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Abstract

Infertility is a common diagnosis for people globally. One treatment for infertility
is in vitro fertilisation (IVF), where oocytes are collected, fertilised in vitro, and then
transferred back into the uterine cavity to implant into the endometrium. Currently, in
Australia and New Zealand, 33.1% of fresh embryo transfers achieve a clinical
pregnancy, and 25.9% of fresh transfers achieve a live birth. This is an improvement on
the initial IVF success rates, but these numbers have shown little change over the last 10
years. This is of concern as IVF is a costly and physically and mentally challenging

procedure for patients.

With the introduction of next-generation sequencing, the endometrial microbiome
has been profiled, and different compositions of bacteria have been associated with IVF
outcomes. Lactobacillus dominance is associated with successful outcomes such as
clinical pregnancy and live birth. Whereas, diverse polymicrobial profiles are associated
with poor outcomes, including implantation failure. Thus, this project aimed to
investigate the factors involved in the relationship between IVF outcome and microbiome
composition. This was done by incorporating microbiota-associated metabolites in cell
culture models to determine the impact of metabolites on the development of receptivity,
the endometrial immune response, and embryo implantation. Lactic acid isomers were
used to represent Lactobacillus, and acetic and succinic acids were used to represent

diverse bacteria.

L-lactic acid, representing Lactobacillus, reduced endometrial epithelial cell

migration. D-lactic acid and acetic acid reduced the expression of tight junction protein
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ZO-1 in epithelial cells. Treatment with the metabolites also reduced the expression of
genes involved in the development of receptivity include 7TGFBRI. This suggests that
metabolites could affect processes like the epithelial-to-mesenchymal transition which
are required for receptivity. Interestingly, L-lactic acid decreased the secretion of pro-
inflammatory cytokines in endometrial epithelial cells. On the other hand, D-lactic acid
increased the secretion of IL-6, IL-8, and IL-10 in NK cells, which may be beneficial for
controlling embryo invasion and developing maternal tolerance. Furthermore, media
conditioned by NK cells treated with metabolites reduced spheroid attachment to
epithelial cells, suggesting the metabolites could adversely affect the interaction between
innate immune cells and endometrial epithelium. This study has shown that microbiota-
associated metabolites are capable of impacting important factors in the development of

receptivity, the immune status of the endometrium, and embryo implantation.
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1 Literature Review
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1.1 Menstruation, conception and implantation

1.1.1 The structure of the female reproductive tract and menstruation

The female reproductive tract is divided into two sections: the lower and upper
reproductive tract. The lower reproductive tract is comprised of the vagina and cervix
(Figure 1). The vagina is lined by a mucosal layer of non-keratinised stratified squamous
epithelium and has underlying layers of fibrous connective tissue and indistinct smooth
muscle [1]. The cervix sits at the top of the vaginal canal, connecting the vagina to the
uterus. It is lined by simple columnar epithelium and cervical glands [1]. The upper
reproductive tract includes the uterus, uterine cavity, fallopian tubes and ovaries (Figure
1). The uterus is made of three layers of tissue. The outermost is the perimetrium,
consisting of mesothelium, and loose connective and elastic tissue [1]. The intermediate
layer, or myometrium, consists of three defined layers of smooth muscle [1]. The
innermost layer is the endometrium, which consists of the stratum functionalis and the
stratum basalis. The stratum functionalis consists of simple columnar epithelium, glands,
stroma, and blood vessels. The stratum basalis is beneath the stratum functionalis and is
a much thinner layer of regenerative tissue. The fallopian tubes extend from the uterus
and are lined with ciliated and non-ciliated simple columnar epithelium [1, 2]. The ovaries
contain follicles surrounded by germinal epithelium and connective tissue. The follicles

develop and are released from the ovary during ovulation [2].
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Figure 1. The female reproductive tract. Adapted from BiorRender. Female
reproductive system anatomy. 2025 Available from:
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The endometrium undergoes structural changes throughout the menstrual cycle,
which are driven by hormonal fluctuations in two stages [1]. The first stage is known as
the follicular stage and is controlled by follicle-stimulating hormone (FSH) produced by
the pituitary gland (Figure 2). This stage begins on the first day of menstruation, lasting
for approximately 14 days, and during this time FSH drives the maturation of follicles
[3]. Towards the end of the follicular stage, FSH levels decline, and estradiol (E») is
produced by the dominant follicle, promoting the development of the endometrial tissue
(Figure 2) [3]. At the same time, progesterone (P4) levels begin to rise (Figure 2) [4].
Estradiol peaks and remains high for 36 hours, stimulating the hypothalamus to release
gonadotrophin-releasing hormone (GnRH), triggering greater FSH production and the
luteinising hormone (LH) surge [3]. The end of the follicular stage is marked by ovulation

and the release of an oocyte (Figure 2). The second stage is known as the luteal stage,
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which approximately begins on the fifteenth day of the cycle and lasts to the twenty-
eighth day (Figure 2) [3]. At this point, the follicle develops into the corpus luteum and
produces high progesterone levels [3]. This promotes the secretory phase, where the
endometrial tissue proliferates and thickens, preparing for the implantation of an embryo.
If embryo implantation does not occur, the endometrium will progress to the menstrual
phase as the corpus luteum degrades into the corpus albicans [3]. The degradation of the
tissue causes decreased production of progesterone and estradiol. The endometrial tissue

begins to shed and is excreted from the body (Figure 2) [5].
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Figure 2. The menstrual cycle. Created in https://BioRender.com.
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1.1.2 Endometrial receptivity

Endometrial receptivity is the stage in the menstrual cycle where the endometrium
has developed enough to allow the successful attachment and implantation of a blastocyst
[6]. The window of implantation (WOI) describes the short period of time when the
endometrium is receptive and the blastocyst has also adequately developed to implant.
The endometrium is receptive for approximately four to six days in the mid-luteal stage
and is regulated by estradiol and progesterone. In the 1930s, the histological
characteristics of a receptive endometrium were identified [7]. This was followed by the
development of the Noyes criteria, which outlined several histological features that
enabled the endometrium to be ‘dated’, meaning the endometrial phase and receptive
status could be identified from a biopsy [8]. These features included gland mitoses,
pseudostratification of nuclei, basal vacuolation, glandular secretions, stromal oedema,
stromal mitoses and the infiltration of leucocytes. These criteria are still used today to
date endometrial tissue. In addition, several markers are associated with receptivity,
including the development of pinopodes, the loss of microvilli, and changes in cell
polarity and tight junctions [9, 10]. In a clinical setting, morphological markers such as
endometrial thickness, volume, pattern, blood flow, and contractions are used to
determine receptivity. However, their use is cautioned as they have a limited ability to
predict clinical pregnancy [11]. In more recent years, molecular techniques have been
used to evaluate receptivity. Extensive analysis of gene expression in endometrial tissue
was conducted during the proliferative phase and the window of implantation [12].
Comparison of upregulated and downregulated genes showed several significant changes,
particularly in cholesterol transport, lipid signalling, immunomodulation, peptidases, and

ion transport during the window of implantation [12].
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One of the most significant developments in determining receptivity was the
endometrial receptivity array (ERA). The ERA was first proposed in 2011 and was
developed as a microarray for endometrial biopsies that could ultimately be used to
determine receptivity [13]. In total, 238 genes were analysed, 134 of which were
determined to be exclusively expressed during the receptivity stage and defined the
transcriptomic signature of receptivity. Several biomarkers were identified, and these
were related to immune response, the cytoskeleton, adhesion, signalling, and cellular
proliferation [13]. However, the ERA has become somewhat contentious. Some studies
showed that it is superior to histological dating conducted by a pathologist and can
improve in vitro fertilisation (IVF) outcomes, but others showed it does not improve the
outcome of IVF and may even hinder treatments [14-16]. More recently, a molecular
staging model was developed using RNA-sequencing and identified over 3400
endometrial genes that fluctuate daily [17]. The model successfully dated the
endometrium and showed highly dynamic gene expression patterns, especially during the
luteal stage. Overall, it is understood that endometrial receptivity is a complex and highly
regulated process that involves the endometrial tissue undergoing significant structural

and molecular changes.

1.1.3 Early embryo development and implantation

During ovulation, an oocyte is released from the ovary and leaves behind the
corpus luteum. It travels down the fallopian tubes and can be fertilised with sperm. After
fertilisation, the oocyte becomes a zygote and travels to the uterine cavity as it undergoes
cell division. After approximately five to six days, the zygote will have developed into a
blastocyst through blastulation [18]. The blastocyst comprises an outer layer of cells
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called the trophectoderm and the inner cell mass, which consists of two cell types: the
epiblast and the hypoblast [18]. The trophoblastic cells come into contact with the
maternal tissue and are involved in complex interactions at the maternal-fetal interface

during implantation and placentation [19, 20].

Implantation is a complex process divided into three stages: apposition, adhesion,
and invasion (Figure 3). Apposition can be described as the stage where the blastocyst is
in close proximity to the endometrial epithelium and forms an initial loose adhesion
(Figure 3) [21-23]. Adhesion follows apposition and occurs when a strong bond between
the trophectoderm of the blastocyst and the epithelium forms (Figure 3) [22]. This is a
strong and stable attachment that is thought to be initiated at the embryonic pole [21, 24,
25]. Adhesion is mediated by cell adhesion molecules expressed by the embryo and
maternal tissue and includes cadherins, integrins, mucins and cell membrane
glycoproteins. Cadherins are involved in maintaining the epithelial layer and enabling
implantation [26, 27]. They respond to hormonal cycling and embryo adhesion, where
they reorganise, and epithelial cells undergo an epithelial-to-mesenchymal transition
(EMT) [26]. Integrins are thought to act as linkers between the embryo and the
epithelium, binding to bridging molecules [24]. Mucins are thought to act as an anti-
adhesive layer in the endometrium but may also promote the recognition and initial
adhesive events [28]. Cell membrane glycoproteins like intercellular adhesion molecule-

1 (ICAM-1) aid in cell-to-cell adhesions during embryo implantation [29].
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Figure 3. Embryo implantation. Implantation occurs in three stages; apposition,

adhesion, and invasion into the endometrium. Adapted from Delrose, N. Human

embryo implantation. 2025; Available from: https://app.biorender.com/biorender-

templates/figures/all/t-6632e1957932da70946caa5e-human-embryo-implantation.

Invasion occurs once there is stable adhesion between the embryo and epithelium
(Figure 3) [30]. Our current understanding of this process is based mainly on non-human
primate models, few human histological specimens and in vitro culture-based models;
thus is limited and somewhat speculative. Bentin-Ley et al. (2000) used primary
endometrial cells and human embryos to model the early stages of embryo implantation
[31]. They observed that the embryo undergoes intrusive penetration by separating the
epithelial cells at the plasma membrane, rather than fusion penetration or displacement
penetration. This model also demonstrated that the trophoblast likely induces lysis of
interepithelial apical junctional complexes and desmosomes, then subsequently
regenerates the junctions with the trophoblast cells [31]. It is thought that this occurs
simultaneously as the trophoblastic cells proliferate and differentiate. The layers of
daughter cells form a primitive cytotrophoblast and undergo cell fusion promoted by

contact with endometrial epithelium, generating the syncytiotrophoblast, which becomes
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invasive [32, 33]. This layer becomes the only layer in contact with maternal tissue, fully
surrounding the embryo but in close contact with blood vessels and glands, ensuring
access to nutrients [32]. The syncytiotrophoblastic cells also produce human chorionic
gonadotropin (hCG), which promotes this production of progesterone by the corpus
luteum, aiding in maintaining the pregnancy [34]. Both the trophoblast cells, and the
maternal epithelium and stromal cells undergo an epithelial-to-mesenchymal-like
transition, enabling migration and invasion [27, 35]. At this point, the embryo is entirely
embedded within the stroma. During the secretory phase, spiral arteries develop from
straight arteries present in the proliferative phase [36]. The spiral arteries form a vascular
network that supplies the functionalis layer of the endometrium, and consist of
disorganised smooth muscle layers and dilated vessels, creating low resistance in the
blood flow [36-38]. This is essential as it allows the embedded embryo to access nutrients

(Figure 3).

Embryo implantation and invasion is an inflammatory process. During the
development of receptivity and early implantation, approximately 75% of innate immune
cells within the endometrium are decidual natural killer (ANK) cells (Figure 3) [39]. ANK
cells are a specific phenotype of NK cells in the endometrium, showing a distinct cytokine
and gene expression profile with lower cytotoxicity than peripheral NK cells [40-42].
There is also an abundance of macrophages, which comprise approximately 20% of
innate immune cells (Figure 3) [43]. These macrophages do not align with M1/M2
categories as they produce cytokines and chemokines that are both pro- and anti-
inflammatory [44]. There are also abundant dendritic cells and T cells present. During
implantation, various pro-inflammatory cytokines are secreted by innate immune cells,

epithelium and stromal tissue. Epithelial cells produce cytokines and chemokines,
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including interleukin (IL)-8, IL-6, regulated on activation, normal T cell expressed and
secreted (RANTES), and tumour necrosis factor (TNF) [45-48]. These are thought to be
involved in the recruitment of immune cells to the endometrium, angiogenesis, and cross-
talk between the maternal tissue and the embryo. dNK cells produce a similar range of
cytokines and chemokines, which are involved in the modulation of embryo invasion and
remodelling of spiral arteries [49-53]. Similarly, macrophages also produce cytokines and
chemokines, which play a role in controlling embryo invasion and angiogenesis [54-56].
However, dNK cells and macrophages also produce anti-inflammatory cytokines like IL-
10 and IL-4 during embryo invasion. This is essential to promoting maternal tolerance to
the semi-allogeneic embryo and preventing an inflammatory reaction that is detrimental
to the maintenance of pregnancy [57-60]. The overarching inflammatory response
becomes anti-inflammatory as pregnancy progresses into the second trimester. This is
promoted by T regulatory cells (Tregs), which have an immunosuppressive profile that
aids in maintaining tolerance to the embryo [61]. Cell-to-cell contact or the secretion of
cytokines by Tregs suppresses the expansion and activation of effector T cells,
subsequently protecting the foetus and creating an anti-inflammatory environment [62].
Reduced numbers of Treg cells is thought to result in poor outcomes such as spontaneous
abortion [63, 64]. In the final trimester and during parturition, there is a switch back to a
pro-inflammatory response, with the activation of the nuclear factor-kappa B (NF-kB)

pathway and an influx of immune cells [65].
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1.2 In Vitro fertilisation (IVF)

1.2.1 What is infertility?

Infertility is defined as the inability to attain a clinical pregnancy after a minimum
of 12 months of regular unprotected intercourse [66]. The World Health Organisation
(WHO) estimates globally that one in six people will experience infertility [67]. In the
western pacific ocean region, which includes Australia, 23.2% of all people will
experience infertility in their lifetime [67]. Numerous causes of infertility affect both
women and men. The most common reasons include ovulatory disorders, physical
disorders or abnormalities of the female reproductive tract, abnormalities in embryo
development and implantation, male factor infertility (sperm production and quality), and
other conditions that affect multiple aspects of the body, such as immunological disorders
[68]. A diagnosis of infertility is made by clinicians after the investigation of the patient’s
medical history, clinical examination, semen analysis, ultrasound, and endocrine
assessment [69]. However, after clinical investigation, patients may receive a diagnosis
of unexplained or idiopathic infertility. Within Australia and New Zealand, 27.3% of
patients presenting for IVF treatment in 2022 were diagnosed with unexplained infertility

[70].

1.2.2 What is IVF?

In vitro fertilisation, or IVF, is a form of artificial reproductive technology

involving external oocyte fertilisation [66]. IVF was introduced in the late 1970s to early
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1980s and has since become a readily used treatment for infertility. Patients undergoing
IVF can either undergo a natural cycle IVF protocol or begin with an ovarian stimulation
protocol (Figure 4). There are two types of [IVF ovarian stimulation protocols; the GnRH
agonist protocol and the GnRH antagonist protocol (Figure 4). Overall, stimulation
protocols aim to promote the development of multiple follicles, prevent premature
luteinisation, and control oocyte maturation so oocytes can be collected [71]. The chosen
protocol depends on the patient’s response, risk factors, and the goal of the stimulation

protocol [72].

Patient — IVF . Bionisd

fertility history protoco Oocyte Fertilisation Cultured for EZ}Z?’;

collection
2-6d
procedure ays procedure
Natural cycle IVF Gonadotrophin-
(No hormone releasing hormone
stimulation) antagonist protocol
Gonadotrophin-

releasing hormone
agonist protocol

Figure 4. Standard IVF treatment cycle. Created in https://BioRender.com.

Natural cycle IVF was the first IVF protocol to achieve a live birth [73]. A natural
cycle indicates that the individual’s standard menstrual cycle is followed. The procedure
is conducted without ovarian stimulation, and the developing follicles are monitored using
transvaginal ultrasound (Figure 4) [74]. Once the follicles reach maturity, the oocytes can
be retrieved. Patients may also undergo a modified natural cycle, where hCG is
administered when follicles reach maturity to trigger ovulation, and drugs can be given to

prevent premature luteinisation [66]. Natural cycle IVF has several advantages, including
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its low cost, it does not require a resting cycle between IVF cycles, and is less physically
and mentally stressful [74]. The rate of successful embryo implantation may also be higher
in advanced-age patients undergoing a natural cycle [75]. However, it does not
significantly reduce the risk of complications like ovarian hyperstimulation syndrome
(OHSS) compared to other forms of IVF [74]. OHSS is an iatrogenic complication which
is thought to be triggered by the administration of hCG [76]. It results in the cystic
enlargement of the ovaries and fluid build-up in the abdomen. It is a serious and
potentially life-threating complication [76, 77].There is a higher risk of cancellation due
to a premature LH surge, and this protocol is not clinically recommended for high

responders, who are patients that may produce more than 5-10 oocytes [72].

The GnRH agonist protocol can be performed in two ways: the short or long
protocols. During the short protocol, a GnRH agonist is given from the first or second
day of menses and ovarian stimulation is initiated with FSH two to three days after [71].
Both are administered until the follicles are an appropriate size, then hCG is given, and
oocytes can be collected. This method initially promotes follicular development and then
prevents luteinisation by downregulating the pituitary gonadotropin production [71].
Alternatively, the long protocol involves initially downregulating the pituitary
gonadotropin production by administering a GnRH agonist for a minimum of two weeks
[71]. When downregulation of gonadotropin production is confirmed, FSH is given
concurrently until hCG can be administered and oocytes can be collected. This protocol
can be used for poor responders to ovarian stimulation but is also considered equally as

effective as the antagonist protocol [72].
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The GnRH antagonist protocol alternatively begins by initiating ovarian
stimulation with FSH and then administering an antagonist [71]. The antagonist
competitively binds with GnRH receptors, preventing gonadotropin release, luteinisation,
and ovulation. The GnRH antagonist can be given either in multiple doses from the sixth
day of ovarian stimulation or in a single dose from day seven [71]. When the follicles
have reached an appropriate size, hCG is given, and oocytes can be collected. This is the
safer protocol for women who respond normally to ovarian stimulation or have a high
response, producing a large number of follicles and are at risk of ovarian hyperstimulation

syndrome [72].

Across all IVF protocols, after the oocytes have been collected, they are fertilised
by either culture with sperm or intracytoplasmic sperm injection (ICSI) and incubated for
2-6 days to develop (Figure 4). Once the embryo has reached either the cleavage stage or
the blastocyst stage, it is transferred to the uterine cavity via a catheter (Figure 4). Single
or multiple embryos can be transferred. However, according to guidelines, multiple-
embryo transfer is discouraged due to the risks and the better outcomes seen in single-
embryo transfer [78, 79]. Additionally, embryos can be cryopreserved and transferred
later (Figure 4). Cycles involving cryopreservation and delayed transfer are called
freeze/thaw cycles. Freeze/thaw cycles are increasingly used in Australian and New
Zealand clinics [80]. However, there is mixed evidence for whether this improves embryo

transfer outcomes [81, 82].
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1.2.3 How IVF success and failure are defined

Several outcomes can define either the success or failure of IVF treatment. The
earliest measure is the diagnosis of a biochemical pregnancy, which is confirmed by the
detection of hCG 10-14 days after embryo transfer [66]. However, a biochemical
pregnancy may not develop any further. Thus, the pregnancy is officially confirmed by
an ultrasound of the gestational sac and heartbeat six to eight weeks after transferring the
embryo [66]. This is defined as a clinical pregnancy. However, if the gestational sac or
heartbeat is not observed, this is considered implantation failure or embryo transfer failure
[83]. If this occurs repeatedly, without other contributing factors, after transferring at least
three high-quality euploid blastocysts, it is considered repeated or recurrent implantation
failure (RIF) [84]. RIF was previously considered to occur somewhat frequently in IVF
patients. However, more recent analysis has determined that true RIF occurs in less than
5% of patients with infertility [84]. After the initial scan at 6-8 weeks, a second-trimester
scan is performed at 19-20 weeks to confirm an ongoing pregnancy and observe any
structural anomalies. If there is a loss of the clinical pregnancy at this point, it is
considered a miscarriage [66]. During the third trimester, other adverse outcomes can
occur, including preterm birth, where the baby is born before 37 weeks of gestation;
preterm rupture of membranes (PROM), where the foetal membranes rupture before term;
and stillbirth. At the end of the third trimester, if the baby is born able to breathe, has a
heartbeat, and is capable of movement, it is considered a successful live birth [66]. Live
birth is the most important outcome of IVF for patients undergoing treatment. However,
many studies generally use clinical pregnancy as a measure of success [85-87]. These
studies tend to be focused on the factors involved with IVF embryo transfer success, with

34



later measures irrelevant to the aim of the study. However, it is important to recognise
that later outcomes, like ongoing pregnancy and live births, are the most relevant

outcomes for patients undergoing IVF treatment.

1.2.4 TVF in Australia and the current challenges

IVF use within Australia has steadily increased since its introduction. Initially, in
the 1980s, there were mixed success rates of IVF embryo transfers. Several studies
reported rates of pregnancy between 12% to 26% [88-92]. Currently, the rate of clinical
pregnancy per embryo transferred in Australian and New Zealand clinics is 33.1%, and
the rate of live births per embryo transfer is 25.9% [70]. The rate of live births per initiated
cycle is currently 9.2% [70]. While these rates have improved compared to the initial
success rates, this has only marginally increased over the last ten years, with a 2.4%
increase in clinical pregnancies per embryo transferred and a 1.6% increase in live births
per embryo transferred since 2015 [93]. Globally, IVF outcomes are measured by the
pregnancy and delivery rates per aspiration, which are currently reported as 26.5% and
19.9%, respectively [94]. However, these rates differ greatly between regions, likely due
to the number of embryos transferred and the accuracy of the data reported. Additionally,
it is important to consider that this analysis does not include data from China and several
Middle Eastern countries [94]. The reported delivery rate per oocyte aspiration was 23.9%

in 2005, but since then, it has only marginally improved [95].

While it is positive that IVF success rates have improved since its introduction, it
is of concern that the success rate has remained low with minimal increase over the last
10 years. Several factors contribute to this concern, including the high cost of treatment.
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In Australia, it was calculated that one cycle, beginning with a fertility assessment to
having a live birth with one embryo transfer, costs €4108.00 or approximately $8400.00
AUD [96]. This cost alone is expensive, and it is important to consider that, on average,
Australian patients undergo approximately two cycles a year (with multiple embryo
transfers), and only 38.9% of patients have a live birth within their first cycle [70]. Thus,
this value may underestimate the true cost for patients who do not achieve a live birth
after their first embryo transfer. Additionally, it was determined that clinics offer, on
average, 3.1 add-ons to an IVF cycle [97]. Add-ons are extra procedures offered to
patients to improve their chances of success, including preimplantation genetic testing
(PGT), enriched culture media, and endometrial receptivity testing. However, add-ons
can greatly increase the cost of treatment, ranging from $0 to $3700 per add-on, and often
are not supported by strong evidence for their use in the literature [97]. Overall, as success
rates continue to improve minimally, the cost of IVF treatment can quickly add up for

patients, as most undergo multiple cycles with add-ons.

Furthermore, another concern around the lack of improvement in IVF success
rates is the mental and physical burden of the treatment. IVF cycles and ovarian
stimulation protocols are time-consuming and physically challenging for the patients,
with many experiencing physical discomfort during treatment [98]. It has also been
demonstrated that women’s fertility-related quality of life significantly decreases as
patients experience failed embryo transfers and undergo further attempts at IVF [99].
Many patients have limited knowledge of IVF, overestimating their chances of success
and leading to negative psychological impacts [100]. Additionally, many experience a

sense of loss and grief after failed cycles or if they remain childless after ending treatment
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[98, 101]. Thus, as the success rate remains low, patients are more likely to experience a

greater mental and physical burden when undergoing IVF.

1.3 The reproductive bacterial microbiome

1.3.1 Studying the reproductive microbiome

The human microbiome is the ecological community of commensal
microorganisms colonising the body or a particular organ [102]. These microorganisms
include bacteria, fungi, viruses, and archaea, and all have a role in maintaining
homeostasis. This project focuses on the bacterial microbiome. However, it is important to
acknowledge that the vagina and endometrium have commensal viruses, fungi, and archaea
[103]. Like the bacterial microbiome, these organisms also play a role in the health of the
reproductive tract. For example, decreased diversity of the viral microbiome in the
cervicovaginal environment is associated with genital inflammation [104]. Additionally, in
the endometrium, a shift in the fungal community structure to a dominance of Penicillium
species is associated with the development of endometrial cancer [105]. While these
interactions are also highly interesting, the scope of this study only extends to the bacterial

microbiome, which will be explored in the following sections.

The vaginal and endometrial bacterial microbiome have been investigated using
various next-generation sequencing techniques, but primarily 16s ribosomal RNA
(rRNA) gene amplicon sequencing is used. 16s rRNA gene amplicon sequencing utilises
the 16s rRNA gene, which is highly conserved in all bacterial genomes, to identify

bacteria [106]. Nine hypervariable regions (V1-V9) in the 16s rRNA gene are commonly
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targeted, with specific regions used dependent on the study's goal. The data generated can
be analysed using various bioinformatics platforms, such as the commonly used QIIME
platform. These bioinformatics platforms assign operation taxonomic units (OTUs) to
identify bacteria by comparing them with a reference database [107, 108]. OUT can be
used to calculate alpha (species richness and diversity) and beta (similarly of two or more

communities) diversity and construct phylogenetic trees [107-109].

While 16s rRNA gene amplicon sequencing has been used for both vaginal and
endometrial studies, it has limitations. Often, studies use the V4 region to avoid
amplification of the host genome and thus enable the identification of more bacteria in
vaginal samples, however it results in lower resolution [110, 111]. Furthermore, some
studies do not classify bacteria beyond the genus level as there is insufficient resolution
in the variable region, which can result in misleading conclusions on different species'
role in disease or infertility and may not adequately profile high diversity, low biomass
environments like the endometrium [110]. Metagenomic sequencing can also be used to
profile the reproductive microbiome. Rather than targeting specific regions of the 16s
gene, metagenomic sequencing sequences all DNA in a sample [112]. This enables higher
resolution for species identification and functional analysis to determine the role of each
bacteria present [113]. However, metagenomic sequencing is expensive as it requires
deeper sequencing to overcome high amounts of host DNA that is present in samples
[112, 114]. Furthermore, metatranscriptomics can be used to classify the microbiome.
This sequences all the RNA in a sample, meaning the sequencing reads reflect active
transcription [114]. While this provides valuable data on what genes are expressed and
the active pathways, it does not account for bacteria that may not be active when samples

are collected [114]. While techniques like 16s rRNA gene amplicon sequencing,
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metagenomics, and metatranscriptomics are culture-independent techniques, culturomics
is an upcoming approach to profiling the microbiome using high-throughput culture-
based techniques. Culturomics uses a range of culture conditions and media to isolate a
range of microbiota present in a sample, which are identified using matrix-assisted laser
desorption ionisation time-of-flight (MALDI-TOF) mass spectrometry [115]. However,
this technique relies on fresh samples and requires a higher workload to culture bacteria
using multiple conditions [115]. Therefore, culture-independent methods are still

primarily used for vaginal and endometrial samples [116].

1.3.2 The eubiotic vaginal microbiome

The reproductive tract harbours a particularly unique microbiome, dominated by
a unique community of bacteria largely consisting of Lactobacillus and other lactic acid-
producing bacteria. In 1892, Lactobacillus was first isolated and identified as the
dominant genus of bacteria present in the vagina and was later theorised to have a
protective function [117, 118]. The dominance of Lactobacillus is thought to be related
to glycogen present in the vaginal epithelium and fluid, as well as the low pH created by
lactic acid production [119, 120]. A higher concentration of glycogen in the human vagina
has been proposed as a result of human dietary habits, which are distinct from those of
other mammals and many higher-order primates [121]. Glycogen is also related to the
production of estrogen, as it has been shown that increasing estrogen and a subsequent
increase in glycogen during puberty drives a shift towards Lactobacillus dominance
[122]. A similar result is seen in post-menopausal women who undergo estrogen therapy
[123]. Further analysis of the microbiome showed that there are several species of
Lactobacillus present in the human vagina, with the dominant species differing between

39



individuals [124]. However, these studies used culture-based methods such as agar plates
and analytical profile index (API) strips to identify the bacteria present, thus limiting what

genera and species could be isolated and identified.

With the development of advanced molecular-based techniques like next-
generation sequencing, more recent studies have revealed the composition of a healthy
vaginal microbiome. These studies reaffirmed that Lactobacillus commonly is the
dominant bacteria present in the vagina, but also revealed that other bacteria, such as
Fannyhessea, Gardnerella, Prevotella, and Streptococcus, can be present in healthy
asymptomatic individuals [125]. In 2011, 16S rRNA gene amplicon sequencing of the
vaginal microbiome revealed five distinct microbial communities in a cohort of 396
asymptomatic participants, termed the community state types (CST) [126]. This analysis
revealed different species of Lactobacillus dominate four of the CSTs, which can be seen
in Table 1 [126]. Lactobacillus does not dominate CST IV; rather, it is a more diverse
community of lactic acid-producing strict and facultative anaerobes [126]. It was shown
that the CSTs fluctuated and had varying stability throughout the menstrual cycle, with

the most instability occurring during menses [127].

Table 1. Dominant bacteria in the vaginal CSTs [126].

CST Dominant bacteria

I Lactobacillus crispatus
II Lactobacillus gasseri
I Lactobacillus iners

v Diverse bacteria

v Lactobacillus jensenii
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One challenge of using the CST classification system is that it does not capture
the diversity of the entire vaginal microbial community present in women. The
VALENCIA study redefined the CST classifications using vaginal samples from 1975
women and 16s rRNA sequencing [128]. They defined 13 CSTs that more accurately
classified profiles and more specifically defined CSTs that lack Lactobacillus and are
dominated by other lactic acid-producing bacteria like Bifidobacterium. Similarly, a more
recent investigation of the vaginal microbiome in 3323 participants, again reaffirmed that
the CSTs do not capture the reality of the microbiome. They found many participants had
co-occurring Lactobacillus species and did not clearly fall into a specific CST [129].
Furthermore, Vagitypes have also been proposed as a method of classification of the
vaginal microbiome [130]. This study used samples from 6755 participants to create 13
Vagitypes using non-negative matrix factorisation. The Vagitypes more specifically
defined diverse microbiomes and were successfully used to demonstrate the association
between variables like lifestyle, social and environmental factors and composition [130].
Similarly, metagenomics has also been used to redefine the CSTs by metagenomic
subspecies, which were associated with demographic factors, stability, ability to produce
D-lactic acid and bacterial vaginosis [131]. While there are varying methods to classify
the microbiome, they all highlight the importance of Lactobacillus and other lactic acid-

producing bacteria in the maintenance of vaginal health.

1.3.3 The dysbiotic vaginal microbiome

An unhealthy microbiome or ‘dysbiotic’ microbiome occurs when the microbiota
profile shifts from what is considered normal flora [132]. An important characteristic of
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the eubiotic vaginal microbiome is the low diversity of bacteria. Dysbiosis occurs when
there is an increase in diverse genera with a subsequent decrease in lactic acid-producing
genera [133]. There are several forms of dysbiosis in the vaginal environment, but the
most common is bacterial vaginosis (BV). BV is diagnosed using the Nugent score to
grade the presence of diverse bacteria using a Gram stain and is considered the gold
standard in diagnosing BV [134]. The Amsel criteria are most commonly used and bases
diagnosis on the presence of abnormal vaginal discharge with clue cells, pH greater than
4.5, and a fishy odour when 10% potassium hydroxide is added [135]. In terms of the
composition of the microbiome, BV is associated with the presence of diverse bacteria,
shown in Table 2 [136-139]. BV is associated with several adverse health outcomes,
including increased risk of acquiring sexually transmitted infections (STIs) like human
immunodeficiency virus (HIV), and pelvic inflammatory disease [140-142]. Additionally,
the presence of diverse bacteria in the vaginal environment is associated with embryo

implantation failure [143, 144].

Aerobic vaginitis is another dysbiotic condition in the vagina. While a component
of aerobic vaginitis is a decreased abundance of Lactobacillus, it differs from BV as there
is also severe inflammation and the presence of bacteria shown in Table 2 [145-147].
Similarly to BV, there is an association between aerobic vaginitis and IVF outcomes,
typically those that occur in the final trimester. There are many studies demonstrating an
increased risk of preterm birth and other poor outcomes in women with aerobic vaginitis

in late pregnancy [148-151].
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Table 2. Bacteria present in the vagina in dysbiotic conditions

Type of vaginal dysbiosis | Bacteria present

Bacterial vaginosis Gardnerella vaginalis
Fannyhessea vaginea
Megashaera curtisii

Prevotella bivia

Aerobic vaginitis Streptococcus agalactiae
Escherichia coli
Staphylococcus aureus

Enterococcus faecalis

1.3.4 The importance of microbiota-associated metabolites in the vagina

An important function of the vaginal microbiome is the production of metabolites
with the most important of these being lactic acid. There are two isoforms of lactic acid:
L-lactic acid and D-lactic acid. L-lactic acid can be produced by host tissue and bacteria,
but only D-lactic acid is produced by bacteria. Thus, the ratio of D/L-lactic acid was used
to determine that lactic acid in the vagina is primarily produced by bacteria [152].
Different species of Lactobacillus produce different ratios of D/L-lactic acid, except for
Lactobacillus iners, which produces only L-lactic acid (Table 3) [153]. D-lactic acid is
considered the more protective isomer, protecting against infection, squamous
intraepithelial lesions, and cervical cancer [153-155]. In the vaginal environment, the
concentration of lactic acid creates a low pH of 3.5-3.8 on average [156, 157]. The acidic

conditions and high concentration of lactic acid are thought to prevent pathogenic
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colonisation and infection with STIs [153, 155, 158, 159]. Lactic acid is also known to
modulate the vaginal inflammatory response via interleukin-1 receptor antagonist (IL-
IRA) promoting an anti-inflammatory response with decreased expression of cytokines
and chemokines like IL-8, IL-6, TNF, RANTES, and macrophage inflammatory protein-
3 (MIP3a) when vaginal cells were stimulated with lipopolysaccharide (LPS),
Pam3CSK4, or polyinosinic—polycytidylic acid (PIC) in conjunction with L- and D-lactic
acids [160]. Furthermore, lactic acid promotes the expression of tight junction proteins
like claudin-1 and claudin-4, and increases transepithelial resistance in vaginal and
cervical cell models, demonstrating the role of lactic acids in maintaining the integrity of
the epithelial barrier [161]. Lactobacillus in the vaginal environment also produces a
range of other metabolites, as shown in Table 3, including amino acids, acetic and succinic
acids [162]. However, these are produced in much lower concentrations compared to
lactic acids [162]. The concentration of these metabolites has been shown to negatively

correlate with Lactobacillus abundance [163].
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Table 3. Metabolites produced by vaginal bacteria in eubiosis and dysbiosis.

Bacteria Metabolites produced Reference
Eubiosis | Lactobacillus crispatus | L-lactic acid [153, 162-

Lactobacillus gasseri D-lactic acid (except 164]

Lactobacillus jensenii Lactobacillus iners)

Lactobacillus iners Amino acids

Succinic acid

Acetic acid

Dysbiosis | Gardnerella vaginalis Acetic acid [162-164]
Fannyhessea vaginae Succinic acid
Prevotella bivia Propionic acid
Megasphaera curtisii Lactic acids
Sneathia Butyric acid
Amines
Formic acid
Isopropanol
Ethanol

Amino acid catabolites

In a dysbiotic state, when the composition of the microbiome shifts, there is a
change in the metabolites produced in the vaginal environment. It has been demonstrated
that in dysbiotic conditions like BV, when there is a decrease in Lactobacillus abundance,
there is a subsequent decrease in lactic acid in vaginal fluid [163-165]. Metabolomic

analysis of vaginal fluid using chromatographic separation and mass spectroscopy
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determined a correlation between metabolites and bacteria. This study found that 62% of
the 279 metabolites detected in vaginal fluid significantly differed between healthy
controls and women with BV [164]. The authors linked diverse bacteria with succinic
acid, cadaverine, putrescine, tryramine, and deoxycarnitine [164]. It was proposed that
these metabolites have a role in the increased pH of vaginal fluid and the presence of clue
cells [164]. Additionally, BV status showed a negative correlation with phenylalanine,
and a positive association with N-acetylputrescine, pipecolate, cadaverine, and
deoxycarnitine [164]. Interestingly, many BV-associated bacteria can produce biogenic
amines which create a fishy odour in vaginal discharge [165]. It has also been shown that
increased acetic acid is an important marker of BV, alongside an increase in short-chain

fatty acids, including propanoic and butyric acid, in vaginal discharge [166].

More recently, one study cultured bacteria associated with BV, including
Gardneralla, Fannyhessea, and Prevotella in brain heart infusion media and showed that
all produce high concentrations of acetic acid (Table 3) [162]. Prevotella produces high
concentrations of succinic acid, and Fannyhessea produces high concentrations of ethanol
and formic acid (Table 3) [162]. Interestingly, these bacteria can also produce lactic acid
but in much lower concentrations compare to Lactobacillus (Table 3) [162]. The
production of these metabolites in the vaginal environment has a significant impact on
the epithelium. It has been shown that vaginal cell lines exposed to short-chain fatty acids
like acetic acid and butyric acid, increased secretion of inflammatory cytokines and
chemokines like IL-8, IL-6, and IL-1p [167]. Similar results and increased TNF secretion
were seen when the cells were stimulated with LPS, Pam3CSK4, and imiquimod in
conjunction with acetic acid and butyric acid [167]. Furthermore, one study used a

dysbiotic solution containing lactic, acetic, succinic, propionic, and butyric acids in
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culture to mimic the microbial composition of BV [168]. When stimulated cervical cells
were exposed to this solution for 24 hours, a significant increase in IL-8 and TNF was
observed, with a significant decrease in secreted RANTES and IP-10, demonstrating how
metabolites derived from diverse bacteria can promote a pro-inflammatory response
[168]. A more recent study cultured vaginal cells with a solution that consisted of lactic,
acetic, succinic, and butyric acids, to represent dysbiosis [169]. This solution significantly
decreased transepithelial resistance and increased dextran leakage, demonstrating its
detrimental impact on epithelial barrier integrity. The same study also reaffirmed that a
dysbiotic solution increased the mRNA expression of pro-inflammatory cytokines and
chemokines, including IL-6, IL-8, TNF, and RANTES, after 24 hours [169]. Thus, it is
clear microbiota-associated metabolites derived from diverse bacteria can have a

detrimental impact on the vaginal immune response and epithelial barrier integrity.

1.3.5 The endometrial microbiome

The endometrium was previously thought to be sterile, as the cervix was
considered to be a barrier between the vaginal environment and the upper reproductive
tract [170, 171]. Early studies attempted to culture bacteria from endometrial samples
with varied results. Some studies demonstrated a total lack of growth from samples, and
others showed that bacteria could be cultured, yet it remained widely accepted that the
uterine cavity was sterile [170, 172, 173]. With the introduction of 16S rRNA gene
amplicon sequencing, researchers challenged this theory, demonstrating that bacteria
associated with the vagina can be found in the endometrium and may have ascended from
the lower reproductive tract into the uterine cavity [174, 175]. One study used species-
specific qPCR on endometrial swabs collected during hysterectomies [174]. The most
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common species found in the upper reproductive tract were Lactobacillus iners,
Prevotella, Lactobacillus crispatus, Gardnerella vaginalis, Fannyhessea vaginea, and
Lactobacillus jensenii [174]. Alternatively, another study of 19 participants identified that
90% of the women had an endometrial microbiome with approximately 30% of bacteria
from the genus Bacteroides [175]. One of the most in-depth analysis of the reproductive
microbiome conducted showed bacteria was present in the vagina, cervix, endometrium,
fallopian tubes, and peritoneal fluid using 16s rRNA gene amplicon sequencing [176].
The researchers determined that each site had a unique microbial profile and bacteria are
continuous throughout the reproductive tract, but there is a lower biomass in the upper
reproductive tract [176]. Interestingly, this study showed that Lactobacillus was not the
dominant bacteria in the upper reproductive tract, and that the microbiome was diverse
[176]. The authors outlined that diverse bacteria identified in endometrial samples
included Pseudomonas, Acinetobacter, Vagococcus and Sphingobium [176]. This was
also observed in recent studies that found that Lactobacillus does not dominate the
endometrial microbiome and that high diversity may be beneficial to reproductive
outcomes [103, 177]. Sola-Levy et al. (2021) found that the most abundant bacteria across
14 endometrial samples included Klebsiella pneumoniae, Clostridium botulinum,
Pasteurella multocida, and Hydrogenophaga species. Reschini et al. (2022) identified
that Lactobacillus only contributes up to 30% of the endometrial microbiome, with
diverse bacteria such as Propionibacterium, Pelomonas, Pseudomonas, Streptococcus
and Escherichia comprising the rest of the microbiome. However, these findings were
controversial, with several studies contradicting them, identifying Lactobacillus as the
dominant bacteria in an eubiotic profile and often in association with successful

reproductive outcomes [177-183].
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It is important to consider that these studies often have several limitations which
hinder the current understanding of the endometrial microbiome. Many studies have low
sample sizes, limiting the interpretations that can be made. This is likely due to the
invasive nature of the samples [184]. Similarly, the analysis of endometrial samples is
limited due to the low biomass of the microbiome. It has been shown that the vaginal
microbiome may have up to four orders of magnitude more bacteria than the endometrium
[176]. Low biomass, coupled with potential contamination of samples with vaginal
bacteria during intravaginal collection and a lack of adequate controls, may greatly limit
how much the data from sequencing studies can be interpreted [184]. Likewise, it is also
important to consider biofilms in the endometrial environment. It has been shown that
biofilms of Gardnerella are able to form in the endometrium of women with BV [185].
However, little is known about the importance of biofilm formation in the endometrium
and the interplay between biofilms and the endometrial microbiome. Additionally, the
methodology used to profile the microbiome in these studies varies. While most use 16s
rRNA gene amplicon sequencing, they use different variable regions, which can impact
the diversity detected and the ability to determine both genus and species [186].
Furthermore, the composition of the endometrial microbiome is known to fluctuate
through the menstrual cycle. A higher abundance of Lactobacillus is present in the luteal
phase in endometrial fluid [187]. Then, Lactobacillus decreases in abundance after
menstruation and begins increasing in abundance during the proliferative stage of the
menstrual cycle [187]. Another study found that the follicular phase is dominated by
Firmicutes, which increased throughout the menstrual cycle [188]. Proteobacteria were
also identified, but their relative abundance decreased in the luteal stage and during
ovulation [188]. Thus, there is no defined composition of the endometrial microbiome to

date, but the presence of Lactobacillus is generally considered beneficial.
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1.3.6 The microbiome throughout pregnancy

Hormonal changes during pregnancy drive unique changes in the body and in the
microbiome. In the vaginal environment, it has been shown that women with
Lactobacillus-dominated profiles have a stable composition throughout gestation with a
low abundance of diverse bacteria [189-194]. Women with a profile initially dominated
by diverse bacteria, such as Gardnerella, frequently shifted towards a Lactobacillus-
dominated profile throughout gestation [189, 193]. Interestingly, in the post-partum
period, the microbiome showed a significant decrease in Lactobacillus abundance and
became more diverse with a CST IV-like profile [189, 190, 192, 193]. It is thought that
estrogen drives these changes, as it is known that estrogen promotes the production of
glycogen by vaginal tissue, providing an essential source of carbohydrates for
Lactobacillus [119, 120]. Estrogen is produced by the placenta throughout pregnancy and
may foster the dominance of Lactobacillus by promoting glycogen production during
gestation [195, 196]. Therefore, when the placenta is removed after birth, estrogen

significantly drops, leading to a decrease in Lactobacillus [197].

Much less is known about the endometrial microbiome during pregnancy. Most
studies observe the microbiome before or during an embryo transfer, or after birth. There
is currently one case report that observed the endometrial microbiome at 4 weeks of
gestation. This study found that 91% of bacteria in the endometrial fluid were
Lactobacillus, with 9% falling under Proteobacteria [182]. However, this study should be
considered cautiously as this was only investigated using a single sample, which was
collected intravaginally, meaning that there is the potential for contamination from the
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vaginal microbiome. One study investigated the microbiome immediately after birth by
taking an endometrial biopsy after removing the placenta and fetal membranes [198]. It
was found that Lactobacillus was not present in all the patients, and its abundance, when
detected, was highly variable. The patients had a greater abundance of diverse bacteria
[198]. However, these results should be interpreted cautiously as this study consisted of
19 participants, and the authors reported contamination from environmental bacteria
despite efforts to ensure sterile protocols [198]. Overall, little is known about the
endometrial microbiome during pregnancy and it is unclear if the composition undergoes

similar changes to that seen in the vaginal environment throughout gestation.

1.4 The factors involved in the outcome of [VF

1.4.1 The endometrial microbiome and IVF failure

It is well established that a dysbiotic vaginal microbiome is associated with poor
outcomes of embryo transfer, including implantation failure and pre-term birth [144, 199-
201]. Thus, in recent years, there has been great interest in the role of the endometrial
microbiome in IVF failure. One of the first studies to investigate this association used
endometrial fluid collected on the embryo transfer catheter tip during an embryo transfer
procedure [179]. Using 16s rRNA gene amplicon sequencing, this study showed that
several species of bacteria dominated the microbiome, yet differences between the cohort
of women who achieved a pregnancy and those who experienced IVF failure were not
statistically significant. This result was largely attributed to the small sample size of 33
participants, and researchers acknowledged that a larger sample size would be necessary

to identify differences between the two cohorts [179]. This was followed up by a similar
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investigation into the endometrial microbiome and the association between composition
and the outcomes of IVF [178]. Interestingly, this study identified Lactobacillus as the
dominant bacteria in the endometrium and classified the cohort of 35 women into two
groups: Lactobacillus-dominated (>90%) and non-Lactobacillus-dominated (<90%).
When the IVF outcomes of these two groups were compared, it was determined that
women with a non-Lactobacillus-dominated microbiome had significantly lower rates of

embryo implantation, pregnancy, ongoing pregnancy, and live birth [178].

Several studies have since generated similar results showing that an endometrial
microbiome dominated by Lactobacillus is associated with favourable outcomes of IVF
embryo transfer [116, 182, 202-205]. More recently, a 2022 study of 342 participants
found a negative correlation between Lactobacillus and diverse bacteria, including
Gardnerella, Bifidobacterium, and Fannyhessea, which was associated with implantation
failure [180]. Interestingly, the authors concluded that what may drive IVF failure is the
presence of pathogenic bacteria rather than the absence of Lactobacillus, as samples with
no detectable Lactobacillus were also associated with outcomes like live birth [180]. They
proposed that Lactobacillus in the endometrium may be important in preventing
pathogenic colonisation. However, numerous studies contradict these findings, failing to
identify a correlation between Lactobacillus and successful IVF outcomes [143, 206-
208]. Several of these studies identify that the presence of vaginal Lactobacillus is
significantly correlated with successful outcomes but failed to show a correlation between
endometrial Lactobacillus and successful outcomes [143, 208]. Interestingly, they show
that the endometrial microbiome is more diverse than the vaginal microbiome, and those

who experience implantation failure have increased diverse bacteria present in the
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endometrium [ 143, 207, 208]. This result may support the idea that the presence of diverse

or pathogenic bacteria, rather than Lactobacillus, is what drives poor IVF outcomes.

It is also important to consider the limitations of these studies, particularly small
sample sizes and the potential for contamination by vaginal and cervical fluid during
sample collection. It is also important to consider the methodology used to profile the
microbiome. Most studies use 16s rRNA gene amplicon sequencing, yet many use
different variable regions, with some using the V2-V3 region, others using the V3-V4
region, or the V4-V5 region [143, 206-208]. Thus, this lack of consistent methodology
may create differences in the profile of bacteria identified, as different regions provide
lower resolution and may be unreliable [186]. Another limitation of 16s rRNA gene
amplicon sequencing is that it is not able to distinguish between species due to homology
between sequences [209]. Thus, many endometrial studies are limited to the genera level
[178, 180]. Identifying the species present in the endometrium and their associations with
the outcome of IVF is valuable as the outcome of embryo transfer may be species
dependent. Recent literature has use metagenomic analysis to overcome this limitation
[210]. Endometrial swabs from 142 IVF participants were collected and metagenomic
analysis was used to identify 22 strains of bacteria. The authors confirmed that 57% of the
strains were Lactobacillus with Lactobacillus helveticus being the most abundant species
[210]. However, it is important to note that this study did not assess the association between
the species and the outcome of treatment. Overall, what comprises a beneficial or
detrimental profile of endometrial microbiota at the time of embryo transfer is not well-

established, but Lactobacillus dominance is generally considered ideal in the literature.
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1.4.2 The endometrial microbiome, receptivity, and the immune response

It is thought that the microbiome may affect host factors like the development of
endometrial tissue receptivity, resulting in implantation failure. A study of 185
participants used the ERA to determine that those in the pre-receptive stage had a
significantly lower proportion of Lactobacillus in the endometrium [211]. The authors
suggested that Lactobacillus may be involved in the development of receptivity.
Interestingly, another investigation compared the endometrial microbiome and ERA
results from a cohort of women with repeated implantation failure to healthy non-
pregnant controls and found an association between the composition and key elements of
receptivity [212]. The authors highlighted the negative correlation between
Sphingomonas and angiogenesis. Angiogenesis is essential for the development and
remodelling of spiral arteries in the endometrium during receptivity and embryo
implantation. Thus, the presence of Sphingomonas could limit this process, ultimately
altering receptivity [212]. The authors also proposed that alterations in the microbiome
may interfere with fat and carbohydrate metabolism, ultimately affecting the immune
status and T cell function in the endometrium as a mechanism for repeated implantation
failure [212]. However, these should be interpreted with caution, as this study used the
ERA, which may not accurately capture endometrial receptivity. Over 3400 genes are
involved in developing endometrial receptivity, and their expression rapidly changes [17].
Additionally, they used healthy non-pregnant controls rather than a cohort of participants
who successfully achieved a pregnancy, which in future studies may be a more ideal

comparison to investigate this mechanism.
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Another study investigated the composition of the endometrial microbiome in
participants with repeated implantation failure compared to those who achieved a clinical
pregnancy [213]. They determined that repeated implantation failure was associated with
a reduced abundance of Lactobacillus and a higher abundance of diverse bacteria,
including Gardnerella. This microbial profile negatively correlated with endometrial
receptivity markers, Leukemia Inhibitor Factor (LIF) and the Vascular Endothelial
Growth Factor (VEGF), indicating that microbiota may disrupt the development of
receptivity, leading to implantation failure [213]. Thus, it is clear that the endometrial

microbiome impacts host activities and is implicated in the development of receptivity.

The balance of endometrial pro- and anti-inflammatory responses is also essential
during the development of receptivity and embryo implantation. However, the
endometrial microbiome may also have a role in immunomodulation. It has been shown
that Lactobacillus abundance in the endometrium is negatively correlated to the
concentration of pro-inflammatory cytokines, including IL-6 and IL-1p, and positively
correlated with the concentration of anti-inflammatory cytokines like IL-10 [214]. On the
other hand, the abundance of diverse bacteria like Gardnerella are positively correlated
with the concentration of IL-6, which is a key mediator of a pro-inflammatory response
in the endometrium. Thus, the authors suggested Lactobacillus may be essential to
modulating the immune response and that an abundance of diverse bacteria could trigger
a detrimental response during the development of receptivity and implantation [214].
However, it is important to consider that the cohort consisted of 26 participants, all of
which experienced infertility. The authors highlighted that including a healthy, fertile

cohort could improve our understanding of inflammation in the endometrium [214].
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Interestingly, another study conducted RNA sequencing to assess the functionally
active microbiota, revealing that participants with an unreceptive profile had an altered
microbial composition compared to those with a receptive profile [215]. This composition
may promote the eicosapentaenoic acid biosynthesis pathway in the host, leading to an
aberrant immune response. Furthermore, they suggest that Treponema succinifaciens and
Fusobacterium may have a role in the dysregulation of the immune response [215].
However, it is important to consider that the study only shows the correlation between
the active pathways and bacteria; thus further investigation is required to determine a
causal relationship. Likewise, additional microbes or host pathways could be involved in
this process but not detected, as RNA sequencing only shows the point in time that the
sample is collected for analysis. Assessing these pathways and active microbiota at

different points during the receptive stage may be beneficial.

Another group showed a high abundance of Phyllobacterium and Sphingomonas
in the endometrium of those with chronic endometritis [216]. By calculating the
abundance of immune cells from host RNA sequencing data, they determined NK cells
were positively associated with these genera, and macrophages were negatively
associated, which could affect the development of receptivity controlled by innate
immune cells [216]. However, it is important to consider that this cohort of participants
had chronic endometritis, which is characterised by long-term inflammation. Thus, these
results may not apply to all patients experiencing implantation failure or an altered
endometrial microbiome. Thus, there is a connection between the endometrial
microbiome and IVF outcomes, likely via host tissue responses to microbiota, which
ultimately affects immune or functional components of implantation and the development

of receptivity.
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1.4.3 Modelling the endometrial environment and the microbiome

The female reproductive tract is complex and dynamic, making it challenging to
model in vitro. Embryo culture has provided an opportunity to study embryo
development, while the ability to take fluid samples and endometrial biopsies has enabled
the study of the microbiome and the conditions at the time of embryo transfer. However,
this can only provide insight into conditions prior to embryo implantation, thus limiting
our understanding of the role of the microbiome and processes involved in implantation.
These studies also only provide an association between the microbiome and the outcome

of IVF, but do not provide mechanistic knowledge or evidence.

Murine models have been used to represent the human reproductive tract.
Successful mouse models have provided insight into aspects including gene expression,
cytokine, and protein expression, crosstalk between the embryo and epithelium, and the
role of angiogenesis in implantation [217-221]. However, mouse models are limited as
rodents have eccentric implantation, meaning the endometrial epithelium forms an
invagination surrounding the embryo, whereas human implantation is invasive [222].
Furthermore, modelling the microbiome in mouse models is challenging as they cannot
support the same microbiome as humans. This was demonstrated by colonising germ-free
mice with samples of human vaginal fluid from healthy asymptomatic participants and
participants with BV [223]. The bacterial profile isolated from the mice did not resemble
that of the human samples and did not align with the BV status of the participants,
meaning this model is not ideal for studying the human microbiome [223]. However,
more recently, a humanised mouse model was developed to more closely represent the
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human vaginal microbiome with a greater abundance of Lactobacillus [224]. However,
there were limitations as only 25.3% of mice were dominated by Lactobacillus, with the

rest of the mice in the study colonised with normal murine flora [224].

Alternatively, cell culture models can provide a more controlled, reproducible
format. Immortalised cell lines are typically derived from tumours and can indefinitely
proliferate in in vitro culture, rather than following natural cellular senescence [225].
Immortalised cell lines have been used extensively throughout the literature to model
different tissues and are an effective method for gathering preliminary evidence. As
highlighted in Table 4, there are several advantages to using immortalised cell lines,
including established protocols, low cost, technical reproducibility between facilities and
laboratories, and homogeneity. Cell lines such as Ishikawa and RL95-2 cells are
considered appropriate models for a receptive endometrium, normal endometrial
function, and endocrine signalling [226-230]. The JAR cell line has been demonstrated
to be a suitable model for the trophoblast, as it expresses essential trophoblastic markers
such as KRT7 and hCG, can model embryo implantation, and can be used to generate
spheroids (Table 4) [231-234]. Innate immune cell lines such as THP-1 and NK-92 cells
have been used extensively in the literature to model immune cells in the endometrial
environment [235-237]. THP-1 cells are advantageous as they can be differentiated to
represent macrophages and secrete inflammatory cytokines [238]. NK-92 cells also
secrete inflammatory cytokines and express receptors consistent with NK cells [239].
Overall, these immortalised cell models provide consistency across the field to establish,

compare, and contrast studies looking to explore endometrial and reproductive biology.
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However, there are notable limitations and disadvantages of immortalised cell
lines. As highlighted in Table 4, immortalised cell lines lack complexity, have features
consistent with tumour cells, may spontaneously transform, and cannot truly represent
the original tissue. When looking at specific cell lines, JAR cells were derived from a
later stage in development than true trophoblast cells [240]. Cells like THP-1 are
susceptible to inconsistent culture conditions and require strict adherence to protocols to
maintain their characteristics [238]. While NK-92 cells are a good representation of NK
cells, they also lack key killer inhibitory receptors that are present on primary NK cells
[239]. These limitations should be kept in mind when interpreting the data presented in
this study and in the past literature reviewed. Thus, not all findings may translate into an
in vivo context. Nonetheless, the benefits outweigh the disadvantages of using
immortalised models. The data presented here provides important preliminary findings
that expand knowledge on microbiota-associated metabolites and their role in
endometrial receptivity, the inflammatory response, and embryo implantation. Whereas
current literature largely focuses on correlations between the microbiome composition

and the outcome of IVF treatments.
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Table 4. The advantages and disadvantages of different modelling formats.

Immortalised cell lines

Primary cells and organoids

Advantages

Low cost

Well-established

protocols

Homogenous growth and
proliferation

Effective in
demonstrating cellular

mechanisms

[240]

[226,
228,
245,
246]

[249]

[226-
230,
235-

237]

Greater complexity and
structures with epithelium and
stroma can be formed

Can model implantation

Can be used to model different
stages of the menstrual cycle
Can express hormone
regulated features of

receptivity

[241]

[247]

[250]

[251]

Microfluidic models

Control of environmental  [242-
and cellular factors 244]
The platform includes [248]
sensors and electrodes for
analysis

Can model the menstrual — [242]
cycle

Can represent [242]

vascularisation
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Can be used to form [252] Similarity to the tissue of [253]
spheroids which can origin
negate the ethical
concerns around the use
of embryos
Can accurately replicate host-  [254]
pathogen interactions
Disadvantages | Cannot reflect some [255] High cost [240] Potential lack of [256]
features of the primary biocompatibility of
tissue materials
Lack interactions with [257] Challenging and complex [258, High cost and complex [260]
cells within the in vivo protocols to collect and 259] protocols
environment maintain the culture
Cell line contamination [261, Organoids form closed [263] Leeching of uncured [264]
and misidentification 262] structures that limit access to materials

oxygen and nutrients
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Tumour cell features
Risk of unwanted
spontaneous

transformation

[249]

[249]

Limited lifespan in culture
Risk of unwanted spontaneous

transformation

Reproducibility

[253]

[240]

[265]
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Primary cells are cells that are not immortalised and are derived from tissue
samples or biopsies [266]. In research, they can be collected from multiple participants,
maintain the morphology of the tissue they were sourced from, and can in some culture
models more accurately replicate cell function compared to immortalised cell lines (Table
4). Primary cells can be used to generate organoids, which are 3-dimensional cultures that
allow for greater complexity and can represent structures like the epithelial and stromal
layers of the endometrium [267]. In the literature, there are several endometrial organoids,
which have advantages such as responsiveness to hormones, the ability to replicate the
menstrual cycle, preserved structure and function of the endometrium, and can model
embryo implantation [247, 250, 251, 253]. Additionally, primary innate immune cells can
be isolated from endometrial biopsies and are used to better represent the interactions
between decidual immune cells and the endometrial epithelium or trophoblast cells [268-
270]. Within the literature, additional complexity can be introduced into these models by
incorporating bacteria. Studies have used endometrial epithelial gland organoids, cultured
with Escherichia coli, to successfully model endometrial infection, bacterial-host

interactions, and epithelial barrier integrity [254, 271, 272].

However, primary cells and organoids are not without limitations, as shown in
Table 4. Primary cells and organoids show heterogeneity and variability between samples
derived from different individuals and in samples from the same participant [265]. This
can reflect variation in complex systems but may compromise reproducibility. There is a
high cost associated with culture, and the need for expertise and time when handling cells
according to challenging protocols [263]. While endometrial organoids show the

capability for longer-term culture, it is still limited compared to immortalised cell lines



and inhibits the ability to monitor post-infection changes in models incorporating bacteria

[253, 272].

In terms of more complex models, microfluidic systems are becoming
increasingly popular. Microfluidic models or organ-on-a-chip models combine cells with
other environmental factors, such as sheer force, pH, oxygen, and available nutrients on
a small cell culture platform, typically made of polydimethylsiloxane or thermoplastics
[242-244]. These models are advantageous as they can replicate factors like the vascular
structures and blood flow in the endometrium, the layers of the endometrium, the
menstrual cycle, and embryo implantation [242, 243, 273-275]. As outlined in Table 4,
the platform enables the inclusion of sensors and electrodes, which are sensitive, enable
high-throughput analysis, and can directly detect analytes throughout culture [248].
However, it is important to consider the challenges of microfluidic models. As outlined
in Table 4, microfluidic models have a higher cost and require specialised expertise to
complete complex fabrication and culture protocols [260]. Additionally, there are
challenges around the biocompatibility of the materials used; for example,
polydimethylsiloxane can absorb some small molecules and may require additional
coatings depending on how the platform is used [256]. While studies have shown that this
issue does not impact endocrine factors, cytokines or pharmaceutical compounds in
reproductive models, it is necessary to conduct the pilot studies to ensure analytes are not
impacted [276-278]. There is also concern around the Ileeching of uncured
polydimethylsiloxane into the microfluidic system, as it may interact with the cells or
media used in the model [264]. It is also important to consider that microfluidic models
may be most useful when investigating factors impacted by fluid dynamics or temporal

changes, such as the interconnection between the endometrium and ovaries and the
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kinetics of the menstrual cycle [279]. Thus, in the context of this study, microfluidic
models may not be an effective method of modelling the impact of microbiota-associated

metabolites to gather preliminary evidence.

Across all types of cell culture models, there have been efforts to model the
reproductive microbiome. There are simple 2-dimensional or co-culture models
representing the vaginal environment [160, 161, 167, 168, 280]. As well as complex
organoid or microfluidic models representing the microbiome or infection in reproductive
models [271, 281, 282]. Bacteria can be incorporated into the culture, but in order to
directly elucidate the effect of microbiota-associated metabolites, metabolites can be
added into the culture media to represent differing compositions. It is known that differing
microbiome compositions have a unique metabolomic profile, thus allowing those
profiles to be modelled using the corresponding metabolites [163]. This methodology has
been successfully used in models of the vaginal microbial environment, enabling
researchers to determine the role of metabolites like lactic, acetic and succinic acids in
the inflammatory response and epithelial barrier integrity [160, 161, 167, 168]. The cells
were treated with different concentrations of microbiota-associated metabolites, and their
cytokine secretion, gene expression, and epithelial barrier integrity were assessed. These
models successfully demonstrated that lactic acid acts directly on cervical cells to
modulate the inflammatory response via IL-1RA and increased expression of proteins like
Claudin-1, Claudin-4, and Tight Junction Protein 2, promoting epithelial barrier integrity
[160, 161, 167, 168]. This demonstrates the effectiveness of immortalised cell culture in
understanding the role of microbiota-associated metabolites. However, these studies are
limited as 2-dimensional monolayers cannot replicate the layers of cervicovaginal tissue

and the presence of immune cells. Similar models have not been widely used in
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investigating the endometrial microbiome, although the concept was used to assess the
impact of embryonic metabolites like lactic acid on endometrial epithelium [283]. This
model used Ishikawa and ECC-1 cells in 2-dimensional monolayers treated with lactic
acid. This study demonstrated that lactic acid can alter the expression of genes associated
with receptivity, cell migration and proliferation, and epithelial barrier integrity.
However, the authors acknowledge that these are simple models, and co-culture could be

used to represent different cell types present in the endometrium [283].

Overall, these studies show that 2-dimensional models using immortalised cell
lines can be effective in gathering preliminary evidence to understand the role of
microbiota-associated metabolites. While they are not without limitations, such as a lack
of complexity that can be better represented using organoids or microfluidic systems, they
can be used to model the microbiome in a low-cost, controlled, and reproducible format.
There is a need to better understand the role of metabolites in the endometrium, which
we have aimed to address in this work using a simple immortalised cell line model. The

conclusions made from this work can be translated into future, more complex models.

1.5 Knowledge gap

Although the endometrial microbiome is known to play a role in the outcomes of
IVF, it remains unclear what the specific role is or the mechanism of impact. Likewise,
there have been many studies demonstrating that the microbiome composition correlates
with processes involved in developing receptivity and in modulating the immune
response, yet it is not clear what drives this correlation. Previous studies demonstrated a

correlation between vaginal metabolites, microbiome composition, and the outcome of
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IVF, suggesting metabolites produced by bacteria may have a role in implantation, and a
similar relationship could occur in the endometrium [284, 285]. Likewise, it has also been
suggested that bacteria in the endometrial environment and their by-products may have a
similar role in the modulation of the environment as they do in the vagina. Interestingly,
one study showed that lactic acid can modulate key markers of receptivity in endometrial
epithelial and stromal cells in culture [283]. This study showed that lactic acid could
increase the expression of VEGF mRNA, increase the migration of stromal cells, and
promote angiogenesis [283]. While this was explored in the context of lactic acid
produced by the blastocyst, it may also provide some insight into lactic acid produced by
Lactobacillus. Furthermore, primary endometrial epithelial cells co-cultured with
Lactobacillus rhamnosus BPLO0S, showed decreased pro-inflammatory cytokines after
the cells were exposed to diverse bacteria [286]. The authors suggested that this is due to
the lactic acid and other short-chain fatty acids produced by the bacteria [286]. However,
remains unclear what the role and impact of individual microbiota-metabolite has on the
endometrium and without other bacterial by-products produced in a co-culture model.
Therefore, there is a need to understand the role of microbiota-associated metabolites in
the endometrial environment, and how these metabolites may affect the development of
receptivity, the endometrial immune response, and implantation. With a greater
understanding of how microbiota and their metabolites impact these processes,
interventions could be developed to ultimately improve IVF treatment and outcomes by

modulating the endometrial microbiome.

1.6 Endometrial model design

The concentration of endometrial microbiota-associated metabolites is currently

underreported in the literature. However, a dominance of Lactobacillus at the time of
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embryo transfer has been reported to be associated with successful outcomes [178, 180,
205, 206]. Likewise, decreased relative abundance of Lactobacillus and increased
abundance of diverse bacteria at the time of embryo transfer has been associated with
poor outcomes [178, 180, 202, 203, 206]. This study aimed to represent these two profiles
using different metabolites in a cell culture model. The metabolites were designed to
represent Lactobacillus dominance with L-lactic and D-lactic isomers. In vaginal studies,
L-lactic and D-lactic acids have been shown to have differing effects, with D-lactic acid
thought of as the more protective lactic acid [153]. Thus, both were used in this study to
assess if they have a differing role in the endometrium. Acetic and succinic acids were
used to represent diverse bacteria, including Gardnerella, Prevotella, and Fannyhessea
[162, 168]. The concentration of metabolites used in this study was informed by the
metabolomic strategies used by Lactobacillus and diverse bacteria. It has been shown that
Lactobacillus uses the Embden-Meyerhof-Parnas pathway, or the phosphogluconate
pathway and the phosphoketolase pathway to produce D-lactic and L-lactic acid,
generating between 30-45 mM of lactic acid in culture [162]. Whereas diverse bacteria
such as Gardnerella, Prevotella, and Fannyhessea in culture have been demonstrated to
use the Bifidobacterium (Bifid) shut or mixed acid fermentation to produce up to 65 mM

acetic acid, and anaerobic respiration to produce up to 18 mM succinic acid [162].

Additionally, this study was also informed by published cell culture models
representing the endometrium and cervicovaginal environment [160, 161, 167, 168, 286].
An endometrial probiotic study used an in vitro bacterial colonisation model to
demonstrate that bacteria and metabolites can modulate the immune response of
endometrial epithelial cells [286]. Isolated primary cells were grown as a monolayer, and

Lactobacillus and diverse bacteria were co-cultured with the epithelial cells to assess their
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probiotic potential [286]. In culture with the primary cells, Lactobacillus produced up to
52 mM lactic acid, whereas diverse bacteria produced up to 20 mM acetic acid and up to
1 mM succinic acid. Using cytometric bead arrays, they determined that co-culture of
epithelial cells with diverse bacteria and Lactobacillus resulted in up to a 5-fold decrease
in IL-6 and a 3.5-fold decrease in IL-8 secreted by the epithelial cells, compared to
epithelial cells cultured with diverse bacteria alone [286]. However, it is important to note
that this study did not assess H>O> or bacteriocins produced by Lactobacillus, which may

have impacted the diverse bacteria investigated [286].

Furthermore, cell culture models have been developed using vaginal and cervical
cell lines to represent eubiosis and dysbiosis by incorporating metabolites into media
[160, 161, 167, 168]. These models have been successfully used to investigate the impact
of metabolites on the inflammatory response and integrity of the epithelial barrier in the
cervicovaginal environment. In these studies, cell viability when exposed to metabolites
was determined using MTS assays. While in vivo vaginal concentrations of lactic acid
can reach up to 110 mM, these models used 33 mM of lactic acid to model Lactobacillus
dominance and to ensure the viability of cells in culture [152, 156]. Likewise, acetic acid
and succinic acid can reach up to 120 mM and 22 mM in vivo, respectively, in a dysbiotic
vaginal environment [127, 287-289]. However, 100 mM and 20 mM acetic acid and
succinic acid were used to represent dysbiosis, to maintain viability. Cytometric bead
arrays showed that exposure to L-lactic and D-lactic acids significantly decreased the
secretion of IL-6, IL-8, and RANTES, and resulted in a 19-fold increase in IL-1RA [160].
Additionally, L-lactic acid was shown to increase claudin-1, claudin-4, and tight junction

protein-2 expression, improving epithelial barrier integrity.
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In this study, MTS viability assays were conducted for concentrations between 0
mM to 30 mM for L-lactic, D-lactic, acetic and succinic acids to establish the
concentration at which endometrial epithelial, trophoblast, and innate immune cells
would remain viable in culture. These concentrations were then used to represent a
dominance of either Lactobacillus or diverse bacteria, akin to the aforementioned culture
studies. It is important to acknowledge that the endometrium has a lower biomass of
bacteria compared to the vaginal environment [176]. Therefore, the concentration of
microbiota-associated metabolites may be lower than that represented in this study, but
this has not been explored in the literature. The purpose of this thesis is to extend our
understanding of microbial-host cell cross-talk to the endometrium. It is critical to provide
insight into how microbiota-associated metabolites may affect the endometrial
environment, receptivity, and inflammation, initially using cell models to determine

cellular-level differences.
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1.7 Hypothesis and aims

1.7.1 Hypothesis

In this study, we aimed to represent a Lactobacillus-dominant profile and a non-
Lactobacillus-dominant profile using microbiota-associated metabolites in a cell culture
model. L-lactic and D-lactic acid were chosen to represent Lactobacillus, as Lactobacillus
(with the exception of Lactobacillus iners) produces both isomers via the Embden-
Meyerhof-Parnas pathway or the phosphogluconate pathway and the phosphoketolase
pathway [162]. In a eubiotic vaginal environment, a high concentration of lactic acid (110
mM) drives homeostasis by maintaining pH, modulating the inflammatory response, and
maintaining the epithelial barrier [160, 161, 168]. Acetic and succinic acids were chosen
to represent diverse bacteria, such as Gardnerella, Prevotella, and Fannyhessea. These
bacteria produce acetic acid and succinic acid via the bifid shunt, mixed acid
fermentation, or anaerobic respiration [162]. These metabolites are present in high
concentrations in vaginal dysbiosis (120 mM acetic acid and 20 mM succinic acid) and

drive an aberrant inflammatory response in the vaginal environment [167, 168, 288, 289].

My hypothesis was that metabolites like L-lactic and D-lactic acid produced by
Lactobacillus create an environment conducive to successful embryo implantation by
modulating the development of receptivity, the inflammatory response and embryo

implantation. Metabolites produced by diverse non-Lactobacillus bacteria, like acetic and
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succinic acids, alter receptivity, the immune response, and implantation, resulting in

conditions detrimental to successful embryo implantation.

1.7.2 Aims

1. Determine the impact of microbiota-associated metabolites on receptivity markers in
endometrial epithelium and innate immune cells.

2. Determine the impact of microbiota-associated metabolites on the inflammatory
response of endometrial epithelium and innate immune cells.

3. Determine the impact of microbiota-associated metabolites on factors of embryo

implantation.
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2 Materials and Methods
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2.1 Cell Culture

2.1.1 Culture and maintenance of endometrial epithelial cell lines

The Ishikawa (gifted from Prof. Deborah Marsh, ECACC; cat no. 99040201) and
RL95-2 (American Type Culture Collection (ATCC), CRL-1671) cell lines were
employed to model endometrial epithelium. The Ishikawa cell line was derived from a
well-differentiated endometrial adenocarcinoma and has been used to model a receptive
endometrium [226]. Ishikawa cells are also widely considered to closely represent normal
endometrial function and have been used successfully in embryo attachment models [290,
291]. The RL95-2 cell line was derived from a moderately differentiated endometrial
adenosquamous carcinoma and has also been used to represent a receptive endometrium
[228-230]. RL95-2 cells are also considered a good representation of uterine glandular
tissue with a tendency to form gland-like structures [228]. They have also been
successfully used in embryo attachment models [292]. As Ishikawa and RL95-2 cell lines
are considered receptive models of the endometrium, standard cell culture conditions were
used, and hormonal priming was not incorporated into this study, in line with the literature

[283, 290, 293-296].

Ishikawa cells were cultured in high glucose (4.5 g/L) Dulbecco’s Modified
Eagles Medium (DMEM) (Sigma-Aldrich, cat no. D6546), supplemented with 4mM L-
alanyl-l-glutamine (Thermo Fisher Scientific, cat no. A2916801), 10% heat-inactivated
fetal bovine serum (FBS) (Sigma-Aldrich, cat no. F9423), 100 pg/mL of streptomycin
(Thermo Fisher Scientific, cat no. 11860038), and 50 png/mL gentamycin (Thermo Fisher
Scientific, cat no. 15750078 ). The cells were passaged when 80-90% confluency was

reached. To passage cells, the spent media was removed from the monolayer and washed
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twice with pre-warmed 20 mL of Dulbecco’s Phosphate Buffered Saline (dPBS) (1x)
(Thermo Fisher Scientific, cat no. BRO014G). The cells were then incubated for 5 minutes
with 1.5 mL of 2x trypsin-EDTA (Sigma-Aldrich, cat no. T417) to detach the cells. The
trypsin was deactivated with 8.5 mL of fresh complete DMEM. The cells were seeded
into a Nunc EasYFlask cell culture T75 flask (Thermo Fisher Scientific, cat no. 156499)

at a 1:5 subculture ratio and incubated at 37°C with 5% CO> until confluent.

RL95-2 cells were cultured according to ATCC guidelines in Dulbecco’s Modified
Eagles Medium/Nutrient Mixture F-12 (DMEM/F-12) (Thermo Fisher Scientific, cat no.
11320033), supplemented with 10% heat-inactivated FBS, 0.005 mg/mL insulin (Sigma-
Aldrich, cat no. 11376497001), and 100 U/mL penicillin-streptomycin (Thermo Fisher
Scientific, cat no. 15140122) [230]. Upon reaching 80-90% confluency, RL95-2 cells
were passaged. The spent media was removed from the monolayer, and the cells were
washed twice with 20 mL of dPBS. The cells were incubated with 1.5 mL of 2x trypsin-
EDTA for 10 minutes to detach the cells, and the trypsin was deactivated with 8.5 mL of
warmed complete media. The cells were seeded into a T75 flask at a 1:5 subculture ratio

and incubated at 37°C with 5% CO; until confluent.

2.1.2 Culture and maintenance of the JAR cell line

JAR cells are a trophoblastic cell line derived from a choriocarcinoma and are
known for their similarity to human trophoblast cells [297]. They express essential
trophoblastic markers such as KRT7 and hCG [231, 232]. This cell line was primarily
chosen as it is a good model for embryo attachment and invasion, and can be used to

generate spheroids [233, 234]. Several studies have used JAR spheroids in conjunction with
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Ishikawa or RL95-2 cells in spheroid attachment models [27, 229, 292, 298, 299]. The JAR
cell line was purchased from the ATCC (cat no. HTB-144) and cultured according to
ATCC guidelines with the addition of antibiotics [300]. The cells were cultured with
Roswell Park Memorial Institute (RPMI) 1640 (Thermo Fisher Scientific, cat no.
11875119) with 10% heat-inactivated FBS and 100 U/ML penicillin-streptomycin. JAR
cells were passaged when 80-90% confluency was reached. The spent media was
removed from the flask, and the monolayer was washed with 20 mL of warm dPBS. To
detach the cells, 1.5 mL of 2x trypsin-EDTA was added to the flask, and the cells were
incubated for 5 minutes. The trypsin was deactivated with 8.5 mL of fresh complete
media. The cells were seeded into a T75 flask at a 1:4 subculture ratio and incubated at

37°C with 5% CO» until confluent.

2.1.3 Culture and maintenance of innate immune cell lines

THP-1 (ATCC, cat no. TIB-202) and NK-92 (ATCC, cat no. CRL-2407) cell lines
were used to model macrophages and natural killer cells, respectively. The THP-1 cell
line was derived from acute monocytic leukemia [301]. The NK-92 line was derived from
a malignant non-Hodgkin’s lymphoma [302]. Both cell lines have previously been used
to model immune cells in the endometrial environment [235-237]. THP-1 and NK-92 cell
lines both secrete cytokines and chemokines, which play important roles in endometrial
receptivity and the inflammatory response [238, 239]. Additionally, THP-1 cells can be
differentiated to macrophages, which are one of the prominent cell types present in the

endometrium [245, 303].
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THP-1 cells were cultured in RPMI 1640 media, supplemented with 10% heat-
inactivated FBS, 100 pg/mL of streptomycin and 50 pg/mL gentamycin [304]. The cells
were maintained between 2x10° - 1x10° cells/mL in T75 flasks. Cells were stained with
trypan blue (Thermo Fisher Scientific, cat no. 15250-061) and counted using a
haemocytometer. If the cell density was above or close to 1x10° cells/mL, the appropriate
volume of cells was transferred to a new flask with fresh, complete media to a final
volume of 15 mL and incubated at 37°C with 5% CO-. If the cells were below 1x10°
cells/mL, they were centrifuged at 500 xg for 5 minutes at room temperature. The spent

media was removed, and the cells were resuspended with 15 mL of complete media and

incubated at 37°C with 5% CO».

NK-92 cells were cultured in RPMI 1640 media, supplemented with 10% heat-
inactivated FBS, 1 mM sodium pyruvate (Thermo Fisher Scientific, cat no. 11360070),
Ix non-essential amino acids (Thermo Fisher Scientific, cat no. 11140050), 200 UI/mL
interleukin (IL)-2 (Miltenyi Biotec, cat no. 130-097-745), and 100 U/mL penicillin-
streptomycin [246]. The cells were maintained between 2x10° - 1x10° cells/mL in T75
flasks. The cells were centrifuged at 130 xg for 5 minutes at room temperature every two
to three days, and the spent media was removed. The cells were resuspended in 10 mL

fresh media, and the concentration was determined using a haemocytometer. If the cell
density was above or close to 1x10° cells/mL the cells were passaged, and the appropriate
volume of cells was transferred to a new flask with fresh, complete media to reach a final
volume of 10 mL. If the cell density was below 1x10° cells/mL, the cell suspension was
transferred to a T75 flask and returned to the incubator. The cells were incubated at 37°C

with 5% COa.
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2.1.4 Differentiation of THP-1 cells into macrophages

THP-1 cells were differentiated into adherent macrophages before use in all
experiments, as per established protocols [245, 303]. Confluent THP-1 cells were diluted
to the appropriate concentration to seed well plates, and phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich, cat no. P8139) was added to reach a final concentration of 15
ng/mL [245, 303]. Cells were seeded and incubated at 37°C with 5% CO- for 48 hours.
The PMA media was removed and replaced with fresh, complete RMPI 1640 media
without PMA. The cells were incubated for 24 hours [245, 303]. In the literature, it has
been shown that THP-1 cells have limited expression of inflammatory response genes
generated by PMA exposure after incubation with media lacking PMA [245]. This creates

a consistent phenotype that is suitable for inflammation models [245].

2.1.5 Authentication of cell lines

All cell lines were authenticated by the Australian Genome Research Facility
(AGRF). DNA was extracted from cell pellets collected from the Ishikawa, RL.95-2, THP-
1, NK-92, and JAR lines using the AllPrep DNA/RNA Micro kit (QIAGEN, cat no
80284). 350 puL of Buffer RLT Plus was added to the pellet and vortexed to lyse the cells.
The lysate was passed through a blunt 20-gauge needle five times. The lysate was
transferred to a spin column and centrifuged for 30 seconds at 8000 xg. 500 pL of Buffer
AWI1 was added to the column and centrifuged for 15 seconds at 8000 xg. 500 uL of
Buffer AW2 was added to the column and centrifuged for 2 minutes at 14,000 xg. Buffer
EB was preheated to 70°C, and 50 pL was added directly to the membrane and incubated

for 2 minutes at room temperature. The spin column was centrifuged for 1 minute at 8000
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xg to elute the DNA. The concentration and purity of the DNA was determined using a
Nanodrop One/One® Microvolume UV-Vis  Spectrophotometer (Thermo  Fisher
Scientific, cat no. ND-ONEC). The cell lines were authenticated using the AGRF’s human
cell line identification service, which uses the Promega GenePrint 10 system to complete
short tandem repeat (STR) profiling. This method amplifies ten loci; amelogenin,
CSF1PO, D13S317, D16S539, D21S11, D5S818, D7S820, THO1, TPOX, and vWA. The
generated profile from each cell line was then analysed using the Cellosaurus Cell Line
Authentication using STR (CLASTR) 1.4.4 program, and the cell line was identified

[305]. The results are provided in Appendix 1 (Table 21).

2.1.6 Mycoplasma testing

All cell lines were routinely tested for Mycoplasma contamination to ensure the
validity of all cell culture experiments [306]. The cells were cultured for two weeks in
their respective media without antibiotics. A 1 mL sample of spent media was removed
from the culture and tested using the MycoAlert Mycoplasma detection kit (Lonza
Bioscience, cat no. LT07-318). All cells were confirmed to be free of Mycoplasma

contamination.
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2.2 Preparation of Metabolites

2.2.1 Stock Metabolite Solutions

The metabolites used in all assays were purchased as a concentrated stock and
diluted with sterile milli-Q water, according to Table 5, to create a working stock. All

solutions were filter-sterilised using 0.2 um filters (Sartorius, cat no.S6534-FMOSK).

Table S. Preparation of microbiota-associated metabolites from purchased stock.

Final
Amount of
Catalogue | Volume of concentration
Metabolite | Supplier stock
no. H>O (mL) of working
metabolite
stock (M)
L-lactic Sigma-
L1750 20 1.80 g 1
acid Aldrich
D-lactic ChemSupply
L0266 20 1.80 g 1
acid Australia
Glacial Sigma-
A6283 18.9 1.15 mL 1
acetic acid | Aldrich
Succinic Sigma-
S9512 20 1.19¢g 0.5
acid Aldrich
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2.3 Viability of cells treated with microbiota-associated
metabolites

2.3.1 MTS reagents

The CellTiter 926® Aqueous 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent powder
(Promega, cat no. G1111) was dissolved in dPBS to achieve a 2 mg/mL solution with a
pH between 6.0 to 6.5 [307]. The solution was sterilised using a 0.2 um syringe filter and
stored at -20°C protected from light. Phenazine methosulfate (PMS) (Sigma-Aldrich, cat
no. P9625) was resuspended in dPBS to reach a concentration of 0.92 mg/mL [307]. The
solution was sterilised using a 0.2 um syringe filter and stored at -20 °C, protected from
light. To create a working solution, 50 pL of PMS was added to 1 mL of the MTS solution

and vortexed to mix.

2.3.2 MTS assays for cell viability

All viability assays were carried out in 96-well plates (Thermo Fisher Scientific,
cat no. 167008). Ishikawa, RL95-2, and JAR cells were seeded at a density of 2x10*
cells/well. The well plates were incubated for 24 hours at 37°C with 5% CO; to ensure
the cells had adhered to the plate. THP-1 cells were seeded at a density of 5x10*cells/well
and differentiated according to the outlined method (section 2.1.4). NK-92 cells were
seeded at 2.5x10% cells/well. NK-92 cells were used immediately, as the cells are in

suspension and do not adhere to the plate.
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Once Ishikawa, RL95-2, JAR, and THP-1 cells had adhered to the plate, the spent
media was removed and replaced with the media supplemented with microbiota-
associated metabolites according to concentrations outlined in Table 6. After seeding NK-
92 cells into the well plate, the appropriate volume of microbiota-associated metabolites
was added directly into the wells to reach the concentrations outlined in Table 6. After the
treatment was added, all well plates were incubated at 37°C with 5% CO. for 4, 6, and 24
hours. At each time point, 20 uL of the prepared MTS reagent was added to all wells
[307]. Plates containing Ishikawa, RL95-2, or THP-1 cells were incubated at 37°C with
5% COz for 2 hours and protected from light. Plates containing JAR or NK-92 cells were
incubated at 37°C with 5% CO- for 3 hours and protected from light. After the incubation,
the absorbance was read using the Tecan Infinite M200 Plate reader at 490 nm. To

determine the percentage of viable cells, the following equation was used [308];

% Viable Cell Treated Cells — Background Absorbance 100
_ X
o Viabte Lells Control Cells — Background Absorbance

Concentrations at which cells maintained a > 80% viability over the three time
points were used in further experiments [309]. This cutoff aligns with ISO 10993-5 and
ensures the cells are not exposed to a weakly cytotoxic dose of the microbiota-associated
metabolites in all experiments [309, 310]. Initial MTS assays were conducted across a
broad range of concentrations to determine the concentrations used in this study. Prior to
the use of the determined concentrations, the pH was tested after culturing in standard cell
culture conditions, and confirmed to remain at 7.4. This was also visually confirmed

throughout all experiments by the observation of the phenol red pH indicator used in media.
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Table 6. Concentration range of individual microbiota-associated metabolites used

in MTS Viability Assays.

Cell line

Media

Metabolite

Concentration range

Ishikawa

DMEM

L-Lactic Acid

D-Lactic Acid

Acetic Acid

Succinic Acid

5-30 mM

RL95-2

DMEM/F-12

L-Lactic Acid

D-Lactic Acid

Acetic Acid

Succinic Acid

5-30 mM

JAR

RPMI 1640

L-Lactic Acid

D-Lactic Acid

Acetic Acid

Succinic Acid

5-30 mM

THP-1

RPMI 1640

L-Lactic Acid

D-Lactic Acid

Acetic Acid

Succinic Acid

5-30 mM

NK-92

RPMI 1640

L-Lactic Acid

D-Lactic Acid

Acetic Acid

Succinic Acid

1-10 mM
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2.4 Culture of cells with microbiota-associated metabolites

2.4.1 Treatment and collection of supernatant and cell samples

To examine the effects of microbiota-associated metabolites, various cell lines
were treated with different metabolites, including L-lactic acid, D-lactic acid, acetic acid,
and succinic acid. Upon completion of the experiments, the culture supernatants were
harvested to quantify cytokine production. For these experiments, Ishikawa and RL95-2
cells were seeded into 96-well plates at 2x10* cells/well and incubated for 24 hours before
treatment to ensure the cells adhered. THP-1 cells were seeded into 96-well plates at
5x10* cells/well and differentiated according to the protocol outlined in section 2.1.4.
NK-92 cells were seeded into 96-well plates at 2.5x10* cells/well and used immediately.
The cells were treated with the different metabolite concentrations within the ranges
outlined in Table 7 for these experiments. To generate a pro-inflammatory response, as a
control for assay and cell responses, the cells were separately treated with
PMA/Ionomycin (PMA/I) (1x) (Thermo Fisher Scientific, cat no. 00-4970-93) and
lipopolysaccharide (LPS) (1x) (Thermo Fisher Scientific, cat no. 00-4976-93). The cell
culture supernatants were collected after 24 hours of incubation at 37°C with 5% COa..
The media was removed from the monolayer of adherent cells and transferred to 1.5 mL
tubes. The suspension of media and NK-92 cells was also transferred to 1.5 mL tubes. All
samples were centrifuged at 10,000 xg for 5 minutes to remove cells and debris. The

media was stored in aliquots of 50 puL and frozen at -80°C.
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The cells treated with metabolites were also harvested and used in RNA
extractions and RT-qPCR to investigate the changes in the expression levels of various
genes. The endometrial epithelial cells and JAR cells were seeded into 6-well plates at
3x10° cells/well (Thermo Fisher Scientific, cat no. 140675) and were incubated for 24
hours to ensure they had adhered. THP-1 cells were seeded at 1x10° cells/well and
differentiated according to the protocol outlined in section 2.1.4 before use. NK-92 cells
were seeded into 6-well plates at 3x10° cells/well and used immediately. The cells were
treated with the different metabolite concentrations within the ranges outlined in Table 7.
The cells were separately treated with PMA/I and LPS to generate a pro-inflammatory
response as positive controls. The JAR cells were not treated with PMA/I and LPS, as
this project did not evaluate their inflammatory response. For these experiments, the cells
were incubated with metabolites for 4 hours at 37°C with 5% CO». The spent media was
removed from the monolayer and washed with cold dPBS. To collect cell samples for
RNA extractions and RT-qPCR, 300 uL of RNAprotect Cell Reagent (QIAGEN, cat no.
76526) was added to each well and incubated for 5 minutes at room temperature to lift
the cells. The cells were transferred to 1.5 mL tubes and stored at -20°C. As NK-92 cells
are not adherent, the cell suspension was transferred to 1.5 mL tubes and centrifuged at
10,000 xg for 5 minutes. The media was removed from the cell pellet, and 300 pL of
RNAprotect Cell Reagent was added to resuspend the cells. The cells were stored at stored

at -20°C.
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Table 7. The concentration range of microbiota-associated metabolites used to treat

cells.
Cell Line Media Metabolite Concentration Range 4
L-lactic acid 0-25 mM
D-lactic acid 0-10 mM
Ishikawa DMEM
Acetic acid 0-10 mM
Succinic acid 0-5 mM
L-lactic acid 0-15 mM
D-lactic acid 0-15 mM
RL95-2 DMEM/F-12
Acetic acid 0-5 mM
Succinic acid 0-5 mM
L-lactic acid 0-15 mM
D-lactic acid 0-15 mM
JAR RPMI 1640
Acetic acid 0-15 mM
Succinic acid 0-5 mM
L-lactic acid 0-5 mM
D-lactic acid 0-4 mM
NK-92 RPMI 1640
Acetic acid 0-5 mM
Succinic acid 0-2 mM
L-lactic acid 0-15 mM
D-lactic acid 0-10 mM
THP-1 RPMI 1640
Acetic acid 0-5 mM
Succinic acid 0-5 mM
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AThe concentration range of each metabolite was determined using MTS viability assays.
Cells were considered viable if the % viability of treated cells remained >80% over 24

hours.

2.5 Culture of epithelial cells with conditioned media

2.5.1 Preparation of conditioned media

To determine the impact of innate immune cells on the inflammatory response of
endometrial epithelial cells, innate immune cell-conditioned media was used in culture
with the Ishikawa and RL95-2 cells. To produce conditioned media, THP-1 cells were
initially seeded into 6-well plates 1x10° cells/well and differentiated according to the
method outlined in section 2.1.4. NK-92 cells were seeded into 6-well plates at 3x10°
cells/well and used immediately. The cells were incubated for 24 hours in media
containing the highest concentration of each metabolite (Table 7) at 37°C with 5% COa..
The cells were also incubated with their respective complete media without metabolites
added as an untreated control. After 24 hours, the media was transferred to a 15 mL falcon
tube, diluted 1:2 with fresh media, and centrifuged at 500 xg for 5 minutes to remove
cells and debris. The conditioned media was then filter sterilised using a 0.2 um syringe

filter. The prepared conditioned media was used immediately.

While the immune cells were incubated with metabolites, Ishikawa and RL95-2
cells were used to seed 6-well plates at 3x 10 cells/well. They were incubated for 24 hours

at 37°C with 5% CO; to ensure the cells had adhered to the plate. Once the conditioned
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media had been prepared, the spent media on the epithelial cells was removed, and the
monolayer was washed once with warm dPBS. To initiate the experiment, 1 mL of the
conditioned media was added to the wells, and the cells were incubated for 4 hours at
37°C with 5% CO». After 4 hours, the media was removed from the monolayer and the
cells were washed with cold dPBS. To harvest cell samples for RNA extractions and RT-
qPCR, 300 pL of RNAprotect Cell Reagent was added to the wells and incubated for 5
minutes at room temperature to lift the cells. The cells were transferred to 1.5 mL tubes

and stored at -20°C for use in RT-qPCR.

2.6 RNA extraction and Reverse-Transcription -quantitative
(RT-q)PCR

2.6.1 RNA extraction and cDNA synthesis

The stored cell samples were thawed on ice and centrifuged at 12,000 xg for 5
minutes. The storage buffer was removed, and the pellet was washed once with 300 uL.
of cold nuclease-free water. The RNA was extracted using the ReliaPrep™ RNA Cell
Miniprep system (Promega, cat no. Z6012) according to the manufacturer’s instructions.
In brief, 100 puL of the BL Buffer containing 1-thioglycerol was added to the pellet and
vortexed. Next, 35 puL of 100% molecular grade isopropanol (Sigma-Aldrich, cat no.
19516) was added and vortexed for 5 seconds. The lysate was transferred to a mini-column
and centrifuged for 30 seconds at 12,000 xg. After discarding the flow-through, 500 uL
of RNA wash solution was added to the mini-column and centrifuged for 30 seconds at
12,000 xg. The flow-through was discarded. In a separate tube, per sample, 24 uL yellow

core buffer, 3 uL 0.09 M MnCl,, and 3 pL. DNase I enzyme were mixed. A total of 30 pL
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of this solution was added directly to the membrane and incubated for 15 minutes at room
temperature to digest DNA in the samples. Following this, 200 pL of the column wash
was added to the mini-column and centrifuged at 12,000 xg for 15 seconds. The flow-
through was discarded. Then, 500 uL of RNA wash solution was added to the mini-
column and centrifuged for 30 seconds at 12,000 xg, and the flow-through was discarded.
Finally, 300 uL of RNA wash solution was added and centrifuged at 14,000 xg for 2
minutes. The mini-column was transferred to a 1.5 mL elution tube. To elute the RNA,
15 pL of nuclease-free water was added to the membrane and was centrifuged for 1
minute at 12,000 xg. The concentration and purity of the RNA were determined using the

Nanodrop One/One® Microvolume UV-Vis Spectrophotometer.

cDNA was synthesised using the Promega GoTaq® 2-Step RT-qPCR System (Cat
no. A6010). The RNA was diluted with nuclease-free water to reach a concentration of
100 ng/uL. The reaction components outlined in Table 8 were combined and placed on a
heating block at 70°C for 5 minutes. The samples were transferred immediately from the
heat block and chilled on ice for 5 minutes. The reverse transcriptase reaction mix was
prepared per reaction using the components outlined in Table 9. A total of 10 puL of the
reaction mix was added to the prepared RNA/primer solution to reach a final volume of
20 pL. The samples were placed in the Rotor-Gene Q MDx Splex HRM (QIAGEN, cat
no. 9002033) and incubated according to conditions outlined in Table 10 to synthesise

cDNA. cDNA was stored at -20°C until use.
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Table 8. cDNA synthesis reaction components.

Component Volume (uL) per reaction
RNA Template (100 ng/uL) 1

Oligo (dT)15 Primer (0.5ug/ul) | 1

Random Primers (0.5ug/ul) 1

Nuclease-free water 7

Total Volume 10

Table 9. Reverse Transcriptase reaction components.

Reaction Component Volume (uL) per reaction
Nuclease-Free Water 1.5
GoScript™ 5X Reaction Buffer 4
MgCl; (25 mM) 2
PCR Nucleotide Mix (10 mM) 1
Recombinant RNasin®
0.5
Ribonuclease Inhibitor
GoScript™ Reverse Transcriptase | 1
Total Volume 10
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Table 10. Thermal cycling conditions used to synthesise cDNA.

Temperature (°C) | Time (minutes)

Anneal 25 5
Activation 42 60
Inactivation 70 15

2.6.2 Reverse Transcription-quantitative (RT-q) PCR

The Promega GoTaq® 2-Step RT-qPCR system and custom primer pairs
(Integrated DNA Technologies) were used to complete RT-qPCR. Table 13 outlines the
reference genes used for each cell line. The master mix was prepared according to Table
11. A total of 20 pL of the master mix was added to each well in a 96-well plate (Thermo
Fisher Scientific; cat no. 4346907) and sealed. The plate was run in the QuantStudio™
6K Flex Real-time PCR System (Thermo Fisher Scientific, cat no. 4485689) according
to the cycling conditions in Table 12. The cycle threshold (C;) values were determined
using the Design and Analysis Software, Version 2.6 for MAC. The comparative C;
method was used to determine the effect of the metabolites on gene expression compared
to untreated cells [311]. The significance was determined using an unequal variances T-
test. The results were also analysed using a two-way ANOVA as there are two independent
variables; metabolite treatment and concentration. Dunnett’s multiple comparisons tests
were completed to determine if the treatments resulted in statistically significant changes
in gene expression compared to the untreated control [312-314]. A log: fold change was

considered significant if it was >1 or <-1 and the p value was p < 0.05 [315]. The fold
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change values are represented as the normalised values, and the full data set can be found

in appendices 2, 3, and 4.
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Table 11. RT-qPCR master mix components.

Final
Component Volume (uL) per reaction
Concentration
GoTaq® qPCR Master
10 1x
Mix (2x)
Forward Primer (20x) | 1 200nM — 1uM
Reverse Primer (20x) | 1 200nM — 1uM
cDNA Template 2-5 <100ng
To reach a final volume of
Nuclease-free Water
20 uL

Table 12. Thermal cycling conditions used to conduct RT-qPCR reactions.

Step Cycles Temperature (°C) | Time (Seconds)
DNA polymerase
1 95 120
activation
Denaturation 95 15

Annealing  and | 40
60 60
extension




Table 13. Reference gene primer sequences. All primer pairs were ordered from Integrated DNA Technologies (IDT, Singapore).

Gene Role Sequence (5’-3°) Reference
Glyceraldehyde 3- Forward | TGGTATCGTGGAAGGACTCATGAC
Reference gene for JAR
phosphate dehydrogenase [160]
and NK-92 cells
(GAPDH) Reverse ATGCCAGTGAGCTTCCCGTTCAGC
Reference gene for THP-1 | Forward ATTGCCGACAGGATGCAGAA
B-Actin (ACTB) [316]
cells Reverse GCTGATCCACATCTGCTGGAA
Hypoxanthine-guanine Forward | TGACACTGGCAAAACAATGCA
Reference gene for
phosphoribosyltransferase [317]
Ishikawa, and RL95-2. | p o+ erse GGTCCTTTTCACCAGCAAGCT

(HPRTI)
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2.7 Glucose-uptake assay

2.7.1 Seeding and treatment of cells

Ishikawa, RL95-2, and JAR cells were seeded into white, clear bottom 96-well
plates at 2x10* cells/well (Sigma-Aldrich, cat no. CLS3610) and incubated for 24 hours.
THP-1 cells were seeded into 96-well plates at 5x10* cells/well and differentiated
according to the protocol outlined in section 2.1.4. NK-92 cells were seeded into 96-well
plates at 2.5x10* cells/well and used immediately. After the cells were seeded, they were
treated with the highest concentration of L-lactic, D-lactic, acetic, and succinic acid they
could tolerate, as outlined in Table 7. The cells were incubated for 24 hours at 37°C at

5% CO:s.

2.7.2 Glucose-uptake assay

The Glucose Uptake-Glo™ Assay kit (Promega, cat no. J1342) was used to
conduct this assay according to the manufacturer’s instructions. Before beginning the
assay, the 2DG6P detection reagent was prepared according to Table 14. It was allowed
to equilibrate at room temperature for one hour to minimise background. Additionally,
100 mM 2-deoxyglucose (2DG) (100 mM) was diluted to reach a final concentration of

1 mM in dPBS.
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Table 14. 2DG6P Detection Reagent.

Component Per Reaction (uL)
Luciferase Reagent 100

NADP* (20 mM) 1

G6PDH 2.5

Reductase 0.5

Reductase Substrate 0.0625

The media was removed from the treated cells, and the monolayer was washed
once with warmed dPBS to remove any remaining glucose. A volume of 50 uL of 1 mM
2DG was added to each well. As a negative control, 50 L of dPBS was added to three
wells of untreated cells instead of 2DG. The plate was gently swirled and incubated for
10 minutes at room temperature. After the incubation, 25 pL of stop buffer was added to
each well, and the plate was gently swirled. Then, 25 uL of neutralisation buffer was
added to each well, and the plate was gently swirled. Finally, 100 pL of the prepared
2DG6P detection reagent was added to each well, and the plate was gently swirled. The
plate was then incubated for 90 minutes at room temperature, and the luminescence was

measured using the Tecan Infinite M200 Plate reader with a one-second integration.
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2.7.3 Analysis and figure generation for glucose-uptake assays

The background luminescence was subtracted from the luminescence readings
from treated wells according to the assay protocol. The luminescence readings were
reported in relative light units (RLU). The figures were generated using GraphPad Prism
9.3.0 for Windows (GraphPad Software, Boston, Massachusetts, USA

www.graphpad.com), and unpaired T-tests with Welch’s correction were performed to

determine significance. The results were also analysed using a one-way ANOVA and

Dunnett’s multiple comparison tests.
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3 Microbiota-associated metabolites impact the

functionality of the endometrial environment
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3.1 Introduction

Infertility is a common reproductive disease estimated to impact one in six people
globally [67]. In vitro fertilisation (IVF) is a readily used treatment for infertility, with
over 65,000 initiated cycles in Australia and New Zealand in 2022 [70]. The clinical
pregnancy rate per fresh embryo transferred is 33.1% and has not greatly improved over
the last five years [70]. This is concerning due to the cost of treatment and the physical
and mental burden on patients [96, 98, 99]. Endometrial receptivity is when endometrial
tissue is in the correct condition to enable the attachment and invasion of an embryo and
establish a pregnancy [6]. It occurs during the window of implantation (WOI), which
occurs during days 19 to 21 of the menstrual cycle [318]. Receptivity development is
driven by hormonal regulation and involves the maintenance of endometrial integrity and
function. The development of receptivity is essential to the success of IVF, and embryo

transfer failure is often attributed to poor receptivity.

The development of receptivity is a highly controlled process, and the tissue
undergoes many alterations, such as decidualisation, the development of pinopodes,
endometrial thickening, and changes to gene expression [8, 17, 319]. Of particular interest
in this chapter was the epithelial-to-mesenchymal transition (EMT) and mesenchymal-
to-epithelial transition (MET) that occurs to prepare the endometrium and enable
implantation. After menstruation, the tissue undergoes MET, rapidly migrating and
restoring the epithelial layer [320]. During receptivity, the cells undergo EMT, losing their
polarity, increasing motility and reorganising adhesion molecules, which are critical
changes to enable embryo implantation [27, 321]. As the embryo implants, it has been

suggested that the epithelium migrates away from the implantation site and undergoes
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apoptosis [27]. This is thought to enable the embryo to invade and proliferate. Then,
redistribution and upregulation of N-cadherin promotes the epithelial cells to migrate over
the invaded embryo and cover it [27]. Furthermore, during receptivity and EMT, there is
a reorganisation of desmosomal proteins and adherens junctions, but tight junction
proteins like Zonula Occludens-1 (ZO-1) do not change position or expression to maintain
cell-cell junctions, creating a permeability barrier around the embryo in the stromal tissue
[322, 323]. Transcriptional factors like Homoebox A10 (HOXA10) are also involved in
the development of receptivity, promoting the expression of E-cadherin, a classic marker
of EMT [295]. Furthermore, receptors like Transforming Growth Factor Beta Receptor-1
(TGFBRI) are also essential for the control of epithelial proliferation during EMT [324,

325].

The development of receptivity also involves the regulation of several genes to
promote structural and vascular development. During the receptive stage, Leukemia
Inhibitory Factor (LIF) is expressed by endometrial epithelium, promoting LIF expression
in the stroma [326]. LIF activates the Signal Transducer and Activator of Transcription 3
(STAT3) pathway in epithelial cells, increasing receptivity and facilitating embryo
implantation [326]. Decreased LIF expression or knockout of LIF results in embryo
implantation failure [326-329]. Growth factors like Vascular Endothelial Growth Factor
(VEGFA) are expressed to promote angiogenesis, repair, and re-epithelisation of the
endometrium after menstruation [330]. Additionally, the epithelium produces mucin-1
(MUCI). MUC1 is expressed on the endometrial epithelial cell surface and is regulated
by the expression of progesterone, but the embryo is able to significantly decrease its
expression at the implantation site [331, 332].Nuclear Factor Kappa B (NF-«B) is a

transcription factor known to be involved in the expression and regulation of cytokines like
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LIF and IL-6 during the receptivity stage and is inhibited to promote immune tolerance
during early pregnancy [333, 334]. NK-kB consists of heterodimers and homodimers,
including NF-kBI1. It has been previously shown that women experiencing repeated
implantation failure (RIF) have a high concentration of NF-kB1 compared to healthy

controls [335]

There is now substantial evidence that the composition of the endometrial
bacterial microbiome is correlated with the outcome of embryo transfer. To date, there is
no defined profile of bacteria in the endometrium. However, the dominance of
Lactobacillus and a lack of or low abundance of non-Lactobacillus bacteria have been
associated with successful outcomes of IVF, such as clinical pregnancy, ongoing
pregnancy, and live birth [178, 180]. In contrast, an environment with increased diverse
bacteria such as Fannyhessea, Bifidobacterium, Gardenerella, Prevotella, and
Streptococcus, and decreased Lactobacillus is associated with poor outcomes such as
implantation failure and miscarriage [116, 178, 180]. There is also emerging evidence
that the microbiome composition may affect processes such as angiogenesis, cell
adhesion, and immunomodulation, all of which are needed for successful implantation

and receptivity [212, 215].

Conversely, in the vaginal environment, it is well established that the microbiome
maintains homeostasis and modulates the immune response through the production of
metabolites. In a eubiotic vaginal environment, Lactobacillus produces up to 110 mM of
lactic acid [156]. This lowers the pH, preventing pathogenic colonisation, maintaining the
integrity of the epithelium, and promoting an anti-inflammatory response [160, 161, 336].

High concentrations of acetic acid (120 mM) and succinic acid (20 mM) are produced in
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a dysbiotic vaginal microbiome with a low abundance of Lactobacillus and a high relative
abundance of strict and facultative anaerobes such as Gardnerella, Prevotella, and
Fannyhessea [162, 163, 287, 289]. These metabolites and higher pH stimulate the host

response towards a pro-inflammatory profile and compromises the vaginal environment.

It is known that Lactobacillus and diverse bacteria such as Gardnerella,
Prevotella, and Fannyhessea are present in the endometrium. However, little is known
about the metabolites they produce, how they interact with endometrial receptivity, and
if they have a similar regulatory role as microbiota-associated metabolites in the vaginal
environment. Based on past vaginal and endometrial models, L-lactic, D-lactic, acetic,
and succinic acids were used to represent different microbial profiles and investigated
their impact on receptivity biomarkers [160, 161, 168, 286]. It is important to
acknowledge that the concentration of metabolites in the endometrium may be lower than
that used in this study due to the low biomass of bacteria [176]. However, this study still

provides insight into the role of microbiota-associated metabolites in the endometrium.

3.2 Hypothesis and aims

3.2.1 Hypothesis

Metabolites produced by Lactobacillus create an environment conducive to
successful embryo implantation by modulating the development of receptivity. The
metabolites may modulate the regulation of EMT, the epithelial barrier integrity, and the

expression of genes involved in receptivity. Metabolites produced by diverse bacteria will
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adversely alter the development of receptivity, resulting in conditions detrimental to

embryo implantation.

3.2.2 Aims

Determine the impact of microbiota-associated metabolites on receptivity markers

in endometrial epithelium and innate immune cells.

3.3 Methods

3.3.1 Cell culture

Cells were cultured according to the methods outlined in sections 2.1.1 and 2.1.3.

THP-1 cells were differentiated before use in experiments according to section 2.1.4.

3.3.2 MTS assays and the concentration of metabolites used in culture

MTS assays were conducted according to section 2.3.2 to determine the viability
of cells exposed to different concentrations of metabolites in culture. Table 7 outlines the
concentration range at which the cells were viable at over three time points; 4, 6, and 24
hours. The highest concentration was used to treat the cells in all experiments,
representing the dominance of either Lactobacillus or diverse non-Lactobacillus bacteria.
Lower concentrations were used in RT-qPCR experiments in addition to the highest

concentrations.
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3.3.3 Glucose-uptake assay:

The Promega Glucose Uptake-Glo™ Assay kit was used to assess the cell’s
glucose uptake after treatment with metabolites. This was completed according to the

methods outlined in section 2.7.

3.3.4 Transepithelial Electrical Resistance (TEER):

3.3.4.1 Preparation of transwell plates:

Before using the transwell plates (Sigma-Aldrich, cat no. CLS3470), the inserts
were coated with fibronectin [337]. Lyophilised human fibronectin (Thermo Fisher
Scientific, cat no. 33016015) was resuspended with 5 mL sterile Milli-Q water to reach a
1 mg/mL concentration. To prepare a final concentration of 10 pg/mL, 25 pL of this
solution was diluted into 2.475 mL of sterile dPBS. To coat the inserts, 50 pL of the
diluted fibronectin was added to each insert, and the plate was gently swirled to ensure
the membrane was covered. The inserts were incubated at room temperature for 1 hour.
The excess coating solution was removed, and the inserts were washed once with 100 pL

of sterile dPBS. The plates were stored at 4°C until use.

3.3.4.2 Optimisation of polarisation and TEER:

Ishikawa and RL95-2 cells were seeded in the coated transwell plates. Before

seeding, the basal chamber of the transwell plates was filled with 700 uL of media and
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prewarmed at 37°C with 5% CO> until needed. Confluent Ishikawa and RL95-2 cells
were lifted, and the suspensions were filtered using a 70 um cell strainer (Sigma-Aldrich,
cat no. CLS431751) to remove cell clumps. TEER was tested using two different seeding
densities for each cell line. RL95-2 cells were diluted to reach 1x10° cells/well and
1.5x10° cells/well. Ishikawa cells were diluted to reach 2x10* cells/well and 4x10*
cells/well. 200 pL of each cell suspension was added to the insert. The wells were seeded
in triplicates for each seeding density. The cells were incubated at 37°C at 5% CO- for 72
hours before beginning TEER measurements. Media in the basal chamber was refreshed

every two to three days. Additionally, three wells were filled with media without cells as

a blank.

The Millicell® ERS-2 voltohmmeter (Sigma-Aldrich, cat no. MERS00002) was
used to measure the resistance across the membrane over 7 days. The meter was calibrated
using the STX04 electrode to ensure the meter read 1000 Q with the electrode connected.
The STXO01 electrode was sterilised using 80% ethanol and rinsed with dPBS before use.
Before measurements were taken, the cells were removed from the incubator and allowed
to come to room temperature for 10 minutes. The STXO01 electrode was inserted into the
well with the long arm in the basal chamber and the short arm inside the insert. The
electrode was held at a 90° angle, and the reading was recorded in ohms. The readings
were taken in technical triplicates for each well, and the electrode was rinsed with fresh

media to prevent carryover.
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3.3.4.3 TEER analysis:

The cell monolayer must polarise and form tight junctions between the cells
before they are used in further experimentation. To determine if the cells have polarised,

the cell-specific resistance was calculated with the following calculation [338];

RTissue ('Q) = RTotal - RBlank

To determine the TEER values at each time, the following equation was used

[339];

Myyeq = Area of semipermeable membrane

TEER (Q sz) = RTissue (‘Q) X MArea(cmz)

The monolayer was determined to be polarised if the TEER values reached 150
Q.cm?. RL95-2 cells failed to polarise after 7 days, and the Ishikawa cells moderately
polarised over 7 days but failed to reach the threshold. Thus, further experiments using

transwell plates were not conducted.
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3.3.5 Wound Healing Assay

3.3.5.1 Wound healing assay and metabolite treatment:

Wound healing assays were completed using the endometrial epithelial cells.
Ishikawa and RL95-2 cells were seeded into 6-well plates at 3x10° cells/well and
incubated at 37°C with 5% COx> for 24 hours or until confluent. A wound was created in
the monolayer using a 200 pL pipette tip (Neptune, cat no. BT200) and was washed twice
with warm dPBS to remove debris and cells [340]. The media was replaced with 2 mL of
complete media, including 10% FBS, supplemented with a metabolite. The metabolites
were diluted into the media to reach the highest concentration at which the cells were
determined viable, as outlined in Table 7. Immediately after the wound was created, the
plates were imaged using the EVOS™ FL Colour Imaging system (Thermo Fisher
Scientific, cat no. AMF4300). At 24, 48, and 72 hours, the monolayer was washed once
with warm dPBS, and the media was replaced with fresh media supplemented with

metabolites [341]. At each time point, the plates were imaged.

3.3.5.2 Data analysis and figure generation for wound healing assays:

All images were analysed using ImageJ and the wound healing size tool plugin
[342, 343]. The area of the wound was determined, and this was used to calculate wound

closure using the following equation [344, 345]:
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At=on = Ac=sn] 100%

Wound Closure % =
At—on

Ai—on is the area of the wound at 0 hours

Ai_pp Is the area of the wound after h hours

A two-way ANOVA and Dunnett’s tests were performed in GraphPad Prism 9.3.0

for Windows (GraphPad Software, Boston, Massachusetts USA www.graphpad.com) to

determine if there was a significant difference between cells cultured with metabolites

and untreated cells [345-347].

3.3.6 Immunohistochemical staining for Zonula Occludens (ZO-1)

3.3.6.1 Preparation of coverslips

Immunohistochemical staining was performed using Ishikawa cell lines. RL95-2
cells were not used as they have limited expression of ZO-1 [348]. To ensure the cells
adhered adequately to the glass coverslips, 13 mm glass coverslips (Australian Scientific,
cat no. 0117580) were coated for one hour with a 50 pug/mL poly-D-lysine solution
(Thermo Fisher Scientific, cat no. A3890401). The coverslips were washed three times
with sterile Milli-Q water and dried for two hours. The coverslips were stored at 4°C until

use.
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3.3.6.2 Treatment of cells

The coverslips were placed into 24-well plates using tweezers and seeded with
Ishikawa cells at 3x10° cells/well. The cells were incubated for 24 hours at 37°C with 5%
COs to ensure the cells had adhered to the slides. After 24 hours, the media was removed,
and cells were treated with media containing metabolites at the highest concentration the
cells were viable, as outlined in Table 7. The cells were cultured for 24 hours at 37°C with

5% CO:a.

3.3.6.3 Fixing and staining

After 24 hours of incubation with the metabolites, the cells were fixed and stained.
The media containing metabolites was removed, and the monolayer was washed once
with dPBS. Then, 1 mL of cold methanol was added to the wells, ensuring the monolayer
was completely covered, and incubated for five minutes at room temperature [349]. The
methanol was removed, and the cells were washed five times with dPBS. Non-specific
binding sites were blocked with a 3% bovine serum albumin (BSA) (Sigma-Aldrich, cat
no. A7906) solution for one hour at room temperature. The blocking solution was
removed after the incubation. The primary antibody buffer was prepared using a 0.3%
BSA solution with ZO-1 polyclonal antibody (Thermo Fisher Scientific, cat no. 40-2200)
diluted at 1:200 [348]. The coverslips were incubated for one hour at room temperature
and protected from light. After the incubation, the coverslips were washed five times with
dPBS. The secondary antibody solution was prepared using a 0.3% BSA solution with

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody (Thermo Fisher
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Scientific, cat no. A11008) diluted 1:1000 and 2,4-diamidino-2-phenylindole
dihydrochloride (DAPI) (Sigma-Aldrich, cat no. 32670) diluted 1:5000 [350]. The
secondary solution was added to the wells, and the coverslips were incubated at room
temperature for one hour, protected from light. After the incubation, the coverslips were
washed with dPBS five times. One drop of ProLong™ Glass Antifade mountant (Thermo
Fisher Scientific, cat no. P36982) was placed on a glass microscope slide (ProSciTech,
cat no. G300T1), and the coverslip was placed on top to mount the cells. Mounted slides
were allowed to cure for 30 minutes at room temperature and stored protected from light

at 4°C until confocal microscopy could be performed.

3.3.6.4 Confocal microscopy and data analysis

The fixed slides were imaged using the Nikon A1R inverted confocal microscope.
Z-stacks were captured at 20x magnification, with 14 optical sections taken at 0.925 um
intervals per stack. At least three Z-stacks were taken from each slide. The images were
analysed using ImagelJ. The files were imported using the Bio-Formats plugin, and a Z-
projection of the sum fluorescence was generated [351]. This was used to generate the
mean fluorescence intensity (MFI). Background fluorescence was determined using cells
stained with only the secondary antibody, and the background signal was subtracted from
the MFI for the final MFI values [161, 352]. The figures were generated using GraphPad
Prism, and unpaired T-tests with Welch’s correction were performed to determine
significance. The results were also analysed using a one-way ANOVA and Dunnett’s

multiple comparison tests.

110



3.3.7 RNA extraction and Real-Time- Quantitative PCR (RT-qPCR)

The cells were cultured according to section 2.4.1 and treated with the
concentrations of metabolites outlined in Table 15. RNA extraction and cDNA synthesis
were completed using the methods stated in section 2.6.1. cDNA was used to conduct RT-
qPCR (section 2.6.2) using the primers listed in Table 16. LIF and MUCI primers were
only used for epithelial cells as they are primarily expressed by those cells in the

endometrium.
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Table 15. The concentration range of microbiota-associated metabolites used to treat

cells in RT-qPCR experiments.

Cell Line Metabolites Concentrations (mM)
L-Lactic acid 0,5,10,25
D-Lactic acid 0,5,10
Ishikawa
Acetic acid 0,5,10
Succinic acid 0,2.5,5
L-Lactic acid 0,5,10, 15
D-Lactic acid 0,5,10
RL95-2
Acetic acid 0,2.5,5
Succinic acid 0,2.5,5
L-Lactic acid 0,2.5,5
D-Lactic acid 0,2,4
NK-92
Acetic acid 0,2.5,5
Succinic acid 0,1,2
L-Lactic acid 0,5,10, 15
D-Lactic acid 0,5,10
THP-1
Acetic acid 0,2.5,5
Succinic acid 0,2.5,5
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Table 16. Primer sequences for markers of receptivity and cellular function. All primer pairs were ordered from Integrated DNA Technologies

(IDT, Singapore).

Gene Role Sequence (5’-3°) Reference
Leukemia Inhibitory Factor Embryo attachment and Forward TCTGAAGTGCAGCCCATAATGAAG 3531
(LIF) invasion Reverse | TATGGCACAGGTGGCGTTG
Vascular Endothelial Growth Regulation of implantation | Forward | GCCTTCGCTTACTCTCAC 283
Factor A (VEGFA) and vascular changes Reverse GCTGCTTCTTCCAACAATG
Nuclear Factor Kappa B Subunit | Control of immune cells Forward AACTCTCAACAAAATGCCCCA (3541
1 (NFKBI) accumulation Reverse CTGAGCACCTTTGGATGCACT

. _ Embryo apposition and Forward GTGCCCCCTAGCAGTACCG
Mucin Short Variant S1 (MUCI) i [355]

adhesion Reverse | GACGTGCCCCTACAAGTTGG
' o Forward GCCCTTCCGAGAGCAGCAAAG
Homeobox A10 (HOXA10) Endometrial receptivity [356]
Reverse AGGTGGACGCTGCGGCTAATCTCTA

Transforming Growth Factor Cell proliferation and Forward GGCTTTTCTCCACATGCTTAGG 3571
Beta Receptor 1 (TGFBRI) apoptosis Reverse | GGCAACAGAGATCACCTGTAGACA
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3.4 Results:

3.4.1 Endometrial epithelial cells and innate immune cells are viable when

cultured with microbiota-associated metabolites

This study aimed to represent the endometrial environment and microbiome using
an in vitro model. Microbiota-associated metabolites, rather than bacteria, were used to
mimic the microbiome and aimed to determine the impact of bacterial metabolites on
receptivity. MTS assays were conducted to determine each cell lines' viability within a
biologically relevant range of L-lactic, D-lactic, acetic, and succinic acids [162]. The
metabolites were considered non-cytotoxic if the treated cells remained >80% viable, over
the three time points (4, 6, and 24 hours). This was completed for each cell line prior to
carrying out further experimentation. In culture, Ishikawa cells were viable at < 25 mM
L-lactic acid, < 10 mM D-lactic acid and acetic acid, and < 5 mM succinic acid (Figure
5a). Unlike Ishikawa cells, RL95-2 cells were viable at < 15 mM L-lactic acid, < 10 mM
D-lactic acid, and <5 mM acetic and succinic acid (Figure 5b). As for the innate immune
cells, NK-92 cells were viable at much lower concentrations than epithelial cells. NK-92
cells were viable at < 5 mM L-lactic acid, < 4 mM D-lactic acid, < 5 mM acetic acid, and
<2 mM succinic acid (Figure 5¢). Differentiated THP-1 cells were viable at < 15 mM L-
lactic acid, < 10 mM D-lactic acid, <5 mM acetic acid, and < 5 mM succinic acid (Figure
5d). These concentrations were chosen and used in all other experiments. Lower
concentrations of metabolites were also included in RT-qPCR experiments. The data from

these experiments is shown in Appendix 2.
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Figure 5. The viability (%) of endometrial epithelial cells and innate immune cells
treated with microbiota-associated metabolites. (a) Mean viability of Ishikawa cells.
(b) Mean viability of RL95-2 cells. (¢) Mean viability of NK-92 cells. (d) Mean viability
of THP-1 cells. Metabolites are listed on the left y-axis; DLA represents D-lactic acid,
LLA represents L-lactic acid, AA represents acetic acid, and SA represents succinic acid.
The incubation period in hours is indicated on the left y-axis. The viability of the cells is
represented by a gradient from 0% viability (red) to >100% viable (green). The

concentrations of each metabolite are indicated on the x-axis. n = 3.
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3.4.2 Succinic acid decreases glucose uptake in NK-92 cells

Glucose metabolism is essential for the decidualisation of the endometrium and
its ability to facilitate attachment [358]. Accordingly, how microbiota-associated
metabolites impact the cells’ glucose uptake was assessed. The cells were cultured for 24
hours with either L-lactic, D-lactic, acetic or succinic acid using the highest viable
concentrations as reported in Table 7. NK-92 cells cultured with 2 mM succinic acid
significantly decreased the glucose uptake (p=0.021) (p=0.99 with Dunnett’s multiple
comparisons test) compared to untreated control cells by -1.6 fold (Figure 6c¢). No
significant change was observed with the other metabolites. Likewise, Ishikawa, RL95-
2, and THP-1 cells cultured with the metabolites did not show significant changes in

glucose uptake (Figure 6).
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Figure 6. The glucose uptake of endometrial epithelial cells and innate immune cells

after treatment with microbiota-associated metabolites. (a) Glucose uptake of

Ishikawa cells. (b) Glucose uptake of RL95-2 cells. (¢) Glucose uptake of NK-92 cells.

(d) Glucose uptake of THP-1 cells. Glucose uptake was determined using the Promega

glucose uptake-Glo™ assay. DLA represents D-lactic acid, LLA represents L-lactic acid,

AA represents acetic acid, and SA represents succinic acid. The y-axis shows

luminescence, and the scale of each y-axis is different. Luminescence is proportional to

glucose uptake and is measured in relative light units (RLU). The data presented shows

the mean + SEM (n=3). * represents p < 0.05, analysed by unpaired T-tests with Welch’s

correction.

117



3.4.3 L-lactic acid decreases epithelial migration in Ishikawa and RL95-2

cells

Migration and the EMT/MET are essential for developing the endometrium
through the menstrual cycle and during implantation [27]. Thus, a wound-healing assay
was used to assess the migration of endometrial epithelial cells when cultured with
microbiota-associated metabolites. The epithelial cells were grown to confluency, and a
wound was created and allowed to heal over 72 hours while the cells were exposed to L-
lactic, D-lactic, acetic, and succinic acids. At 48 hours, Ishikawa cells cultured with 25
mM of L-lactic acid showed significantly less wound closure at 38.1% compared to the
56% wound closure of untreated cells (p=0.037) (Figure 7a). Interestingly, at 72 hours,
RL95-2 cells cultured with 15 mM of L-lactic acid showed significantly less wound
closure at 36.8% compared to the 68% wound closure of untreated cells (p=0.026) (Figure
7¢). In both cell lines, there was a trend of decreased wound closure when treated with
D-lactic acid, but this was not statistically significant. Acetic and succinic acids did not

significantly impact wound healing in either cell line.
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Figure 7. The wound closure of endometrial epithelial cells treated with microbiota-
associated metabolites. (a) Percentage wound closure of Ishikawa cells treated with
metabolites. (b) Representative images of wound closure in Ishikawa cells treated with
L-lactic acid and the untreated control. (c) Percentage wound closure of RL95-2 cells
treated with metabolites. (d) Representative images of wound closure in RL95-2 cells
treated with L-lactic acid and the untreated control. DLA represents D-lactic acid, LLA
represents L-lactic acid, AA represents acetic acid, and SA represents succinic acid.
Images were taken 24, 48, and 72 hours after the wound was made. The graphs represent
the mean percentage of wound closure + SEM. * represents p < 0.05, analysed by

Dunnett’s multiple comparisons tests. n = 3. Created using BioRender.com.
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3.4.4 D-lactic acid and acetic acid decrease the expression of ZO-1 in

Ishikawa cells

Z0-1 is an important, stably expressed protein in the endometrium; its expression
is necessary for tissue integrity and receptivity. RL95-2 cells have limited expression of
Z0-1 [348]. Therefore, only Ishikawa cells were used in this experiment. The cells were
cultured for 24 hours with microbiota-associated metabolites, and ZO-1 expression was
evaluated using confocal microscopy. The expression of ZO-1 was significantly
decreased when Ishikawa cells were cultured with 10 mM D-lactic acid (-2.1 fold)
(p=0.0038) (p=0.014 with Dunnett’s multiple comparisons test) and 10 mM acetic acid (-
1.93 fold) (p=0.0045) (p=0.02) (Figure 8a). L-lactic acid did not significantly decrease
Z0-1 expression when compared to untreated controls (Figure 8a). There was no
significant change in the expression of ZO-1 levels in Ishikawa cells cultured with

succinic acid (Figure 8a).
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Figure 8. The decreased expression of ZO-1 in Ishikawa cells after treatment with microbiota-associated metabolites. (a) The mean

MFI Fold Change

fluorescence intensity (MFI) is represented as a fold change comparing treated cells to untreated cells. (b) Expression of ZO-1 by Ishikawa cells
was visualised using confocal microscopy. DLA represents D-lactic acid, LLA represents L-lactic acid, AA represents acetic acid, and SA represents

succinic acid. Representative images show untreated cells and cells treated with D-lactic and acetic acid. The data shows mean £ SEM (n = 3). **
represents p < 0.01, analysed by unpaired T-tests with Welch’s correction . # represents p < 0.05, analysed by Dunnett’s multiple comparisons test.

Created using Biorender.com.
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3.4.5 Ishikawa and RL95-2 cells do not polarise

During the development of receptivity, when endometrial epithelium undergoes
EMT, there is a loss of tight junctions. Thus, this study aimed to determine if microbiota-
associated metabolites impact polarisation. However, as shown in Figure 9, Ishikawa cells
only moderately polarised, failing to reach higher TEER values, and RL95-2 cells did not

polarise. As a result of this, further TEER experiments were not completed.
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Figure 9. Transepithelial electrical resistance of endometrial epithelial cells. (a)

TEER values from Ishikawa cells seeded at 2x10* cells/well and 4x10* cells/well. (b)

TEER values from RL95-2 cells seeded at 1x10° cells/well and 1.5x10° cells/well. TEER

readings were initially taken three days after seeding and then every day until seven days

after seeding.
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3.4.6 Microbiota-associated metabolites downregulate the expression of
involved in receptivity in both endometrial epithelial and innate

immune cell lines.

There are several key genes involved in the development of receptivity. In this
study, the expression of TGFBRI, HOXA10, NFKBI, VEGFA, LIF, and MUCI was
assessed. All cells were cultured with L-lactic, D-lactic, acetic, and succinic acids in a
range of doses at which they were viable in culture, as outlined in Table 15. RL95-2 cells
showed a significant -3.6 log> fold decrease in TGFBRI mRNA when treated with 15 mM
L-lactic acid (p=0.011) (p=0.0125 with Dunnett’s multiple comparisons test) (Figure
10a). At 10 mM L-lactic acid, a -2.9 log, fold decrease was also observed (p= 0.013)
(p=0.058) (Figure 10a). There was no significant change in the expression of 7TGFBRI
mRNA in Ishikawa cells (Appendix 2, Figure 31). However, Ishikawa cells treated with
10 mM of D-lactic acid showed a significant -2.3 log> fold decrease in VEGFA mRNA
expression (p=0.013) (p=0.044) (Figure 10d). Additionally, when Ishikawa cells were
cultured with 10 mM of acetic acid, there was a significant -2.5 log> fold decrease in LIF
mRNA (p=0.0050) (p=0.063) (Figure 10e). Interestingly, when analysed with Dunnett’s
multiple comparisons test, Ishikawa cells treated with 5 mM LLA showed a significant
decrease in LIF expression, with a -3.1-log> fold change (p=0.012). This was not
significant when analysed by an unpaired T-test with Welch’s correction (p=0.075).
Dunnett’s multiple comparisons test also found a significant log, -2.5 fold change
(p=0.026) in LIF expression by Ishikawa cells treated with 10 mM D-lactic acid compared

to untreated controls. This was not significant when analysed using a t-test (p=0.10).
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There was no significant difference in the expression of L/F and VEGFA in RL95-2.
Compared to untreated controls, there was no significant difference in NFKBI1, HOXAI10
and MUC] expression in Ishikawa or RL95-2 cells treated with metabolites (Appendix 2,

Figure 31 and Figure 32).

Similar to RL95-2, NK-92 and THP-1 cells showed significant downregulation of
TGFBRI (Figure 10a and b). Treatment with 2.5 mM acetic acid resulted in a -1.6 log>
fold decrease in TGFBRI mRNA expression in NK-92 cells (p=0.018) (p=0.55 with
Dunnett’s multiple comparisons test). Additionally, a -2.6 logz fold decrease in TGFBR1
mRNA in THP-1 cells was seen when cultured with 2.5 mM succinic acid (p=0.015)
(p=0.081). NK-92 cells also showed a -1.4 log> fold downregulation of NFKBI when
cultured with 2.5 mM acetic acid (p=0.012) (p=0.66) (Figure 10f). There was no
significant difference in mRNA expression of NFKBI in THP-1 cells compared to
untreated controls (Appendix 2, Figure 34). Likewise, compared to untreated controls,
there was no significant difference in the expression of VEGFA and HOXA10 in NK-92

or THP-1 cells treated with metabolites (Appendix 2, Figure 33 and 33).
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Figure 10. Relative gene expression of genes involved in receptivity compared to
untreated cells. DLA represents D-lactic acid, LLA represents L-lactic acid, AA
represents acetic acid, and SA represents succinic acid. (a) Fold change of TGFBRI in
RL95-2 cells treated with LLA. (b) Fold change of TGFBR1 in NK-92 cells treated with
AA. (c) Fold change of TGFBRI1 in THP-1 cells treated with SA. (d) Fold change of
VEGFA in Ishikawa cells treated with DLA. (e) Fold change of L/F in Ishikawa cells
treated with AA. (f) Fold change of NFKBI in NK-92 cells treated with AA. Gene
expression was normalised to the reference genes and expressed as fold change compared
to the untreated cells using the comparative C; method. The data shows the mean + SEM
(n = 3). * represents p < 0.05, ** represents p < 0.01, analysed by unpaired T-tests with
Welch’s correction. # represents p < 0.05, analysed by Dunnett’s multiple comparisons

test.
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3.5 Discussion:

Endometrial receptivity occurs during the luteal stage of menstrual cycle and is the
period of time when the endometrium has developed adequately enough to allow the
successful attachment and implantation of the blastocyst [6]. A lack of endometrial
receptivity is thought to contribute to the failure of IVF treatment. Current evidence in
the literature suggests that abnormalities in the development of receptivity are associated
with the endometrial microbiome [212, 215]. In the vaginal environment, it has been
established that microbiota-associated metabolites have an important role in maintaining
homeostasis [161, 359]. Thus, this study aimed to investigate the role of microbiota-
associated metabolites in developing receptivity using a cell culture model incorporating

metabolites rather than bacteria.

This study investigated the viability of endometrial epithelial cell lines and innate
immune cell lines in the presence of L-lactic, D-lactic, acetic, and succinic acids.
Lactobacillus was represented using L-lactic and D-lactic acid, whilst acetic and succinic
acids were used to represent diverse bacteria. There is somewhat limited knowledge on
the concentration of microbiota-associated metabolites in the endometrium. However, the
concentration range based on the metabolomic profiles of bacteria found in the
endometrium. Lactobacillus can produce up to 30-45 mM of lactic acid in culture [162].
Whereas, diverse bacteria can produce up to 65 mM acetic acid and 18 mM acetic acid
[162]. In line with other cell culture models of the cervicovaginal environment, MTS
assays were used to determine non-cytotoxic concentrations of the metabolites, which

could then be used to represent differing microbiome profiles [160, 168]. If the treated
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cells showed >80% viability compared to the untreated cells, the concentration used was
considered to be non-cytotoxic and the highest viable concentration was used in further
experiments to represent microbiota [309, 310]. It was confirmed that the concentrations
used in this study did not decrease the pH of cell culture media in standard cell culture
conditions. The Ishikawa, RL95-2, and THP-1 cells remained viable at higher L-lactic
and D-lactic acid concentrations between 10-25 mM (Figure 5). This result for THP-1
cells was consistent with the literature as they have been shown to tolerate a similar
concentration of lactic acid in culture [360]. As for Ishikawa and RL95-2 cells, both are
derived from adenocarcinomas and may be able to tolerate a high concentration of lactic
acid, as tumours create a high lactic acid environment through aerobic glycolysis [361].
Additionally, endometrial epithelial cell lines may tolerate a high lactic acid
concentration, as the blastocyst also creates a high lactic acid environment through
aerobic glycolysis [362]. NK-92 cells tolerated lower concentrations of both lactic acids
between 4-5 mM. This is consistent with past research, in which L-lactic acid
significantly decreased the viability of NK cells in increasing concentrations, and
exposure to lactic acid resulted in apoptosis [363, 364]. All cell lines were viable in lower
concentrations of acetic acid (5-10 mM) compared to L-lactic and D-lactic acid (Figure
5). This was not unexpected as acetic acid has been shown previously to induce cell death
in a concentration-dependent manner [365]. Similarly, when exposed to succinic acid, all
cell lines were only viable between 2-5 mM (Figure 5). Succinic acid has been proposed
as a treatment for endometrial cancer due to its ability to induce apoptosis, and it has also
been shown to induce apoptosis in immune cell lines; thus, this result was not unexpected
[366, 367]. This could also provide insight into the potential detrimental effect of
metabolites produced by diverse microbiota in the endometrium. Increased apoptosis and

cell death in the endometrium are associated with out-of-phase endometrial tissue, where
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the tissue has not developed at the expected rate and is associated with implantation

failure [368].

Glucose is essential in the endometrium, and glucose metabolism is known to be
enhanced during receptivity and in decidualisation of the stromal tissue [369].
Additionally, endometrial cells store glycogen during the receptivity stage, with
decreased stored glycogen seen in women experiencing infertility [370]. Glucose
transporters (GLUT) are expressed throughout the endometrium, and down-regulation of
GLUT4 has been reported when epithelial cells are exposed to lactic acid in an acidic
environment [283, 369]. Thus, this study investigated the impact of microbiota-associated
metabolites on the glucose uptake of endometrial epithelial cells and innate immune cells.
The glucose uptake of the Ishikawa, RL95-2, and THP-1 cells did not significantly differ
from untreated controls when treated with L-lactic, D-lactic, acetic or succinic acids
(Figure 6). There was a significant decrease in the glucose uptake of NK-92 cultured with
succinic acid (Figure 6). However, this result was not seen when the data was analysed
using Dunnett’s multiple comparisons test. NK cells are primarily fuelled by glucose, and
NK cell function is impaired in low-glucose environments like the tumour
microenvironment [371]. Yan et al. (2022) determined that in the endometrium, glucose
metabolism is a driving force in the regulatory role of NK cells, with the restriction of
glycolysis increasing the expression of VEGFA [372]. However, in the analysis of mRNA
expression, NK-92 cells exposed to succinic acid did not show significantly different
expression of VEGFA compared to untreated controls in this study (Appendix 2, Figure
33). This may show that succinic acid produced by diverse bacteria in the endometrium

can decrease glucose uptake in NK cells without increasing VEGFA expression. It may
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indicate that the cells can still take up enough glucose for glycolysis, not affecting VEGFA

expression, but could instead affect gluconeogenesis.

Further investigation, such as examining genes involved in glucose uptake or
gluconeogenesis, such as glucose transporters and gluconeogenic enzymes like glucose-
6-phophatase could provide more insight [373]. Additionally, analysis of secreted VEGFA
by NK cells is necessary, as only mRNA expression was assessed in this study. It is
important to note that Yan et al. (2022) used decidual NK cells collected from primary
tissues to demonstrate the increased expression of VEGFA when glycolysis was inhibited
[372]. Decidual NK cells are the largest population of maternal immune cells in the
endometrium and have distinct phenotypic differences from peripheral NK cells [40].
Whereas the NK-92 cells used in this study are more cytotoxic, displaying characteristics
of activated NK cells [302]. Thus, these cell type differences could explain the difference
between this study and Yan et al. (2022), and future studies may benefit from using

primary cells.

During the development of receptivity and implantation, the endometrial
epithelium is thought to undergo EMT to enable migration around an implanting embryo
[27]. Given the importance of migration during implantation, this study aimed to
determine the impact of microbiota-associated metabolites on the endometrial
epithelium's migratory capacity. Ishikawa and RL95-2 cells showed significantly lower
wound healing rates when exposed to L-lactic acid (Figure 7). It is possible that L-lactic
acid produced by Lactobacillus in the endometrium may not aid in the migration or can
potentially prevent the migration of epithelial cells. This could also provide some insight

into the association between Bifidobacterium, another L-lactic acid-producing bacteria,
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and adverse outcomes of IVF [178, 180, 374]. This result was unexpected, as it has been
demonstrated that exposure to the soluble products of Gardnerella vaginalis decreases
wound healing significantly, and the soluble products of Lactobacillus iners do not
generate a significant change in cell migration [375]. However, it should be considered
that bacteria-produced soluble products include additional metabolites and other by-
products that could have also impacted this result. Additionally, the same effect was not
seen in cells treated with D-lactic acid, which is exclusively produced by bacteria. Thus,
this should be interpreted cautiously. Furthermore, lactic acid spheres have been used as
a model embryo, and their use in culture has shown that decidualised stroma migrates
towards the source of lactic acid [283]. In the same study, Ishikawa cells treated with
lactic acid and cultured in an acidic environment showed increased expression of Snail
Family Transcriptional Repressor 1 (SNAII), a marker of EMT [283]. Thus, it was
proposed that lactic acid may aid in receptivity to an embryo and in EMT. While this
result differs from what was observed in this study, it may be due to methodological
differences. Gurner et al. (2022) created a gradient of lactic acid and a low pH using the
lactic acid spheres, whereas lactic acid was evenly dispersed in the culture media in this
wound healing assay [283]. Thus, migration may be affected differently at lower or
different concentrations of lactic acid and in combination with a low pH. It may be
beneficial to investigate additional concentrations of L- and D-lactic acids in the future,

in conjunction with a decreased pH.

Furthermore, this study investigated the mRNA expression of HOXA10 in RT-
qPCR experiments, as it is a key factor in EMT regulating E-cadherin. However, L-lactic
acid treatment of Ishikawa or RL95-2 cells did not change their expression compared to

untreated controls (Appendix 2, Figure 31 and 31). It is not the only marker of EMT/MET,
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and it may be beneficial to assess additional markers of EMT, like SNA/I, to gain a
broader understanding of the effect of lactic acid [283]. Additionally, unlike previous
wound healing assay methods, the Ishikawa and RL95-2 cells were not serum-starved
[340, 341, 344]. As this prevents proliferation, serum-starving could improve the results
seen in this assay and may more clearly demonstrate the effect of D-lactic acid, which did

not reach significance in this study.

During the development of receptivity and EMT, important changes occur in tight
junction proteins, adherens junctions, and cell polarity. However, ZO-1 is stably
expressed, which is thought to have a role in maintaining cell-cell linkages during
receptivity and implantation [376]. Thus, this study aimed to investigate the impact of
microbiota-associated metabolites on ZO-1 expression by Ishikawa cells. RL95-2 cells
were not used for this, as they have limited ZO-1 expression [348]. Treatment with D-
lactic acid and acetic acid significantly decreased the expression of ZO-1 in Ishikawa
cells (Figure 8). L-lactic acid showed a trend towards decreased ZO-1 expression, but this
was not significant. There was no change in ZO-1 expression when treated with succinic
acid (Figure 8). This was surprising as in the vaginal environment, L-lactic acid has been
demonstrated to upregulate the expression of tight junction proteins like claudin-1 and
claudin-4, and ZO-1 is associated with L-lactate dehydrogenase abundance (the enzyme
used by Lactobacillus to make L-lactic acid) [161]. However, this difference could be due
to the differences in vaginal and endometrial tissue. The down-regulation observed when
cells were treated with D-lactic and acetic acids may indicate that microbiota-associated
metabolites can impact the stability of the endometrial epithelium during receptivity and
implantation. Furthermore, various infection models with Escherichia coli, Neisseria

gonorrhoea, and Chlamydia trachomatis resulted in the down-regulation and
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reorganisation of ZO-1 [271, 377, 378]. This suggests that bacteria and their metabolites
could adversely impact the development of receptivity and implantation. However, this
should be interpreted cautiously as TEER experiments using Ishikawa cells could not be
completed (Figure 9). TEER measures the electrical resistance across a membrane and
can provide insight into the function and permeability of the epithelial layer as a barrier.
Western blotting should also be used to quantify ZO-1 expression in the treated cells
compared to the untreated cells. This could also provide a better understanding of how
metabolites can affect the stability of the barrier and the expression of ZO-1. Additionally,
endometrial epithelial cells can be treated with estrogen or progesterone to mimic the
menstrual cycle. This has been shown to alter the polarity of the cells via desmosomes [379-
381]. In future, the impact of microbiota-associated metabolites on the organisation of
desmosomes could be investigated alongside ZO-1. However, it is important to
acknowledge that, hormone treatment replicating the secretory phase, decreases the polarity
of Ishikawa cells [379-381]. Likewise, the development of endometrial organoid models
could be used in future experiments to replicate a more accurate representation of the

endometrium [382].

In the endometrium, TGF-§ signalling is involved in elements of receptivity,
including the regulation of epithelial proliferation and decidualisation [383, 384].
Microarray analysis showed that the down-regulation of TGFBRI expression is
associated with dysregulated decidualisation and endometrial disorders, including
implantation failure [324]. Thus, this study investigated the impact of metabolites on the
expression of TGFBRI1. The results showed a significant decrease in mRNA expression
of TGFBRI by RL95-2 cells treated with L-lactic acid (Figure 10). Interestingly, in mice

models, the conditional knockout of TGFBRI caused mice to develop oviductal
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diverticula, defective development of uterine smooth muscle, and enhanced endometrial
epithelial cell proliferation [325, 384]. Further, the conditional knockout of TGFBRI has
also been implicated in defects of uterine vascularisation, implantation, and the
recruitment of NK cells to the uterus [385]. Thus, with this downregulation in epithelial
cells, it is possible that microbiota-associated metabolites may adversely alter the
structure of the endometrium and could detrimentally impact the development of
receptivity. This was surprising because this result was only seen in RL95-2 cells treated
with L-lactic acid rather than metabolites representing diverse bacteria. However, a
mouse model of colorectal cancer demonstrated increased Lactobacillus species in mice
with dysfunctional TGF-3 signalling [386]. This should be interpreted cautiously as this
study used heterozygous transgenic mice for downstream targets of 7GFB, Suppressor of
Mothers against Decapentaplegic (SMAD) and Spectrin Beta, Non-Erythrocytic 1

(SPTBNI) rather than TGFBRI [386].

Furthermore, there was a decrease in the mRNA of TGFBRI in NK-92 cells
treated with acetic acid and THP-1 cells treated with succinic acid (Figure 10). However,
this was not significant when the data was analysed with Dunnett’s multiple comparison
tests. TGFBRI is an important cytokine in the function of NK cells and macrophages,
with an immunosuppressive effect on both cell types [387]. Thus, the downregulation of
TGFBRI mRNA could indicate that acetic acid and succinic acid may affect the
immunomodulation of the endometrium during receptivity. Overall, it is clear that
microbiota-associated metabolites impact TGFBRI and could impact the signalling
pathway, having detrimental impacts on the endometrial epithelium and receptivity.
However, further investigation of downstream factors involved in the TGF-3 pathway is

required.
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VEGFA and LIF are two important genes in the development of receptivity.
VEGFA is primarily thought to promote angiogenesis and regulation of implantation
[330]. LIF has a role in inducing implantation and developing the endometrial structure
[328, 329]. The aberrant expression of both genes and their proteins has been associated
with implantation failure [213, 327, 388-390]. Thus, this study investigated the impact of
the metabolites on the expression of these genes in endometrial epithelial cells and innate
immune cells. Ishikawa cells treated with D-lactic acid had a significant downregulation
of VEGFA mRNA levels when compared to untreated controls (Figure 10). This suggests
that D-lactic acid produced by bacteria can adversely impact its expression. This result
was unexpected as Lactobacillus abundance is positively correlated with the expression
of VEGFA [213]. Additionally, Gurner et al. (2021), exposed Ishikawa cells to lactic acid
and an acidic pH which subsequently increased the expression of VEGFA mRNA [283].
Furthermore, Ishikawa cells treated with L-lactic, D-lactic, and acetic acids showed
significant downregulation in the expression of LIF compared to the untreated controls
(Figure 10). Decreased expression of LIF in the presence of acetic acid was not
unexpected as LIF has been shown to negatively correlate with Acinetobacter and
Gardnerella, both of which produce acetic acid [213]. But decreased expression of LIF
in the presence of L-lactic and D-lactic acid was unexpected. Otsugu et al. (2025)
demonstrated that lactic acid can induce LIF expression in endometrial epithelial cells
[391]. These results may indicate that metabolites produced by diverse bacteria in the
endometrium could adversely impact the development receptivity by downregulating
expression of VEGFA and LIF. But it is important to consider methodological differences
in this study compared to the literature. Gurner et al. (2021) were treated with hormones

before use. Both VEGFA and LIF are regulated by the expression of estrogen and
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progesterone [392-394]. In this study, Ishikawa cells were not hormonally primed prior
to their use, which may have impacted their response to treatment with microbiota-
associated metabolites. Additionally, increased LIF expression in Otsugu et al. (2025) was
observed in cells cultured at a low pH of 5.6, and not at higher pH values such as 6.6 and
7.4 [391]. Thus, as Ishikawa cells in this study were maintained at a pH of 7.4 in standard
cell culture conditions, this may have impacted their response to lactic acids and LIF

expression.

NF-kB is an essential transcription factor expressed in the endometrium and is
involved in expressing and regulating cytokines like L/F’ during the receptivity stage [333,
334]. It has been previously shown that those who experience repeated implantation
failure have altered expression of NF-kB1, compared to controls, suggesting that
dysregulated inflammation has a role in implantation failure [335, 395]. Therefore, this
study assessed the impact of microbiota-associated metabolites on NFKBI mRNA
expression. There was no significant change in the expression of NFKBI in Ishikawa
cells, which also had a downregulation of LIF suggesting that LIF could be
downregulated via an alternative method such as via the p53 [396, 397]. Interestingly,
NK-92 cells showed a significant decrease in the mRNA expression of NFKBI when
exposed to acetic acid (Figure 10). However, this was not significant when the data was
analysed with Dunnett’s multiple comparison tests. This was unexpected as Lactobacillus
in the endometrium has been shown to decrease inflammation and NF-kB1 expression,
yet no significant decrease was observed in the cells treated with lactic acids [398]. On
the other hand, diverse microbiota in the endometrium is associated with cytokines that
activate the NF-kB pathway [399]. However, interestingly, short-chain fatty acids like

butyric acid have been shown to reduce the inflammatory function of NK cells in a model
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of the gut microbiome [400]. In future, to better understand the impact of acetic acid on
NK-92 cells NF-kB activity should be assessed, as transcriptional changes may not be
reflected in changes in activity. This can be done using electrophoretic mobility shift
analysis (EMSA), which detects the DNA-protein binding activities of NF-kB [401, 402].
Additionally, western blotting can be done in conjunction with EMSAs, to assess the

phosphorylation of NK-«kB subunits [401, 402]

3.6 Conclusion and future directions

In conclusion, the data presented demonstrates that microbiota-associated
metabolites have the capability to impact key factors involved in the development of
receptivity. The effect of these metabolites on factors like migration, tight junction protein
expression, glucose uptake and gene expression may not be conducive to ideal conditions
for embryo implantation. It is unclear if there is a distinct difference between the
conditions created by metabolites representing Lactobacillus dominance and metabolites
representing diverse bacteria. Thus, it cannot be concluded whether or not metabolites
underpin the relationship between the composition of the endometrial microbiome and
the outcome of IVF embryo transfer. In future experiments, a complete dose-range should
be completed to determine if similar results are seen at lower concentrations of L-lactic, D-
lactic, acetic and succinic acids. This is necessary to determine if the results are
concertation-dependent. Hormonal priming of cells could also be used to create conditions
more representative of a receptive endometrium. Additionally, endometrial organoid
models could be used to better understand metabolites' role, as they have been shown to

represent the endometrium more accurately [403]. Analysis could be taken further
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through techniques like RNA sequencing and shot-gun proteomic analysis to better
understand global gene expression changes in the endometrial environment, rather than

looking at selected factors.
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4 The immunomodulatory effect of microbiota-
associated metabolites in the endometrial

environment
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4.1 Introduction

Infertility can be due to various causes; however, one of the proposed explanations
for unexplained infertility is the dysregulation of the immune response, as it is essential
for the modulation of the fetal-maternal interface, the development of the endometrium,
and the maintenance of pregnancy. Various studies have now demonstrated that an
aberrant immune response in the endometrium is associated with poor in vitro fertilisation

(IVF) outcomes, such as repeated implantation failure [395, 404, 405].

During implantation and in early pregnancy, the endometrium is considered an
inflammatory environment. This is characterised by the expression of both pro- and anti-
inflammatory cytokines and chemokines, such as tumour necrosis factor (TNF),
interleukin (IL)-1pB, IL-6, IL-8, IL-10, IL-4, Regulated on Activation, Normal T-cell
Expressed and Secreted (RANTES), and interferon gamma (IFNy) [53, 406-409].
Endometrial epithelial cells produce a variety of cytokines and chemokines, mainly TNF,
IL-8, IL-6, and RANTES. As the first cells to come into contact with the embryo and the
endometrial microbiome, the epithelium plays a key role in controlling implantation and
modulating the local inflammatory environment. IL-8 is an important cytokine expressed
by the epithelium that is thought to be involved in the recruitment of immune cells to the
endometrium [46, 47]. While the blastocyst does not produce IL-8, /L8 mRNA expression
and peptide production in the epithelium are upregulated when exposed to the blastocyst,
suggesting a role in cross-talk at the fetal-maternal interface [46]. Similarly, the
expression of cytokines like IL-6 and RANTES by endometrial epithelium is associated
with inflammation, chemotaxis, and cellular proliferation [48, 409]. The endometrial
epithelium also produces TNF, which has been shown to promote the expression of matrix
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metalloproteinases (MMPs) that aid in angiogenesis [410, 411]. The embryo also
produces TNF, inducing immunoglobulin-like cell adhesion molecule (ICAM)-1
expression in the epithelium, enhancing adhesion, thus making it an important cytokine
in cross-talk at the fetal-maternal interface [412]. TNF and IL-1 are also involved in
promoting the expression of RANTES [413]. IL-1B is one of the forms of IL-1, and
stimulating epithelial and stromal cells with IL-1f3 can promote the expression of various
inflammatory cytokines and chemokines, including IL-8 and IL-6, which are necessary

during implantation [414, 415].

During implantation and early pregnancy, the endometrium contains a unique
innate immune cell population, with around 75% of those cells being natural killer (NK)
cells [416]. Decidual NK (dNK) differ greatly from peripheral NK cells regarding gene
expression and cytokine secretion [40, 417]. The majority have a CD56"#"" CD16
phenotype, and there are several subsets of ANK cells that have been reviewed extensively
in the literature [418]. dANK cells can be further divided into dNK1, dNK2, and dNK3.
dNKI cells primarily interact with the extravillous trophoblast, and dNK2 and dNK3 are
involved in cytokine and chemokine production more so than dNK1 cells [418]. ANK
cells express IL-8 and RANTES, but mainly IL-8 is thought to support the invasion of
the embryo by promoting trophoblast migration [49]. Furthermore, dNK cells also
express IFNy, which has been demonstrated in in vitro primary cell culture and murine
models to aid in the remodelling of spiral arteries and control the differentiation of the
cytotrophoblast [53, 419, 420]. Additionally, dNK cells express receptors for human
leukocyte antigen (HLA)-G, which can interact with HLA-G expressed on the
extravillous trophoblast and promote the expression of IL-6 [41]. IL-6 has been shown in

culture to regulate angiogenesis and migration of the trophoblast [50-52]. Interestingly,
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NK cells also express IL-10, which is thought to be necessary for promoting tolerance at
the fetal-maternal interface [57-59]. dNK cells also express toll-like receptors (TLR) that
respond to pathogen-associated molecular patterns (PAMPs), suggesting they also have a
role in responding to pathogens at the fetal-maternal interface [421]. When dNK cells are
stimulated with TLR agonists, they upregulate the expression of cytokines like IL-8, IL-

6, and IFNy, all of which are necessary at the fetal-maternal interface [421].

Alongside dNK cells, macrophages are another dominant immune cell in the
endometrium. Decidual macrophages are thought to make up approximately 20% of the
immune cells in the endometrium [43]. Decidual macrophages were previously thought
of as either M1 or M2 macrophages, but it is now known that several subtypes can
produce both pro- and anti-inflammatory cytokines and do not fit into the M1/M2
classification [44, 422, 423]. Decidual macrophages express cytokines and chemokines
like IL-6, IL-8, IL-10, TNF, and IL-1f3, which have been shown to regulate trophoblast
invasion [54, 55]. Furthermore, decidual macrophages also secrete angiogenic factors and
MMPs that indicate their role in the remodelling of arteries [56]. Macrophages also serve
an important immunoregulatory role in the endometrium [424, 425]. Decidual
macrophages express 1L-4, is regulated by decidual stromal cells, promoting maternal
tolerance to the embryo [60]. Much like dNK cells, decidual macrophages also express
TLRs that respond to PAMPs, thus similarly having a role in responding to pathogens
[421]. Likewise, the stimulation of TLRs results in the expression of cytokines required

at the fetal-maternal interface [421].

It is suspected that an aberrant immune response in the endometrium could be due

to the composition of the endometrial microbiome. In patients with chronic endometritis,
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there was an association between Phyllobacterium and Sphingomonas, and abnormally
differentiated uNK cells. These bacteria also negatively correlated with macrophages,
suggesting this may affect receptivity and implantation [216]. It has also been shown that
patients with repeated implantation failure had a decreased abundance of Lactobacillus
with a great abundance of diverse bacteria and abnormalities in their T-cell response,
suggesting the microbiome may play a role in this [212]. Similarly, in patients with a
shifted window of implantation, transcriptomic data revealed enriched microbial-derived
modules, inflammatory pathways and immune regulatory pathways [215]. Additionally,
it is well-established that in the vaginal environment, bacteria modulate the inflammatory
response via metabolites like lactic acid and short-chain fatty acids [160, 168]. Similarly,
lactic acid is known to regulate the immune response in the tumour microenvironment,
and short-chain fatty acids can modulate the inflammatory response in the gut [363, 364,
426]. Thus, I aimed to investigate the impact of microbiota-associated metabolites on

endometrial epithelium and innate immune cells.
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4.2 Hypothesis and Aim

4.2.1 Hypothesis

Metabolites produced by Lactobacillus create an environment conducive to
successful embryo implantation by modulating the immune response and receptivity.
Metabolites produced by diverse bacteria will adversely alter the inflammatory profile
and the expression of cytokines, resulting in conditions detrimental to embryo

implantation.

4.2.2 Aim

Determine the impact of microbiota-associated metabolites on the immune

response of endometrial epithelium and innate immune cells.

4.3 Methods

4.3.1 Cell culture

All cells used in experiments were cultured and maintained according to the
methodology outlined in sections 2.1.1 and 2.1.3. Before use, THP-1 cells were

differentiated using PMA as outlined in section 2.1.4.
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4.1.1 Treatment of cells and sample collection

The cells were treated with the highest concentration of each metabolite that they
remained viable at in culture. Table 7 outlines the concentration range for each cell line
and the microbiota-associated metabolites. The methodology for collecting cell culture
supernatant and cell samples for cytometric bead arrays (CBA) and RT-qPCR is outlined
in section 2.4.1. A range of concentrations was used to treat the cells, but not all results
have been shown in this chapter. The results for all concentrations used in experiments

can be found in Appendix 3.

4.1.2 Generation of conditioned media

Section 2.5.1 outlines the generation of media conditioned with innate immune
cells. The methodology used to treat endometrial epithelial cells with the condition media

and methods used to collect cell samples are also outlined in section 2.5.1.

4.1.3 Quantification of cytokines and chemokines using a cytometric bead

array

4.1.3.1 Preparation of CBA assay

The concentration of cytokines produced by treated cells was quantified using the

BD CBA kits (Table 17). The stored supernatant collected from experiments outlined in
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section 2.4.1 was thawed to room temperature, and 10 pL of each sample was added to a
96-well plate. If necessary, samples were diluted using the assay diluent supplied before
being added to the plate. Human flex sets outlined in Table 17 were resuspended in
capture bead diluent, and 10 pL of the suspension was added to all wells. The plate was
incubated at room temperature for one hour. The detection reagent from each flex set was
resuspended in the detection reagent diluent, and 10 puL of the suspension was added to
each well. The plate was incubated at room temperature for two hours. 100 pL of the
wash buffer was added to all wells, and the plate was stored at 4°C, protected from light,
until use. The BD LSR Fortessa X20 flow cytometer was used to analyse the samples.
The flow cytometer was calibrated using the A9 and PE-F1 beads supplied in the human
soluble master buffer kit (Table 17). Compensation was calculated using the A1, F1, and

F9 beads supplied according to the manufacturer’s instructions.

Table 17. Products purchased from BD to conduct CBA experiments.

Product Catalogue number

Human soluble master buffer kit | 558264

Human flex set IL-6 (A7) 558276
Human flex set IL-8 (A9) 558277
Human flex set IL-10 (B7) 558274
Human flex set IL-4 (AS) 558272

Human flex set IL-1 beta (B4) 558279

Human flex set RANTES (D4) | 558324

Human flex set TNF (C4) 560112
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4.1.3.2 Data Analysis and Figure Generation for CBA assay

The results generated by the BD LSR Fortessa X20 flow cytometer were exported
as FCS3.0 files and analysed using FCAP Array software v3.0 (BD, cat no. 652099). A
standard curve was generated for each analyte, with a working concentration of 2.5 pg/mL
to 2500 pg/mL. The concentration of each cytokine in the samples was determined using
these curves. An unpaired T-test with Welch’s correction was used to determine if cells
treated with metabolites generated significantly different secreted cytokines compared to
untreated cells [427]. The results were also analysed using a two-way ANOVA and
Dunnett’s multiple comparison tests. All figures were generated using GraphPad Prism
9.3.0 for Windows (GraphPad Software, Boston, Massachusetts USA

www.graphpad.com)

4.1.4 RT-gPCR

All RT-qPCR experiments were conducted according to the methods outlined in
section 2.6.2. To assess the expression of key genes involved in the endometrial immune
response, the primers outlined in Table 13 (reference genes) and Table 18 were used. Fold

change values presented in the results are the log, fold change values.
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Table 18. Inflammatory marker primer sequences. All primer pairs were ordered from Integrated DNA Technologies (IDT, Singapore).

Gene Role Sequence (5’-3°) Reference
Forward CAATCTGGATTCAATGAGGAGAC
Interleukin-6 (/L6) Immune response [160]
Reverse CTCTGGCTTGTTCCTCACTACTC
Forward GCTCTGTGTGAAGGTGCAGTTTTG
Interleukin-8 (/L&) Immune response [428]
Reverse ACCCAGTTTTCCTTGGGGTCCAG
Forward CTGTTACTGCCAGGACCCAT
Interferon-y (/FNG) Immune response [428]
Reverse TTTCTGTCACTCTCCTCTTTCC
Forward CCCCAGGGACCTCTCTCTAATC
Tumour Necrosis Factor (TNF) Immune response [160]
Reverse GGTTTGCTACAACATGGGCTACA
Regulated upon Activation, Normal Forward ATGGGTTCGGGAGTACATCA
T Cell Expressed and Presumably
Immune response [160]
Secreted Reverse GCAAGCAGAAACAGGCAAAT
(RANTES)
Indoleamine 2,3-dioxygenase 1 Forward TTCAGTGCTTTGACGTCCTG
Immune response [429]
(IDOI) Reverse TGGAGGAACTGAGCAGCAT
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4.4 Results

4.4.1 L-lactic acid and acetic acid induce decreased secretion of pro-

inflammatory cytokines by endometrial epithelial cells

Cytokines and chemokines are readily expressed by endometrial epithelium and
immune cells and are involved in the coordinated immune response during implantation,
the development of receptivity, and the maintenance of pregnancy. This study aimed to
determine the impact of microbiota-associated metabolites on the expression of cytokines
by endometrial epithelium. Key cytokines, including IL-6, IL-8, IL-4, IL-10, IL-1(, TNF,
and RANTES, as all have a role in the immune status and fetal-maternal cross-talk.
Ishikawa and RI.95-2 cells were cultured for 24 hours with L-lactic, D-lactic, acetic and
succinic acids, and the supernatant was analysed using CBA assays to determine the
concentration of the cytokines secreted. Both cell lines produced IL-6, IL-8, RANTES,
and TNF (Appendix 3). However, they showed little to no production of IL-4, IL-10, and
IL-1B (Appendix 3). Ishikawa cells treated with 5 mM and 2.5 mM of acetic acid showed
a decreased concentration of IL-8 (p=0.03, p=0.047, respectively) (p=0.99, p=0.099
respectively with Dunnett’s multiple comparisons tests) and RANTES (p=0.029)
(p=0.99), in the cell culture supernatant (Figure 11a and b). When treated with 15 mM L-
lactic acid, RL95-2 cells significantly decreased the concentration of IL-8 secreted

(p=0.030) (p=0.99) (Figure 11c). The microbiota-associated metabolites did not
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significantly affect the secretion of any other cytokines tested in Ishikawa or RL95-2 cells

(Appendix 3).
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Figure 11. Ishikawa and RL95-2 cells cytokine response to microbiota-associated
metabolites. Cells were seeded and treated for 24 hours with the microbiota-associated
metabolite. Acetic acid is represented as AA, and L-lactic acid is represented as LLA. A
cytometric bead array was used to quantify the concentration of IL-8 and RANTES
represented in pg/mL. a) Concentration of secreted IL-8 by Ishikawa cells treated with
AA. b) Concentration of secreted RANTES by Ishikawa cells treated with AA. c)
Concentration of IL-8 by RL95-2 cells treated with LLA. The figures show the mean +

SEM (n=3). * representing p < 0.05, analysed by unpaired T-tests with Welch’s correction.
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4.4.2 Microbiota-associated metabolites modulate NK-92 secretion of IL-6,

IL-8, and IL-10

Throughout implantation and early pregnancy, the endometrial immune cell
population is dominated by NK cells [39]. The presence of NK cells aids in embryo
invasion, remodelling of spiral arteries, and in promoting maternal tolerance to the
embryo [59, 419, 420].This study aimed to investigate the impact of microbiota-
associated metabolites on NK cells using the NK-92 cell line. The cells were treated with
L-lactic, D-lactic, acetic, and succinic acids for 24 hours, and the supernatant was
analysed using CBA assay. NK-92 cells secreted IL-6, IL-8, RANTES, TNF, and IL-10
and with little to no secretion of IL-4 and IL-1pB (Appendix 3). Interestingly, when
cultured with 4 mM and 2 mM D-lactic acid, the NK-92 cells, compared to untreated
cells, increased the secretion of IL-6 (p=0.045, p=0.031 respectively) (p=0.99, p=0.99
respectively with Dunnett’s multiple comparisons tests), IL-8 (p=0.0086, p=0.0056
respectively) (p=0.99, p=0.99 respectively), and IL-10 (p=0.024, p=0.030 respectively)
(p=0.99, p=0.99) (Figure 12d-f). However, when cultured with 5 mM L-lactic acid, NK-
92 cells significantly decreased IL-6 production (p=0.016) (p=0.99) and increased IL-8
when treated with 2.5 mM L-lactic acid (p=0.0030) (p=0.99) (Figure 12a and b). There
was no significant difference in IL-10 expression in cells treated with L-lactic acid (Figure
12¢). Likewise, when cultured with 5 mM acetic acid, there was a decrease in IL-6
(p=0.0027) (p=0.84) and no change in IL-10 production (Figure 12g and i). Acetic acid
did generate a significant increase in IL-8 when NK-92 cells were treated with 5 mM
acetic acid (p=0.0022) and 2.5 mM acetic acid (p=0.0022) (p=0.99 and p=0.99,

respectively) (Figure 12h). Treatment with 2 mM and 1 mM succinic acid increased the
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secretion of IL-8 (p=0.049, p=0.0032, respectively) (p=0.99, p=0.99 respectively) and IL-
10 (p=0.028, p=0.013 respectively) (p=0.99, p=0.99) by NK-92 cells, without a

significant change in IL-6 expression compared to untreated controls (Figure 12j-1).
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Figure 12. NK-92 cells cytokine response to microbiota-associated metabolites. Cells
were seeded and treated for 24 hours with the microbiota-associated metabolites.
Cytometric bead arrays were used to quantify the concentration of IL-6, IL-8, and IL-10
represented in pg/mL. Figures a-c represented NK-92 cells treated with L-lactic acid
(LLA). Figures d-f represent NK-92 cells treated D-lactic acid (DLA). Figures g-i
represent cells treated with acetic acid (AA). Figures j-1 represent cells treated with
succinic acid (SA). The figures show the mean £ SEM (n=3). * representing p < 0.05, **

representing p < 0.01, analysed by unpaired T-tests with Welch’s correction.
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4.4.3 L-lactic acid induces increased THP-1 secretion of IL-8 but decreases

secretion of RANTES

Alongside NK cells, macrophages also comprise a significant portion of the
immune cell population in the endometrium during the development of receptivity and
implantation [43]. These cells express various cytokines, which aid in trophoblast
invasion, angiogenesis, and immunoregulation of the endometrium [56, 424, 425]. Thus,
this study aimed to investigate the impact of microbiota-associated metabolites on
macrophages using differentiated THP-1 cells. The cells secreted IL-6, IL-8, RANTES,
TNF, and IL-10, with little to no secretion of [L-4 and IL-1f3 (Appendix 3). Differentiated
THP-1 cells’ cytokine secretion did not significantly differ between treatment with D-
lactic and succinic acids and untreated cells. However, 15 mM L-lactic acid increased IL-
8 expression (p=0.038) (p=0.99 with Dunnett’s multiple comparisons test) (Figure 13a).
Furthermore, 10 mM and 5 mM L-lactic acid (p= 0.014, p=0.045, respectively) (p=0.97,
p=0.98) resulted in decreased RANTES secretion, and 5 mM acetic acid treatment

decreased the secretion of RANTES (p=0.0065) (p=0.76) (Figure 13b and c).
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Figure 13. THP-1 cells cytokine response to microbiota-associated metabolites. Cells
were seeded and treated for 24 hours with the microbiota-associated metabolite. Acetic
acid is represented as AA, and L-lactic acid is represented as LLA. A cytometric bead
array was used to quantify the concentration of IL-8 and RANTES represented in pg/mL.
a) Concentration of secreted IL-8 by THP-1 treated with LLA. b) Concentration of
secreted RANTES by THP-1 cells treated with LLA. c) Concentration of RANTES by
RL95-2 cells treated with AA. The figures show the mean + SEM (n=3). * representing p

<0.05, analysed by unpaired T-tests with Welch’s correction

4.44 L- and D-lactic acid treatments modulate inflammatory gene

expression in endometrial epithelial cells.

Alongside the secretion of cytokines in cell culture supernatant, This study also
investigated changes in mRNA expression for various cytokines and chemokines in

endometrial epithelial cells. Using RT-qPCR, the expression of /L6, IL8, RANTES, TNF,
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and /FNG after Ishikawa and R1.95-2 cells had been cultured with L-lactic, D-lactic,
acetic, and succinic acids for 4 hours was assessed. Compared to untreated controls,
Ishikawa cells treated with 10 mM D-lactic acid significantly downregulated 7NF by -4
log> fold (p=0.010) (p=0.015 with Dunnett’s multiple comparisons test) (Figure 14b).
Ishikawa cells treated with 10 mM and 5 mM L-lactic acid showed a 4.5 (p=0.010) and
3.2 (p=0.036) log> fold increase, respectively (p=0.0080 and p=0.16, respectively, with
Dunnett’s multiple comparisons tests), in /L-8§ mRNA compared to untreated cells (Figure
14a). However, at 15 mM and 10 mM L-lactic acid, RL95-2 cells showed a -2.0 log,
(p=0.036) and -2.0 (p=0.030) log> fold decrease in /L8 mRNA expression, respectively,
(p=0.27, p=0.29) compared to untreated controls (Figure 14c). Interestingly, when
cultured with 15 mM L-lactic acid, RL95-2 cells had a -2.7 log: fold decrease in RANTES
expression (p=0.025) (p=0.076) (Figure 14d). Aside from these results, the metabolite
treatments did not induce significant changes in mRNA expression in /FNG and IL6

(Appendix 3).
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Figure 14. Relative gene expression of genes involved in the immune response in
endometrial epithelial cells compared to untreated cells. DLA represents D-lactic acid,
and LLA represents L-lactic acid. (a) Fold change of /L8 in Ishikawa cells treated with
LLA. (b) Fold change of TNF in Ishikawa cells treated with DLA. (c) Fold change of /L8
in RL95-2 cells treated with LLA. (d) Fold change of RANTES in RL95-2 cells treated
with LLA. Gene expression was normalised to the reference genes and expressed as fold
change compared to the untreated cells using the comparative C; method. The data shows
the mean = SEM (n = 3). * represents p < 0.05, ** represents p < 0.01, analysed by
unpaired T-tests with Welch’s correction. # represents p < 0.05, ## represents p < 0.01,

analysed by Dunnett’s multiple comparisons test.
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4.4.5 L-lactic acid and acetic acid treatment was associated with
downregulation of pro-inflammatory genes in natural killer cells but

not in macrophages

Similarly to endometrial epithelial cells, this study assessed the expression of
various cytokines and chemokines in innate immune cells. To examine the effect of
metabolite treatments on NK-92 and differentiated THP-1, these cells were treated with
L-lactic, D-lactic, acetic, and succinic acids for 4 hours, and /L6, ILS, RANTES, TNF, and
IFNG mRNA expression levels were analysed (using RT-qPCR). When cultured with 5
mM L-lactic acid, the NK-92 cells showed significant downregulation of /L8 and IFNG
compared to the untreated controls. There was a -4.1 logy fold change (p=0.045)
(p=0.0080 with Dunnett’s multiple comparisons test) in the expression of IL-8 and a -2.0
log> fold change (p=0.020) (p=0.26) in /FNG (Figure 15a and b). Similarly, treatment
with 5 mM and 2.5 mM acetic acid resulted in a -1.2 log> fold change (p=0.020) (p=0.71)
and a -2.1 log, fold change (p=0.027) (p=0.26), respectively, in IJFNG mRNA expression
compared to untreated cells (Figure 15¢). Unlike the NK-92 cells, differentiated THP-1
cells showed no significant changes in mRNA expression when treated with the

metabolites (Appendix 3).
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Figure 15. Relative gene expression of genes involved in the immune response in NK-
92 cells compared to untreated cells. LLA represents L-lactic acid, and AA represents
acetic acid. (a) Fold change of /L8 in NK-92 cells treated with LLA. (b) Fold change of
IFNG in NK-92 cells treated with LLA. (c) Fold change of /FNG in NK-92 cells treated
with AA. Gene expression was normalised to the reference genes and expressed as fold
change compared to the untreated cells using the comparative C; method. The data shows
the mean £ SEM (n = 3). * represents p < 0.05, analysed by unpaired T-tests with Welch’s

correction. ## represents p < 0.01, analysed by Dunnett’s multiple comparisons test.

4.4.6 Succinic acid induces an increase in IDO1 mRNA expression in NK-

92 cells

IDO] is an important gene in immunotolerance and receptivity in the endometrial
environment. It is induced by IFNy and is thought to promote maternal tolerance through
T-cell suppression [430, 431]. Since a significant downregulation of /FFNG in the NK-92
cells treated with L-lactic and acetic acid was seen , the expression of /DO/ in NK-92

cells treated with the microbiota-associated metabolites was investigated . Interestingly,
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there was a significant 1.36 log: fold increase in /DO mRNA expressed by NK-92 cells
treated with 1 mM succinic acid (p=0.033) (p=0.46 with Dunnett’s multiple comparisons
test) (Figure 16). However, there was no significant change in /DOI compared with
untreated controls when cells were treated with L-lactic, D-lactic, or acetic acids

(Appendix 3).
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Figure 16. Relative gene expression of IDOI in NK-92 cells compared to untreated
cells. SA represents succinic acid. The figure shows the fold change of IDOI in NK-92
cells treated with SA. Gene expression was normalised to the reference genes and
expressed as fold change compared to the untreated cells using the comparative C;

method. The data shows the mean = SEM (n = 3). * represents p < 0.05, analysed by

unpaired T-tests with Welch’s correction.
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4.4.7 Conditioned media generated by THP-1 cells treated with L-lactic

acid, decreases RL95-2 IL8 expression

In the endometrial environment, NK cells and macrophages are clustered around
the uterine glands during the secretory stage [432, 433]. While clustered around the
glands and the epithelium, the cells may be exposed to microbiota-associated metabolites,
which could impact the immune response and the immune response of the nearby
epithelium. Thus, a conditioned media model was used to add complexity and replicate
this interaction. NK-92 and THP-1 cells were treated with L-lactic, D-lactic, acetic, and
succinic acids, and the media containing their secretome were cultured with Ishikawa and
RL95-2 cells. With this model, we investigated how this affected the epithelial cells’
expression of /L6, ILS, TNF, RANTES, and IFNG mRNA. Ishikawa and RL95-2 cells
expressed /L6, ILS, TNF and RANTES but lacked IFNG expression (Figure 17). Neither
cell lines express /L8 when cultured with NK-92 conditioned media (Figure 17a and c).
Interestingly, when a two-way ANOVA with Dunnett’s multiple comparisons test was
used to assess the expression of /L-§ mRNA, RL95-2 cells treated with media conditioned
by THP-1 cells treated with 15 mM LLA showed a significant result. There was a -4.1
log> fold change in /L-8 expression (p=0.0009) (p=0.068, unpaired T-tests with Welch’s

correction) (Figure 17d). There were no other significant changes in gene expression.
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Figure 17. Relative expression of genes involved in the immune response in epithelial

cells treated with conditioned media compared to untreated controls. LLA represents

L-lactic acid, DLA represents D-lactic acid, AA represents acetic acid, and SA represents

succinic acid. (a) Fold change of genes in Ishikawa cells treated with NK-92 conditioned

media. (b) Fold change of genes in Ishikawa genes treated with THP-1 conditioned media.

(c) Fold change of RL95-2 genes treated with NK-92 conditioned media. (d) Fold change

of RL95-2 cells treated with THP-1 conditioned media. Gene expression was normalised

to the reference genes and expressed as fold change compared to the untreated cells using

the comparative C; method. The data shows the mean + SEM (n = 3). ### represents p <

0.001, analysed by Dunnett’s multiple comparisons test.
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4.5 Discussion

While there is no defined composition of the ‘ideal’ endometrial microbiome, the
dominance of Lactobacillus species is considered favourable and often associated with
successful IVF outcomes [178, 180, 206]. Decreased abundance of Lactobacillus and the
presence of adverse bacteria are associated with implantation failure, biochemical
pregnancy, and miscarriage [116, 178, 180, 434]. The role of the microbiome in the
endometrial environment and how the tissue responds and functions is unclear. However,
there is evidence that bacteria may have an immunomodulatory role, with studies
demonstrating that Lactobacillus and diverse bacteria can induce differing cytokine and
mRNA expression in the endometrium [214, 286, 435]. Yet it is unclear how microbiota
drive changes in cytokine and mRNA expression in the endometrial environment. It is
well-established that lactic acid in the vagina promotes an anti-inflammatory response,
and short-chain fatty acids produced by adverse bacteria create a pro-inflammatory
response [160, 168]. Thus, I hypothesised that microbiota-associated metabolites may
have an immunomodulatory role in the endometrium similar to that seen in the vaginal

environment.

The expression of IL-8 is thought to be involved in developing blood vessels,
immune cell recruitment to the endometrium, and promoting trophoblast migration [46,
407, 408, 436]. Aberrant expression of IL-8 in the endometrium has been associated with
implantation failure [395, 404]. Therefore, this study aimed to investigate secreted IL-8
and /L8 mRNA expression from epithelial cells treated with microbiota-associated

metabolites. In this study, Ishikawa cells showed upregulated expression of /L§ mRNA
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when exposed to L-lactic acid. However, this increase was not observed in the
supernatant. This suggests that lactic acid produced by bacteria can modulate mRNA
expression of /LS in the epithelium, and this aligns with studies showing that
Lactobacillus can upregulate IL-8 expression in culture [437, 438]. However, these
results were not consistent between the Ishikawa and RL95-2 cell lines. RL95-2 cells
showed significantly reduced expression of /L8 and decreased secretion of IL-8 when
treated with L-lactic acid. This response, however, is also supported by literature
demonstrating that Lactobacillus species can decrease IL-8 secretion in cell culture [286].
These differences could result from differing abilities to express IL-8 and toll-like

receptor signalling by the cells [439].

When exposed to acetic acid, there was a significant decrease in secreted IL-8 by
Ishikawa cells but not by RL95-2 cells. This decrease in IL-8 secretion was unexpected,
as it has been shown that cells cultured with diverse bacteria also increased the secretion
of IL-8 [286]. Likewise, in models of the vaginal environment, short-chain fatty acids,
including acetic acid, increased IL-8 secretion alone and when cells were simultaneously
stimulated with toll-like receptor agonists [167, 168]. However, this result was only
observed at high concentrations of acetic acid (20 mM) alone or at low acetic acid
concentrations in conjunction with Pam2CSK4 and imiquimod, which was not done in
this study [167]. Thus, it is possible that lower concentrations like those used in this study
may stimulate a different response in endometrial tissue compared to vaginal epithelium.
It is also important to consider that an acidic pH can affect the secretion of IL-8, increasing
or decreasing its secretion in different cell types [426, 440, 441]. Thus, pH should be
considered as a variable in future studies in conjunction with the metabolites, as the embryo

creates an acidic environment during implantation, which is capable of modulating
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endometrial gene expression [283]. It is difficult to conclude from these results how
microbiota-associated metabolites modulate endometrial epithelial immune status
beyond that these metabolites can modulate IL-8 expression and secretion. Furthermore,
IL-8 expression and secretion in the endometrium are under hormonal regulation [46].
The cells used in this study were not hormonally primed; thus, it is important to consider
the impact this may have had on the expression of IL-8 by epithelial cells. It is also
important to acknowledge that the concentration of secreted IL-8 is low. It may be
beneficial in future to use a CBA kit designed to quantify low concentrations of cytokines
and chemokines to elucidate concentrations that may not have been detected in the

concentration range used in this assay [442].

In addition to IL-8, there were significant changes in the expression of other pro-
inflammatory cytokines when the endometrial epithelial cells were treated with
metabolites. This study investigated RANTES, which is expressed in a receptive
endometrium and involved in immune cell recruitment to the endometrium [46, 48, 409].
Interestingly, Ishikawa cells treated with acetic acid showed decreased secretion of
RANTES compared to untreated controls. RL95-2 cells also showed significant
downregulation of RANTES mRNA when treated with L-lactic acid, but there was no
difference in secreted RANTES. These results suggest that microbiota-associated
metabolites could modulate the expression of RANTES and align with studies showing
that lactic acid and short-chain fatty acids can reduce RANTES expression [160, 168,
443]. However, downregulated mRNA expression and decreased secretion could be
detrimental as the expression of RANTES is necessary to promote a pro-inflammatory
and tolerogenic response at the fetal-maternal interface [444]. It is important to note that

RANTES expression in the endometrium is regulated by TNF and IL-1f secretion [413].
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TNF and IL-1P are thought to have a role in implantation and the maintenance of
pregnancy [214, 445]. TNF aids in invasion by creating an inflammatory environment
and aids in the migration of the trophoblast [446]. Furthermore, IL-1 is involved in
promoting the expression of cytokines required for successful implantation [414, 415].
Our study showed a significant downregulation of 7N/ mRNA in Ishikawa cells treated
with D-lactic acid. This result could indicate that metabolites may affect TNF secretion
and, therefore, RANTES expression, but there was no observed change in TNF or
RANTES secretion by Ishikawa cells treated with D-lactic acid. Likewise, there was no
change in TNF or IL-1P secreted by either cell line treated with L-lactic, acetic, or
succinic acids. The lack of IL-1f secretion is likely due to the fact that epithelium is not
the primary source of IL-1P in the endometrium [447]. It is typically expressed by
endothelium and stroma. However, the epithelium expresses Interleukin-1 receptor type
I (IL-1RtI), the receptor for IL-1f, which may be an ideal target for further studies [447].
Therefore, further investigation is required on the impact of the metabolites on RANTES
and TNF expression from the endometrial epithelium. To my knowledge, treatment of
Ishikawa and RL95-2 cells with either TNF or IL-1f in conjunction with the microbiota-
associated metabolites has not been performed before. It could provide insight into how
metabolites may impact the expression of RANTES in an environment more closely

representing the endometrium.

dNK cells show reduced cytotoxicity compared to peripheral NK cells but express
cytokines and growth factors, which enable them to regulate trophoblast implantation and
the fetal-maternal interface [49, 448]. It has been shown that patients experience who
recurrent miscarriage and implantation failure have greater numbers of NK cells that

produce pro-inflammatory cytokines such as IFNy and TNF [449, 450]. Additionally,
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those with dysbiotic endometrial microbiomes containing less than 90% Lactobacillus
have been shown to have a lower abundance of NK cells in the endometrium [451]. As
microbiota-associated metabolites are known to regulate the vaginal immune response
and microbiota can regulate the response of NK cells in other sites such as the gut, I aimed
to investigate the expression of cytokines when NK-92 cells were treated with metabolites
[160, 452]. In this study, NK-92 cells consistently secreted RANTES, IL-6, IL-8, and IL-
10 in cell culture supernatant, which aligns with the literature [453-455]. NK-92 cells also
secreted high concentrations of TNF when stimulated with PMA/I, which is consistent
with the literature [454]. However, it is important to consider that there was low and
inconsistent expression of IL-4 and IL-1f3 [453]. This result may reflect an artefact in the
CBA assays as these cytokines are not typically expressed by NK-92 cells. A known
limitation of multiplex CBA assays is the matrix effect, were non-specific binding and
cross-reactivity can create background signal, and may have caused the detection of these

cytokines [456]

Interestingly, NK-92 cells treated with D-lactic acid secreted higher
concentrations of IL-6, IL-8, and IL-10 compared to untreated controls. This profile could
be beneficial as IL-8 produced by NK cells regulates the invasion of trophoblast cells.
This was demonstrated in a co-culture model where neutralisation of IL-8 derived from
NK cells inhibited the migration of trophoblast cells [49]. IL-8 and IL-6 are upregulated
by NK cell interaction with HLA-G expressed by the trophoblast, indicating their role in
regulating trophoblast invasion [41, 52]. IL-8 and IL-6 have been shown in a chorionic
plate artery model to induce morphological changes mimicking the remodelling of spiral
arteries, further supporting their role in invasion [41, 52]. Furthermore, IL-10 produced

by NK cells in murine models can modulate dendritic cells, develop maternal tolerance,
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overcome early pregnancy failure, and promote angiogenesis [59]. This profile (increased
IL-6, IL-8, and IL-10) was not seen when the NK-92 cells were treated with L-lactic acid,
with cells showing a significant decrease in secreted IL-6, a significant increase in IL-8,
and a significant decrease in secreted IL-10. This may be detrimental as both cytokines
are essential to the regulation of invasion and tolerance to the embryo. Additionally, this
indicates that NK cells may respond differently to lactic acid isomers, with D-lactic acid
promoting a more beneficial profile. This may be similar to the role of D-lactic acid in
the vaginal environment, where a higher ratio of L-lactic acid to D-lactic acid promotes
EMMPRIN and MMP-8, creating an environment susceptible to infection [153]. Thus,

further investigation is warranted.

Interestingly, acetic acid resulted in a significant decrease in secreted IL-6 but an
increase in IL-8, while succinic acid resulted in a significant increase in secreted IL-8 and
IL-10 in NK-92 cells. This could indicate that metabolites produced by diverse bacteria
can beneficially alter the profile of cytokines produced by NK cells. It is important to
consider that in the literature, when NK-92 cells were cultured with short-chain fatty
acids, including acetic, propionic, and butyric acids, there was no change in their
expression of IL-6 and IL-8 and a reduction in secreted IL-10 [457]. However, this could
be due to methodological differences. NK-92 cells in Perez et al. (2024) were treated with
2-10 uM of metabolites, replicating the concentrations of short chain fatty acids in the
peripheral tissue to the gut [458]. Whereas NK cells in the endometrium cluster around
endometrial glands and are present throughout the stroma, and may be exposed to higher
concentrations of microbiota-metabolites [459]. Thus the results of Perez et al. (2024)
should be interpreted cautiously in the endometrial context. Time may also explain the

difference between the supernatant and mRNA results. When NK-92 cells were cultured
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with L-lactic acid, secreted IL-8 increased significantly, but /L8 mRNA decreased.
Similarly, when significant changes were observed in IL-6, IL-8, and IL-10 secreted by
NK-92 when exposed to D-lactic, acetic and succinic acids, but no significant change in
IL6, ILS, and IL10 mRNA expression was seen. This could indicate that changes in gene
expression may not occur within 4 hours. For example, IL-8 expression peaks at 6 hours
post-treatment when cells are stimulated with IL-1f3 [460]. Interestingly, it has been shown
that lactic acid treatment can delay changes in mRNA expression in response to LPS
stimulation in human monocytes [461]. Thus, future-time course experiments could be
performed to provide further insight into the NK-92 cells’ response to metabolite treatment
[462]. Lastly, these results should also be interpreted cautiously as the NK-92 cells are a
highly cytotoxic cell line that is IL-2-dependent, which promotes their cytotoxicity [463].
NK-92 cells also display a different profile of surface receptors to that seen in dNK cells
[239]. Thus, their response to microbiota-associated metabolites in this study may not
completely reflect the response of dNK cells. In future studies, it may be beneficial to
pre-culture NK-92 cells with trophoblastic cells to create a phenotype more aligned with
dNK cells to enable a more accurate understanding of the impact of microbiota-associated

metabolites [237].

NK cells in the endometrial environment express IFNy, which is involved in
migrating trophoblastic cells and remodelling spiral arteries [53, 419, 420]. Both
increased and decreased mRNA expression of IFNG mRNA is associated with
implantation failure, and has been proposed to either indicate an excessive inflammatory
response or NK cell deficiency, respectively [395, 464]. Thus, this study aimed to
investigate /FFNG mRNA expression. NK-92 cells treated with L-lactic and acetic acid

showed significant downregulation of /FNG (although not significant with Dunnett’s
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multiple comparisons tests). However, there was no significant difference in IFNG
expression in endometrial epithelial cells or THP-1 cells. The downregulation of IFNG
could be beneficial in the endometrial environment by preventing a cytotoxic immune
response from NK cells but it could also be detrimental as a balance between pro- and
anti-inflammatory responses is required during implantation. These results are consistent
with the literature, where lactic acid has been shown to downregulate /FNG expression
due to lactic acid’s ability to prevent the upregulation of the nuclear factor of activated T
cells (NFAT) [363, 364]. However, in past research, NK cells cultured with acetate
showed no significant change in cytokine secretion [400]. Therefore, future studies
should investigate if the secretion of IFNy, alongside mRNA expression, is altered in NK-
92 cells treated with acetic acid. It is also important to consider that NK cells produce
IFNy in response to IL-12/IL-18 stimulation, thus without stimulation, the changes in

mRNA expression may not be reflected in cytokine secretion [465]

IDO1 is an immunomodulatory enzyme expressed in the endometrial environment
that promotes trophoblast proliferation and migration and modulates the maternal
immune response [430, 466, 467]. Aberrant expression of IDOI in the endometrial
environment is associated with recurrent miscarriage [468, 469]. IFNy induces IDO1
expression; thus, as there was a significant downregulation in /FNG expression by NK-
92 cells, IDOI expression was investigated [470]. This study showed a significant
increase in /DOI mRNA when cells were treated with succinic acid, indicating that
metabolites associated with diverse bacteria can alter /DO expression. However, this
should be interpreted cautiously as this was not significant in Dunnett’s multiple
comparisons tests, and was only seen in cells treated with 1 mM of succinic acid and not

in cells treated with 2 mM succinic. Furthermore, decreased /JFNG mRNA was only seen
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in NK-92 cells treated with L-lactic and acetic acids. It is possible that this response to
succinic acid could be due to a different mechanism to IFNy-induced IDO1 expression.
For example, it has been shown that butyrate can inhibit IDO1 expression by decreasing
STAT1 and inhibiting histone deacetylase [471]. However, further analysis should be

conducted to investigate this.

There was no significant difference in the expression of /DO1 in the NK-92 cells
treated with L-lactic, D-lactic or acetic acids. It may be possible that these metabolites do
not impact /DO]! expression. This aligns with the literature, demonstrating that IDO1
expression is not altered by exposure to acetic acid [471]. However, it is also necessary
to consider that NK-92 cells in this study were only incubated with the metabolites for 4
hours. This was likely not long enough to see changes in /DO expression, as it has been
demonstrated that /DO mRNA and protein levels reach maximum expression after cells
have been stimulated for 24 hours with either TNF or IFNy [472]. Further experiments
should use longer incubation periods to assess if prolonged treatment with metabolites
impacts /DOI mRNA expression. Additionally, protein expression should be examined
in conjunction with mRNA expression. In future studies, it would also be beneficial to
investigate /DOI expression in macrophages treated with the metabolites, as
macrophages have an important role in modulating implantation via IDO1 activity [473].
Likewise, investigating /DO1 expression in macrophages and the influence of NK cells
treated with metabolites could be explored in a conditioned media model, where THP-1
derived macrophages are cultured with NK cells conditioned media to investigate the

impact of decreased IFFNG expression.
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Macrophages are another dominant immune cell type in the endometrium and are
thought to have a role in the development of receptivity, angiogenesis and tissue
breakdown, and in modulating the immune response [56, 424, 474]. Interestingly, while
decidual macrophages do not fit the traditional M1/M2 polarisation model of
macrophages, it has been shown that M1-like, M2-like, or MO profiles can affect embryo
implantation. There are studies suggesting that there is a correlation between M0 and M2
macrophages and implantation failure [475, 476]. Similarly, the abundance of M1-like
macrophages is associated with outcomes such as spontaneous abortion within the first
10 weeks of pregnancy [477]. Therefore, this study aimed to investigate the profile of
cytokines and chemokines secreted by THP-1 derived macrophages when treated with
microbiota-associated metabolites. Our data showed that THP-1-derived macrophages
showed higher secretion of IL-8 when exposed to L-lactic acid. This aligns with the
literature, which previously showed that L-lactic acid and co-culture with lactic acid-
producing bacteria can induce increased IL-8 secretion from macrophages [478, 479].
This could be beneficial in the endometrial environment as macrophages increase 1L-8
secretion via interacting with trophoblast HLA-G, which modulates trophoblast invasion
and remodelling of spiral arteries [41]. However, it is important to consider that I did not
observe a significant change in mRNA expression of /L8 in THP-1 cells treated with L-
lactic acid, and the results from CBA assays were not significant when analysed with
Dunnett’s multiple comparisons test. Additionally, other research has demonstrated that

lactic acid can decrease /L-8 expression [461].

Interestingly, when THP-1 cells were cultured with acetic acid, there was a
significant decrease in secreted RANTES. This could be detrimental to embryo

implantation as it has been shown that hypoxic conditions in the endometrium increase
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RANTES secretion, promoting the migration and invasion of trophoblast cells [480].
However, it is also important to consider that this result was not reflected in THP-1 mRNA
expression or in the results from Dunnett’s multiple comparisons tests. Beyond IL-8 and
RANTES, a range of other cytokines and chemokines were investigated in this study.
However, there was no significant difference in their mRNA expression and secretion
when THP-1 cells were exposed to metabolites. Thus, it is difficult to conclude how these
metabolites may impact the inflammatory response of macrophages. In the future,
polarising macrophages before their use to represent the M 1-like or M2-like profiles may
aild in further determining the role of microbiota-associated metabolites with

macrophages in representing those found in the endometrium [481].

The final experiment of this study was a conditioned media model, where
epithelial cells were cultured with media conditioned by innate immune cells. This aimed
to provide insight into the interactions between epithelial cells and innate immune cells
when in the presence of microbiota-associated metabolites. Interestingly, in RL95-2 cells
cultured with media conditioned by THP-1 cells treated with 15 mM L-lactic acid, there
was a significant decrease in /L8 mRNA. This may indicate that macrophages are able to
modulate /L8 expression in the endometrial epithelial cells. In the literature, it has been
shown that macrophage-conditioned media can significantly alter gene expression in
endometrial stromal cells [482]. However, a significant increase in /L§ mRNA was
observed. The authors proposed that macrophages communicate with endometrial tissue,
increasing /L8 expression in stromal cells, promoting angiogenesis [482]. However, in
this case, microbiota-associated metabolites like L-lactic acid may interfere with this
communication and downregulate /L8 expression in endometrial epithelium. However, it

is important to consider that Eyster et al. (2010) used the U-973 cell line and telomerase-
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immortalised human endometrial stromal cells, whereas I used THP-1 and RL95-2 cells.
Therefore, the response of endometrial stromal cells to macrophages may differ from the
response of epithelial cells as they have different roles in endometrial function. It would
be beneficial to further investigate this interaction using a co-culture system, such as
transwell plates, to directly model the interaction of THP-1 cells and RL95-2 cells.
Likewise, it would be beneficial to complete cytokine analysis of epithelial cells cultured
with conditioned media to determine if changes in mRNA expression are reflected in

protein secretion.

There was no significant difference in cytokine mRNA expression between the
Ishikawa cells cultured with media conditioned by NK-92 or THP-1 cells or in RL95-2
cells cultured with media conditioned by NK-92 cells. It is possible that changes in
cytokine secretion and gene expression in the immune cells was not substantial enough
to generate a response from the epithelial cells. It is also important to consider that not all
changes in gene expression in innate immune cells were reflected in the cytokines
secreted and, thus, may not have impacted epithelial cells. In future studies, developing a
co-culture model using transwell plates to culture epithelial cells and innate immune cells
within one well could ensure the cells are exposed to cytokines and other secreted
products as they are produced in culture. This could more accurately represent the
interactions between epithelial and innate immune cells. However, future models should
take into account that the NK-92 cell line is an allogeneic cell line that displays high
cytotoxicity. Their high cytotoxicity results from a high content of molecules involved in
the perforin-granzyme cytolytic pathway, as well as a large number of activating receptors
and few inhibitory receptors [239]. NK-92 cells also express high levels of IFNy and IL-

10, which may contribute to their cytotoxicity [453]. Thus, this should also be taken into
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consideration when interpreting the results of the conditioned media models, as the
expression of cytokines may create a more cytotoxic environment than what is seen in

the endometrial environment.

As NK-92 cells, have a highly cytotoxic profile and the potential for an
alloreactive response to endometrial epithelial cells, it is worth considering different
forms of NK cell models to explore the impact of microbiota-associated metabolites in
future. One method could be using primary NK cells and endometrial epithelial cells in
an organoid model. While this approach has not yet been explored in the literature, similar
models have been developed to model the trophoblast and NK cell interaction [268, 269,
483]. These studies generate primary trophoblast organoids from the digestion of
placental villi and isolate primary uNK cells from decidual tissue [268, 269, 483]. The
cells are then co-cultured to investigate their interactions. This methodology allowed
researchers to determine the cytokine interactions between the trophoblast and uNK cells,
that uNK cells enhance differentiation as well as aid in placentation, and that the
trophoblast has a role in immunomodulation of uNK cells [268, 269, 483]. Thus, a similar
approach could be taken to further investigate the interactions between uNK cells and

endometrial epithelium in the presence of microbiota-associated metabolites.

4.6 Conclusion and future directions

In conclusion, the data demonstrates that microbiota-associated metabolites may
affect cytokine, chemokine secretion, and mRNA expression by endometrial epithelium
and innate immune cells. Microbiota-associated metabolites like L-lactic, acetic, and

succinic acids, may modulate the immune response in the endometrium. This could be
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detrimental to implantation, modulation of the immune response and the control of
trophoblast invasion, as the downregulation of /L8 mRNA in epithelial and NK cells and
the downregulation of RANTES mRNA in epithelial cells was seen. Similarly, this was
seen in decreased secretion of IL-8 and RANTES by epithelial cells, and THP-1 cells
were also observed. However, responses generated by metabolites like D-lactic acid could
also be beneficial, as demonstrated by the profile of secreted cytokines in NK-92 cells
treated with D-lactic acid. Overall, considerable complexity warrants further
investigation as it is difficult to conclude whether or not exposure to these metabolites
creates advantageous conditions or a deleterious response from the epithelium and innate
immune cells. It is also important to consider the limitations of the methodology used and
how future models could be improved to provide more insight into metabolites and the

immune response.

In future experiments, hormonal priming could be used to generate a receptive profile in
the cells before their use, and immune cells could be differentiated to represent the
phenotype present in the endometrium. Additionally, future experiments should also
include a complete dose-range of the microbiota-associated metabolites to investigate if
there is a dose-response. It is important to acknowledge that a limitation of this study is that
Lactobacillus was represented using L-lactic and D-lactic acids independently. Currently,
little is known about the specific species present in the endometrium due to the limited
resolution of 16s rRNA gene amplicon sequencing [209]. In the vaginal environment,
different species secrete differing ratios of these isomers [153]. As more information
becomes available, different ratios of L-lactic and D-lactic acids can be used to better
represent different Lactobacillus species in the endometrial environment. This may provide

more insight into how NK cells respond to these metabolites and the effect this may have
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on gene expression and cytokine secretion. Additionally, a co-culture system using
transwell plates could be developed to enable the representation of epithelial and innate
immune cell interactions. Successful models using this system have been developed for
the vaginal environment and could be used to provide further insight into the endometrial

environment [160].
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5 Microbiota-associated metabolites and embryo

implantation
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5.1 Introduction

The successful implantation of an embryo is essential for the outcome of IVF
treatments. Successful implantation is confirmed by the diagnosis of a clinical pregnancy,
where the amniotic sac and the fetal heartbeat can be observed using an ultrasound [66].
Implantation failure is of concern, as in Australia and New Zealand, as the clinical
pregnancy rate has shown marginal improvement over the last five years indicating that
steps beyond embryo development need to be improved to increase positive outcomes
from IVF [70]. Numerous explanations exist for why implantation failure may occur, and
these have been reviewed extensively in the literature. This includes factors like
endometrial receptivity, the maternal immune response, and abnormalities in embryo
development [83]. There has been some emphasis on the role of the endometrial
microbiome in the development of receptivity and the maternal immune response.
However, less is known about the impact of the microbiome on embryonic factors,
specifically cellular metabolism, adhesive and invasive properties, and how this could
impact implantation. Thus, it is necessary to investigate these factors and the impact of
the endometrial microbiome on essential factors involved in embryo development and

implantation.

Glucose is an essential substrate for the developing embryo as it becomes the
primary energy source, and glucose uptake indicates viability [484]. As the embryo
rapidly develops, there is a rise in glucose consumption and an increased production of
lactic acid [485]. Before the first two cell divisions, the embryo largely consumes
pyruvate, which is required for the clearance of maternal mRNA and development to the

2-cell stage [486]. However, the embryo switches to consuming glucose, preventing an
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arrest in development at the 2-cell stage (also known as the 2-cell block) by promoting
lipid metabolism and biosynthesis [487]. This switch to consuming glucose is required
for blastocyst formation and gastrulation, supporting anabolic processes such as the
hexosamine biosynthetic pathway and the pentose phosphate pathway controlling
trophectoderm development [488, 489]. Supporting this, it was shown that high-quality
blastocysts that achieved a clinical pregnancy after transfer had significantly higher
glucose uptake than embryos that failed to implant [490]. Thus, glucose uptake has been
proposed as a measure of embryo viability. Furthermore, it is well-established that the
embryo undergoes aerobic glycolysis, utilising glucose and producing lactic acid as a by-
product [491, 492]. It has been proposed that the lactic acid produced by the embryo can
act as a signalling molecule and aid in embryo implantation into the endometrium and in
the development of receptivity [283]. However, it remains relatively unknown how
microbiota-associated metabolites, including L-lactic, D-lactic, acetic and succinic acids,

may impact the glucose uptake of an embryo in the endometrial environment.

Embryo implantation involves three main steps; apposition, adhesion and
invasion. Apposition is where the embryo comes into close contact with the endometrial
epithelium after moving freely within the uterine cavity [22, 493]. Adhesion follows
apposition and occurs when a strong bond between the trophectoderm of the blastocyst
and the epithelium forms [22]. Adhesion is mediated by cell adhesion molecules,
including cadherins, integrins, mucins and immunoglobulins [24, 26-29]. The final stage
of embryo implantation is invasion, where the trophectoderm proliferates into the
endometrial stroma. Matrix metalloproteinase (MMP) like MMP2 and MMP9 are
proteolytic enzymes that break down and remodel the extracellular matrix during invasion

and are expressed by the embryo [494, 495]. MMP2 and MMP9 are gelatinases
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considered the most important for trophoblast invasion [496, 497]. MMPs are regulated
by tissue inhibitors of matrix metalloproteinases (TIMP) which reversibly block the
active site of MMPs [498]. TIMPs are expressed by the embryo and are also thought

necessary in regulating invasion [499].

Currently, there is limited knowledge of the role of the endometrial microbiome
and how it impacts each of the above-described factors involved in embryo implantation.
However, given the similarity in the metabolites produced by the embryo, and that several
studies indicate an association between the composition of the endometrial microbiome
and implantation failure, further investigation of this relationship is warranted [178-180].
Moreover, various studies have suggested that bacteria may have a role in embryo
development and embryo grade, consequently affecting the outcome of the embryo
transfer [500, 501]. It has been shown that Lactobacillus can promote the expression of
trophoblast MMPs and that lactic acid produced by Lactobacillus regulates the expression
of MMPs in the vaginal environment [153, 502]. Thus, this study aimed to investigate the
impact of microbiota-associated metabolites on key factors involved in embryo
development and implantation by culturing endometrial epithelial cells and innate

immune cells with L-lactic, D-lactic, acetic, and succinic acids.
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5.2 Hypothesis and Aim

5.2.1 Hypothesis

Metabolites produced by Lactobacillus create an environment conducive to
successful embryo implantation by modulating factors involved in embryo development,
adhesion, and invasion. Metabolites produced by diverse bacteria will adversely alter the

expression of these factors and may lead to implantation failure.

52.2 Aim

Determine the impact of microbiota-associated metabolites on factors involved in

embryo implantation.
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5.3 Methods

5.3.1 Cell culture

All cells used in experiments were cultured and maintained according to the
methodology outlined in sections 2.1.1, 2.1.2, and 2.1.3. In addition to the endometrial
epithelial and innate immune cells used in previous chapters, JAR cells were used to
investigate embryonic factors. Before use, THP-1 cells were differentiated using PMA as

outlined in section 2.1.4.

5.3.2 MTS Assays

MTS assays were conducted according to section 2.3.2 to determine the viability

of cells exposed to different concentrations of metabolites in culture.

5.3.3 Treatment of cells and sample collection

The cells were treated with concentrations that they remained viable at in culture.
Table 7 outlines the concentration range for each cell line and the microbiota-associated
metabolites. The methodology for collecting cell samples for RT-qPCR experiments is
outlined in section 2.4.1. A range of concentrations was used to treat the cells. However,
not all results have been included in this chapter. The results for all concentrations used

in experiments can be found in Appendix 4.
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5.3.4 Glucose-uptake assay

The Promega Glucose Uptake-Glo™ Assay kit was used to assess the glucose
uptake of JAR cells after treatment with metabolites. This was completed according to

the methods outlined in section 2.7.

5.3.5 Western blots

5.3.5.1 Preparation of protein extracts

Western blots were used to assess the protein expression of MMP2 and MMP9 in
JAR cells. The cells were seeded into 12-well plates (Thermo Fisher Scientific, cat no.
150628) at a seeding density of 2x10° cells/well and incubated for 24 hours at 37°C at
5% COz. The spent media was removed and replaced with media containing metabolites,
according to Table 7. The cells were incubated for 24 hours at 37°C at 5% CO.. The
monolayer was washed twice with ice-cold PBS. After washing, 1 mL of ice-cold RIPA
lysis and extraction buffer (Thermo Fisher Scientific, cat no. 89900) was added to each
well and incubated at room temperature for five minutes. Each well was scraped, and the
lysate was transferred to a 1.5 mL tube. The samples were centrifuged at 14,000 xg for
15 minutes to pellet the cell debris. The supernatant was aliquoted into new tubes, and
the pellet was discarded. The samples were frozen at -20°C until use. An aliquot of each

sample was kept on ice for use in a bicinchoninic acid (BCA) assay.
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5.3.5.2 Bicinchoninic acid (BCA) assay

The Pierce™ BCA assay (Thermo Fisher Scientific, cat no. 23227) was used
according to the manufacturer’s instructions to determine the protein concentration of
each sample. The dilution series of the BSA standard was prepared to generate a standard
curve ranging from 0 pg/mL to 2000 pg/mL. The working reagent was prepared by
mixing Reagent A with Reagent B in a 50:1 ratio. In a 96-well plate, 25 pL of each
standard and unknown sample was added in triplicate. 200 puL of the working reagent was
added to each well. The plate was incubated for 30 minutes at 37°C. The absorbance of
each well was read using the Tecan Infinite M200 Plate reader at 562 nm. A standard
curve was generated using the absorbance readings from the standards to determine the

unknown samples' protein concentration.

5.3.5.3 Western blot

The samples used in western blots were initially thawed on ice. The protein
concentrations, calculated using the BCA assay results, were adjusted to ensure 4 pg/uL.
was added to each lane. Once diluted, Bolt™ LDS sample buffer (4x) (Thermo Fisher
Scientific, cat no. B0007) and Bolt™ Sample Reducing agent (10x) (Thermo Fisher
Scientific, cat no. BO009) were added to each sample. The samples were then heated at

95°C for 5 minutes and then centrifuged for one minute at 16,000 xg.

The Mini Gel Tank (Thermo Fisher Scientific, cat no. A25977) was used to run

the samples. The tank was filled with 1x running buffer (NuPAGE™ MES SDS Running
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Buffer (20x), Thermo Fisher Scientific, cat no. NP0002) and NuPAGE™ Bis-Tris Mini
Protein Gels 4-12% (Thermo Fisher Scientific, cat no. NP0321BOX) were placed in the
tank. Each lane was loaded with 35 pL of samples. One lane per gel was loaded with 5
pL of PageRuler™ Plus Prestained Protein ladder (Thermo Fisher Scientific, cat no.

26619) and 30 pL sample buffer. Protein separation was achieved by electrophoresis at

165 V/400-mA for 45 minutes.

The separated cellular proteins were transferred onto a Trans-Blot Turbo Mini
polyvinylidene difluoride (PVDF) membrane (BioRad, cat no. 1704156) using the
BioRad Trans-blot Turbo system (cat no. 1704150). Once the transfer was completed, the
membranes were blocked in 5% skim milk overnight at 4°C. The membranes were
incubated with the primary antibodies diluted in the blocking solution, according to Table
19, overnight at 4°C. The membranes were washed six times, for five minutes, with 1x
TBST. The membranes were then incubated with the secondary antibodies diluted in
blocking solution according to Table 19 for one hour at room temperature. The
membranes were washed six times for five minutes in 1x TBST. Then 2 mL of
Amersham™ ECL Prime Western Blotting Detection reagent (Sigma-Aldrich, cat no.
GERPN2232) was added according to the manufacturer’s instructions. The membranes

were imaged using the Amersham™ Imager 600.
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Table 19. The primary and secondary antibodies used in western blot experiments.

All antibodies were ordered from Thermo Fisher Scientific.

Primary Secondary
Dilution | Cat no. Dilution | Cat no.
Antibody Antibody

Goat Anti-Rabbit

GAPDH IgG (H+L)
1:10,000 | PA1-987 1:10,000 | 31460
polyclonal Secondary

Antibody, HRP

MMP9 MAS- Goat Anti-Mouse
1:1000
Monoclonal 15886 IgG (H+L)
1:10,000 | 31431
MMP2 Secondary
1:1000 | 436000
Monoclonal Antibody, HRP

5.3.5.4 Western blot analysis

The Western blot images were analysed using ImagelJ software, and densitometry
was performed. Statistical significance was determined using an unpaired T-test with
Welch’s correction. The results were also analysed using a one-way ANOVA and
Dunnett’s multiple comparison tests. The figures were generated using GraphPad Prism
9.3.0 for Windows (GraphPad Software, Boston, Massachusetts USA

www.graphpad.com) and Microsoft PowerPoint 16.82 for Mac.
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5.3.6 RT-qPCR

All RT-gPCR experiments were conducted according to the methods outlined in
section 2.6.2. To assess the expression of MMPs and TIMPs by JAR cells, the primers

outlined in Table 20 were used.
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Table 20. Primer sequences for genes involved in MMP regulation by JAR cells. All primer pairs were ordered from Integrated DNA

Technologies (IDT, Singapore).

Gene Role Sequence (5’-3°) Reference
Forward CAAGTGGGACAAGAACCAGA
Metalloproteinase 2 (MMP?2)
Reverse CCAAAGTTGATCATGATGTC
[503]
Forward GTCCACCCTTGTGCTCTTCC
Metalloproteinase 9 (MMP9) Regulation of
Reverse CGACTCTCCACGCATCTCTG
trophoblastic
Tissue Inhibitor of Forward GGCTTCACCAAGACCTACAC
invasion
metalloproteinase 1 (7IMP1) Reverse TGGACACTGTGCAGGCTTCA
[504]
Tissue Inhibitor of Forward ACGGCAAGATGCACATCACC
metalloproteinase 2 (7IMP2) Reverse GCCGTCACTTCTCTTGATGC

189



5.3.7 Spheroid Attachment Model

5.3.7.1 JAR Spheroid Generation and Preparation

To prepare the spheroids, JAR cells were seeded into ultra-low attachment 6-well
plates (Sigma-Aldrich, cat no. CLS3471) at a concentration of 2x10° cells/well. The cells
were incubated at 37°C at 5% CO> for 24 hours to allow the spheroids to form. Before
use in the embryo attachment assay, the spheroids were incubated with 0.5 pg/mL calcein-
AM (Thermo Fisher Scientific, cat no. 65-0853-39) for 30 minutes at 37°C at 5% CO»
[252]. The spheroids were then passed through a 100 um cell strainer (Sigma-Aldrich,
cat no. CLS431752), followed by a 70 um cell strainer to ensure that the spheroids were

approximately the size of a blastocyst [252].

5.3.7.2 Treatment of Endometrial Epithelial Cells

The first condition tested was the treatment of the endometrial epithelial cells with
microbiota-associated metabolites (Figure 18a). Ishikawa and RL95-2 cells were seeded
into black, clear-bottom 96-well plates (Sigma-Aldrich, cat. no. CLS3603) at a density of
2x10* cells per well, 48 hours prior to the attachment assay. The cells were incubated for
24 hours at 37°C at 5% COa». After incubating, the spent media was removed from the
cells and replaced with media containing metabolites in the concentrations outlined in
Table 7. The cells were also treated 1x LPS and 1x PMA/I to determine the effect of the

inflammatory controls. The cells were incubated with the metabolites for 24 hours before
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use in the embryo attachment assay. The spheroids were prepared according to section

5.3.7.1.
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Figure 18. JAR Spheroid attachment assay workflow. (a) The JAR cell attachment
assay where Ishikawa and RL95-2 cells were treated with microbiota-associated
metabolites before their use in the assay. (b) The JAR cell attachment assay where JAR
cells were treated with the microbiota-associated metabolites before their use in the assay.
(c) The JAR cell attachment assay where NK-92 and differentiated THP-1 cells were
treated with microbiota-associated metabolites to generate conditioned media. Ishikawa
and RL95-2 cells were cultured with innate immune cell-conditioned media before their

use in the attachment assay. Created in https://BioRender.com.
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5.3.7.3 Treatment of Spheroids with Metabolites

The second condition tested was the treatment of JAR spheroids with microbiota-
associated metabolites (Figure 18b). After JAR cells were seeded into ultra-low
attachment plates, metabolites were added according to Table 7. As controls for these
experiments, the cells were treated with 1x LPS and 1x PMA/I without microbiota-
associated metabolites to determine the effect of inflammatory stimuli. Once the
metabolites or inflammatory stimuli were added, the cells were cultured for 24 hours at
37°C at 5% COxz to allow the spheroids to form. Once the spheroids had formed, the
method outlined in section 5.3.7.1 was followed. Before beginning the attachment assay,
Ishikawa and RL95-2 cells were seeded into black clear-bottom 96-well plates at 2x10*
cells/well and incubated for 24 hours at 37°C at 5% CO; (Sigma-Aldrich, cat no.

CLS3603).

5.3.7.4 Treatment of Endometrial Epithelial Cells with Immune Cell Conditioned

Media

The final condition tested was the pre-treatment of epithelial cells with innate
immune cell-conditioned media (Figure 18c). The metabolite-treated conditioned media
was prepared using the same method outlined in section 2.5.1. At 48 hours prior to the
attachment assay, Ishikawa and RL95-2 cells were seeded into black clear-bottom 96-

well plates at 2x10* cells/well and incubated for 24 hours at 37°C at 5% CO,. At 24 hours,

the media was removed and replaced with conditioned media. The plates were incubated
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for a further 24 hours. At this point, the spheroids were prepared according to section

5.3.7.1

5.3.7.5 Spheroid Attachment Assay

Once the endometrial epithelial cells and spheroids had been prepared, the spent
media was removed from 96-well plates seeded with epithelial cells and replaced with
complete RPMI 1640. The cells were incubated for 30 minutes at 37°C with 5% CO; to
ensure the media had equilibrated. Approximately 40 spheroids were added to each well
and incubated with the epithelial cells for 30 minutes at 37°C with 5% CO> to allow
attachment [252]. The fluorescence of each well was read using the Tecan Infinite M200
plate reader with the excitation at 495 nm and emission at 515 nm, with multiple readings
per well to ensure the signal from all seeded spheroids was captured. To remove
unattached spheroids, the media was aspirated, and the wells were washed twice with 200
puL of warm dPBS [252]. Then, 200 uL of complete RPMI 1640 was added to the wells,
and the fluorescence was read again. The percentage of attached spheroids was calculated

using the following equation [252];

% Attached Spheroids = Attached spheroids < 100
0 ALLACRE SPRETOLAS = ¢ eded spheroids

The figures were generated using GraphPad Prism 9.3.0 for Windows (GraphPad
Software, Boston, Massachusetts USA www.graphpad.com), and an unpaired T-test with
Welch’s correction was performed to determine the significance. The results were also

analysed using a one-way ANOVA and Dunnett’s multiple comparison tests.
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5.4 Results

5.4.1 JAR cell viability at physiologically relevant concentrations of

microbiota-associated metabolites

JAR cells were cultured with microbiota-associated metabolites to determine how
the microbiome impacts embryo implantation. The JAR cells were used for this
investigation as they are derived from a choriocarcinoma and are widely used to represent
trophoblast cells and embryos in culture [252, 505]. To represent microbiota present in
the endometrial environment, L-lactic, D-lactic, acetic and succinic acids were used as
the bacteria are known to produce these metabolites, and have also been used successfully
to represent vaginal microbiota in culture [160, 162]. MTS assays were used to determine
what concentrations could be used to represent microbiota while maintaining the viability
of the JAR cells in the culture. The cells were grown as a monolayer and treated with
metabolite concentrations ranging from 0 mM to 30 mM. The cells were considered
viable if they showed 80% or more viability over the three-time points. The JAR cells
remained viable when cultured with <15 mM of L-lactic, D-lactic, and acetic acids
(Figure 19). However, the JAR cells only remained viable when cultured with <5 mM
succinic acid (Figure 19). These concentrations were used in all the following
experiments. Lower concentrations, including 2.5 mM, 5 mM, and 10 mM of the
metabolites, were used in RT-qPCR experiments to investigate a dose-dependent result,

and the data for this is available in the Appendix 4.
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Figure 19. The viability (%) of JAR cells treated with microbiota-associated
metabolites. Metabolites are listed on the left y-axis; DLA represents D-lactic acid, LLA
represents L-lactic acid, AA represents acetic acid, and SA represents succinic acid. The
incubation period in hours is indicated on the left y-axis. The viability of the cells is
represented by a gradient from 0% viability (red) to >100% viable (green). The

concentrations of each metabolite are indicated on the x-axis. n = 3.

5.4.2 Microbiota-associated metabolites do not impact JAR cell glucose

uptake

Glucose consumption rises in the late pre-implantation period and is thought to be
an important cell-signalling agent for blastocyst formation [485]. Thus, I investigated the

glucose uptake of JAR cells when exposed to the microbiota-associated metabolites.
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Compared to untreated controls, there was no significant difference in the glucose uptake
for JAR cells when treated with the metabolites in both T-tests and Dunnett’s multiple

comparisons tests (Figure 20).
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Figure 20. The glucose uptake JAR cells after treatment with microbiota-associated
metabolites. Glucose uptake was determined using the Promega glucose uptake-Glo™
assay. DLA represents D-lactic acid, LLA represents L-lactic acid, AA represents acetic
acid, and SA represents succinic acid. The y-axis shows luminescence, and the scale of
each y-axis is different. Luminescence is proportional to glucose uptake and is measured

in relative light units (RLU). The data presented shows the mean + SEM (n=3).
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5.4.3 MMP and TIMP expression is not impacted by microbiota-associated

metabolites

MMP2 and MMP9 are essential in the implantation process by allowing the
embryo to break down the extracellular matrix, enabling invasion [494, 495]. Tissue
breakdown and implantation are regulated by inhibiting the MMP catalytic site by TIMP1
and TIMP2 [499]. Thus, I aimed to evaluate the impact of microbiota-associated
metabolites on the embryo's expression of MMPs and TIMPs. JAR cells consistently
expressed MMP2, TIMP1, and TIMP2 mRNA, but the mRNA expression of MMP9 was
low. When fold change analysis was conducted relative to GAPDH, there was no
significant difference in the expression of MMP2, MMP9, TIMP1, and TIMP2 compared
to the untreated controls in both T-tests and Dunnett’s multiple comparisons tests (Figure
21). This was followed up by Western blot analysis of the MMP2 and MMP9 protein
expressed by the JAR cells treated with the metabolites. Only MMP2 produced visible
bands, and MMP9 bands were not visible (Appendix 4) (Figure 22). The western blot
results were assessed using densitometry analysis relative to GAPDH, but similarly to
RT-gPCR results, there was no significant difference in the MMP2 protein expressed by
the cells compared to untreated controls in both T-tests and Dunnett’s multiple

comparisons tests (Figure 22).
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Figure 21. Relative gene expression of MMP2, MMP9, TIMP1, and TIMP2 by JAR
cells treated with microbiota-associated metabolites compared to untreated cells.
JAR cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA),
and succinic acid (SA). (a) Fold change of JAR cells treated with LLA. (b) Fold change
of JAR cells treated with DLA. (c) Fold change of JAR cells treated with AA. (d) Fold
change of JAR cells treated with SA. Gene expression was normalised to the reference
genes and expressed as fold change compared to the untreated cells using the comparative

Ci method. The data shows the mean = SEM (n = 3).
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Figure 22. Protein expression of MMP2 relative to GAPDH in JAR cells treated with microbiota-associated metabolites. JAR cells
were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA). (a) Densitometry analysis of MMP2
expression relative to GAPDH. The data shows the mean + SEM, (n = 3). (b) Western blots of MMP2 and GAPDH from JAR cells treated

with LLA and DLA, and untreated cells. (c) Western blots of MMP2 and GAPDH from JAR cells treated with AA and SA, and untreated

cells.
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5.4.4 Microbiota-associated metabolites do not impact endometrial

epithelium’s ability to facilitate attachment

Embryo implantation involves three stages: apposition, adhesion, and invasion.
Due to the practical and ethical constraints of studying implantation and embryo
adhesion, spheroid attachment assays were developed to represent this process in cell
culture. This study used a high-throughput model using JAR cells spheroids to model
embryos and Ishikawa and RL95-2 cells to represent endometrial epithelium. To assess
microbiota-associated metabolites' impact on embryo adhesion, epithelial cell
monolayers were pre-treated w with L-lactic, D-lactic, acetic, and succinic acids and then
carried out the attachment assay. Treating Ishikawa cells with the metabolites did not
significantly affect spheroid attachment compared to untreated cells in both T-tests and
Dunnett’s multiple comparisons tests (Figure 23). Likewise, pre-treating RL95-2 cells did
not significantly affect spheroid attachment compared to untreated controls in both T-tests

and Dunnett’s multiple comparisons tests (Figure 23).
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Figure 23. Spheroid attachment to endometrial epithelial cells treated with
microbiota-associated metabolites. Ishikawa and RL95-2 cells were treated with L-
lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24
hours before conducting the spheroid attachment assay. (a) The percentage of attached
spheroids to Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells.

The data shows the mean + SEM (n = 3).

5.4.5 Microbiota-associated metabolites do not impact JAR spheroids’

ability to attach to endometrial epithelium

As the embryo in the endometrium is also exposed to microbiota-associated
metabolites during implantation, this study aimed to determine if this would impact
embryo adhesion. While culturing spheroids using JAR cells, L-lactic, D-lactic, acetic,
and succinic acids were added to the media. The treated spheroids were then seeded onto

untreated Ishikawa or RL95-2 cell monolayers and the attachment assay was conducted.
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There was no significant difference in spheroid attachment to both Ishikawa and RL95-2
monolayers compared to untreated controls in both T-tests and Dunnett’s multiple

comparisons tests (Figure 24).
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Figure 24. Attachment of JAR cells treated with microbiota-associated metabolites
to untreated endometrial epithelial cells. JAR cells were treated with L-lactic acid
(LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours before
conducting the spheroid attachment assay. (a) The percentage of attached spheroids to
Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells. The data shows

the mean = SEM (n = 3).
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5.4.6 The NK-92 secretome, after exposure to microbiota-associated

metabolites, inhibits spheroid attachment to endometrial epithelium

Innate immune cells are important in developing receptivity in the endometrium
and interact with endometrial epithelium. Thus, pre-treated Ishikawa and RL95-2 cells
with media conditioned by innate immune cells were used to represent this interaction in
a spheroid attachment assay. Chapters 3 and 4 demonstrated that microbiota-associated
metabolites can affect mRNA expression and cytokine secretion in NK-92 and THP-1
cells. Thus, NK-92 and THP-1 cells were treated with L-lactic, D-lactic, acetic, and
succinic acids for 24 hours to generate conditioned media. Ishikawa and RL95-2
monolayers were cultured with the conditioned media for 24 hours. The spheroid
attachment assay was conducted using untreated JAR cell spheroids. Interestingly, when
Ishikawa cells were pre-treated with media conditioned by NK-92 cells, there was a
significant decrease in the attached spheroids compared to the untreated control (Figure
25a). This was seen when NK-92 cells were treated with L-lactic acid (p=0.0093)
(p=0.038 with Dunnett’s multiple comparisons test), D-lactic acid (p=0.20) (p=0.13), and
succinic acid (p=0.018) (p=0.11) to generate conditioned media (Figure 25a). L-lactic
acid treatment resulted in a 11% reduction in spheroid attachment, whereas D-lactic acid
and succinic acid resulted in a 8.7% and a 9.0% decrease in spheroid attachment
respectively. There was no significant impact on attachment assays using Ishikawa cells
treated with THP-1 conditioned media or RL95-2 cells treated with NK-92 and THP-1

conditioned media in both T-tests and Dunnett’s multiple comparisons tests (Figure 26).
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Figure 25. Spheroid attachment to endometrial epithelial cells treated with media
conditioned by NK-92 cells cultured with microbiota-associated metabolites. To
generate conditioned media, NK-29 cells were treated with L-lactic acid (LLA), D-lactic
acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours. Endometrial epithelial
cells were treated with the conditioned media for 24 hours before conducting the spheroid
attachment assay. (a) The percentage of attached spheroids to Ishikawa cells. (b) The
percentage of attached spheroids to RL95-2 cells. The data shows the mean + SEM (n =
3). * represents p < 0.05, analysed by unpaired T-tests with Welch’s correction. #

represents p < 0.05, analysed by Dunnett’s multiple comparisons test.
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Figure 26. Spheroid attachment to endometrial epithelial cells treated with media
conditioned by differentiated THP-1 cells cultured with microbiota-associated
metabolites. To generate conditioned media, THP-1 cells were treated with L-lactic acid
(LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours.
Endometrial epithelial cells were treated with the conditioned media for 24 hours before
conducting the spheroid attachment assay. (a) The percentage of attached spheroids to
Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells. The data shows

the mean + SEM (n = 3).
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5.5 Discussion

The development of the embryo and the success of implantation are essential to
successful IVF outcomes. It is widely reported in the literature that the dominance of
Lactobacillus in the endometrium is associated with successful outcomes like clinical
pregnancy and live birth [178, 180, 181]. On the other hand, diverse microbiota in the
endometrium are associated with implantation failure [178, 180, 181]. However, beyond
this association, little is known about the role of the endometrial microbiome and its
impact on the embryo during implantation. Recent literature has demonstrated that
Lactobacillus may aid in promoting invasion [502]. In the vaginal environment, it is
known that microbiota, like Lactobacillus, have an important role in homeostasis by
producing key metabolites, including lactic acid [506]. Likewise, it has been
demonstrated that vaginal microbiota and L-lactic and D-lactic acids regulate the
expression of MMPs [153]. MMPs are essential during embryo implantation in
controlling trophoblast invasion [496, 497]. Thus, this study aimed to investigate the
effect of microbiota-associated metabolites on embryonic factors involved in the

development and implantation of an embryo using a cell culture model.

This study investigated the impact of microbiota-associated metabolites during
embryo implantation in monoculture and spheroid assays using JAR cells to represent the
trophoblast. L-lactic and D-lactic acids were used to represent Lactobacillus, and acetic
and succinic acids were used to represent diverse bacteria. To model the presence of
microbiota in the endometrium, concentrations at which the cells were at least 80% viable
in cell culture, as 80% or greater viability in response to treatment were used [309]. The

JAR cells tolerated < 15 mM of L-lactic and D-lactic acid. It is well established that the
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embryo undergoes aerobic glycolysis, producing a significant concentration of lactic acid
while developing [485]. Likewise, it is known that the oviduct has an increased
concentration of lactic acid throughout the cycle, reaching approximately 10 mM at the
time of ovulation [507]. Similarly, cuamulus cells also increase their glucose consumption
and production of lactic acid [507]. Furthermore, it is estimated that the blastocyst may
produce up to 100 mM of lactate due to its glucose consumption in the endometrium
[491]. Thus, it is unsurprising that the JAR cells remained viable in < 15 mM lactic acid,
as the embryo can produce such high concentrations. The JAR cells remained viable when
< 15 mM acetic acid was added to the cell culture media. This was unsurprising as it has
been shown that high concentrations of up to 50 mM of acetate can alter the morphology
and trigger cell death in syncytiotrophoblast cells [S08]. It has been determined that lower
acetate concentrations, like 10 mM, could maintain cellular metabolism by promoting the
production of acetyl-coenzyme A [508]. Additionally, JAR cells remained viable when
treated <5 mM succinic acid. This is a much lower concentration than the other
metabolites, but it has been shown that succinic acid is detrimental to other cell lines,
causing cell death [366]. However, in the literature, embryos cultured in the presence of
up to 5 mM succinate were beneficial to the development of the blastocyst [509].
However, it is important to note that this was done using hamster embryos, and there is

limited literature on the effects of succinic acid on human embryos.

Glucose uptake is highly important in the metabolism of an embryo and increases
as the embryo develops. Higher glucose uptake is a marker of viability in pre-implantation
embryos and is associated with clinical pregnancy [490]. During implantation, glucose is
used in glycolysis and the hexosamine biosynthetic pathway, which is essential for

blastocyst formation, cell differentiation and gastrulation [488, 489]. Therefore, this study
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investigated the glucose uptake of JAR cells when exposed to microbiota-associated
metabolites. Compared to untreated controls, there was no significant difference in
glucose uptake in cells exposed to L-lactic, D-lactic, acetic, and succinic acids. This may
indicate that metabolites produced by bacteria in the endometrial environment do not
affect glucose uptake in the embryo. This was unsurprising as lactate and acetate have
been previously shown not to impact glucose uptake in murine embryos [510, 511]. As
there was no significant difference between the untreated controls and D-lactic acid-
treated cells, it may indicate that D-lactic acid, which is specifically produced by bacteria
in the endometrium, also does not impact glucose uptake. Interestingly, succinic acid is
enriched in the blastocyst alongside other metabolites in the citric acid cycle, and is used
in culture to improve the development of hamster embryos in conjunction with glutamine,
lactate, and pyruvate [509, 512]. However, it has been shown that glucose can inhibit the
development of hamster blastocysts, and it is proposed that non-glucose substrates may
be preferentially used [509]. However, this was not observed in the glucose uptake assay
results, as succinic acid did not significantly impact glucose uptake in JAR cells. This
may demonstrate that succinic acid derived from diverse bacteria may not alter glucose
uptake. Overall, these results indicate that metabolites produced by bacteria in the
endometrial environment may not interfere with the glucose uptake of the developing
embryo. However, this should be interpreted cautiously as I used the JAR cell line, which
may not adequately represent a developing embryo with a rapidly changing metabolism.
In future studies, murine embryos could represent embryo development and enable
analysis of the metabolism and glucose uptake over time when exposed to microbiota-
associated metabolites. However, it is also important to consider that they cannot

completely represent human embryos.
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MMPs are proteolytic enzymes that break down the extracellular matrix, with
MMP2 and MMP9 being essential for cytotrophoblast invasion into the endometrium and
regulated by TIMPs [494, 495]. It is suggested that aberrant expression of MMPs and
TIMPs has a role in embryo quality and implantation failure, as well as adverse outcomes
such as recurrent pregnancy loss [513-515]. It has also been shown that MMP expression
is influenced by microbiota-associated metabolites, like L- and D-lactic acid, in the
vaginal environment [153]. Similarly, MMP-9 expression in the endometrium negatively
correlated with Acinetobacter abundance and is associated with implantation failure
[213]. Thus, this study aimed to investigate alterations in MMP2, MMP9, TIMPI and
TIMP?2 expression by JAR cells treated with microbiota-associated metabolites. Analysis
of RT-qPCR experiments showed that cells treated with the metabolites, compared to
untreated controls, showed no significant difference in MMP2, MMP9, TIMPI, and
TIMP2 mRNA expression. This result was correlated by western blot, which also showed
no significant difference in MMP2 expression. For MMP9, no visible bands were
observed (Appendix 4). This may indicate that microbiota-associated metabolites do not
affect trophoblast MMP and TIMP expression. However, the expression of MMPs and
metabolites have been examined across sites and in multiple cell lines with differing
results from what was observed in this study. Lactic acid in the tumour microenvironment
has been shown in glioma cell lines to promote the expression and activation of MMP2
by inducing TGFB2 expression [516]. Additionally, increased vaginal pH is positively
associated with increased MMP3 expression in the uterosacral ligament, which was
proposed to be due to a reduced abundance of Lactobacillus in the vaginal environment
[517]. Interestingly, it has been shown in hepatocellular carcinoma and renal carcinoma
cells that suppressing lactate dehydrogenase A and C results in decreased expression of

MMP2 and MMP?9, affecting the metastatic potential of the cells [518, 519]. Suppressing
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lactate dehydrogenase also decreases lactate production, as aerobic glycolysis was
inhibited [518, 519]. Additionally, short-chain fatty acids stimulated the activity of
MMP9 and TIMP activity in the colon cancer cell lines when cells were cultured with
media supplemented 10 mM of acetate, butyrate, or propionate [520]. However, these
studies should be interpreted cautiously as the endometrium is a unique environment
where embryo invasion occurs under hypoxic conditions that have been shown to inhibit
the extravillous trophoblasts’ invasive capabilities and activation of MMP2 and

expression of TIMP2 [521].

It is important to consider the limitations of the JAR cell line when investigating
MMPs and TIMPs. In the literature, JAR cells readily express MMP2, as seen in our RT-
qPCR and western blot results [522]. However, JAR cells have been shown to have little
to no mRNA or protein expression of MMP9, which also aligns with this study's results
[522, 523]. However, studies investigating endometrial conditions affecting invasion
determined that the expression and activity of MMP9 in JAR cells can be induced by
stimulating the cells with TNF or through culture in hypoxic conditions [524, 525]. Thus,
in future, altering culture conditions to represent the hypoxic state of the endometrium
during implantation may enable a better understanding of how these metabolites impact
MMP and TIMP expression. Additionally, conducting MMP activity assays may provide
further insight in to MMP2 as western blotting detects both active and inactive forms of

MMPs, and may not clearly indicate a difference in activity.

I modelled embryo attachment using a spheroid attachment model to investigate
embryo implantation further. Spheroid models using cell lines have been developed to

enable the investigation of factors involved in implantation without the ethical and
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practical issues associated with in vivo studies [526]. Thus, I used this assay to represent
embryo adhesion in the presence of microbiota-associated metabolites. The attachment
assays were performed to investigate the impact of the metabolites on the epithelium and
spheroids separately as both the epithelium and embryo are exposed to microbiota. In
these experiments, the epithelium or spheroids were pre-treated with L-lactic, D-lactic,
acetic, and succinic acids and then used in the attachment assay. Compared to untreated
controls, there was no significant difference in the percentage of attached spheroids to
Ishikawa or RL95-2 cells when the epithelial cells or spheroids were pre-treated. This
was surprising, as it was previously shown in spheroid attachment models that lactic acid
(20 mM) may induce nucleolar stress in epithelium and regulate implantation [527].
Furthermore, it has been suggested G Protein-coupled receptor 65 (GPR65) expressed by
trophoblasts acts as a pH sensor and inhibits adhesion in a low pH environment such as
that created by lactic acid or other metabolites [528]. This was demonstrated using both
JAR cell spheroids and murine blastocysts in an attachment model using Ishikawa cells
as epithelium [528]. The cells used in this study were maintained at a pH of 7.4, thus this
effect mechanism may not occurred. It is also possible that microbiota-associated
metabolites may not have a role in embryo adhesion and may only impact factors like
endometrial migration and the endometrial immune response, as discussed in chapters
three and four. Furthermore, both RL95-2 and Ishikawa cells are highly adhesive cell
lines, which may mean that subtle changes in receptivity or in the adhesive properties of
JAR cells that could have impacted spheroid adhesion may not have been reflected in the
results of this assay [292, 505]. Interestingly, one study has developed a 3-dimensional
model of spheroid attachment incorporating primary stromal cells, creating a more
complex representation of endometrium [505]. This model showed the impact of stromal

cells on JAR cell spheroid adhesion and provides a methodology that could be used in
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future studies to closely represent this interaction in a more realistic model of the
endometrium [505]. Furthermore, inclusion of an inhibitor would be a useful control in
future models using highly adhesive cell lines like Ishikawa and RL95-2 cells, to
demonstrate that the assay is able to model inhibition of attachment. For example, EDTA
has been used successfully in past RL95-2 models as it blocks Ca?* influx significantly

reducing spheroid attachment to RL95-2 cells [252].

A conditioned media spheroid attachment model was developed to investigate
further the interactions of innate immune cells and endometrial epithelium and its impact
on embryo adhesion. In this assay, endometrial epithelium was pre-treated with media
conditioned by innate immune cells cultured with microbiota-associated metabolites.
When Ishikawa and RL95-2 cells were cultured with media conditioned by THP-1 cells,
there was no significant difference in the percentage of attached spheroids. Likewise,
RL95-2 cells cultured with media conditioned by NK-92 cells showed no significant
difference in the percentage of attached spheroids compared to controls. However, when
Ishikawa cells were cultured with media conditioned by NK-92 cells treated with L-lactic,
D-lactic, and succinic acids there was a significant decrease in the percentage of attached
spheroids. This suggests that L-lactic, D-lactic, and succinic acids produced by
microbiota may adversely impact the NK cell interactions with endometrial epithelium,
affecting the success of embryo implantation. As shown in chapters three and four, this
could result from changes in glucose uptake or in the expression of cytokine and
chemokines by NK-92 cells. However, NK-92 conditioned media did not affect
endometrial epithelial expression of IL-6, IL-8, TNF, RANTES and IFNG, suggesting
other genes may be affected, reducing the binding of spheroids to the epithelium. It is also

important to acknowledge that the percentage reduction in spheroid attachment to the
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epithelial monolayer in this model was small. Thus it should be considered that this result
may not generate a biologically important result in the in vivo endometrial environment.
Furthermore, dNK cells interact with endometrial epithelial cells via various mechanisms
which could be alternative points of investigation beyond cytokine and chemokine
expression. For example, dNK1 cells expression of CD39 can interact with CD73
expressed by endometrial epithelial cells to prevent activation of the inflammatory
response by converting ATP to adenosine [529]. This interaction is thought to be essential
in enabling implantation. Additionally, dNK cells express prokineticin 1 during the
receptive stage, which acts on the endometrial epithelium, promoting the upregulation of
genes involved in developing receptivity and decidualisation, including cyclooxygenase
(COX)-2 [530]. Overall, the secretome of microbiota-associated metabolite-treated NK-
92 cells may affect embryo adhesion. However the exact mechanism behind this requires

further investigation.

It is important to acknowledge the limitations of using immortalised cell lines in
these models, particularly when using the NK-92 cell line. The NK-92 cell line is an
allogeneic activated cell line with a much greater killing capacity than peripheral NK cells
and decidual cells [531]. They have a higher content of granzymes, resulting in increased
cytotoxicity, and they lack expression of KIR receptors, which inhibit NK cell function
against allogeneic cells [239]. These factors mean that these cells may not replicate NK
cell function in the endometrial environment and may limit what can be interpreted from
the conditioned media models used in this chapter. In future, different forms of NK cell
culture models could be used to investigate the interactions between immune cells,
epithelium, and trophoblast cells. As discussed in Chapter 4, organoid models have been

developed to model the trophoblast and NK cell interaction [268, 269, 483]. These models
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have been used to investigate processes such as uNK cell differentiation, placentation and
immunomodulation [268, 269, 483]. In future, these models could be adapted to include
endometrial epithelium and microbiota-associated metabolites to enable the investigation
of NK cell interactions with epithelium and trophoblast cells in the presence of

metabolites.

Another approach to investigating NK cells and other innate immune cells in the
endometrial environment in the presence of microbiota, could be through humanised
mouse models. Typically, mouse models cannot support the human reproductive
microbiome, but more recently, a humanised microbiota mouse model has been
developed [223]. Humanised microbiota mice were created by administering human-
derived faeces to germ-free C57BL/6 mice [224, 532]. The bacteria are then passed via
maternal transfer and coprophagy [224, 532]. These mice were then used to model the
reproductive microbiome and demonstrated key characteristics of the human vaginal
microbiome, such as a dominance of Lactobacillus, community state type clustering, and
greater protection against pathogens [224]. Interestingly, a similar humanised microbiota
mouse model with a humanised immune system has also been generated. Gnotobiotic
mice undergo X-ray irradiation and receive either a bone marrow transplant, human
haematopoietic stem cells, or peripheral blood mononuclear cells [533-535]. They then
receive a human faecal microbiota transplant to create a human-like immune system and
microbiome. These mice have been used to study gut microbiome and immune system
interactions [533, 536]. These techniques have yet to be used to investigate reproduction,
but they provide a new system to model a human-like microbiome and immune system
for the investigation of the interactions between bacteria, metabolites, and the endometrial

environment.
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In order to more specifically investigate NK cells in the endometrial environment,
transgenic and knockout mouse models could be used. Transgenic and knockout mice
have been used in the literature to investigate the role of NK cells in the endometrium
[537]. For example, knockout mice lacking NK cells were used to determine that NK
cells aid in the development of the endometrium and vasculature [538]. Knockout mice,
lacking IL-10, were used to determine the interactions of NK cells and dendritic cells
[59]. This study found that dendritic cells promote the proliferation and differentiation of
IL-10-producing NK cells, which promote immunoregulation in the endometrial
environment [59]. Furthermore, TgE26 mice, which express human CD3E and lack NK
cells, have been used to show the importance of NK cells in maintaining pregnancy. The
implantation sites in TgE26 mice lacked lymphocytes and displayed vascular pathology
associated with foetal death [539]. Thus, transgenic or knockout mouse models could be
used in future studies to investigate the role of NK cells in the endometrium. They could
be used in conjunction with bacteria to gain a better understanding of how NK cells and

microbiota-associated metabolites interact.

5.6 Conclusion and future directions

In conclusion, the results suggest that it is unlikely that microbiota-associated
metabolites directly impact embryo development and implantation. However, microbiota-
associated metabolites may indirectly affect embryo adhesion via the NK cell secretome.
The secretome may be able to modulate of the adhesive properties of endometrial
epithelium. This was seen in spheroid attachment assays where Ishikawa cells were pre-

treated with media conditioned by NK-92 cell with L-lactic, D-lactic, and succinic acids.
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Further investigation is required to understand better the interactions between innate
immune cells and epithelium and how this affects the implantation process. As discussed,
future experiments could be conducted using murine models and murine embryos to
represent the endometrial environment and a rapidly developing embryo better than an
immortalised cell line, and alternative culture conditions could be used to represent the

hypoxic state of the endometrium.
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6 General Discussion and Future Directions
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6.1 Determining the role of endometrial microbiota-associated

metabolites in IVF

The endometrial microbiome has recently been characterised using next-
generation sequencing techniques and is no longer considered a sterile environment.
Several studies have demonstrated there is an association between the dominance of
Lactobacillus and positive IVF outcomes, including clinical pregnancy and live birth, and
an association between diverse bacteria, including Gardnerella, Bifidobacterium,
Fannyhessea, Streptococcus and Staphylococcus and poor outcomes, including
implantation failure [116, 178, 180, 181, 206, 540]. However, the mechanism behind this
association is relatively unknown, with some studies implicating the microbiome's
composition in aberrant development of receptivity, inflammation, and regulation of
implantation [181, 213, 502]. Therefore, this project aimed determine the role of the
endometrial microbiome in developing endometrial receptivity, the endometrial immune
response, and embryo implantation. More specifically the study investigated the role of
microbiota-associated metabolites in these factors, as metabolites in the cervicovaginal
environment are essential in the integrity of the epithelium and the immune status of the
environment [160, 161, 168, 169]. A cell culture model of endometrial epithelial cells and
innate immune cells that incorporated physiologically relevant concentrations of L-lactic,

D-lactic, acetic and succinic acids was utilised.

The first aim of this project was investigated in Chapter 3, which examined the

impact of microbiota-associated metabolites on key factors involved in developing
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endometrial receptivity. Ishikawa and RL95-2 cells were used to represent endometrial
epithelium and NK-92 and differentiated THP-1 cells to represent innate immune cells.
This chapter explored how metabolites impact cellular viability and the effect on glucose
uptake, revealing that succinic acid may impact the function of NK-92 cells by decreasing
glucose uptake. Further analysis showed that L-lactic acid hinders migration in both
Ishikawa and RL95-2 cell lines in wound healing assays. Confocal microscopy analysis
of ZO-1 (a tight junction protein) demonstrated that D-lactic and acetic acid decreased
the protein expression in Ishikawa cells. RT-qPCR analysis revealed decreased mRNA
expression of TGFBRI in RL95-2, NK-92, and THP-1, alongside decreased LIF and
VEGFA expression in Ishikawa cells when treated with the metabolites. Overall, it was
concluded that microbiota-associated metabolites from both Lactobacillus and diverse
bacteria may alter the development of receptivity and may induce changes that inhibit

implantation ( Figure 27).
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Figure 27. Proposed model of the impact of microbiota-associated metabolites on
endometrial epithelium and innate immune cells. Bacteria in the endometrium produce
lactic acid and short-chain fatty acids. These metabolites affect NK cell function, the
expression of cytokines and chemokines, migration, and the expression of tight junctions.
This may result in reduced angiogenesis, cross-talk, regulation of embryo invasion, and
the development of receptivity. Ultimately, these alterations may result in implantation

failure. Created in https://BioRender.com.

The second aim of this project is presented in Chapter 4, which investigated the
impact of microbiota-associated metabolites on the immune response of the epithelium
and innate immune cells. Analysis of cytokines secreted by treated cells found a
significant decrease in secreted pro-inflammatory cytokines when treated with acetic and

L-lactic acids. Interestingly, NK-92 cells treated with D-lactic acid increased secreted IL-
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6, IL-8, and IL-10, which was not observed when treated with other metabolites.
Interestingly, different expression of /L§ mRNA between Ishikawa and RL95-2 cells
when treated with L-lactic acid was observed. Additionally, when treated with L-lactic
and acetic acids, NK-92 cells showed a significant decrease in /FNG and /L8 mRNA
expression. This study also investigated the impact of innate immune cell-conditioned
media on epithelial cells, and determined that RL95-2 cells showed decrease /LS
expression when cultured with media conditioned by THP-1 cells treated with L-lactic
acid. Overall, it was concluded that microbiota-associated metabolites decrease the
expression of pro-inflammatory cytokines and chemokines, which may detrimentally
impact fetal-maternal cross-talk, angiogenesis, and the regulation of invasion ( Figure
27). However, NK cells exposed to D-lactic acid increased the secretion of pro-
inflammatory cytokines like IL-6, IL-8, and IL.-10, which could aid in supporting embryo

invasion and the development of maternal tolerance.

The final chapter of this project focused on the impact of metabolites on
embryonic factors involved in the development and implantation of the embryo. The JAR
cell line was used to represent the embryo and determined that the microbiota-associated
metabolites tested here do not impact glucose uptake. Furthermore, this study investigated
the expression of MMPs and TIMPs and determined that metabolites do not affect the
expression of MMP2, MMP9, TIMP1 or TIMP2 by JAR cells. The final experiment of
this chapter was a spheroid attachment assay using the JAR cells to generate spheroids
and model embryo attachment. Through this, it was determined that the NK-92 secretome
generated in response to microbiota-associated metabolites, may affect the receptivity of

the endometrial epithelium and can hinder embryo attachment ( Figure 27).
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6.2 Do microbiota-associated metabolites in the endometrium
have a similar role to metabolites in the vaginal

environment?

Overall, microbiota-associated metabolites impact the development of receptivity,
modulation of the endometrial inflammatory response, and the regulation of implantation.
However, considering the results discussed, it is unclear whether there is a benefit or
disadvantage to the response generated by the metabolites explored in this study.
Likewise, it remains unclear if metabolites in the endometrial environment have a similar
role in maintaining homeostasis to those in the vaginal environment. In cells treated with
lactic acids, there were adverse changes in epithelial and immune cells, such as decreased
secretion of cytokines like IL-8 and RANTES and decreased /JFNG mRNA in NK-92
cells. It is well known that lactic acid in the vaginal environment can modulate the
inflammatory response and reduce the expression of these cytokines, which maintains an
anti-inflammatory environment [ 160, 168]. Yet, decreased expression in the endometrium
could be detrimental due to the importance of these pro-inflammatory cytokines in
developing receptivity and implantation. IL-8, expressed by both epithelial and innate
immune cells, is involved in fetal-maternal cross-talk, recruiting immune cells to the
endometrium and aiding trophoblast invasion during implantation [46, 49, 407].
RANTES aids in recruiting immune cells to the endometrium and develops the necessary
inflammatory response during implantation [48, 444]. IFNy expressed by dNK cells is
necessary to remodel spiral arteries in the endometrium and modulate the trophoblast
invasion [419, 420]. Therefore, while lactic acid may be able to reduce the expression of

pro-inflammatory mediators in both the vagina and endometrium, this may not create
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favourable conditions in the endometrium, unlike lactic acid in the vagina. This could
also depend on timing in the menstrual cycle in the endometrium. Interestingly, a similar
response in the endometrial epithelium treated with acetic acid to that of those treated
with lactic acid was seen. Treatment with acetic acid decreased the expression and
secretion of IL-8 and RANTES. Decreased expression of RANTES in the endometrial
epithelium is a similar response to short-chain acids seen in the vaginal epithelium.
However, decreased IL-8 expression contradicts past studies showing metabolites
associated with diverse bacteria promote a pro-inflammatory response in the vaginal
epithelium [167, 168]. Therefore, microbiota-metabolites can modulate the endometrial
inflammatory response, but metabolites like acetic acid may not induce a similar response

to vaginal epithelium.

Like the inflammatory response, microbiota-associated metabolites impact the
integrity of the endometrium and its function during receptivity and implantation.
However, this impact is different to the role of metabolites in the vaginal environment. In
the vaginal environment, lactic acid promotes the formation of tight junctions by
increasing expression of proteins like Claudin-1 and Claudin-4, maintaining the integrity
of the vaginal epithelial layer [161]. Yet, a significant decrease in ZO-1 when treating
Ishikawa cells, indicated that lactic acid may disrupt the stable expression of ZO-1 in the
endometrium, compromising the integrity of the epithelium during implantation [322,
323]. Furthermore, the soluble products produced by Lactobacillus species have been
shown to have no inhibitory effect on wound healing in cervical cells [375]. However, in
our wound healing model, lactic acid significantly decreased the migration of endometrial
epithelial cells, which could be detrimental to the facilitation of implantation by these

cells [27]. From these results, it is possible that lactic acid does not have the same role in

223



the endometrium as it does in the vaginal environment. Further investigation is required
to better understand the impact of lactic acid in the endometrium during the development

of receptivity and early embryo implantation.

6.3 The relationship between receptivity, the immune response

and implantation

In this project, the development of receptivity, the inflammatory response, and the
factors involved in implantation was investigated separately. The results seen in Chapter
3 were explored in the context of the EMT and the MET and their role in implantation.
Furthermore, the inflammatory response was largely discussed around angiogenesis, the
development of maternal tolerance to paternal antigens, and the regulation of
implantation in Chapter 4. However, endometrial receptivity, the inflammatory response,
and implantation are inextricably linked. The inflammatory response is essential in
developing receptivity and EMT/MET. It has been shown that under hypoxic and
inflammatory stimulation with CXCL12, endometrial epithelial cells upregulate markers
of EMT, including SNAIl and ZEBI, and increase migration [541]. Furthermore,
cytokines and chemokines including IL-6, IL-8, TNF, and TGF-B, can modulate the
expression of markers of EMT, including SNAI1, TWIST, and N-cadherin, and can
promote migratory properties when cells in culture were treated with these cytokines
[542-544]. Interestingly, in this study, there was decreased secreted IL-8 and
downregulation of /L8 mRNA in RL95-2 cells when treated with L-lactic acid and
decreased migration of the cells in wound healing assays. This may give us some insight

into how microbiota-associated metabolites like L-lactic acid may affect the
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inflammatory response of epithelium and, in turn, the EMT. Furthermore, other factors,
such as the expression of tight junctions, are linked to the inflammatory response.
Infection with E. coli has been shown to downregulate ZO/ mRNA in organoid models,
and decreased ZO-1 expression in fetal membranes has been shown in inflammatory
conditions such as intrauterine infection [271, 545]. Additionally, it has been shown that
ZO-1 has a role in regulating IL-8, as when ZO-1 is silenced, IL-8 expression and
secretion are decreased [546]. Interestingly, in our study, I observed decreased expression
of ZO-1 in Ishikawa cells treated with acetic acid and decreased secreted IL-8. There is
also a similar relationship between LIF and IL-8, as LIF, like ZO-1, can induce IL-8
secretion [547]. In Ishikawa cells treated with acetic acid, there was also decreased LIF
expression, which could have contributed to the decreased secreted IL-8. Overall, these
results have contributed towards understanding the intersection of the inflammatory
response and the development of receptivity. It is possible that the significant changes in
cytokine and chemokine expression due to microbiota-associated metabolites can induce
alterations in the epithelium that may be detrimental to the development of receptivity.
Notably, as a selection of factors were analysed here, other factors may have also changed

but were not measured in these experiments.

To explore the link between the development of receptivity, the inflammatory
response, and implantation, spheroid attachment assays representing embryo adhesion
were conducted. Chapter 5 investigated the impact of media conditioned by NK-92 cells
treated with metabolites on spheroid adhesion. NK-92 cells treated with L-lactic, D-lactic,
and succinic acids significantly reduced spheroid attachment to Ishikawa cells. It was
proposed that this could result from cytokine secretion and expression changes in Chapter

4. However, it is important to note that there were no significant changes in inflammatory
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gene expression in Ishikawa cells cultured in NK-92 conditioned media in these
experiments. This may be due to other factors not investigated in this study. Further
investigation into the expression of receptivity markers in endometrial cells cultured with
innate immune cell-conditioned media is warranted and will provide a greater
understanding of the complex relationship between metabolites, receptivity,
inflammation, and implantation. Such experiments could also include more
comprehensive target analysis, such as global transcriptomic or proteomic approaches, as
there is evidence that this model can be used effectively, and changes in spheroid
attachment were detected. Additionally, the genes and cytokines analysed in these studies
are not the only ones involved in the development of receptivity and implantation. Thus,
a transcriptomic or proteomic approach could provide a more comprehensive

understanding of these factors in a cell culture model.

6.4 The limitations of modelling the endometrium and future

directions

The endometrium is a complex and dynamic environment. While this study aimed
to model this using endometrial epithelial and innate immune cell lines, there were several
limitations. The endometrium is a low oxygen environment. There is limited literature on
the oxygen concentration in the endometrium; the few studies that have investigated this
have reported an intrauterine partial pressure between 15 mmHg and 21 mmHg [548-
550]. This is much lower than the partial pressure of 90 mmHg in arterial blood or 40
mmHg in venous blood [551]. This is likely due to the thickness of the tissue as there is

a great distance between the uterine cavity and the blood vessels supplying oxygenated
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blood [552]. Interestingly, this hypoxic environment is beneficial for the development of
the embryo. When exposed to hypoxic conditions, hypoxia-inducible factor (HIF) is
induced. HIF is a transcriptional factor essential in controlling processes like
angiogenesis via VEGF expression, embryo development through control of genome
activation, and trophoblast invasion via the urokinase plasminogen receptor pathway
(uPAR) [553-557]. Furthermore, HIF is essential in developing endometrial receptivity,
and its expression is positively associated with HOXAI0 and controls glycolysis,
migration, and EMT in epithelial cells [558, 559]. Additionally, low oxygen conditions
within the first two days of embryo culture result in higher rates of top-quality and high-
quality day two embryos than those cultured at atmospheric oxygen [560]. Similarly,
blastocyst quality was higher in those cultured in 5% O: [560]. Considering the
importance of a low oxygen environment in the development of receptivity and in embryo
development, it is important to note that all cells in this study were cultured in standard
cell culture conditions at 37°C with 5% CO; and atmospheric air. In future, cell-culture
models could be conducted using 5% O> to better represent oxygen levels in the
endometrium. Using these conditions could provide further insight into the aspects of

receptivity and implantation are affected by hypoxia and HIF.

In future models, it would be beneficial to hormonally prime the endometrial
epithelial cells before treatment with microbiota-associated metabolites. Both Ishikawa
and RL95-2 cells express estrogen and progesterone receptors [227, 228]. While both
cells are considered a good model of the receptive endometrium, they can be treated with
these hormones before their use to replicate the hormonal changes seen in the menstrual
cycle. RNA-Seq analysis of Ishikawa cells treated with estrogen and progesterone

demonstrated upregulated expression of 82 biomarkers, including MUC! and other genes
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associated with receptivity, compared to untreated cells [561]. Furthermore, in 3-
dimensional models using Ishikawa cells, treatment with estrogen and progesterone
resulted in glandular formations with microvilli [562]. Likewise, RL95-2 cells treated
with estrogen and progesterone show changes in gene expression associated with
receptivity [563]. These responses from Ishikawa and RL95-2 cells support their use as
receptive models, but also demonstrate how hormonal priming can be used to promote
expression of genes of interest. Hormonal priming in conjunction with metabolite
treatment has been used previously to investigate the role of embryo-derived lactic acid
on endometrial epithelial cells and successfully demonstrated that lactic acid can affect
cellular proliferation and the expression of genes, including VEGF [283]. Thus, future
models can incorporate hormonal priming to add complexity to models of the endometrial

environment.

Another important aspect of the endometrial environment to consider is pH. It is
well-established that the vaginal environment is acidic, yet there is much less known
about the endometrial environment. There are mixed reports of pH in the uterine cavity,
ranging from 6.6 to 8.5, with most papers reporting an average pH of 7.1 to 7.8 [178, 550,
564, 565]. However, it is proposed that the lactic acid produced by the blastocyst can
decrease the pH of the endometrium during implantation in the local site [491].
Furthermore, it has been shown in models of endometrial epithelium that lactic acid, in
combination with an acidic pH, significantly alters mRNA expression of genes involved
in receptivity, including VEGF, SNAI1, and GLUT4 [283]. Lactic acid and decreased pH
also significantly decreased the proliferation and TER measurements of ECC-1 cells and
increased stromal cell migration [283]. The same results were not observed in cells treated

with neutralised lactic acid or acid media created by 8% CO; in culture. Thus, pH is also
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an important factor in developing receptivity and implantation. However, it is important
to consider that the low biomass of the endometrial microbiome is thought to be unable
to alter endometrial pH to the same degree that the vaginal microbiome can and is not a
predictor of Lactobacillus dominance [178]. In future, cell culture models could be
cultured with 8% CO> to maintain an acidic environment, and pH could be assessed
independently from the metabolites incorporated into the media. This methodology has
been used effectively to model the endometrial environment in the past, enabling the

maintenance of acidic conditions [283].

It is important to consider additional methods that better represent the endometrial
environment. Standard 2-dimensional cell culture has advantages around its simplicity,
cost, and straightforward maintenance [566]. But these models lack complexity. While a
conditioned media model was used in this study, it still does not completely replicate the
complexity of the endometrium, which consists of multiple cell types and complex
interactions during implantation. Recently, several endometrial organoid models have
been developed. One study developed endometrial epithelial organoids that remained
genetically stable and could be cryopreserved [567]. These organoids were responsive to
estrogen and progesterone, replicating changes in gene expression and protein expression
seen in the proliferative and secretory stages of the menstrual cycle [567]. Likewise,
organoids derived from menstrual blood showed similar responsiveness to estrogen and
progesterone and altered gene expression in response to early pregnancy hormones,
including hCG [568]. Furthermore, organoids have been developed to represent both a
receptive and non-receptive endometrium, and the secretions of the non-receptive
organoids have been shown to interfere with spheroid adhesion to primary cell

monolayers [569]. Endometrial organoids have also been used to model infection and
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have shown changes in receptivity markers in response to E. coli [271]. Thus, endometrial
organoids in conjunction with microbiota-associated metabolites could be used in future
studies to model a receptive and non-receptive environment and early pregnancy. This
could be used to investigate the effect of the metabolites in an environment that more
closely represents the endometrium and includes factors like structure, hormonal

regulation, the secretions of a non-receptive profile and pathogenic organisms.

Alternatively, microfluidic models are another viable method of representing the
endometrium in future models. Microfluidic models represent an organ by using
microfluidics to create shear force, concentration gradients, and cell patterning, as well
as incorporating sensors within the model to collect data on parameters, including oxygen
and pH [570, 571]. Several have been developed for the endometrium. One model created
a vascularised model of the endometrium using epithelium, stroma and endothelium. This
model could represent decidualisation when treated with hormones and modelled
angiogenesis [242]. Another study was able to model embryo and endometrial
interactions, demonstrating that co-culture of murine embryos and stromal cells enhanced
the rate of embryo development and viability and provided the stimulation of epithelial
cilia via fluidics [572]. Interestingly, a vaginal organ-on-a-chip model has been
developed, which incorporated microbiota and successfully replicated the epithelial
inflammatory response to eubiotic and dysbiotic bacteria as well as pH and ratio of L-
and D-lactic acid [281]. Specific scientific questions or hypotheses are more likely to
benefit from these models due to their complexity. However, considering these models'
cost and time implications, judicious selection of the methodology used, its application,

and value should be considered.
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Lastly, additional complexity could be added to a model of the endometrial
environment by incorporating more metabolites and/or live microorganisms. This study
only used L-lactic, D-lactic, acetic, and succinic acids. Yet, bacteria in the reproductive
tract produce many other metabolites, including butyrate, propionate, aspartate, ethanol,
and formate [162]. In vaginal models, both butyric and propionic acids have been
successfully incorporated into cell culture media and have been demonstrated to play a
significant role in the inflammatory response [167]. Similarly, when metabolite mixes
were incorporated in cell culture, representing Lactobacillus dominance and dysbiosis,
vaginal epithelium showed a distinct pro-inflammatory response to the dysbiotic solution
[168]. Furthermore, the ratio of L- and D-lactic acid in the vaginal environment is
important and is used because it is representative of the dominance of different species of
Lactobacillus [152, 153]. Thus, additional metabolites could be included in models of the
endometrial environment to represent the complex microbiome. This could also be done
by incorporating live bacteria into cell culture models, as they can produce a complex
mixture of metabolites and by-products that may be more representative of what
endometrial epithelium and innate immune cells are exposed to in vivo. However, it is
important to consider the challenges of incorporating bacteria into cell culture models, as
they often require different conditions to what cell lines require. Diverse bacteria, such as
Gardnerella, require anaerobic conditions and are limited to short incubation periods in

cell culture, as cells require oxygen to maintain their viability [573, 574].

6.5 The microbiome and IVF in the future

The findings of this study provide valuable insight into the role of the endometrial

microbiome in the endometrial environment. In an IVF context, these results may aid in
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providing personalised care to IVF patients in future. Currently, additional procedures
such as the ERA and endometrial microbiome metagenomics analysis (EMMA) are used
to create personalised IVF treatments. The ERA involves collecting an endometrial
biopsy and using a transcriptomic signature of 134 genes to determine a patient’s
receptive status, enabling the timing of future embryo transfers to be adjusted for the WOI
[13, 14]. There is variable evidence for the use of the ERA, with literature demonstrating
that its use can successfully predict the WOI and improve IVF outcomes [13, 14, 575,
576]. However, there is also evidence that it has no significant impact on IVF outcomes
or may worsen live birth rates [15, 16]. The EMMA involves using 16s rRNA gene
amplicon sequencing to classify the endometrial microbiome into either a Lactobacillus-
dominated microbiome or a non-Lactobacillus-dominated microbiome. Based on the
results, patients undergo personalised antibiotic treatment, followed by probiotic
treatment to shift their microbiome to Lactobacillus dominance [577, 578]. In the
literature, the EMMA has shown promising results, with improved clinical pregnancy and
ongoing pregnancy rates in patients after treatment with antibiotics and probiotics [577,

578].

With the knowledge that microbiota-associated metabolites can impact
components of endometrial receptivity and the immune response, the EMMA and ERA
could be used in conjunction to personalise treatment further. This was recently explored
in a prospective controlled study of 107 participants [579]. The EMMA and ERA were
used to personalise treatment for 54 participants, and 53 underwent a standard IVF
protocol. The participants who received personalised treatment showed significantly
improved implantation, clinical pregnancy, and live birth rates compared to those

undergoing the standard IVF protocol [579]. However, this study was completed using a
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small sample size recruited through the same clinic, which limits what can be interpreted
from these results. Thus, the use of the EMMA and ERA together should continue to be

investigated.

Immunological testing can also be added to IVF procedures and is another aspect
of treatment that can be personalised. There are several types of proposed immune testing
that can be done, including uterine immune profiling. This involves completing
histological analysis and RT-qPCR on endometrial biopsies to categorise samples into
four profiles; regulated immune activation, immune overactivation, low immune
activation, and a mixed immune response [580, 581]. Following this, treatment can be
personalised based on the profile to promote uNK cells recruitment and activation,
decrease Thl cytokines, and hormonally support the luteal stage [580]. In a controlled
matched cohort study, 193 women were treated with standard IVF protocols, and 193
women underwent uterine immune profiling and personalised IVF treatment [582].
Participants were matched based on age, method of fertilisation and embryo transfer,
number of mature oocytes, and the stage of the transferred embryos. Participants who
received personalised treatment based on their immune profile had a significantly higher
implantation rate, live birth rate and a reduced number of miscarriages compared to the
control cohort [582]. These findings were further supported by a randomised controlled
open two-armed trial [583]. 484 participants enrolled, 190 women were randomised to
receive conventional treatment, and 188 women were randomised to receive personalised
treatment to correct immune dysregulation. Those who received personalised treatment
showed significantly greater liver birth rates, ongoing pregnancy rates, and clinical
pregnancy rates [583]. While these results are promising, it is important to consider that

the uterine profiling performed in these studies failed to investigate all immune cell types
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and focused on uNK cells [581-583]. Other cells, such as macrophages, Tregs, and
dendritic cells, also have important roles in embryo implantation and pregnancy.
Furthermore, this thesis has provided evidence that the microbiota-associated metabolites
may have a role in regulating the endometrial immune response. Thus, future studies
could use the EMMA in conjunction with uterine immune profiling to further personalise

IVF treatments.

6.6 Conclusion

In this study, endometrial epithelial cell lines and innate immune cells were used
to represent the endometrial environment and incorporated metabolites to represent the
endometrial microbiome. It was determined that L-lactic, D-lactic, acetic, and succinic
acids can alter factors in the development of receptivity, including glucose uptake,
migration, the expression of tight junction proteins, and gene expression of receptivity
markers. These changes may inhibit the development of receptivity and could result in
decreased embryo implantation in IVF treatment. It was found that microbiota-associated
metabolites also decreased the expression of pro-inflammatory cytokines in epithelial
cells. This could adversely affect processes like invasion and angiogenesis, and may result
in decreased embryo implantation. However, D-lactic acid may promote a beneficial pro-
inflammatory response in NK cells. This could aid in controlling embryo invasion and
create maternal tolerance to the embryo, promoting successful IVF outcomes. Lastly, it
was established that the NK cell secretome from cells treated with microbiota-associated
metabolites can adversely impact the adhesion of embryo-like spheroids. These results
have provided an understanding of how microbiota-associated metabolites may impact

the complex relationship between innate immune cells and endometrial epithelium.
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Appendix 1
Cell line authentication
Before use in experiments, all cell lines were genotyped by the AGRF, and their

authenticity was determined using the CLASTR algorithm by Cellosaurus [305]. Cell

lines tested were determined to be authentic and uncontaminated.

Table 21. The results of cell line genotyping using CLASTR.

Suspected | Identified cell Accession Number of ScoreC
cell line line® Number Markers®
Ishikawa | Ishikawa 3-H-12- CVCL _JG52 8 96.97%
Luc
RL95-2 RL95-2 CVCL_0505 9 93.75%
JAR JAR CVCL 0360 9 100%
NK-92 NK-92 CVCL 2142 9 100%
THP-1 THP-1 CVCL 0006 9 100%

A The cell line identified by CLASTR, using the Tanable algorithm.

B The number of STR markers used to generate the score.

€ The computational score generated by the pairwise comparison based on the algorithm.
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Appendix 2

Wound healing assay using Ishikawa cells

These figures are representative images from wound healing assays using
Ishikawa and RL95-2 cells treated with microbiota-associated metabolites. The analysis

of these images is presented in Chapter 3 Section 3.4.3.
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Figure 28. The impact of microbiota-associated metabolites on Ishikawa cells’
wound closure. Representative images of Ishikawa cells treated with L-lactic acid
(LLA), D-lactic acid (DLA), acetic acid (AA), succinic acid (SA), and untreated cells.
The wound was made in the monolayer, and the cells were cultured and imaged

immediately and at 24, 48, and 72 hours.
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Wound healing assay using RL95-2 cells
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Figure 29. The impact of microbiota-associated metabolites on RL95-2 cells’ wound
closure. Representative images of RL95-2 cells treated with L-lactic acid (LLA), D-lactic
acid (DLA), acetic acid (AA), succinic acid (SA), and untreated cells. The wound was
made in the monolayer, and the cells were cultured and imaged immediately and at 24,

48, and 72 hours.
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Z0-1 western blot images

This figure shows representative images of western blots completed for ZO-1 expression in Ishikawa cells treated with microbiota-
metabolites. The ZO-1 band cannot be clearly observed at 230 kDa due to non-specific binding.

a

25mMLLA 10mMDLA  Untreated

'3 & =
250kDa uﬁ@*ﬂ?@.;i
o 0w . oy o B

70

ot e T

10

b

10mMAA 5mMSA

Untreated
I 11 L1

1
—EsSssEsEs ‘

R —— — — — — — — \
= | 70

====mmmme

.
(¥%]
S

10

Figure 30. Representative images of protein expression of ZO-1 in Ishikawa cells treated with microbiota-associated metabolites. The

cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA). (a) Western blots of ZO-1 and
GAPDH treated with LLA and DLA. (b) Western blots of ZO-1 and GAPHD treated with AA and SA.
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Reference gene C: values

The following tables show the C; values of the reference genes as a mean +

standard deviation.

Table 22. Average C; values of HPRTI in Ishikawa cells treated with microbiota-

associated metabolites and controls. Mean + SD, n=3.

Treatment

Concentration (mM)

HPRTI C:+SD

L-lactic acid

D-lactic acid

Acetic acid

Succinic acid

Untreated

LPS
PMA/I

5
10
25

5
10

5
10

2.5

5

0
1X
1X

240+1.2
24.0+0.9
24.1+0.7
255+1.1
246 +0.3
245+0.8
24.1+0.2
259+1.2
249+0.9
24.6 £ 0.6
252+1.6
252+0.6
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Table 23. Average C; values of HPRTI in RL95-2 Cells treated with microbiota-

associated metabolites and controls. Mean + SD, n=3.

Treatment Concentration (mM) | HPRTI1 C:+ SD
L-lactic acid 5 245+1.6
10 244+ 0.7
15 24.0+0.4
D-lactic acid 5 252+0.3
10 254+0.4
Acetic acid 2.5 259+0.6
5 25.8+0.7
Succinic acid 2.5 249+1.3
5 264+ 1.2
Untreated 0 255+04
LPS 1X 25.7+0.7
PMA/I 1X 262+ 1.6

Table 24. Average C; values of GADPH in NK-92 cells treated with microbiota-

associated metabolites and controls. Mean + SD, n=3.

Treatment Concentration (mM) | GAPDH C:+ SD
L-lactic acid 2.5 20.0+ 0.6
5 19.4+0.5
D-lactic acid 2 20.9+2.2
4 20.8 £ 0.5
Acetic acid 2.5 192+04
5 20.5+1.2
Succinic acid 1 20.7+1.3
2 20.3+0.8
Untreated 0 20.7+0.6
LPS 1X 204+ 1.3
PMA/I 1X 21.4+0.8
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Table 25. Average C; values of ACTB in THP-1 cells treated with microbiota-

associated metabolites. Mean = SD, n=3.

Treatment Concentration (mM) | ACTB C¢+ SD
L-lactic acid 5 18.6 £ 0.7
10 16.9+0.6
15 179+2.2
D-lactic acid 5 182+1.8
10 18.5+0.4
Acetic acid 2.5 183+0.5
5 179+ 1.4
Succinic acid 2.5 17.6 £ 0.6
5 195+1.8
Untreated 0 182+0.8
LPS 1X 184+2.2
PMA/I 1X 17.6 £0.7
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AC: values for genes associated with receptivity from cells treated with microbiota-associated

metabolites

Table 26. AC; values from Ishikawa cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Treatment TGFBRI MUCI HOXAI0 VEGFA NFKBI LIF
PMA 55+0.2 3.7+£0.8 0.7+ 0.6 -2.9+0.6 0.6+0.9 1.5+1.1
LPS 59+1.4 52+1.7 -0.2+0.7 -1.8+0.8 23+£23 4.7£0.6
OmM 5.8+0.7 54+1.7 1.5+1.5 -0.8+ 1.8 21+0.2 47+0.5

SmM AA 54+0.5 53+0.6 1.4+0.9 -1+0.5 33+09 6.6 £1.8

10mM AA 6.1+£0.9 72+09 1.9+£0.3 -04+0.3 33+09 7.2+0.6

SmM LLA 53+1.3 5.1+1 1.4+0.8 02+0.9 3+2 7.8 1.7

10mM LLA 6.1+1.6 5.8+0.6 04+1.3 -1.8+ 1.4 25+£0.5 6+2.1

25mM LLA 5.1+1.1 49+13 1.2+0.8 -09+1 22+0.5 6.5+£2.9
PMA/I 43+£0.6 33+0.2 09+0.3 -0.8+0.1 -0.5+0 2+1.4
LPS 49+1.1 54+0.2 2.8+0.9 -1+0.5 0.5+£0.8 -03+1.5
OmM 43+0.7 43+£0.7 0.9+0.8 -1+0.7 0.5+0.8 23+1.2
2.5mM SA 49+15 43+£09 0.8+1.2 -0.6 0.7 0.5+0.6 1.7+0.5
5SmM SA 55+08 45+0.7 2+0.5 0.2+0.6 1.5+04 2.8+2.5
5SmM DLA 54+13 5+£25 23+1 0.8+1.7 1.2+0.9 41+26
10mM DLA 64+1.5 57+1.4 29+1.1 1.3+£0.5 1.6+ 0.5 48+1.6
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D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Table 27. AC¢ values from RL95-2 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

Treatment TGFBRI MUCI HOXA10 VEGFA NFKBI1 LIF
PMA/I 29+28 0.6+0.8 5.8+0.7 3.5+1.2 2+1 -3.2+1.9
LPS 2+0.2 5.1+0.1 5+1 -1.7+0.4 0.8+0.1 73+0
OmM 3.8+0.9 5.6+0.6 5+£09 -1.5+0.6 I1+1 9.9+0.6
2.5mM AA 5.6+2.7 6.61.9 6.1 £1.8 -0.6+ 1.6 0.5+0.7 9.7+3
S5SmM AA 44+£09 5.8+0.7 56£1.3 -0.6+0.4 1+0.8 73+1
SmM LLA 53+1.7 58+1.5 58+1.4 -05+1.4 0.1+1 95+1
10mM LLA 6.7+ 0.6 6.1+0.1 6+1.1 -0.2+0.5 1.7£1.2 11.3+1.3
15mM LLA 73+1 6+1 5.6+0.7 -0.6+0.4 0.7+£0.3 93+1.2
PMA/I 3.6x1.1 4+03 52+1 -43+1 -3.6+0.9 5.5+1.2
LPS 41+04 55+09 55+0.6 -1.3+0.7 -0.9+0.5 82+t14
OmM 4.6+0.8 6+1.1 54+1.7 -0.7+0.5 -0.6 £ 0.7 84+1.6
2.5mM SA 44+12 6.4+0.8 5.8+0.8 -0.2+0.7 -0.3+0.1 93+1.2
5SmM SA 39+1 59+0.5 48+1.38 -1.4+0.9 -1+1 7.1+£0.6
5SmM DLA 41+03 4.7+£0.8 51+£2 -1.3+0.2 1+1.7 8.9+1.3
10mM DLA 4+1.2 53+1.3 4.7+0.3 -1.5+0.6 -0.5+0.8 7.5+2.1
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Table 28. AC¢ values from NK-92 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Treatment TGFBRI1 HOXA10 VEGFA NFKBI
PMA/T 10+2.7 84+22 7.8+3.3 5+2.9
LPS 83+0.5 6.2+0.9 11.2+1.8 6.4+0.6
OmM 8.8+0.9 6.5+1.2 12.5 6.7+0.5
2.5mM LLA 8.7+£0.6 6.8+ 0.6 13.4+0.7 6.7+1.2
SmM LLA 8+0.3 6.1+0.6 129+1 59+0.3
2.5mM AA 9.5+£0.5 6.5+0.8 129+2.1 7.3+0.1
SmM AA 83+0.7 6.2+0.8 11.3+1.4 6.1 +0.3
PMA/T 8+2.5 10.1+1.9 7.1+1.3 43+1
LPS 6.6 2.1 6.6+ 1 7.8+1.7 54+1.5
OmM 74+1 72+0.7 8.9+0.6 64+1
ImM SA 6+1.5 63=+1.1 8.8+0.9 6+1.1
2mM SA 7.5+£0.6 7+0.2 11+2.3 6.4+0.9
2mM DLA 7.7+1.1 6.6 +0.6 9.1+1 5.8+0.5
4mM DLA 72+1.3 7.1+0.4 10.7+1.2 6.4+0.8
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Table 29. AC; values from THP-1 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean £+ SD, n=3.

Treatment TGFBRI1 HOXA10 VEGFA NFKBI
PMA/I 11.2+1.2 10.8 +0.6 10.8 £0.5 9+1.1
LPS 11.8+2.1 126+ 1.4 93+1.2 55+1.8
OmM 10.5+0.9 104+ 1.4 9.7+0.6 92+0.7
2.5mM AA 9.5+£0.6 93+1.1 9.1+0.7 8.7+0.9
SmM AA 9.9+0.8 9.8+0.7 10£1.7 9.3+£0.8
SmM LLA 99+1.8 92+1 9.1+0.9 87+1.5
10mM LLA 10.7 £ 1.5 9.5+0.6 92+1.7 92+0.7
I5mM LLA 11.2+1.9 9.6 0.9 9.1+1.3 9.5+£0.7
PMA/I 9.9+0.8 11+0.4 82+0.9 7.6 0.7
LPS 10.5+1.5 11.6+1 84+0.5 48+0.3
OmM 11.3+£0.6 11.4+1.2 9.5+0.1 9.8+0.4
2.5mM SA 13.9+0.8 11.1+04 9.8+£0.2 10+0.3
SmM SA 10.8 £2.1 9.8+2.2 9.1+2.7 10.2+3.2
5SmM DLA 10.6 £1.7 10.8+ 1 10.1+1.8 122+2
10mM DLA 10.3+0.4 11.1+0.6 83+0.7 9+0.5
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Fold change analysis of receptivity genes

These figures represent the fold change of genes associated with endometrial
receptivity. The data was analysed using the comparative C; method. The significant

results are shown in Chapter 3 Section 3.4.6.
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Figure 31. The relative expression of genes associated with receptivity in Ishikawa

cells treated with microbiota-associated metabolites. The cells were grown to

confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-

lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the

reference genes and expressed as fold change compared to the untreated cells using the

comparative C; method. * representing p <0.05, and ** representing p < 0.01, determined

using an unpaired T-test with Welch’s correction. # representing p < 0.05, and ##

representing p < 0.01, determined using Dunnett’s multiple comparisons tests. n = 3.
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Figure 32. The relative expression of genes associated with receptivity in RL95-2
cells treated with microbiota-associated metabolites. The cells were grown to
confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-
lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the
reference genes and expressed as fold change compared to the untreated cells using the
comparative C; method. * representing p < 0.05, ** representing p < 0.01 and ***
representing p < 0.001, determined using an unpaired T-test with Welch’s correction. #
representing p < 0.05, ## representing p < 0.01, ### representing p < 0.001, and ####

representing p < 0.0001 determined using Dunnett’s multiple comparisons tests. n = 3.
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Figure 33. The relative expression of genes associated with receptivity in NK-92 cells
treated with microbiota-associated metabolites. The cells were grown to confluency
and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-lactic acid, c)
acetic acid, and d) succinic acid. Gene expression was normalised to the reference genes
and expressed as fold change compared to the untreated cells using the comparative C;
method. * representing p < 0.05, determined using an unpaired T-test with Welch’s
correction. # representing p < 0.05, ## representing p < 0.01, ### representing p < 0.001,
and #### representing p <0.0001 determined using Dunnett’s multiple comparisons tests.

n=3.
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Figure 34. The relative expression of genes associated with receptivity in PMA
differentiated THP-1 cells treated with microbiota-associated metabolites. The cells
were differentiated and treated with microbiota-associated metabolites: a) L-lactic acid,
b) D-lactic acid, c) acetic acid, and d) succinic acid. Gene expression was normalised to
the reference genes and expressed as fold change compared to the untreated cells using
the comparative C; method. * representing p < 0.05, and ** representing p < 0.01,
determined using an unpaired T-test with Welch’s correction. ## representing p < 0.01,
and #### representing p < 0.0001 determined using Dunnett’s multiple comparisons tests.

n=3.
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Appendix 3

Cytometric Bead Array (CBA) analysis of cytokines and

chemokines

The figures show the results from CBA analysis of supernatant collected from
endometrial epithelial cells and innate immune cells treated with microbiota-associated

metabolites. The analysis can be found in Chapter 4, Sections 4.4.1, 4.4.2, and 4.4.3.
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Cytokine and chemokine secretion by Ishikawa cells
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Figure 35. Cytokine expression by Ishikawa cells treated with L-lactic acid (LLA).

Ishikawa cells were treated with LLA for 24 hours, and the concentration (pg/mL) of (a)

IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1 in the supernatant

was determined using CBA. * representing p < 0.05, ** representing p < 0.01, ***

3.

representing p < 0.001 and **** representing p < 0.0001, determined using an unpaired

T-test with Welch’s correction. n
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Figure 36. Cytokine expression by Ishikawa cells treated with D-lactic acid (DLA).
Ishikawa cells were treated with DLA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1 in the supernatant
was determined using CBA. * representing p < 0.05, ** representing p < 0.01, ***
representing p < 0.001 and **** representing p < 0.0001, determined using an unpaired
T-test with Welch’s correction. n = 3.
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Figure 37. Cytokine expression by Ishikawa cells treated with acetic acid (AA).
Ishikawa cells were treated with AA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant
was determined using CBA. * representing p < 0.05, ** representing p < 0.01, ***

representing p < 0.001 and **** representing p < 0.0001, determined using an unpaired
T-test with Welch’s correction. n = 3.
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Figure 38. Cytokine expression by Ishikawa cells treated with succinic acid (SA).
Ishikawa cells were treated with SA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1f in the supernatant
was determined using CBA. * representing p < 0.05, ** representing p < 0.01, ***
representing p < 0.001 and **** representing p < 0.0001, determined using an unpaired
T-test with Welch’s correction. n = 3.
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Cytokine and chemokine expression by RL95-2 cells
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Figure 39. Cytokine expression by RL95-2 cells treated with L-lactic acid (LLA).
RL95-2 cells were treated with LLA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1 in the supernatant
was determined using CBA. * representing p < 0.05, determined using an unpaired T-test
with Welch’s correction. n = 3.

255



IL-6

a 1000 : b IL-8
7 100 100000
£ - =
g £ 10000
-§ 10 \E
£ 1 5 1000
38 T £ 100
0.1 3
o
0.01 |_| °c H
01 T
& Qo\y \&o‘yéo\z‘o" Q@"\ 1
O
& & & & LT T L
Q8 NN F PV &
RO
L% N N
c RANTES
1000 d TNF
- = 1000
E
3 100 =
F £ 100
= o
g 10 g
= o
g s 10
= £
g 1 8
s 1
L SN
Y F
PP 0.1
RS

> N
Ny AN & O & o\yqx@
Fase
ST 0 8
IL-4 f
e 1000 IL-10
2 1000
) -
£ 100 3
§ S5 100
= £
2 5
g 10 § 10
s £
1 g !
N _
@&‘io";o‘io"lo‘i«% 0.1 ‘
o€ T o8 &"’b KT, @v\\
Vv A SRR

1000

100

10

Concentration (pg/mL)

Figure 40. Cytokine expression by RL95-2 cells treated with D-lactic acid (DLA).
RL95-2 cells were treated with DLA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1 in the supernatant
was determined using CBA. * representing p < 0.05, determined using an unpaired T-test
with Welch’s correction. n = 3.
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Figure 41. Cytokine expression by RL95-2 cells treated with acetic acid (AA). RL95-
2 cells were treated with AA for 24 hours, and the concentration (pg/mL) of (a) IL-6, (b)
IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant was
determined using CBA. * representing p < 0.05, ** representing p < 0.01, and ***

representing p < 0.001, determined using an unpaired T-test with Welch’s correction. n =
3.
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Figure 42. Cytokine expression by RL95-2 cells treated with succinic acid (SA).
RL95-2 cells were treated with SA for 24 hours, and the concentration (pg/mL) of (a) IL-
6, (b) IL-8, (¢) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant
was determined using CBA. * representing p < 0.05, determined using an unpaired T-test
with Welch’s correction. n = 3.
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Cytokine and chemokine expression by NK-92 cells
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Figure 43. Cytokine expression by NK-92 cells treated with L-lactic acid (LLA). NK-
92 cells were treated with LLA for 24 hours, and the concentration (pg/mL) of (a) IL-6,
(b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant was
determined using CBA. * representing p < 0.05, determined using an unpaired T-test with
Welch’s correction. n = 3.

259



a IL-6 b

IL-8
100000 100000 .
E 10000/ £ 10000
o) =3
= - H 1000
S 10001 . 5 =
9 T E- L
5 — g M1 -
£ 100 § 1007 _
g 2
g 8
3 10 10
1
1 > S
LA SN IR & ‘x‘o\y \&o‘y & Qé?\
& &@* & < \3(‘\ ,1'((‘ h@
N a4
C RANTES d TNF
100000 100000
E 10000 _ Z 10000
g & 1000
§ 1000 5
2 % 100
€ 100 T
2w
P R
RINARENINES iNins
LTI AR IR N
& &8 < & &8 <
S q'& V@ N q,& v&
e IL-4 f IL-10
100000 100000
) )
% 10000 % 10000 '
< 5 1000 ——
§ 1000 2
® € 100
g 100 g
2 8 10
o 10
1 < ‘@—»‘“‘ 6‘\&03&@&" N q\%‘?\
N
'5@6 o\,v' 0\)’ \gg Qv\ AN S
& A3
&S
g IL-1B
100000+
= 10000
E
[=d
£ 10001
c
S
g 100
€
g 10
38
jisininid
ol A A
Q
L F T F
&S ¢
S Y W

Figure 44. Cytokine expression by NK-92 cells treated with D-lactic acid (DLA). NK-
92 cells were treated with DLA for 24 hours, and the concentration (pg/mL) of (a) IL-6,
(b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant was
determined using CBA. * representing p < 0.05 and ** representing p < 0.01, determined
using an unpaired T-test with Welch’s correction. n = 3.
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Figure 45. Cytokine expression by NK-92 cells treated with acetic acid (AA). NK-92
cells were treated with AA for 24 hours, and the concentration (pg/mL) of (a) IL-6, (b)
IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant was
determined using CBA. * representing p < 0.05, and ** representing p <0.01, determined
using an unpaired T-test with Welch’s correction. n = 3.
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Figure 46. Cytokine expression by NK-92 cells treated with succinic acid (SA). NK-
92 cells were treated with SA for 24 hours, and the concentration (pg/mL) of (a) IL-6, (b)
IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1pB in the supernatant was
determined using CBA. * representing p < 0.05 and ** representing p < 0.01, determined
using an unpaired T-test with Welch’s correction. n = 3.
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Cytokine and chemokine secretion by THP-1 cells
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Figure 47. Cytokine expression by THP-1 cells treated with L-lactic acid (LLA).
THP-1 cells were treated with LLA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant
was determined using CBA. * representing p < 0.05 and ** representing p < 0.01,
determined using an unpaired T-test with Welch’s correction. n = 3.
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Figure 48. Cytokine expression by THP-1 cells treated with D-lactic acid (DLA).
THP-1 cells were treated with DLA for 24 hours, and the concentration (pg/mL) of (a)
IL-6, (b) IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1 in the supernatant
was determined using CBA. * representing p < 0.05 and ** representing p < 0.01,
determined using an unpaired T-test with Welch’s correction. n = 3.
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Figure 49. Cytokine expression by THP-1 cells treated with acetic acid (AA). THP-1
cells were treated with AA for 24 hours, and the concentration (pg/mL) of (a) IL-6, (b)
IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1p in the supernatant was
determined using CBA. * representing p < 0.05, and ** representing p <0.01, determined
using an unpaired T-test with Welch’s correction. n = 3.
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Figure 50. Cytokine expression by THP-1 cells treated with succinic acid (SA). THP-
1 cells were treated with SA for 24 hours, and the concentration (pg/mL) of (a) IL-6, (b)
IL-8, (c) RANTES, (d) TNF, (e) IL-4, (f) IL-10, and (g) IL-1pB in the supernatant was
determined using CBA. * representing p < 0.05 and ** representing p < 0.01, determined
using an unpaired T-test with Welch’s correction. n = 3.
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C: values of reference genes in conditioned media models

The following tables show the C;values of the reference genes used in

conditioned media models.

Table 30. Average C; values of HPRT]I in Ishikawa cells cultured with THP-1

conditioned media. Mean + SD, n=3.

Treatment Concentration (mM) | HPRTI1 C:+ SD
L-lactic acid 15 26.2+£0.7
D-lactic acid 10 269+1.0
Acetic acid 5 276+ 1.5
Succinic acid 5 27.1+0.5
Untreated 0 26.0+0.5
LPS 1X 26.7+0.3
PMA/I 1X 27.2+0.7

Table 31. Average C; values of HPRT]I in Ishikawa cells cultured with NK-92

conditioned media. Mean + SD, n=3.

Treatment Concentration (mM) | HPRTI1 C:+ SD
L-lactic acid 5 255+0.5
D-lactic acid 4 25.1£0.7
Acetic acid 5 253+0.5
Succinic acid 2 243+ 1.0
Untreated 0 25.5+0.8
LPS 1X 257+0.4
PMA/I 1X 24.6 +0.2
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conditioned media. Mean + SD, n=3.

Table 32. Average C; values of HPRTI in RL95-2 cells cultured with THP-1

Treatment

Concentration (mM)

HPRTI C:+SD

L-lactic acid
D-lactic acid
Acetic acid
Succinic acid
Untreated
LPS

PMA/I

15
10
5
5
0
1X
1X

26.6 +1.0
26.0+£0.5
26.3+0.3
269 +£0.7
269+ 1.0
27.1+123
27.8+1.3

conditioned media. Mean + SD, n=3.

Table 33. Average C; values of HPRT1 in RL95-2 cells cultured with NK-92

Treatment

Concentration (mM)

HPRTI C:+SD

L-lactic acid
D-lactic acid
Acetic acid
Succinic acid
Untreated
LPS

PMA/I

5
4
5
2
0

1X
1X

27.1+1.1
285+ 1.0
26.7+1.0
27.2+1.1
28.2+0.7
274+ 1.7
28.6+0.2
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AC: values for genes associated with the immune response from cells treated with microbiota-

associated metabolites

The following tables show the AC; values for genes associated with the immune response from cells treated with microbiota-

associated metabolites.
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Table 34. AC; values from Ishikawa cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Treatment ILS RANTES TNF IFNG
PMA 2.1+£0.3 5.6t1.1 7.8+1.2 85+1.6
LPS 7.7+£0.8 6.3+1 9.1+£0.1 89+0.7
OmM 126 +0.6 6.7+£0.3 9.5+0.5 11.1+4.9
SmM AA 10.1+0.9 7.6 £0.8 11+0.7 12.1£0.3
10mM AA 109+14 6.3+1.1 8.8+14 9.1+0.4
SmM LLA 9.4+0.6 8.1+1.6 11+1.6 11.7+£0.8
10mM LLA 8.1+1.1 7.1+£22 9.1+1.9 99+2
25mM LLA 124+ 1.8 7.5+1.7 11.6+1.3 10.1+1
PMA/I 7.8+£0.6 6+1.6 9.1+1 10.1+1
LPS 0.9+0.4 64+22 9.6+1.4 9.7+0.3
OmM 83+0.5 6+0.9 9+0.7 12.0
2.5mM SA 89+ 1.5 6.1+0.6 84+04 11.4+0.1
SmM SA 8.8 +£0.1 6.4+0.3 124+1.7 13.4
SmM DLA 8.6+0.2 6.9+1.5 11.2+29 13.2
10mM DLA 10.5+2.1 7.1+04 13.6 £0.8 12.7+£0.8
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Table 35. AC; values from RL95-2 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Treatment ILS 1L6 RANTES TNF IFNG
PMA/I -3.6+£0.3 -02+04 -0.2+0.8 0.8+0.7 53+1.3
LPS 54+0.2 9.2+0.7 23+1 43+03 7.9+0.7
0mM 49+0.8 10.7 £ 0.9 39+1 5.7+0.1 85+1.1
2.5mM AA 64+1.2 84+1.6 52+2.6 5.8+0.9 7.8+2.4
SmM AA 6.5+t1.2 89+19 1.8+1 48+1.8 73+1.4

5SmM LLA 6.2+0.9 85+14 63+1.2 6.8+1.8 92+1
10mM LLA 6.9+0.4 11.6+2.4 53+0 6.8+0.9 102+2.5
15mM LLA 7+0.8 10.6 £2.5 6.6+0.7 7+0.7 99+19
PMA/I -4.7+0.9 0.6+£0.2 02+1.4 0+1 92+0.7
LPS 56+1 10.7+1.9 42+ 1.1 5.8+0.4 10.8+0.4
0mM 59+1.7 8.7+0.7 47+1.6 4.6+0.6 10.6 £ 0.6
2.5mM SA 6.8+t1.1 9.3+£0.2 48 +1.1 5+0.6 10.6 £ 1.8
SmM SA 51+1.3 7.6 £0.1 3.6+1.2 46+1.1 104+2.7
SmM DLA 5.5+0.1 8.5 46+0.5 7.5+3.6 11.5+0.7
10mM DLA 6+0.5 7.7£0 48+2.2 59+1.9 10.2+2.8

271



Table 36. AC¢ values from NK-92 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Treatment ILS IL6 RANTES TNF IFNG IDOI

PMA/I 0.8+2 89+2.6 09+2 53+£2.8 0.7+3.2 12.1+£2.2
LPS 139+ 1.4 8.5+0.7 1.5+0.5 7.1+1 6.1+04 13.4+0.5
OmM 11.6 + 0.6 8.7+0.8 0.8+£0.7 6.1+1 53+0.5 142+1
2.5mM LLA 12.1£0.3 8.6+ 1.7 14+1.2 59+04 6.6+£0.8 14+04
SmM LLA 15.7+0.9 84+ 1.6 1.6+ 0.6 6.8+£1.6 7.3+0.7 15.6+0.9
2.5mM AA 13.7+1 11.2+ 1.8 26+1.1 81+1.1 73+0.8 16.2+ 1.1
SmM AA 129+2.1 9.5+0.8 1.6+04 7.8+£1.5 6.6+0.3 13.9+0.4
PMA/I 25+1 9.1+1.6 -03+0.5 43+1 -2.6+0.9 128+ 1.2
LPS 14.1+2.8 8.1+0.7 1.1£0.8 54+1.5 56+0.7 12+24
OmM 10.4+ 0.6 82+0.9 1.6+ 0.6 64+1 6+0.9 144+0.3
ImM SA 11.1+1.9 74+1.1 05+1 6+1.1 5+1.2 13.1+0.6
2mM SA 128+ 1.9 8.9+ 0.6 1.7+0.8 6.4+0.9 6+0.7 144+0.3
2mM DLA 11.6+1.2 79+0 1.4+£0.6 5.8+0.5 6+0.2 13.2+0.6
4mM DLA 11.2+1.1 8.6+ 1.3 1.7+0.9 6.4+0.8 6.5+£0.2 14+0.4
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D-lactic acid (DLA), acetic acid (AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls. Mean + SD, n=3.

Table 37. AC; values from THP-1 cells treated with microbiota-associated metabolites. The cells were treated with L-lactic acid (LLA),

Treatment IL8 RANTES TNF IFNG
PMA/I 11.7+£0.5 6.3+0.3 12+1 198+1.3
LPS 2.5+0.8 2+1.8 38+1.4 183+1.9
OmM 125+1.2 59+0.8 125+ 1.7 194+1.1
2.5mM AA 13.6 £0.5 54+0.7 12.1£0.9 199+2.1
SmM AA 12.9+£0.6 5+0.3 13+1 17.8+2.1
SmM LLA 12+£0.8 54+0.8 12.7+2.5 176 +1.9
10mM LLA 13£0.5 56 +0.8 12.7+ 0.9 18.6 1
I5mM LLA 11.5+£0.5 49+0.8 127+ 1.3 173+ 1.7
PMA/I 4.6+0.8 4.1+0.1 123+1.3 189+0.8
LPS 1.5+0.1 1.3+£0.8 5.6+0.7 18+1.9
OmM 12.8£0.8 7+0.5 153+1.2 202+ 1.4
2.5mM SA 14.5+0.6 6.9+0.7 14.6 0.7 20.3+£1.6
SmM SA 11.6+1.1 5.7+£1.8 128+ 1.8 17.2+2
5SmM DLA 13.7+£0.9 7+1.7 146+ 1.6 197+ 1.9
10mM DLA 129+1.3 6.7+1.2 152+0.8 18.6+1.4
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AC: values for genes associated with the immune response from

cells treated with conditioned media

The following tables sow the AC; values from cells cultured with innated immune cell

conditioned media.

Table 38. AC: values from Ishikawa cells cultured with NK-92 cell-conditioned

media. Mean * SD, n=3.

Treatment ? RANTES 1L6
PMA/I 99+1.1 8.1+0.7
LPS 92+3.1 87+1.6
OmM 7.6+0.2 11.2+3.5
2mM SA 8.6 0.6 11.5+£2.2
SmM AA 8.1+1.1 8.4+ 0.6
4mM DLA 93+1.4 95+24

SmM LLA 9.7 9.1

2 The concentration of metabolites used to treat NK-92 cells to generate conditioned

media. The cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid

(AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls.
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Table 39. AC; values from Ishikawa cells cultured with THP-1 cell-conditioned

media. Mean * SD, n=3.

Treatment # RANTES L6 ILS

PMA/I 104 +2.7 6.8 0.1 1.9+0.2
LPS 9.1+£24 44+1.1 1.4+0.5
OmM 99+24 6.9+0.1 6.5+0.4
SmM SA 8.1+£0.1 6.1+1 6.1+1.4

SmM AA 11.3 52+0.8 6+0.7

10mM DLA 7.4+0.8 5.6+£2.2 59+1

15mM LLA 8.1+0.2 6.6+1.3 6.9+1

2 The concentration of metabolites used to treat THP-1 cells to generate conditioned
media. The cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid

(AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls.

Table 40. AC; values from RL95-2 cells cultured with NK-92 cell-conditioned media.

Mean + SD, n=3.
Treatment ? RANTES TNF
PMA/I 24409 3+£0.5
LPS 59+0.5 9.0
OmM 74+04 79+0.7
2mM SA 58+1 7.1+£0.7
S5SmM AA 9.8+1.3 6.9+0.2
4mM DLA 6.6+1.1 6.5+0.7
SmM LLA 6.6+0.6 84+2.9

2 The concentration of metabolites used to treat RL95-2 cells to generate conditioned
media. The cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid
(AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls.
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Table 41. AC; values from RL95-2 cells cultured with THP-1 cell-conditioned media.

Mean + SD, n=3.
Treatment # RANTES INF IL8
PMA/I -0.9+0.8 -3.5+04 1.7+1.4
LPS 1.5+0.3 -1.7+1 2+0.3
0mM 7+1.4 53+0.1 7+1
SmM SA 6.3+0.8 53+0.3 72+2.6
S5SmM AA 6.4+0.5 73+1 7.4+0.5
10mM DLA 7.6+1 79+1 6.8+0.6
I5mM LLA 54+09 94+2 6.7+0.5

2 The concentration of metabolites used to treat THP-1 cells to generate conditioned

media. The cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid

(AA), or succinic acid (SA). LPS and PMA/I were used as inflammatory controls.
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Fold change analysis of immune response genes

These figures represent the fold change of genes associated with the immune response.

The data was analysed using the comparative C; method. The significant results are shown

in Chapter 4, Sections 4.4.4, 4.4.5 and 4.4.6.
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Figure 51. The relative expression of genes associated with the immune response in
Ishikawa cells treated with microbiota-associated metabolites. The cells were grown
to confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-
lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the
reference genes and expressed as fold change compared to the untreated cells using the
comparative C; method. * representing p <0.05, and ** representing p < 0.01, determined
using an unpaired T-test with Welch’s correction. # representing p < 0.05, ## representing
p < 0.0l,and ### representing p < 0.001, determined using Dunnett’s multiple

comparisons tests. n = 3.
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Figure 52. The relative expression of genes associated with the immune response in
RL95-2 cells treated with microbiota-associated metabolites. The cells were grown to
confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-
lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the
reference genes and expressed as fold change compared to the untreated cells using the
comparative C; method. * representing p < 0.05, ** representing p < 0.01, and ***
representing p < 0.001 determined using an unpaired T-test with Welch’s correction. #
representing p < 0.05, ## representing p < 0.01, ### representing p < 0.001, and ####

representing p < 0.0001determined using Dunnett’s multiple comparisons tests. n = 3.
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Figure 53. The relative expression of genes associated with the immune response in
NK-92 cells treated with microbiota-associated metabolites. The cells were grown to
confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-
lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the
reference genes and expressed as fold change compared to the untreated cells using the
comparative C; method. * representing p < 0.05, ** representing p < 0.01, and ***
representing p < 0.001 determined using an unpaired T-test with Welch’s correction. ##
representing p < 0.01, and #### representing p < 0.0001determined using Dunnett’s

multiple comparisons tests. n = 3.
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Figure 54. The relative expression of genes associated with the immune response in
THP-1 cells treated with microbiota-associated metabolites. The cells were grown to
confluency and treated with microbiota-associated metabolites: a) L-lactic acid, b) D-
lactic acid, ¢) acetic acid, and d) succinic acid. Gene expression was normalised to the
reference genes and expressed as fold change compared to the untreated cells using the
comparative C; method. * representing p < 0.05, ** representing p < 0.01, and ***
representing p < 0.001 determined using an unpaired T-test with Welch’s correction. #
representing p < 0.05, ### representing p < 0.001, and #### representing p <

0.0001determined using Dunnett’s multiple comparisons tests. n = 3.
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Figure 55. The relative expression of IDO1 in NK-92 cells treated with microbiota-
associated metabolites. The cells were grown to confluency and treated with microbiota-
associated metabolites: a) L-lactic acid, b) D-lactic acid, ¢) acetic acid, and d) succinic
acid. Gene expression was normalised to the reference genes and expressed as fold change
compared to the untreated cells using the comparative C; method. * representing p < 0.05,

determined using an unpaired T-test with Welch’s correction. n = 3.
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Appendix 4

C: Values for reference genes in JAR cells

The following table shows the C; values for GAPDH. GAPDH was used as the

reference gene in experiments using the JAR cells.

Table 42. Average C; values of GAPDH in JAR cells treated with microbiota-

associated metabolites and controls. Mean + SD, n=3.

Treatment Concentration (mM) | GAPDH C¢+ SD
L-lactic acid 5 20.2+£0.6
10 20.1+1.0
15 20.3+0.4
D-lactic acid 5 194+0.2
10 203+ 1.3
15 19.7+0.8
Acetic acid 5 209+1.2
10 20.1+1.0
15 20.8+0.9
Succinic acid 2.5 20.7+0.6
5 202+ 1.2
Untreated 0 20.0+0.9
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AC: Values for TIMP and MMP genes in JAR cells

The following table shows the AC; values for TIMP and MMP genes.

Table 43. AC; values from JAR cells treated with microbiota-associated metabolites.
The cells were treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA),

or succinic acid (SA). Mean £+ SD, n=3.

Treatment TIMPI1 TIMP?2 MMP?2 MMP9
OmM 14.1+£1.8 43+£1.2 43+12 182+1.3
2.5mM SA 141+1.1 4.8 +1.1 52+0 18.3+£0.5
SmM SA 13.5+£2.7 48+1.2 43+1 18.3+£0.8
SmM AA 146+2.1 45+2.3 5.7+£1.8 17.9+£0.8
10mM AA 149 £0.6 4.6+1.1 46+12 17.6 £ 1.4
I5mM AA 14.1+£0.7 29+0.7 4+£0.6 16.3+£2.3
SmM DLA 143+0.2 4.6+0.6 444+0.7 17.6 £2.1
10mM DLA 15+£04 4+1 39+0.5 16.8 £0.8
15mM DLA 146=+1 5+0.5 5+0.6 18.5+0.9
5SmM LLA 13.9+0.8 4.1+0.8 49+0.5 17.8+1.3
10mM LLA 148+1.3 45+04 52+1.6 18.4+0.2
I5mM LLA 13.7+£1.2 51+0.4 47+£09 172+ 1.6
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Spheroid Attachment Assay

These figures show the analysis of spheroid attachment, including cells treated with

PMA/I and LPS. The analysis of this data can also be found in Chapter 5, Sections 5.4.4,

5.4.5, and 5.4.6.
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Figure 56. Spheroid attachment to endometrial epithelial cells treated with
microbiota-associated metabolites. Ishikawa and RL95-2 cells were treated with L-
lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24
hours before conducting the spheroid attachment assay. (a) The percentage of attached

spheroids to Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells.

The data shows mean + SEM (n = 3).
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Figure 57. Attachment of JAR cells treated with microbiota-associated metabolites
to untreated endometrial epithelial cells. JAR cells were treated with L-lactic acid
(LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours before
conducting the spheroid attachment assay. (a) The percentage of attached spheroids to
Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells. The data shows
mean + SEM (n = 3).
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Figure 58. Spheroid attachment to endometrial epithelial cells treated with media
conditioned by NK-92 cells cultured with microbiota-associated metabolites. To
generate conditioned media, NK-29 cells were treated with L-lactic acid (LLA), D-lactic
acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours. Endometrial epithelial
cells were treated with the conditioned media for 24 hours before conducting the spheroid
attachment assay. (a) The percentage of attached spheroids to Ishikawa cells. (b) The
percentage of attached spheroids to RL95-2 cells. The data shows mean + SEM (n = 3).
* represents p < 0.05, determined using an unpaired T-test with Welch’s correction. #

represents p < 0.05, analysed by Dunnett’s multiple comparisons test.
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Figure 59. Spheroid attachment to endometrial epithelial cells treated with media
conditioned by differentiated THP-1 cells cultured with microbiota-associated
metabolites. To generate conditioned media, THP-1 cells were treated with L-lactic acid
(LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA) for 24 hours.
Endometrial epithelial cells were treated with the conditioned media for 24 hours before
conducting the spheroid attachment assay. (a) The percentage of attached spheroids to
Ishikawa cells. (b) The percentage of attached spheroids to RL95-2 cells. The data shows
mean + SEM (n = 3).
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Expression of MMP9 by JAR Cells

These images show the western blot images for MMP9 expression by JAR cells treated with microbiota-associated metabolites. The

analysis of MMP2 western blot images can be found in Chapter 5, Section 5.4.3.
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Figure 60. Protein expression of MMP9 and GAPDH in JAR cells treated with microbiota-associated metabolites. JAR cells were
treated with L-lactic acid (LLA), D-lactic acid (DLA), acetic acid (AA), and succinic acid (SA). (a) Western blots of MMP9 and GAPDH
from JAR cells treated with LLA and DLA, and untreated cells. (b) Western blots of MMP9 and GAPDH from JAR cells treated with AA

and SA, and untreated cells
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