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Precious angels
Born too soon
The challenges of adversity
Gave strength and the drive to persist
The path through the depths of despair
Brought the courage to hope and dream

Celebrate little miracles
Delivered safely
Such an amazing journey
Is life






ABSTRACT

This study, investigating 263 women undergoing trans-vaginal oocyte retrieval for in
vitro fertilisation (IVF) found that microorganisms colonising follicular fluid
contributed to adverse IVF (pre-implantation) and pregnancy (post-implantation)
outcomes including poor quality embryos, failed pregnancy and early pregnancy loss
(< 37 weeks gestation). Some microorganisms also showed in vitro growth patterns
in liquid media that appeared to be enhanced by the hormonal stimulation protocol
used for oocyte retrieval. Elaborated cytokines within follicular fluid were also

associated with adverse I\VF outcomes.

This study is imperative because infertility affects 16% of the human population and
the numbers of couples needing assistance continues to increase. Despite significant
improvements in the technical aspects of assisted reproductive technologies (ART),
the live birth rate has not increased proportionally. Overt genital tract infection has
been associated with both infertility and adverse pregnancy outcomes (including
miscarriage and preterm birth) as a direct result of the infection or the host response
to it. Importantly, once inflammation had become established, medical treatment
often failed to prevent these significant adverse outcomes. Current evaluations of
fertility focus on the ovary as a site of steroid hormone production and ovulation.
However, infertility as a result of subclinical colonisation of the ovary has not been
reported. Furthermore, identification of the microorganisms present in follicular fluid
and the local cytokine profile may provide clinicians with an early indication of the
prognosis for IVF treatment in infertile couples, thus allowing antimicrobial

treatment and/or counselling about possible 1VF failure.



During an IVF cycle, multiple oocytes undergo maturation in vivo in response to
hormonal hyperstimulation. Oocytes for in vitro insemination are collected trans-
vaginally. The follicular fluid that bathes the maturing oocyte in vivo, usually is
discarded as part of the IVF procedure, but provides a unique opportunity to
investigate microbial causes of adverse IVF outcomes. Some previous studies have
identified follicular fluid markers that predict IVF pregnancy outcomes. However,

there have not been any detailed microbiological studies of follicular fluid.

For this current study, paired follicular fluid and vaginal secretion samples were
collected from women undergoing IVF cycles to determine whether microorganisms
in follicular fluid were associated with adverse IVF outcomes. Microorganisms in
follicular fluid were regarded as either “colonisers” or “contaminants”; colonisers, if
they were unique to the follicular fluid sample, and contaminants if the same
microorganisms were detected in the vaginal and follicular fluid samples indicating
that the follicular fluid was merely contaminated during the oocyte retrieval process.
Quite unexpectedly, by these criteria, we found that follicular fluid from
approximately 30% of all subjects was colonised with bacteria. Fertile and infertile
women with colonised follicular fluid had decreased embryo transfer rates and
decreased pregnancy rates compared to women with contaminated follicular fluids.
The observation that follicular fluid was not always sterile, but contained a diverse
range of microorganisms, is novel. Many of the microorganisms we detected in
follicular fluid are known opportunistic pathogens that have been detected in upper

genital tract infections and are associated with adverse pregnancy outcomes.



Bacteria were able to survive for at least 28 weeks in vitro, in cultures of follicular
fluid. Within 10 days of establishing these in vitro cultures, several species
(Lactobacillus spp., Bifidobacterium spp., Propionibacterium spp., Streptococcus
spp. and Salmonella entericus) had formed biofilms. Biofilms play a major role in
microbial pathogenicity and persistence. The propensity of microbial species to form
biofilms in follicular fluid suggests that successful treatment of these infections with

antimicrobials may be difficult.

Bifidobacterium spp. grew, in liquid media, only if concentrations of oestradiol and
progesterone were similar to those achieved in vivo during an IVF cycle. In contrast,
the growth of Streptococcus agalactiae and Escherichia coli was inhibited or
abolished by the addition of these hormones to culture medium. These data suggest
that the likelihood of microorganisms colonising follicular fluid and the species of
bacteria involved is influenced by the stage of the menstrual cycle and, in the case of
IVF, the nature and dose of steroid hormones administered for the maturation of
multiple oocytes in vivo. Our findings indicate that the elevated levels of steroid
hormones during an IVF cycle may influence the microbial growth within follicular
fluid, suggesting that the treatment itself will impact on the microflora present in the
female upper genital tract during pre-conception and early post-conception phases of

the cycle.

The effect of the host immune response on colonising bacteria and on the outcomes
of IVF also was investigated. White blood cells reportedly compose between 5% and
15% of the cell population in follicular fluid. The follicular membrane is semi-

permeable and cells are actively recruited as part of the normal menstrual cycle and



in response to microorganisms. A previous study investigated follicular fluid
cytokines from infertile women and fertile oocyte donors undergoing IVF, and
concluded that there were no significant differences in the cytokine concentrations
between the two groups. However, other studies have reported differences in the
follicular fluid cytokine levels associated with infertile women with endometriosis or
polycystic ovary syndrome. In this study, elevated levels of interleukin (IL)-1 a, IL-1
B and vascular endothelial growth factor (VEGF) in vaginal fluid were associated
with successful fertilisation, which may be useful marker for successful fertilisation
outcomes for women trying to conceive naturally or prior to oocyte retrieval for IVF.
Elevated levels of IL-6, IL-12p40, granulocyte colony stimulating factor (GCSF) and
interferon-gamma (IFN v) in follicular fluid were associated with successful embryo

transfer.

Elevated levels of, pro-inflammatory, IL-18 and decreased levels of, anti-
inflammatory, IL-10 were identified in follicular fluid from women with idiopathic
infertility. Successful fertilisation and implantation is dependent on a controlled pro-
inflammatory environment, involving active recruitment of pro-inflammatory
mediators to the genital tract as part of the menstrual cycle and early pregnancy.
However, ongoing pregnancy requires an enhanced anti-inflammatory environment
to ensure that the maternal immune system does not reject the semi-allergenic foetus.
The pro-inflammatory skew in the follicular fluid of women with idiopathic
infertility, correlates with normal rates of fertilisation, embryo discard and embryo
transfer, observed for this cohort, which were similar to the outcomes observed for

fertile women. However, their pregnancy rate was reduced compared to fertile



women. An altered local immune response in follicular fluid may provide a means

of explaining infertility in this cohort, previously defined as ‘idiopathic’.

This study has found that microorganisms colonising follicular fluid may have
contributed to adverse IVF and pregnancy outcomes. Follicular fluid bathes the
cumulus oocyte complex during the in vivo maturation process, and microorganisms
in the fluid, their metabolic products or the local immune response to these
microorganisms may result in damage to the oocytes, degradation of the cumulus or
contamination of the IVF culture system. Previous studies that have discounted
bacterial contamination of follicular fluid as a cause of adverse IVF outcomes failed
to distinguish between bacteria that were introduced into the follicular fluid at the
time of trans-vaginal oocyte retrieval and those that colonised the follicular fluid.
Those bacteria that had colonised the fluid may have had time to form biofilms and
to elicit a local immune response. Failure to draw this distinction has previously
prevented consideration of bacterial colonisation of follicular fluid as a cause of

adverse I\VF outcomes.

Several observations arising from this study are of significance to IVF programs.
Follicular fluid is not always sterile and colonisation of follicular fluid is a cause of
adverse IVF and pregnancy outcomes. Hormonal stimulation associated with IVF
may influence whether follicular fluid is colonised and enhance the growth of
specific species of bacteria within follicular fluid. Bacteria in follicular fluid may
form biofilms and literature has reported that this may influence their susceptibility
to antibiotics. Monitoring the levels of selected cytokines within vaginal secretions

may inform fertilisation outcomes.



This study has identified novel factors contributing to adverse I\VVF outcomes and that
are most likely to affect also natural conception outcomes. Early intervention,
possibly using antimicrobial or immunological therapies may reduce the need for

ART and improve reproductive health outcomes for all women.
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1.1 A description of the scientific problem investigated

Infertility is a global problem affecting approximately 16% of couples (Zegers-
Hochschild et al., 2009). The total fertility rate continues to decline, and is now
down to 1.6 children per woman in developed countries, which is considered
insufficient for replacement of the current population (World Health Organisation,
2010). In late 2009, the World Health Organisation in conjunction with the
International Committee for Monitoring Reproductive Technologies, for the first
time, listed infertility as a disease in the ‘International Glossary of ART terminology’
(Zegers-Hochschild et al., 2009). This decision acknowledged not only the social,
financial and emotional burden such a diagnosis entails, but highlights the need for
ongoing research to improve treatment for infertile couples. Idiopathic infertility,
infertility with no known cause, affects up to 20% of infertile couples (Wang et al.,
2009). Investigations into the presence of microorganisms within the upper genital

tract may identify further causes for infertility in this population.

Research within the field of ART has resulted in refined technical procedures for
processes involved in gamete manipulation (Palermo et al., 1992), genetic screening
of embryos (Munne et al., 1993), storage of gametes, embryos and ovarian tissue
(Mukaida et al., 2003), and the transfer of gametes or embryos to the female upper
genital tract (Gardner et al., 1998, Geary and Moon, 2006). Clinical research has
focussed on understanding the mechanisms (genetic, endocrine, immunological)
associated with various aetiologies of infertility and the adverse ART outcomes
linked to each of these factors. An area of research that has not yet been fully
investigated is the effect that microorganisms colonising the female upper genital

tract have on ART treatment, success rates and pregnancy outcomes.
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Sexually transmitted infections of males and females remains the main preventable
cause of global infertility (World Health Organisation, 2006). However, in the
absence of clinical symptoms or a diagnosis of sexually transmitted infection, the
impact of microorganisms within the genital tract receives little attention. The role of
microbial infection in adverse pregnancy outcomes, including miscarriage, preterm
rupture of placental membranes, preterm labour and preterm birth in natural
conceptions and ART pregnancies is well established (Hillier et al., 1988, Eckert et
al., 2003, Goldenberg et al., 2000, Romero et al., 2003). Recent studies have
reported evidence of in vivo colonisation of the placental tissues in 25 — 79% of
placentas (Onderdonk et al., 2008 a, b) and in approximately 80% of endometrial
specimens (Andrews et al., 2005) of women who deliver preterm. Cultures of lower
genital tract specimens have proved to be poor indicators of the presence of
microorganisms within the upper genital tract and discordant results for microbial
species were obtained when sampling both the upper and lower genital tract sites
(Cicinelli et al., 2009, Spence et al., 1982). A previous study detected bacteria within
follicular fluid collected at the time of trans-vaginal oocyte retrieval; however, these
bacteria were not associated with adverse ART outcomes when the IVF culture
system as a whole was assessed (Cottell et al., 1996). Antimicrobial properties of
follicular fluid have also been demonstrated (Gurgan et al., 1993, Stepanovic et al.,
2003). A fundamental step in our understanding of the impact of asymptomatic
colonisation of the ovarian follicles on ART outcomes will be the characterisation of

microorganisms present at this anatomical site.

Microorganisms secrete metabolites into their environment and these prior to

fertilisation may damage the maturing oocyte, which is bathed in follicular fluid.
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Microorganisms can also elicit an immune response from the host and these
responses may affect the oocyte and result in poor quality embryos. To date, no
studies have investigated the effect of bacteria colonising follicular fluid on ART
outcomes and the immune response in women undergoing ART cycles. Nor has the
prevalence of microorganisms and their ability to survive within follicular fluid been

previously demonstrated or characterised.

1.2 The overall objectives and hypotheses of the study

The overall objective of this study was to test follicular fluid for the presence of
microorganisms and to: identify and characterise the microorganisms present at the
time of trans-vaginal oocyte retrieval;, determine whether the presence of
microorganisms represented colonisation, or was due to contamination of the
follicular fluid at the time of oocyte retrieval; determine if their presence modulated
the immune response or the secretion of cytokines; and determine whether the
presence of microorganisms and/or an immune response to these microorganisms

resulted in adverse I\VF and pregnancy outcomes®.

The methods utilised in this study were designed to ensure that true colonisation of
follicular fluid may be distinguished from contamination of follicular fluid (as a
result of trans-vaginal oocyte retrieval). Vaginal secretions were processed in parallel
so that the culture and cytokine assay results for follicular fluid and vaginal

secretions may be compared directly.

The central hypothesis of this study is that follicular fluid is colonised by

microorganisms and that these microorganisms, or the host immune response to their

'This study adopted the definitions for ART and adverse pregnancy outcomes as defined in the Revised Glossary of ART
Terminology, Zegers-Hochschild et al., 2009)
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presence, adversely affects ART pregnancy outcomes. Thus the study hypothesis is
that colonisation of follicular fluid may be another cause of infertility. The
hypothesis was explored in different cohorts of infertile couples undergoing ART
treatment who were classified according to the aetiology of infertility: (1) women
with endometriosis, (2) women with polycystic ovary syndrome, (3) women with a
history of upper genital tract infection, (4) fertile women (from couples with infertile
male partners — the control cohort) and (5) women with idiopathic infertility. Within
each cohort, women were classified as having either colonised follicular fluid
(microorganisms not also present in the paired vaginal swab, so these
microorganisms were present as coloniser(s) prior to oocyte retrieval), or
contaminated follicular fluid (microorganisms present in the follicular fluid were also
present in the vaginal swab cultures and these microorganisms were introduced into
the follicular fluid at the time of oocyte retrieval) and were subsequently compared

for each cohort classification and I\VF pregnancy outcomes.

The growth characteristics of microorganisms within follicular fluid were further
investigated using in vitro assays to determine if the bacteria within follicular fluid
may form biofilms. The majority of follicular fluids demonstrated polymicrobial
colonisation, but did not appear visibly infected/turbid despite the presence of high
numbers of colony forming units. The assumption of this study is that the
microorganisms may be growing as a biofilm lining the pre-ovulatory follicle, which

is biopsied at the time of oocyte retrieval.

The cytokine profile (immune response) to microorganisms within both the follicular

fluid and vaginal secretions was also examined to determine whether there was site-
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dependent variation of cytokine expression, and whether these cytokines may be

correlated with IVVF pregnancy outcomes.

1.3

The specific aims of the study

The specific aims of this study were to:

1.

determine the prevalence and identity of microorganisms within follicular fluid
collected at the time of trans-vaginal oocyte retrieval

determine whether these microorganisms represent colonisation of the ovarian
follicle or contamination from the vagina at the time of oocyte retrieval

compare IVF pregnancy outcomes for women with colonised versus
contaminated follicular fluid.

determine whether microorganisms within follicular fluid and vaginal secretions
(colonised prior to oocyte retrieval or contaminated at the time of oocyte
retrieval) generate discriminatory cytokine profiles capable of predicting IVF
outcomes or IVF pregnancy outcomes.

characterise the growth of bacteria within follicular fluid in vitro.

investigate the ability of bacterial species prevalent within follicular fluid to grow
in the presence of high concentrations of the steroid hormones oestradiol and
progesterone (at concentrations comparable to those found in hyperstimulated
women).

determine the ability of colonising species to persist over time within a biofilm.
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Overview

Despite extensive research and advancements in ART procedures, in Vvitro
fertilisation (IVF) live birth rates per treatment cycle have increased by only 1.1% in
the past five years. The most recent Australasian statistics (for 2008) from the
National Perinatal Statistics Unit (Wang et al., 2010) indicate that of 58740
autologous IVF treatment cycles commenced (fresh and frozen embryo transfers),
91.5% of the fresh cycles resulted in oocyte retrieval, 84.5% in fertilisation in vitro
and embryo transfer, resulting in a clinical pregnancy rate of 22.7% and a live birth
rate of 17.2% per treatment cycle commenced. These outcomes highlight the fact that
not all IVF treatment cycles result in successful oocyte retrieval, fertilisation or
embryo development and therefore, the return of embryos to the female partner does
not occur for all couples (Table 2.1). By comparison, ten years previously, 8172 fully
stimulated IVF treatment cycles resulted in 896 live births, yielding a live birth rate
of 13.3% per treatment cycle commenced. Clearly, the number of ART cycles has
improved dramatically in the last decade; however, we believe that further
improvements are still possible. This review will focus on infectious aetiologies of
upper genital tract (UGT) infections (not limited to sexually transmitted infection) in
female and male partners, an insufficiently investigated area of research within the
field of ART. A greater understanding of the microorganisms present in the upper
genital tract and their role in IVF outcomes may lead to informed therapeutic

treatment options and improved ART pregnancy and live birth outcomes.
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Table 2.1 Assisted reproduction outcomes, Australia 2004 and 2008

Year Commenced Oocyte Embryo Clinical Miscarriage  Preterm Live
cycles retrieval transfer pregnancy Rate’ (%) birth birth
(autologous Rate’ Rate!  Rate' (%) Rate!  Rate

and donor) (%) (%) (%0) (%)

2004 41904 90.8 81.6 21.0 20.1 20.6 16.2
2008 58740 91.5 84.5 22.7 20.6 19.3 17.2

(Wang et al., 2010) " of total cycles commenced

Globally, similar trends are observed in the field of ART (Table 2.2). The five major
regions (Asia, Australia/New Zealand, Europe, Latin America, Middle East and

North America) have also reported increased IVF cycle numbers and clinical

pregnancy rates, as well as a slight rise in the live birth rates, but these improvements

remain low, leaving substantial room for improvement. Preterm birth rates remain

high and from 2000 — 2002 there was an 8.1% increase in the miscarriage rate in IVF

pregnancies in Australia and New Zealand (Wang et al., 2010).
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Table 2.2 Global ART statistics 2000 and 2002
(most complete recent data available)

Year Region Cycles Oocyte Embryo Clinical Multiplicity Miscarriage Preterm Live
retrieval transfer pregnancy (%) Rate (%) delivery birth
Rate Rate (%) Rate

2002 Asia 115713 44909 7539 26.8 23.1 26.0 215 20.0

Australia
2002 33698 17816 27154 26.5 21.9 18.3 27.3 20.4
NZ

2002 Europe 444049 241107 26.7 245 20.5 NA 17.9

Latin
2002 24742 14155 30.8 317 20.7 28.6 24.4
America

Middle
2002 69670 29345 28.3 27.0 36.8 35.0 21.8
East

North
2002 132413 79894 39.9 34.4 17.7 32.2 325
America

(Zegers-Hochschild et al., 2009)

2.1 Introduction
Reproductive failure is defined as: (1) failure to conceive after 12 months of

unprotected sexual intercourse (i.e. infertility); (2) repeated implantation failure
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following ART cycles; or (3) recurrent miscarriage without difficulty of conceiving
(natural conceptions). For many couples who are unable to conceive naturally, ART
provides a vital last-resort, thus the quality and the successful outcome of ART
treatment is paramount. Not only is this process complex and costly, but also an
extremely difficult emotional undertaking for the couple involved. IVF treatment
cycles are expensive: in 2009, the cost of a single fully stimulated IVF treatment
cycle was $6400. The cost is even higher for international, full fee-paying couples
who in the same year paid a baseline rate of $15600, excluding travel,
accommodation or hospitalisation expenses in the event of complications. These fees
do not include additional services, such as intracytoplasmic spermatozoa injection
(1CSI), blastocyst culture, assisted embryo hatching, embryo glue or pre-implantation

genetic testing (Wesley-Monash IVF personal communication).

The IVF process is complex and often requires numerous treatment cycles. Each IVF
treatment cycle begins with the female partner receiving hormonal stimulation to
produce multiple mature oocytes, which upon maturation are retrieved by trans-
vaginal oocyte retrieval (Wikland et al., 1987). The oocytes are inseminated by IVF
or ICSI and then transferred to the uterus at the 2, 4, 8-cell, or the blastocyst stage
(Gardner et al., 1998). In the past decade, ART outcomes have improved, mainly due
to the improvements in ART techniques and formulations of culture media (Geary
and Moon, 2006). In addition, the development of micromanipulation, which permits
the scientist to inject a single spermatozoon into an oocyte, improved ART outcomes
for couples with male factor infertility (Palermo et al., 1992). Furthermore, the
development of sequential media for embryo culture in vitro now allows embryos to

be cultured to the later blastocyst stage, enabling the assessment of the

11
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developmental potential of the embryos prior to embryo transfer, thus improving the
chances of successful outcomes (Gardner et al., 1998). Finally, further reasons for
ART failures can be now screened for by collecting single embryonic cells by biopsy
and testing for chromosomal abnormalities. If chromosomal abnormalities are
detected in embryos, such as aneuploidy, single gene disorders or translocations, then
the embryos are discarded. Preimplantation genetic diagnostics routinely rely on
fluorescence in situ hybridisation for detection of abnormalities in chromosomes X,
Y, 13, 18 and 21 by specific probes. If these first five probes return normal results,
then chromosomes 16 and 22 are subsequently tested (Munne et al., 1993).
Polymerase chain reaction (PCR) is used to detect single-gene disorders (Handyside
et al., 1992) including cystic fibrosis, a 1 antitrypsin deficiency, retinitis pigmentosa,
haemophilias A and B, thalassemia, Gancher's, Tay Sach's and sickle cell disease.
Despite all these preventive measures taken, the preterm birth and miscarriage rates

also remain high.

Prior to entry into ART cycles, couples are screened (and treated) for the presence of
STls, including Chlamydia trachomatis, gonorrhoea and the blood-borne viral
diseases hepatitis; human immunodeficiency virus (HIV) and cytomegalovirus
(CMV) (Zegers-Hochschild et al., 2009). However, routine microbiological

screening of specimens is not performed for each ART treatment cycle.

This literature review will report on and discuss previous studies of genital tract
infections in males and females. Initially, the review will describe the normal flora of
the female and male reproductive tracts and discuss the mechanisms of opportunism

and ascending invasive infections, whereby microorganisms can gain access to the

12



Chapter 2: Literature Review

UGT. Major microbial pathogens (including those causing sexually transmitted
infections) — bacteria, fungi, parasites and viruses — known to infect the lower genital
tract (LGT) and/or UGT will be characterised and compared. The reported
incidences of LGT and UGT infections and the recognised effects of these on IVF
outcomes will be reviewed and possible implications of these findings for improving

IVF treatment outcomes will be discussed.

To date, there have been few investigations of the relationship between genital tract
microorganisms belonging to the normal regional flora of the genital tract and
adverse ART outcomes. However, relationships between adverse pregnancy
outcomes and infection have been reported, suggesting that asymptomatic microbial
colonisation of the genital tracts of males and females may have a role in adverse

IVF outcomes.

2.2 The normal flora of the genital tract and opportunistic pathogens

In the female body, the LGT is comprised of the urethra, vagina and cervix and is
inhabited by a rich normal regional flora. Typical infections of the female LGT can
result in urethritis, vulvitis, vaginitis and cervicitis (Holmes et al., 2008). In the
males, the penis and urethra form the LGT, where a rich normal regional flora
resides (Wilson, 2005). Infections of the male LGT include balanitis, orchitis and
urethritis (Martin, 2008). The female UGT comprises the endometrium, uterine tubes
and ovaries, whilst in males the UGT comprises the prostate gland and epididymis.
The UGT in both females and males is reported to be a ‘normally sterile’ site
(Holmes et al., 2008, Wilson, 2005). However, members of the normal regional

flora, microbial pathogens and STIs can cause ascending invasive infections,
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including endometritis, pelvic inflammatory disease, salpingitis, oophoritis, tubo-
ovarian abscesses and peritonitis (Paavonen et al., 2008). Infections in the male UGT
result in epididymitis and prostatitis (Geisler et al., 2008, Krieger, 2008). The
sequelae of these UGT infections can include tissue damage, subsequent infertility

and adverse pregnancy outcomes.

Maintaining the optimal balance of urogenital tract microorganisms is important, as
the normal regional flora of the female LGT is the first line of defence against
potential pathogens. This flora consists predominantly of Lactobacillus spp., but may
also include Enterococci, Corynebacterium species, Gardnerella vaginalis,
Bacteroides spp., Ureaplasma spp. and Candida albicans. Adverse pregnancy
outcomes can occur as a result of opportunistic infection, whereby one or more
members of the normal regional flora of the urogenital tract overgrow (Onderdonk et
al., 2008 a, b). Microorganisms that gain access to the ‘normally sterile’ UGT can
cause infertility (Swenson and Schachter, 1984), decreased fertilisation and
conception rates and adverse pregnancy outcomes including miscarriage, intra-
amniotic infection, premature rupture of membranes, preterm birth and maternal
morbidity, as well as neonatal morbidity or even mortality (Holmes et al., 2008).
During the ART procedure, the normal defence systems of the female reproductive
tract are bypassed or compromised by hormonal hyperstimulation, potentially
facilitating microbial pathogenesis. Alterations in the concentration of the ovarian
steroid hormones, oestradiol and progesterone, throughout the menstrual cycle, have
been associated with changes in susceptibility to genital tract infections (Sonnex,
1998). In addition, the oocyte retrieval, embryo transfer to the uterus and in vitro

insemination procedures are potential routes by which microorganisms can gain
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access to the genital tract or to the oocyte (Fanchin et al., 1998, Tureck, et al 1993,

Vigil et al., 2002 a, b)

2.3 Female reproductive tract microbiology

2.3.1 The LGT and lactobacillus dominant flora

Lactobacillus spp. account for 90-95% of the normal vaginal flora in most women
(Hillier et al., 1990). Lactobacillus produces H,O, and lactic acid, inhibiting the
growth of many potential pathogens due to a lowered vaginal pH of <4.5, and the
lethal combination of H,O, halide ions and peroxidase (Klebanoff and Coombs,
1991, Klebanoff et al., 1991, Martin et al., 1999). At puberty, as oestrogen levels
increase, the vaginal pH decreases and Lactobacillus spp. dominate the vaginal
microflora (Brabin et al., 2005 a, b). After menopause, the vaginal microflora reverts
to the pre-menarchal state (Brabin et al., 2005 a, b); however, if post-menopausal
women receive oestrogen replacement therapy the vaginal pH decreases and
Lactobacillus spp. concentrations increase (Raz and Stamm, 1993). Previous studies
monitoring IVF patients have identified a link between endogenous steroid hormones
and presence of lactobacilli. Jakobsson and Forsum (2008) reported that women
commencing IVF treatment who had vaginal microflora dominated by the
lactobacilli, L. crispatus, L. gasseri or L. jensenii (species found in fertile women),
maintained this flora for the duration of the cycle. In other women L. delbruickii, L.
rhamnosus, L. vaginalis, L. reuteri or L. iners dominated the LGT at the
commencement of the cycle, but as oestrogen levels rose, the vaginal flora altered,
with the three major vaginal lactobacilli (L. crispatus, L. gasseri or L. jensenii)

becoming predominant.
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In a studies by Egbase et al. (1996, 1999), bacteria other than lactobacillus (including
Escherichia coli, Streptococcus spp., other Enterobacteriaceae, Staphylococcus spp.,
Haemophilus spp., or mixtures of microorganisms — all of which can be part of the
normal LGT regional flora) were recovered from culture of the catheter tips that
transferred embryos to the uterus. Lower IVF pregnancy rates per embryo transfer
were reported for patients with culture positive catheter tips (24.1%) compared to
those for patients with culture negative catheter tips (33.3%) (Fanchin et al., 1998).
These findings also confirmed that mechanical transfer of normal regional flora of

the female LGT to the female UGT occurred at the time of embryo transfer.

2.3.2 Vaginal/cervical bacteria and bacterial vaginosis

Changes that occur in the microbial LGT flora balance can result in bacterial
vaginosis. An increase in LGT pH because of depletion of Lactobacillus spp. enables
the overgrowth of other microorganisms. Eggert-Kruse et al. (2000) examined the
antimicrobial properties of the cervical mucosa and found that lysozyme and
immunoglobulin A played a major role in antimicrobial activity. Despite this
relatively hostile environment for bacteria, bacterial vaginosis is a frequently

encountered condition among women.

Vaginal smears are routinely Gram-stained to identify Lactobacillus spp.
morphotypes and to determine the presence or absence of bacterial vaginosis in
women. For women with bacterial vaginosis, the Gram stain shows a decrease or
absence of lactobacilli. Women with bacterial vaginosis also have a thin
homogenous, white vaginal discharge; elevated vaginal fluid pH > 4.5; a fishy odour

IS detected upon the addition of an amine to the vaginal secretions; and ‘clue cells’
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are detected in a wet mount’ microscopic examination of vaginal discharge (Hillier
et al., 2008). Even though the Nugent score is considered the ‘gold standard’ for
grading Gram-stained vaginal smears for the presence of Lactobacillus spp., G.
vaginalis, Bacteroides and Mobiluncus morphotypes, this method fails to
differentiate the various Lactobacillus spp. and other opportunistic pathogens present
in low numbers within the vagina (Nugent et al., 1991). Verhelst et al. (2005)
proposed a modified criterion for grading Gram-stained vaginal smears to better
quantify the different Lactobacillus spp. within the female LGT, as well as to
identify other species, including Bifidobacterium spp., which also contribute to the
LGT normal regional flora. Reports that are more recent suggest that a normal
vaginal microenvironment in healthy women of reproductive age may result from
colonisation by Atopobium, Megasphaera or Leptotrichia species flora, which are
also lactic acid producing species. However, these reports did not investigate

reproductive outcomes in these women (Verhelst et al., 2005, Witkin et al., 2007).

In studies of over 2600 infertile women — both before and during ART treatment —
the prevalence of bacterial vaginosis has been reported in the range of 4.2 — 40%, and
is thought to be population dependent (Gaudoin et al., 1999, Liversedge et al., 1999,
Moore et al., 2000, Ralph et al., 1999, Spandorfer et al., 2001, Wilson et al., 2002).
In fertile women, bacterial vaginosis rates of 10-20% have been reported (Holmes et
al., 2008). The following factors affect Lactobacillus spp. levels: antimicrobial
treatment, hormonal imbalance, douching, use of non-barrier contraception,
demographic factors (age and socioeconomic status), and the sexual history of the
female including the age of commencement of sexual intercourse and the number of

previous sexual partners (Witkin et al., 2007). Microorganisms that frequently
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replace the normal lactobacillus dominant LGT flora include Gardnerella vaginalis,
Ureaplasma spp., Mycoplasma hominis, Streptococcus viridans and anaerobic Gram-
negative bacilli from the genera Prevotella, Porphyromonas, Bacteroides,
Fusobacterium and Peptostreptococcus (Hillier et al., 1993). Significantly, bacterial
vaginosis has been associated with an increased risk of second trimester miscarriage
(Oakeshott et al.,, 2002) and genital and obstetric infections including pelvic
inflammatory disease (Catlin, 1992, Hay et al., 1992), particularly in the presence of
other sexually transmitted infections (Hillier et al., 1996, Wiesenfeld et al., 2002).
However, the aetiology of bacterial vaginosis has not been fully investigated.
Alterations of normal regional flora of the female LGT in women undergoing
stimulated treatment cycles may be a cause of increased rates of bacterial vaginosis
compared to rates reported for fertile women. Screening women undergoing ART for
bacterial vaginosis prior to entry into ART cycles and at the time of oocyte retrieval
would provide a more accurate record of the incidence of bacterial vaginosis and
asymptomatic infections in this population (Wilson et al., 2002). However, as
systematic screening of the fertile population is not performed, a large population
that may be used as a control group in the above study would be difficult to identify.
Furthermore, the contraceptive pill reportedly provides protection against bacterial
vaginosis, making the introduction of standardised screening unlikely (Riggs et al.,

2007).

2.3.3 Upper genital tract (UGT) infections

Ascending UGT infections occur when opportunistic pathogens present in the normal
female LGT flora cause bacterial vaginosis and/or candidiasis and subsequently

ascending invasive infections (Meirik, 2007, Holmes et al., 2008). Alternatively,
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iatrogenic infections result from the transfer of microorganisms to the UGT by an
invasive medical procedure or as a result of instrumental childbirth. During an ART
treatment cycle there is also the risk of introducing microorganisms into the UGT at
the time of oocyte retrieval (by trans-vaginal oocyte retrieval) or at embryo transfer
(EI-Toukhy and Hanna, 2006). However, these infections are rare, occurring in only
0.3% to 1.5% of women in studies of 17125 trans-vaginal oocyte retrievals (Bennett
et al., 1993, Bergh et al., 1992, Dicker et al., 1993, Tureck et al., 1993). A previous
history of pelvic inflammatory disease, tubal hydrosalpinges or drainage of ovarian
endometriomas at trans-vaginal oocyte retrieval also enhances the risk of infection
(Saltes et al., 1995, Tureck et al., 1993). Infection after trans-vaginal oocyte retrieval
(requiring hospitalisation) has been documented for only 9/674 patients. Three of the
nine women (all had no risk factors) received prophylactic antimicrobial treatment at
the time of retrieval (Tureck et al., 1993). This suggests that prophylaxis does not
significantly reduce the risk of infection. Even though the reported rate of infection
following trans-vaginal oocyte retrieval without antimicrobial prophylaxis is very
low at 0.6% (Bennett et al., 1993), complications following trans-vaginal oocyte
retrieval are frequently associated with the antenatal period and late onset ovarian

abscesses (Sharpe et al., 2006).

Infection of the female UGT can also potentially occur if microorganisms attach to
the surface of motile spermatozoa, or if there are obligate intracellular parasites
within the spermatozoa transported to the female UGT. Ureaplasma spp.,
Mycoplasma spp, C. trachomatis, N. gonorrhoeae and E. coli have all been shown to
adhere to the surface of spermatozoa or form intracellular inclusions within the

spermatozoa (Friberg et al., 1987, James-Holmquest et al., 1974, Keith et al., 1984,
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Law et al., 1988, Sanchez et al., 1989, Svenstrup et al., 2003, Wolner-Hanssen and
Mardh, 1984) and may thus be transported to the female UGT where they may cause

asymptomatic colonisation/infection or an inflammatory response.

2.3.4 The microflora of the endometrium, uterine tube and ovary

Accumulating evidence suggests that the female UGT may be asymptomatically
colonised/infected (Holmes et al., 2008). Up to 19% of women reportedly have
endometritis, a persistent inflammation of the endometrial lining (Farooki, 1967).
Endometritis is often asymptomatic, but has been shown to reduce spontaneous and
ART fertilisation and conception rates (Feghali et al., 2003, Taylor and Frydman,
1996), potentially causing infertility. Furthermore, infectious inflammation of the
endometrium has also been associated with preterm labour (Romero and Mazor,

1988) and preterm birth (Gravett et al., 2000).

Endometritis is frequently a polymicrobial infection caused by ascending invasive
infections by endogenous microorganisms or STIs. Endometritis has been reported in
association with a diagnosis of pelvic inflammatory disease (Paavonen et al., 2008)
but also in the absence of this infection (Lucisano et al., 1992). Jacobsson et al.
(2002) studied a Swedish cohort of 924 women and found that the risk for post
partum endometritis tripled for women with bacterial vaginosis in early pregnancy
compared to patients with normal vaginal flora. There is also a risk of introducing
microorganisms into the endometrium during gynaecological procedures as well as
procedures for infertility investigations and treatment, potentially leading to

endometritis (Kiviat et al., 1990 a, b).
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The uterine tubes play an integral role in reproduction and undergo cyclical changes
in morphology and ciliary activity that are dependent on ovarian hormones (Lyons et
al., 2006). Recent reviews have reported that infection reduces ciliary motion and
even destroys cilia within the uterine tubes (Lyons et al., 2006). Reduced ciliary
function can be a cause of infertility and can result in ectopic pregnancy since the
embryo relies on cilia to facilitate its propulsion through the uterine tubes into the
uterus. In addition, inflammation of the lumen of the uterine tubes results in tubal
occlusion and tubal factor infertility (Lyons et al., 2006). A single chlamydial
infection does not result in tubal scarring (Patten, 1987); however, prolonged
exposure to C. trachomatis due to a chronic persistent infection or frequent re-
infection has been associated with an autoimmune response to chlamydial heat shock
protein (which shares homology with human heat shock protein) and the chronic
inflammation associated with tubal factor infertility (Brunham and Peeling, 1994,
Mardh, 2004, Ness et al., 2008). The severity of the inflammatory response to
chlamydial infection is enhanced during re-infection, causing inflammation, tissue
damage and scarring (Stephenson et al., 2003). Recent studies by Hvid et al. (2007)
have concluded that damage to the uterine tubes is disproportional to the number of
C. trachomatis infected cells, suggesting that uterine tube endothelial cell lysis did
not occur as a direct result of infection. In their study, they instead demonstrated a

toxic effect by IL-1 on ciliated uterine tube cells.

There have been very few reports of ovarian infections in the literature: however,
tubo-ovarian abscesses have been associated with pelvic inflammatory disease in up
to 30% of women hospitalised for this infection (Landers and Sweet, 1983); but

ovarian infections have rarely been reported following inflammatory bowel disease
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(Hartmann et al., 2009). Infection of the ovary can also be a complication of obesity,
urinary tract infection, constipation and poor hygiene (Hartmann et al., 2009). Tubo-
ovarian abscess formation after haematogenous spread of M. pneumoniae from a
primary respiratory tract infection has also been reported (Goulet et al., 1995 a).
Similarly, fungal infections have caused tubo-ovarian abscesses after a primary
respiratory infection and then subsequent haematogenous spread and infection of the

female UGT (Kepkep et al., 2006) (See section 2.5.2).

At the time of ART oocyte retrieval, the clinician aspirates follicular fluid from
ovarian follicles. The follicular fluid can subsequently be tested for antimicrobial
activity by agar diffusion and broth dilution antimicrobial sensitivity assays
(Stepanovic et al., 2003). Alternatively, filtered follicular fluid can be inoculated
with several species of microorganisms and then monitored for bacterial growth
(Gurgan et al., 1993). These experiments revealed that follicular fluid has
antimicrobial activity against some Gram-positive bacteria, most likely due to the
presence of lysozyme (Stepanovic et al., 2003). Conversely, follicular fluid has also
been shown to support the growth of some Gram-negative pathogens and Candida
spp. (Gurgan et al., 1993). Based on these findings, it can be concluded that follicular

fluid may support the growth of microorganisms in vivo.

Regardless of how microorganisms gain access to the UGT, infection can result in
pelvic inflammatory disease an infectious, inflammatory disorder of the female UGT
(Holmes et al., 2008). Long-term sequelae of pelvic inflammatory disease include
tubal infertility, ectopic pregnancy, pelvic pain and tissue destruction within the UGT

(Cherpes et al., 2006).
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2.4 Male reproductive tract microbiology

2.4.1 Male urogenital tract normal regional flora

The distal urethra of the male LGT is frequently colonised by anaerobic bacteria,
including Bacteroides spp. and Gram-positive facultative bacteria such as
Staphylococcus spp. (Spaine et al., 2000, Woolley, 2000). Similar to follicular fluid
and cervical mucus, human semen demonstrates antimicrobial activity aided by the
seminal plasma components of spermatozoaine, lysozyme, lactoferrin and protease
inhibitors: including secretory leukocyte protease inhibitor and cystatin (Bourgeon et
al., 2004) as well as mucins and defensins (Halling et al., 2008). These agents exhibit
broad antimicrobial activity against both Gram-positive and Gram-negative bacteria,
viruses and some fungi (Bourgeon et al., 2004) (See Appendix 1. Host defence

proteins expressed in the male reproductive tract).

Semen can become colonised/infected at the time of ejaculation with the normal
regional flora from the urethra and the perineum and/or the gastrointestinal tract.
These microorganisms are often opportunistic pathogens (Landgren et al., 1984, Toth
and Lesser, 1981) capable of causing either symptomatic or asymptomatic genital
tract infections (Stone, 1980). Liversedge et al. (1996) and Bussen et al. (1997)
found no correlation between the presence of bacteria in semen and fertilisation rates,
cleavage rates of the embryo, or pregnancy rates after IVF insemination. Conversely,
decreased fertilisation rates and embryonic development rates were reported after
IVF insemination if bacteria were detected in semen that had undergone an IVF
washing procedure when compared to the original untreated semen sample. If
bacteria remained adherent to washed spermatozoa, then decreased fertilisation rates

were also observed when compared to spermatozoa with no evidence of bacterial
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attachment (Guillet-Rosso et al., 1987). The ability of some species to attach to and
invade spermatozoa (Friberg et al., 1987, James-Holmquest et al., 1974, Keith et al.,
1984, Law et al., 1988, Sanchez et al., 1989, Svenstrup et al., 2003, Wolner-Hanssen
and Mardh, 1984), and to remain adherent following standard semen washing
procedures (Knox et al., 2003), makes it difficult to separate bacteria from semen

and seminal fluid prior to ART insemination procedures.

During pregnancy, the cervix and its mucosal plug act as physical barriers between
the vaginal flora and the uterus. However, during uterine contractions, rapid transport
of LGT secretions (including microorganisms from the vagina) to the UGT can occur
(Barnhart et al., 2001). In animal model studies, immotile spermatozoa were
artificially inseminated to determine if these spermatozoa were transported into the
UGT. Immotile spermatozoa were detected in the uterus shortly after insemination
(Drobnis and Overstreet, 1992). Rapid transport of the spermatozoa to the UGT
occurred during uterine contractions, demonstrating that spermatozoa can be
immotile due to bacterial infection and can still gain access to the uterine cavity. This
also implies that spermatozoa with adherent or intracellular bacteria or viruses
(irrespective of their motility status) can be transported into the female UGT by
uterine contractions. These spermatozoa may also potentially infect the oocyte at
fertilisation. Alternatively, microorganisms adherent to spermatozoa may gain access
to the female UGT and then colonise/infect the endometrium. Furthermore, Toth et
al. (1982) demonstrated that some microorganisms (Staphylococcus spp.,
Streptococcus spp., E. coli, Neisseria spp., Klebsiella spp., Peptostreptococcus spp.,
Propionibacterium spp., Fusobacterium spp., Proteus spp., Pseudomonas

aeruginosa, Enterobacter aerogenes and Salmonella enteritidis) can migrate through
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the cervical mucus attached to motile spermatozoa. These studies confirm that
seminal fluid containing either live or dead spermatozoa can be a source of female

UGT colonisation/infection.

2.5 Upper genital tract infections

2.5.1 Bacterial infections of the female and male UGT
2.5.1a Genital mycoplasmas

Many bacterial UGT pathogens are normal regional flora of the LGT that have
ascended and caused UGT infection. The human Ureaplasma spp., U. urealyticum
and U. parvum, are part of the normal LGT regional flora in 40-80% of women, but
LGT colonisation with Ureaplasma spp. is not associated with adverse pregnancy
outcomes (Cassell et al., 1993). Ureaplasmas are also present in the normal regional
flora in up to 50% of males (Shepard, 1974). Ureaplasma spp. have been implicated
in bacterial vaginosis, pelvic inflammatory disease, endometritis (Kanakas et al.,
1999) and spontaneous abortion (Naessens et al., 1986, Quinn et al., 1983). Witkin et
al. (1999) used PCR assays to detect ureaplasmas in the uterine cervix (LGT) and
found that 17.2% of clinical specimens were ureaplasma-positive; however,
ureaplasmas were not detected in the UGT specimens collected from these same
women. In contrast, tests on pregnant women found ureaplasmas in the LGT of 57%
of participants and in 19% of placentas (Knox and Timms, 1998). For some of the
tested women, different ureaplasma serovars were isolated from the LGT and the
infected placenta, which indicates that the LGT and UGT can be separately colonised
and suggests that the source of UGT microorganisms is not necessarily the female
LGT (Knox and Timms, 1998). Furthermore, in a study conducted in association

with the Wesley IVF Service (Brisbane, Australia), the presence of ureaplasmas in
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washed semen was associated with reduced viable pregnancy rates for couples
undergoing ICSI treatment, as well as increased miscarriage rates after insemination
by either IVF or ICSI, compared to couples with ureaplasma negative washed semen
(Knox, unpublished data). The ureaplasmas are opportunistic pathogens (Taylor-
Robinson, 1996) that cause various infections in the urogenital tracts of males and

females.

Ureaplasma spp. have also been isolated in the endometrium of non-pregnant
women (Kanakas et al., 1999). Ureaplasmas colonising the endometrium, either by
ascending to the female UGT (from the female LGT) or by adherence to spermatozoa
or within semen, can colonise/infect the chorioamnion and amniotic fluid of pregnant
women (Cassell et al., 1993). Altered host immune responses can occur as a result of
bacterial vaginosis or STIs, potentially further facilitating the ascension of
opportunistic LGT microorganisms to the UGT (Holst et al., 1994, McGregor et al.,
1990). In a study of 83 women, Martinez et al. (2001) found that 28% of patients

with positive amniotic fluid ureaplasma cultures also had bacterial vaginosis.

In women with endometritis, the presence of Ureaplasma spp. has been associated
with infertility (Kanakas et al., 1999). There are also rare reports of tubal infertility
associated with ureaplasma pelvic inflammatory disease (Henry-Suchet et al., 1980).
ART-specific studies are not numerous; furthermore, their findings are inconsistent.
Shalika et al. (1996) reported decreased fertilisation rates when ureaplasmas were
present in semen at the time of IVF, whilst others have shown that ureaplasmas do

not affect fertilisation rates (Hill et al., 1987). Montagut et al. (1991) suggested that
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embryo implantation may be impaired if embryos were transferred to a woman with

asymptomatic ureaplasma endometritis.

The presence of M. hominis in the reproductive tract is estimated to occur in 4 — 17%
of sexually active adults (Knox et al., 2003, Spicer, 2000), and can cause ciliostasis
(no movement) and swelling of uterine tube cilia (Mardh and Westrom, 1970).
Similarly, M. genitalium infections have been reported in 4.5% of females and 9.6%
of males (Jensen et al., 2003). Whilst Debattista et al. (2004) found no evidence of
M. hominis in uterine tubes in their Australian study population; both M. hominis and
M. genitalium have been detected in the female UGT and uterine tubes in studies by
other authors (Cohen et al., 2005, Heinonen and Miettinen, 1994, Stagey et al.,
1992). M. genitalium was isolated from 21.1% of men with non-gonococcal urethritis
(Jensen et al., 2003); and both M. genitalium and M. pneumoniae have been detected
in the LGT of sexually active women (Palmer et al., 1991, Taylor-Robinson et al.,
1993 b). Serological testing of serum has confirmed an association between
mycoplasmas and cases of pelvic inflammatory disease (Moller et al., 1985). As only
M. hominis can be cultured easily, M. genitalium and M. pneumoniae can best be
identified by PCR detection of these microorganisms in UGT tissues. However, M.
genitalium appears to be associated with a low risk of adverse pregnancy outcome
(Labbe et al., 2002, Oakeshott et al., 2004). Further research to investigate the
prevalence of Mycoplasma spp. and associations with adverse pregnancy outcome

are now possible using molecular techniques.
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2.5.1b Chlamydia trachomatis

C. trachomatis, an obligate intracellular parasite, infects the epithelial cells lining the
genital tracts of the human host (Barron et al., 1984). C. trachomatis can cause
ascending infection resulting in tubal infertility (Swenson et al., 1983, Swenson and
Schachter, 1984), ectopic pregnancy (Wolner-Hanssen, 1990) and is associated with
an increased risk of developing invasive squamous cell carcinoma of the uterine
cervix (Koskela et al., 2000). C. trachomatis infections in women are often
asymptomatic. In contrast, in men, chlamydia may cause dysuria and urethral
discharge (Ingalls et al., 1995). The reported effects of chlamydial infection on
human spermatozoa are inconsistent. Vigil et al. (2002 b) concluded that
spermatozoa function does not appear to be affected by existing or previous
chlamydial infection; however, female tubal infertility is common in partnerships
where chlamydial antibodies are found in either partner (Eggert-Kruse et al., 1990).
In contrast, other studies have reported a decrease in the percentage of motile
spermatozoa, and an increase in the proportion of dead spermatozoa following co-
incubation with either C. trachomatis or chlamydial lipopolysaccharide
(Hosseinzadeh et al., 2001). DNA fragmentation, a marker of apoptosis
(programmed cell death), has also been assessed following natural genital tract
infection by C. trachomatis, and the authors concluded that infection by C.
trachomatis may induce DNA damage (Satta et al., 2006). It has been proposed that
spermatozoa with damaged DNA may be selected for IVF because DNA damage
does not result in immediate cell demise, and successfully fertilise an oocyte;
however, depending on the extent of DNA damage, these embryos may fail to
develop and result in a successful pregnancy (Aitken, 1999). Therefore, it was

postulated that C. trachomatis infection of spermatozoa acts at post-fertilisation
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stages, since it does not inhibit spermatozoa-zona pellucida binding, follicular fluid
induced acrosomal binding, or oocyte penetration assays (Wolff et al., 1991). C.
trachomatis infection has a direct cytotoxic affect on the uterine tube mucosa,
causing loss of microvilli and disruption of cell junctions due to rupture of epithelial
cells (Cooper et al., 1990), often resulting in scarring, tubal occlusion and infertility.
As previously discussed, chlamydial disease and damage to the female UGT may
also result from delayed hypersensitivity reactions to human heat shock proteins
(Morrison et al., 1989). There is a correlation between the level of the host immune
response to chlamydial heat shock protein and the extent of tubal damage (Eckert et

al., 1997).

Vigil et al. (2002 b) performed in vitro studies to assess the possible relationship
between chlamydia-infected oocytes and early pregnancy loss and found that C.
trachomatis was capable of penetrating the cytoplasm of the ovum. After incubating
C. trachomatis infected human semen (from infertile men) with zona-free hamster
oocytes and fertilisation occurred, C. trachomatis was observed within the cytoplasm
of the hamster oocytes by scanning electron microscopy and transmission electron
microscopy (Vigil et al., 2002 a). The presence of C. trachomatis was also confirmed
within hamster oocytes using monoclonal antibodies to the chlamydial major outer
membrane protein, which is expressed in the 15 known C. trachomatis serotypes in
both elementary bodies and reticulate bodies (Vigil et al., 2002 a). This animal
model finding is unique, since no other bacterial species have been reported within

oocytes.
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Vigil et al. (2002 b) proposed two mechanisms by which C. trachomatis infection
may induce first trimester spontaneous abortion: firstly, the embryo may abort
because of direct infection of the zygote as a result of fertilisation by a C.
trachomatis infected spermatozoon resulting in zygote lysis or chronic blastomere
infection; and secondly, the embryo may be targeted by a maternal immune response
to human heat shock protein. This may occur if the mother had previously been
exposed to chlamydial heat shock protein (Witkin et al., 1999), again resulting in
cross reactivity with conserved human heat shock protein 60 epitopes produced by
the embryo five days post-ovulation. Since the work of Vigil et al. (2002 b)
demonstrated reticulate bodies of C. trachomatis inside hamster oocytes, which were
incubated with infected human spermatozoa, this supports the hypothesis that
spermatozoa may infect the zygote during fertilisation or act as facilitators in the
transport of these bacteria to the female UGT, potentially resulting in spontaneous
abortion or embryo resorption (Witkin et al., 1999). In natural pregnancies, once C.
trachomatis infects the female UGT, there is also the potential for the embryo to
become infected/colonised after ovulation and whilst travelling through the uterine
tubes to the uterus (Vigil et al., 2002 b). In conclusion, outcomes of both assisted and
natural pregnancies are potentially affected by C. trachomatis, regardless of its origin
and mode of introduction to the female UGT. These findings suggest the need for

further study of this species in relation to fertility.

2.5.1c Neisseria gonorrhoeae

Neisseria gonorrhoeae is an STI associated with long-term sequelae. Males
experience symptoms of painful urination and purulent urethral discharge within

days of exposure to N. gonorrhoeae, which can lead ultimately to epididymitis

30



Chapter 2: Literature Review

(Handsfield, 1983). In contrast, early gonococcal disease is often asymptomatic in
females, but may include painful urination, purulent urethral or vaginal discharge or
acute abdominal pain due to pelvic inflammatory disease. As the infection ascends
into the UGT it may cause endometritis, pelvic peritonitis, salpingitis and tubo-
ovarian abscess, if not treated early during the infectious period (Hook and
Handsfield, 2008). Infection in the uterine tubes with N. gonorrhoeae or exposure to
lipopolysaccharide can result in cessation of ciliary activity but not necessarily
ultrastructural damage (Mardh et al., 1979). However, gonococci can also invade the
non-ciliated cells of the uterine tube mucosa, destroying the ciliated cells by causing
sloughing (McGee et al., 1983). As with the chlamydiae, Neisseria spp. have been
found to inhibit apoptosis in cells, and promote bacterial survival (Dean and Powers,

2001).

Bessen and Gotschlich (1986) proposed that the pathogenicity of N. gonorrhoeae is
dependent on both the presence of pili and the opacity-associated protein Il. Clinical
isolates of N. gonorrhoeae have been shown to selectively infect different anatomical
sites. Following attachment, the gonococci are able to penetrate the mucus-secreting
columnar epithelium of the urethra, cervix and uterine tubes (McGee et al., 1983),

resulting in activation of the host immune response (Meyer, 1999).

Invasive infections ascending from the LGT account for most cases of serious
morbidity associated with N. gonorrhoeae, including salpingitis, epididymitis and
bacteraemia (Handsfield, 1983). In untreated gonorrhoea, 10-17% of women will
acquire an UGT infection or pelvic inflammatory disease. The antimicrobial

properties of the cervical mucus sometimes prevent ascending infection; however,
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during menstruation, the cervical plug disintegrates and gonococci are able to travel
to the UGT and can cause infection and long term sequelae, including infertility

(Holmes et al., 2008).

In pregnant women, untreated gonorrhoea is associated with preterm delivery,
preterm labour or rupture of membranes and septic abortion (Amstey and Steadman,
1976, Sarrell and Pruett, 1968). After the 12th week of gestation, the chorion attaches
to the endometrial decidua, blocking the ascending spread of gonococci, whereby the

chorioamnion becomes the potential site of infection (Quinn et al., 1987).

2.5.1d Gram-positive cocci

Streptococci, staphylocci and enterococci colonise both the female LGT and the male
urethra, and in males can cause prostatitis and epididymitis (Weidner et al., 1999). A
differentiating feature between the three cocci is that whilst infection of the male
genitourinary tract with enterococci results in abnormal semen andrology parameters
(Mehta et al., 2002), the presence of streptococci and staphylococci within the
urethra of infertile men has no effect on semen characteristics (Rodin et al., 2003,
Virecoulon et al., 2005). Enterococcus spp., Staphylococcus spp., and Streptococcus
spp. can also be isolated from female UGT infections, including pelvic inflammatory
disease (Saini et al., 2003) and chronic endometritis (Cicinelli et al., 2009).
Enterococci and streptococci have also been isolated from internal organs of stillborn
infants (Tolockiene et al., 2001). It has been suggested that these species are so
pathogenic that after infection of the foetal tissues, the foetus has insufficient time to
mount an immune response, resulting in its demise (Christensen et al., 1982,

McClure and Goldenberg, 2009). Studies have also shown that a polymorphism in

32



Chapter 2: Literature Review

the IL-1 receptor antagonist (ra) gene can inhibit the foetal immune response (Gerber
et al., 2005). Evidence of an immune response to infection is measured by
inflammation in the foetal tissues the cord and the chorioamnion (Pacora et al.,
2002). It has, therefore, been proposed that foetuses responding to infection produce
a pro-inflammatory cascade initiating pre-term labour and the foetus is aborted from

the infected intrauterine environment (Romero et al., 2007).

2.5.1e Gram-negative bacilli

E. coli is the bacterium isolated most frequently from male urogenital infections of
the prostate (Weidner et al., 1999) and epididymis (Weidner et al., 1987). In
addition, E. coli is also isolated from ejaculates of asymptomatic, infertile men
(Eggert-Kruse et al., 1995). E. coli is primarily a commensal of the gastrointestinal
tract and is found in the anterior urethra of males as well as the lower urethra, the
perineum and the LGT of females. E. coli is one of the microorganisms frequently
isolated from infected placental tissue (Wilson, 2005) and from within the
chorioamnion of placentas of women who deliver preterm (Hillier et al., 1988,
Splichalova et al., 2005). It is also one of the most prevalent aetiological agents
isolated after stillbirths (Tafari et al., 1976), whereby culture of foetal tissues from
stillborn infants identified both E. coli and Klebsiella spp. (Axemo et al., 1993). E.
coli forms part of the normal regional flora of the female gastrointestinal tract and
LGT, and it is also often isolated from tissue samples obtained from women with
post partum endometritis (Watts et al., 1990). Interestingly, endometritis occurs more

often after Caesarean delivery than after normal vaginal delivery.
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Klebsiella spp. are frequently isolated from women with pelvic inflammatory disease
(Saini et al., 2003). Pseudomonas aeruginosa is also a causal agent of pelvic
inflammatory disease in females and epididymitis and prostatitis in males (King et
al., 2002). Studies of infertile couples have also revealed that the presence of the
Enterobacteriaceae, E. coli, Klebsiella spp. or Proteus spp., on embryo-transfer
catheter tips was correlated with the significantly lower pregnancy rates for these
couples when compared to couples with an absence of these microorganisms (Egbase

et al., 1996).

2.5.1f Other enteric bacteria

Helicobacter pylori, another gastrointestinal tract pathogen, has also been under
investigation as a potential cause of infertility. Recent studies have shown that this
bacterium and human spermatozoa share similar antigenic epitopes (Kurotsuchi et
al., 2008). Experiments investigating the implications of these similarities found that
H. pylori co-incubated with spermatozoa had no effect on spermatozoon motility or
sperm counts. However, further investigations are examining the possibility that anti-
H. pylori antibodies in vaginal secretions and follicular fluid may react with

spermatozoa (Figura et al., 2002).

2.5.1g Anaerobic species

Anaerobic  microorganisms:  Bacteroides spp.,  Peptostreptococcus  spp.,
Fusobacterium spp., Prevotella spp., Propionibacterium spp., and Bifidobacterium
spp. are frequently implicated in genital tract infections and they may be
asymptomatic colonisers of endometrial tissues (Onderdonk et al., 2008 a, b,

Tolockiene et al., 2001, Viniker, 1999). It has been reported that within the genital
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tract anaerobes outnumber aerobes in a 10:1 ratio. Anaerobic species are frequently
isolated in cases of acute pelvic inflammatory disease (Saini et al., 2003); and these
infections are commonly polymicrobial, which may enhance pathogenicity
(Eschenbach et al., 1975). The reactivation of pelvic inflammatory disease has been
observed in women with prior UGT damage, and even more frequently in women
with a history of UGT infection, pelvic adhesions, endometriosis or persistent
bleeding, or haematomas that provide a cultural niche for bacteria (EI-Shawarby et
al., 2004). It has also been reported that if anaerobic bacterial vaginosis-associated
microorganisms are cultured from the female LGT, then these women have a greater

propensity for developing pelvic inflammatory disease (Ness et al., 2005).

Mobiluncus curtisii and Mobiluncus mulieris, microorganisms frequently isolated
from women with bacterial vaginosis have been shown to produce cytotoxins, which
cause loss of cilia, and bloating and detachment of ciliated cells from within the
uterine tubes (Taylor-Robinson et al., 1993 a). Similarly, Bacteroides ureolyticus,
also associated with bacterial vaginosis, releases lipopolysaccharide causing
sloughing of cells and loss of ciliary activity in the uterine tube mucosa (Fontaine et

al., 1986).

Actinomyces spp. are normal inhabitants of the gastrointestinal tract and they are
thought to gain access to the female UGT via endogenous or iatrogenic routes:
ascending infection; intrauterine device usage (up to 11.6% of users); post-
surgery/appendectomy; or following bowel perforation (Evans, 1993). These bacteria
do not normally cross the mucosal barrier, except due to injury — such as in

iatrogenic infections, or when they are found in the presence of other
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microorganisms. Actinomyces spp. are often found alongside fusiform, spindle-
shaped bacilli (Fusobacterium spp.), Gram-negative bacilli and Streptococcus spp.
(Fiorino, 1996). Actinomyces spp. has been detected in the UGT of both men and
women and can cause pelvic inflammatory disease, prostatitis and pelvic and
abdominal abscesses, with infection occurring more often in males than in females

(Urbina et al., 2006).

The spirochetes, Treponema pallidum, Borrelia burgdhoferi and Leptospira
interrogans, are also able to migrate through the UGT and cross the placental barrier,
resulting in stillbirth (McClure and Goldenberg, 2009) or post partum infantile death
(Schlesinger et al., 1985). Antimicrobial therapy does not ensure an improved
pregnancy outcome, often failing to prevent neural and cardiac tissue infection and

subsequent damage within the neonate (Walsh et al., 2006).

2.5.2 Fungal UGT infections

Fungal infections in the UGT are rare; they are more commonly detected in other
tissues, the respiratory tract being the most predominant site for primary fungal
infections. Fungal peritonitis has been reported as part of a polymicrobial infection of

aerobes and anaerobes, cultured from aspirated ascites (Mikamo et al., 2003).

Cryptococcus spp. has been isolated from a compact inflammatory mass within a
uterine tube, with evidence of granulomatous inflammation involving the luminal
surface and muscle wall (Plaut, 1950). This microorganism has also been isolated
from faeces, urine and the surface of the vulva in healthy individuals, and therefore it

can gain access to the UGT from these endogenous sites (Plaut, 1950).
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In 1970, Craig et al. described a case of sexually transmitted blastomycosis. The
male partner was diagnosed with disseminated infection by Blastomyces
dermatitidis, involving the epididymis, prostate and testes (Craig et al., 1970). Soon
after diagnosis, his female partner presented with endometrial, uterine tube and
perineal blastinomycosis infection. This was the first reported case of sexually
transmitted blastomycosis infection. However, there had been earlier reports of
infection of the genitourinary system by this organism (Busey, 1964), after inhalation
of fungal spores followed by haematogenous dissemination, or alternatively

reactivation of a latent infection.

Coccidioides immitis is also a causative agent of pelvic inflammatory disease, which
appears to occur after primary respiratory infection (Saw et al., 1975). The peritoneal
cavities of over 50 women were examined by laparotomy and multiple miliary
coccidioidomas, tubo-ovarian abscesses, adhesions and tissue necrosis of the ovaries
and uterine tubes were observed. Such extensive inflammation was associated with
failure to conceive, miscarriage and even infant death due to systemic coccidioidal
infection at birth. In most extreme cases it even necessitated total hysterectomy

following diagnosis (Saw et al., 1975, Smale and Waechter, 1970).

Aspergillosis infection is the third most common opportunistic fungal pathogen in
immunocompromised patients or those with a malignancy (Powell et al., 1998).
Aspergillus spp. has been identified as the causative organism of a tubo-ovarian
abscess in a renal transplant patient (Kim et al., 2001) and of pelvic inflammatory
disease in women with a history of intrauterine device usage (Kostelnik et al., 1976).

Presence of Aspergillus spp. in males has been detected in iatrogenic infection of the
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prostate (Abbas et al., 1995, Fisher et al., 1998) and the testes (Singer et al., 1998)

and also in opportunistic infections of the scrotum (Powell et al., 1998).

Candida spp. can also infect the UGT and have been implicated in infections in
immunocompromised hosts, causing fungaemia, urinary tract infection, peritonitis
and chorioamnionitis (Sobel, 1999). C. glabrata has been isolated from an invasive
uterine mole (Mikamo et al., 2003), and there have been reports of C. albicans
isolated from neonates after stillbirth (McClure and Goldenberg, 2009). Candida spp.
are opportunistic pathogens, gaining access by an endogenous route and causing
ascending invasive infections. Studies have been performed to investigate the
potential for an altered immune response to genital tract challenge by Candida spp.
in women with recurrent vulvovaginal candidiasis. Fidel et al. (1997) concluded that
women with recurrent candidiasis had decreased levels of IL-12 and IL-5 in
cervicovaginal secretions that may lead to altered humoral and cell-mediated

immune responses.

Nocardia spp. infection is very rare in the immunocompetent host (Dikensoy et al.,
2004) and primary infection is thought to occur in the respiratory tract with
dissemination in the host as a result of immunosuppression or pregnancy (Kepkep et
al., 2006). In the case history reported by Kepkep et al. (2006), Nocardia spp. caused
a tubo-ovarian abscess in a pregnant woman, which resulted in a foul smelling
vaginal discharge, urinary tract infection, decreased amniotic fluid volume,
retroplacental haematuria and finally miscarriage at 13 weeks gestation. Further

investigations found that the patient had adhesions of the uterus to the rectosigmoid
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and posterior wall of the pelvic peritoneum and to the appendix and also had bilateral

pleural effusions as a result of infection.

2.5.3 Parasitic infections of the UGT

Parasitic infections of the UGT with organisms other than Trichomonas vaginalis are
uncommon. T. vaginalis has been reported as a cause of asymptomatic genitourinary
infections in men and painful acute endometritis and genitourinary infections in
women (Cherpes et al., 2006). Trichomonads have been isolated from the uterine
tubes and peritoneal cavity in women with acute salpingitis, which can result in tubal

occlusion and tubal infertility (Mardh and Westrom, 1970).

In rare cases, adult worms and ova of Enterobius vermicularis have been isolated in
the female UGT and peritoneal cavity, usually in asymptomatic infections; although
there have been six documented cases where E. vermicularis infection has caused a
significant inflammatory response in the host (Saffos and Rhatigan, 1977). Diagnosis
of infections in the peritoneal cavity of women suggests that these parasites can
migrate through the LGT and UGT and into the uterine tubes and reach the
peritoneal cavity (Symmers, 1950). A severe inflammatory response may result in

tubal occlusion and tubal factor infertility.

Goverde et al. (1996) reported a case of Mansonella perstans microfilariae in the
follicular fluid of a woman who also had Schistosoma haematobium ova isolated in
her blood and faecal cultures. The patient also had a history of hepatitis A,
Plasmodium ovale and P. falciparum infections. Investigations of a urinary tract

infection and skin ulcers associated with schistosome and filarial infection were
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initially negative. However, subsequent testing isolated live M. perstans from the
follicular fluid and blood. Past chlamydial infection was considered the primary
cause of tubal infertility in this patient. This study, however, did not offer any
suggestions as to the role of M. perstans in infertility, as normal fertilisation and
cleavage occurred in the ART treatment cycle of the woman who was infected with
this parasite (Goverde et al., 1996). It may be that infection of the endometrial tissue
prevented implantation by activation of the host immune response. At present, there

is no effective treatment for M. perstans.

Over 200 cases of female genital tract infection by Schistosoma spp. have been
reported in the literature (Gelfand, 1971). Schistosomiasis causes granulomatous
inflammatory processes, resulting in peritubal adhesions, tubal occlusion and
decreased fertility (Balasch et al., 1995). Parsons and Sommers (1978) proposed that
Schistosoma spp. spread to the UGT via the ovarian veins, allowing the parasites to
lodge in the uterine tubes and ovaries and deposit their ova. This is supported by the
finding that in 62% of women with bladder infestation, ova were also detected in the

uterine tubes (Bland and Gelfand, 1970).

Plasmodium spp. infection is often asymptomatic and the risk of infection is
increased by a positive HIV status (Desai et al., 2007). Persistent Plasmodium spp.
infection of the placental membranes in pregnant women has resulted in miscarriage
and stillbirth or long-term sequelae (if infants survived beyond the perinatal period),
such as parasitaemia, low birth weight and intra-uterine growth retardation (van
Geertruyden et al., 2004). Antiparasitic treatment has been shown to decrease

adverse pregnancy outcomes (Villegas et al., 2007).
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These reports demonstrate the wide variety of aetiological agents that can be isolated
from both male and female UGT, also proving that infections of the UGT are
frequently polymicrobial in nature. Many of these case histories represent rare
events, and some of these microorganisms are not globally endemic. Nevertheless,
microbiologists should be alerted to the possible diverse infections within the genital
tract. Their treatment and prevention is necessary in order to prevent potentially
adverse effects of such pathogens on fertility, pregnancy and subsequent foetal and

infantile outcomes.

2.6 Sexually transmitted infections (STIs)

Microorganisms causing STIs are not typically part of the normal regional flora, with
the exception of Ureaplasma spp. and Mycoplasma spp., which are acquired through
sexual activity and can colonise or cause genital tract infections. C. trachomatis, N.
gonorrhoeae, Treponema pallidum, T. vaginalis and viruses including human
immunodeficiency virus (HIV), hepatitis B and C viruses (HBV, HCV), human
papilloma virus (HPV) and herpes simplex viruses (HSV) (Pertel and Spear 2008,
Corey and Wald, 2008) can all cause STIs. STIs may be symptomatic, but as
previously discussed, often elicit no symptoms, particularly early in infection, and
thus usually remain untreated. Untreated STIs can cause ascending invasive
infections, which can result in damage to the female or male UGT, an inflammatory
immune response that causes further damage to the UGT, scar tissue formation or
tubal occlusion, pelvic inflammatory disease in females and epididymitis in males
(Berger, 1999, Westrom and Eschenbach, 1999). STls of the genital tract may also be
present as persistent or unresolved infections, which can be reactivated later; this can

be true for chlamydial (Schachter, 1999) or herpes infections, HSV, Epstein-Barr
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virus and cytomegalovirus infections (Drew and Bates, 1999, Pertel and Spear, 1999,
Slobodand Sixby, 1999). Long-term sequelae of STIs may result in male and female
infertility or adverse pregnancy outcomes. Vertical transmission and infection of the

foetus in utero has also been reported (Lefevre et al., 1988).

2.7 Bacteria that adhere to the surface of spermatozoa

Of the large number of microbial species documented as commensals, pathogens or
STI agents within the male and female genital tracts, only five genera have been
reported to adhere to the surface of spermatozoa: Ureaplasma spp., Mycoplasma
spp., E. coli, C. trachomatis, and N. gonorrhoeae. Spermatozoa may therefore be the
vector that transports these microorganisms to the female UGT. Significantly, each
of these five bacteria has been associated with UGT infections in both pregnant and
non-pregnant women, as well as compromised fertility and adverse pregnancy

outcomes.

2.7.1 Genital Mycoplasmas

Several microscopic studies have demonstrated the presence of ureaplasmas on the
surface of spermatozoa (Knox et al., 2003, Reichart et al., 2000, Talkington et al.,
1991). Lingwood et al. (1990 a) found that ureaplasmas bind to
sulphogalactoglycerolipid in vitro and since sulphogalactoglycerolipid is also present
on all male mammalian germ cell membranes, it has been proposed that
sulphogalactoglycerolipid is the binding receptor for ureaplasmas adherent to
spermatozoa (Lingwood et al., 1990 a, b). Ureaplasma spp. can strongly adhere to
the surface of spermatozoa and even remain adherent to spermatozoa following ART

semen washing procedures prior to ART treatment (Knox et al., 2003) it was
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therefore proposed that these microorganisms may gain access to the female UGT by

adherence to the surface of spermatozoa.

2.7.1a Ureaplasma spp

The role of ureaplasmas in infertility and adverse pregnancy outcomes is gaining
importance as a research subject, as evidence emerges to suggest that ureaplasma
adherence to spermatozoa can also enhance spermatozoa motility (Talkington et al.,
1991, Reichart et al., 2000, Knox et al., 2003). It has been proposed that
spermatozoon motility is enhanced by the release of ATP during the metabolic
degradation of urea (accumulated in cell membranes) by ureaplasmas (Reichart et al.,
2000). This may facilitate ureaplasma access to the female UGT, thereby enhancing
the invasiveness of Ureaplasma spp. (Reichart et al., 2000). Knox et al. (2003)
proposed that such highly motile spermatozoa may fertilise oocytes during I\VVF or be
selected for insemination in ART procedures such as ICSI. Asymptomatic seminal
ureaplasma infection may actually confer a positive selectivity for this
microorganism in such procedures (Knox et al., 2003). Ureaplasma spp. infections
can also result in tissue damage, through production of membrane-damaging
hydrogen peroxide and superoxide (Meier and Habermehl, 1990). Such reactive
oxygen species may inhibit motility and the acrosome reaction of spermatozoa
(Aitken, 1995). Despite these mechanisms, inconsistent results have been reported
when performing semen (andrology) analysis on ureaplasma-infected samples, as per
the World Health Organisation criteria (World Health Organisation, 1999). In some
studies andrology variables have been similar for ureaplasma culture positive and
negative semen samples (Cintron et al.,, 1981). Conversely, others have noted

reduced numbers of spermatozoa (Upadhyaya et al., 1984), reduced motility
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(Naessens et al., 1986) and morphological alterations of spermatozoa infected or co-

incubated with ureaplasmas (Nunez-Calonge et al., 1998).

2.7.1b Mycoplasma spp

Several independent studies have also shown that Mycoplasma spp. can attach to
spermatozoa and remain adherent to spermatozoa after standard ART washing
procedures (Hill et al., 1987, Keith et al., 1984, Knox et al., 2003). Spermatozoa pre-
incubated with M. hominis demonstrated lower rates of egg penetration in vitro
(Busolo and Zanchetta, 1985, Fowlkes et al., 1975). However, despite binding to
spermatozoa, an infection by M. hominis is frequently associated with female, rather
than male infertility (Taylor and Frydman, 1996). Knox et al. (2003) reported
adverse ART pregnancy outcomes when standard ART washing procedures did not

remove M. hominis from spermatozoa.

Another mycoplasma, M. genitalium is flask shaped and possesses a specialised
central ‘tip,” which adheres to host cells but also enhances spermatozoa motility
(Taylor, 2005). M. genitalium is also able to attach to the head, midpiece and tails of
spermatozoa (Svenstrup et al., 2003), and to cells lining the lumen of the uterine
tubes (Baseman et al., 1996). Attachment to spermatozoa and genital tract epithelia

can result in inflammation and infertility.

Whilst M. hominis is also proposed to inhibit spermatozoa-egg penetration by

binding to glycolipid receptors on the cell membrane of spermatozoa (Busolo and

Zanchetta, 1985), M. genitalium is able to attach to the head, midpiece and tail of
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spermatozoa, causing agglutination of spermatozoa and thus impairment of motility

(Svenstrup et al., 2003).

These reports support a role for the genital mycoplasmas in adverse IVF pregnancy
outcomes particularly if they are present on the surface of spermatozoa at the time of
fertilisation. However, further investigations of the presence of ureaplasmas and
genital mycoplasmas within semen, washed semen and UGT clinical specimens are

needed to confirm these hypotheses.

2.7.2 Chlamydia trachomatis

The ability of C. trachomatis to attach to spermatozoa has been confirmed using
immunofluorescence and transmission electron microscopy (Friberg et al., 1987,
Wolner-Hanssen and Mardh, 1984). In vitro experiments demonstrated that
spermatozoa incubated with elementary bodies of C. trachomatis (serovars D, H, |
and C) had decreased motility after 60 minutes incubation but retained the ability to
progress forward (Wolner-Hanssen and Mardh, 1984). However, live spermatozoa
with adherent C. trachomatis have been recovered from the peritoneal cavity of
women with salpingitis, which supports the proposal that regardless of the motility or
morphology, chlamydia-infected spermatozoa are able to travel to the UGT (Friberg
et al., 1987). Furthermore, Vigil et al. (2002 a) observed C. trachomatis elementary
bodies attached to the surface of spermatozoa, using scanning electron microscopy
and transmission electron microscopy, within chlamydia-infected spermatozoa
collected from infertile men. The presence of C. trachomatis within semen collected

from these men was not associated with decreased spermatozoal motility.
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More recent studies have co-incubated human spermatozoa and either C. trachomatis
or C. trachomatis (serovar E) lipopolysaccharide. These studies demonstrated that
the lipopolysaccharide component of the Gram-negative cell wall was spermicidal
(Hosseinzadeh et al., 2001), suggesting that spermatozoa may be Kkilled by
chlamydial infection resulting in reduced viable numbers in seminal fluid and

reduced fertility.

2.7.3 N. gonorrhoeae

Another bacterial species that can attach to spermatozoa and affect fertility is N.
gonorrhoeae (Gomez et al., 1979). Even spermatozoa immobilised by this species
may be transported to the female UGT and adversely affect pregnancy outcomes.
Furthermore, the spermatozoa motility may be decreased as a result of the twisting

structure created around the tail by attachment of gonococcal pili (Howard, 1971).

2.7.4 E. coli

E. coli can also adhere to the surface of human spermatozoa and the attachment is
facilitated by the interaction of the bacterial pili and the plasma membrane of the
spermatozoa (Sanchez et al., 1989). Motility studies conducted by Diemer et al.
(1996) showed that E. coli attached to spermatozoa almost immediately during co-
incubation, rapidly immobilising the spermatozoa. However, spermatozoa with
adherent E. coli are unlikely to remain present in the washed semen fraction after
IVF semen processing protocols, and therefore are unlikely to affect adversely IVF

treatment outcomes.
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E. coli is the most prevalent microorganism isolated from community acquired,
ascending urinary tract infections (Gould, 2010). The motility of E. coli and its
propensity for attachment to epithelial cells (Fowler and Zabin, 1977, Thomas et al.,
1982) enhances the ability of this bacterium to ascend through the genitourinary tract

and into the UGT of both women and men.

Whilst according to the literature, only five bacteria reportedly are able to attach to
spermatozoa, there is evidence that uterine contractions during intercourse,
menstruation and parturition may transport spermatozoa with adherent
microorganisms into the upper genital tract (Drobnis and Overstreet, 1992). This is
the case for women trying to achieve both natural and ART pregnancies. Further
investigations are required to determine the potential of microorganisms to ‘hitch-
hike’ to the female UGT, in the absence of motile spermatozoa, and to determine the

prevalence of species within semen that are able to access the UGT tissues.

2.7.5 Sperm DNA fragmentation and apoptosis

Recently, sperm DNA fragmentation has been used as a measure of apoptosis and
sperm quality. Many microbial species reportedly cause DNA fragmentation
including those that can attach to spermatozoa: C. trachomatis, Mycoplasma spp.
(Gallegos et al., 2008), enteric Gram-negative bacteria (Salmonella spp., E. coli,
Pasteurella spp.) (Gorga et al., 2001), S. aureus (Villegas et al., 2005 a, b) and the
yeast Candida albicans (Burrello et al.,, 2004). Species that can attach to
spermatozoa can gain access to the female upper genital tract or zygote and may
affect IVF pregnancy outcomes by damaging the DNA of the sperm. The impact of

DNA fragmentation in spermatozoa (used for IVF or ART insemination) remains to
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be fully elucidated, however in some studies, DNA fragmentation was associated
with reduced: fertilisation rates (Benchaib et al., 2003), embryo quality, and

development (Borini et al., 2006) and pregnancy rates (Henkel et al., 2004).

2.8 Assisted reproduction and upper genital tract infections

In a review of trans-vaginal oocyte retrieval-related tubo-ovarian abscesses (Medline
search in English language until May 2005), Sharpe et al. (2006) found only 39
reports of pelvic abscess complications associated with this procedure. Of these
cases, only seven occurred with a concurrent pregnancy. Numerous organisms,
including Streptococcus group B and D, S. viridans, E. coli, Bacteroides spp.,
Peptostreptococcus spp., Enterococcus spp., S. aureus, Atopobium vaginae,
Citrobacter spp. and Klebsiella spp., were implicated as the causative factors of these
infections. However, this review failed to report whether any of these 39 women had
prior ART treatment that included a trans-vaginal oocyte retrieval procedure. This is
an important omission, as the retrieval procedure in itself provides an opportunity for
normal regional flora of the LGT to be introduced into the UGT. Alternatively,
ascending invasive infections by opportunistic normal regional flora or pathogenic

microorganisms within the LGT may be the source/cause of tubo-ovarian abscesses.

Trans-vaginal oocyte retrieval may also reactivate a persistent asymptomatic UGT
infection, potentially resulting in tubal occlusion; however, as the role of
microorganisms and chronic underlying infection in adverse ART outcomes has been

largely ignored and insufficiently investigated, it is likely to be under-reported.
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A study of 33 follicular fluid specimens collected from women undergoing IVF
cycles, (Knox, unpublished data) detected one or more microorganisms in 68.8% of
the samples. Microorganisms detected in follicular fluid included: Actinomyces spp.,
Bacillus spp., Clostridium spp., Enterococcus faecalis, G. vaginalis, Lactobacillus
spp., Mobiluncus spp., M. curtisii, Peptostreptococcus spp., Propionibacterium spp.,
S. epidermidis, Streptococcus spp. and C. trachomatis. In retrospective analyses,
women with infected/colonised follicular fluid had decreased fertilisation rates after
ICSI (66.7%) and IVF (70.8%), compared with those rates reported in
uninfected/non-colonised women (87.5% and 77% respectively). Prior trans-vaginal
oocyte retrieval procedures were associated with lower fresh embryo transfer rates in
patients both with infected and uninfected follicular fluid; however, the sample size
was not large enough for the results to be statistically significant. It is also possible
that trans-vaginal oocyte retrieval reactivated normal regional flora inoculated into
the UGT at the time of previous procedures and caused adverse ART outcomes in

subsequent cycles.

2.9 Antimicrobial therapy

Antimicrobial treatment of males that had infected semen demonstrated the presence
of ‘new’ bacterial species within semen, that is, bacteria that were not detected in the
original infected semen of male partners who had positive semen cultures at the time
of semen andrology screening at the beginning of ART treatment (Huyser et al.,
1991, Liversedge et al., 1996). The ‘new’ species were detected within the semen
two weeks after antimicrobial treatment and it is, therefore, possible that
antimicrobial treatment is selective for microorganisms, allowing species resistant to

the specific antimicrobial to overgrow the normal regional flora in the genital tract
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for possible transmission to the female partner (Huyser et al., 1991, Liversedge et al.,
1996). Similarly, overgrowth of pathogens in the female LGT after antimicrobial
treatment may also result in transmission of ‘resistant’ bacterial strains to the male
partner, or the male partner may be re-infected with bacteria that were previously

eradicated (Huyser et al., 1991, Liversedge et al., 1996).

Couples in which the male partner had bacteria, including enterococci, Gram-
negative bacilli, streptococci, staphylococci, diphtheroids or the yeast Candida
albicans, in his semen (asymptomatic colonisation), who were subsequently treated
with antimicrobial agents, experienced similar ART fertilisation rates to couples with
bacteria-free semen. However, the female partner of couples where the asymptomatic
male partner was treated with antimicrobials demonstrated significantly increased
numbers of Gram-negative bacteria in the high vaginal swab (Liversedge et al.,
1996). Antimicrobials routinely used to treat prostatic infections (nitrofurans,
aminoglycosides, macrolides and sulphur drugs) may have an adverse affect on
sperm function. These antimicrobials concentrate within seminal fluid, which is then
deposited into the vagina at the time of sexual intercourse. Primate models have been
used to demonstrate adverse alterations in normal vaginal flora from lactobacillus—
dominant to enteric bacteria following a single vaginally administered dose of
amoxicillin (Winberg et al., 1993). Taken together, these observations offer a sound
rationale for not prescribing prophylactic antimicrobial treatment to uninfected

couples with asymptomatic LGT colonisation whilst participating in ART treatment.

In a small study assessing DNA fragmentation of sperm caused by infection of C.

trachomatis or genital mycoplasmas, antibiotic therapy was successful in improving
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spermatozoa morphology and in decreasing spermatozoa DNA fragmentation. This
resulted in increased pregnancy rates for couples conceiving in the period of three to
six months following antimicrobial treatment of infected males, but not for those
couples who tried to conceive during the antimicrobial treatment period (Gallegos et

al., 2008).

Microbial contamination of the embryo culture system has been reported following
antimicrobial treatment of the male partner and this, again, was associated with a
decrease in the lactobacillus-dominant vaginal flora in the female partner
(Liversedge et al., 1996). Screening of both partners prior to commencement of ART
cycles may provide valuable information regarding LGT colonisation of the vagina
in females and of the distal urethra in males. The identification of single species of
pathogenic bacteria in the female or male LGT potentially may lead to targeted,
narrow spectrum antimicrobial therapy for couples prior to ART treatment, and such
treatment may be less likely to have detrimental effects on the vaginal normal
regional flora or to promote emergence and persistence of resistant pathogenic

species.

2.10 Biofilms

2.10.1 Common structural features of biofilms

A biofilm is an aggregate of microorganisms that confers protection and enhances
survival of bacteria within the biofilm environment. In nature, over 99% of bacteria
exist in heterogeneous communities. Biofilms represent a complex multi-cellular
microbial population regulated by quorum sensing, cell-cell signalling and the

secretion of signalling molecules (Patterson et al., 2009). Cells within various
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regions of the biofilm exhibit different patterns of gene expression, which enhances
their ability to resist host immune defences and antimicrobial therapy. Mature
biofilms exhibit a variety of phenotypes due to the modifications in their three-
dimensional structure, which occur in response to changes in cell density, osmolarity,
temperature, pH and nutrient supply (Fux et al., 2005 a). Bacterial metabolic by-
products, including enzymatic virulence factors, which may have synergistic or
antagonistic effects on other members of the surrounding microbial population, are
also found in mature biofilms. These factors may adversely affect a host, which
supports the growth of a biofilm, resulting in pathology and a diminished immune
response that fails to destroy bacteria within the biofilm. However, the biofilm may

cause inflammatory damage to the surrounding tissues (Cochrane, 1988).

Biofilm formation occurs in a similar manner irrespective of the site — human or
environmental (Patterson et al., 2009). For a biofilm to form there must first be a
substratum, a solid surface in contact with a liquid. A conditioning film comprised of
macromolecules (polysaccharides and proteins) in the liquid then coats the
substratum; it forms the first anchoring point for the planktonic (free-floating)
bacterial cells. The bacteria first attach in a reversible fashion to the conditioning
film, and then increase their numbers so that the population develops stronger bonds
and becomes permanent. During this consolidation phase, bacteria produce
exopolysaccharide or slime, and upward growing microcolonies begin to appear. As
the biofilm matures over time, the extracellular matrix remains in contact with the
liquid. This interface is protective, minimising the effect of host immune defences
and the penetrability of many antimicrobials or chemical treatments (Patterson et al.,

2009). Biofilms may be more resistant to antimicrobials because of: (1) the inability
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of the antimicrobial to penetrate the full depth of the biofilm (Stewart et al., 1998);
(2) the presence of slow-growing or metabolically-inactive cells (due to nutrient
depletion, a viable but non-cultivable state) that are resistant to some antimicrobials
(Rayner et al., 1998); and (3) sessile rather than planktonic growth of cells in the
biofilm (Costerton, 1999, Costerton et al., 1999). As the liquid surrounding the
biofilm is not static, shearing forces can relocate some microorganisms from the

biofilm to new sites where this process can begin again.

2.10.2 Biofilm formation and persistence within the genital tract

Many of the bacteria present within follicular fluid can also be isolated from the
female LGT and have been shown to form biofilms: in vitro, when cultured on
vaginal epithelial cells (Patterson et al., 2009); in vivo on intrauterine devices (Pruthi
et al., 2003); and in amniotic fluid sludge aspirated from women with intrauterine
infection (Romero et al., 2008). The study of G. vaginalis biofilms within the genital
tract has aided our understanding of the persistence of some genital tract infections.
Previously, investigations of G. vaginalis biofilm formation (over a period of 72
hours) were used to model bacterial vaginosis; however, these experiments included
only this species in pure culture and not a polymicrobial biofilm characteristic of this
condition (Patterson et al., 2009). The ability of G. vaginalis to form biofilms may be
a reason for the failure of antimicrobial therapy for the treatment of infections caused
by this bacterium. Swidinski et al. (2005) found that women diagnosed with bacterial
vaginosis demonstrated a persistent polymicrobial vaginal biofilm for up to five
weeks post-treatment. However, in vitro experiments have demonstrated that
Lactobacillus spp. can interrupt a well-established G. vaginalis biofilm, kill bacterial

cells and establish growth within the spaces of the biofilm (Saunders et al., 2007).
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Modern molecular techniques have demonstrated that biopsies of biofilms from
women with bacterial vaginosis are polymicrobial, suggesting that G. vaginalis
within a biofilm creates an environment where other bacteria can flourish in high
numbers, but remain undetectable by conventional culture techniques (Swidinski et
al., 2005). It has also been reported that opportunistic or sexually transmitted
pathogens can co-colonise with Lactobacillus spp. on urogenital tract cells; but after
lactobacilli become established, they can cause pathogens to detach from the
epithelium, which may also be a defence mechanism (Spurbeck and Arvidson, 2008,
Vielfort et al., 2008). Despite previous research, the individual microorganisms
within the normal regional flora microbial biofilms within the vagina are yet to be
fully characterised, largely due to the inadequate current routine screening methods
(culture techniques rather than molecular techniques) used to test these specimens

(Witkin et al., 2007).

Biofilms offer a persistent form of microbial growth. The presence of metabolically
dormant microorganisms within a biofilm phenotype in the female UGT may be

another cause of infertility, warranting further investigation.

2.11 Viruses capable of causing upper genital tract infections

2.11.1 Exogenous viruses capable of causing genital tract infection

Couples entering ART treatment cycles in Australia currently are screened for
sexually transmitted viruses — HIV and HBV and HCV viruses (Kovacs and Allan,
personal communication). This review highlights that there are many viruses capable
of infecting the reproductive tissues and fluids. The human exogenous retroviruses

are HIV and human T-cell lymphotropic virus (HTLV) (Bezold et al., 2007, Bertrand
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et al., 2004, Devaux et al., 2003, Quayle et al., 1998). Whilst the role of HIV as an
STI is well established, its ability to infect gametes remains controversial. Other
viruses reported in genital tract infections are the herpes viruses (including Epstein-
Barr virus, CMV, and herpes simplex virus) (EIl Borai et al., 1998, Kapranos et al.,
2003) and the HPV viruses (Spandorfer et al., 2006), which are currently not

screened for in couples entering ART treatment cycles.

The presence of multiple sexually transmissible viruses within the genital tracts of
infertile couples highlights the need for screening both partners prior to treatment,
followed by the initiation of antiviral therapy where indicated and the re-evaluation
of fertility following resolution of these infections. There is normally no clinical
follow up for individuals after treatment for HPV infection; however, these
infections are known to be latent and thus may be reactivated later. Viral co-infection
adds further complexity to the problem of infertility since it has been associated with
enhanced virus infectivity and an increased risk of transmission to a partner and/or
offspring (Toth et al., 1997). Further investigations of all viruses and their ability to
infect the male and female UGT, and their effects on ART outcomes will increase
our knowledge of the association of viral infections, with infertility and adverse ART
outcomes; however, screening for the presence of viruses was beyond the scope of

this current project.

2.12 The ovary

2.12.1 Function of the ovary

The function of the ovaries is to produce: (1) gametes (oocytes); and (2) the

hormones involved in the regulation of the ovarian (menstrual) cycle, oestradiol,
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progesterone, inhibin and relaxin and those involved in maintaining early pregnancy

(progesterone) (Saladin, 2007).

2.12.2 The menstrual cycle and steroid hormones

There are two phases of the menstrual cycle: the follicular phase in which oocytes
mature in preparation for ovulation; and the luteal phase, which occurs directly after
ovulation and is the phase preceding menstruation when fertilisation and
implantation may occur. In the follicular phase, the independent growth of the
primordial follicle is enhanced in response to follicle stimulating hormone (FSH)

(Speroff and Fritz, 2005).

FSH is converted to oestradiol and it is these two hormones, which stimulate
proliferation of the granulosa cells. Oestradiol levels within the antral (dominant)
follicle continue to increase until oestradiol levels are sufficient to maintain the
elevated peripheral concentrations necessary to induce a surge of luteinizing
hormone (LH) to drive the cycle to ovulation (Figure 2.1). LH initiates progesterone
production and luteinization within the granulosa cells (Speroff and Fritz, 2005).
Ovwulation follows the LH surge in response to the progesterone induced proteolytic
enzymatic activity and prostaglandins, leading to the rupture of the ovarian follicle
wall (Figure 2.2). In the early luteal phase, new vasculature forms within or
surrounding a follicle due to secretion of the growth factor, vascular endothelial
growth factor (VEGF). Progesterone and oestradiol act to suppress gonadotropins
and the development of alternative follicles. In the absence of pregnancy (and human
chorionic gonadotropin (hCG) secreted from the foetus) the corpus luteum regresses,

causing a decrease in oestradiol and progesterone and a rapid increase in
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gonadotropin releasing hormone. Menstruation follows and the cycle begins again
with an increase in FSH to rescue the primordial follicles and increase the follicular

fluid volume within an antral follicle (Speroff and Fritz, 2005).
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Figure 2.1 The menstrual cycle (soc.ucsb.edu). Changes in the steroid hormone levels of
oestradiol and progesterone throughout the menstrual cycle. FSH levels cause growth and
maturation of the dominant follicle. The LH surge triggers ovulation of the mature oocyte in
the second half of the menstrual cycle.
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2.12.3 Follicular fluid within ovarian follicles

Follicular fluid is a hypocoagulable, semi-viscous fluid containing proteins,
inorganic compounds, carbohydrates, mucopolysaccharides, lipids, gonadotropins,
steroid hormones, immunoglobulins, cytokines, complement components and growth
factors (Edwards, 1974, Shimada et al., 2001). Most proteins in follicular fluid are
plasma proteins, which migrate through the semi-permeable follicular epithelium or
are locally secreted products of the granulosa or thecal cells (Edwards, 1974).
However, there are numerous differences between the concentrations of these
elements in plasma compared to the concentration in follicular fluid, particularly in
the proteins involved in the hormonal control of the menstrual cycle (Shimada et al.,
2001). The porosity of the follicle membrane is modulated by hormones and is
increased at the time of ovulation. The oocyte is expelled from the follicle by a
gentle flow of follicular fluid and ‘anchored’ to the exterior of the ovary, from where
it is then brushed into the ampulla of the uterine tube by the fimbriae (Edwards,

1974).

Follicular fluid is potentially an excellent growth media, which may support
microbial growth. The extensive vasculature within the ovary and in individual
follicles ensures that the supply of nutrients is optimal and that waste removal is

efficient.

Alterations in the coagulability of follicular fluid have been observed in infected
follicular fluid specimens that have formed a fibrin clot (Knox, unpublished data). It
was proposed that this was due to the presence of bacteria found in > 60% of

follicular fluids tested in the preliminary study. Thus, future investigations should
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aim to determine, which follicular fluid components are altered by the presence of
microorganisms or which microorganism components induce coagulation. An
interesting finding in the literature is that follicular fluid is hypocoagulable and this
highlights the clinical importance of clotting in follicular fluid specimens (Edwards,
1974). It may be that the formation of a clot is an indicator of infection/abnormal

proteins.

Secondary Mature  Oocyte Suspensory ligament
follicle follicle and blood vessels

Primordial Primary
follicles follicles

Ovarian
ligament

Medulla
Cortex

Tunica
albuginea

Corpus
albicans

Corpus

luteum B 4
- Ovulate

Fimbriae Bocvie

of uterine
tube

Figure 2.2 Transverse section of ovarian follicle maturation (Saladin, 2007). Schematic
representation of the in vivo maturation of a dominant ovarian follicle and the increase in
follicular fluid volume, until rupture at the time of ovulation.

The clotting system is responsible for minimising blood loss, and modulating the
immune system through the release of inflammatory mediators, which induce clot
formation to limit microbial dissemination (Yun et al., 2009). Thrombin is the
enzyme critical to generating coagulation (Bungay et al., 2006), however, within the
ovary, thrombin also functions as a potent cell-signalling molecule (Roach et al.,
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2002). The concentration of thrombin generating proteins produced in the follicular
fluid is lower than that produced in the blood plasma, which results in a maximum
thrombin concentration within the follicular fluid of only 0.40 nM / L compared to
174.16 nM / L within plasma (Bungay et al., 2006). The level of thrombin produced
within the follicular fluid is frequently below the threshold (10-30 nM / L) required
for clot formation (Mann et al., 2003). The low level of thrombin in follicular fluid
was proposed as a reason for the increased in vitro fibrin clot time (Roach et al.,
2001). Based on this data, follicular fluid is classified as a hypocoagulable fluid.
Previous research proposed that thrombin regulation of cell signalling molecules
including cytokines, growth factors and proteolytic enzymes were essential for
normal folliculogenesis and ovulation (Hirota et al., 2003). Therefore, altered levels
of cell signalling molecules such as cytokines, present in response to the host
immune response to microorganisms, may result in increased thrombin levels and

clot formation.

Tissue factor, the key mediator of thrombin generation is synthesised and expressed
by the granulosa cells of the ovarian follicle (Salmassi et al., 2001). Several
cytokines including IL-6 reportedly enhance the expression of tissue factor within the
granulosa cells and IL-6 is also a pro-inflammatory cytokine, up regulated by the
presence of microorganisms. The enhanced expression of IL-6 within some follicular
fluids may be a result of the presence of some microbial species within follicular
fluid and this may lead to an increase in tissue factor activity, which in turn would
cause the abnormal clot formation observed in some of the follicular fluids
containing microorganisms that were collected from IVF patients. In addition to

activating the host immune response, some microorganisms express virulence

60



Chapter 2: Literature Review

factors, including bacterial omptins, which can both enhance and inhibit the clotting
cascade (Yun et al., 2009). The formation of a clot within follicular fluids containing
microorganisms is a rare observation; that may reflect variations in the host immune
response (cytokine expression) and/or the production of microbial virulence factors

for example, omptins, which are capable of altering the coagulation cascade.

During an IVF treatment cycle, administration of exogenous steroid hormones
triggers the simultaneous maturation of multiple ovarian follicles. The reported levels
of steroid hormones within the follicular fluid of these women undergoing IVF
treatment far exceeds those found in women with normal menstrual cycles: levels are
approximately eight fold higher for oestradiol and three fold higher for progesterone

(Kushnir et al., 2009).

Furthermore, bacteria utilise steroid hormones as growth factors, and this may
provide a selective advantage in this anatomical niche (Kornman and Loesche,
1982). The susceptibility of the female reproductive tract to infection is also
modulated by the steroid hormone concentrations of oestradiol and progesterone
(Sonnex, 1998). The diagnosis of female genital tract infections can be directly
related to the stage of the menstrual cycle. For example, elevated levels of oestrogens
found in pregnant women have been associated with an increased incidence of
candidiasis (Fidel et al., 1996). Chlamydial infection is more frequently diagnosed
just prior to menstruation, and gonorrhoea is commonly diagnosed at the time of
menstruation when both progesterone and oestradiol levels are low (Sweet et al.,
1986). Bacterial vaginosis (Furr, 1991, Sautter and Brown, 1980) and infection with

genital mycoplasmas (Furr and Taylor-Robinson, 1993, Taylor-Robinson and Furr,
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1993) have also been more frequently reported in the first half of the menstrual cycle

when oestradiol levels peak.

Oral contraceptives also alter the steroid hormone concentrations within the female
genital tract throughout the menstrual cycle. Women may be prescribed either
combined oral contraceptives or progesterone only alternatives. Research suggests
that steroid hormones influence the local immune response within the genital tract
(Brabin et al., 2005 a, b) and thus the susceptibility to genital tract infection
(McGregor et al., 1990). Another study, however, has not reported the significant
associations between oral contraceptive use and genital tract infection (Ness et al.,
2001), which is possibly due to the decreased concentrations of oestradiol and
progesterone included in modern contraceptives. It is more likely that the advantages
and disadvantages of oral contraceptives are dose and species dependent, such that
the effect of oral contraceptives on the genital tract microflora is due to the type and
does of steroid hormone, and the specific bacterial species present within the
follicular fluid. Therefore, it can also be proposed that the steroid hormone
concentrations in follicular fluid may influence the growth and survival of

microorganisms in follicular fluid and other genital tract sites.

2.12.4 Asymmetrical Innervation and Vascularisation of the Ovaries

The ovaries demonstrate morphological, biochemical, physiological and pathological
asymmetry (Gerendai and Halasz, 1997). There is a predominance of right-sided
brain structures (hypothalamo-pituitary system) controlling ovarian function, which
results in greater supraspinal innervation of the left ovary (Toth et al., 2007). In

contrast, the right ovary has a greater supply by sympathetic afferent fibres (Klein
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and Burden, 1988). The vascularisation of the ovaries is also asymmetrical. The
ovaries have dual arterial and venous blood supply with the arterial supply derived
from the ovarian (gonadal) arteries and from the adnexal branches of the uterine
artery. The venous system parallels the arterial supply, with the exception that the
left ovarian vein drains into the left renal vein, and the right ovarian vein drains into

the inferior vena cava (Mittwoch, 1975).

Since the left and right ovaries are separately vascularised, they function
independently, where maturation of a single follicle and subsequently ovulation can
occur in either ovary in any given cycle. This independence in function enables the
preservation of fertility in cases of unilateral ovarian damage, removal or
dysfunction. Since the ovaries are independently vascularised, it is possible that there

are differences not only in pathology but also in the microflora of each ovary.

2.13 Cytokines
The presence of microorganisms within the UGT results in an immune response
mounted by the host. If there are microorganisms present in follicular fluid in the

ovary, then it is likely that the host immune response will be enhanced at this site.

2.13.1 Cytokines and reproduction

Expression of cytokines appears to play an essential role in reproduction — including
ovarian function, ovarian steroidal secretion, corpus luteum function, embryonic
development and implantation (Vujisic et al., 2006). Cells of the white cell lineage
constitute a major component of the ovarian interstitial compartment, and play an

important role in the regulation of the reproductive system through the secretion of
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growth factors and cytokines. White blood cells undergo cyclical changes throughout
the menstrual cycle: mast cell degranulation and histamine release facilitate
increased blood flow at ovulation; whereas eosinophils and T lymphocytes signal
activated monocytes and macrophages to the corpus luteum for luteolysis (Adashi,
1989). Macrophages have many functions within the female reproductive tract and
activation of macrophages occurs during an immune response to pathogens. These
immune effectors also play a significant role in homeostasis for reproductive
function via cytokine production and secretion (Table 2.3) (Gordon and Rowsey,
1999). Tissue remodelling and repair occurs throughout the menstrual cycle as an
essential process to control endometrial cycling, preparation for implantation and
ongoing pregnancy (Wu et al.,, 2004). This remodelling is facilitated by

macrophages.

2.13.2 Cytokines and STls

The long-term sequelae associated with sexually transmitted diseases caused by
pathogens including C. trachomatis, N. gonorrhoeae and T. pallidum are due in part
to the up-regulation of pro-inflammatory cytokines. The host immune response
increases the expression of many immune effectors in an attempt to clear, and

resolve STIs (Table 2.4).

64



Chapter 2: Literature Review

Table 2.3 The role of cytokines in female reproductive tract function

Cytokine Role in female reproductive tract Study
T Regulator and activator of granulocytes and
macrophages
Gro o Neutrophil chemoattractant Sager et al., 1992
Ovulation promotion Brannstrom et al., 1993,
Induces IL-6 production for angiogenesis Mori et al., 1990
IL.13 Enhances IL-8 production
Inhibited by progesterone Hu et al., 1988, Polan et al., 1989
Inhibited by oestradiol
Induces NO production
Inhibition of progesterone production Geva et al., 1997
IL-10 Anti-inflammatroy antagonist to 1L-1, IL-2,
IL-6, TNF o
. Antagonises IL-1 to prevent tissue damage Buscher et al., 1999
after ovulation
Lo Stimulates T and B lymphocyte proliferation Ribardo et al., 2001
Stimulates prostaglandin production Ribardo et al., 2001
Inhibits apoptosis by NO production Chun et al., 1995
IL-18 Stimulates T and B lymphocyte proliferation Ribardo et al., 2001
Stimulates prostaglandin production Ribardo et al., 2001
Lo Progesterone stimulation Wang et al., 1991
HCG suppression
Role in steroid hormone production Alpizar and Spicer, 1994
IL-6 Reduces granulosa cell proliferation Bukulmez and Arici, 2000
Inhibited by oestradiol Hu et al., 1988
Angiogenesis Koch et al., 1992
IL-8 Prevention of infection Buscher et al., 1999
Prevention of tissue damage after ovulation Buscher et al., 1999
LIF* Oestradiol biosynthesis Bukulmez and Arici, 2000
MCP-1° Monocyte attraction and activation
Androgen production and induction of LH Norman and Brannstrom, 1996
TNF of receptors

Inhibited by oestradiol

Hu et al., 1988

"Granulocyte macrophage colony stimulating factor (GMCSF), “Growth regulated oncogene (Gro) a,
®Interleukin (IL), “Leukaemia inhibitory factor (LIF), *Monocyte chemoattractant protein (MCP)-1,
®Tumour necrosis factor (TNF).
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Table 2.4 Cytokines up regulated by STls

Microorganism

Cytokines up regulated

by infection

References

C. trachomatis

Genital mycoplasmas

Hepatitis virus

HSV

HIV

HPV

N. gonorrhoeae

T. pallidum

T. vaginalis

IL-1, IL-6, IL-10, IL-8,
IL-17, IL-22 IFN*y, TNF o
GMCSF

IL-1 @, IL-1 B, IL-6, IL-8,
GCSF?, GMCSF, MCP-1

IL-6, IL-17, IL-22, IL-23

IL-6, IFN o, IFN y

IL-1p,IL-6, IL-8, IL-12,
IFN y

IL-12p40, IL-15, IFN v,
TNF o

IL-6, IL-8, IL-17, IL-23, TNF o

IL-1 B, IL-6, IL-10, TNF a

IL-1 B, IL-8, TNF a

Ohman et al., 2011,
Jhaet al., 2011,
Rasmussen et al., 1997,
Buchholz and Stephens, 2006
Ryckman et al., 2008,
McGowin et al., 2009
Pan et al., 2011,

Xu et al., 2011
Cunningham et al., 2006,
Tang and Rosenthal, 2010
Lee et al., 2007,
Cota et al., 2000,
Kaul et al., 2008

Stanley, 2001,
Chanetal., 2011

Gagliardi et al., 2011,
Wesler et al., 2005
Liu et al., 2010,
Knudsen et al., 2010
Shaio et al., 1995,
Cauci and Culhane, 2007,
Simhan et al., 2007

*Interferon (IFN), “Granulocyte colony stimulating factor (GCSF).

2.13.3 Cytokine roles and subsets

Cytokines are polypeptides and glycoproteins, produced by cells as signalling

compounds following activation of the innate or adaptive immune response

(Husband et al., 1999). They are particularly important in innate and adaptive

immune responses including inflammation. CD4+ T helper cells are the major

immune cells involved in cytokine production, and cytokines have been isolated

from resident and infiltrating leukocytes in follicular fluid; ovarian somatic cells; and
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from endometrial cells. Cytokines are produced by activated T cells, which are
induced by cytokines and growth factors, each expressing different chemokine

receptors (King et al., 2008) (Figure 2.3).
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Figure 2.3 Effector T-cell differentiations (King et al., 2008). A schematic diagram of the
effector T-cell differentiation that occurs as naive T-cells are primed in response to
physiological cues or threats. Cytokines and growth factors cause further differentiation of
primed T-cells into effector T-cells, which are capable of producing a specific suite of
cytokines in response to stimuli, aimed at returning homeostasis. Each T-cell subset has
specific cytokine receptors for a controlled immune response.
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1) The first group of cytokines are produced by:

a) T helper (Th) O cells: these precursor cells can be converted into either Thl or
Th2 cells or are capable of their own production. ThO cells secrete tumour
necrosis factor (TNF) o and granulocyte macrophage-colony stimulating
factor (GMCSF).

b) Th1 cells produce interferon gamma (IFN v), interleukin (IL)-2 and TNF §,
which are responsible for the cell mediated response.

C) Th2 cells produce IL-4, IL-5, IL-6 and IL-10, which are responsible for the
antibody mediated humoral response.

d) T regulatory (Treg) cells produce tumour-like growth factor (TGF)p,

responsible for immune regulation and tolerance.

e) Thl7 cells produce IL-17, responsible for mediating pro-inflammatory
responses.
f) Trn cells produce IL-21, responsible for regulation of cell-mediated immune

response via natural killer (NK) cells and cytotoxic T cell activation.

2) A second group of cytokines, the pro-inflammatory cytokines, are produced by
macrophages and include IL-1, IL-6, TNF o and leukaemia inhibitory factor (LIF).
These cytokines facilitate inflammation of damaged tissue and subsequent repair.

3) The third group of cytokines are the chemotactic cytokines or chemokines. This
group attracts leukocytes by binding to the cell surface receptors. The chemokines
are divided into four groups, based on the spacing between the first two-cysteine
residues (C, CC, CXC, or CX3C). The receptors for theses chemokines are located on
the surface of leukocytes and are: CCR, CXCR, CX3CR1 and XCR1 respectively.

Receptor coupling enables activation of these immune effectors. Some chemokines
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are currently under investigation for their possible role in implantation failure

following IVF and in recurrent spontaneous abortion (Laird et al., 2006).

2.13.4 Ovarian cytokines

Fluctuating numbers of macrophages have been detected in the ovary throughout the
menstrual cycle (Brannstrom et al., 1994). The role of ovarian macrophages includes
regulation of follicular growth and differentiation, ovulation and corpus luteum
formation and regression (Brannstrom and Norman, 1993). During follicle growth,
macrophage numbers within the ovary proliferate and localise to dominant
(maturing) follicles (Wu et al., 2004), secreting cytokines to stimulate cellular
proliferation and follicular growth, and to suppress apoptosis (Richards et al., 2002).
This significant increase in macrophage numbers within the ovarian theca
immediately prior to ovulation results in the secretion of proteases and cytokines
thought to be essential for ovulation to occur (Brannstrom et al., 1995, Tadros et al.,
2001). The formation and regression of the corpus luteum is also modulated by
macrophage-secreted cytokines related to angiogenesis (Sunderkotter et al., 1994)
and increased production of progesterone (Chen and Peng, 2000). Macrophages also
play a significant role in ovarian dysfunction (Table 2.5); alterations in cytokine
levels have been reported in follicular fluid and ovarian tissue for women with
endometriosis (Fasciani et al., 2000), polycystic ovary syndrome (Amato et al.,
2003), premature ovarian failure (Hill et al., 1990) and ovarian cancer (Pisa et al.,

1992).
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Table 2.5 Cytokines involved in ovarian reproductive pathology

Aetiology

Cytokines Test groups Tissue Study

Polycystic ]
IL-6 Hyperstimulated ] ) Amato et al.,
ovary ) Follicular fluid
TNF o women 2003
syndrome

IL-1 ) ] Pisa et al., 1992
Histologically
IL-2 - -
L6 classified ovarian
Ovarian Ovarian cancer tumour biopsy
TNF a )
cancer patients
GMCSF
Ascites fluid )
MCSF Price et al.,

1993

"Vascular endothelial growth factor (VEGF), “Women receiving exogenous hormones for the production of
multiple mature ovarian follicles for trans-vaginal oocyte retrieval and IVF, *Major histocompatibility
complex (MHC)
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2.13.5 Cytokines in assisted reproductive technology outcomes

In recent years, a number of studies have investigated the presence of cytokines in
follicular fluid and correlated their presence to ART and pregnancy outcomes (see
Tables 2.6 and 2.7 for a summary). In some studies, no cytokine profile has been
shown to be associated with adverse ART outcomes (Asimakopoulos et al., 2006,
Hammadeh et al., 2004); whilst there is evidence to suggest that cytokines IL-1, IL-1
a, IL-1 B, 1L-12/23 (p40) and vascular endothelial growth factor (VEGF) are
predictive of successful outcomes (Karagouni et al., 1998, Vujisic et al., 2006). By
contrast, the presence of elevated levels of IL-12, VEGF and IL-15 predicted
unsuccessful ART outcomes (Asimakopoulos et al., 2006, Gazvani et al., 2000,
Vujisic et al., 2006). Successful fertilisation has been associated with elevated
follicular fluid levels of insulin-like growth factor binding proteins (IGFBP) (Wang
et al., 2006), whilst the development of good quality embryos has also been
associated with these proteins within follicular fluid in addition to plasma IL-1, the
IL-1 receptor (IL-1 ra) and follicular fluid IL-18 (Spandorfer et al., 2003, Vujisic et
al., 2006, Wang et al., 2006). The site-specific expression of these soluble factors
highlights the significant role follicular fluid plays in controlling the outcome of
early reproductive events. Adverse events, such as recurrent miscarriage, appear to
represent a more systemic reaction and levels of pro-inflammatory cytokines
detected within the blood plasma or endometrial tissues have been detected in
women with repeated spontaneous abortion (Table 2.6) (Lim et al., 2000, Shimada et

al., 2003).

Spandorfer et al. (2001) investigated abnormal vaginal flora, vaginal pro-

inflammatory cytokines and idiopathic infertility in women undergoing IVF and
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demonstrated a correlation between bacterial vaginosis, elevated IL-1 3 and IL-8 and
idiopathic infertility, but there was no correlation between bacterial vaginosis and
ART outcomes. However, all patients in this study were treated for four days post
trans-vaginal oocyte retrieval with antimicrobials, which may have affected ART

outcomes.

The presence of infection may also modify cytokine expression, leading to altered
reproductive function and adverse ART outcomes. To date, no study has investigated
the levels of cytokines present in infected follicular fluid, even though altered
immunological profiles within follicular fluid in response to microbial presence may

be another cause of unexplained infertility.
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Table 2.6 Cytokines associated with ART and pregnancy outcome

) . Level of expression
Cytokine Tissue Outcomes References
compared to normal

L Peripheral Implantation failure
CD3+/CD8+" IL-10 1 ] Ng et al., 2002
blood in ART

Implantation success
IL-1 Endometrium Significant 1 Placental Yin et al., 2006

development

Infertile
IL-11 (epithelial cell) Endometrium | H score? for IHC® Recurrent Linjawi et al., 2004

miscarriage

Ist trimester )
IL-18 Plasma 1 . . Wilson et al., 2004 b
miscarriage

Good quality
embryos
IL-18 Plasma l o Spandorfer et al., 2003
Increased clinical

pregnancy

Recurrent
TGF Bl Plasma 1 ) ) Ogasawara et al., 2000
miscarriage

T helper cells and cytotoxic T cells (CD3+/CD4+/CD8+), “H score is a measure of immunoreactivity,
¥ immunhistochemistry (IHC).
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The literature highlights that the upper genital tract supports the growth of a diverse
range of microorganisms that are able to: (1) replicate, secrete toxins and/or
metabolites that can directly damage the genital tract mucosa and (2) induce an
immune response, which can progress to excessive inflammation, tissue damage, and
scarring. The formation of biofilms offers a microbial population protection and
facilitates persistent growth, which may explain why many genital tract infections
are asymptomatic. Characterisation of the microorganisms present within ovarian
follicular fluid and the immune response to their presence will serve to enhance our
understanding of the potential impact of UGT microbial colonisation on infertility.
Knowledge of the microorganisms, their growth phenotype (planktonic or biofilm),
the immune response they elicit and whether they are associated with colonisation, or
infection (acute or chronic) of the genital tract may inform treatment for infertile

couples.
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Table 2.7 Alterations in follicular fluid cytokine concentrations and ART outcomes

Cytokine Level of expression Outcomes References
110.2-10.3 Lo Asimakopoulos et al.,
EGF (pg / mL) Not indicative of ICSI outcome 2006
1120.1-391 . Asimakopoulos et al.,
FGF (ng/mL) Not indicative of ICSI outcome 2008
57.7+11.7 Lo .
GMCSF 1 Not indicative of ICSI outcome Salmassi, 2005
(pg / mL) _
IGF1* 11 9.6 —28 ng/mL Not indicative of ICSI outcome Asmako;ggéos etal.
183.7+14.4 .
IGF2 (ng/mL) Good quality embryos Wang et al., 2006
2 1732+41.7 .
IGFBP*-1 (ng/mL) Good quality embryos Wang et al., 2006
IGFBP-3 11784.9 % 519.3 Successful fertilisation Wang et al., 2006
(ng/mL)
IGFBP-4 1902 £ 39.0 Successful fertilisation Wang et al., 2006
(ng/mL)
121.9+92 -
IL-1 Clinical preghanc Mendoza et al., 2002
(pg / mL) PIEOANEY
IL-1 o 179-19.4 Successful ART outcome Karagouni et al., 1998
(pg / mL) Clinical pregnancy
IL-1 B 132.5-111.7 Succe_ss_ful ART outcome Karagouni et al., 1998
(pg / mL) Clinical pregnancy
IL-6 Lr17-122 No effect on ICSI outcome Hammadeh et al., 2003
(pg / mL) _ _
IL-8 Present Rl in ovu_latlon Gazvani et al., 2000
No correlation with outcome
Poor fertilisation and implantation
IL-12 Present No pregnancy Gazvani et al., 2000
Poor ART outcome
Oocyte present
IL-1%2§U%%?{Fon 1 5(8'3 /_mli’)?’ 9 Successful fertilisation Vujisic et al., 2006
P P9 Successful ET
10.01-1.7 Clinical pregnancy
IL-15 ( ’ / ij No correlation with oocyte Vujisic et al.,2006
P9 presence
IL-15 10.9-22(pg/mL) Failure to achieve a pregnancy Vujisic et al., 2006
) 125.1-50.3 Not correlated with oocyte presence S
IL-18 (pg / mL) No indication of ART outcome Vujisic etal., 2006
) 137.9-555 Good quality embryos A~
IL-18 (pg / mL) Successful ET Vujisic et al., 2006
. 1 682.55 - 625.05 . . Asimakopoulos et al.,
Leptin (ng/mL) Failed conception 2005
_ 15862 — 6700
MIP-3af (bg / mL) | Mature oocytes | Kawano et al., 2004
PDGE 1387.6+357.0 Higher res_ponde_r to ovulation Hammadeh et al., 2003
(pg / mL) induction
PDGF® l 2?39%?8“ Decreased fertilisation Hammadeh et al., 2003
SCE* 1388.3-859.8 Not a predictor of ICSI or Hammadeh et al., 2004
(pg / mL) pregnancy outcome
SICAM®1 1158.7 —264.6 Not a predictor of ICSI or Hammadeh et al., 2004
(ng/mL) pregnancy outcome
| 4.409 +2387 Barroso et al., 1999,
VEGF (pg / mL) Successful ART outcome Friedman et al., 1997
VEGF 1549 — 1800 pg / mL Failed conception el s el

2006

YInsulin like growth factor (IGF), %Insulin like growth factor binding protein (IGFBP), *Platelet-derived growth

factor (PDGF), “Sertoli cell factor (SCF), °Secretory intercellular adhesion molecule (sICAM)
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3.1 Specimen collection

From September 2007 to November 2008, 263 consenting couples commencing fully
stimulated IVF cycles at Wesley-Monash IVF were enrolled in this study. Ethical
approval for this study was obtained from the review boards of UnitingCare Health,
Human Research Ethics Committee (HREC) and Queensland University of
Technology HREC. All patients gave permission for researchers to access medical
records to obtain their reproductive history and IVF outcomes. The IVF clinicians
collected all clinical specimens (follicular fluids and vaginal swabs), the IVF
scientists aliquotted the follicular fluid into pre-prepared vials containing glycerol, or
protease inhibitor, prepared by the candidate. The candidate performed all assays

reported in this thesis.

Patients in this study were cohorted based on the medically diagnosed cause of
infertility. Fertile women participating in IVF cycles because their male partners
were infertile were used as the ‘fertile’ control group. The remaining women were
grouped according to an aetiology of infertility due to: (1) endometriosis, which was
laparoscopically diagnosed by identification of endometrial explants within the
pelvic cavity; (2) polycystic ovary syndrome, diagnosed by blood testing for LH and
FSH levels and an ultrasound scan; (3) a history of genital tract infection, defined by
positive testing for C. trachomatis, pelvic inflammatory disease or STI often coupled
with tubal factor infertility or bilateral salpingectomy, or (4) idiopathic infertility if
the female and male partners had undergone screening for infertility and no
abnormalities were detected. However, the classification of infertility may be
imprecise. In up to 30% of couples, both the female and the male partners have some

abnormality detected. For this study on follicular fluid, we have focused only on the
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female factors of infertility. Therefore, to the best of our knowledge, all women
classified as ‘fertile’ had no abnormal fertility results.

Couples were enrolled in this study in the order in which they began IVF treatment
and consented to be in this project. No efforts were made to control the distribution

of group sizes based on the aetiology of infertility.

Trans-vaginal oocyte retrieval

From each female patient, the IVF clinician collected two vaginal swabs in addition
to the follicular fluid collected at the time of oocyte retrieval. One vaginal swab was
collected prior to cleansing of the vagina, which was tested for cytokines and a
second (after cleansing of the vagina with sterile saline) was reserved for
microbiological culture in experiments for this thesis. The IVF unit used a ‘boost’
protocol for controlled ovarian hyper-stimulation. A gonadotropin-releasing hormone
agonist was administered from day 2 of the menstrual cycle and follicle-stimulating
hormone was administered from day 4. Follicle size was monitored by trans-vaginal
ultrasound scans and once multiple follicles reached 17 — 19 mm in diameter, the
patient received an ovulatory dose of human chorionic gonadotropin. Oocytes were
collected 36 hours later by trans-vaginal oocyte retrieval. Follicular fluid specimens
and oocytes were collected at the time of standard trans-vaginal oocyte retrieval.
Briefly, the ultrasound probe was wiped with sterile distilled water and finally a 70%
ethanol isowipe. The ultrasound probe was covered with a disposable sheath. Trans-
vaginal oocyte retrieval was performed using a sterile needle (K-OPS-1032-WMC
Cook Medical Single Lumen Aspiration Needle, Brisbane, QLD) attached to a needle
holder on a vaginal ultrasound probe. The vaginal wall was prepared with sterile

saline to remove excess mucus and cellular debris. Immediately prior to oocyte
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retrieval, the needle was flushed with follicle flush buffer (K-SIFB-100 Cook
Medical — Follicle Flush Buffer (Cook Medical). For each study participant, the
follicular fluid from the largest most accessible follicle in either the left or right
ovary was aspirated first. Follicular fluid was aspirated directly into sterile test tubes
in the operating theatre. This follicular fluid specimen was aseptically transferred to a
sterile culture dish to determine if there was an oocyte present, the oocyte was
transferred to a sterile culture dish and the follicular fluid was aliquotted: 1 mL was
added to 1 mL 80% glycerol (to give a final concentration of 40%); 1 mL was added
to 20 pL protease inhibitor cocktail (Sigma Aldrich, Castle Hill, NSW); and the
remaining follicular fluid was transferred into a sterile 15 mL Falcon tube. Only
follicular fluids containing an oocyte were tested for this study. Aliquots of semen
and washed semen samples not used for insemination were also aliquotted into 80%
glycerol. All specimens were batched and stored at -80° C at the Wesley Research

Institute tissue bank.
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Trans-vaginal
oocyte retrieval

4 ) ( )
Vaginal swab? Vaginal swab?
(. J - J
( ) ( )
. Microbiological
Gram stain sl
(& | J - J
Cytokine testing
with paired

follicular fluid/s

Figure 3.1 Flow chart for vaginal specimen collection during trans-vaginal oocyte
retrieval for IVF

! Collected prior to normal saline vaginal cleanse, 2 collected after normal saline treatment of vaginal
wall directly prior to oocyte retrieval.
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Trans-vaginal

oocyte retrieval

Follicular fluid?

1mL of follicular
fluid added to
80% glycerol

Vs

-

~

Follicular fluid?

Vs

~

J

Vs

Remaining
follicular fluid

used for
microbiology

ImL of follicular foﬁie(m?;pi‘?l?id 1mL of follicular 1mL of follicular
fluid added to el fluid added to fluid added to
inhibi & inhibi 3
protease inhibitor microbiology 80% glycerol protease inhibitor
J | (&
N\ (
Cytokine testing - S Cytokine testing
with paired M'Crgl?l'tﬂlr%g'cal Biofilm assay with paired
vaginal swab vaginal swab

~

Microbiological

culture Biofilm assay

Figure 3.2 Flow chart for follicular fluid specimen collection and processing at the time of trans-vaginal oocyte retrieval for IVF
! Collected from the largest most accessible follicle in the left ovary, 2 Collected from the largest most accessible follicle in the right ovary, ® Non-blood stained follicular

fluids only
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Semen preparation (performed by IVF scientists)

Density gradient medium was used to filter out cells and debris with centrifugation.
On the day prior to oocyte retrieval, two flasks of PureSperm (Cook, Brisbane, QLD)
culture media were prepared. A 27 mL volume of the 90% PureSperm (Cook) was
added to 3 mL culture medium in a Falcon flask. A second flask was prepared by
adding 13.5 mL of 45% PureSperm to 16.5 mL of culture medium. A 1 mL volume
of 90% stock solution was dispensed into a conical based Falcon tube. A 1.5 mL
layer of the 45% PureSperm mixture was gently layered on top of the base solution.
Tubes of 90/45% PureSperm were dispensed and incubated overnight at 37° C in 6%
CO,. Following semen specimen production on the day of oocyte retrieval, semen
was separated into two aliquots and each was layered over the top of the equilibrated
PureSperm. The Falcon tube containing the semen and PureSperm was centrifuged at
200 x g for 15 minutes. The pellet was removed from the base of each tube with a
sterile Pasteur pipette and transferred to a sterile 10 mL test tube and resuspended in
10 mL of culture medium. This mixture was centrifuged at 300 x g for 10 minutes.
Following removal of the supernatant, the pellet was resuspended in 1 mL of culture
medium. An abbreviated semen analysis was performed and the volume,
concentration and percentage of motile spermatozoa were recorded. The sample was
held in a heating block at 37° C or in an incubator under 6% CO, if not required

immediately.

Insemination
Standard insemination
IVF scientists transferred one or two oocytes into a fertilisation well containing

fertilisation medium (Cook) using a sterile glass pipette. Oocytes were inseminated
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with 80000 motile spermatozoa per well using a pipette and sterile filter tip.
Fertilisation dishes then were transferred to MINC incubators at 37° C under 6%

CO..

Intracytoplasmic sperm injection (ICSI)

IVF scientists transferred a maximum of four oocytes to a single well in a 4-well dish
(Nunc, Scoresby, VIC) containing 50 puL of hyalase and 950 pL of gamete wash
buffer (Cook Medical). Cumulus masses were loosened by gentle pipetting up and
down using a polished sterile glass pipette in the hyalase solution (Cook) for a
maximum of 15 seconds. Oocytes then were transferred to a second well containing
1 mL of gamete wash buffer using a polished glass pipette with a smaller bore. The
process was repeated for the remaining two wells until all cumulus cells were
removed and the corona loosened. Oocytes were assessed on an inverted microscope
at a total magnification of x 200 or x 300. Metaphase Il (MIl) oocytes were
incubated for a further one hour prior to injection in fertilisation or gamete wash
buffer. ICSI insemination was performed using a microinjector with holding and
injection pipettes using spermatozoa diluted to a final concentration of one million

per mL within fertilisation media.

Fertilisation and embryo cleavage

The fertilisation checks were performed between 16 and 19 hours post-insemination.
The presence of two pronuclei and two polar bodies indicated normal fertilisation.
The denuded oocytes were visualised for the presence of pronuclei using partial dark
field microscopy on a stereo microscope. All fertilised oocytes were transferred to

fresh culture medium for further culture. Day two and day three cleavage stage
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embryos were assessed and graded using an inverted microscope with Hoffman or
Nomarski optics. Cleavage stage embryos were graded by the cell stage and degree
of fragmentation. Blastocyst grading was based on the degree of expansion and

hatching, inner cell mass and trophectoderm gradings (Wesley Monash IVF).

Embryo transfer

Embryo transfer was performed by the I\VVF clinician on day three, four or five after
in vitro culture. After assessment, the embryo (s) was selected for transfer. The
selected embryo (s) was placed into an embryo transfer well containing the stage
appropriate culture medium (cleavage or blastocyst). The embryo transfer was
performed by the IVF clinician using a 1 mL syringe containing patient media,
attached to an IVF transfer catheter (K-Jet 7019-SIVF, Cook). All women were
administered progesterone luteal support commencing on the day of trans-vaginal
oocyte retrieval and continuing until at least the day of the serological pregnancy

test.

3.2 Microbial culture and colony identification

Follicular fluids and vaginal specimens were thawed on ice prior to culture. Using a
sterile 1 puL or 10 pL calibrated inoculating loop (Becton Dickinson, North Ryde,
NSW) a range of culture media (horse blood agar, chocolate | agar, MacConkey
agar, Sabouraud dextrose agar, de Man Rogosa Sharpe agar, anaerobic blood agar)
(Oxoid, Adelaide, SA) was inoculated with undiluted follicular fluid (onto the initial
inoculum area of each agar plate) using the 16-streak technique. Specimens were also
inoculated into thioglycollate broth (Oxoid). Plate media were incubated either

aerobically, in 5% CO, or anaerobically in anaerobic jars (Oxoid anaerogen, 2.5 L,
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Oxoid) at 37° C. Colony forming units (CFUSs) on plates incubated aerobically were
semi-quantified after 24 hours, whilst those on plates incubated under CO, or
anaerobically were counted after 24 hours and again at 48 hours (Isenberg, 2009).
The anaerobic plates and thioglycollate broths were examined and CFUs enumerated
at 48 hours and then every second day up to 14 days. Semi-quantification of the
colonies was performed by counting the approximate numbers of colonies on the
plate (Table 3.1) and multiplying that number by the dilution factor appropriate for
the inoculating loop used (10° for a 1 pL loop or 10° for a 10 pL loop ) to give the
CFU / mL. Each different colony type from all plates was Gram-stained and
subcultured for biochemical identification. Where quantification was not required, a
sterile swab (Interpath, Heidelberg West, Victoria) was used to inoculate a primary

inocula zone on an agar plate, which was then diluted using the 16-streak method.

Table 3.1 Enumeration of CFU / mL of follicular fluid or vaginal secretion by
semi-quantification

Growth on each set of streaks  Number of colonies counted CFU/ mL

Primary inoculum 1 10°
1+ 1-10 10*
2+ 10-100 10°
3+ 100-1000 10°
4+ >1000 >10°

Gram-negative rods were identified using API20E identification strips (Biomerieux,
Baulkham Hills, NSW), and catalase positive Gram-positive cocci were identified by

Staphylase (Oxoid) and rabbit plasma tube coagulase testing (Becton Dickinson).
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Identification of pigmented catalase positive, Gram-positive cocci suspected to be of
the Micrococcaceae family were identified by 16S ribosomal RNA (rRNA)
polymerase chain reaction (PCR) assay followed by sequencing of the amplicon at
the Australian Genome Research Facility (AGRF, University of Queensland,
Brisbane, Qld). Catalase negative Gram-positive cocci from the Streptococcus family
were identified by Lancefield grouping (Oxoid) and bacitracin (Oxoid) or optochin
(Oxoid) where appropriate. Anaerobic isolates were identified by API20A
(Biomerieux) identification strips followed by a 16S rRNA PCR assay and
sequencing of amplicons (AGRF, Queensland) if isolates scored a poor API T-value

or percentage identification.

Colony morphology, simple staining with lactophenol cotton blue (Pathtech, Preston
VIC) and yeast microrings, Microring YT (Medical Wire and Equipment Company,

Victory Gardens, New Jersey) were used to identify Candida spp.

3.3 DNA extraction

Prior to the 16S rRNA PCR assay each colony was first resuspended in 100 pL of
100 pg/mL proteinase K (Sigma Aldrich, Castle Hill, NSW) and 100 pL of sterile
distilled water. The suspension was vortexed and then incubated at 37° C for one
hour. DNA was extracted using a Qiagen QIAMP Mini DNA extraction Kit (Qiagen,
Doncaster, VIC) as per the manufacturer’s instruction for extraction from blood and

body fluids. The final DNA elution was into 50 pL of sterile distilled water.
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3.4 16S rRNA PCR amplification of follicular fluid

The 16S rRNA PCR assay was performed using the previously published primers,
RWO01 (5'-AAC TGG AGG AAG GTG GGG AT-3") and DG74 (5'-AGG AGG TGA
TCC AAC CGC A-3") and PCR cycling conditions (Greisen et al., 1994), with a
degeneracy (T/C) incorporated into the 3’ end of the upstream RWOL1 primer. The
PCR master mix included: 1 X buffer; 200 uM of dNTPs; 0.5 uM of each primer; 5
U Taqg polymerase (Roche, Castle Hill, NSW) and 8 uL of the extracted bacterial
DNA to a final volume of 50 pL. PCR cycling conditions included: an initial
denaturation at 95° C for 15 minutes; followed by 25 cycles of denaturation at 94° C
for 20 seconds, primer annealing at 55° C for 20 seconds, extension at 72° C for 20
seconds; and a final extension step at 72° C for 10 minutes (PTC-200, Peltier

Thermal Cycler, BioRad, Gladesville, NSW).

3.5 Agarose electrophoresis

PCR amplicons were run on 2% agarose gels prepared in tris borate EDTA (TBE)
buffer. Agarose was dissolved in the TBE buffer with ethidium bromide added to a
final concentration of 1ug/mL (Sigma-Aldrich). Amplicons were electrophoresed at

100 volts for 60 minutes and visualised under ultraviolet light.

3.6 Sequencing

All PCR products were sequenced by the Australian Genome Research Facility
(AGRF, St. Lucia, QLD). The PCR products were first purified using the Roche
HighPure kit as per the manufacturer’s instructions. The final elution was into 50 pL
of sterile distilled water. A purified DNA service was used as per AGRF guidelines.

Briefly, two reactions (forward and reverse) were prepared using high quality
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(OD260/OD32gy 1.8-2.0) genomic DNA (6-18 ng) and 6.4 pmol of a single PCR primer
in a final volume of 12 pL. AGRF performed the PCR sequencing reaction: an
initial denaturation at 96° C for 2 minutes for one cycle, followed by 30 cycles of
denaturation at 96° C for 10 seconds, primer annealing at 50° C for 5 seconds,
extension at 60° C for 4 minutes, and then held at 4° C. AGRF used a DNA Big Dye
3 sequencing technology (BDT) labelling sequencing platform. The sequence,
obtained in a FASTA format then was entered into the Basic Local Alignment Search

Tool (BLAST, NCBI) for identification of clinical isolates.
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Chapter 4: Microbiological Characterisation of Human Follicular Fluid

4.1 Introduction

The presence of microorganisms in female reproductive tissues has been associated
with adverse pregnancy outcomes after both natural as well as IVF conceptions.
Miscarriage, stillbirth, preterm rupture of membranes and preterm delivery are some
of the adverse outcomes reported and have been connected with recovery of
microorganisms from amniotic fluid, placental membranes or products of conception
(McClure and Goldenberg, 2009). The presence of microorganisms within the
endometrial cavity can cause the activation of both maternal and foetal immune
responses. The resultant inflammatory environment can lead to foetal demise in utero
by direct infection of the foetus, or can initiate early labour by cytokine activation of
prostaglandins, leading to cervical ripening and uterine contractions (Romero et al.,

2001).

4.2 Background

Numerous studies have been undertaken to determine if the female upper genital
tract is normally sterile, in the absence of a symptomatic infection and increasingly,
reports indicate that microorganisms are present within the female upper genital tract
of health asymptomatic women (Saltes et al., 1995, Cicinelli et al., 2009, Spence et
al., 1982, Andrews et al., 2005). However, investigations of microorganisms within
follicular fluid have been limited. One previous study has reported the presence of
bacteria within follicular fluid collected at the time of trans-vaginal oocyte retrieval,
but these bacteria were not associated with adverse IVF outcomes (Cottell et al.,
1996). In a preliminary study in our laboratory, a fibrin clot was observed in a
follicular fluid. Subsequently, the follicular fluids of 33 IVF patients were cultured

and bacteria were isolated from 22 (66%) of these follicular fluid samples. It was
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proposed that the presence of bacteria in follicular fluid was associated with adverse
IVF outcomes (Knox, Personal communication). It was then hypothesised that
microorganisms present within the upper genital tract may be a potential source of
invasive infection, whereby the microbes themselves, or the immunological response
to their presence, may lead to adverse pregnancy outcomes. In order to test this
hypothesis, follicular fluid collected from IVF patients at the time of trans-vaginal
oocyte retrieval was analysed to identify microorganisms present. Microorganisms
can gain access to the female upper genital tract by ascension from the lower genital
tract, by haematogenous dissemination, in seminal fluid or by iatrogenic inoculation.
Paired vaginal specimens were tested in parallel to determine whether
microorganisms were introduced into follicular fluid at the time of trans-vaginal
oocyte retrieval, or had independently colonised the follicular fluid prior to oocyte
retrieval. The presence of bacteria within follicular fluid then was correlated with

IVF outcomes.

4.3 Materials and Methods
4.3.1 Experimental design

The results presented in this thesis were based on microbiological studies of a cohort
of 263 women. In this chapter, we have assessed and described the microflora of the
entire cohort (n = 263). One woman had no microorganisms detected in her follicular
fluid by either traditional culture or molecular microbiology techniques. This woman
was excluded from further analysis because our hypothesis may not be tested in the
absence of microorganisms. For the remaining 262 women, the microorganisms
identified in follicular fluid were analysed to determine if there was a relationship

between the microbial flora and IVVF outcomes.
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4.3.2 Specimen collection

Specimen collection and storage was performed as previously described in the
General Methods chapter (Section 3.1). Two types of specimens were collected from
each woman, follicular fluid samples (n = 463), and vaginal swab specimens (n =

263) were cultured for the detection and identification of microbial species present.

4.3.3 Culture and colony identification

Culture and identification of clinical isolates was performed as previously described

in the General Methods chapter of this thesis (Section 3.2).

4.3.4 16S rRNA PCR assay testing of follicular fluid

PCR amplification was performed as described in Chapter Three (Sections 3.3 — 3.6).

4.3.5 Detection of Mycoplasma spp. and Ureaplasma spp. by real-time PCR of follicular

fluid

Real-time PCR assays were performed on DNA extracted from follicular fluid to
detect Mycoplasma genitalium, M. hominis, U. parvum, and U. urealyticum, using
previously published primer pairs (Chalker et al., 2009, Pascual et al., 2010, Xiao et
al., 2010). The PCR primers used are described in Table 4.1. These species have
been previously isolated within the genital tract, but are difficult to recover by
routine bacteriological culture, the ureaplasmas requiring specialised media, whilst
M. genitalium is particularly fastidious. High-resolution melt (HRM) curve analysis
was subsequently performed to discriminate each of these species based on the shape
of the HRM curve (Vossen et al., 2009). Melt curve normalisation and comparison

software was used to distinguish between bacterial species with similar melt curves
(Qiagen).
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Table 4.1 Real-time PCR primers for the detection of the genital mycoplasmas

Organism Gene Forward primer Reverse primer Amplicon Reference

mg219

M. genitalium NC000908 GAGAAATACCTTGATGGTCAGCAA GTTAATATCATATAAAGCTCTACCGTTGTTATC 251 bp Chalker et al., 2009

UP063

U. parvum NP077893 TGCGGTGTTTGTGAACT TGATCAAACTGATATCGCAATTATAGA 152 bp Xiao et al., 2010




Chapter 4: Microbiological Characterisation of Human Follicular Fluid

The real-time PCR mastermix for each primer comprised: 12.5 pL of 2x Sybr green
Platinum PCR master mix (Invitrogen, Mulgrave, VIC), 0.5 uM of each primer and 1
pL of DNA template and sterile H,O to a final reaction volume of 25 pL. Identical
real-time PCR cycling conditions were used for each primer pair. Cycling conditions
included: an initial hold at 50° C for 5 minutes followed by denaturation at 95° C for
10 minutes and then; followed by 55 cycles of denaturation at 95° C for 10 seconds,
primer annealing at 52° C for 20 seconds; and a final extension step at 72° C for 20
seconds. HRM analyses of all samples was performed post-run by ramping from 60°
C to 90° C, with fluorescence data acquisition in 0.05° C increments. HRM analyses
were carried out using Rotor-Gene 6000 1.7.34 software (Qiagen). Both conventional
and normalised dissociation plots were generated. The normalised dissociation plot
was used to produce difference graphs in order to quantitatively determine the
sample deviation relative to the control samples. The nucleotide composition of the
PCR product and the initial template concentration determined the shape of the curve
and the melting temperature of single and double stranded DNA. Based on the
melting temperature and shape of the curve as compared to controls, the genotype of
the unknown specimen can be determined. HRM analysis was undertaken post-run
on the amplified DNA products. Species identification (genotype) was determined as
‘same’ by a cut-off of < 5 U in the HRM difference graph relative to a specified,
normalised genus/species (Price et al., 2007) (Figure 4.2). Genotypes were classified
as ‘different’ if the fluorescence reading criterion was > 5 U. Visual inspection of
normalised and conventional dissociation plots was also used to confirm the
genotypes (Figure 4.2). Four positive controls, clinical isolates of M. genitalium, M.
hominis (from D. Wiley, Sir Albert Sakzewski Virus Research Centre, Brisbane) and

reference serovars of U. parvum (serovar 3), and U. urealyticum (serovar 8)
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(courtesy of H. Watson, University of Alabama, Alabama) were included in each run
to provide internal controls for comparative analysis. All samples were tested in
duplicate to ensure reproducibility of the melt curves and to determine appropriate
cut-offs for each genotype. A no-template master mix tube was also included as a

negative control in each run.

4.3.6 Statistical analysis

Statistical analyses were performed using SPSS version 17 for Windows XP.
Multinomial logistic regression was used to model the relationship between
categorical outcomes (fertilisation, embryo discard, embryo transfer, and pregnancy
rates) and explanatory variables (the presence of colonising or contaminating
microbial species within follicular fluid). In the regression analyses, a p-value of p

<0.05 was considered statistically significant.

4.4 Results

4.4.1 Patient demographics

The mean age of women in this study was 37 years £ 4 years. There were no
statistical differences in the mean age of fertile women (37 £ 4 years) and infertile
women (37 = 6 years, p > 0.05). There was no difference in the number of prior
ART treatment cycles undertaken for fertile and infertile women. Fertile women
participated in an average of one (range 0-4 £ 1 cycle) previous trans-vaginal oocyte
retrieval procedure compared to infertile women who had also participated in one
prior cycle (range 0 - 5 £ 1 cycle, p > 0.05). Furthermore, there was no difference in
the number of oocytes collected at the time of retrieval for fertile (11 £ 6) or infertile

women (11 + 6, p > 0.05)
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4.4.2 Culture and colony identification of species isolated from follicular fluid and
vaginal secretions

The culture analyses revealed that cultivable bacterial species (1 — 5 species) were
present in 99% of follicular fluids tested. For only one woman no microorganisms
were detected within the single follicular fluid sample that was available for testing.
The results for this woman/couple were excluded from all statistical analyses.
Microorganisms also were detected within 100% of cultured vaginal secretions. A
range of microorganisms was isolated from follicular fluid from the left ovary, and/or
right ovary and from the vagina of women enrolled in this study. For women in this
study, their follicular fluids were classified as: (1) ‘colonised’ (75/262, 29%) if
microorganisms were detected within the follicular fluid, but not in the vagina (at the
time of oocyte retrieval); or (2) ‘contaminated’ (187/262, 71%), if microorganisms
detected in the vagina at the time of trans-vaginal oocyte retrieval were also detected
within the follicular fluid. We note that the vagina may not be the only source of the
contaminating microorganisms detected in the follicular fluids tested in this study;
however, assessment of the source of follicular fluid microorganisms was restricted
by the sampling methods routinely employed for oocyte retrieval at Wesley Monash
IVF, namely through trans-vaginal aspiration. To account for the sampling methods
available in this study, we tested both the follicular fluid and paired vaginal
specimens in parallel to allow the use of the definition that was adopted in this study.
Consequently we have reported ‘colonised’ follicular fluid only when the same
microbial species were not also detected in the vaginal secretions. The basis of our
definition is that colonisation is a natural process within body cavities, whilst
contamination represents a possibility for improvement in IVF techniques. Both
fertile women (n = 60) (couples with infertile male partners) and the group of

infertile women (n = 202) with various causes of infertility, demonstrated both
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colonisation and contamination of follicular fluid specimens (Table 4.2). The
percentage of ‘fertile” women with colonized follicular fluid was 27%. The rates of
colonisation in infertile women ranged from 24 — 37% (Table 4.2) and there was no
difference in the follicular fluid colonisation rate for infertile women (any cause of
infertility) (p > 0.05). Culture analysis revealed that O - 5 different microbial species
were detected within the left follicular fluid specimens and from O - 5 species were
detected within the right follicular fluid specimens (Table 4.3). More
microorganisms were isolated from the left follicular fluid (mean = 2.6+1.3) when
compared to the right follicular fluid (mean = 2.0 =1.4) (p < 0.0001) (Table 4.3).
Culture of vaginal swabs detected 1 - 11 species within the lower genital tract
(Figure 4.1 A). There were subtle differences in the most prevalent microbial species
detected in the left and right follicular fluids and in the vaginal secretions in both
fertile and infertile women (Figure 4.1 B - F). Lactobacillus spp. and
Bifodobacterium spp. were the most prevalent species detected in the genital tract
specimens of all women (Figures 4.1 B - F). For all women, Actinomyces spp. and
Staphylococcus spp. were also among the most prevalent species isolated except in e

women diagnosed with idiopathic infertility (Figure 4.1 B - F).
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Table 4.2 Number of women with colonised or contaminated follicular fluid and their corresponding cause of infertility

Polycystic ovary

. Endometriosis Genital infection Male factor* Idiopathic Total
Aetiology (n = 49) szgtirzge (n = 39) (n = 60) (n = 66) (n = 262)
Colonisec follicular 18 (37%) 14 (29%) 11 (28%) 16 (27%) 16 (24%) 75 (29%)
Contaminated 31 (63%) 34 (71%) 28 (72%) 44 (73%) 50 (76%) 187 (71%)

follicular fluid

! ‘Fertile’ women with infertile male partners
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Table 4.3 The overall number of microbial species detected within the follicular fluid from the left and/or right follicle(s) and
from the vagina of the 262 women with culture-positive follicular fluid

Mean £=SD

2.6 1.3

20 1.4

< 0.0001

Number of Left follicle Right follicle p-value Vagina
microbial species (n=248) (n=217) (n=262)
detected by culture
0 24/248 (10%) 41/217 (19%) 0.004 0/262 (0%)
1 31/248 (13%) 21/217 (10%) > 0.05 21262 (1%)
2 52/248 (21%) 76/217 (34%) 0.0007 36/262 (14%)
3 72/248 (29%) 60/217 (28%) > 0.05 10/262 (4%)
4 58/248 (23%) 15/217 (7%) < 0.0001 23/262 (9%)
5 11/248 (4%) 41217 (2%) > 0.05 35/262 (13%)
6 0 (0%) 0 (0%) n/a 40/262 (15%)
7 0 (0%) 0 (0%) n/a 24/262 (9%)
8 0 (0%) 0 (0%) n/a 40/262 (15%)
9 0 (0%) 0 (0%) n/a 18/262 (7%)
10 0 (0%) 0 (0%) n/a 17/262 (6%)
11 0 (0%) 0 (0%) n/a 17/262 (6%)
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A. Overall microbial prevalence for follicular fluid and vagina

**
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Figure 4.1 The most prevalent microbial species detected from the left or right follicle
and vagina in women with colonised and contaminated follicular fluid. Figure 4.1 A.
The most prevalent bacterial species identified from follicular fluid collected from the left
and right ovary and the vagina of women with either colonised or contaminated follicular
fluid. Each of the three anatomical sites was grouped according to whether the follicular
fluid tested was defined as colonised or contaminated. The vaginal secretions from women
with colonised follicular fluid had a higher number of bacterial isolates when compared to
women with contaminated follicular fluid specimens; however, the same species were
detected in both groups of women.

LHS=Left follicle, col = colonised, contam = contaminated, RHS = right follicle, V = vagina
* = p < 0.05 coloniser, ** = p < 0.01 coloniser, + = p < 0.05 contaminant
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B. Overall microbial prevalence for fertile women
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Figure 4.2 B-F The most prevalent species detected from the left and right follicular fluids
and vagina from women in this study are stratified based on the diagnosed cause of

infertility. Bars represent one standard error.

C. Overall microbial prevalence for women with endometriosis

Staphylococcus spp. Vagina

b ® Right follicle

= |eftfollicle

Bifidobacterium spp. —

. —
cconscis o, e
[ I I I

0 20 40 60 80

Percent (%)

103



Chapter 4: Microbiological Characterisation of Human Follicular Fluid

D. Overall microbial prevalence for women with polycystic ovary syndrome
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E. Overall microbial prevalence for women with a history of genital tract infection
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F. Overall microbial prevalence for women with idiopathic infertility
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4.4.3 Bacterial load

The effect of microbial load was also considered in this study. Due to the
polymicrobial nature of microorganisms detected within the follicular fluid and
vaginal secretions, exact quantification of each bacterial species was not possible. A
semi-quantitative method was therefore adopted to assess the overall prevalence and
diversity of microorganisms. Table 4.4 highlights that most species were isolated at
concentrations ranging from 10® CFU / mL to >10° CFU / mL in both colonised and
contaminated follicular fluids. There appeared to be no correlations between the
microbial loads in follicular fluid either in colonised or in contaminated follicular

fluid(s) and (1) the aetiology of infertility or (2) the IVF outcomes.

In left follicular fluids, Lactobacillus spp. was isolated significantly more times from
colonised compared to contaminated follicular fluids (p = 0.004) (Figure 4.1 A). This

was also true for Actinomyces spp. (p = 0.01) (Figure 4.1 A). In the follicular fluids
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collected from the right ovary, Actinomyces spp. and Propionibacterium spp. were
the only species isolated more frequently from the colonised fluid than from
contaminated follicular fluids (p = 0.0001 and 0.01 respectively).
Peptostreptococccus spp. was isolated more frequently from contaminated follicular
fluid from the right ovary than from colonised follicular fluid from the right ovary (p

<0.001).

The women in this study had 1 - 11 different cultivable microbial species comprising
the wvaginal microflora (Table 4.3). In addition, the Lactobacillus spp.,
Bifidobacterium spp., Staphylococcus spp., and S. agalactiae were the most prevalent
species identified as vaginal flora in women with colonised and contaminated

follicular fluid (Figure 4.1 A).

4.4.4 Colonised follicular fluid, asymmetrical colonisation and IVVF outcomes

Logistic regression analysis was used to test for the degree of independence between
colonisation of follicular fluid (either left or right) and aetiology of infertility.
Endometriosis, PCOS, genital tract infection, male factor and idiopathic aetiologies
were considered. Colonisation of left follicular fluid and endometriosis were found
to be dependent (p < 0.05). There were no other statistically significant results (data

not shown).

Decreased embryo transfer rates were observed in women with colonised follicular
fluid (fertile women, p = 0.002 and women with endometriosis, p = 0.02) (Table 4.5).
Table 4.5 also shows pregnancy rates in women with colonised follicular fluid and

pregnancy rates (fertile women, p = 0.007, and women with infertility due to
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endometriosis, p = 0.014 and polycystic ovary syndrome, p = 0.032). The aetiology
of infertility was not associated with decreased pregnancy rates for infertile women
with a history of genital tract infection or idiopathic infertility (p > 0.05) (Table 4.5).
Embryo discard rates were higher for fertile women with contaminated follicular
fluid (p = 0.005) and for women with endometriosis with colonised follicular fluid (p
< 0.0001) (Table 4.5). The regression model also found that overall, follicular fluid
colonisation does not differentiate between fertilisation rates for infertile women
with a diagnosis of endometriosis, polycystic ovary syndrome or a history of upper
genital tract infection when normalised against the control group of ‘fertile’ women
(with infertile partners) (Table 4.5). Overall, colonised follicular fluid was associated
with a decrease in the embryo transfer and pregnancy rates for all women (fertile and

infertile) (p < 0.05) (Table 4.6).

Left and right ovarian follicles demonstrated significantly different microbial
colonisation patterns (Table 4.7). For left-sided follicles, three bacterial species,
Bacteroides spp., Lactobacillus spp., and Propionibacterium spp. had a significant
association with colonisation (p < 0.01) (Table 4.7). In addition, the presence of
Bifidobacterium spp., Candida spp. and Staphylococcus spp. was also significantly
associated with colonisation of the left hand side follicle (Table 4.7). In contrast,
colonisation of right-sided follicles was significantly (p < 0.01) associated with
Actinomyces spp., Lactobacillus spp. and Propionibacterium spp. present within
follicular fluid aspirated at the time of oocyte retrieval. The regression model
revealed no single species was associated with decreased fertilisation rates (results

not shown).
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Table 4.4 Bacterial load for the most prevalent microbial species isolated from the left and right follicles and the vagina of

women with different causes of infertility

Semi-quantitated CFU / mL in colonised follicles Semi-quantitated CFU / mL in contaminated follicles
Aetiology Most prevalent species Left follicle Right follicle Vagina Left follicle Right follicle Vagina
Staphylococcus spp. ND" ND 10°-10° ND 10° 10° —>10°
Fertile Streptococcus agalactiae ND 10°-10° 10°-10° 10° 10° 10° - >10°
(male factor) Actinomyces spp. 10°- 10° 10°-10° 10°-10° 10° 10° - 10° 10° —>10°
Bifidobacterium spp. ND 10° 10° —>10° 10° 10° —>10° 10° - >10°
Lactobacillus spp. 10° 10° 10° - >10° 10°-10° 10° - 10° 10° —>10°
Staphylococcus spp. 10° 10° 10° —>10° ND 10°-10° 10°->10°
Endometriosis Actinomyces spp. 10° ND ND ND 10°-10° 10°-10°
Bifidobacterium spp. ND ND 10° —>10° 10° 10°->10° 10°->10°
Lactobacillus spp. 10° - >10° 10°-10° 10°->10° 10° - >10° 10° —>10° 10°—>10°
Enterococcus faecalis ND 10° 10° ND 10° 10%-10°
Polycystic ovary Propionibacterium spp. 10° ND 10° ND ND 10°-10°
syndrome Peptostreptococcus spp. 10° ND ND 10° ND ND
Staphylococcus spp. 10°-10° 10° 10° - >10° ND ND 10° - 10°
Streptococcus agalactiae 10° ND 10° 10° ND 10°-10°
Actinomyces spp. 10° - >10° 10° ND ND ND ND
Bifidobacterium spp. 10° 10° —>10° 10° —>10° 10° 10° 10°—>10°
Lactobacillus spp. 10° —>10° 10° 10° - >10° 10°-10° 10° 10°— >10°
Escherichia coli 10° 10° - >10° 10°->10° ND 10° 10°- 10°
Genital tract Staphylococcus spp. 10°- 10° 10°-10° 10° - >10° 10° 10° 10°— >10°
infection Actinomyces spp. 10°-10° 10°-10° 10° 10°—>10° 10°-10° 10°-10°
Bifidobacterium spp. 10° 10° - >10° 10° - >10° 10°-10° 10°— >10° 10°—>10°
Lactobacillus spp. 10°-10° 10° 10° - >10° 10°-10° 10° 10°->10°
Propionibacterium spp. 10°-10° 10°-10° 10° 10° 10°- 10° 10°— >10°
Idiopathic Staphylococcus spp. 10° 10° 10° - >10° 10° 10° 10°->10°
Streptococcus agalactiae ND ND 10° - >10° ND ND 10° - >10°
Bifidobacterium spp. 10° 10° 10° - >10° 10° 10° 10°->10°
Lactobacillus spp. 10°-10° 10° 10° - >10° 10°-10° 10° - 10° 10°— >10°

ND = below the limit of detection (10° CFU / mL)
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The presence of Lactobacillus spp. in both right and left follicles was associated with
successful embryo transfer (p < 0.05) (Table 4.8). L. gasseri and L. crispatus were
detected in both the left and right follicular fluids; however, L. iners was detected
only in follicular fluids collected from the right ovary (Table 4.13). The presence of
Propionibacterium spp. and Streptococcus spp. in right follicles was associated with
poor embryo transfer outcome (p < 0.05 and p < 0.01 respectively) (Table 4.8).
Propionibacterium spp. were more frequently isolated from colonised right-sided
follicular fluids, whilst S. agalactiae was isolated more frequently from the left-sided
follicular fluids compared to S. intermedius, which was more prevalent in the right
follicular fluids (Table 4.13). There was also dependence between pregnancy
outcomes and different species in either the left or right ovarian follicular fluid
specimens (Table 4.8). For the left ovary, the presence of Actinomyces spp.,
Bifidobacterium spp., Propionibacterium spp. and Streptococcus spp. had a
significant association with negative pregnancy outcome (p < 0.01). Lactobacillus
spp. within the left ovary was the only species associated with a positive pregnancy
outcome (Table 4.8). For colonised follicular fluid specimens from the right ovary,
negative pregnancy outcomes were also associated with Actinomyces spp.,
Bifidobacterium spp., and Streptococcus spp. (p < 0.01), and to a lesser extent
Propionibacterium spp. and Staphylococcus spp. (p < 0.05). S. aureus and S.
lugdunensis were both recovered in small numbers from both the left and the right
follicular fluids; however, S. epidermidis was detected more frequently in follicular
fluid collected from the right ovary (Table 4.13). Detection of Lactobacillus spp.
colonising the right ovary showed a trend towards a positive pregnancy outcome (p <

0.01) (Table 4.8).
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Table 4.5 A comparison of IVF outcomes for women with different causes of infertility and colonised or contaminated follicular

fluid
IVF outcome Fertilisation rate* Embryo discard rate? Embryo transfer rates® Pregnancy rate*
Actiolo Contaminated Colonised p- Contaminated Colonised p- Contaminated Colonised p- Contaminated Colonised p-
9y follicular fluid  follicular fluid value  follicular fluid  follicular fluid value follicular fluid  follicular fluid value follicular fluid follicular fluid value
E”‘zﬁ”le;g;)s's 182/312 (58%)  122/196 (62%) >0.05  60/182 (32%)  61/122 (50%) <0.0001  25/31 (93%)  5/18 (27%) 0.02 16/25 (64%) 0/5 (0%) 0.014
Polycystic ovary
syndrome 294/439 (67%)  142/217(65%) >0.05 91/294 (31%) 23/142 (16%) >0.05 27/34 (79%) 11/14 (78%) >0.05 17/27 (63%) 0/11 (0%) 0.032
(n=48)
Genital infection
(n=39) 203/329 (62%) 109/159 (69%) >0.05 61/203 (30%) 32/109 (29%) >0.05 20/28 (71%) 7/11 (64%) >0.05 10/20 (50%) 1/7 (14%) >0.05
Male factor®
(n = 60) 291/520 (56%) 102/179 (57%) >0.05  131/291 (45%) 32/102 (31%) 0.005 33/44 (75%) 9/16 (56%) 0.002 16/33 (48%) 0/9 (0%) 0.007
'c:r']ofaég;c 308/616 (64%) 168/242 (69%) >0.05  160/398 (40%)  52/168 (34%)  >0.05  38/50 (76%)  12/16 (75%)  >0.05 22/38 (58%) 5/12 (42%) >0.05

" No. of oocytes fertilised/total oocytes collected for all women in this cohort, “ No. of embryos discarded due to developmental arrest or degeneration from the total number of embryos produced
by in vitro fertilisation, * The number of embryo transfers performed on the women within this cohort, not all women had an embryo transfer, * The number of pregnancies resulting after embryo
transfer, ° ‘Fertile’ women control group — women undergoing ART treatment as their male partners are infertile
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Table 4.6 Regression analysis of colonisation of follicular fluid for all women with different causes of infertility compared to IVF

outcomes
Follicular fluid Fertilisation Embryo transfer Pregnancy
colonisation
Endometriosis NS F NS
PCOS * + NS
Genital tract
infection
Male factor! NS NS NS
Idiopathic NS NS &
Overall combined
colonisation for all NS * *

aetiologies

+p=0.05-0.1; * p< 0.05; ** p< 0.01; NS = not significant; * Fertile women with infertile male partners; Polycystic ovary syndrome (PCOS)
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Table 4.7 Significant bacterial species detected as colonisers of left and right ovarian follicles

Microbial species associated Left follicle colonisation Right follicle
with follicular colonisation colonisation
Actinomyces species NS **

Bacteroides spp. ** NS
Bifidobacterium spp. * NS
Candida spp. * NS
Lactobacillus spp. ** **
Propionibacterium spp. ** **
Staphylococcus spp. * NS
Streptococcus spp. NS NS

Tp=0.05-0.1; *p<0.05; ** p <0.01; NS = not significant
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Table 4.8 Regression analysis of ovarian colonisation of the left and right
ovaries in relation to adverse or successful IVF outcomes

Microbial species associated with Embryo Pregnancy
follicular colonisation transfer

Actinomyces species NS **

Bifidobacterium spp. NS **

Staphylococcus spp. NS NS

Right follicle colonisation NS NS

Bacteroides spp. NS NS

Candida spp. NS NS

Propionibacterium spp. * *

Streptococcus spp. *x wx

+p=0.05-0.1; * p<0.05; ** p <0.01; NS = not significant, | = Increased success
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4.4.5 Detection of Mycoplasma spp. and Ureaplasma spp. by real-time PCR of follicular
fluid

Since M. genitalium is difficult to grow in culture or standard culture media, a
molecular technique was chosen for the detection of genital mycoplasmas in
follicular fluid. Genital mycoplasmas (M. hominis, Ureaplasma spp.) were detected
in 59/462 (12.7%) of follicular fluid specimens tested by real-time PCR assay (Table
4.9). Colonisation/infection by M. hominis was most frequent, occurring in 35/462
(7.5%) of follicular fluids identified from women with genital mycoplasmas (Table
4.9). The logistic regression analysis (Table 4.10) demonstrated that infertility caused
by endometriosis, polycystic ovary syndrome or genital tract infection was associated
with the presence of genital mycoplasmas within the follicular fluid collected at the
time of trans-vaginal oocyte retrieval (p = 0.001 - 0.1). In the current study, the
presence of genital mycoplasmas within follicular fluid had no statistically
significant affect on the fertilisation rate, embryo transfer rate or pregnancy rate

results not shown).
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Table 4.9 Genital mycoplasmas detected within follicular fluid collected at the
time of trans-vaginal oocyte retrieval

Genital mycoplasma species Prevalence rate
M. hominis 35/462 (7.5%)

U. urealyticum 14/462 (3.0%)

U. parvum 10/462 (2.1%)

Overall prevalence 59/462 (12.7%)
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Figure 4.2 Real-time PCR analysis and genotyping of genital mycoplasmas in follicular fluid.
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Figure 4.2 a HRM was performed for all real-time PCR assays with a ramp of 60 - 90- C, rising by increments of 0.1° C following a standard melt.
The shape of the HRM curve was dependent on the DNA composition of the amplicons generated for each species.

Figure 4.2 b Difference graphs were generated following real-time PCR assay of follicular fluids for detection of genital mycoplasmas. Control DNA
was used to normalise the curve for each species. Genotypes were classified as ‘same’ if they fell within the <5 U fluorescence difference as
demonstrated for the unknown isolates plotted against the M. hominis (MH), U. urealyticum (UU) and U. parvum (UP) control DNA. These graphs
show representative positive real-time PCR results for each of these three species.

Figure 4.2 ¢ The Rotor-gene Q software allocated genotypes based on the HRM profile of each unknown isolate. The reference strains for U.
urealyticum (serovar 8) and U. parvum (serovar 3) were used as controls.
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Table 4.10 Regression analysis of genital Mycoplasmas and their association with the aetiology of infertility and IVF outcomes

Genital mycoplasma Aetiology of infertility p-value

Genital tract infection
Ureaplasma spp. only ke
n==o6

Mycoplasma spp. and Genital tract infection

Ureaplasma spp. n==8

Fp=0.05-01* p<0.05** p<0.01
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4.5 Discussion

This study demonstrated that human follicular fluid is often not sterile. Follicular
fluid, collected at the time of trans-vaginal oocyte retrieval, is often colonised by
microorganisms that are not simultaneously present within the lower genital tract as
normal regional flora. This study adopted wound exudates as a model for defining
‘colonisation’ and ‘contamination’ because like follicular fluid, wound fluid is also
an exudate from plasma. By definition, wound contamination represents the
presence of non-replicating microorganisms, whilst in contrast; colonisation
represents the presence of replicating microorganisms without an acute host reaction
and/or clinical signs or symptoms of infection (Schultz et al., 2003; Edwards and
Harding, 2004). It should be noted that some samples classified as ‘contamination’
may actually be colonised samples where the follicular fluids were independently
colonised with the same microorganisms as those detected in the vagina. The ability
to differentiate between these two cases was beyond the scope and ability of the
assays used in this study. For follicular fluids defined as contaminated, many species
were present in the follicular fluids only at the lower end of the concentrations
reported for those same species isolated from the vagina, which may represent
independent colonisation of the follicular fluid by these species rather than direct
inoculation of the follicular fluids with vaginal flora at the time of trans-vaginal
oocyte retrieval, where a more equivalent concentration would be expected (Table
4.4). As a result of the limitation of the sampling method available in the study, the
data presented includes only those specimens that were shown to be ‘colonised’ for
analysis in that cohort. It is interesting that both the concentration and the prevalence

of many species including Propionibacterium spp., Bifidobacterium spp., S.
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agalactiae and Staphylococcus spp. were similar when comparing colonised and

contaminated follicular fluids from both the left and the right ovary (Table 4.4).

The isolation of microorganisms from follicular fluid, collected at the time of oocyte
retrieval in this current study, is consistent with previous reports documenting
asymptomatic contamination of follicular fluid collected as part of an IVF cycle
(Cottell et al., 1996). However, this study extends the knowledge in this field by also
identifying colonising microorganisms within the follicular fluid. In their study,
Cottell et al. (1996) analysed the affect of microorganisms from the IVF culture
system as a whole by pooling the results obtained for each specimen type (follicular
fluid, oocyte retrieval needle washes, semen and culture media) and seeking
associations between these results and 1VF outcomes and concluded that there were
no detrimental effects. However, an independent analysis of their data revealed that
bacteria were not isolated from the oocyte retrieval needle wash in 8/15 (53%) of
cases, which may mean that the seven bacterial species isolated from the follicular
fluid of those 8 women were colonisers of follicular fluid and not contaminants from
the vagina, as suggested by the authors. Analysis of the Cottell et al. data when the
microorganisms were re-classified as ‘colonisers’ or ‘contaminants’, based on the
definition provided in our study, resulted in a pregnancy rate of 10% if follicular
fluid microorganisms were contaminants and only 3% if the microorganisms were
defined as colonisers. Cottell et al. (1996) reported a significant decrease in the
number of oocytes retrieved from women when microorganisms were isolated from
their follicular fluid. Taken together, this data suggests, that in contrast to the

conclusions of Cottell et al. (1996), the presence of microorganisms contaminating

120



Chapter 4: Microbiological Characterisation of Human Follicular Fluid

the IVF culture system, and specifically the microorganisms within follicular fluid

alone, were associated with adverse IVF outcomes.

Previous studies have also reported the presence of bacteria within porcine follicular
fluid. These studies concluded that some bacteria in porcine follicular fluid may
inhibit FSH from binding to its receptor on granulosa cells (Sluss et al., 1983, Sluss
et al., 1994). In the ovary, the FSH receptor is essential for follicular development
and oocyte maturation. Such inhibition would prevent the normal hormonal
functioning of FSH. It is therefore plausible that, the presence of microorganisms in
human follicular fluid may also result in inhibition of the functioning of FSH and/or
damage to the cumulus oocyte complex either by the microorganisms themselves, or
the microbial products of metabolism. Therefore one area for future investigation is
whether the presence of microorganisms colonising follicular fluid should be
investigated as a cause of repeated poor quality cumulus cells or oocytes and
possibly poor quality embryos in couples undergoing IVF. Identification of bacteria
colonising the follicular fluid in such couples may present the clinician with an
opportunity to initiate antimicrobial treatment prior to the next trans-vaginal oocyte
retrieval. It may also provide a reason for poor quality oocytes in the absence of

another explanation.

In this current study, regardless of whether the women were fertile or infertile, or the
cause of infertility, approximately 30% (24 — 37%) of women had colonised
follicular fluid and 70% (63 — 76%) had contaminated follicular fluid (Table 4.2).
Differences in the microflora of colonised follicular fluid included the isolation of A.

israelii in colonised follicular fluids from the left ovary, but not from the right
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ovarian follicular fluids in these same women. C. parapsilosis or P. granulosum were
only detected as colonisers in the follicular fluids collected from the left or right
ovary, they were not also detected in the vagina. C. albicans, S. viridans,
Fusobacterium spp., and L. iners were detected only as a follicular fluid
contaminant, but not as a follicular fluid coloniser. Despite previous reports and this
current study identifying microorganisms in follicular fluid and the uterus in the
absence of symptoms, the current dogma is that the female UGT is sterile (Horne et
al., 2008). What is known about the microorganisms at each of these sites is that
detectable microorganisms represent a mixed population. Asymptomatic or
symptomatic colonisation (commensal microorganisms that are only mildly
immunogenic) or infection (acute inflammation to microbial presence) of the uterus
and peritoneal cavity has been reported (Spence et al., 1982, Viniker, 1999). If these
sites are the source of UGT infection, four mechanisms reported in previous studies
could explain how these microorganisms could be transported to the upper genital
tract: (1) by ascension of normal regional flora from the vagina to the uterus (Hillier
et al., 1993, Holmes et al., 2008); (2) by haematogenous spread of microorganisms
from distant sites (Srinivasan et al., 2009); (3) by retrograde infection of the uterus
by peritoneal microorganisms gaining access through the uterine tubes; and (4) by
direct iatrogenic inoculation (Romero et al., 2001, Sharpe, 2006). Another
mechanism of microbial transport to the female upper genital tract may be in seminal
fluid or attached to spermatozoa (Gomez et al., 1979, Keith et al., 1984, Svenstrup et
al., 2003, Wolner-Hanssen and Mardh, 1984). However, ascending infection and
haematogenous dissemination are the routes most frequently implicated in adverse

pregnancy outcomes (Romero et al., 2001).
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In this study, infertile women with endometriosis had the highest incidence of
colonised follicular fluid (37%) when compared to fertile women (27%) (Table 4.2).
Culture analyses for these women with endometriosis showed a trend towards
significantly increased numbers of follicular fluid colonisers (p < 0.1). This may be
due to the pathology of endometriosis. Given that reports now confirm that the uterus
is at least transiently colonised by microorganisms, it is possible that the source of
some of the ovarian microorganisms is the uterus itself. Ovarian endometriomas
occur in up to 75 % of women with endometriosis, perhaps suggesting that the uterus
itself may be the source of microorganisms in the ovary due to transplantation of
colonised endometrial tissue (Vercellini et al., 1998, Al-Fozan and Tulandi, 2003,

Sznurkowski and Emerich 2008).

The results presented in this chapter suggested that follicular fluid colonised with
microorganisms was associated with decreased embryo transfer rates for fertile
women (p = 0.002, except when colonised by Lactobacillus spp., Table 4.8) and for
women with infertility resulting from polycystic ovary syndrome (p = 0.0001) (Table
4.5). The analysis also found evidence of decreased pregnancy rates for fertile
women (p = 0.007), as well as women with infertility due to endometriosis (p =
0.014) or polycystic ovary syndrome (p = 0.032) (Table 4.5), if colonising bacteria

were present within follicular fluid.

This study identified a significant difference in the number of microorganisms (as
CFU / mL) isolated from the left compared to the right follicular fluids (p < 0.0001)
(Table 4.3). This is an interesting observation, as similar results were reported by

Cottell et al. (1996) (42% left and 32% right) and in a murine model of hydrosalpinx
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caused by Chlamydia muridarum infection of the oviduct (Carey et al., 2009). Such
asymmetry in the microbial load may also have implications for IVF. Ovarian
endometriomas also occur more frequently in the left ovary (Vercellini et al., 1998,
Al-Fozan and Tulandi, 2003, Sznurkowski and Emerich 2008). The successful
development of explanted endometrium also relies on extensive vasculature. The
blood supply to the ovary may facilitate the haematogenous transport of
microorganisms from other anatomical sites. The vasculature to each ovary is
asymmetrical and it has been reported that drainage of the left ovary is slower than
the right because the left drains into the renal vein and then the inferior vena cava,
whilst the right ovary drains directly into the vena cava (Last, 1984). The
asymmetrical vascularisation of the ovaries further supports the variation we have
identified in the microbial colonisation of left and right follicular fluids. It has been
proposed that ovulation occurs more often in the right ovary than the left ovary
throughout the reproductive lifetime as a result of the separate, independent
vasculature of each ovary (Fukuda et al., 2000, Potashnik, 1987). One study reported
significantly better IVF outcomes for the right ovary; the number of oocytes
retrieved and the fertilisation rate was increased for oocytes retrieved from the right
ovary compared to those from the left ovary (Lan et al., 2010). A greater number of
high quality embryos also developed from fertilised oocytes collected from the right
ovary. However, the pregnancy and implantation rates were similar for transferred
good quality embryos created from either ovary, suggesting that oocyte and early
embryo quality are most affected by the in vivo follicular environment. Microflora in
the follicular fluid, which would potentially persist for a longer time in the left ovary
due to the slower regression of the left follicle as a result of the venous drainage

(Last, 1984), may contribute to poorer quality oocytes and early embryonic demise.
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Knowledge of oocyte laterality may provide a rationale for the selection of embryos
for transfer back to the uterus. In IVVF, ultrasound studies performed on the ovaries of
women undergoing trans-vaginal oocyte retrieval and embryo transfer have
confirmed a direct positive relationship between the vascularisation of individual
follicles and the subsequent maturity of the oocytes, resulting in increased

fertilisation rates and ongoing pregnancy rates (Monteleone et al., 2008).

The findings in this present study also suggest that improved embryo transfer rates
are associated with the presence of Lactobacillus spp. in both the left and right
ovarian follicles (Table 4.8). The significance of the results differed between the left
and right ovaries and we propose that this may be because of the presence of
different lactobacilli colonising each ovary (L. crispatus and L. gasseri, left ovary; L.
iners, right ovary) (Table 4.13). In contrast, the presence of Propionibacterium spp.
(p < 0.05) and Streptococcus spp. (p <0.01) within the right ovarian follicles as
colonisers was statistically correlated with failed embryo transfers (Table 4.8). IVF
pregnancy rates also showed a dependence on the type of microbial colonisation of
the ovary. In the left ovarian follicles, colonisation by Actinomyces spp. (p < 0.01),
Bifidobacterium spp. (p < 0.01), Propionibacterium spp. (p < 0.01) or Streptococcus
spp. (p < 0.01) was statistically correlated with decreased pregnancy rates. Similar
results were obtained for the right ovarian follicles, where the presence of
Actinomyces spp. (p < 0.01), Bifidobacterium spp. (p < 0.01), Propionibacterium
spp. (p < 0.05), Staphylococcus spp. (p < 0.05) or Streptococcus spp. (p < 0.05) was
also statistically correlated with decreased pregnancy rates (Table 4.8). The
differences in decreased embryo transfer rates or decreased pregnancy rates reflected

in the presence of microbial genera as colonisers of follicular fluid may be due to the
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effect such microorganisms have on the oocyte quality and early embryonic
development. Alternatively, adverse outcomes may be related to the microbial
presence and the subsequent immune response within the follicular fluid during
folliculogenesis or in the uterus at the time of implantation. Further investigations are
required to determine whether these genera affect the embryo quality, leading to

failed implantation, early pregnancy loss or pre-term birth.

Just as this study demonstrated differences between the microbial species isolated
from the left and right follicular fluids and vagina, previous studies have also
reported discordant results when investigating the microorganisms isolated from the
lower and upper genital tracts of asymptomatic women. Bacteroides spp. and
Streptococcus spp. have been recovered from peritoneal fluid, but not from the
vagina or cervix for 25% of women tested, suggesting that bacteria can exist in the
upper genital tract without any evidence of infection (Spence et al., 1982), thus
supporting the proposal that the female upper genital tract may be colonised. This
study reported the presence of a diverse range of microorganisms, present as
colonisers in follicular fluid. Frequently encountered species found to be colonising
follicular fluids were members of the normal regional flora of the vagina
(Lactobacillus spp.), the gastrointestinal tract (Bifidobacterium spp., enteric bacteria,
S. agalactiae), the skin (Staphylococcus spp.) and the oral mucosa (Streptococcus
spp.) (Table 4.13). In an effort to further understand the pathogenesis of
inflammatory gynaecological disorders — including endometriosis, endometritis and
pelvic inflammatory disease, previous studies have investigated the uterus and/or
peritoneal cavity and found that these sites may be transiently colonised by

microorganisms (Viniker, 1999). The female upper genital tract, once considered to
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be ‘normally sterile,” has been shown to harbour many potentially pathogenic
microorganisms, even in women without inflammatory disorders (Moller et al.,
1985). Fusobacterium nucleatum, a periodontal pathogen, rather than the vaginal
Fusobacterium species, is most frequently recovered from the amniotic fluid of
women with amnionitis (Hill, 1993). Therefore, it was proposed that some
microorganisms gain access to the female upper genital tract via a haematogenous
route. Periodontal pathogens can result in transient bacteraemia, which allows
seeding to distant anatomical sites including the uterus and foetal tissues (Daly and
Prendiville, 1997). In addition, some species from the vagina or gastrointestinal tract

may ascend to the upper genital tract.

In this study, a disparity is species (load) may not be associated with I\VVF outcomes
due to the similar microbial loads (CFU / mL) detected in both the colonised and
contaminated follicular fluids of women form each cohort, suggesting that the
microbial load is not the most important factor contributing to IVF outcomes. It is
likely that similarly to other anatomical sites, the species, load, virulence factors,
host resistance and immunological response all play an interdependent role in the
overall reproductive outcome. It is becoming increasingly apparent that the microbial
load alone is not the only factor to determine whether microorganisms contaminate a
body site, colonise a body site or fluid, or proceed to an acute infection (Miller et al.,
2010). Research now suggests that the individual immune response of each host and
the virulence factors of the microorganisms combine to produce the overall outcome.
Some women have an altered immune response to challenge by Candida spp., which
make them more susceptible to infections such as recurrent vulvovaginal candidiasis

(Fidel et al., 1997). Alternatively, women with a reported vaginal microflora
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composed predominantly of Atopobium spp., Megasphaera spp., or Leptotrichia
spp. (bacterial vaginosis associated microorganisms) demonstrated none of the
clinical signs of inflammation that would normally accompany such a high microbial

load by these species (Verhelst et al., 2005, Witkin et al., 2007).

The results from this current study are in agreement with previous LGT findings
(Moore et al., 2000), whereby, in women undergoing IVF treatment cycles, the
culture of embryo transfer catheter tips revealed that the presence of hydrogen
peroxide producing Lactobacillus spp. from the vagina/endometrium were associated
with successful IVF pregnancy outcomes. However, if the presence of bacteria other
than Lactobacillus spp. (including Escherichia coli, Streptococcus spp., other
Enterobacteriaceae, Staphylococcus spp., Haemophilus spp. and mixed cultures) was
detected from culture of the embryo transfer catheter tip, all of which can be part of
the normal regional flora of the lower genital tract, then these were associated with
reduced number of successful IVF pregnancies and an increase of early miscarriage
rates (Eckert et al., 2003, Egbase et al., 1996, 1999, Moore et al., 2000).
Furthermore, IVF pregnancy rates per embryo transfer were also lower for patients
with culture positive catheter tips (24.1%) compared to patients with culture negative
catheter tips (33.3%) (Fanchin et al., 1998). Bacterial vaginosis, a condition in which
the Lactobacillus spp. dominant flora within the vagina is replaced by other flora
including Gram-negative Gardnerella spp. and Mobiluncus spp., has been associated
with increased pregnancy losses in both natural (Hay et al., 2000) and IVF
pregnancies (Ralph et al., 1999). In these studies of women undergoing embryo
transfers, the microorganisms recovered from the embryo-transfer catheter tip were

reported as cervico-vaginal flora. However, no microbiological specimens from the
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upper genital tract were collected and/or screened. It may therefore be possible that
the microorganisms detected on the embryo transfer catheter tip originated from the

follicular fluid.

The role of microorganisms in adverse pregnancy outcomes, including miscarriage,
stillbirth, pre-term rupture of membranes and pre-term birth is well established.
Previous studies have reported that the microorganisms isolated from women with
intact membranes, who undergo pre-term labour, include: Ureaplasma spp., M.
hominis, Gardnerella vaginalis, Peptostreptococcus spp. and Bacteroides spp.
(Andrews et al., 1995, Gibbs et al., 1992, Hauth and Andrews, 1998, Hillier et al.,
1988, Krohn et al., 1995); whilst in cases of premature membrane rupture, the
species most frequently recovered include Streptococcus agalactiae and E. coli
(Goldenberg et al., 2000). Alterations in the female lower genital tract flora, resulting
in bacterial vaginosis have also been associated with asymptomatic plasma cell
endometritis (Korn et al., 1995) and an increased risk of spontaneous pre-term labour
(Eschenbach et al., 1984, Gravett et al., 1986, Hillier et al., 1995, Silver et al., 1989).
The follicular fluid is a previously un-investigated source of microorganisms. These
microorganisms have the potential to affect early pregnancy events, or may be

sources of late adverse pregnancy events.

This current study also found that the presence of Ureaplasma spp. only, or the
combination of Mycoplasma spp. and Ureaplasma spp. within follicular fluid, was
significantly associated with infertility due to endometriosis or genital tract infection

(p = 0.01 — 0.001), whilst infertility due to polycystic ovary syndrome was
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significantly associated with the presence of both Mycoplasma spp. and Ureaplasma

spp. within follicular fluid (p = 0.01 — 0.001).

The data from this study demonstrate several novel concepts: (1) follicular fluid is
not sterile, but in fact contains a diverse range of microorganisms at varying
concentrations; (2) follicular fluid can be colonised or contaminated by
microorganisms; (3) follicular fluid colonisation or contamination is not related to
the aetiology of infertility; (4) species diversity is higher in the vagina than in
follicular fluid; (5) microbial load does not appear to be the most significant factor in
IVF outcomes; (6) Lactobacillus spp. within follicular fluid was correlated with
positive IVF outcomes; (7) some species isolated from follicular fluid appear to be
opportunistic pathogens (including Propionibacterium spp., Streptococcus spp.
Actinomyces spp., Staphylococcus spp. and Bifidobacterium spp.) and were related to
adverse IVF outcomes including decreased embryo transfer rates, which may reflect
poor quality embryos due to damage by microorganisms or their metabolites and
decreased pregnancy rates or no pregnancy (failed implantation) (Tables 4.11 and

4.12).

In summary, the presence of microorganisms in follicular fluid may be a significant
contributor to adverse IVF outcomes. It has been shown that ovarian follicles can be
colonised independently from the normal regional flora or infections of the lower
reproductive tract, suggesting that even asymptomatic women with repeated failed
IVF cycles should be screened for the presence of microorganisms in follicular fluid

and possibly treated with antimicrobials in order to increase treatment success rates.
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Table 4.11 Summary of colonised follicular fluid and IVF outcomes

Colonised

follicular IVF outcomes Aetiology p-value  Reference
fluid

Increased embryo o
Frozen ) Endometriosis <0.0001  Table4.5
discard rates
embryos
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Table 4.12 Summary of the logistic regression analysis of colonised left and right
follicular fluids and associated successful and adverse IVVF outcomes

Colonised

follicular IVF outcomes Species implicated p-value  Reference
fluid

Embryo Increased embryo )
Lactobacillus spp. <0.05 Table 4.8
transfer transfer rates

Colonisation )
) ) Lactobacillus spp. <0.01
right ovarian ) Table 4.8
) Actinomyces spp. <0.01
follicles o )
Propionibacterium spp. <0.01

Embryo Decreased embryo Streptococcus spp. <0.01 Table 4.8
transfer transfer rates Propionibacterium spp. <0.05
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Table 4.13 Microorganisms detected in the follicular fluid and vaginal secretions of women with various causes of infertility

Colonised Contaminated Male factor Endometriosis  Polycystic Genital Idiopathic
(fertile women) ovary infection
syndrome

Actinomyces species A+ + + + + + 3B 3B 5 - - - - - - 28 14 5 61 48 -

B 31 26 5 - - - - - - 16 9 4 15 13 -

A. meyeri - + - - + - - 1 - - - - - - - - - - - 2

e L Y

+ present, - absent; A (top line of each species) present as ‘contaminants’, B (bottom line of each species) present as ‘colonisers’, numbers represent the number of women
each species was detected in for left and right follicular fluids and vaginal secretions.
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Bacteroides spp. - + + - + + - - - - 5 . - 3 - - 12 - - - 7

Bifidobacterium spp. 1 + + + + + + 26 14 52 1 1 58 28 13 32 7 21 15 12 7 83

- 5 19 - - 41 12 - 10 4 15 18 14 8 12

Candida albicans + + + - + + - - 35 - - 24 - - 12 - 12 10 - - -

C. parapsilosis + + - + + + - - - - - - - - - 1 4 - - - 5
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Clostridium spp. - - + + - + 1 - - - - - - - 2 - - - - - -

Corynebacterium spp. - + + - - + - - 8 - - - - - 10 - - 5 - - -

Escherichia coli + + + - + + - - 15 - - - - - 7 - 6 21 - 1 22
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Egghertella lenta - - + - - + - - 4 - - - - -2 - 8 - - 12

Gemella spp. - - + - - + - - - - - - - - - - - 17 - - 3

Lactobacillus spp. + + + + + + 16 12 67 7 16 81 32 13 65 8 5 42 66 33 125

31 11 3% 6 7 36 25 1 7 4 3 15 13 13 9

L. gasseri + - + + + + 3 - 23 2 2 3 1 - 9 3 - 9 - - 15
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L. jensenii + + + + - + 14 - 42 9 - 17 - - 29 3 - 14 4 - 24

P. acnes + + + + + + 22 33 3 - - 2 - - 3 - - 2 60 8 54

21 31 13 11 - 3 - - - 1 1 2 13 25 2

P. granulosum + + - + + + 1 1 4 - - - - - - - - 10 - -1

Prevotella disiens - + - - + - - 5 - - - - - - - - 15 - - -
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Peptinophilus + - + + + + 1 - 10 - - - - - 2 - 6 - - - -

asaccharolyticus - - 3 - - - - - 4 1 - - - - -

Staphylococcus spp. + + + - + + - - 18 - 2 6 - - 15 - - 15 - 7 17

S. epidermidis + + + + + + - 2 41 - - 36 - - - 3 9 3 6 6 32

138



Chapter 4: Microbiological Characterisation of Human Follicular Fluid

Streptococcus spp. + + - + + + - - 4 - - - - - 6 6 6 - - - -

S. intermedius + + + + + + 1 1 39 - - 12 - - 15 - 2 9 - 6 11

Veilonella spp. - + + + + + 1 - 1 - - - - 15 2 - - 3 - - -

Unknown B - - + - - + - - 2 - - - - - 7 - - - - - -
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Chapter 5: In Vitro Characterisation of Biofilm Formation In Follicular Fluid

5.1 Introduction

Follicular fluid collected at the time of trans-vaginal oocyte retrieval does not appear
turbid, as would be expected if there were an acute infection, and microorganisms
and resultant immune cells were present. This discrepancy prompted an investigation
of follicular fluid specimens to determine if the microorganisms present may form
biofilms in vitro and thus persist as a reservoir of bacterial cells for an extended
period without causing symptoms of infection. In addition, the follicular fluid from
women undergoing IVF cycles contains high levels of the steroid hormones,
oestradiol and progesterone, which may influence the growth of microorganisms.
The persistence of microorganisms within the ovarian follicle and within follicular

fluid may be a reason for poor IVF pregnancy outcomes.

Biofilms are ubiquitous, they play a major role in pathogenicity and their formation
within the genital tract has been reported in cases of infection and colonisation
(Patterson et al., 2009, Pruthi et al., 2003, Romero et al., 2008). Research
characterising microorganisms in human infections suggested that bacteria
undergoing rapid replication, frequently cause an acute infection, whilst a biofilm-
growth strategy would evade the host immune response and result in asymptomatic
infection/colonisation (Zegans et al., 2002). Within a biofilm, replication rates were
less rapid, when compared to planktonic cell growth. Biofilms persisted for extended
periods whilst continuing to shed low numbers of bacterial cells and metabolites,
which were capable of priming the host immune response but this, did not result in

the eradication of the infectious cells (Zegans et al., 2002).
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The focus of this chapter was to investigate in vitro if: (1) the growth of bacterial
species (isolated from human follicular fluid) was influenced by the presence of
steroid hormones, oestradiol and progesterone; (2) the bacteria present within
follicular fluid were capable of growth over time and; (3) these same bacteria may

form biofilms in vitro.

5.2 Materials and Methods
5.2.1 Experimental design

In this study, a sub-cohort of 36 follicular fluids from the main cohort was analysed.
This cohort was randomly selected from the follicular fluid specimens with a
sufficient volume of fluid remaining for testing. Follicular fluids were also selected
to include an even mix of clear and blood-stained fluids. Follicular fluids collected
from only 13 women were of a sufficient volume for all the analyses described to be
performed. For 11 of these women, follicular fluid collected from both the left and
right ovary was cultured individually (results not shown). In the previous chapter,
standard microbiological culture media were used, however in this chapter; steroid
hormones, oestradiol and progesterone were added to all culture media prior to
inoculation with follicular fluid. The sub-cohort was then analysed for the in vitro
growth characteristics of the microflora over time and in the presence of the added

exogenous hormones. Details of the hormones are described in section 5.2.9.

5.2.2 Specimen collection

Specimen collection was performed as described in Section 3.1.

5.2.3 Follicular fluid culture and colony identification

Follicular fluid specimens were cultured as previously described (Section 3.2).
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5.2.4 16S rRNA PCR and sequencing

Identification of bacteria isolated from clinical specimens was performed as

described in Sections 3.3 - 3.6.

5.2.5 Biofilm assay

Twenty-four follicular fluid specimens were thawed; 300 pL of each fluid was added
to a single sterile 14 mm coverslip in one well of a 24-well microtitre plate for the
biofilm assay. Triplicate microtitre plates were prepared, which were then incubated
in aerobic and anaerobic conditions at 37° C: two coverslips were stained as
described below, and the bacteria from the third was inoculated onto media as
described in section 5.2.5. These follicular fluid specimens were incubated within the
microtitre plates undisturbed for a ten-day period (the average period of development
of follicular fluid within a maturing ovarian follicle) (Speroff and Fritz, 2005). Upon
removal, coverslips were gently rinsed with PBS to remove any unbound cells. The
coverslips were placed on clean microscope slides, and processed using a modified
method of Allison and Sutherland (Allison, 1984). Briefly, coverslips were covered
with 10 mM cetyl pyridinium chloride and air dried before heat fixation. The
biofilms present then were stained for 15 minutes with a 2:1 mixture of saturated
Congo red (Sigma Aldrich, Castle Hill, NSW) solution and 10% Tween 20 (Sigma
Aldrich). Slides were then rinsed, counterstained with 10% Ziehl carbol fuchsin,
rinsed again and dried at 37° C. The prepared coverslips were viewed by light and

confocal microscopy.

Light microscopy was performed using an Olympus BX41 camera and microscope
(Olympus, North Ryde, NSW). Images were captured with a Micro Publisher 3.3

RTV camera (Adept Electronic Service, Warriewood, NSW) and QCapture Pro
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software (QImaging, Surrey, BC). Biofilms were examined under total

magnifications of x 100 and x 400.

Laser scanning confocal visualisation was performed using a Leica SP5 microscope
(Leica Microsystems, North Ryde, NSW) with a x 10 objective lens, a x 63
magnification oil immersion lens, a numerical aperture of 1.4, and laser excitation
was at 561 nm capturing the spectral range 567-668 nm. A series of z stack scans
were performed through a section (2 — 62 um range) and the series of images were
compiled using a maximum projection at a total magnification of x 630, or x 630

with an additional x 4 zoom.

Biofilm maturity was graded based on the presence of key characteristic and
structural features observed (Simmons et al., 2007): grade I-planktonic cells (isolated
free floating cells, not adherent to the slide) and cells adherent to the conditioning
film; grade I1-microcolonies, and groups of cells (most likely planktonic) attached to
each other; grade Ill-extending/growing microcolonies (towers) with extracellular
matrix fibrils creating interconnections between the microcolonies giving a cobweb
appearance; grade IV-towers with subterranean channels and amorphous

extracellular material giving a honeycomb appearance between the microcolonies.

5.2.6 Biofilm culture

The third coverslip was rinsed with sterile PBS and a sterile swab was used to
remove the biofilm from the surface of the coverslip. A bacterial suspension then
was made in thioglycollate broth; a 1 pL calibrated inoculating loop was used to

subculture the biofilm onto horse blood agar and anaerobic blood agar plates
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(Oxoid). These were incubated aerobically and anaerobically at 37° C. Colony
identification was performed as previously described in the General Methods

Chapter (Section 3.2).

5.2.7 Bacterial growth on glass beads for biofilm quantification

Further aliquots (300 pL) of each of the 24 follicular fluid specimens were added to
wells of a microtitre plate that contained sterile pre-weighed glass beads. Duplicate
plates were incubated aerobically or anaerobically for 10 days at 37° C. Biofilm mass
was calculated after removing the beads from the follicular fluid and weighing the

beads (Giridhar et al., 1994).

5.2.8 Wall adherence assays

A 1 mL aliquot of each of the 24 follicular fluid specimens was incubated at 37° C
for a period of 10 days in a sterile cryovial. After 10 days, the follicular fluid was
removed and 1.5 mL of safranin O stain was added for 15 minutes, the stain was
decanted and 1.5 mL of sterile PBS was added (Christensen, 1982). After vortexing,

the absorbance at 500 nm was read in a spectrophotometer against a PBS control.

5.2.9 Culture of (aliquots of) follicular fluid

The 24 follicular fluid specimens were also aliquotted aseptically into 1.7 mL
microcentrifuge tubes (1 mL of follicular fluid) and incubated at 37° C aerobically.
These specimens were vortexed and subcultured daily, using a 1 pL calibrated
inoculating loop, onto horse blood agar and anaerobic blood agar plates (Oxoid) and
incubated aerobically and anaerobically at 37° C. After incubation, the number of
CFU / mL of follicular fluid were semi-quantified. The 1 pL calibrated inoculating

loop carries approximately 10 mL of follicular fluid, so the number of colonies on
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the plate can be used to determine the approximate number of CFU / mL of follicular

fluid by multiplying by 10°.

5.2.10 Hormonal effect on bacterial growth in follicular fluid

An additional 12 frozen follicular fluid aliquots were thawed and cultured on agar
plates and thioglycollate broths containing oestradiol and progesterone (Sigma-
Aldrich) at concentrations of 375 pg / L and 800 ug / L respectively. These are the
median concentrations reported in the follicular fluid collected from hyperstimulated
women undergoing trans-vaginal oocyte retrieval (Kushnir et al., 2009, Loret de
Mola, 1999), Follicular fluid specimens were also cultured on hormone-free media,
using 1 pL of each of the 12 specimens to evaluate the effect of the presence or
absence of hormones on bacterial growth. Hormones were only used in combination,
not individually, as both are present within follicular fluid at high concentrations at
the time of trans-vaginal oocyte retrieval. After seven days, positive thioglycollate
broths were vortexed and a sterile 1 pL calibrated loop was used to subculture broth
onto blood agar for quantification and identification of the bacteria present, as

previously described in section 3.2.

5.3 Results

5.3.1 Follicular fluid culture and bacterial colony identification

Bacteria were cultured from each of the 24 follicular fluids. A single bacterial
species was isolated from 15/24 (63%) of the specimens, of which 7/15 (47%)
contained Lactobacillus species. Propionibacterium spp. (from 5 samples),
Peptostreptococcus spp. (n = 2), or Salmonella entericus (n = 1) were isolated in the

remaining specimens. Two bacterial species were isolated from 6/24 (25%)
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specimens, of which five (83%) contained Lactobacillus spp. Only 3/24 (12%)
follicular fluid specimens contained three bacterial species, and each of these
specimens contained a Lactobacillus spp. The Lactobacillus spp. and
Propionibacterium spp. were the most prevalent isolates detected in follicular fluid,

isolated from 51% and 14% specimens respectively (Table 5.1).

5.3.2 Biofilm well culture — 75% of follicular fluid isolates formed biofilms in vitro

Each of the 24 follicular fluid specimens was tested for biofilm formation. Biofilms
formed in 18/24 (75%) of follicular fluids after incubation at 37° C. Of these, 14
were monomicrobial and 4 were polymicrobial. The bacterial species L. gasseri, L.
crispatus, Bifidobacterium longum, S. agalactiae, S. anginosus and S. entericus, if
initially present in follicular fluid, were always recovered from the biofilm well sub-
cultures. Other bacterial species, including CoNS, Peptostreptococcus spp. and E.
coli, were only cultured from the original follicular fluid specimen. In 9/24 (37%) of
the follicular fluids tested, the primary culture demonstrated polymicrobial
colonisation, but only a single species was detected after 10 days of incubation
within the microtitre plate. None of the wells became contaminated with ‘new °
species as a result of poor aseptic technique; if only a single species was detected in
the primary follicular fluid culture, the same single species was always detected in
the well. Bacterial species were isolated following incubation under both aerobic and
anaerobic conditions if the species was a facultative anaerobe (Staphylococcus spp.,
Streptococcus spp. and Lactobacillus spp.). For strict anaerobes (Bifidobacterium
spp., Peptostreptococcus spp., the species were isolated only when the follicular fluid

specimens were incubated anaerobically.
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Table 5.1 Bacterial genera isolated and identified from cultures of follicular

fluid
Follicular fluid Percentage of Percentage of
Genus and species culture total Biofilm culture total
n=24 n = 35 isolates n=18 n = 23 isolates

Lactobacillus gasseri* 9 26% 9 41%
L. crispatus® 7 20% 7 31%

Propionibacterium
5 14% 1 504

spp.

CoNS® 3 9% 0 0%
L. jensenii* 2 5% 1 5%

Peptostreptococcus
2 5% 0 0%

spp.
B. longum 2 5% 1 50
S. agalactiae 1 3% 1 5%
S. anginosus 1 3% 1 5%
Micrococcus spp. 1 3% 1 5%
S. entericus 1 3% 1 5%
E. coli 1 3% 0 0%
Total number of
35 23

isolates

! Lactobacillus spp. were the most prevalent bacteria in follicular fluid 18/35 (51%), “CoNS coagulase
negative staphylococci

5.3.3 Biofilm assay — images

The images are representative (Figure 5.1) of the different types of biofilms
observed, which were graded as grade 1V biofilms 7/18 (39%), grade Ill biofilms
7/18 (39%) and grade 11 biofilms 4/18 (22%). Each grade was observed for follicular

fluids incubated both under aerobic and anaerobic atmospheric conditions.
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” 1

Figure 5.1 Colour images of bacteria and biofilms. Figure 5.1 A (a) (i, ii) B — D (a)) Light
microscopy image at x 1000 total magnification of Gram-stained bacteria Lactobacillus spp.
and S. agalactiae cultured from biofilms . (A (a)) (iii, iv) Laser scanning confocal
microscopy image of these individual bacterial cells at x 630 total magnifications plus x 4
zoom, captured in Glow. (B - D (a)) Gram stains of the bacterial cells that formed the
biofilms. (A - D (b)) Light microscopy image at x 1000 total magnification of Congo red
stained Lactobacillus spp. biofilms grown for 10 days on glass coverslips.
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Figure 5.2 Black and white laser scanning confocal microscopy images of biofilms.

Figure 5.2 (A — D (a)) Laser scanning confocal microscopy image of various grades of
biofilms at x 630 total magnification. Scale bars represent 25 puM for all ‘a’ images. (A — D
(b)) Laser scanning confocal microscopy images of various grades of biofilms at x 630 total
magnifications plus x 4 zoom. (C (a and b)) Image of cob-webbing. (D (a and b)) Image of
the honeycombed region. The arrow points to the cavities in the honeycombs. Grade Il
biofilms presented in Figure 5.2 A (a and b) demonstrated few microcolonies, some of which
extended to form towers. A grade 111 biofilm was characterised by a carpet-pile appearance
with some microcolonies extending to form towers (Figure 5.2 B (b)). Grade 1V biofilms had
a honeycomb appearance where the continuous layers of cells covered the coverslip with
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clusters forming prominences (Figure 5.2 D (a) and (b)). Scale bars represent 7.5 uM for all
‘b’ images.

The simplest of the biofilms visualised by light microscopy was seen for follicular

fluid cultures that were incubated aerobically. It can be observed that grade Il
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biofilms presented in Figure 5.2 A (b) demonstrated few microcolonies, some of
which extended to form towers (outward growing masses of bacterial cells). Initial
microcolonies are formed by cells, which proliferate at fixed positions (Klausen et
al., 2003a,b). Towers appeared white in greyscale using confocal microscopy, as
shown in Figure 5.2 A (a) and A (b). A grade 111 biofilm was characterised by fibril
formation, as seen by light microscopy following anaerobic incubation (Figure 5.1 B
(b)), and a carpet-pile appearance with some microcolonies extending to form towers
(confocal microscopy) as shown in Figure 5.2 B (a) The carpet-pile may be
representative of the cap and stalk populations previously described in biofilms
(Pamp et al., 2008). The extracellular matrix appeared to be more abundant in
microcolonies. When magnified (x 4), crater-like formations were visible (Figure 5.2
B (b)). Prior studies have described local biofilm dispersion as a hollowing-out of
microcolonies, once a break point was reached (Pamp et al., 2008, 2009, Sanchez et
al., 2011) . In the grade IV biofilm grown under anaerobic conditions (Figure 5.1 C
(b)), complex networks were observed between the microcolonies and towers and
these had a cobwebbed appearance, as shown in Figure 5.2 C (a) and (b). Grade IV
biofilms were also visualised following anaerobic incubation (Figure 5.1 D (b)) and
an amorphous extracellular matrix was observed surrounding the interconnecting
microcolonies, towers and cells. In these biofilms, continuous layers of cells covered
the coverslip with clusters forming prominences. These biofilms had a honeycomb
appearance (Figure 5.2 D (c) and (d)). The biofilms can also be visualised using three
dimensional and orthogonal confocal images. This image (Figure 5.3) demonstrated
the presence of channels within the biofilms and hollow areas under the towers. All
observed biofilms showed an uneven spatial distribution, a previously described

characteristic of in vitro biofilms (Sanchez et al., 2011).
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I

I

Figure 5.3 Representative orthogonal view of a 10-day-old biofilm incubated under
anaerobic conditions. Laser scanning confocal microscopy image of a mature Grade 1V
biofilm (D (c)) at x 630 total magnifications plus x 4 zoom. The orthogonal view allows the
representation of the 3 D biofilm to be presented in 2 D. Micrographs represent horizontal
sections. The cross hairs indicate the area of the biofilm presented in 2 D along the borders
of the image. Depicted below and to the right of the main image are the vertical yz and xz
planes through the biofilm collected at the positions indicated by the lines. In this biofilm,
there are channels between the microcolonies appearing as ‘gaps’ in the 2 D structure and
indicated by the arrow ( <=). The hollow interconnecting areas under the towers are
indicated by the black arrow ( <).

5.3.4 Biomass and wall adherence assays

The spectrophotometric analyses of follicular fluid biofilms demonstrated an
association between the number of bacterial species isolated in both aerobic and
anaerobic conditions and the mean absorbance. For follicular fluid specimens from
which a single cultivable bacterial species was isolated (n = 14), the resultant biofilm
had the greatest mean total biomass (0.54 g £ 0.12 g) and highest mean absorbance
spectrum (2.93 nm + 0.38 nm) (Table 5.2), compared to biofilms, which comprised
of two-three cultivable species. The single Salmonella species biofilm had a total
biomass of 0.49 g (Table 5.3), but the absorbance spectrum was zero when measured

against the PBS negative control. In contrast, Lactobacillus spp. and S. agalactiae
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formed biofilms of similar mean total biomasses (0.49 —0.72 g) and absorbencies
(2.29 — 2.62 nm). There were no overall differences in the mean total biomass when
comparing bacteria isolated following aerobic or anaerobic incubation (results not

shown).

Table 5.2 Biofilm total biomass and spectrophotometric analysis (mean
absorbance) of in vitro biofilm formation in human follicular fluid

Number of Mean total Mean
species detected biomass absorbance
in biofilm (grams) (500 nm)
culture’
One species 054g+£0.12¢ 2.93+£0.38
n=14
Two species 0.50g+£0.07g 1.93+.011
n=2
Three species 0.50 g +£0.02 1.77 £0.39
n=2

! Bacteria from six of the twenty-four follicular fluids tested failed to form biofilms in vitro.
Microbiological  culture detected CoNS, Peptostreptococcus spp. and E. coli in those six follicular
fluid specimens

5.3.5 Long-term in vitro culture of (aliquots of) follicular fluid

All follicular fluid specimens cultured in vitro demonstrated increasing numbers of
CFUs at each subculture until eight days post incubation, after which the number of
cultivable bacteria reached a plateau and remained constant for the remaining 27
weeks. From all follicular fluid specimens only a single bacterial species in pure
culture may be isolated after 5-8 days incubation. With the exception of S. entericus,
all of the bacterial species isolated after eight days were Gram-positive. Viable
Gram-positive bacteria continued to be recovered from these follicular fluids

incubated in vitro until 28 weeks.
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Table 5.3 Data for 13/14 biofilms formed by a single bacterial species

Pure culture biofilm Mean total biomass Mean absorbance
isolates (grams) (500 nm)
L. crispatus
0499g+0.17¢g 2.62 +£0.97
n=10
L. jensenii
0549g+0.16¢g 2.40£0.22
n=1
S. agalactiae
0.72 ¢ 2.29
n=1
S. entericus
0.49¢ 0
n=1

5.3.6 Hormonal modulators of bacterial growth in solid media and broths

When follicular fluid was cultured on solid agar media, and incubated under
appropriate atmospheric conditions, either without hormones, or supplemented with
hormones, there were no differences in the number of isolated CFUs. However,
differences were observed in the growth patterns of bacteria cultured in
thioglycollate broth (with and without hormones) for 5/12 follicular fluid specimens
tested (Table 5.4). Lactobacillus spp. were recovered from 7/12 (58%) thioglycollate
broths. For one specimen (Table 5.4, No. 12), L. crispatus and L. gasseri were
cultured from the hormone supplemented thioglycollate media, but only L. crispatus
was recovered from the hormone-free media. However, for the remaining
lactobacillus containing specimens, there was no distinguishable difference in growth
of the Lactobacillus spp. isolated in the presence or absence of hormones.
Bifidobacterium spp. was detected in two follicular fluid specimens, and whilst the

hormones supported the growth of the Bifidobacterium spp., this bacterium did not
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grow in the absence of hormones. In contrast, the growth of E. coli and S. agalactiae
was inhibited by the supplemental hormones; however, growth was observed within
the original thioglycollate broth, without the addition of exogenous steroid hormones

(Table 5.4)

Table 5.4 Bacterial growth in hormone supplemented thioglycollate broth

CFU/mL
CFU/mL
Specimen Species identified Hormone
Hormone-free media®

supplemented media?

Culture negative, but these specimens tested positive by 16S rRNA PCR assay, “ Thioglycollate

broths
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5.4 Discussion

In this study, follicular fluids collected at the time of trans-vaginal oocyte retrieval
were cultured. These fluids harboured bacteria and continued to support the growth
of bacteria in vitro. Twelve different cultivable bacterial species were detected within
follicular fluid specimens, and eight of these (L. gasseri, L. crispatus, L. jensenii, B.
longum, S. agalactiae, S. anginosus, S. entericus, and Propionibacterium spp.)
formed biofilms in vitro. These results demonstrate that bacterial species, which
colonise follicular fluid, or gain access to follicular fluid at the time of oocyte
retrieval, may form biofilms of different biomass and complexity. With the exception
of the Lactobacillus spp., each of the bacteria isolated in this study was a commensal
microorganism found within the LGT and/or oral cavity but capable of causing
opportunistic infections of the female genital tract. Lactobacillus spp. and
Propionibacterium spp. were the most prevalent cultivable bacteria detected in these

follicular fluids.

Biofilm formation also has been reported for vaginal (Martin et al., 2008) and
gastrointestinal (Fakhry et al., 2009) Lactobacillus spp. Follicular fluid bathes the
cumulus oocyte complex during maturation and prior to release at ovulation, thus
bacteria within the follicular fluid may affect oocyte quality by disrupting the
cumulus complex with enzymatic action or by causing DNA damage to the oocyte.
Follicular fluid is a hypocoagulable, semi-viscous fluid comprised of proteins,
inorganic compounds, carbohydrates, mucopolysaccharides, lipids, gonadotropins,
steroid hormones, immunoglobulins, cytokines, complement components and growth
factors (Edwards, 1974, Shimada et al., 2001), providing a perfect growth medium

for microbial populations. Furthermore, previous biofilm studies have confirmed that
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microorganisms preferentially attached to hydrophobic surfaces compared to non-
polar surfaces (Donlan, 2002, Donlan and Costerton, 2002, Flemming and
Wingender, 2001). Thus, the hydrophobicity of human follicular fluid may further

enhance biofilm formation in vivo.

We demonstrated that follicular fluid supported the growth of viable bacteria for a
period of at least 28 weeks. This growth occurred in the absence of an exogenous
addition of nutrients, or waste removal, processes that would occur in vivo and
presumably facilitate growth even further. Gurgan et al. (1993) found that filter-
sterilised follicular fluid was inhibitory to the Gram-positive bacteria S. aureus; S.
agalactiae and L. monocytogenes, these species did not survive in vitro for longer
than four days. However, Gurgan et al. (1993) did demonstrate that follicular fluid
supported the growth of a range of Gram-negative species and the yeast C. albicans
for up to 15 days post-inoculation. These results are inconsistent with those of the
present study, which shows survival of predominantly Gram-positive species. In this
current study, even though follicular fluid aliquots were not centrifuged or filtered
(and therefore retained physiological composition) they continued to support the

growth and recovery of primary passage viable bacterial species.

This is the first report of continuous follicular fluid culture lasting 28 weeks and it
demonstrated that follicular fluid was an excellent growth medium for
microorganisms. We demonstrated that bacterial colonisers of follicular fluid in vivo,
formed biofilms within follicular fluid in vitro, including Gram-positive species and
Gram-negative species, in 18/24 (75%) of the follicular fluids. The presence of

bacteria within biofilms was dependent upon the atmospheric incubation conditions.
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The incubation conditions and resultant biofilm formed reflected the growth
requirements of each individual species of bacterium. Staphylococcus spp.,
Micrococcus spp., Peptostreptococcus spp. and E. coli were not detected in any
biofilms. It was surprising to note that E. coli did not form a biofilm in vitro.
Attachment and adhesion properties of E. coli are significantly altered throughout the
menstrual cycle in response to oestradiol and progesterone however; no specific
pattern has been confirmed (Venegas et al., 1995). Many of the bacteria detected
within follicular fluid have been shown to form biofilms in vitro when cultured on
vaginal epithelial cells (Patterson et al., 2009), in vivo on intrauterine devices (Pruthi
et al., 2003) and in amniotic fluid sludge aspirated from women with intrauterine
infection (Romero et al., 2008). Despite the high bacterial load recovered from
follicular fluid, this fluid did not have a turbid appearance, which may suggest that
bacteria within the follicle were present predominantly in biofilms rather than as
planktonic bacteria. The process of trans-vaginal oocyte retrieval may result in
collection of a biofilm ‘plug’ of bacteria within the lumen of the needle, which is

subsequently then aspirated into the follicular fluid.

In keeping with the findings from the sub-cultures of follicular fluid, the majority of
mature biofilms in the present study also revealed only a single cultivable species,
even when two different species of lactobacillus were isolated from the follicular
fluid prior to in vitro incubation. This may be due to competition between the
lactobacilli themselves, or as a result of alterations in adhesion. It has been reported
that some bacterial species can co-colonise the surface of urogenital tract cells
already colonised by lactobacilli; but after lactobacilli are established, they can cause

foreign bacterial cells to detach from the epithelium, which may be a defence
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mechanism (Spurbeck and Arvidson, 2008, Vielfort et al., 2008). In polymicrobial
biofilms, early colonising species often promote the establishment of other species
(Jakubovics, 2010, Jakubovics and Kolenbrander, 2010); however, whilst the initial
interactions may be synergistic, once the biofilm is established, competition between
species can result in the dominance of a single species (Periasamy and Kolenbrander,
2009). Furthermore, some species act as bridges between normally incompatible
species, allowing them to participate in the biofilm structure (Kolenbrander et al.,
2006). Some microorganisms are able to scavenge O, creating a more favourable
environment for the establishment of aerobic species in an anaerobic environment
(Diaz et al., 2002). This is particularly relevant to follicular fluid biofilms where the
O, levels are low, but facultative aerobes survive. Quorum sensing, the process by
which microorganisms communicate within a biofilm, establishes the overall
population size of each microbial species and causes microorganisms to adjust gene
expression (Monds and O'Toole, 2009). In microbial biofilms, the concentration of
cell signalling molecules roughly correlates to population size for each species
(Keller and Ramos, 2008). Quorum sensing by individual species occurs
independently of metabolism and/or in response to metabolites secreted by individual
cells for basic cellular processes (Jakubovics, 2010, Jakubovics and Kolenbrander,
2010). In addition to quorum sensing, microbial growth within the biofilm is also
modulated by the metabolic cues (Kreth et al., 2009). Species production of lactic
acid, succinic acid and isobutyric acid reportedly enhances both the synergistic and
competitive interactions between different microbial species. Acid production results
in a pH shift often causing a reduction in the microbial diversity because many

species are acid intolerant (Li et al., 2005). The predominance of monomicrobial
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biofilms (14/18) in this current study may therefore be due to the lactic acid and

H»0O, production by Lactobacillus spp.

Studies of biofilms have reported that bacteria can exist in a viable, but non-
cultivable state (Fux et al., 2005 a). It is, therefore, possible that cultures of 10-day
biofilms detected only those species that were actively replicating, while molecular
techniques targeting 16S rRNA would be able to detect and quantify all species (both
viable and non-viable) present within the biofilm. In this study, we performed
technical replicates for each of the follicular fluid biofilm assays; however,
biological replicates were not performed due to alterations that may occur in
microbial count as a result of freezing and thawing of the follicular fluids in between
assays. We suggest that in future studies, prior to freezing that follicular fluid is
aliquotted to allow biological replicates to be performed later. To gain further
knowledge of an individual species contribution to a biofilm, a potential approach is
to culture and test using 16S rRNA PCR assay at various time points; so that growth
curves may be established for, each individual species and culture results compared
to PCR assay results. A positive 16S rRNA PCR result was obtained from one of the
culture negative follicular fluid specimens investigated in this study (Specimen No.
10, Table 5.4). The 16S rRNA sequence identified an uncultured bacterium.
Interestingly, non-cultivable bacteria have also been detected within uterine tube
washings (data not shown). This finding confirms the presence of non-cultivable

bacteria within follicular fluid and the female UGT.

An ovarian follicle has all of the requirements necessary to support the development

of a biofilm. Bacterial cells that would contribute to the formation of the biofilm
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have been detected. On some biofilm slides there was evidence of polysaccharide
accumulation (in the absence of bacterial cells), which shows that there are
components of follicular fluid (substrate) that may form a conditioning film to allow
microbial attachment to the inside wall of the follicle (substratum). Furthermore, the
in vitro development of various grades of biofilms in human follicular fluid (Figure
5.1) was demonstrated. Variation was observed in: (i) the architecture of mature
biofilms (ranging from flat homogenous layers of cells through to cell clusters,
microcolonies and towers with channelling and large amounts of amorphous
extracellular material between the more complex heterogenous structures) (Figure
5.1 B-D (b)); (ii) the biomass, that decreased when the biofilm was comprised of
more than one species (Table 5.2); and (iii) the absorption spectra, that were the
highest in monomicrobial biofilms (Table 5.2 and 5.3). Mature biofilms are
characterised by the development of towers and fluid—filled channels (Fey, 2010, Fey
and Olson, 2010). Mature biofilms reportedly exhibit a variety of phenotypes as a
result of changes in their three-dimensional structure, occurring in response to
changes in cell density, osmolarity, temperature, pH and nutrient supply (Fux et al.,
2005a). Even follicular fluids containing the same bacterial species demonstrated
different grades of biofilms (different structures and biomass). On six biofilm slides,
no bacteria were observed, only a conditioning film was present. This may be due to
the removal of any bacterial cells (by the PBS rinse prior to staining) present in the
early stage of biofilm formation prior to permanent attachment to the conditioning
film. Alternatively, the follicle may have been colonised with non-biofilm forming
bacterial species. Microorganisms also produce many virulence factors, which may
have synergistic or antagonistic effects on each other, the anatomical niche and in

this site on the oocytes. Further studies examining the effect of these biofilm
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bacterial species on each other will be beneficial to our understanding of the impact

of single species and polymicrobial biofilms on reproductive health outcomes.

During an IVF treatment cycle, exogenous hormones are administered to trigger the
simultaneous maturation of multiple ovarian follicles and results in elevated levels of
oestradiol and progesterone in follicular fluid. Significant levels of the steroid
hormones, oestradiol (303.8 - 535 ng / mL) and progesterone (735.1 - 893.2 ng /
mL), have been detected in follicular fluids collected from women undergoing trans-
vaginal oocyte retrieval for IVF (Loret de Mola et al., 1999, Kushnir et al., 2009).
The ovarian granulosa cells are the dominant source of these steroid hormones.
Granulosa cells may be aspirated with the follicular fluid and the oocyte at the time
of trans-vaginal oocyte retrieval, however once removed from the ovary, the
granulosa cells are no longer under pituitary control and so rapidly proceed to
apoptosis (Quirk et al., 2011, Makrigiannakis et al., 2000). Whilst the initial
concentrations of steroid hormones present within follicular fluid may affect in vitro
microbial growth, the apoptotic granulosa cells would not continue to produce the
significant levels of steroid hormones that would normally be produced in vivo (Hill
and Osteen, 1989) and thus over time in culture, the impact of steroid hormone levels

on microbial growth would decline.

It was demonstrated that in vitro, elevated levels of oestradiol and progesterone in
thioglycollate broth media supported the growth of the high titres of the
Lactobacillus spp., which were originally isolated from follicular fluid. This is
consistent with Lactobacillus spp. growth in the LGT. At puberty, as oestrogen levels
increase, the vaginal pH drops and Lactobacillus spp. dominate the vaginal
microflora (Brabin et al., 2005 b). After menopause, the vaginal microflora reverts to
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the pre-menarchal state and the Lactobacillus spp. decline (Brabin et al., 2005 a).
However, if post-menopausal women receive oestrogen replacement therapy, the
vaginal pH decreases and the concentration of Lactobacillus spp. increases (Raz,
1993). The effect of endogenous steroid hormones on lactobacilli has previously
been monitored in IVF patients. Jakobsson and Forsum (2008) reported that during
IVF treatment, with increasing oestrogen levels, three major vaginal lactobacilli L.
crispatus, L. gasseri or L. jensenii were predominant. These reported results are
consistent with our findings, as the only lactobacilli isolated from follicular fluid
(collected prior to ovulation when oestradiol levels were highest) were these same
species: L. crispatus, L. gasseri and L. jensenii. Bifidobacterium spp. was also
isolated from the hormone-supplemented media. This species can metabolise
carbohydrates from glycogen degradation in response to elevated oestradiol levels, in
the same manner as Lactobacillus spp. (Mikami et al., 2009). Studies have
demonstrated that the hormone concentration within maturing follicles far exceeds
that found in the systemic circulation. This is driven by the hyaluronan composed
cumulus-oocyte complex (Shimada et al., 2001). In women undergoing ovarian
hyperstimulation, follicular fluid oestradiol levels are approximately eight times
higher and progesterone levels three times higher, than those for normal cycling
women (Kushnir et al., 2009). In this study, hyaluronidase-producing species
(Staphylococcus, Streptococcus and E. coli) were isolated from follicular fluid; the
enzymatic activity of these colonisers may lead to poor quality cumulus cells,
decreased steroid hormone synthesis and the predominance of these more pathogenic
bacteria within the follicle. Thus, it is indicated that high concentrations of steroid

hormones within ovarian follicular fluid can influence bacterial growth.
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The growth of high titre lactobacilli during IVF may be a protective mechanism
within the ovary in minimising UGT infection. Reports of ovarian infection are rare,
but often tubo-ovarian abscesses are reported as sequelae in pelvic inflammatory
disease (Sorbye et al., 2005), or secondary to respiratory tract infection with
haematogenous seeding (Goulet et al., 1995 b). High levels of oestradiol in
hyperstimulated women should promote a ‘normal’ genital tract microbial flora,
which has been shown to be beneficial, improving IVF outcomes. However, the
success rates for I\VF treatment cycles are still lower than those reported in natural

conception.

The findings in this chapter have shown that (1) bacteria in follicular fluid can form
biofilms in vitro; (2) the ovarian steroid hormones (oestradiol and progesterone) are
capable of modulating in vitro growth of some microbial species and (3) follicular
fluid supports the long-term growth of microorganisms. Further characterisation of
the microorganisms detected in follicular fluid and their metabolites will increase our
understanding of the effects of colonised follicular fluid on oocyte quality, on IVF
fertilisation and pregnancy rates, and on early pregnancy events. Knowledge of the
microorganisms present within this anatomical niche may lead to improved IVF

outcomes by using targeted therapy.
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Chapter 6: Microbial Colonisation of Follicular Fluid: Alterations in Cytokine Expression and Adverse Outcomes of Assisted
Reproductive Technology

6.1 Introduction

Cytokines, chemokines and growth factors are produced by cells following activation
of the innate or adaptive immune response (Husband et al., 1999). Previous studies
have shown that cytokines are essential for ovarian function (Richards et al., 2002),
modulating the secretion of ovarian steroid hormones (Richards et al., 2002), and the
development and regression of the corpus luteum function in humans (Chen and
Peng, 2000, Sunderkotter et al., 1994). Cytokines also have an essential function in
embryonic development and implantation, promoting cellular differentiation,
vascularisation and finally trophoblast invasion of the endometrium (Vujisic et al.,
2006). In recent years, a number of studies have investigated the presence of
cytokines in follicular fluid and correlated these to assisted reproductive technology
(ART) outcomes. These studies demonstrated that cytokines IL -1, IL-1 o, IL-1 B,
IL-12/23 (p40), and vascular endothelial growth factor (VEGF) were associated with
successful outcomes including increased fertilisation rates, successful embryo
transfer and clinical pregnancy (Karagouni et al., 1998, Vujisic et al., 2006), whilst
IL-12, VEGF and IL-15 were associated with poor fertilisation and failed conception
(Asimakopoulos et al., 2006, Gazvani et al., 2000, Vujisic et al., 2006). Cytokine
profiles within follicular fluid also varied depending on the reproductive pathology
or the cause of infertility (Amato et al., 2003, Fasciani et al., 2000, Hill et al., 1990).
To our knowledge no previous study has tested follicular fluid for microorganisms
and correlated the presence of microorganisms with the cytokine profile within

follicular fluid and ultimate outcomes of ART cycles.

Spandorfer et al. (2001) investigated abnormal vaginal flora and vaginal pro-

inflammatory cytokines in women with idiopathic infertility undergoing ART cycles.
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A correlation between bacterial vaginosis, elevated IL-1  and IL-8 and idiopathic
infertility was demonstrated. However, they found no correlation between the
presence of bacterial vaginosis and ART pregnancy outcomes. This finding is in
contrast to previous reports, which have found an association between bacterial
vaginosis and second trimester miscarriage (Oakeshott et al., 2002); Spandorfer et al.
(2001) suggested that antimicrobial prophylaxis following oocyte retrieval may

explain this anomaly.

We hypothesised that microorganisms present in follicular fluid adversely affect
oocyte quality and in addition, the microorganisms themselves or their products of
metabolism elicit an immune response that results in adverse reproductive health
outcomes. The aim of this study was to determine if cytokine profile(s) may be
correlated with (or predict): the presence of bacteria within follicular fluid and if
distinct cytokine profiles were associated with the aetiology of infertility or altered
ART outcomes including oocyte retrieval rates, ART fertilisation rates and/or ART
embryo transfer rates. In this current study, paired vaginal secretions and follicular
fluid specimens, collected at the time of trans-vaginal oocyte retrieval were tested to
detect and identify microorganisms present at these anatomical sites. Aliquots of
these clinical specimens then were tested for the presence of microorganisms and 18
cytokines to compare the cytokines present in the lower and upper genital tract
specimens collected from each woman and those associated with adverse ART

outcomes.
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6.2 Materials and Methods

6.2.1 Experimental design

In this study, a sub-cohort of 71 women from the main 263 cohort was analysed.
This cohort of 71 women was selected based on the classification of their follicular
fluid as: ‘colonised’ if microorganisms were detected within the follicular fluid but
not in the vagina (at the time of oocyte retrieval); or ‘contaminated’ if
microorganisms present in the vagina were also detected within the follicular fluid.
Clinical specimens were also selected based on the couples’ aetiology of infertility
(Table 6.1). For each of these sub-cohorts (1) the cytokines present in the follicular
fluid were compared to the presence of ‘colonising” or ‘contaminating’
microorganisms and (2) the cytokine response was compared to the cause of

infertility.

6.2.2 Specimen collection

Specimen collection was performed as previously described in Section 3.1.

6.2.3 Follicular fluid culture and colony identification

Microbial isolation and identification was performed as described in Sections 3.2 —
3.6.

6.2.4 Criteria for the selection of specimens for cytokine screening

Follicular fluids were classified as ‘colonised’ if microorganisms were detected
within the follicular fluid but not in the vagina (at the time of oocyte retrieval); or
‘contaminated’ if microorganisms present in the vagina were also detected within the
follicular fluid. Clinical specimens were selected and tested from 37 women with

colonised follicular fluid and from 34 women with contaminated follicular fluid.
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These women had a history of infertility due to endometriosis (n = 16), polycystic
ovary syndrome (n = 14), genital tract infection (n = 9) or idiopathic infertility (n =
14). Specimens from ‘fertile’ women, from couples with male factor infertility, were

selected as the control group (n = 18).

6.2.5 Cytokine testing of follicular fluid and vaginal secretions

Follicular fluid cytokine levels were measured by flow fluorimetry in 96 well
microtitre plates using an automated dual laser flow cytometer (Bio-Plex Cytokine
Assay System, Bio-Rad, NSW). The multiplex bead working solution was prepared
for the two sets of cytokines (Bio-Rad) to be assayed: Human Group 1l cytokine 6-
plex panel: IL-1 o, IL-12 (p40), IL-18, leukaemia inhibitory factor (LIF),
macrophage colony stimulating factor (MCSF), tumour necrosis factor (TNF) f; and
Human Group | cytokine 12-plex panel: IL-1 B, IL-4, IL-6, IL-8, IL-10, 1L-12p70,
IL-17, granulocyte colony stimulating factor (GCSF), granulocyte macrophage

colony stimulating factor (GMCSF), interferon gamma (IFN v), TNF a, and VEGF.

The follicular fluids, previously aliquotted into the cryovials containing 20 pL
protease inhibitor cocktail (Sigma), were thawed on ice prior to testing. Follicular
fluid samples were prepared for testing by centrifuging at 2000 x g for 20 minutes at
4° C to remove any cell debris. Blood stained follicular fluid specimens were not
included in this study. The vaginal swabs were thawed on ice and rotated 20 times in
500 pL sterile phosphate buffered saline (PBS) containing 10 pL protease inhibitor
cocktail. All swab preparations were performed by a single operator. Swab
suspensions were then centrifuged at 2000 x g for 20 minutes at 4° C immediately

prior to assay.
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The standards were prepared and cytokine assays were performed as per the
manufacturer’s instructions. Briefly, the wells in the microtitre plate were pre-wet
with 100 pL assay buffer, which was removed by vacuum filtration. Then 50 puL of
bead working solution was added to each plate. Excess bead working solution was
removed by vacuum filtration and the plates were washed twice in 100 uL. of wash
buffer. Both standards and samples were added to the plate and incubated at room
temperature agitating at 300 rpm for 30 minutes. Standards and samples were
assayed in duplicate. The limit of detection for this assay was determined by the
manufacturer to be 2-32000 pg / mL (Bio-Rad). The plates were washed and 25 pL
of detection antibody was added to each well, incubated and agitated at 300 rpm for
30 minutes. Excess antibody was removed by vacuum filtration and 50 pL of
streptavidin-PE was added to each well and incubated at room temperature and
agitated at 300 rpm for 10 minutes. After a final wash, the beads were resuspended in
125 pL of assay buffer and read on the (Bio-Plex 200, Bio-Rad) plate reader and

analysed with software version 4.

6.2.6 Statistical analysis

Statistical analyses were performed using SPSS version 17 for Windows XP.
Multinomial logistic regression was used to model the relationship between
categorical outcomes and explanatory variables because all variables were not
dichotomous. The continuous variables were the variables with a numerical value
(the number of oocytes collected, embryos collected, those frozen, and transferred).
The explanatory variables were used to explain changes in the dependent variable.
For this study, the aetiology of infertility was consistently used as an explanatory

variable. Microbial colonisation and contamination of human follicular fluid were
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also investigated as explanatory variables for statistical analyses. The categorical
variables were those variables whose values functioned as labels (embryo transfer
yes/no, pregnancy yes/no). The dependent variables that were considered were
colonisation (yes/no) and contamination (yes/no). Discriminant analyses were used
to identify cytokines associated with: (1) the aetiology of infertility; (2) either
follicular fluid ‘colonised’ prior to oocyte retrieval or ‘contaminated’ during the
retrieval process; and (3) the ART outcomes for the treatment cycle. Classification
and regression trees (CART) were used to identify interacting relationships between
explanatory variables and either continuous or categorical response variables. In the
CART analyses a minimum node size was used to determine the size of the tree. In
the regression analyses, a p-value of p <0.05 was considered statistically significant.
All variables were entered into the model. No variables were transformed. In the
discriminant analyses, Wilk’s lambda was used to assess overall significance of the
discriminant functions. Wilk’s lambda is used for multivariate hypothesis testing and
is an extension of the familiar F-test used in univariate hypothesis testing. A Wilk’s
lambda value close to zero indicates that group means differ. The authors note that
the statistical analyses are based on a small sample size and therefore, these analyses

provide indicative, not definitive results.

6.3 Results

6.3.1 Patient Demographics

Bacteria were detected in all 71 follicular fluids and vaginal secretions: and
colonised and contaminated follicular fluids for each classification of infertility that

was tested for this study (See Appendix 5).
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The mean age of women in this study was 37 years + 4 years. There was a statistical
difference in the mean age of fertile women (35 * 4 years) and infertile women (38
4 years, p = 0.007). However, the age of women in this study was not associated
with any adverse ART outcomes (p > 0.05). For fertile and infertile women there was
no difference in number of prior ART treatment cycles. Fertile women participated in
an average of one (range 0-3 + 1 cycle) previous trans-vaginal oocyte retrieval
procedure compared to infertile women who had participated in one (range 0-5 £ 1
cycle, p > 0.05). Furthermore, there was no difference in the number of oocytes
collected at the time of retrieval for fertile (10 + 5) or infertile women (11 + 6, p >

0.05).

6.3.2 Culture and colony identification

The culture results for this smaller sub-cohort were consistent with those reported for
the entire cohort reported in Chapter Four. A summary of the culture results for this

smaller cohort is reported in Appendix 5.

6.3.3 Cytokines

The logistic regression analyses (Table 6.1) demonstrated that colonising bacteria in
follicular fluid was associated with an aetiology of endometriosis (p = 0.05-0.1).
Decreased embryo transfer rates were also observed in women with a diagnosis of
polycystic ovary syndrome (p = 0.05-0.1). The regression model found that no
follicular fluid or vaginal secretion cytokine profiles may differentiate between
infertile women with a diagnosis of endometriosis, polycystic ovary syndrome or a
history of upper genital tract infection when normalised against the control group of
‘fertile’ women (who had partners with male factor infertility). The cytokines in
follicular fluid of women with endometriosis (IL-6, IL-8, IL-10 and/or GCSF),
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polycystic ovary syndrome (IL-8), previous genital tract infection (IL-8) and
idiopathic (IL-6, IL-10, 1L-18) aetiologies of infertility were the cytokines present
when normalised against the follicular fluid from ‘fertile’ women for all aetiologies
(Table 6.1). Women with idiopathic infertility may be differentiated from all other
groups by the presence of elevated levels of IL-18 in follicular fluid (p = 0.05-0.1). It
was also determined that the presence of IL-12p40 in combination with IFN vy in
follicular fluid were unique markers of successful embryo transfer (p = 0.05-0.1).
Successful fertilisation was associated with the presence of IL-1 a (p = 0.05-0.1) and
VEGF (p = 0.05-0.01) in vaginal secretions. Seventeen of the 18 cytokines tested
were detected within follicular fluid, and only IL-17 was not detected (Table 6.2).
Testing of vaginal secretions demonstrated the presence of 13 cytokines, but LIF,
MCSF, GMCSF, IFN y and TNF a were not detected (Table 6.2). There were site-
specific differences in the levels of cytokines detected in the follicular fluids
compared to the vaginal secretions, particularly for the pro-inflammatory cytokines:
IL-1 B (vaginal secretions, Figure 6.2), IL-8 (vaginal secretions, Figure 6.3) and IFN

v (follicular fluid, Figure 6.2).
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Table 6.1 Regression analyses of the cytokines detected in follicular fluid and vaginal secretions correlated with colonising or
contaminating microorganisms, the aetiology of infertility and ART outcomes

oultac\:lz;es Microorganisms Cytokines
. Decreased
'ﬁ‘;tf'::f[’ﬁ?{ ol embryo ferfnﬁscgfifffate Colonisers ILla IL-12 p40 IL-18 IL-1B IL-6 IL-8 IL-10 GCSF IFN y VEGF
Yy transfer rate
E”dgfeféos's NS NS ¥ NS NS NS ) ¥ () () + NS NS
o + NS NS NS NS NS * NS ) o) NS NS
Vet ! ’;fgc“on NS NS NS NS NS NS ) NS # ) ) NS NS
Male factor NS NS NS NS NS NS NS NS NS NS NS NS
'dr']ofaltz"c NS NS NS NS NS " * *(4) *) *(%) NS NS NS
ART outcomes NS NS NS NS NS NS NS NS NS NS NS NS NS
Embryo transfer? NS NS NS NS + NS Q) + NS NS + + NS
Fertilisation rate® NS NS NS ) NS + 1) NS NS NS NS NS **)
Microorganisms NS NS NS NS NS NS NS NS NS NS NS NS NS
Colonisers NS NS NS NS NS NS NS NS NS T (T) NS NS +

' Cytokines expressed within follicular fluid in bold, cytokines expressed within vaginal secretions in brackets (), © Successful embryo transfer, * Successful fertilisation rate,
PCOS = polycystic ovary syndrome, 1 p = 0.05 - 0.1; * p < 0.05; ** p < 0.01; NS = not significant
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Table 6.2 Mean cytokine concentrations detected in follicular fluid and vaginal
secretions from women undergoing IVF

Follicular fluid Vaginal secretion

Cytokines cytokines (pg / mL) cytokines (pg / mL)

IL-12 (p40) 9.08 £26.31 4.92 +28.60

LIF 0.01+£0.05 0

TNF B 0.14+1.10 1.41+7.53

IL-4 0.53+2.62 0.10 £0.87

IL-8 101.68 + 209.53 391.41 +1090.58

IL-12 (p70) 5.06 + 13.58 0.48 + 3.16

GCSF 5.46+18.69 16.11 +42.59

IFN vy 880.66 * 2308.55 0

VEGF 1364.93 + 1621.35 234.04 + 829.52
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Figure 6.1 Fold-change between follicular fluid cytokines and vaginal secretion
cytokines. Genital tract cytokines were differentially expressed within follicular fluid and
vaginal secretions. Figure 6.1 represents the measured cytokines (in pg / mL) expressed as a
fold-change for each genital tract site (follicular fluid and vaginal secretions). Expression of
IL-1 3, IL-8 and GCSF occurred at higher levels in the vaginal secretions. Elevated levels of
IL-6, IL-10, 1L-12p70, IFN vy and VEGF were detected in follicular fluids.* p < 0.05, ** p <
0.001
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Figure 6.2 Concentration of follicular fluid and vaginal secretion cytokines. Genital tract
cytokines were differentially expressed within follicular fluid and vaginal secretions, giving
significant differences between each the expression at each site. The concentration of IFN y
and VEGF was much higher in follicular fluid specimens compared to vaginal secretions.
The IL-8 concentration was higher in the vagina. * p < 0.05
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Figure 6.3 CART analysis of the cytokines associated with the different aetiologies of
infertility. Classification and regression analysis (CART) analysis revealed that six follicular
fluid cytokines: 1L-6, IL-8, IL-12p70, IL-18 IL-10, and VEGF, may be used to predict a
relationship between cytokines and the aetiology of infertility.

Classification and regression tree (CART) analysis (Fig 6.3) revealed that six
follicular fluid cytokines (IL-6, IL-8, IL-12, IL-18 IL-10, and VEGF) may be used to
predict a relationship between cytokines and the aetiology of infertility. This analysis
was also useful for selecting cytokines (IL-1 B, VEGF, IL-10, IL-8, IL-6, IL-18,),
which may be markers for embryo transfer (Fig 6.4). For example, CART analysis
(Figure 6.3) revealed that the following combinations of variables: IL-6 (< 22.4485
pg / mL), IL-8 (< 10.6125 pg / mL) and VEGF (> 66.391 pg / mL) or IL-6 (<
22.4485 pg / mL), IL-8 (< 10.6125 pg / mL), IL-10 (> 14.0985 pg / mL) and VEGF

(> 749.1 pg / mL) were predictive of an idiopathic aetiology (Fig 6.3 (12)) of
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infertility. Successful embryo transfer was indicated by IL-1 B (< 0.191 pg / mL),
VEGF (< 219.903 pg / mL) and IL-10 (< 3.06 pg / mL) or IL-1 (< 0.191 pg / mL),
VEGF (> 219.903 pg / mL but < 801.173 pg / mL) and IL-8 where IL-1  and VEGF
are the most important cytokines (indicated by the long tree branches). The relative
importance of each cytokine is indicated by the length of the tree branch (Fig 6.3).
There appears to be substantial interactive effects between the cytokines in
differentiating both the aetiology of infertility and embryo transfer, as shown by the

network of branches, which differ by combinations of variables.

0 No embryo transfer

IL.1b<0.191

1 Single embryo transfer

2 Double embryo transfer

VEGF<219.903

< |

I.8< ZE_S_Q_i 1L..10<1P.6485

]
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] i
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Figure 6.4 CART analysis of cytokines associated with embryo transfer. CART analysis
revealed cytokines (IL-1B, VEGF, IL-10, IL-8, IL-6, IL-18), which may be markers for
failed, or successful (single or double) embryo transfer.
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Table 6.3 (A) Discriminant analysis of cytokines — follicular fluid

Aetiology Embryo
Discriminant Wilk’s  Fertilisation  Wilk’s Wilk’s
of transfer
analysis Lambda rate Lambda Lambda
infertility rate

Cumulative

percentage

83.7% 100%

100%
(1" and 2™

functions)

LIF

follicular fluid IL-10

cytokines TNF B 0.418 N/A N/A 0.713

(2nd function) VEGF

MCSF

Mean + SD
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Discriminant analyses (Table 6.3) were performed to compare the aetiology of
infertility, fertilisation rate and embryo transfer rates using both follicular fluid
cytokine levels and vaginal secretion cytokine levels. No results presented reached
significance, however; the first discriminatory function for follicular fluid indicates

that > 80% of variation in aetiology is coming from between group variation.
Discriminant analysis of follicular fluid found two major discriminatory functions
(groups of cytokines), which classified 83.7% of the groups for infertility aetiology
(Table 6.3 - A). These were not significant by Wilk’s Lambda but were highly
weighted (by the Eigen value) suggesting that there may be physiological
interactions occurring between: MCSF, IL-4, IL-10 (first function aetiology) and
LIF, IL-10, TNF B, VEGF and M-CSF (second function aetiology, page 182). Only a
single function was required for discriminating between 100% of successful and
unsuccessful outcomes for the fertilisation rate and embryo transfer rate groups: M-
CSF, TNF B, GMCSF, IL-10, LIF (first function fertilisation rate); and IL-8 (first
function embryo transfer, page 182). Whilst these were again not significant by
Wilk’s Lambda they were also highly weighted. A similar trend was observed with
the vaginal secretion discriminant analysis. The analysis found two major
discriminatory functions, which classified 80% of aetiology groups: IL-1 3 and IL-8
(first function) and IL-1 B, IL-8 and GCSF (second function) (Table 6.3 — B, page
184). Fertilisation rate and embryo transfer rate groups again required only a single
function to discriminate between 100% of the group: IL-1 B (first function
fertilisation rate) and MCSF, TNF P and IL-4 (first function embryo transfer). Wilk’s
Lambda was not significant for any discriminant functions of vaginal secretion

cytokines.
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Table 6.3 (B) Discriminant analysis of cytokines — vaginal secretions

Aetiology Embryo
Discriminant Wilk’s  Fertilisation  Wilk’s Wilk’s
of transfer
analysis Lambda rate Lambda Lambda
infertility rate
B. Vaginal
secretion
Cumulative
percentage
80% 100% 100%
(1% and 2™
functions)
MCSF
VS cytokines IL-18
0.399 IL-18 0.718 TNF B 0.663
(1% function) IL-8
IL-4
IL-1B
VS cytokines
IL-8 0.643 N/A N/A
(2" function)
GCSF

*'Mean + SD

The functions at group centroid indicate that follicular fluid and vaginal secretion
cytokine profiles for fertilisation (Figures 6.5 A and B) and embryo transfer (Figures
6.6 A and B), both group in the same manner and samples of either would be suitable
markers to predict these ART outcomes, albeit using different cytokine profiles. By
contrast, follicular fluid and vaginal secretion cytokines group aetiologies of
infertility very differently (Figures 6.7 A and B). Follicular fluid cytokines readily

differentiate women with a history of upper genital tract infection from all other
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groups (Fig 6.7 A). This may represent the overt inflammatory response associated
with long term sequelae as a result of upper genital tract infection. Vaginal fluid
cytokines distinguish women from male factor (control group) couples from women
with all other causes of infertility (Fig 6.7 B). This may be a useful non-invasive

early screening test for women from partnerships where the males are infertile.

® Function 1

Successful fertilisati
Failed fe tilisatim

-0.5 0 0.5 1 1.5 2

® Function 1

Successful fertilisati
Failed fertilisation

-0.5 0 0.5 1 1.5 2

Figure 6.5 Functions at group centroid for A- follicular fluid cytokines and B - vaginal
secretion cytokines and fertilisation. The functions at group centroid provide a graphical
representation of the ability of follicular fluid (blue) or vaginal secretion (red) cytokines to
predict ART outcomes. For fertilisation outcome, the model indicates that there are
cytokines expressed at each anatomical site that are associated the fertilisation outcome. The
discriminant analysis indicates the cytokines at each site.
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Figure 6.6 Functions at group centroid for A- follicular fluid cytokines and B - vaginal
secretion cytokines and embryo transfer. The functions at group centroid provide a
graphical representation of the ability of follicular fluid (blue) or vaginal secretion (red)
cytokines to predict embryo transfer outcomes. For embryo transfer, the model indicates that
there are cytokines expressed at each anatomical site that can successfully predict the
embryo transfer outcome.
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Figure 6.7 Functions at group centroid for A- follicular fluid cytokines and B - vaginal
secretion cytokines and aetiology of infertility. The functions at group centroid provide a
graphical representation of the ability of follicular fluid (blue) or vaginal secretion (red)
cytokines to predict the aetiology of infertility. The model indicates that there are distinct
differences in cytokine expression at each anatomical site for each cause of infertility.

6.4 Discussion

This study has confirmed that cytokine profiles may be useful in predicting IVF
outcomes. We reported that a single cytokine (IL-18) was discriminatory for women
with an idiopathic aetiology of infertility. Previous studies have reported cytokine
profiles for ovarian conditions including endometriosis and polycystic ovary
syndrome (Amato et al., 2003, Fasciani et al., 2000, Hill, 1993). In this study, we

have confirmed previous findings but in addition, we have compared cytokine
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profiles of women with microbial colonised and contaminated follicular fluid and

different causes of infertility, with their IVF outcomes.

This study identified unique follicular fluid and vaginal secretion cytokine levels in
women with idiopathic infertility (Table 6.2). In a study of women with idiopathic
infertility, Spandorfer et al. (2001) reported elevated levels of IL-1 B and IL-8 in
cervical secretions from women with bacterial vaginosis but they found no
correlation between altered vaginal flora and IVF outcomes: this may be because
women received prophylactic antimicrobial treatment following oocyte retrieval. We
detected these same cytokines (IL-1 B and IL-8) and in addition IL-6 and IL-10, in
vaginal secretions and IL-6, IL-10 and IL-18 within follicular fluid from women with
idiopathic infertility. IL-18 (previously known as interferon inducing factor) was a
discriminating cytokine detected only in the follicular fluid of women with idiopathic
infertility in this study. This suggests that there may be a pathological cause for this
infertility. Kilic et al. (2009) examined IL-18 as a marker of adverse IVF outcomes
and not a predictor of idiopathic infertility. They reported a negative correlation
between the levels of follicular fluid IL-18 and oestradiol in a subset of obese women
with idiopathic infertility. More recently, excessive oestradiol levels reportedly
inhibit the expression of IL-18 within the endometrium (Ashworth et al., 2010). IL-
18 levels were found to be higher in the uterine flushings of women with idiopathic
infertility when compared to women undergoing IVF for male or tubal factor
infertility (Oger et al., 2009). Therefore, it appears that there is a similar relationship
between IL-18 and oestradiol within both the ovary and the endometrium. IL-18 has
also been identified in genital tract infections. Hook et al. (2005) demonstrated that

elevated levels of both IL-12 and IL-18 acted synergistically to produce the
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necessary IFN vy response required to clear genital tract infections caused by
Chlamydia trachomatis and in addition, bacterial vaginosis in women with idiopathic
infertility was also associated with significantly higher levels of cervical IFN y. IL-
18 has also previously been reported within the semen of infertile men with a history
of genital tract infection. However, it was not associated with any alterations in
semen andrology parameters (Matalliotakis et al., 2006). Together, these reports
suggest that IL-18 may be a marker of asymptomatic genital tract infection, which in

infertile couples may have been classified as idiopathic infertility.

IL-18 also appears to be an integral cytokine in the establishment of a successful
pregnancy. In previous studies, the ratio of IL-15 and IL-18 to tumour necrosis factor
weak inducer of apoptosis was found to be a key factor in uterine receptivity at the
time of embryo transfer, rather than the normalised values of each of these cytokines
(Ledee et al., 2011, Petitbarat et al., 2010). Together, these observations suggest that
both the follicular fluid and the endometrial IL-18 expression may play an integral
role in the establishment of a successful ongoing pregnancy. Cytokine screening of
vaginal secretions and follicular fluid specimens during an IVF treatment cycle may
therefore offer rapid, valuable immuno-modulatory information, in addition to the
standard morphological assessment of embryos. Cytokine profiles related to
successful IVF outcomes may further inform the selection of good quality embryos

for transfer to the uterus.

The inactive precursor of IL-18 is reportedly expressed in various cell types
including macrophages. The inactive pro-1L-18 is cleaved by caspase-1 or proteinase

-3 to form the biologically active mature IL-18 (Orengo et al., 2011). In addition to
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IFN vy induction, the pro-inflammatory characteristics of IL-18 also result in
enhancement of T and NK cell maturation, cytokine production and cytotoxicity.
The chemotactic activity of IL-18 may be a reason for the large number of lymphoid
cells within the ovary. Cells from the white cell lineage including monocytes,
macrophages, lymphocytes, neutrophils and eosinophils have been described within
ovarian tissues (Norman and Brannstrom, 1996). Of these, macrophages and
monocytes account for 5-15% of the cell types within follicular fluid (Loukides et
al., 1990) and as a result many studies have investigated the role of follicular fluid
cytokines on the physiology of reproduction and IVF outcomes. Macrophages are
present in ovarian tissues and are activated during an immune response to pathogens.
These immune effectors also play a significant role in homeostasis via cytokine
production and secretion (Gordon and Rowsey, 1999). During an endometrial cycle,
the secretion of inflammatory (IL-1, IL-6, TNF a) and anti-inflammatory (IL-10)
cytokines and growth factors in endometrial tissues facilitate cellular proliferation
and angiogenesis (IL-6, IL-8, VEGF) necessary for the cyclical changes from the
proliferative (follicular) through to the secretory (luteal) phase, in preparation for
implantation and ongoing pregnancy (Wu et al., 2004). Similarly, macrophages
control events within the ovarian follicles and have been detected within the ovary in
fluctuating numbers throughout the menstrual cycle (Brannstrom et al., 1994).
During follicle growth, macrophage numbers within the ovary proliferate and
localise to dominant (maturing) follicles (Wu et al., 2004), secreting cytokines to
stimulate cellular proliferation (IL-1 a, IL-1 B), follicular growth, steroid hormone
production and secretion (IL-2, IL-6, LIF, TNF o) and the suppression of apoptosis
(IL-1 B) (Richards et al., 2002). An increase in macrophage numbers within the

ovarian theca just prior to ovulation also results in the secretion of proteases and
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cytokines thought to be essential for ovulation to occur (Brannstrom et al., 1995,
Tadros et al., 2001). Furthermore, the formation and regression of the corpus luteum
is modulated by macrophage-secreted cytokines, those associated with angiogenesis
(Sunderkotter et al., 1994) and increased production of progesterone (Chen and

Peng, 2000).

Natural killer cells are also present in high numbers within follicular fluid collected
at the time of trans-vaginal oocyte retrieval and are capable of modulating cytokine
expression (Krizan et al., 2009). An alteration in the level of immune-regulatory
follicular fluid natural Killer cells and natural killer T cells has been correlated with
IVF outcome (Fainaru et al., 2010, Krizan et al., 2009). This may suggest that
women with impaired natural Killer cell function may have an impaired follicular
fluid cytokine profile and also an impaired ability to respond to viral challenges and
this may further contribute to their infertility. It should be noted, however, that the
follicular fluid cytokine regulation by natural Kkiller cells would remain unaltered in

response to bacteria.

Alterations in the cytokine levels and profiles have been reported in follicular fluid
and ovarian tissue for women with endometriosis (Fasciani et al., 2000), polycystic
ovary syndrome (Amato et al., 2003), premature ovarian failure (Hill et al., 1990)
and ovarian cancer (Pisa et al., 1992). This current study confirmed the association
between four follicular fluid cytokines (IL-6, IL-8, IL-10 and GCSF) in women with
endometriosis and also three vaginal fluid cytokines (IL-1 B, IL-8 and 1L-10) (Table
6.1) previously reported in women with an aetiology of infertility of endometriosis

(Fasciani et al., 2000, Salmassi et al.,, 2005, Van Blerkom et al., 1997).
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Endometriosis is an inflammatory condition involving the ectopic development of
transplanted endometrial tissue (Speroff and Fritz, 2005). This tissue has potent
angiogenic properties with the ability to progress and infiltrate many ectopic sites,
and this is modulated by altered functions in immune response cells (Ho et al., 1997).
In women with endometriosis, there is also an increased expression of the cytokines
IL-1 B, IL-6, IL-8 and IL-10 in peritoneal fluid (Ho et al., 1996, Wu and Ho, 2003)
and IL-6, IL-10, GCSF and VEGEF in follicular fluid (Kilic et al., 2007, Pellicer et
al., 1999). IL-6 (Motro et al., 1990) and IL-8 (Koch et al., 1992) have also been
reported in association with angiogenesis when cytokine expression levels were
correlated with the growth of new vasculature, endometrial cells, ectopic
endometrium (Arici et al., 1998) and disease severity (Gazvani et al., 1998). High
levels of angiogenic factors (VEGF (Fig 6.2), 1L-6 and IL-8 (Fig 6.2 and Table 6.2))
reported within follicular fluid in this current study are further evidence of the

angiogenic activity surrounding the ovarian follicles.

In this study, women with polycystic ovary syndrome demonstrated increased
expression of follicular fluid cytokine levels of IL-8 and vaginal fluid cytokine levels
of IL-8 and GCSF. Whilst these same patterns of cytokine expression have
previously been reported for women with polycystic ovary syndrome (Amato et al.,
2003), others found no detectable differences between cytokines when comparing
women with polycystic ovary syndrome to those without polycystic ovaries (Jasper

and Norman, 1995, Pellicer et al., 1999).
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Ge and You (2008) demonstrated expression of an IL-17 receptor in oocytes, but the
function of this cytokine in the ovary is not known and in this current study IL-17

was not detected within follicular fluid.

This chapter reported the presence of cytokine profiles, which were associated with
adverse IVF outcomes including decreased fertilisation rates and decreased embryo
transfer rates and we propose that the cytokine profiles were generated in response to
the colonising or contaminating bacteria present within follicular fluid. The cytokines
we detected within follicular fluid and vaginal secretion specimens, which were
associated with fertilisation and embryo transfer outcomes were from both the pro-
inflammatory (IL-6, IL-8, IL-12p40, LIF, IFN y and IL-18) and anti-inflammatory
(IL-4, 1L-10, GCSF) cytokine groups (Tables 6.1 and 6.2). However, it is interesting
to note that none of the follicular fluid specimens tested in this study appeared
infected on gross examination. Similarly, women with bacterial vaginosis and
idiopathic infertility most frequently have no symptoms of infection but demonstrate
an altered cytokine profile in their cervical secretions (Cherpes et al., 2008).
However, the overall pro-inflammatory to anti-inflammatory cytokine balance in
women with asymptomatic bacterial vaginosis remains unchanged and it has been
proposed that the balanced immune response may be responsible for the lack of
symptoms (Cherpes et al., 2008). Therefore, in this study we have demonstrated that
infertile women without any pathological symptoms have altered follicular fluid

cytokine profiles, which were associated with adverse 1VF outcomes.

It is proposed that the alteration in the immune response in women with colonised

follicular fluid may be a previously undescribed cause of infertility. Data presented
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in this chapter suggests that (1) cytokines are expressed at different site-specific
levels in the genital tract (vagina and follicular fluid), (2) genital tract cytokines may
be biomarkers of the aetiology of infertility, (3) IL-18 may be a useful diagnostic for
couples with idiopathic infertility, (4) a vaginal secretion cytokine profile may
predict successful fertilisation and (5) a follicular fluid cytokine profile may be a
useful predictor of fresh embryo transfer in an IVF cycle. The identification of a
cytokine profile, which predicts adverse IVF outcomes including failed fertilisation,
failed embryo transfer, failed conception or early pregnancy loss may lead to the
development of targeted therapy to modulate the immune response within the upper
genital tracts of these women, which may potentially improve IVF pregnancy

outcomes.
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Chapter 7: General Discussion

7.1  Major findings of this thesis

1. Microbiological culture methods were used to demonstrate that
approximately 30% of human follicular fluid specimens are colonised by a
diverse range of microorganisms. In these women, the microflora of follicular
fluid and vaginal mucosa varied. Women with colonised follicular fluid had
decreased fertilisation rates, embryo transfer rates and pregnancy rates when
compared to women with follicular fluid contaminated by vaginal

microorganisms.

2. The propensity of many species isolated from follicular fluid to form biofilms
in vitro offers a mechanism by which such microorganisms can persist within
follicular fluid despite its antimicrobial properties. Follicular fluid was able to
support microbial growth of numerous species for an extended period up to

28 weeks.

3. The host’s immune response, measured by cytokine expression in this study,
identified site-specific cytokine profiles for the follicular fluids from the UGT
and vaginal secretions from the LGT in both fertile and infertile women. A
vaginal secretion profile, which may be useful for predicting successful
fertilisation was identified, as was a follicular fluid profile, which may be
useful for predicting successful embryo transfer. Elevated follicular fluid IL-
18 and decreased IL-10 levels were found to be significantly associated with
idiopathic infertility. Colonising bacteria were associated with elevated
follicular fluid VEGF levels, and both were associated with infertility due to

endometriosis.
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Table 7.1 Major findings of the thesis

Thesis chapter Major findings Reference

Follicular fluid may be
(1) colonised or Tables 4.2, 4.6 and 4.13
(2) contaminated

Colonised follicular fluid is
associated with adverse IVF Tables 4.5, 4.6, and 4.8
outcomes

Microbial load is not the most
significant factor in adverse Table 4.4
IVF outcomes

Some follicular fluid
microorganisms are
opportunistic pathogens
associated with adverse IVF

outcomes

Table 4.8 and 4.12
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Bacteria detected in
follicular fluid can form
biofilms in vitro

Tables 5.1, 5.2 and 5.3
Figures 5.1 and 5.2

Chapter Five

Follicular fluid supports the
long term growth of pp 155
microorganisms

Colonisation of follicular
fluid is related to adverse IVF
outcomes

Table 6.1 and 6.3
Figure 6.7

IL-18 may be a diagnostic
marker for idiopathic Tables 6.1
infertility

A follicular fluid cytokine
profile can predict successful
embryo transfer

Tables 6.1 and 6.3
Figures 6.4 and 6.6
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7.2 Discussion

Follicular fluid from asymptomatic women often was not sterile and contained a
diverse range of microorganisms. These microorganisms were either colonisers or
contaminants from the LGT. The presence of colonising microorganisms in follicular
fluid appeared to be related to adverse IVF outcomes. Whilst progress has been made
in increasing IVF fertilisation rates in infertile couples, this has not translated to
similar levels of successful pregnancy outcomes (Wang et al., 2010). Previous
studies have investigated causes of unsuccessful 1VF treatments, and have identified
microorganisms present in both male and in female UGTs and LGTs (as
opportunistic pathogens from the normal regional flora, contaminants or STIs)
(Benchaib et al., 2003, Borini et al., 2006, Eckert et al., 2003, Egbase et al., 1996,
1999, Fanchin et al., 1998, Henkel et al., 2004, Moore et al., 2000). Our studies have
confirmed previous reports that the female upper genital tract is not a sterile site

(Moller et al., 1985, Spence et al., 1982, Viniker, 1999).

The process of trans-vaginal oocyte retrieval for IVF is a procedure by which
contaminating microorganisms may be introduced into follicular fluid. However,
infection following trans-vaginal oocyte retrieval is rare, and previous studies
assumed that the vagina was the source of bacteria even though the same species
were not always isolated from the corresponding needle flush (media flushed through
the oocyte retrieval needle at the end of the collection) (Cottell et al., 1996).
Therefore, despite the identification of bacteria in human follicular fluid over a
decade ago, previous investigations failed to define ‘colonising’ species in this fluid
(Cottell et al., 1996). Another study correlated the presence of follicular and

peritoneal fluid microorganisms with pelvic infection following laparoscopic tubal
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embryo transfer (Saltes et al., 1995) and the authors concluded that the
microorganisms present in these fluids had no affect on pregnancy rates, nor were
they associated with pelvic infection (Saltes et al., 1995). Consequently, previous
investigations on small numbers of samples perhaps too quickly discounted follicular

fluid as a source of adverse reproductive health outcomes.

This study characterised the microflora in follicular fluid specimens collected from
262 women (undergoing fully stimulated IVVF cycles) at the time of trans-vaginal
oocyte retrieval and found that the presence of colonising bacteria in follicular fluid
was associated with adverse IVF outcomes. The microflora was diverse, similar to
that reported for the vaginal and oral mucosa of women after microbiological culture
(Srinivasan et al., 2009), and contained predominantly lactobacilli, and several other
prevalent bacterial species including Bifidobacterium spp., Staphylococcus spp.,
Actinomyces spp., Propionibacterium spp., Peptostreptococcus spp. , Streptococcus
spp. , and enteric bacteria, were also detected. We acknowledge that the vagina may
not be the only source of the contaminating microorganisms detected in the follicular
fluids tested in this study; however, our definition worked within the limitations of
the oocyte retrieval technique (trans-vaginal) routinely employed at Wesley Monash
IVF, therefore, we have reported ‘colonised’ follicular fluid only when the same

microbial species were not also detected in parallel testing of the vaginal secretions.

In addition to identifying microorganisms present within follicular fluid, this study
concluded that colonisation was not related to the primary cause of infertility.
Pathogenic bacteria were identified as colonisers of follicular fluid, in both fertile

and infertile women, suggesting that colonising microorganisms in follicular fluid
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were not restricted to infertile women. This finding may explain the conservative
natural conception rate, which remains around 30% per ovulatory cycle (te Velde and
Cohlen, 1999). Follicular fluid colonisation by opportunistic or pathogenic
microorganisms may also be an explanation for the reproductive health issues
experienced by couples diagnosed with idiopathic infertility. Moreover,
microorganisms colonising follicular fluid may be transferred to the uterine tubes,
the uterus or the peritoneal cavity following (i) ovulation in natural cycles, or (ii)
ovarian puncture for IVF. This may lead to latent infections such as salpingitis, PID
or tubo-ovarian abscesses (Bennett et al., 1993, Sharpe et al., 2006, Tureck et al.,
1993) or acute infection during pregnancy (which represents an

immunocompromised state) or post-partum.

The oocyte retrieval procedure may puncture an in vivo ovarian follicular fluid
biofilm, resulting in translocation of a biofilm portion to another site where this
smaller community can begin to establish a new biofilm. Identification of the
microbial species present in follicular fluid in infertile women who have repeated
failed IVF attempts or early pregnancy losses may inform antimicrobial treatment
and lead to improved outcomes in subsequent cycles. The translocation of a
follicular fluid biofilm may result in different reproductive outcomes compared to the
translocation of planktonic bacteria, because of the altered growth characteristics
observed in sessile bacteria. The controlled and often low levels of metabolic activity
of sessile bacteria within biofilms may result in persistence of some species and
long-term activation of the host immune response. This type of growth may lead to
alterations in the genital tract secretions in response to changes in the host cytokine

expression or molecular signals between species within the biofilm.
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Interestingly, in this study, a greater diversity of microorganisms was isolated from
the follicular fluids collected from the left ovary than from the right ovary. This was
an interesting observation since literature reports asymmetry between the vasculature
draining the left and right ovaries (Last, 1984). Additionally, throughout the
reproductive lifetime, in naturally cycling women, ovulation occurs more frequently
in the right ovary than the left ovary (Potashnik et al., 1987, Fukuda et al., 2000). In
women undergoing IVF, the response to exogenous hormones is reportedly more
elevated in the right ovary, compared to the left ovary (Lan et al., 2010).
Furthermore, an increased number of oocytes are retrieved from the right ovary and
embryos formed following fertilisation, as well as the development of superior
quality embryos, compared to those formed from oocytes collected from the left
ovary (Lan et al., 2010). However, despite these observations, previous studies have
concluded that the origin of the oocytes (left or right ovary) did not affect the
implantation or pregnancy rates (Lan et al., 2010, Fukuda et al., 2000), but taken
together these findings suggest that the follicular environment plays a significant role

in oocyte and early embryo quality.

Further highlighting the significance of ovarian asymmetry, investigations of ovarian
cancer patients revealed that metastatic disease and a poor prognosis was more
frequently associated with a right sided primary ovarian cancer, than a left ovarian
cancer, as a result of the differences in vasculature and pelvic lymph nodes (Dane et
al., 2008). Together with the observations above, our data suggest that it would be
worthwhile to evaluate further the microflora of the left and right follicular fluids to

determine whether this also results in differences in IVF outcomes.
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Infection and the associated local inflammation occur when the homeostatic balance
between the host, environment and microorganisms is disrupted (Salcido, 2007).
Despite microbial loads ranging from 10° CFU / mL to >10° CFU / mL, no follicular
fluid specimens in this study appeared visibly turbid, however visible turbidity is
observed in other body fluids as a result if these same infection rates and the
presence of white blood cells and bacteria. This suggests that there was little or no
alteration in the immune response to the presence of microorganisms within
follicular fluid possibly due to (1) non-replicating or slow growing microorganisms
or (2) the presence of microorganisms in a protected growth phenotype (dormant or
biofilm). These data suggested that the microbial load alone was not the major
contributing factor in adverse IVF outcomes. Infectious disease studies have
previously reported that the number of microorganisms present, microbial virulence
factors and host resistance combined, determine the extent of adverse outcomes

associated with microorganisms (Edwards and Harding, 2004).

A study of the pathogenesis of the diverse bacteria within follicular fluid revealed an
interesting and significant finding, that microorganisms within follicular fluid formed
biofilms in vitro. Biofilms are ubiquitous and associated with up to 80% of serious
infections in humans (Harro et al., 2010). Mucosal sites in humans are protected by
biofilms comprising the normal regional microflora and cytokines. These sites serve
to prime the immune response, such that there is a level of tolerance to the presence
of the normal microflora. How do microorganisms persist at an anatomical site
believed to be ‘sterile’ or only transiently colonise a postulated hostile environment?
Many studies have concluded that the difference between acute and chronic

infections is the formation of a biofilm (Furukawa et al., 2006). A biofilm leads to
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resistance to not only assault by the host immune response and against antimicrobial
therapy but also against opportunistic infection by other microorganisms (Siddiqui

and Bernstein, 2010, Stewart and Costerton, 2001).

Microbial species detected in follicular fluid developed into mature biofilms over a
period of 10 days. In addition, it was demonstrated that viable microorganisms may
be recovered from follicular fluid incubated at 37° C aerobically for a period of 28
weeks. The fact that microorganisms can survive in a small amount of follicular fluid
without nutritional replenishment or waste removal highlights the potential of
follicular fluid as a microbial growth medium. The ability of microorganisms to
persist for prolonged periods in follicular fluid has serious implications for all
aspects of reproduction. Follicular fluid microorganisms may damage the maturing
oocyte, be transported to the uterus at the time of ovulation, elicit an immune
response causing inflammation and/or scar tissue in the genital tract or infect the
developing foetus, potentially leading to neonatal and /or maternal morbidity or

mortality.

Follicular fluid contains a low level of dissolved oxygen and in this study we isolated
a greater number of anaerobes (70%) than aerobes (30%) from follicular fluid
culture. The concept of colonisation has been well established in studies
investigating wound microflora (Siddiqui and Bernstein, 2010). These studies
perhaps offer a model for understanding the potential impact of microbial
colonisation of human follicular fluid. Wounds represent a hypoxic environment,
often dominated by anaerobic microflora (Landis, 2008). Wound studies have

revealed that the microflora changes throughout the life of the wound and relative to
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microbial synergism. Data from this thesis confirmed that like many other
anatomical sites, the follicular fluid microflora was not static. In the long-term in
vitro culture experiments, the microorganisms changed from polymicrobial to

monomicrobial over time.

Follicular fluid itself contains many components, which can act as substrates for
essential cellular processes including glycolysis (Edwards, 1974). Bacteria may
metabolise follicular fluid macromolecules (carbohydrates, cholesterol etc),
producing by-products such as carbon dioxide, a key metabolite product (Wintermute
and Silver, 2010 a, b). Physiologically, carbon dioxide exists in equilibrium with
bicarbonate through the enzymatic action of carbonic anhydrase, an enzyme present
both in human cells and in bacterial cells (Smith and Ferry, 2000). Therefore, in vivo
bacterial metabolism in follicular fluid may result in alterations in the carbon dioxide
and bicarbonate levels, which would alter the pH and buffering capacity of follicular
fluid, potentially causing oxidative stress to the oocyte. Furthermore, the bicarbonate
ion also ensures that the granulosa cells are separated both from each other and from
the zona pellucida (Zamboni et al., 1965). Following ovulation, the tubal secretions
contain significant levels of carbonic anhydrase, required for the disruption of the
granulosa cells and zona pellucida to allow fertilisation by a spermatozoon
(Mastroianni, 1999). The presence of elevated levels of bacterial carbonic anhydrase
in follicular fluid may also result in early atresia of the oocyte if the cumulus cells
and zona pellucida are degraded, and fertilisation does not rapidly follow. Successful
in vitro manipulation of oocytes, sperm and embryos has depended on the
development of appropriate culture media. Carbon dioxide equilibration of media to

produce optimal pH and bicarbonate buffering (for use outside the carbon dioxide
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incubator) has enabled the necessary manipulation of gametes and embryos in IVF.
Sessile bacteria within biofilms behave in a very different manner to planktonic
bacterial cells, through changes to gene regulation (Jakubovics, 2010, Jakubovics and
Kolenbrander, 2010, Lopez et al., 2010). Bacterial metabolites within follicular fluid
in vivo present two possibilities: (1) bacteria and their metabolic by-products are
detrimental to oocyte quality, through depletion of nutrients including but not limited
to glucose, pyruvte and lactate and/or production of excess carbon dioxide or
bicarbonate, which can result in a damaging pH shift, or (2) ‘slow growing’/dormant
microorganisms, which only minimally deplete nutrients within follicular fluid
causing changes in the pH, which are successfully compensated by homeostatic
buffering within the follicular environment, resulting in no adverse effects or a

potentially beneficial effect.

While many bacterial species (ranging from aerobic, members of the
Enterobacteriaceae, Staphylococcus spp. and Streptococcus spp. to anaerobic species
including Bacteroides spp., Peptostreptococcus spp. and Prevotella spp.) recovered
from follicular fluid were associated with adverse IVF outcomes, Lactobacillus spp.
were associated with successful outcomes. These findings may be related to the
metabolic activity of each individual microbial species. For example, the production
of reactive oxygen species has been associated with oxidative stress and poor oocyte
quality (Tamura et al., 2008). For example, we reported that Lactobacillus spp.
formed mature biofilms in vitro and if this also occurs in vivo, then it may result in
the slower growth and metabolic activity routinely associated with bacteria in

biofilms (Zur et al., 2004). Previous studies have reported that Lactobacillus spp.
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biofilms can also offer protection against opportunistic infection by displacing other

bacterial cells or biofilms (Patterson et al., 2009).

A previous wound study also concluded that microbial colonisation may enhance
wound healing through local inflammation and increased perfusion (Laato et al.,
1988). In this current study, we also found that follicular fluid levels of VEGF, a
potent angiogenic cytokine were elevated in the presence of colonising bacteria. This
supports the hypothesis that the intimate relationship between the constant
remodelling of the ovarian vasculature, (programmed by the body for normal
menstrual cycling) inadvertently results in enhanced transport and survival of
microorganisms in this anatomical niche. Alternatively, the elevated VEGF may
represent an immune response, an attempt to increase perfusion and thus immune cell
numbers within the ovary in response to the damage caused within the ovarian

follicles by microorganisms.

In this current project, it was also demonstrated that the steroid hormones, oestradiol
and progesterone (in culture media in concentrations achieved in the follicular fluid
from women undergoing IVF) were capable of modulating the growth in vitro of
microorganisms isolated from follicular fluid. Therefore, fluctuations in genital tract
hormone levels, as part of the menstrual cycle, or the establishment of a pregnancy,
may provide nutrients that allow microorganisms in follicular fluid or the UGT to
proliferate. Previous studies have confirmed that there is a relationship between the
prevalence of microbial species and the stages of the menstrual cycle. It has been
concluded that many infections appear to be steroid hormone dependent (Sonnex,

1998). Women undergoing ovarian hyperstimulation for trans-vaginal oocyte
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retrieval and IVF share the same menstrual cycle pattern as women who conceive
naturally, however the genital tract steroid hormone concentrations in these women
are significantly elevated due to the increased number of mature ovarian follicles,
which stimulate hormone production. This may suggest that microorganisms that are
particularly sensitive to steroid hormones as growth factors or inhibitors would either
be enhanced or reduced in women who conceive during the stimulated cycle. In
subsequent cycles, where frozen embryos are transferred and the menstrual cycle
more closely mimics that of fertile women, when only a single dominant follicle

exists, then the microflora may be similar between the two groups.

One bacterial species that was not dependent on hormones for in vitro growth was E.
coli. In this study, E. coli isolated from follicular fluid did not form biofilms. The
hormonal stimulation protocols used for the maturation of multiple oocytes for IVF
may contribute to the modulation of the follicular fluid microflora in vivo by
promoting or inhibiting microbial growth of hormone-dependent species. A high
level of oestradiol reportedly inhibits the attachment of E. coli to cells in vitro and
may explain the increased isolation of E. coli from the genital tracts of post-
menopausal women, who are not receiving treatment with exogenous oestrogen
hormone replacement therapy (Raz, 1993). Similarly, genital tract infections caused
by some microbial species are more frequently diagnosed at specific stages of the
menstrual cycle (Sonnex, 1998). High levels of progesterone are secreted from the
corpus luteum following ovulation to maintain the uterine environment in readiness
for pregnancy. In IVF, exogenous progesterone is prescribed as luteal support and
may promote delayed regression of the corpus luteum, potentially maintaining

microorganisms within the follicle for weeks. Microorganisms that either utilise, or
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are inhibited by oestradiol or progesterone may be particularly susceptible to the

follicular fluid environment (Lactobacillus spp., Bacteroides spp., E. coli).

In this study, cytokine profiles were identified, which may be useful for predicting
whether IVF fertilisation will occur and/or whether subsequent embryo transfer will
be successful. Increased levels of IL-1 a, IL-1 § and VEGF (Table 6.1) in vaginal
secretions were associated with successful fertilisation, and may potentially be used
to predict this outcome. A follicular fluid cytokine profile (elevated levels of IL-6,
IL-12p40, GCSF and IFN y) (Table 6.1) was also shown to be associated with
successful embryo transfer, suggesting its potential in predicting embryo transfer.
These findings further support the use of cytokine detection to monitor treatment and

predict IVF outcomes.

Semen primes the genital tract, stimulating an inflammatory response necessary for
successful fertilisation and implantation (Robertson et al., 2009). This may explain
why a vaginal cytokine profile at the time of hCG induced ovulation may predict
fertilisation outcomes. The ability to predict successful fertilisation using a vaginal
swab offers a non-invasive screening tool, which clinicians may potentially use for
women trying to conceive naturally or prior to commencement of an IVF cycle. The
result may aid in determining, which couples would need/benefit from IVF or more
specifically ICSI fertilisation to conceive. In contrast, successful embryo transfer was
correlated to a follicular fluid cytokine profile, which may suggest that the follicular
environment should be further evaluated with respect to the impact on oocyte quality

and embryos.
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Currently, the IVF scientists select the embryo that has the best morphological
grading for transfer to the uterus in each IVF treatment cycle (Boiso et al., 2002).
Additional information available regarding the chance of successful transfer for any
given embryo may reduce the number of failed cycles. In this study, we have
identified cytokine profiles associated with successful fertilisation and successful
embryo transfer. Therefore, based on a cytokine profile of follicular fluid and/or
vaginal secretions, the clinician may be able to provide counselling to patients in
cases where the outcome is likely to be negative (failed fertilisation or failed embryo
transfer) so that they can make an informed decision about whether/or how to

proceed.

This is the first study to identify a single cytokine, IL-18 predictive of idiopathic
infertility. This finding warrants further investigation and may be useful in
determining the pathogenesis of idiopathic infertility. The cytokine response for
females with idiopathic infertility, as expected was site-specific, differing between
the follicular fluid and vaginal secretions. What was surprising was that the presence
of microorganisms in follicular fluid did not result in the production of cytokines
characteristic of an overt pro-inflammatory response (Dinarello, 2000). Future
studies should focus on specific cytokine profiles produced in response to bacterial
species at each of these genital tract sites to correlate IVF outcomes with genital tract

flora and the immune response.

‘Fertile” women (the cohort with infertile male partners) did not have (1) lower levels
of follicular fluid colonisation (27%) compared to infertile women (29%), or (2) less

adverse ART outcomes compared to infertile women with colonising bacteria in
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follicular fluid. What is the natural reservoir of colonising species? The high levels
of VEGF associated with follicular fluid colonisation would support haematogenous
dissemination and seeding of microorganisms from other anatomical sites. Oral and
vaginal microflora from the female and oral flora from the male partner have been
isolated from chorioamnionitis cases (Srinivasan et al., 2009). Furthermore,
respiratory tract infection and gastrointestinal tract flora have also been isolated from
tubo-ovarian abscesses (Goulet et al., 1995b, Hartmann et al., 2009, Kepkep et al.,
2006). Something as simple as brushing one’s teeth has been associated with adverse
pregnancy outcomes including pre-term birth (Han, 2011). Due to the extensive
ovarian vasculature, the microorganisms detected within the follicular fluid may
travel from anywhere in the body. The follicular fluid microflora can affect the
developing oocyte prior to collection for IVF; and have potentially devastating
effects on fertility, causing damage to oocytes and resulting in poor quality embryos
and pregnancy loss or complications. It is time to consider asymptomatic

microbial colonisers of follicular fluid as contributors to adverse IVF outcomes.

The novel findings reported in this thesis, demonstrated that follicular fluid contains
a diverse range of microorganisms and a site-specific cytokine profile, which were
associated with adverse IVF outcomes offers hope to infertile couples. A better
understanding of the individual microflora of the UGT and their effect on oocytes
may lead to earlier intervention by clinicians, the refinement of fertility treatment and
a reduction in the impact of microorganisms on IVF outcomes. Identification and
control of deleterious microorganisms within follicular fluid may reduce the need for

IVF for some couples.
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7.3 Future directions

What remains to be established is the effect of the presence of the microbial species
detected in follicular fluid on oocyte quality. The cumulus oocyte complex is bathed
in follicular fluid for an extended period (at least 7-10 days) during in vivo
maturation. Microorganisms within a follicle or their toxins (hyaluronidases,
proteases, lipases) and/or their metabolites, may affect the oocyte itself, the oocyte
DNA or the cumulus cells that supply nutrition to the oocyte. Furthermore, we have
shown that gentamicin, the antimicrobial routinely used in IVF culture media, does
not affect a number of the species (Corynebacterium spp. and anaerobes) that have
been isolated from follicular fluid (Results not shown). Antimicrobial prophylaxes
are administered to some women (depending on the clinician) at the time of trans-
vaginal oocyte retrieval. Whilst this may prevent post-operative infection, this
treatment would be too late to prevent damage to the oocytes, which have already
matured within the colonised in vivo environment. The results of this study have
shown that the presence of colonising microorganisms with follicular fluid was
associated with adverse IVF outcomes. Oocytes bathed in microorganisms and their
metabolites may result in poor quality embryos, low implantation rates, early

pregnancy losses or preterm birth.

The knowledge that we now have, that follicular fluid can be colonised by a diverse
range of microorganisms may lead to routine screening of follicular fluid and, if
warranted, antimicrobial treatment of women with repeated failed IVF attempts prior
to subsequent trans-vaginal oocyte retrievals. Furthermore, an understanding of the
level of biofilm formation and persistence may lead to further research into probiotic

supplements to allow disruption of pathogenic biofilms associated with adverse IVF
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outcomes. Supplemental probiotic Lactobacillus spp. has been trialled in IVF
patients with no positive improvements; however, the species were not the prevalent
genital tract species, but instead were those more predominant within the
gastrointestinal tract. A previous study treating women with bacterial vaginosis with
probiotic Lactobacillus spp. (L.iners, a species infrequently reported as genital tract
normal regional flora), did report reversion of the vaginal flora to a healthy
Lactobacillus spp. dominant form following treatment. This suggests that probiotics
require further investigation as a potential non-invasive primary treatment or

adjuvant to traditional therapy.

Based on the results of this study the development of a suite of real-time PCR assays
to identify rapidly the most prevalent species detected within follicular fluid will be
developed. This information will assist clinicians in the management of IVF patients.
This area of research should now also focus on the characterisation of the virulence
mechanisms of the most prevalent microorganisms isolated from follicular fluid in
order to more adequately understand how individual, or combinations of species can
lead to adverse IVF outcomes, including decreased fertilisation, poor quality

embryos or early pregnancy losses.

Intravenous immunotherapy has reportedly resulted in the successful treatment of
infertile women with repeated spontaneous miscarriage or anti-sperm antibodies
(Scarpellini and Sbracia, 2009, Toth et al., 2010). The identification of altered
cytokine levels within follicular fluid, related to adverse IVF outcomes may offer
another opportunity for clinical intervention. Macrophage polarisation assays

performed on cells isolated from follicular fluid, would be useful to determine
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whether the cytokine response is the ‘normal’ inflammatory response associated with
ovulation and the menstrual cycle, or whether cells recruited to the follicular fluid are
there in response to the microorganisms. Animal studies using knock-out models or
intravenous injections of cytokines identified in this thesis may be useful for
investigating the potential of immunomodulation, during either folliculogenesis or
during the pre-implantation period. In addition, polarisation assays may identify
further targets. The exogenous introduction of either cytokines or immunoglobulins
into the systemic circulation may provide rapid and effective treatment for women

with an inappropriate localised immune response.

Metabolomics is a rapidly growing area of research. Metabolomic profiles have
recently been published for follicular fluid and also embryos in culture (Katz et al.,
1992, Pinero-Sagredo et al., 2010). Investigations of in vivo culture media in relation
to the follicular fluid microflora may be useful in determining, which microbial
species result in significant alteration to key biological components such as glucose,

pyruvate, lactate and other members of the carbon cycle.

At Wesley Monash IVF, all oocyte retrievals are performed per vagina. We note that
the sampling method may introduce microorganisms into the follicular fluid at the
time of oocyte collection. In this current study, only the follicular fluids from the
largest most accessible follicles in both the left and/or right ovary were cultured to
detect microorganisms. However, more recently in our laboratory, we have cultured
the separately pooled follicular fluids collected from all follicles in the left and right
ovaries and we have demonstrated that for 35% of women, the microorganisms

present within the largest follicle are the same as those collected from other follicles
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within the same ovary (J. Harris, Personal communication.) This further supports the
proposal that the adverse outcomes demonstrated in this thesis are due the presence
of colonising bacteria within the follicular fluid. We would suggest that in future
studies, collection of follicular fluid at the time of operative laparoscopy would be

useful to confirm the findings reported in this study.

Further information regarding the novel findings from this project, the follicular fluid
microflora and its impact on IVF outcomes may result in (1) the selection of the
most appropriate ART treatment protocols for couples, (2) targeted prophylactic
treatment prior to oocyte retrieval, (3) changes within the work flow of the ART
laboratory, (4) tracking of oocytes from the left and right ovary, and (5) correlations
of conventional morphological analyses /selection of oocytes with the presence of

colonising bacteria.

This study has extended our knowledge of microflora and cytokines the follicular
fluid in fertile and infertile women undergoing IVF treatment cycles. We have shown
that the collection of follicular fluid, a specimen that is routinely discarded as part of

an IVF cycle offers a significant opportunity to address IVF failures.
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Appendix 1. Host defense proteins expressed in the male reproductive tract

(Adapted from Hook et al., 2002)

Host defense proteins expressed in the male reproductive tract

Functicns
Protein Sites of Expression Known Proposed
Mucins Testis epididymis, prostate Maobile barrier to prevent entry of bacteria, Bind and remove pathogens from the male
viruses, toxins reproductive tract
B-Defensins Testis, epicidymis, prostate, seminal Kill Staphylococcus, Enterococcus, Esche- Sperm and epithelial protection
vesicle richia coli, Candida, chemotaxis
Cathelicidins Epididymis, neutrophils Kill Staphylococcus, E. coli, Pseudomonas: Epithelial cell protection, mobile cefense
chemotaxis, sperm-binding system in male and female reproductive
tracts
Bin1b/HE2 Epididymis Kill £, coli; sperm binding Antimicrobial protection of sperm in male
and femaie tracts
ag-Macroglobulin Sertoli calls Nonspecific inhibition of marmmalian Inhibition of microbial proteases

Secretory leukocyte protease
inhibitor

Cystatin C

Male reproductive cystatins
Tear lipocalin

Lung surfactant

Protein D (SP-D)
Lactoferrin

Lysozyme
Tol-like receptors

NOD1, NOD2

Epididymis, prostate, seminal vesicles

Sertoli and germ cells, epididymis,
prostate, seminal vesicles

Testis, epididymis

Germ celis, prostate

Testis, prostate

Epididymis

Testis, epididymis, prostate
Testis, prostate

Teslis

proteases

Inhibition of elastase, cathepsin G, and
proteases of Aspergilils, inhibition of viral
Infection, kill £. coli and Staphyiococcus

Inhibition of mammalian cathepsins,
inhibition of group A streptococcal
cysteine protease

Unknown

Bind and transport small hydrophaobic
molecules

Limit fung infection by E. colf

Salmoneila, Haemophiius, Pseudomonas,
Pneumocystis, Asperglilus, chemolactic
for phagocytes

Nutrient sequestering inhibits infection by
bacteria, fungi, and viruses

Bacterial lysis

Cell surface mediators of intracellular re-
sponses to pathogens

Intraceliular pathogen recognition receptors

Antimicrobial action in the male reproduc-
tive tract

Antimicrobial action in the male tract; inhi-
bition of microbial proteases

Antimicrobial action in the male reproduc-
tive tract
Host defense in the male reproductive tract

Protection of the male tract against
bacteria and fungi andrecruitment of
phagocytes

Antimicrobial protection of sperm in male
and female tracts

Bacterial lysis in the maie tract

Mediate induction of antimicrobial peptides
in response to microbial invasion

Mediate induction of defense pathways in
response to viral, bacterial and
eukaryotic pathogens
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Appendix 2. Diagram outlining ‘flare’ hormonal stimulation protocol for trans-vaginal oocyte retrieval procedure and embryo transfer

Ultrasound _Oocyte

- & & Retrieval Pregnancy Test
/I/ /// Transfer
AAMMCRATIARENE

T
/ Progesterone

P
(Serono International, 2006)
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Appendix 3. Diagram outlining the trans-vaginal oocyte retrieval procedure

Oocyte Retrieval

(Serono International, 2006)
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Appendix 4. Diagram outlining the embryo transfer procedure

(Serono International, 2006)
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Appendix 5. Microbiological culture data for the cytokine sub-cohort of 71 women

Colonised Contaminated Male factor Endometriosis Polycystic Genital Idiopathic
(fertile women) ovary infection
syndrome

Actinomyces species + + - + + + + + + - - - - - - + + + + + -

Bacteroides spp. - - + + + + - - - + - + - - - - - + - I
Bifidobacterium spp. 2 - - + + + + + + + + - + + + + + + + + -+
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C. glabrata

Clostridium butyricum

Corynebacterium spp. - - + + + + - - + - - - - + + + - + - - -

Escherichia coli - - + + - + - - + - - + - - + + + + - R +

Egghertella lenta - - + + - + - - + - - - - - + + - + + -+

Gemella spp.

L. crispatus - - + + - + + + + + + + + - + + + + + + o+
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L. iners - + - - - - - - - - - - - + - R R R R R .

Propionibacterium acnes - - + + + + - + + + - + - + + + + + + + o+

P. granulosum + + - - - - + + - - - - - + - + - - R R -

Prevotella disiens + - - - - + - - + - - - - - + + - - R R -

Peptinophilus + + - + - + + - + - - - + - + + + - - - -

asaccharolyticus

Staphylococcus spp. + - - + + + - - + - + + - - + + - + + - -

S. epidermidis - - + + + + - - + - - + - - + + + + + + o+
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Streptococcus spp. - - + + + + - - ¥ - B B - - ¥+ - - B S

S. viridans - - + + + + + - + - - - + - + + + + . -+
Total number of 14 7 22 33 21 38
different species

detected
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