalting In mismr-
Hage & highlighted by e present revew ofrecent sdies. Takdng nto
ancount the significant worldwide presalence of this protozoan infec-
Tan, screening ofpregrant women & recommend ed Fitls esablshed
fat s infedion presents a signifiant risk for adwerse pregrancy
o

How do infections lead to miscarriage?

Presgrarcy |5 2 comples process irveobdng mdtple ozl grpes and regu-
aed by several sophistomed medansmes, which are sl nor faly
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darified despite years of mseamch. To eamine S negoe impa of
rfedions to pregancy, we first reed to understand howa rormal, suc-
cexsil pregrancy s esablshed.

Matemalfstal ntedoes: mosplobgy, implantotion prooss and

the ral of the immune ssterm

Thee: hasrnan endometsium & composed of sareml diferent cell grpes, in-
dudng umira and ganduar epehela celk, stroma with stromal Sbm-
blastc cdls, iImmune el and blood vessds. During every mersmal
opde In resporss 1o varan esrogen and pmgeserone via 3 prooess
aled ‘decidulsgion”, the endometral sromal comparmment under-
goes maphologal ard srucural rarsformation D bacome receptive
o implaraton Prior o impanaton, the rophoblst dfererdatesinn
e growing blastooyst & Eirads from the Fallo pan tube to e utens.
Thee Implariation wirdow”, duing which e utens is racepdve 1o the
embryn, is uslly betwesn S and 12 days 2fver ovulaton [Fashid eral,
HIIL The basnost agackes o e moepdve endomerium wisng
adhesion pmire, caled ntegre, durng the Implantation window
Fig- 1A, Merded eral, B0} Macena firmation begirs as fe ropho-
blast comes o con@u with e epitelum and dfereriiates Grther
Into syncytinsropho blast thar Imades e epitelal laer. Various other
rradeades, both from the maesrma and fenl side, are Irvobied Inthis
process (revesed in Dimirladis et al, 2005 Trargudh ef al, 2005
Aghadhe and Rewed, 3004 Chenaal, J009). Srepiorophablase, -
poried by e deddudised sroma {Godoole aral, 301 1), pererae the
erd omesrium and surround the embrpn, whilst itemb ads sl inthe de-
didual groma. A second Toproblast laer, fe orotrophoblast, & an
rrer yer without conaa with e matermal cels. Durng fe ropho-
blast rvasion, cavities @lled lacume devdop, whidh, 2 they get flied
with mamsral biood, bring the masamal drodation irio contad with
e phcenta vill, fus maddng e orset of phoental crculagon far
rcisdes exdrange of nuriens and waste bavween the embryn and
mather At days 10- 12 of gesagon, the embryo & complanely embed-
died I the aned ometrim, the apiedom Fes grown over itard S im-
plaraaion proess & complete (Fig. 28] The three plaoenta 2ones
are now distngaishable the arly choronic plate rear the ambryo,
e intarvilous space with the vllow rees and the primizwe basal
pla® n contact with e maema endomesiom (Fnenborg et al,
1980, 1981} Sirmuitaneausly, anvdovasadar rophob st cdls semming
from e basal plae rvad e the walls ofthe s prral ameries, repdng the
maerral musalar and endothelad cells with rophablast cells, rars-
forming e ateries Inio large diamesr and low resisance blood
wessels (Lyall, 2005).

The role of S mmure system 0 2 sucoessil pregrancy & aucial
Fig- 3A)L Whist te immune Dierance of e semi-diogenec fers &
mainained, severa comporens of B immune systam Sl der desg-
raed roles In preparation for mpanaton & well & durng gestarion
(Entrtcan, B0 Tranuar o ol J004). MNahuml kdler M) cells, macm-
phrages and dendrigc cdls have al been dewced in fhe feto—maaral
riterface (Guleria and Polard, J000; Mofent Mg, 200X Gardrer and
Mofery, 2003} Cymkines sachas interieukdn fiL- 10), obnystimaaing
farmor ((5F-1) and waraforming growth facor- among others have
been linked with the implantation process and are expresced
werine cels (Aman o al, | ¥90; Guleria and Pollard, J000; Thaston
ard Shamma, 2010} Implanagon indues an infammanry repors e

became of Irvasion and damage of maemal teoee, with many cdls
wndergning apoptasks {erzak and Bsdhof, J00E jeowig & ol J003).
Comversely, infammaory opnkines such as imerferon-y and wmour
neross Gomrapha [THF-a) are notusaly e esed intheplacena
ard e been asodated wih abortion In mouse modek [Eneian,
).

Abrormal impanaton, placeraion or blood vessd rarcfrmaion
am hought to esult in mscarriage Midel et al, 1990; Ball et g,
HI05). An actve infection oould irerfere with fe pregrancy by SSeaing
ary of the above-mentioned processes 2 well 2 disupt the Imemurne
bakance, whetheritresuted in placertal and ferl infedion ornat.

Examples of where we undersiond the mechanizm of
ifectionindued mismrngs

Far mostofihe patogens where an assodation has been demo reraned,
thesecac trn e hanismn that lead s fmmirfecton tomisamage s unkmown.
Bacer, proineoa and Wnees uilze dferent medaniam s oo Infec thar
st ard each ore seams © Induce 2 tnique casmde of eens 0 e
fein— rratarmal Inierfice, st of wiidh remairs oo be deternined Our
lereowad e 1 destued mo sy from animal sudies ard dara on bumanpreg-
FENCiES ressarce.

Multple medansms @nbewilzed by pathogers tocross the planen-
tal barrer Plasmodium, & mendoned previousdy, enters e hostdathe
mamra drosagon and can infect and multply n the tophoblas
(Ag 38), eventhough s ranual targer cells are red bloodcels (Aghor-
Enoh e al, D003, Moreno-Péres etal, 2013} However, thismechanizm
of crossirg the placensl barer & specific o malara. Liseni manaoen-
P 1B Bavo baoveriad srface pmeins called imerralin A and B o
Irvade e placerta, 2fer passingfrom the imestnal basrier i S mater-
ral crodlaion {Fig. 38, Viequez-Boland & g, 3000; Lacur & o, 2004
Dizson etal, J00H). The presence of padogenic ongansms In the pla-
omita nduces a maemal mmone resporse to fecton thar could
result In miscariage.

The suscep abiity of plarenta and fets D several Wnmes hoo besn
Irestged, as rophoblst cels have been identfied & mrges and
winuses such & AAY ard MV have beendateoed In ferl toae CHY
hasbeen shown in Wi to replae In rophoblast cells Fig. 38),inadd-
I9on o epithial, sromal cdls and maorophages fatane krown targer
cdls of the Winus (Minton etal, | 994 Rsher & g, 3000 Sroger & g,
H0E). In rophobass, (MY an induce an rdammatory response
that Indreases apoptosis (Chou et ol, 3006 OV Fas dso been
shown to atae THEa, ag@n eadng to ol desh (Than et al,
B0 THFa isnormally expresced Inlow lanels by e planeria (Eniri
can, B n the mouse CBA « DBAST model THF.a was shown @
Inrease fetal resorption Wa acfaton of ME el macroprages, and
Thi-gype cytokdres {Clark e al, 1998). Futhermore, deoeased
levweds of Implantation-asodaed marix melioproteineses X and 9
(MMP Zand MMPY ) in the early pregrancy Wil of women with CHVYin-
dicate comprom s ad Irvasive capabiliy, fatoould resalt inmiscariage
(Taoetal, 301 1). These resairs sagrest dar CMY infecton couldlead
tophoertal defonctonaswel as suggest possible routes offeql infec-
tion resulting In mscamiage.

Bacerial infecions initae dferent msporses from the Immone
sysem compared with vinses but gam-negive ard gam-positie
bacteria are both capable of aotvaing e Prae Mmone Spstem
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10 Gkoumiou etal
Maternal Spral Artery
. ) 0nDap
10— 12 cheimp gl as the embryo & encapslaed witin nd . Nt S
i Blood vesaels, & ddng e onget of the placnal blood flow.
(Tabmody ez al, 1999 Yoshimua « ol, 1999) Moz of or wsockwed Wi embryonic o as rhib of ths patvaay

Inowledge mgmding bacernl nfecions and pregrancy comes flom
sades in mowse models. Nite asade and prosmgandre prodaced In
the of b J lpopolmacchatdes (LPS) were shown to be

L Lan )

meversed the efiect in mice (Asemberg e ol 2010}, Poor uterine recep-
avity and iImp Bntazion falure due © exposre to bacwernl LPS was dso
epored inanoher 2udy n mice (Deb e al, 2005,
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Mectond and mscarage

Figure 3 H-nyuuﬁ-n'-- dace (A) During a ety prograncy, the B aand d
e cells fracrophage 15 and dendid with ferd ropheblat and cels & e cormarsione of enbishowne
upmdmmmnwpo;mwmmmmummm Bare essndd
for wrop = P ¢ y Ladee ol (B) = offewy
aions. Acmodum o dectumphobstoals A i e m. Cyomgd dl Yo =
of vird and ot rire with op cels
Table | S y of pathog Athal clation with miscarriage.
Bacteria Viruses Protoroa
Ascciead wich miscaringe * Bucurid vagncns (ndudrg Mopismohmia and » e Maea
Uhaa pirama unes fyscum) * Dungun fover Favvns) Flramodum)
* Bucdods . HV
* Syphia * Rubuda
Uste o no eviderce for o Coondls burrmti * Adwo-asodsed s * Now
with i e o Mycoplsme pevidium * Bocedmus
* Hepusis C
Confictng evidencs for csock son * eyl vachomata * Humun pellomens * Tamplama gondi
with e rige o Hopes doplex vins |
=dl
* PevavinaBIS
* Polyormavins B
o HepaisB
H humen immunodeficiency e
Bxwn, dpe stize ifexfenl | age cured by nf Further eh nqured
ummmun.andmm\-mw;- as undemtandrg the eaa med banind Infe daced

sevaral mman unknown. These patways are posibly implicased n

5 miscrrages codd lead to diecave Teatmernt and s prvention.

219

P, dm

w yenk iq 4o

S T



Tableil yof the sites of detection of pathogens in the studies inthe revies.
Micrabe Site of detestion
Frtulplamma Viaginalsrrin
Adar it it Parsia (010} ScHiabolr atal (D12)
Fursica (1000)
Buactarsd 5 (i 1 o Reehusiiatal (100 1)
M o and U unadeiam) By et al (010

Bescinvirias
Eruenlosis

Thimpde s
ol umeti
Camapdons

Do fovar Fiding)

Ripiarat o 204 0)

Bt dl QOIT)

Biciurkera £, (2005)

Swrobe grimatermal beod'matend ukne

Fiigiar & . 2010}
ol ot o, (2000
Al i el s it (2011
Basdatd @011
Frtahigi Sevdiina o o, Q012
]
i o, 200, 2013)
it . (10 )
Sty ot o (2011
T atad (12

v Sy {2010
B et (2005)

Pt samghe
Sehlabsfer ot o, Q012)

s sirehios v | i 1 Bl i i B (200) B atal {012a )
Hupaia® Tt . Q04 4) Tastd Q04) Taatal (D)
Muradat d @003
FHapusia C Purade o Q00T)
HY Esmchi et o, 1013)
Hmad (012 B
G atal (2012)
Duri st dl Q011)
D Bt st (2013
Humies g ki ezl atal (2011) Tapa d Q0T Parina @ . {101 1)
Mt Fisrmediom) D B sl {013) MeGraay &l @013
D B il (2013)
Mygeogsmma puaium Trewt ot al IO00Y
Parvairui 815 Bk atd 01 1)
Evviiusiggors 2 . 204 1)
Fodperanirus B0 Copibas o 2001)
Bt o, (204 0)
Syl Cadat d QUT)
Hongat o, 2004}
Tomg suma g Alarade Eupival wt ol 201 4)
sy ol {2014)
ke Sl et o 200 7)
S10T'ET » iy mny sl
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Conclusions

A plahora ofbacedal, Wra and protoeoan infeaious agents have bem
Irvvestigated todetermn ine whether they ane ascocied with aninoresed
rie of miscarage The ewdenoe preseraed in tis redew shows
fatinkctors suchas BV, maksa, OV, dergee fewer, brucel csis and
HIV may adwersely afieo pregrancy amonme In conimst, dere s no
rTent evidente D gt thar © bvmed, adenc-assoramed W,
Bocavine, Heparits C and M penitaivm are assodaed with miscrriage.
More mporandy Sowgh, the lack of coreras regrding fe oS
of C tmactoma, T g, IR, HEV I, HEVE, Palyom avines B Hecorie
B and BI%Y infection reveals 2 @p in knowiedge: ot fowre reseandh
should address, & these patogers coud poteraialy be Fammfdl to
early pregrancy desdoprnent | Tabke §_ This ko & of pargodar impon -
ance fior public health pracfoners as itcould alter asment pollides of
preventon of nfecton, dagnoss and treamm it N pregrant women.

Eveniin deeases suchas malaria ard rubella, where a casatve mie &
extablihed, te undestyirgra oo r e o fmirarrage & sl urkooer.
Thee miechanism shar has been proposed o expiin Fow CHY infeaion
oontld wnderminee a pregrandy could apply to other ntracediular patha-
e Chomyda tadomak and U orealgowm hawe b detsced n
placenta cells, therefore tey mud case a smilr resporse (joste
eal, 1994 Basd, etal, FI 1)k & wel esablshed tatpregrarcyisa
balance berwesn mierance and mjacton, & the maema mmone
oyEem s reprogrammed  tolerae e alogeneic (parerral) feml
antigers (Thelinard Heinen, 2000} Anacive nfedion oud desabloe
Hhisbalance resulting In myjedion, espedaly Fitieads o a serious liness
of the mother. Bddendy, furnther researdh Is requred o understand
e et of pregrany Gilre.

Insevere maermal Infeotion, sudh 2 with rduens, HIV, dergae faser
and malaria, fe el s e a2y reslt I misarrage retead of
a diren phoenil nfedion efert Howeer, pathogere sach 2 Pl
diaom parasives and Dengue fever's Aovviug are known to be detacied
n feql tsoe and phoenta, & are 2 plahora of ofer patogers
(Tabie Il Tha isof partcuar importance, aspmaof of wertal rraremis-
it ton i irberiene with 2n onging pregrancyis mone [losly in reoalt
nmEcarage than amaerral nfeoion. Barmiration of fetal gsssesfrom
rfemed mothers is esenta to clarfy wheter wertical taramistion &
poesible for pathogers & this s ot ya been elscidaed and it &
exdent from recentsnsdies that an asodation s lody foresample, br-
cedisis, Myeopdama pendinlum and Cowiela bome Infctors. A very
sigrificant issue & fetal spedmen con@mnaon In @ses with presence
n e agrn of common vineses, such & HPY and HBY, as this does
P SR I cRsaton of misarrage.

Ore interesting omcame of our mview was thar studies regmding
Infleniors ard pregrancy outoorme ware aordecied worldwide. Despine
i, Iseaees tha et of e sdiess whene i mn counitres In the desvelo ping
workd where the pravalence of spedfic d sesces & higher.

A commonly abserved Imimgon of the sudies presenied In this
review wosthar e cnsdies hecied fior dhe presenoe of ofer pathoges
exceptior fe one of Interest. Several pahogers are ofien asoched
with oneanather, such as iV with BV and malaria (Ledrs e al, 1997,
Takaetal, 1998 De Baudrap etal, 2013}

Furthermone, the definiton oftermes, sucha mscamage and stilbind,
ity difer fom the ores gerealy accepted in some sadies, 2 men-
gored previosly. For eample, loss of pregrancy up o 36 weto wa
oraidered mismrrage Bayakior o al, 210, o In ofer oo e

| than 1 gecraioral weekcs (Misken ef ol J01Z). Universd ermminaogy
| paidelnes are mquired to esabish effentve sciendfic communiction.

Theimpact of immmunizzeion, ifa aocine & aalhble suhasinthe ase

| of HPY, could be derimenal in mses of Remiondndaced misErrage
| Haoweser, e devdopment for some of e pathogers of Interest
T Inthis revew & 2 compliced prooess and has been ureucnessial o

far (Hanereral, J008; Mougquet and Mussereweig, 3013

To o knoadedge, tem are no B gadeines regarding sonesning

¢ for rfediows dismses in pregrancy. Current screenirg gaidelines in
| e U indude offering tess for HepBl, HIV, rubela (esing for -
¢ coptibiiny) ard syphils to pregrant women (Publc Health Englard,
. HI5). Systemamic soreering for infctors sudh as BY or MY & not
| curmenly mesconnmersded in the LB Without aoc cunting for oot screen-
1 Ing fior pahogers Highlighed as high risk for mecarage in this redew
¢ should b pecoraidened asan optinnworldeide.

e policies induding publceducatio nto rase saneness and screen-

| Ing programmes for appropriate pathogers asodated with adwerse
| pregrarcy cutcomes could resultin 3 derease i fhe ram ke of miscar-
| Fages.

Supplementary data

Supp emertary dam are avalable a hpeomuapd osford coms ong/.
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9. Appendix 3

Detailed interim study statistical analysis:

Parameter Statistic Control Miscarriage p value
group group
(n=141) (n=199)

Age (years) | Range 18-47 16-46 0.9506
Mean 32.87 32.62 (Mann-
Median 34 34 Whitney test)
Std. deviation 5.419 5.816

Weight Range 49-121 36.8-146 0.2131

(kg) Mean 70.84 70.18 (Mann-
Median 67 65.7 Whitney test)
Std. deviation 13.76 17.42

Height Range 152-185 143-183 0.4059

(cm) Mean 164.8 165.2 (Mann-
Median 164.5 165 Whitney test)
Std. deviation 5.785 6.619

BMI Range 18-47.27 15-46 0.0991
Mean 26.22 25.72 (Mann-
Median 24.66 24 Whitney test)
Std. deviation 5.374 6.024

Ethnicity Caucasian (%) 123 (87.9%) | 190 (95.5%) <0.0001
Black (%) 3 (2.1%) 3 (1.5%) (Chi square
Asian (%) 1 (0.7%) 6 (4%) test)
Other/Unknown | 13 (9.3%) 0 (0%)
(%)

Smoking Smoker (%) 13 (9.6%) 21 (10.7%) 0.6720

status Ex smoker (%) 27 (19.9%) 46 (23.4%) (Chi square
Never smoked 96 (70.6) 130 (66%) test)

(%)
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PGP3 result | Positive 31 36 0.7790
Negative 96 124 (Chi square
Not yet tested 25 40 tests)

LPS Elisa* | Positive 12 10 0.8240

result Negative 113 113 (Chi square
Not yet tested 0 0 test)

Reported Yes 4 17

previous Ct | No 17 182

infection Unknown 120 0

Current Ct | Positive 0 0

infection Negative 14 177
Unknown 126 15

* RIDASCREEN® Chlamydia 1gG, Cat no: KGM3101
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