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Abstract

Preterm birth (PTB) is global issue which effectsiore than 14 million babies per year
resulting inincreased infant mortality and lifelong diseasekevaginal microbiome (VMB)

has been associated with PTB and preterm prelabour rupture of fetal membranes (PPROM)
however, themechanisms remain uncled€ey bacteria such &reptococcus agalactid&B$

and Gardnerella vaginalihave been extensively studied however there are many other
bacteria commonly present in the vaginadicrobial community which remainrelatively
unstudied Currently predicton of which women will deliver prematurely (<37 eeks

gestation)is limited

Thisstudy aimed tadentify reliablepredictive biomarkers of preterm birtirom the vaginal
microbiome (chapter 2), metabolome (chapter 3) and their interactigkdditionally, we
aimed toassess howhe VMB may play a role in PPROM throtagal membranedegradation

via bacterial products (chaptd.

We were able to successfully optimise dynamic shear anaéysigvel technique fahe study
of fetal membraneintegrity. We observed that infectioassociated molecules reduced the
viscoelastic properties bfetal membrane samples which may increase risk of PPR®Ma
Additionally, we were able to characterise the cerviaginal microbiome and metabolome

of asymptomatic women with and without sSPTB.

We identified bacteria and metabolites which are preamg biomarkers for the prediction of

PTB.Atopobium vaginae, Gardnerella vaginalieere found to be predictive of PTB at
gestational timepoint (GTR) At GTR pantothenate and phytoene were predictive of PTB.
The change in abundance from GTP1 to GW&2 also found to be predictive of PTB for

pantothenate, phytoene, adenosine, dehydrosafynol, giganin, nonacosane and urate
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1 Chapter I Introduction

Globally, 10% of all live births are prete(d87 weeks gestatiofChawanpiboon et al., 2019)

That equates to more than 14 million babies and their families effected every year. Being born
prematurely initially increasethe risk of infant mortality, neonatal infection anthe fetal
inflammatory response syndrom@gromero & Chaiworapongsa, 200Beyond immediate
complications, survivors of preterm birth (PTB) naye lifelong problems such as: visual
impairmentd h Q/ 2 y y 2 NJ, &iroldgitatiaiid respirataryodisorde(Soleimani et al.,
2014; Greenough, 201#)roughout later life. In addition to infants, it has been shown that
mothers of premature babies have significantly more health issues such as anxiety and

flashbacks compared to terfiHendersn et al., 2016)

The economic cost of PTB is substanitalvas estimated that in England and Wales the
medical cost of a child born preteraver their lifetimewas £22,764 more compared to term.
The inceasedcost substantially increased for the vepyeterm (£61,509) and extremely
preterm (£94,190) groupgMangham et al., 2009)A more recent wdy from the US
estimated the cost to b&64,815 per preterm birtlover the babies lifetiméWaitzman et al.,
2021) Studies from FinlanflTommiska et al., 2003VUK(Khan et al., 2015B5weder(Ringborg

et al., 2006)and USAWalsh et al., 209) also show the economic cost of PTB compared to
term infants is significantly increasddowever, PTB rates are unevenly distributed, with Asia
and SubSaharan Africa accounting for approximately 81.1% of preterm births globally
(Chawanpdoon et al., 2019)Figure1.1 & Table1.1). These settings have much lower

incomes hence shouldermost ofthe gldal health burden.

Inthe light of the considerable health and economic problems associated withtRJ 8rucial

that we improve our understanding and work towards predietiand preventve
interventionsto save lives and improve outcomasound the world Asmost ofthe research

is conducted in higher income countrjatsis important to consider howhe findings can be
applied to otherlessresourcedsettings. Ideally, we should not assume that pregieand
preventve methods developed in places such as the UK will show the same resuits
applicablein low- and middleincome countries (LMIC). Research shangdsiderall settings

and, where possibleattempt to havedatarepresentative of high middle and lowincome
settings. Investigating differences and similarities in PTB between and within settings will help
us better understand the mechanisms and improve the global health burden.
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Figurel.1l. Heatmap of estimated preterm birth rates in 201goreterm births per 100 live

births). Reproduced with permissi¢g@hawanpaiboon et al2019)

Tablel.1 Estimatedpreterm birth (PTB) rates in 2014

Estimated | Proportion of Global Proportion of
PTB rate%o) livebirths (%) Global PTB (%)
*
Asia 10.4% 53.9% 52.9%
Europe 8.7% 5.7% 4.7%
Latin America & the Caribbean 9.8% 7.7% 7.2%
North America 11.2% 3.1% 3.3%
North Africa 13.4% 4.1% 5.2%
Oceania 10.0% 0.5% 0.4%
SubSaharan Africa 12.0% 25% 28.2%
Global 10.6% 100% 100%

*Pretermbirths per 100 livebirths. Reproduced with permissi@hawanpiboon et al., 2019)

15



1.1 Preterm birth Aetiology

PTB can be categorised as either spontaneous or indi¢ataternalor fetal) which includes
syndromes such as preeclampsia and intrauterine growth restrict{brgure 1.2).
Approximately 30% of PTB are considered indic&@&uoldenberg et al., 2008ppontaneous
PTB is usually preceded by spontaneous preterm labsBiTL()which accounts for
approximately 45% of PTdB preterm prelabour rupture ofetal membranes (PPROMhich
accounts for approximately 25% of P{®oldenberg et al., 2008PPROMs defined as
rupture of membranes <37 weeks gestation before the onset of lalfdtalker & Morley,
2018) This should not be confused with prelabour rupture of the membranes (PROM) defined
as rupture of membranes before the onset of labour >2&is gestation. To understand the
mechanisms of PTB we need to understand how term labour is initiated. Althoughateere

several theoriesthe details othow the mechanism of PTB differs fraerm labour are still

unclear.
Preterm Birth
Indicated Spontaneous
(30%) (70%)
25 - 40% associated with
/ \ infection
Maternal Fetal
Preterm Labour PPROM
. - Fetal distress (45%) (25%)
- Preeclampsia _IUGR
- Other 40% associated with 30% associated with
- SGA infection infection

Figure 1.2. Preterm birth categories and percentage afpontaneous cases that are
associated with infection IUGR = Intrauterine growth restriction, SGA= Small for gestational
age, PPROM= preterm prelabour rupture of fetal membranesof%pontaneous PTB
associated with infectiofrom (Romero, Dey, et al., 2014; Klein & Gibbs, 2005; Goldenberg &
Culhane, 2003; Mercer, 20036 of spontaneousr indicated PTB froriGoldenberg et al.,
2008) Created with BioRender.com
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1.1.1 Term Labour

The initiation of term labour is not a single pathway but a webldpfendocrine, 2)
inflammatory and3) structural changes which ultimately lead to cervical ripening and dilation,
myometrial contractions and rupture of the membranes, which are all neededabour

(Figurel.3, Figurel.4).

Firstly endocrine regulation; oestrogen and progesterone are both produced by the placenta

and increase throughout gestation. Fapst of thepregnancy, the ratio favours progesterone,

O2y UNROdziAYy A G2 GKS dzi SNHza Q | dzA Sratio Begitistoa | (G S ¢
favour oestrogen which in contrast, upregulates factors needed for la@blel.2 & Figure

1.3) (Vannuccini et al., 2016)

Progesterone promotes myometrial quiescence by downregulating oxytocin receptor,
calcium ion channel and prostaglandin prodoatiincreasing production dfissue inhibitor

of metalloproteasesTIMP$which inhibit collagen degradatidiiKeelan, 2018; Vannuccini et
al., 2016; Byrns, 2014In early pregnancy progesterone is produced by ¢bepus luteum
around 32 weeks gestatiofrogesterone levels rise giaally due to placental utilisation of
fetal precursorgMagon & Kumar, 2012By term gestationgrogesterone levels range from

100-200 ng/ml and the placenta produces about 250 mg/{dwagon & Kumar, 2012)

Oestrogencontributes b the initiation of labour by stimulating cervical ripening, upregulating
prostaglandin and oxytocin receptors and increasing cytokine product@elan, 2018;
Vannuccini et al., 2016; Andersson et al., 2008xytocin directly induces myometrial
contracton but also upregulates prostaglandin productioesulting in apositive feedback

loop (Vannuccini et al., 2016)Oestradiol and oestrone are synthesized by placental
aromatization of DHEA®Ith the majority of estriol derived from fetal sourcéblagon &
Kumar, 2012)Circulating levels of all oestrogens increase throughout pregnancy, peaking at
term and concentrations correlate with the increasing size of the fé@igsta, 2016; Loriaux

et al., 1972)

Finally prostaglandnswhich are found at increased levels before and during labour, play a
role in cervical ripening and stimulate myometigahtraction(Vannuccini et al., 2016; Challis

et al., 1997)
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Tablel.2. Theinfluenceof progesteroneand oestrogens on labour inducing factor§IMP =

Tissue inhibitor of metalloproteases.

Progesterone Oestrogen
- Prostaglandin + Prostaglandin
- Oxytocin receptors + Oxytocin receptors

+ TIMPS (inhibits collagen degradation) | Contributes to cervical ripening

- Calcium ion channels
(needed for contractility)

Secondlyinflammatory signals; during term labour there is recruitment of immune cells and
cytokines to themyometrium and cerviXOsman et al., 2003)'he number of circulating
peripheral blood neutrophils increasduring healthy pregnandyGimeneMolina et al., 2022)
(Figurel.3). Neutrophils secrete matrix metalloproteases (MMPs) which degrade collagen in
the membranes and cervifGomezLopez et al., 2014)Cytokines indirectly contribute to
cervical ripenindSennstrom, 2000and myometrial contractions via prostaglandiidenon

& Fortunato, 2004)A recent systematic review established sevenipfammatory markers

that are present during healthy term labour: COXPGEhCAP1&ndthe cytokines H6, Ik

8, Il-:1 and TNF' (Hadley et al., 2018As these factors increase throughout pregnancy the

maternal inflammatory burden increases, upregulating more-ptmour pathways leading to
structural danges and eventuallgPTL orPPROM Kigure 1.4). The oncentration of
inflammatory markers such as cytokines vary depending on location. For example, vaginal
concentrations ofll-6 and I8 were observed to increaseoughly 1Gfold and 5fold
respectivelyin third trimester(Donders et al., 2003Whereasplacental concentration of 1L

6 was shown to increaseughly 56fold (Hadley et al., 2018Dverall, maternal inflammatory
burden is thought to increase in the weeks leading apdelivey (Figurel.4). However,
compared to the inflammatory increase duriesBTL and PPROM the increase seen at term is
relatively small. Placentabncentrations ofL-2/IL- 4 was 600old higher in preterm patients

andIFN k-4 Was increased 1000 fol@EShazly et al., 2004)
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Thirdly, structural changes; weeks before labour is initiated structural changes begin in the
cervix and membrane@lenon & Fortunato, 2004)A weak zone can be observed in the area
of the membranes overlying theervix(Figurel.5). Thisarea is significantly thinner than the
rest of the membranegMcLaren et al., 1999nd at later gestations iurther distended
leading toincreased rislof rupture (Millar et al., 200Q) Weakening in the membranes is
thoughtto becaused by the degradation of collagen by enzymes such as NDélRg et al.,
2013; Li et al., 2004At term, membranes usually rupturduring labour when myometrial

contractions increase the pressure on the already weakened and strained membranes.
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Figure 1.3 The role of neutrophils in term birth and micraedriven preterm birth. The
number of circulating peripheral blood neutrophils increase during healthy pregnancy.
Neutrophils can migrate into tissue following a chemotactic gradient. Term labour (left) is
associated with infiltration of neutrophils in the lower uterine segment, fetal membranes and
cervix. Their detection is accompanied by an increase in cytokines suci® and_.MMPs
participating in the degradation of the extracellular matrix, thereforatcbuting to tissue
remodelling. Neutrophils are also a source of €0atd PGE2, therefore can contribute to
uterine contractility membrane activation and cervical dilation. In cases of infection (right),
neutrophils are detected in fetal membranes anchmiotic fluid, along with an increase in
pro-inflammatory mediators. Ex vivo experiments using neutrophils demonstrate their
capacity to perform phagocytosis, NETosis and release ehflfamnmatory mediators. Finally,

an adverse vaginal microbial compamit is associated with an increase in cervical neutrophils,
inflammatory mediators and complement activatio{GimeneMolina et al., 2022)
reproduced under creative commons licentmage created with Biorender.com.
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CXCL8

Neutrophils

Cytokines
e.g. IL-6,IL-8
-
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A
—
Apoptosis
e.g. in fetal membrane TIMPs

X =

v A

Rupture of Fetal

Cervical Ripening Myometrial Contractions Membranes

Figurel.4. Initiation of term labour.Cervical ripening, myometrial contractions and rupture
of fetal membranes are required for term labour (dark blue boxgs)iation of labour is
associated withincreasel migration markers(CD11a/b& CD62), increased expression of
cxcL8 and neutrophilia Neutrophils are able to producpro-labour mediatorssuch as
prostaglandins MMPs cytokinese.g. IE8 & IL-:6. Oestrogencontributeslabour initiation via
cervical ripening, upregulating prostaglandin and oxytocin receptors and increasing cytokine
production Increased cytokines and inflammatory signalling directgtribute to cervical
ripening and myometrial contractionsut can also increase apoptosis and EMT in fetal
membrane which contributes to the weakened zone seen at term. Increased MMPs
contributes to tissue remodellingArrows indicate upregulation/ recruitment/ induction/
stimulation.EMT = Epithelial to Mesenamal TransitionMMP = matrix metalloproteinases,
TIMP = tissue inhibitor of metalloproteas€xeated with BioRender.com
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Myometrial quiescence Activation of pathways Initiation of labour

A - Prostaglandins + Prostaglandins Cervical ripening
- Oxytocin receptors + Oxytocin receptors Myometrial contractions
- Surpression of cytokines + Cytokines Rupture of fetal membranes
+ TIMPs + MMPs

Initiation of structural changes

Term
labour

Maternal inflammatory burden

Increasing oestrogen & progesterone  Oestrogen levels surpass progesterone

>

Pregnancy Progression

Figurel.5. Initiation of term labour. Graph illustrating the change in labour inducing factors
throughout pregnancy.MMP = matrix metalloproteinases, TIMP = tissue inhibitor of
metalloproteases. Dotted line represents the threshold of inflammatory signals needed for
labour.Created with BioReter.com
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1.1.2 Spontaneous preterm labour

The cause of spontaneous preterm labour is largely unknown. In parallel to term labour
upregulation of inflammatory pathways lead to cervical ripenimyometrial contractions

and rupture of membranes before 33 S S jgesttion, resulting in a preterm delivery
(Voltolini et al., 2013; Menon & Fortunato, 2004)

1.1.3 Preterm premature rupture of the fetal membranes (PPROM)

PPROM is a subcategory of spontaneous PTB and affects an estimated one third of PTBs
(Mercer, 2003) In contrast to term labour, wdre myometrial contractions increase
intrauterine pressuraidingrupture of the fetal membranes, patients with PROM or PPROM
appear to havestructural changes in the amniotic membramerlying the cervixat much
earlier gestations(Figure 1.5). These changesompromisemembraneintegrity leading to
rupture without the presence of labowand are often associated with infectighlcParland &

Bell, 2004)

Over half of mothers with PPROM will deliver within one week of membrane rufieecer,
2003) This latency perioduring whichmicrobes have more opportunity to ascend into the
amniotic cavity and many women have oligohydramnios (low levels of amniotic fluid) often
leads to complications such as infection, compressiothefumbilical cod and respiratory
distress syndromdrom premature birth(Lovereen et al., 2018)he risk oftomgications
such asretinopathy of prematurity and bronchopulmonary dysplasie@ higher at earlier

gestational age§Mercer, 2003)
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Figure 1.6 Weakened areaof fetal membrane above cervixduring infection/ microbial
invasion of fetal membraneNeutrophik respond to bacterial infection by initiatingn
immune response, releasingytokinesand MMPs MMP= Matrix metalloproteaseTIMP=
Tissue inhibitors of metalloproteinasesTNF'= tumour Necrosis Factor alphdl-6=
Interleukin 6 Y(Fortunato et &, 1997; Vadill®Ortega et al., 1996%(Weiss et al., 20073(Li et
al., 2020) Created with BioRender.com
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1.1.3.1 Physiology of the fetal membranes

The amnion is the inner surface of the fetal membranes and isenuigdof an epithelial cell
layer attached to a basement membra®ourne & Lacy, 196Q)nderneath which, is a dense
compact layer made up of a network of collagen embedded in an extracellular matrix (ECM)
(Figurel.6). This is the source of tensile strength in the amn{BnyantGreenwood, 1998)

The compact layer is followed by a fibroblast layer similar to the compact layer but with
embedded mesenchymal cells which hedgproduce the ECNMalak et al., 1993)Between

the amnion and chorion is a spongey layer rich in proteoglycan, preventing fricioreén

the two structures(BryantGreenwood, 1998)The chorion is composed of a reticular layer
attached to a basement membrane, under which are trophoblast cells. Basal trophoblast cells
adhere to the basement membrane and are hightyctured, connected with tight junctions.

Chorion is tightly adherent to the decid@BryantGreenwood, 1998)

Name & Collagen Type GHUIRECC il

Epithelium L L ( l L L l —
Basement membrane J\
Type I, IV, V

Compact layer
Type |, 11, V, VI

uoluwy

Fibroblast layer
Type |, lll, VI

Spongey layer
Type |, I, VI

Reticular layer
Type |, 11, IV, V, VI — ) NG

Basement membrane
Type I, 11I, IV, V, VI

Trophoblast layer

uoroyn

Decidua

Figurel.7 Cross section structure of human fetal membran€xeatedwith BioRender.com

25



1.1.3.2 Fetal membrane relevant enzymes

MMPs are important enzynsan tissue remodelling including the changes seen in the cervix
and fetal membranes during pregnan¢Woessner, 1991)The MMPs are a family of
proteolytic enzymes which are able to degrade a range of substrates including: ECM proteins
and glycoproteins, membrane receptors, cytokines, and growth fat@monha & Caldeira,
2020) MMPs can be divided according to their structural and functional properties including:
Collagenases (MMP1§, -13), Gelatinases (MMP and MMR9) and Stromelysins (MM®, -
7,-10,-11).Gelatinass are able to degradeéenatured collagenspecificallygelatin collagen
(typeslV, V, VI, X, XI, Xlglastin, proteoglycan core proteins, fibronectin, laminin, fibilin

and TN | VIR précfirsor(Laronha & Caldeira, 2020)hile collagenases are able to
cleavefibrillar collagen type |, Il, 1, IV and de to their ability tounwind triple helical
collagen(Laronha & Caldeira, 2020)

Also involved with tissue remodelling are tissue inhibitors of metalloproteinases (TIMPS).
TIMPs are inhibitors of the proteolytictvity of MMPs(Ries, 20143he relative levels of
MMPs and TIMPs determine if degradation or depositionissfue is occurring. Extracellular
matrix metalloproteinase inducer (EMMPRIN)ai¢ocal regulator of MMPs known to be
expressed in placental tissues including amniotic epithelial cells and chorionic trophoblast
cells(Li et al., 2004)levels of glycosylated EMMPRIN were found to be increased in tissue

from patients who had undergone labo(li et al., 2004)

In term pregnancies MMR, -2, -3, -7 and¢9 are known to be present in the amnioticitlu
(Weiss et al., 2007pecidual neutrophil&and macrophages seceMMP9 which contributes
to cervical remodelling and rupture of membranes at t§domezLopez et al., 2014Dn the
other hand sPTL and PPRQMve been associated with increased levels of Md#hd MMP
9 (aka gelatinase A and B), and decreased levels of-TiA@rtunato et al., 1997; Vadillo
Ortega et al., 1996)MMP-2 degrades collageand MMP-9 can actlike either acollagenase
or agelatinasgLaronha & Caldeira, 2020)

As well as being part of normal tissue procesbdPsand TIMPs can be released by immune
cells in response to the presence of bactefianzalez et a{2011)found thatmacrophage
depletion prevenéd LPSinduced preterm birth in miceAdditionally, macrophagderived
cytokines It1b and TNfa increase the levels of MME, MMR3 andMMP-9 (Watari et al.,
1999)
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In summary, MMPs and TIMPs are present dexeral broad reasons. 1) normal tissue
processes e.g. maintenance of tissue 2) inflammatory signalling during term and preterm
labour 3) in response to bacteria and infection 4) some bacteria are able to produce MMPs

which are useful for gaining accessger into tissuegStioonmaker et al., 1989)

1.1.3.3 Mechanism of PPROM

Historically it was believed that the mechanical stretch of the membrane in late pregnancy
was the cause of rupture. However, more current evidence shows that in parallel to term
pregnancies, there is an axef membrane weakness overlying the cervix which has reduced
strength when challenge@El Khwad et al., 2006; McLaren et al., 1998)addition, it has
been shown that acute repetitive stretch does not weaken batualy strengthensfetal
membranegPandey et al., 2007kl Khwad et al., (2008xamined fetal membranes prior to
labour in women undergoing caesarean sections. They observed that the rupture zone had

45% less strength than a distal site of the same membrane.

Weakness of the membrane is thought to be caused by morphological antebmical
changes in the region above the cer{fixgurel.5). Major contributing factors are cell death
(Rangaswamy et al., 2012; Fortunato et al., 2008)lagen remodellingDixon et al., 2018;
Lannon et al., 2014)epithelial to mesenchymaltransition (EMT)(Janzen et al., 2017;
Assumpcao teal., 2016) and inflammationKumar et al., 2005; Menon & Fortunato, 2004)
Some researchers question the localisation of membrane weakehriagrahet al.,(2012)
argue that apoptosis is not restricted to the membranes overlying the cervix but that this
region does have higher incidence. Furtimere, Fortner et al., (20149bserved thinning of

the chorion overlyinghe cervix but also found global thinning of the chorion in all PPROM
patients, including those without infection. However, these studies astlywautnumbered

by studies that did not find or did not report weakening in other areas of the membranes and

So requires further investigation.

Increased MMP was observed in amniotic fluid from patients with membrane rupture at
both term and preterm but the median MM® concentration was -#old higher in patients
with PPROM compared with PR(Athayde et al., 1998)
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1.2 Spontaneous preterm labour vs PPROM

Both sPTL and PPRQCae thought to have the same aetiology e.g. infection and inflammation
However jt remains uncleaif SPTL and PPROM have differmechanismshat induce either
premature contractions or premature membrane rupture in response to infection and/or
inflammation. Someresearchersargue that they have different mechanisnislenon &
Fortunato, 2004; Fortunato & Menon, 20049ssibly due tdhigher levels of bacterial DNA
(Jacobsson et al., 2008hd different biomarkergCobo et al., 20110thers have found no
difference betweersPTL and PPROWhen investigatindMPs(Tency et al., 2012ndfetal
membrane extracellulavesicles(Monsivais et al., 2020More research is necessary to be

able to better understand the intricate mechanismssBiTL and PPROM.

1.3 InfectionAssociated Preterm Birth

Up to 40% of all PTBs can be linked to infec{Raomero & Dey., 2014; Goldenberg et al.,
2008) Within the spontaneous preterm labour category up to 50% assoaiated with
infection (Klein & Gibbs, 2005 Chorioamnionitisor intraamniotic infection is a broad term
defined as acute infection or inflammation of the amnion, chorion or placenta with intact or
ruptured membranegTita & Andrews, 20105ymptoms include fever and fundal tenderness
However, many cases are subclinical and are thought to contribute to sPTL and FIPIROM

& Andrews, 2010; Goldenberg & Culhane, 2008)sitive microbial culture from amniotic
fluid is found in around 280% of PPROM patients and is significantly higher at early
gestations (2124 weeks\KY S |t & wnanmpT ~0GAYIFO SGThist &
is likely an underestimate as PPROM patients frequently have oligohydramnios (insufficient

amniotic fluid) so cannot have amniocentesis.

There are several ways organisms can gain atoagsrine cavity, such as, via the placenta,
introduction from amniocentesis, or via the fallopian tubes. However, it is widely accepted
that infection likely ascends from the lower genital tract as organisms found in amniotic fluid
are species which ammmonly found in the vaging&hung et al., 2009; DiGiulio et al., 2008)

In a recent study, the same species were found in the vagideamniotic fluid at the time of
amniocentesigRomero et al., 2019Additionally, chorioamnionitis found in the membranes,

diagnosed by histology, was found to be worse in the area overlying the (Ronxero et al.,
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1989) Supporting this, a twin study reported the amtic sac of the twin overlying the cervix
often had a higher prevalence of infection whilst the second amniotic sac difMaxtor et
al., 1996)

An infection speculated to be associated with PTB is maternal periodqiitédskaradoss et
al.,2011; Sharma et al., 20Q7his causes the gurtsrecede forningd LJ2 O1 SGaé¢ G KI
infectious anaerobic bacteria(NIH, 2013; Horton & Boggess, 2Q1®ther infections
associated with PTB, such as malaria, syphilis and human immunodeficiency virus (HIV) have
a much higher prevalence in some countries which may contribute to higher PTB rates in

those plaes(Chawanpaiboon et al., 2019)

This project is specifically focussed on vaginal infectivatshavebeenhistorically associated
with PTB(Hill, 1998; Andrews et al., 1995; Joesoef et al., 1995; McGregor et al., hO88)
despite decades of research, we still lack sufficiefibrmation to accurately predict or

prevent PTB associated with infection.

1.3.1 Bacterial Vaginosis (BV)

Prior to bacterial sequencing and identification, vaginal infections, specifically bacterial
vaginosis (BV), were identified using Amsel critdAansel et al., 1983)This required
examination of discharge including a whiff test for an amine odour. This was replaced by a
more reproducibleNugent scoréNugent et al., 1991 yvhich is still used to diagnose BV today
(NICE, 2018). This method usasm staining to identifyLactobacilluglarge gram-positive

rods), Gardnerella(smallgramnegativerods), andMobiluncus(curvedgramnegativerods)
morphotypes. Due to the availability of this technique, a significant proportion of infection
associated PTB research is focussed on BV.

BV is a dysbiosis of the vaginal microbiome and is characterised by an overgrowth of
anaerobic bacteria with ddetion of Lactobacilluspp. (Bradshaw & Sobel, 20168)Vomen

with BV often have high diversity communities with no single dominant species. Organisms
commonly associated with BV includdycoplasma Gardnerella, Mobiluncus, Atopobium,
Prevoteld, Bacteroides, Peptostreptococcus, Sneathia, Leptotrichred Clostridiales

(Onderdonk et al., 2016)
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BV diagnosed by Nugent score during pregnancy has repeatedly been found to increase the
risk of PTBShimaoka et al., 2019; Donders et al., 2009; Lee et al., 2009; Leitich & Kiss, 2007;
Guaschino et al., 2006jlker et al., 1995)However, presence of BV has not been successfully
used to predict PTRBFigueroa et al., 2d). Additionally, while treatment of BV during
pregnancy eradicates the infectionGochraneaeview of 21high quality studies foundhat
antibiotictherapy did not reduce the risk of PTBrocklehurst et al., 2013Manyspeculate

that inflammation from infection may cause irreversible damage before BV is treated
however, Brocklehurstt alalso found that treatment of BV before 2@eelka @gestation did

not reduce the risk of PTB (5 studies, n=408Bjs indicates that Bahd the resulting immune
response is not the solkeetiologicalfactor for PTB.

Additionally, citeria for BV diagnosis are broad so multiple aetiologies can be termed BV.
Gram staining is not able to differentiate between speciemctobacilliwhich are known to

play different roles in vaginal healf{Moosa & al., 2020)Forexample L. inerdhas been found

to produce a more robust immune response tHarcrispatugWalsh et al., 2020)

Because of this, we are not limiting our studies to BV associated bacteria but aim to
investigate common vaginal organism$joth commensal bacteria and those that are
associated with PTB. Importantlye want to nclude bacteria representative of women from

a range of settings including LMIC. Incidence ohBY dysbiosiss thought to be higher in
populations from LMIQJespers et al., 2014this could be a factor in global PTB disparity.
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1.4 The vaginal microbiome

The human microbiome is a rapidly expanding area of research. In the last few decades due
to the increasing affordability of community sequencing, we have discovered many links to
disease which wereunknown 30 years ago. For example, the gut microbiome has been
associated with behavioural disorders, cardiovascular disease and type 2 difdbatask &
Lynch, 2019)Dysbiosis of the female reproductive tract microbiome has not only been
associated with PTBCallahan et al., 201 Hut also with idiopathic infertility and lower

pregnancy rate aftein vitrofertilisation (VB (Campisciano et al., 2017; Haahr et al., 2016)

1.4.1 Normal Vaginal Microbiome

! a y 2 Magihat microbiome (henceforth referred to adviB is considered to be
dominated byl actobacilluspp. Compared to other sites such as the colonic microbiome, the
VMB is considered relatively simpl&nahtar et al., 2018)in a keystone studyRavel et al,
(2011 proposed 5 distinct community sttypes (CST) based on the dominant microbial
species present in the vagindaplel.3). However, 581 species from 10 bacterial phyla have

been identified from thevagina Figurel.?).
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Tablel.3 The five community state types (CST) of vagimatrobial communitiesand their
associations with term or preterm birth (PTBhtroduced by(Ravel et al., 2011)
CST Bacterial composition Associations with health & PTB

I Dominated by Lactobacillus § Associated with term birtliStafford et al.,
crispatus 2017)

1 ExcluessardnerellgCallahan et al., 2017

Il Dominated byLactobacillus gassel § Transitions into CST(DiGiulio et al.,
2015)

1 Associated with term birt§Stafford et al.,
2017)

11l Dominated byLactobacillusriers  { Coexists withGardnerellaCallahan et al.
2017)

1 Transition to diverse communit

(Verstraelen et al., 2009)
1 Associated with PTHPetricevic et al.

2014)
v Dominated by diverse anaerob¢ § Associated with PT@®iGiulio et al., 2015
(B\tassociated bacteria) & (Callahan et al., 2017)
Vv Dominated by actobacillus jensen f Associated with PT@tafford et al., 2017

& (Hyman et al., 2014)
1 associated with inflammatio@Mitchell &
Marrazzo, 2014)

These CSTs have been used to group bacterial communities in many studies involving
Europeanand Americarwomen (Freitas et al., 2017; Stafford et al., 2017; Romero, Hassan,
et al.,, 2014) CSTIl(dominated byL. crispatuk is considered the most health promoting
community. OtherLactobacillugslominated communities such as inersdominated CSTI)

are considered intermediate as these have been shown to enable transitiongrotactive

to diverse communitiegVerstraelen et al., 2009nd more recently have been associated
with PTBPetricevic et al., 2014CSTI\{dominated by diverse anaerobes) is considered to be
the leasthealth promoting colonisation with anaerobes is associated with inflammation

(Mitchell & Marrazzo, 2014nd increased risk of PTByman et al., 2014)
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Figure 1.8 Proportion of bacterial phyla found from vaginal sampleéhv=581 bacteria
species)Data produced by m exhaustivditerature search ofvaginal microbiome studies
Reproduced with permission fro@iop et al., 2019)
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During pregnancy the VMB becomes more stable and less diverse due to the presence of high
levels of oestrogen which ineases levels of glycogen that promotésactobacillus

colonisation(Maclntyre et al., 2015)
Lactobacilluspp. are thought to be health promoting for a number of reasons:

1) Lactobaciil produce lactic acid as paof their metabolism and this has been shown to
maintain a low pH and have an amflammatory effect within the vagin@Hearps et al., 2017)

Lactic acid also appears to have an antimicrobial effect eaf8¥9ciated organisnish QI | Yy 2y
et al., 2011, 2013)This is sigficant because it was initially thought that hydrogen peroxide

was the antimicrobial agent. Howevan vivowhen mixed with CVF it appears hydrogen

peroxide is not present in sufficient concentratiahsh Q1 + yf 2y Si. | f @ wnamnZ

2) Lactobacillare able to exclude other pathogens via competition by inhabiting the microbial
niche(Kovachev, 2018; Boris & Barbés, 2000)

3) Lactobaciil have been shown to alter the membrane lipid structure of epithelial cells,
preventing other bacteria from attaching not only by adhering and blocking but also through
structural changegCalonghi et al., 2017This more recent discovery abdidctobacilluspp.
demonstrates that they play a greater role in maintaining health than originally assumed.
Despite this,Lactobacillusspp. can still cause symptoms of infection at high densities.
Cytolytic vaginosiss a condition with similar symptoms to BV but differs by having: high
abundance ofactobacillj lack of other causative agents, low pH and Nugent scordXf @t

al., 2019; Bhat et al., 20Q9)

Healthy vaginal communities dominated bhgctobacillusspp. and dysbiotic communities
dominated by anaerobes is well established and widely accepted. However, most of this
research was conducted in higher income countries specifically, the US and Boeopss.

studies have investigated \VBAn LMIC
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1.4.2 Vaginal microial communities in low and middiecome countries

Fewer studies have investigated BNh LMIC but women in these countries areidely
thought to have a higher prevalence of BV compared to European wofidenyon et al.,
2013) The majority of studies agree that women from LMIC have a lower prevalence of
Lactobacillus dominated communities and higher prevalence of mixed anaerobic
communities with no dominant specied.ennard et al., 2018; Borgdorff et al., 2014)
Organismscommonly associated with dysbiosis wer@revotella Sneathia,Megasphaera,
Leptotrichia, AtopobiunBacterial vaginosis associated bacteriu@BVYABlandMobiluncus.
Because oftte lack ol_actobacillugiominance in these studieauthors have proposed many
different ways to group women based on VNIEnnard et al., 2018; Gosmann et al., 2017;
Borgdorff et al., 2014Kacerovsky etla 2015 Anahtar et al., 2015however, none are as
reproducibleor aswidely acceptecasRavel et al(2011)CST.

It is noteworthythat some of the above studies in LMIC recruited from STI clinics or were also
investigating HIVand so despite having a control group of healthy women attending the same
clinics, mayhaveselecteda cohort of womenwith a higher proportion of dysbiostmpared

to the general population

However, lack of colonisation wittactobacillusnot specified by Raveloes not mean that
womenin LMICnecessarily have dysbiosis. Other organisms sudtae®bacillus vaginalis
have a high prevalence in women from Rwanda, South Africa and Kenya and are thought to

be important to vaginatubiosis in these wome@lespers etla 2015, 2017)

Anahtar et al (2015nvestigated the vaginal microbial communities of young South African
women and found that.actobacillusvas dominant in only 37% of the wome®f these
women, 77% harboured predominantly. inerswhich is associated with intermediate
communities and PT@etricevic et al., 2014; Verstraelen et al., 2008)ne of these women
reported symptoms of BV and only half of those with diverse communities had a Nugent score
indicative of BV. Supporting this finding, colonisatior_oinerswas also found in 64% of
samples from healthy women in Nigeria (n=24Ahukam et al., 2006)lhissuggests that
healthy vaginal commurigsare commonly dominated hbly. inersand other nonLactobacillus

species in some settings.
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More recent studies have challenged the accepted theorywWa@nen in LMIC have naturally
more dysbiotic vaginal communitiegnukam et al., (2019%emonstratel that Nigerian
women without BV had VMB comparable to the CSTs outlineRawel et al., (201yith

Lactobadiusmaking up to 95% of sequence reads.

Additionally, astudy in India sequenced the VMB of 40 preghant women and found
communities could be classified using the accepted groups Rawxel et al(2011) Samples
were mainly dominated byactobacillusspedfically, L. crispatusand L. iners(Mehta et al.,
2020) Furthermore, astudy of pregnaniNigerian women(h=68)againobservedthe major
CSTCSTI(L. crispatushad a23.5%prevalence CSTIL. gassejihad a4.4%prevalence CSTIII

(L. ines) had a39.7%prevalence and CSTIfhon-Lactobacillus dominatgchad a prevalence

of 27.9%)(Odogwu, Onebunne, et al., 2021)

However,a recent study recruiting from routin@ntenatalappointmentsin Uganda found
communities dominated bywon-L. inersLactobacillus(6%, L. iners(13%9 and the most
prevalentG. vaginalig49%). Gardnerellaspecies were present in over 90% of the samples

(Bayigga et al., 2020)

Considering all of #se reports, it is clear thatvaginal microbiome cannot simply bkassified
as more diverse in LMIC but appears to vary between locations and popul&iomnes studies
hawe comparable results to those seen in large US studiesge others support the more
diverse and dysbiotic vaginal communities seen in other stuasy factors will affect the
vaginal microbiome such as pregnanogstrogen levelsHIV statusand hygiene practises
such as douchin(l.ewis et al., 2017) However, ae probable cause of variable resuttst

from the variaton inVMBIs the different methods used in these studies

1.4.3 Variation in microbiome methods

Variation in methods at eackxperimentalstep may bias results. Varying bacterial lysis
technigueshas been shown to cause small but significant differences in DNA yield and
diversity (Gill et al., 2016)Different commercial kits commonly used in VMB research have
been found to produce varying DNA extraction, DNA yield, DNA quality, microbial sequence
count and microbial diersity (Mattei et al., 2019) Additionally, choice gbolymerase chain
reaction PCRprimerdtarget regions(Sirichoat et al.2021) database and sample sequence

clustering parameters have also been shown to impact regmén DerPol et al., 2019)
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Finally, varying sequencing methods produce varying results. The lllumina platform was
shown to give a greater number of reads and similar ability to distinguish bacteria to the
species level when compared to 454 pyrosequencing amgie3asequencingSmith et al.,
2012)

The commonly used 27Fimer has 3 mismatches tGardnerellaspecies which can lead to
reduced amplification and skewed ratios of pathogens to the more easily amplifiable
LactobacilluspeciesZhang et al., 2019; Frank et al., 2Q008any studies investigating the
VMB have used this primer includiigtafford et al., 2017; Shiozaki et al., 2014; Romero,

Hassan, et al., 2014primer biases need to be considered when interpretirgyits.

Advantageously, storage &0°C or-80°C andselfcollectionvs clinician collected swabs do

not appear to have any effect on microbiome sequencing regBls et al., 2012; Forney et

al., 2010) This allows us to collect swabs from women who are not comfortable with
spealums, which are used during clinician collected swabs. It also allows storage of swabs in

low resource settings that do not have access3@Cfreezers

1.4.4 The effect of race on vaginal microbiome

The other probable cause for variation is populat&pecifc factors such as socioeconomic
status, access to healthcare and race. Calladaal, (2017) identified the need to investigate
different populations with consistent methods. The group first studied a predominantly
Caucasian population (n=49piGiulio et al., 2015)then repeated the study with a
comparable population of Caucasian women (n=39) and an additional population of
predominantly Afrian American women, with a prior history of PTB, receiving progesterone
treatment (n=96). The association between redut@adtobacillusndincreasedGardnerella

with PTB that was observed in the first study, was replicated in the comparable population
but not in the African American population. Additionally, the African American population
were found to have a higher frequency Gardnerellacompared to the Caucasigallahan

et al., 2017) Despite the clear differences betwe@opulations,it is notcertain that this is

due to race, as the African American population also had a higher risk of PTB and received
progesterone treatment. In order to determine differences in microbiota and the effect on

PTB risk, treatments and risk of PTB need to be demsifor study participants.
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Another study that investigated race {$lyman et al., 2014)they observed differen
LactobacilluspeciesabundanceSoecifically African American and Hispanic participahési

a higher L. inerscontent compared to Caucasian participantsvho had a higherL
crispatusandL. gassercontent Importantly, they were able topredict of PTBoy usinga
combination ofrace PTBhistory and SDJ which is a measure of abundance of different
species within a communityrork et al, (2010)bserved an increased variance of gestational
agein the African American group compared to European American. They coddiuale
environmental factors, particularly factors that differ between pregnancies such as unreliable
access to healthcare during pregnancies, were largely responsible for thesadreariability

in gestational age.

In summary, previous studies have found significant differences in the bacterial species
present in the VMB during pregnancy when comparing women from different races. In some
studies, these differences in bacterial sscwere able to predict PTB. Howewstydies do

not often investigate the causes of the differences which may be challenging to measure and
interpret. Many of these studies were conducted in the. U&acial discrimination is likely to
contribute to thesedifferencesin racevia chronic maternal stress lewelOne study found
36.9% of back womerreported chronic worry about racial discriminatiamompared to 5.5%

of white women. Both groups werd.Sborn, postpartum women with singleton live births
during2011¢2014(Braveman et al., 2017Jhis may be a significant contributing factor in PTB

disparities.

The issue is,ampared to other factors investigated in PTB research sucheasation or
maternal age which are both measured in daygge is a subjective categoiiRace typically
contains limited options, for example in US studies participants are commonly grouped into
Black, White, Black Hispanic, White HispamidAsian. These categories do not allow for
participants with parents from different races and group matifferent populations of
people together Additionally, some studiesomment on a potentiafjenetic aspect of PTB by
investigating race without genetic data. This is may result in poor predictive valigedtas
reported ancestryhas been shown to differdm genomicdata (Mersha & Abebe, 2015)
Furthermore, genetic diversityas found to be highewithin races than betweenacesand

for that reason other data such as geographical information or genetic analysis are

recommendedLong &Kittles, 2009; Olson et al., 2005; Goodman, 2000)
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One benefit is that races available on most health records angy indicate social factors
which are not routinely collected in healthcaiddowever race cannot provide insight into
genetic ancestrypne study found that selfeported race and genetic markers are often
discordant(Mersha & Abebe, 2015Race is a promising factor in PTB predictisowhere
possible we should aim to collect more detailed data on more specific factors that réféect t

individuals environmental and genetic factors.

Burris et al(2020)exploredhow race may lead to different omic biomarkers in PTB between
racial groups, to name a few: Social stressors sudfisgsimination andpoverty, physical
stressors such aar pollution andaccess to healthcare and healthy footfswe were better
able tomeasure theséactors, disparities in PTB prediction and prevention could be improved
Since these environmental and social factors differ between settings and populaitions
cannot be assumed that the vaginal microbiome of African women will be simitaat of
African American womenThis is another reason we should strive for reseandtusive of

races and settingwhenever possible.
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1.5 Vaginal microbiome and preterm birth

Vaginal microorganisms have long been implicated in(&bRlenberg et al., 1998; Hillier et

al., 1995) These studies historically used culture dependent techniques and so were only able
to identify a limited number of species, specifically those able to grow in lab conditions. Since
the use of ever improving moleculéechniques,we can better identify tle diversity and
relative abundance of bacteria within the vagjremd therefore better understand which

species are clinically significant to PTB.

Although significant research has investigated the VMB during pregnancy, few studies
focussed on the assotian between PTB and the VMB, without treatment such as antibiotics
in the study desigriPeelen et al., 2019Within this specific group, five studies found some
associationCallahan et al., 2017; Stout et al., 2017; Stafford et al., 2017; Nelson et al., 2016;
DiGiulio et al., 2015)

5ADAdzZ A2Qa& Ol a&asS O2y(iNRBf adddzRe& oOoHnmpO | ylfeas
Samples were collected weekly, which allows for more detailed insight into temporal
community changes. It was observed that CSTIV (dominated by anaerobes) waatedsoci

with preterm delivery PTD. Furthermoreanincreasechumberof samples classified &STIV

increased the risk of PTD, particularly in the presencg@asfinerella vaginalisr Ureaplasma
urealyticum.Interestingly, CST(L. gasse)yiwas seen to tnasition only to CSTL( crispatuk

all other CS3had multiple links to other CSTDiGiulio et al., 2015)

In a follow up study(Callaharet al., 2017usedthe samemethodsas(DiGiulio et al., 2015)
and confirmedthe association betweeardnerella(specifically a sub speci€ardnerella
vaginalisG2) and PTB within a comparable population. They obsetivat Lactobacillus
crispatusandGardnerellastrongly exclude each othgn contrast toLactobacillus inenshich
often coexisted at near equaldquencies. Becaude inersaandG. vaginalisvere often found

at near equal frequencie€allahan arguthat there is a lack of distinction between CSTIII
(L. inery and CSTIV (anaerobes), instead they recommeécthssifyingCSTdased on three

key taxaG. vaginalis, L. crispatusndL. iners

A previous study from our group, including 133 patie(&afford et al., 20179)bserved an
association between CSTl¢rispatug, CSTIL(gasser) and tam birth. In contrast, CSTY.(

jenseni) were associated with preterm delivery.
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Additionally, (Nelson et al., 2016investigated the VMB in nulliparous African American
women. They observed higher interindividual community diversity-B6 Sveeks gestation in

the preterm group. Contrary to other studies, no significant difference ireléevof
Lactobacillusor Gardnerellawere found between term and preterm groups. However,
significantly lower levels of the famiGoriobacteriaceae, Sneathia, Prevotelta Aerococcus
were observed at 9 to 16 weeks among women delivering preterm. This finding does not fit
with the current hypothesis thapresence ofdiverse anaerobes (anything other than a
Lactobacillusdlominated communityjnaycausecervicalinflammation and increasehtes of

PTB.

LG Aa&a AYLRNIFYyd (2 y20S GKFIG yor é&efmedBVIO 2 F
positivewomen This is a much higher prevalence than would be expected in the average
pregnant populationPeebles et al(2019)reported prevalence of Bih pregnant women

from all global regionan SubSaharan Africéhis was 286. A BV prevalence of 83% would

impair the ability of the studiesto demonstrate associations withLactobacillusspecies.
Additionally, as discussedsectionl.3, Nugent score is a very brolgdpecificdiagnosictool

and could classifg healthyvaginal communityas BMn some cases

Consistent wit(Nelson et al., 2016§Stout et al., 201 74hvestigated a predominantly African
American cohort anébund no difference ilactobacillu®r Gardnerelldevels between term

and preterm, in their investigation including 77 patients. Not consistent with the studies
previously discussed, Stout observed stable diversity throughout pregnancy in the term group

but a significantly decreasing richness and diversity in the preteampgr

Four studies with participant numbers ranging from2® found no significant association
between the VMB and PTubramaniam et al., 2016; Shiozaki et al., 2014; Hyman et al.,
2014; Romero, Hassan, et al., 2014ypwever, based on their findisg(Hyman et al., 2014)
recommend that Bifidobacterium and Ureaplasma should be investigated further.
Additionally,(Romero, Hassan, et al., 201#)ported the composition of the VMB during
normal pregnancy changed with increasing gestation. They observed an increase in
Lactobacilluspp. and decreased anaerobe relative abundance despite no difference B VM

in relation to PTBRomero, Hassan, et al., 2014)
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Ametal I f @aAa LJzofAaKSR GKA& @SIFEN O2y Gl AyAy3
[ I Ol 2 @dmdinitids Avére at highest Kof PTRGudnadottir et al., 2022)This broader
category works well as a prediction tool as it encompasses dordra a range of bacteria

associated with PTB such@ardnerellaand Prevotellawithout having to identify them.

1.5.1 Vaginal microbiome and preterm prelabour rupture of membranes (PPROM)
More specifically, VMB has also been associated with the sub typ&é®f PPRONBrown et

al, (2018)observed that vaginal dysbiosis was present in a third of cases prior to membrane
rupture. Women with more diverse variable communities appear to be at higher risk of
PPROMBrown et al, 2018; Jayaprakash et al., 2016; Kacerovsky et al., 2015; Baldwin et al.,
2015; Silva et al., 2003Additionally, women with PPROM were found to have lower
abundance of.actobacilluspp. and more diverse, variable communit{@sown & al., 2018;
Jayaprakash et al., 2016; Kacerovsky et al., 2015; Baldwin et al., 2015; Silva et alT2003)
most abundant organisms found in these studies, in women with PPROM Rexeotella

spp. SpecificalliPrevotella timonensis, Sneathia sanggens, Ureaplasma urealyticuamd

Peptoniphiluspp.

Despite the welaccepted theory that diverse anaerobes cause dysbiosis, leadicgrvaal

inflammation and increased levels of PTB, the evidence is inconsistent.
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Tablel.4. Summary of cervicoaginal microbiome studies and their findings in relation to

preterm birth.

Study

Patient
Number

Main Findings

(Baldwin et al., 2015)

15

= =

Decreasedactobacilli speciesn PPROM
Prevotellaand Peptoniphilugprevalent in
PPROM

Above observations were unchanged wi
antibiotic treatment

(Brown et al., 2018)

250

Decreasedactobacilli specieprior to
PPROM

Lactobacillus dominarcommunities
shifted to dysbiotic afteerythromycin
treatment

(Callahan et al., 2017)

135

=

Lactobacillus crispatusssociated with
low risk of PTB
GardnerellaandL. inersoften coexisted

(DiGiulio et al., 2015)

40

Diverse CSTIV had strongest PTB
association

Ureaplasmaand Gardnerellaassociated
with PTB

(Jayaprakash et al., 2016)

36

Mycoplasmaand Ureaplasmaassociated
with lower GA at delivery
PPROMatientshad highly variable
communities

(Kacerovsky et al., 2015)

61

Gardnerella vginalisand Sneathia
sanguinegenslominatedcommunities in
PPROMatients

PPROM patients with. crispatus
dominated communities had lower rates
of microbial invasion of the amniotic
cavity

(Nelson et al., 2016)

40

women delivering preterm had lower
diversity thanterm

(Romero, Hassan, et a

2014)

90

= =

No association with PTB

increasing levels of Lactobacillus spp. a
decreasing anaerobic bacteria througho
the progression of normal pregnancies

(Silva et al., 2003)

64

1
1

Low rate ofLactobacillin PPROM group
Staphylococcus aureassociated with
membrane inflammation

(Stout et al., 2017)

77

1
il

Term group had stable diversity
Preterm group had decreasing digéy

PTB= preterm birth, PPROM= premature prelabour rupture of fetal membranes, CST=

community state type
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In summarymoststudies found some association between VMB and preterm birth, although
evidence of associations with specific bacteria is miadicipants intwo studies(Stout et

al., 2017)(Nelson et al., 2016)ere predominantly African American which may strongly
influence the composition dhe vaginal microbiotasge sectiorl.4.4). It is also worth noting

that whilstthe more recent papers found an association, the older papers did not
Associated with term birth

Lactobacillus gassefstafford et al., 2017; DiGiulio et al., 2015)

Lactobacillus crispatu€allahan et al., 2017; Stafford et al., 2017; DiGiulio et al., 2015)
Associated with PTB

GardnerellaspecieqCallahan et al., 2017; DiGiulio et al., 2015)

Lactobacillus iner&allahan et al., 2017)

Lactobacillus jensef&tafford et al., 2017)
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1.5.2 VMB and PTB in lewnd middleincome countries

There are significantly fewer studies investigating VMB and PTB in LMIC. No studies to date
haveincludedwomen from different continents using the same protocols and analysis. This
comparison would greatly contribute to evidence on whether normal vaginal microbiome

during pregnancy significantly differs between settings and if this contributes to PTB.

Studes from LMIC have reported varying correlations betwt#envaginalmicrobiome and
PTB:

1 A study inNigeria supportdhe ideathat L. inersis part of a healthy microbiotas
many women had CVF communitésminated byL. inersand the majoritydelivered
at term. Interestingly, Atopobium remained persistent throughout pregnancy in
women who delivered preterniOdogwu, Onebunne, et al., 2021)

1 A study conducted in Indizbservedsimilar abundance dfactobacillust term (41.6%)
and preterm (37.6%), although. gassenvas significantly higherin women who
delivered ®&rm. L. iners Sneathia sanguinegens Gardnerella vaginaljs
Megasphaeraspp. were allfound to be significantly higher in preterm samp(&simar
et al., 2021)
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1.6 How does infection or dysbiosis cause preterm birth?

Microbes have extensively been associated with PTB by identifying clinical infection during
pregnancy or detecting the presenoé microbes in gestatical tissues after birthinfection
associated PTB is typically either sPTL or PPROM.

In PPROMpatients Fortner et al, (2014) observed significantly thinned chorion and
significantly higher bacterial presence regardlessabbur, gestational age, or presence of
histologic chorioamnionitis compareid term and preterm without PPROMhere is Sl
much to be discovered regarding the mechanisms of PPR®Meverit is thought that
microorganismscan induce mechanisms required fordth sPTL and PPROMN a similar
variety of waysAs previously discusséBigurel.3, Figure 1.4, the three main phy®logical
conditions needed for birth are: cervical ripening, myometrial contractions and rupture of the
fetal membranesMicroorganisms have been shown to be able to influence these mainly via

bacterial presence and products which induetammation andcollagen degradation

1.6.1 Bacterial metabolites

Bacterial metabolites can influence a range of cell functions, produce inflammation, and alter
disease susceptibilifAnsari et al., 2021Jor example fte ratio of kand Dlactate produced

by Lactobacilluspp have been found to influence MM® production(Witkin et al., 2013)If
D-Lactate is low because of lolactobacilliabundance, higher-lactate concentrations

induces MMPB (Witkin et al., 2013yvhich increases the risk of PTB &ROMFigurel.9).

Additionally, short chain fatty acids (SCFA) including formate, acetate, succinate, and lactate
are produced from carbohydrates and dietary fibres by bact{@selovszky et al., 19985CFA
(excluding lactate which is largely producedUaygtobacil) are associated with BfAldunate

et al., 2015pnd BV is associated with PTB (as discusse@if).

Broadly, dysbiotic bacterimlommunities produce inflammatory metabolites which further
contribute to dysbiosis and it is this inflammation that is thought to contribute to (RhBari
et al., 2021)
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1.6.2 Inflammation

Microbial presence can be detected by the vaginal eghitim (Fichorova et al., 201]1)
chorioamniotic membrane¢Kim et al., 2004and deciduaKrikun et al., 2007ia toll like
receptors TLR. Thesegpattern recogiition receptors detect microbes viieir products such
as lipopolysaccharide (LPS) and short chain fatty 4&8G&AfMirmonsef et al., 2012pr
conserved characteristics shared by a range of bacteria e.qg. flagtdligreaves & Medzhitov,
2005) When TLRspecifically TR, TLR4 and TLHR which have been identified in the
reproductive tract) detect a pathogen associated molecular pat(AMP) they initiatethe
NFS .signalling pathway leading ttvanslocation ofNFS . & dzo dayidiinductlalt qf
cytokine expression leading tytokine releas¢Padron et al., 2020; Peltier, 20qB)gurel.8).
Speciesassociated with dysbiosis have been shown to induce an inflammatory response via

cytokines(Mitchell & Marrazzo, 2014; Bastek et al., 20 iyurel.9).

Cytokines are small signalling molecules Whsommunicate within and between cells in a
range of tissue§Tadamitsiet al., 1994) Cytokines such asLand TN# are known to play

a role insPTL by both inducing the production of additional cytokines and prostaglandins
therefore initiating a cytokine cascadégimpson et al., 1999)Prostaglandins in turn
contribute to cervical ripening, myometrial contractions and membrane activd&impson

et al., 1999) If levels of pranflammatory molecules reach a significant leva®TL will be
initiated. However, the exact threshold is yet to be determined and likely varies between
individuals. In addition to direct effects of inflammation, cytokines produced in response to
pathogens can induce increased apoptosis in the membrgbehide et al., 2012Wwhich

would contribute to weakening and potentially PPROM.

Despite this, hcterial presence alone is not thought to result in PTB, as organisms have been
found in fetal membranes: noncomplicatedterm pregnancies(Steel et al., 2005Most
fA1Stes AdG A& GKS ApeRtdkihdRrodudtid)ito the Yorésiyes of NS & LJ2
bacteria that can induce the mechanisms of labour and membrane rupture prematasely

these are alsinflammatory processs(Alvares, Cruz, Brandéao, 2010)

Inflammation and activation of TLR could be a factor in the racial disparity of PTdnAfri
women have been found to have higher baseline levels of inflammégipahtar et al., 2015)

While this could be in response to a more diverse VMB, genetic studies have shown that single
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nucleotide polymorphisms (SNP) in the #A_&d IL6 gene increased the risk of PHBack
women with BV weremore likely to havehese polymorphismgGenc et al., 2004)5oepfert
et al., 2005) Small changes like theseould influence the balance of prand antt

inflammatory signals which in combination with other factors could lead to anasesx risk

of PTB.
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Figure 1.9. Infection associated cytokine release pathways leading to inflammation and
increased risk of preterm birthPathogen associated molecular pattern (PAMP) (e.g., LPS,
flagellin, bacterial metabolites) stimulate cytokine release vt like receptos (TLR)on
immune cells and fetal membrane tissuecti&ation of TLR leads teignallingdownstream
pathways involvingeceptor adaptorsToll/Interleukinl1 receptor domaircontaining adaptor
protein (MAL), TIR Domaitontaining Adaptoinducing InterferorB (TRIF),TRIFrelated
adaptor molecule(TRAM), myeloid differentiation primary response 8@vyD88) and
modulatory proteinsextracellular signategulated kinas€ERI spleen tyrosine kinaséSYK).
This activate NFkBin the nucleusthat leads to induction of prinflammatory cytokineg.g
Interleukin-1-beta (IL-1b), (NFkB), (Prell-1b), Adapted from(Padron et al., 2020 reated

with BioRender.com
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1.6.3 Collagen degradation

In addition to inflammation, microbes can also contribute to PTB initiation by producing
MMPsor, stimulate an immune response leading to the host to produce increased levels of
MMPs whichdegrade collagen found in fetal membran@&/eiss et al., 2007PPROM is
associated with increased levels of MMHN the amniotic fld and low levels of TIMP

which in combination leads to significant collagen degradafideiss et al., 2007)

In vitro infection studies of fetal membranes have consistently shown that collagenase
producing bacteria significantly weaken membra(ieleresHerrera et al., 2012; French, 2005;
Schoonmaker et al., 1989; Sbarra et al.,, 198Mese studies investigateGroup B
StregococcugStreptococcus agalactigeStaphylococcus aureuBseudomonas aeruginosa
and Escherichia coliHowever, less research has investigatesnmensal vaginal bacteria
which may still play a roldn order to properly understand the interaction between théale
membranes and the vaginal microbiom&e aim to test a range ofommensalvaginal

organisms rather than well studied pathogens

50



A Eubiosis
Non-inflammatory
Low Risk of Preterm Birth

B Dysbiosis
Inflammatory
Increased Risk of Preterm Birth

Lactobacillus
-

Glycogen —=, Lactate — Lower pH

Intact cell barrier

MMP = TIMP

Vaginal Mucosa

Epithelium
(normal)

Anaerobes
o Acetate,
Glycogen — Succinate,
Formate

Bacterial Products
e.g. LPS

Damaged Mucus layer

Loss of barrier

integrity
Cytokines MMPs
IL-1B, IL-6 MMP8, MMP9

Figure 1.10. Impact of bacterial dysbiosis on vaginal ecosysteA) Eubidic community
dominated byLlactobacillusspp which metabolise glycogen into lactate lowering ).

Dysbiotic vaginal

community dominated by anaerobes eGardnerella, Srathia,
StreptococcusThese bacteria metabolise glycogen into short chain fatty acids e.g. acetate
which do not lower pHBacterial products e.fjpopolysaccharide (LPS) initiate TLR4 signalling

which increases levels of inflammatory cytokines. éle6 and matrix metallopreases

(MMPs).Created with BioRender.com
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1.6.5 Treatment of vaginal infection and PTB

Antibiotics are useful in treatinigtra-amniotic infectionduring pregnancyYoon et al., 2019)
andeffectively eradicate BV budo not decrease the risk of PTB unless given befoe 805 1 a Q
gestation(Lamont, 2015; Brocklehurst et al., 2013his suggestthat inflammationfrom
infection, which is often sukclinical canirrevocably affect pregnancy outconfenot detected

and treatedearly.

At later gestationsantibiotics are not effective in preventing PTdie study observed a high
prevalence of anaerobePrevotellaand Peptoniphilusin PPROMpatients that was not
eradicated with antibiotic treatmentBaldwin ¢ al., 2015) In addition to their limited
effectiveness there is evidence to suggest that antibiotics may have a negative impact on
pregnancy outcomeBrown et al,(2018) observed a shift fromLactobacillus dominant
communitiesto dysbioticcommunitiesafter erythromycin treatment Additionally, a recent
study suggested that antibiotic treatment for pregnant womenwithout infection may
contribute to PTB via cytokine relea@tantoushzadeh el., 2020) Therefore |t is important

that pregnant women are not given treatmewithout specific need.

Some speculate that antibiotics may be more effective in preventing PTB in LMIC where
infections are not routinely screenedowever, arandomisedplacebacontrolled clinical trial
in India does not support thi®ellad et al(2018)observed no difference in PTB ratbefore

37w or 3w, between treated and untreated women
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Figurel.11. Initiation of infection-associated preterm labour

Boxes along the bottom contain physiological events needed for term labour. Boxes at the
top represent factors which influence term labour. Arrows indicate upregulation/
recruitment/ induction/ stimulation.Arrows highlighted imed indicate pathways turné on

by the presence of bacteriaTLR = tolike receptors, immune cells e.g. neutrophils and
macrophages, MMP = matrix metalloproteinases, TIMP = tissue inhibitor of metalloproteases
EMT = Epithelial to Mesenchymal TransitiGneated with BioRender.cam
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a) Term Labour

Myometrial quiescence = Activation of pathways Initiation of labour
A - Prostaglandins + Prostaglandins Cervical ripening

- Oxytocin receptors + Oxytocin receptors Myometrial contractions

- Surpression of cytokines + Cytokines Rupture of fetal membranes

+TIMPs +MMPs
Initiation of structural changes

Term
labour

Maternal inflammatory burden

Increasing oestrogen & progesterone Oestrogen levels surpass progesterone

Pregnancy Progression
b) Preterm Labour
Myometrial quiescence Activation of pathways by  Initiation of preterm
infection or inflammation labour
- Prostaglandins + Immune cells Cervical ripening
- Oxytocin receptors + Cytokines Myometrial contractions
- Surpression of cytokines ++ MMPs Rupture of fetal membranes
+TIMPs Initiation of structural changes
Pretem Labour Term
or PPROM Ll
Infection
Maternal inflammatory burden
Increasing oestrogen & progesterone
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Figure1.12 Initiation of term vs preterm birth. a) Graph illustrating the change in labour
inducing factors throughoutterm pregnancy.b) Graph illustrating the activation of
inflammatory pathways in pterm birth or preterm prelabour rupture of fetal membranes
(PPROM)MMP = matrix metalloproteinases, TIMP = tissue inhibitor of metalloproteases.

Dotted line representsa theoretical threshold of inflammatory signals needed for labour
Created with BioRender.cam
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1.7 Preterm Birth Prediction

Currently, when mothers present with symptoms of PWB are unable to determine who

will give birth prematurely. This leads to some mothers being dischasgpeh observation

and treatment is necessary. Others are kept in for observation unnecessarily which uses
resources and causes distress and disruption to the family. If we are able to determine which
women were going to deliver preterm, those women who neddervation and treatments

such as progesteron@arde et al., 2019erclagegJarde et al., 2019})ocolytics(Hanley et

al., 2019) magnesium sulphatéBurhouse et al., 201 @nd corticosteroid§Schmitz, 216)

can receive them and women who have low risk of delivery can be discharged. Additionally,
if we could predict infection associated PTB at an early gestation, before the initiatisiPiTaf,

this would allow more time to prevent possible PTB withatreents such as antibiotics or
probiotics before irrevocablprocessesuch as inflammation, degradation of membranes or

shortening/remodelling of the cerviwill occur.

1.8 Current prediction methods

Currently in the UKthere are several methods available to predict PTB. Unfortunately, these
techniques are unable to predict PTB whilgh sensitivityand have high rates of false positive
or negative. Due to the differing aetiologies, only PTB prediction methods for teingle

pregnancies will be discussadthis thesis

1.8.1 Clinical history

The strongest predictor of PTB is a previous PTB, for this reason most studies group women
based on risk. High risk women are generally classified by previous PTB/miscarriage or a short
cewical length. Low risk women are generally classified by no history of PTB or miscarriage
and a cervical length within the normal rangEigure 1.12a). The sensitivity of many
prediction methods decreases whapplied toall women but can still be useful within the

high-risk group.

1.8.2 Ultrasound assessment
Ultrasound is a costffective technique for developed countries such as the UK but, rural
areas in MIC are unlikely to have access to ultrasound equipment. This poses a challenge for

dating the pregnancy which may lead to an inaccurate gestational age.
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1.8.2.1 Cervical Length Measaments

One technique using ultrasound igreical length (CL)Thisscreening isa costeffective
predictive tool for PTBvhen available Transvaginal ultrasound is generally used for CL
measurementshowever, in some cases eig PPROM.J (i A, §afgiparieal ultrasound
can be used to reduce the risk of infection. Geal length is measured in a straight line from
the internalosto the externalos(Kagan & Sonek, 201&)jigurel.12a). In addition to cervical
length, features such as funnelling of the interwaland cervicakludge(Figurel.12b) are
measured.Funnelling was ableotpredict birth before 37 weeks iastudyfrom Maia et al,

(2020)with a small sample size (PTB n=13)

The current NICE guidelines recommersihgcervical length measuremetd assess the risk
of PTBACL of25mmis considered low risk of PTBreatments vary dependg ongestation
Between 16° and 24° weeks women with a CL of <25mshould be offered \aginal
progesterone and prophylactic cervical cerclage to delay delivery. Rigeks or more in
women with suspectedPTL, a CL of <15mm is used to diagrs®gd., after which tocolytics

and corticosteroids can be offerdlICE, 2019)

Research supports the use of CL to predict KUiBzier et al, (2016pund a CI2 ¥ iiwm p
was the most clinically optimaut-off with the lowest false positive rate and highest positive
predictive value. AdditionallySotiriadis et al, (2010ronducted a metanalysis which

concluded that cervical length was effective at predicting PTB within one week.

Howe\er, some studies concluded that CL is not clinically usétiideAgudelo & Romero,
(2015)observed that altange in cervical length over time is not a clinically usefulldesta
single measurement between §84 weeks of gestaon is better able to predict PTB.
Furthermore,Berghella et al(2017) confirmed that additional research is neededfte
screening can result in better clinical management and outcorites. because of these

drawbacks that we are stdlearching for effective PTB prediction methods.
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Figure1.13 Cervical length measurementfunnelling and cervical sludgdJsed to predict

preterm birth. Created with BioRender.com

1.8.2.2 Amniotidcervicalsludge

Anotherassessment tool that can be performed using ultrasound is observation of amniotic
sludgeor cervical sludgedescribed agarticulate matter in the amniotic fluid close to the
internal cervicabs(Figurel.12b). Many studies have concludddat the presence of amniotic
sludgeis anindependent risk factoof preterm delivery, histological chorioamnionitis and
microbial invasion of the amniotic cavity in patients with spontaneous pretermuiabod

intact membranegYasuda et al., 2020; Hatanaka et al., 2019; Kusanovic et al., 2007; Romero
et al., 2007)However, despite the reliable prediction of PTB in women with amniotic sjudge

not all patients experiencing PTB have amniotic sludge.

1.8.3 Fetal fibronectin

In addition to ultrasound methods, rapid bedside tests have also been developed for
detectingmarkers of SPTL. One of the most effective is fetal fibronectin (FRXtracellular
matrix glycoprotein that is produced by fetal cells and can be detectedrwicovaginal fluid
(CVH. Low levels of FFN in the second trimester indicate a low risk fofRRIhEBa et al., 2017)

Additionally, higHevels of FFN are associated with intraamniotic infec(®h et al., 2019)

1.8.4 Placental alpha microglobuin(PAMG1)
Placental alpha microglobuih(PAMGL) is a protein found in the amniotic fluid. It is used as
a biomarker in the CVF as its presence indicates PPROM or f@vhin et al., 1976)A

recent metanalysis showegkrvicalPAMGL can be used to accurately predict PTB within 7
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14 days(Pirjani et al., 2021)However, studies investigating PAMG have prioritised
symptomatic women leading to insufficient researchasymptomatichigh-risk women.

Additionally, this test is less effective in women with sPTLiatatt membranes.

1.8.5 Phosphorylatedhsulinlike growth factor binding proteih (phiIGFBR)
Phosphorylatedinsulinlike growth factor binding proteii (@hIGFBFPL), is produced by
deciduaand is present in the CVF when tecidua and chorion detachndicating tissue
damage(Brik et al., 2010)This testalso known agctim Partus, is currently usedn Jessop
wing Maternity branchof the Royal Hallamshire Hospital, Sheffield, WKere our studywas
conducted However, this test has some drawbacks. TAetim Partustest an only be used
when membranes armtactandonly has negative predictive value. In other words, a negative
resut indicates a low risk of PTBowever, a positive result does not provide an accurate risk

assessment.

1.8.6 Interleukirs

Interleukin-6 (IL-6) is a cytokine which is the most associated with PTB. Recent studigsst
that IL-6 can be used to predict PTB within 7 déiyaba & Tabarkiewicz, 2018)}1 has also
been found to predict PB with a 79% negative predictive va(denabebe et al., 2018)

1.8.7 Multiple prediction factors

By far the most accurat@pproach tgpredict PTB is by combining the most effective methods
of predition available.A recent studyRadan et al., 202@emonstratedthat a combination

of CL measurements arRAMGL1 can accurately predict PTB in symptomatic women better

than either factor alone.

Cervical lengthand CVF apkineslL-6 and IE8 were found topredict delivery within ®tays.
The prediction model had specificity of 92.8obut the sensitivity was only 56.40ung et al.,
2016)

A previous study from our group found th&ANTESL-6 and Acetate/Glutamate ratio
sampled from CViwvere associated with delivery within 14 daydowever, in combination
L/D-lactate ratio+ Acetate/Glutamate ratiot IL-6 was found to be a better predictoof

delivery within 14 day§Amabebe et al., 2019)
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1.8.8 Potential prediction methods

Ideally, prediction techniques should utilise nimvasive samples such as urine, CVF, saliva or
blood as collection poses no risk to the pregnancy. Movasivdy obtainedsamples such as
amniotic fluid,or cervical or placentaissuepresent a risk tdhe pregnancy and should be

avoided unlessbsolutelynecessary.

Thereis a range of prediction techniques which are currenthyder investigatiorincluding:
cervicalcollagen alignmenfW. Li et al., 2019¢ervical impedance spectroscofdnumba et

al., 2021) protein markers in CVF and amniotic flgidblst et al., 2011 )ytokines markers in
serum, CVF and amniotic flu{@hort et al., 2018; Bogavac et al., 20X@rvical microRNA
(Elovitz et al., 2014and metabolite markergLiang et al., 2019; Barberini et al., 2018)
these prediction methods are in the early stages of development and will require additional

studies on darger scale before clinical efficacy can be determined.

We are focussing omvestigatingCVFHoecause itgproximity to reproductive tissuesvhich
enablesmaller changes within the CW~be detected before aystemicchangein serum or
salivais detectabk. It is accepted that during PPROM amniotic fluid can leak into the vagina
and change the ptldnd metabolome of the C\V\FHowever, tre vaginal metabolomés not
currently used to predict PTB due to lack of evidence/resedMatrobiologyswabs are taken

to identify BV or pathogenic organisms such as @E&h has an established link to preterm

birth but does not yet have sufficient evidence to use as a pred(dtano et al., 2021)

Our aim is tadentify potential biomarkers for PTBy investigatinghe CVF microbiome and

metabolomealong with clinical factors.

1.8.9 Vaginal microbiome for Preterm Birth Prediction

Despite the numerous studies which investigate the relationship between the vaginal
microbiome and PTB using molecular sequencing techni(tlesitz et al.2019; Stout et al.,

2017; Ghartey et al., 2017; Hyman et al., 2014; Romero, Hassan, et al., 2014; Choi et al., 2012;
DiGiulio et al., 2008; Wilks et al., 2004; Oyarzun et al., 1@38)iscussed ih.5), detection

of microorganisms is not used for prediction of PTB. This is predominantly becausesalo cau
relationships have been established, due to the unique and changing natuihe buman

microbiota and the high number of organisms that have been detected.
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If causal relationships were established in the future, DNA sequencing of microorganisms
could present a gooBTBprediction method as this technique is becoming cheaper and more

portable e.g., Oxford Nanopore Sequencisg could be used in LMIC.

A broader approach to predicting PTB using VMB is to look at the metabolism of PTB
associated bacteria. Bacterial metabolism differs between spegle@msever, bacteria which
occupy the same inhe often have similar metabolisms due to their energy source and
environment (Amarasekare, 2003; Whittaker, 1965Jhis could allow detection of a
pathogenic bacterial group such as vaginal anaerobes without being species specific. This is
beneficial as th&/MBdiffers between individuals arakdiscussed in sectioh5.2 may differ
depending on settingOnce established, predictive atabolite tests are likely to be more
accessible to LMIC as they do not require expensive equipment asiakitrasound or

sequencing platforms.

1.8.10Cervicevaginal Fluid Metabolites for Preterm Birth Prediction

The CVF metabolome is a snapshot of the {p@aghogen interaction at the time of sampling,

as both host cells and microorganisms contribute to the metabolites present. Looking at
metabolites allows a broader view of the microbial commumtgtabolismas well as
interaction with the host.Metabolites are not only produced as waste produétom
metabolism but, have been shown to be used as signalling molecules by humaiVwaeils

& Lei, 2018and bacterigBassler & Losick, 200@) addition, bacterial metabolites have been
implicated in the regulation of the hoghmune systen{Levy et al., 2016)

Molecular techniques e.@°CR are able to detect targeted organisms, similarly, microbiology
techniques are able to isolate targeted organisms from clinical samples via specialised culture
plates. Both of these techniques could identify the presence of bacteria associated with PTB
However, by identifying the metabolites presente are able to identy related bacterial

species as well dmcteria which may not be closely related but inhabit the same niche.

Few studies have investigated the predictive value of metabolites in relation to PTB. A 2019
systematic review of untargetedanetabolites as PTB bimarkers foundonly 3 studies
investigating CVF, 9 investigating amniotic fluid, 1 investigating amniotic fluid and blood and

1 investigating blood and uringCarter et al., 2019)The athors concludd that significant
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metabolites and changes in metabolites are not consistent within the 14 studies they analysed.
Thiswaslikely due to the variatiosin samplecollection methodsindthe limited number of

studiesinvestigatingeach sampleype.

Focusing on CVRoststudies that looked at untargeted metabolomics to predict PTB found
significant differences between the term and preterm groudsested caseontrol study of
asymptomatic high risk womei@hartey et al., 2015bserved a significant change in amino
acid metabolism in preterm patients between the 2nd and 3rd trimester. Additionally, no
significant chage in carbohydrate metabolism between 2nd and 3rd trimester was observed
in the preterm group despite glucose, glucedphosphate, xylulose, maltohexose,- N

acetylglucosamine, and-Acetyl galactosamine being significantly decreased in the term
group.

In a follow up study investigating symptomatic women from a larger prospective cohort used
in the study previously mentionedGhartey et al., 201 Abserved a significant upregulation

of mannitol and methyl phosphate in addition @ significant dowrregulation of medium
chainfatty acids and collagen degradation markers in preterm patients compared to berm.
relation to PTBGhartey et al., (201 Has shown that women who give birth prematurelywkea

a different vaginal metabolite signature compared to women who give birth at term. Because

of this, CVF metabolites can be used as a PTB predictor.

In contrast, (Thomas et al.,, 2015Jid not find any significantly different metabolites in
preterm compared to the term grougdowever, this study investigated low risk patients at
20 weeks gestation. The significant findings fr@@hartey et al., 2015, 201Were changes

in metabolism between 26 28 weeks gestation in patients deemed to have a high risk of PTB.

Previous studies from our group harepeatedlyshown tha acetate, which is thought to be

a product of vaginal dysbiosisaspredictive of PTB within 2 weeks of assessment in women
presentingwith symptoms suggestive of preterm labo{Amabebe et al., 2019; Amabebe,
Reynolds, V. L. Stern, et al., 20} ditionally, the ratio of acetate and glutamate was found

to be predictive of PTB within 2 wike®(Amabebe et al., 2019)

Begum et al., (2017also found metabolites to aid in PTB predictidaginal fluid Urea
concentration was found to have 100% positive predictive value with a sensitivity of 98% and

specificity of 10%. Concentration of creatine in vaginal fluid was found to have a 97.83%
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positive predictive value with 90% sensitivity and 93.83% specificity. This tsyluighted
the costeffectivenessf using metabolites as a predictor of PiiBow resource settigs. If
further research is able to identify reliableetabolite prediction methods this would allow

accessible prediction of PTB in high and low resource settings

However, much research is needed before metabolites can be used as a reliable prediction
technique as the vagina is a complex ecosystem. For exampleould targetcommunities

with low levels oLactobacilluspp. for metabolomic predictiorof PTBasthese communities

are thought have the highest risk of PTBudnadottir et al., 2022)Low lactobacilli
communities will have lower levels of lactate in CVF. Additioraiypmunitiesdominatedby

L. inersvere found to have lower levels of lactafe/itkin et al., 2013)Therefore, measuring
lactate can prome insight into the community rather than performing more specific

microbiology assessments that may not apply to all women.

However, Lactobacillis are not the only lactate producing bacteria, other gemsuch as
Leuconostoc, Pediococcasd Streptococusare also known to produce lactic a¢f@uinto et
al., 2014) Therefore it is useful to study nobnly metabolomeprofiles but also thenicrobial
source to ensure robust predictive test that can be used in a range of women with varying

vaginalmicrobiota
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1.9 Summang Aims

PTB is a complex multifactorial problem. Some aspects are relatively well known such as
multiple births, preeclampsia,intrauterine growth restriction(IUGR. sHPLis less well
understood however, it is established that infecti@ndinflammation play dig role in many

sPB.

LMIC have disparately high rates of PTB andnadt of theresearch is conducted in high
income countries. Researcthould not assume that predigg and preventve methods
developed in places such as the UK bellapplicablen LMIC.Despite an increasing number

of microbiome sequencing studies in LMIC, no studies to date have compared the vaginal
microbiome of pregnant women from multiple continents using the same methods to reduce

potential areas of variation.

The mechanisms o$PT and PPROM have been studied bare still not completely
understood. Most studies focus on pathogens and infections #énatistorically associated
with PTB. However, recent research utilising microbiome and metabolome techniques allows

us to studymicrobial induced mechanisnmsore comprehensively thapreviousapproaches.

The role of commensal vaginal bacteriahe aetiology ofPPROM israunderstudied area.
Considering thdar-reachingrecent developments ithe study of thegut microbiome it is
likely that the VMB could have similar immune regulation function®lation to parturition

at term or preterm
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1.9.1 Aims

Oneaim of PRIMENIHR Global Health Research Growgs togather samples witlpartner
countriesaround the world to ensure PTB reseaishreflective of women from a range of
settings Unfortunately, due to the SARRV2 pandemic only the Sheffield samples are

included in this thesisConsideringhis, the aims of this thesis are:

1. To optimise a staslardised CVF microbiome protocol that can be used consistently for
partner country samples

2. To Investigate prediction methods PTB and PPROMilising CVF metabolites and
microbiome

3. To investigate how microorganisms in the VIMBy contribute to PPROM

To improve current prediction methodand develop prevernite treatments we need to
better understand how microorganisms, both commensal bacteria and pathogens, contribute
to PTB and PRIM. We want to better understanthe nuances othe VMB and PTBor
specificallyPPROMIn order to develop prediction methods which are applicable not only in

the UK but around the world.

PRIMEimsto collect vaginal swab samples from pregnant women effgid UK, Cape Town
SouthAfrica,and Bangladeshrhis research will be the first to use consistent methods across

3 continents. Research in this thesis will lay the foundations for a continuing global study.

Chapters 2 & 3 investigate clinical samplesdentify microbes and microbial products and

metabolites that could be used to predict PTB in the future.

Chapter 4 detail$n vitro studies investigating the mechanisms of PPROM and how vaginal

bacteria may contribute to PPROM.
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2 Chapter 2 ¢ Oxford Nanopore Sequencing of the Vaginal
microbiome

2.1 Introduction

The VMB has been associated with PTB and PPR&Mver evidence is mixed. Some studies
found no associatior(Stout et al.,, 2017; Nelson et al., 20M6hilst others found that
abundance of specific organisms &grdnerella vaginaliand Lactobacillus crispatusere
associated with outcomgHyman et al., 2014)Lactobacillus gassemnd Lactobacillus
crispatusare thought to promote term birth. WhilsGardnerella Lactobacillus inersand
Lactobacillus jensemire thought to contribute to PTBCallahan et al., 2017; Stafford et al.,

2017; DiGiulio et al., 2015)

The participant population and sequencing thneds can greatly affect resul{see section
1.4.3. Because of thisthe PRIME studgimedto investigatethe VMB of pregnantvomen

from different continents using the same methods from sample collection to data analysis.
Oxford Nanopore sequencing lends itself well to this aim as it is portable and can be used in
a range of settings without the need for large equipment and labmies.This work contains

results from Sheffield participants only.

During the first year of this PhD investigation, a literature review was undertaken and at that
time in October 2018 January 2019 there were no published studies on vaginal microbiome
using Oxford Nanopore sequencing technologMest of thelab work in this chapter was
undertaken in June September 2021. During this timgKomiya et al., 2021)ublished a
study investigatingaginal microbiota analysis in a clalisettingusing Nanopore sequencing,
focussing on noipregnant nfertility patientswith no BV symptoms. Methods published by
Komiya et al were tested during the primer optimisation work (see se@i8r¥). After the
completion ofthe laboratory work, several studies have now investigated the VMB using
Nanopore Sequencin@Marquet et al., 2022; KersBarnard et al., 2022 nonpregnant

women
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2.1.1 16S Sequencing

16S sequencing which targets the 16S rRNA gene, discoveFex ey al., 197,7is commonly

used for identification of bacterial species. The 16S rRNA gene encodes a ribosomal RNA
molecule present imll bacteria on the 30S subunit of the ribosorrgre2.1) (Fukuda et al.,

2016) The ribosome is integral to translating mRNA into proteins and so the genes for the
ribosome contain many conserved regions which are present throughout the bacterial
kingdom. PCR is typically performed prior to sequencing to increase the concentraldiAo
Universal primers target conserved regions of the 16S gene so they are able to amplify all
bacterial species present however, amplicons need to include one or more variable regions
for species identificatioiiMartinezPorchas et al., 2017Yniversal primer performance can
vary depending on which V region they target, amplicons spannirg & 34 have been

shown to perform best for species identificati@dugerth et al., 2020)
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Figure2.1 Graphical representation of the ribosome complend 16S rRNA gen&he white
and greysections of the 16S rRNA gendicate conserved regions and hypervariable regions
(V1-V9)respectivelyReproduced with permissioffrukuda et al., 2016)

2.1.2 OxfordNanopore sequencing

Nanopore sequencing is considered to be tHeg@neration of sequencing techniques, thé 1
being sanger sequencing, which is unable to sequence bacterial communitieseiflg
lllumina which is able to read short fragments of up to 300 bp. This method is able to read
much longer fragments of DNA cpared to older methods, allowing for more accurate

identification of bacterial species via the 16s gene which is roughly 1600 bp long.
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The basis of this technique is an electrically resistant polymer membrane containing protein
pores each positioned abovan electrode. When voltage is applied across the membrane
ionic current is directed through the nanopore. Durisgmple preparationa sequence
adaptor is added to the start of each DNA strand. The sequence adaptor is made up of a motor
protein which contols the speed of translocation as it unzips the double stranded, Nifst
feeding the single strand through the pore one base at a time. As each base pair passes
through the nanoporethe electrical current is disrupted. Each base produces a different
disruption, this signal is captured by &pplication Specific Integrated Circuit (ASIC) chip
connected to the electrode under each nanopaned is converted into base pair call§he
identified base pairs on a DNA strand are recorded and can be analysdéntify the
bacterial species presenPores on the membrane act independently and concurrently. Data

is transferred into a readable format as soon as the strand has passed through the nanopore,

this allows results to be seen in real tirff@gure2.2 & Figure2.3).

Our study aims to sequence samples from a range of settings in order to produce a preterm
birth prediction strategy that can be utilised in both high and low resource settings. Nanopore
sequencing lends itself to our aims due to its portability and la¢krgé equipment needed.

The device itself (minion) can be held in your hand and requires only a laptop to read the real
time data. This will allow clinical facilities which do not have access to large and expensive
laboratory equipment to utilise this PiBediction method. Additionally, as the equipment is
portable samples could be taken into a rural community setting to combat barriers to

healthcare that some mothers face.

The limitations of Nanopore sequencing include a potentially high error ratasé balling
however, many new methods for improving read accuracy are being developed all the time.
Including NanoCLUST which improvieacterial identification and abundance profile
estimation at specietevel resolution(RodriguePérz et al., 2021and NanoRevisewhich

is apostprocessing tooto reduce error ratgWang et al., 2020)As this method is still very
new, a standardised analysis pipeline hasyet been established. As this technology evolves
and improves our ability to rapidly identify species will also improve. Currently species level

resolution may not be achieved consistently but likely will in the near future.
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(A) Sample preparation
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Sequencéradaptors

\

(B) Sample loading

Figure2.2 Nanopore sequencing method$§A) During sample preparation sequence adaptors
containing a motor protein are added to the end of each DNA mole@@)&ample is loaded

into the minion device and sits above the nanopanembrane (C)lonic current is applied
across the membrane and DNA strands begin to translocate through the nanopores. C1
Sequence adaptors are drawn toward the nanopore by tethers on the membrane and the
motor protein sits on top of the nanopore. Ga'he motor protein unzips the double stranded
DNA and feeds a single strand through the nanopore reader where the bases are identified
(seeFigure2.3). C3&4¢ Once the DNA strand has passed through the pore the motor protein

detaches ready for the next stran@reated with BioRender.com
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Figure2.3 Nanopore sequencing base callinignic current flows though the nanopore, as

each base pair passes through, the ionic current is disrupted. Each base produces a distinct
disruption, this signal is captured lan Application Specifitntegrated Circuit (ASIC) chip
connected to the electrode under eactanoporeandis then converted into base pair calls.
Created with BioRender.com
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2.2 Hypothesis, Aims & Objectives

As future work will be conducted on clinical samples from LMé&hwse to use novel Oxford
Nanopore Sequencing for 16s microbiome sequencing as taibad is the only portable

sequencing technology that could be used in a range of settings.
Objectives:

1. Tooptimise the DNA extraction method and universal primer pair selection

2. Toextract DNA from clinical samples and perform 16s sequencimtgtuify bacterial
species present in the samples

3. Tocompare results from term, preterm and PPROM delivered patients to identify

potential biomarkers and vaginal organisms associated with PTB

We hypothesise thatvomen who give birth prematurely will have a significantly different
VMB that can be used to identify vaginal bacterial communities that result in a higher risk of
PTB.

We hope to better understand which microorganisms put women at most risk of PTB and
PHAROM in order to develop predictive models inclusive of women not just from the UK but

around the world.

Unfortunately, the SARG0V 2 pandemic delayed sample collection from all research sites
and so this work includes only samples from the UK. Howevesedb@an the methods
optimised in this study, the PRIME research team continue to work with clinical samples from

all partner countriegdiscussed in future work)

70



2.3 Methods

2.3.1 Recruitment and eligibility

Studies were undertaken at the Jessop Wing Maternity &frthe Royal Hallamshire Hospital,

a tertiary referral unit with a birth rate of nearly 7,000 deliveries per year. Two cohorts of
women were recruited: symptomatic and asymptomatic high risk. Sample size calculations
were conducted using MedCalc® softesdased on local birth statistics and published studies
which reported an AUROC of around 0@84 for sPTB prediction using CVF metabolite
profiling (Amabebe, Reynolds, V. L. Stern, et al., 2016; Amabebe, Reynolds, V. Stern, et al.,
2016) Given an estimated prevalence of SPTB in the range of 25% for the proposed cohorts,
the expectedratio of negative (terrrdelivered) to positive cases (preterm delivered) was set

at 4:1. Assuming a power of 80%, a type | error of 5% and a null hypothesis of AUROC=0.5, a

sample size of 385 women was determined for each aridgrice., 2019

Women wih signs of cervical infection, previous cervical surgery, abnormal cervical smear
within the previous 3 years, multiple pregnancy and known fetal anomaly were excluded from

the study as these conditions are known to be independent risk factors for PTB.

Paticipants and samples within this thesis were part of tBECLIPPx Il studsteCtriCal
ImpedancePrediction of Preterm Birth by Spectroscopy of ti@ervix 1), or the PRIME study

(Preterm Brth Prevention ad Management).

The ECCLIPPx Il studgts conducted withtHuman Research Authority approval frahe
Yorkshire & the Humberd3earch Ethics Committ€@7/YHO0179) in alignment with Sheffield
Teaching Hospitals NHS Treegulations, egistrationnumber STH1938Between May 18
2018 and Augustst 2019

PRIME study was conducted wiluman Reseaah Authority approval froniHealth and Care
Research Wales (HCRW) ApproV@AS project ID: 25613BEC reference: 18/L0O/204d
alignment with Sheffield Teaching Hospitals NHS Tragulations, protocb number:
STH20635. Betweerf'March 2018 an@5" March 202
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2.3.1.1 Asymptomatienhigh riskpatientcohort

Acohort of asymptomatitigh risk AHRWwomen were judged to be at high risk of PTB based

on their previous obstetric history (one or more premature lhit37 weeks or one or more

late miscarriages). Or alternatively, they were included if they had an incidental short cervix
(<25 mm) before 22 weeks or had undergone LLETZ with an excised tissue greater than 1.2

cm thick regardless of their previous obstethistory (Khalid et al., 2012).

AHR participants were approached at their booking antenatal visit at Jessop Wing. The study
was explained, and study materials were provided including the Patient information leaflet.
If they wished to participate in thetudy, women were scheduled to attend Fetwternal

Unit atgestational timepoint 1 (GTP20-22 weeks andater at GTP26-28 weeks. As thee

study appointments were performed on the same day patients were already scheduled to
attend their PTB clinic, ptcipating in the study did not increase their number of clinical
appointments and so resulted in higher complianElweverthe appointment for sample
collection at30-32 weeks (GTP3) did not align with a fmeheduled appointment therefer

there was a higher rate of dreput at GTP3. Additionally, a small proportion of preterm births
occurred prior to GTP2 and many preterm births occurred prior to GTP3 resulting in fewer

samples in these groups.

2.3.2 Data collection

After securing written consent, a full history was taken, and all clinical and demographic data
was retrieved and recordedtthnicity data was grouped into White, Black, Asian or Hispanic
due to insufficient groumumbers. White including White British, White Irish & White Other

or Black including Black British, Black Caribbean, Black African & Black Other or Asian including
Asian British, Asian Bangladeshi, Asian Indian, Asian Pakistani, Asian Chinese & Asian Other
Hispanic including Hispan@uban Hispanidviexican,HispanidPuerto RicanHispanicSouth

American& Hispanic Other.

2.3.2.1 Swabs
For the microbiome and metabolome studissjabs were taken &TP1Z0-22 week$, GTP2
(26-28 week3 and subsequentlat GTP330-32 weeks.
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A speculum (Robinson Healthcaré@yicated with sterile watewas insertednto the vagina

to visualise the cerviand facilitate retrieval of cervicovaginal fluid from the posterior vaginal
fornix for fFN measurement and metabolites qudmation. Threeswabs were taken from

the posterior vaginal wall: one for fFN analysis, two Dacron swabs for metabolome and
microbiome analysis (Delta lab Eurotubo300263, Fisher Scientific). Swabs for metabolome
and microbiome analysis were immediatelprgd at-20°C in Jessop Wing for a maximum of

3 days before transfer for loagrm storage at80°C at the University of Sheffield.

2.3.2.2 Cervical length

Cervical length measurements includithghamic changes as well as the presence of cervical
sludge or funnding were recorded as added independent risk factors of PTB (Kagan and
Sonek, 2015)Cervical length measurement was taken using a transvaginal probe (Hitachi
Aloka ProSound Alpha 7). An image of the cervix was obtained, and CL was measured in a
straight Ine. The procedure was repeated 3 times, and the shortest CL measurement was

recorded.

2.3.2.3 Fetal fibronectin measurement

As an additional method of PTB predictiafFN swab was collected. & LISNJ Y I y dzF I Of
instructions, the fFN was the first swab to be collected to avoid sample contamination. After
retrieving the sample from the posterior vaginal fornix, the tip of the swab was immersed in
buffer, before being checked with the bedsidagi®d fFN Hologic® Perilynx system which

yielded quantitative results measured in ng/mL.

2.3.2.4 pH readings
Vaginal pHwhich indicates infection when above normal rangsas measured with
Fisherbrand“ narrow range pH indicator paper strips (3®%1) placed on th tip of the

speculum after being withdrawn from the vagina.

2.3.2.5 Disclosure of results and clinical management
Participants were advised on their CL and fFN results at the time of the visit. Their risk of PTB

was also computed using the QUIPP® app (Watsoh, &04.7).

Patients with a short CL, a positive fFN result or deemed at high risk of delivery within 7 days
were offered appropriate management as per local and national guidelines including

admission, referral to the Jessop Wing specialised Preterm Biithc, consideration of
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cerclage or progesterone and/or administration of antenatal steroids and magnesium

sulphate, and neonatal counselling (NICE, 2014).

2.3.3 DNA Extraction

2.3.3.1 Optimisation of DNA extraction

To identify the best DNA isolation method for ceoswvaginal swabs stored a80 in PBS that

can be reproduced easily in a variety of settings we tested 3 DNA isolation protocols from 2
commercially available kit®rotocol Autilised QIAmp DNA mini kit (Qiagéi1,304, protocol
adapted fromStafford et al., 20L#Protocol Balso utilised the QIAmp DNA mini kit but follows
the protocol from manufacturer including appendix D from handbook which is specific for
gram positive bacteriaRrotocol CutilisedQIAamp DNA Microbiome KiQiagen51704 and
included a host DNA degradation step prior to the breakdown of bacterial cell walls. See

Figure2.4 for a comparison of protocols A, B &C.

Vaginal Microbiome Whole Cell Mix (ATCC® -R®A) was used tocompare DNA
extraction methods.Two concentrations of bacterial cells were used for optimisation:
500,000 bacterial cells/ isolation which representanber of bacteria on an average CVF
swab, assuming a swab holds HDOof CVF which containgd0® cells/ml. A second
concentration of 1 million bacterial cells/isolation was usedest protocols with a larger
number of bacteria in addition to megativecontrol which consists of a clean swab that has

undergone DNA isolation and PCR with shenples.
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Protocol step

Protocol A

Protocol B

Protocol C

! - Swab sample collected & stored at -80°C
- Thawed, 400ul PBS added & vortexed for 5 min

Bacterial lysis

Proteinase K
20ul 24mg/ml
&

Proteinase K
20ul 24mg/ml
&

Processing
Elution from swab centrifuged for bacterial
pellet & supernatant removed
Benzonase &
Proteinase K
20pl 24mg/mll
Removal of T
host DNA
degradation of DNA &
RNA not protected
within bacteria
Lysozyme Lysozyme
75ul, 10mg/ml 180ul, 20mg/mi
37°C 1hr 37°C 1hr

Mechanical lysis

Proteinase K

40ul 24mg/ml
RNAse A RNAse A 56°C 30 min
4 pl 100mg/ml 4 pl 100mg/ml
56°C 10 min 56°C 30 min
95°C 10 min
Lysed DNA wash DNA elution
|| bacterial .| buffer | buffer
) I sample‘ } N _‘{ _
Spincolumn &| | N N A\ Na N
DNA
wn | B DB T LB LT
Spin \\/ \‘ / Spin ./ Spin \oef
L/ \‘J” ‘\._/i “‘Q‘.‘l / \‘\_. [ I‘“\\:::’.
Elution 100yl Elution buffer | 200yl Elution buffer | 50pl Elution buffer x2

Figure2.4 Comparison of DNA kits for isolation of bacterial DNA from cerviaginal swabs.
Protocol A= QIAmp DNA mini kit (Qiage®il304, protocoladapted from(Stafford et al.,
2017) Protocol B= QIAmp DNA mini kit follang the protocol from manufacturer including
appendix D from handbook whids specific for gram positive bacterRrotocol C= QlAamp
DNA Microbiome KifQiagen51704. Created with BioRender.com
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2.3.3.2 DNA extraction from CVF swalnstocol

For microbiome analysis, DNA was extracted from the clinical sarffitessample collection,
swabs were immediately stored a20°C in the clinic. Swabs were then transferred to the
laboratory where the swab tip was cut off, placed into an Eppendorfsémed at-80 °C until

DNA extraction. Swabs from the ECCLIPPx study were stored in FEBBSGtbut, swabs
collected for PRIME were stored without PBS and were eluted into PBS after thawing shortly
before DNA extraction in line with other studi€Sallahan et al., 2017; Stout et al., 2017;
Subramaniam et al., 2016; DiGiulio et al., 2015)

All tips, tubes, tweezers and scissorerev UV sterilised for 15 minutes to reduce bacterial
DNA contamination. Telute CVHor DNA extraction, the swab was thawed ar@Dpl PBS
was addedhenvortexed for 5 minutesThe swab was placed into a new tube and centrifuged

at 10,000 xg for 1 minute® draw out any remaining fluid from the swab.

QIAmp DNA mini kit (@GEN UK, 51304) was used to extract DN@&m CVFusing the
following protocol: 75 pul of lysozym® mg/ml (Fisher Scientific) was added00pul of CVF,

Vaginal Microbiome Whole Céllix (ATCC® MS®07Mm) or PBS from a blank control swab
andwasincubated at37°C for 1 hour in order to degrade bacterial cell svdfroteins and

RNA were digested by adding 20 pul proteinase K, 24 mg/mL (Qiagen, UK), 4 pl RNase A, 100
mg/mL (QAGEN and500 pl of lysis buffer A(1:1 ratio)to each tube. Samples were inverted

2¢3 times to mix andncubated for 10 minutes at 56°600 ul of100%ethanol was added

and vortexed for 15s to precipitate the DNA out of solution. Each sample was added to a spin
coumn and centrifuged at 6,000 x g for 1 minute adow DNA to bind to the silicone
membrane and for the supernatant to pass throudine filtrate was discarded and 500 pl of

wash bufferAW1 was added and centrifuged at 6000 x g (8000 rpm) for 1 mirat&iliras
F3FAY RA&AOFNRSR YR pnn >f 2F gl akK o0dzFFSN
(14,000 rpm) for 3 min. The spin column was added to a new collection tube and was
centrifuged at 20,000 x g (14,000 rpm) for 1 min to dry the membrane and elienbuffer

AW?2 carryoverEach column was then transferred to a clean 1.5 ml microfuge tub&@pd

of buffer ABwater was addednd incubated for 1 minute at room temperatubefore finally

being centrifuged at 6,000 x g for 1 minute to remove isoldd®tA from the column. DNA

sample wagplaced on ice prior to PCR amplificatidém.addition to the CVF samples, a blank
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swab also underwent DNA extraction in order ¢ontrol for bacterial contaminants in

reagents.

2.3.4 Optimisation of universal bacterial primers for vaginal organisms

In order to identify suitable universal primers that can amplify the majority of species within
the vaginal microbiome for Nanopore sequergsira literature search was performed to
identify universal primers previously used in vaginal microbiome sequencing studies.
Additionally, two reverse primers were design&iibsequently, 1in silicoand 2) laboratory
experiments were performed to assetbe primers identified from the literaturén addition

to the universal primer pair recommended by Oxford Nanopore (27F/1492R).

2.3.4.1 Primer design

Twonovel universal reverse primensimed MCRevA & MCRewBtimised for vaginal species,
were created using Bemlit. Sequences of thd6s gene of each organism from the DNA
standard were downloaded from the ATCC web#itiéps://genomes.atcc.org/genomegs
This includesGardnerella vginalis (ATCC 14019)L.actobacillus gassefATCC 33323),
Mycoplasma hominiSATCC 23114Prevotella bivigATCC 29303%treptococcus agalactiae
(ATCC BAB11),Lactobacillus jenser(RTCC 25258)

Sequences were aligned using the Clustal W function
(https://lwww.ebi.ac.uk/Tools/msa/clustalw?/in Bioedit to identify regions where species
share a common sequenc&nnealing temperature and location on the V region were taken

into account when designing these primers.

2.3.4.2 In silico analysis

To assess the sulidity of universal primers from the literature for amplification of all vaginal
taxain silicoanalysis was performed. A total of 28 primers were identified from studies that
have previously sequenced the VMBBing a combination of the8diterature primersand 2
designedprimers(Table2.2), 30 different primer pairs were teste@able2.3). All primers
were custom DNA oligos (IDT, UK).

Usingthe downloaded16s gene sequensg bcation of the forward and reverse primer was
identified on each sequence and number of base pairs betweere counted to calculate
amplicon size. Optimal annealing temperature, CG content and potential for heterodimers

were assessed using IDligoAnalyzer Tool
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Larger scale analysis was performed using an online tool TestPhitipes:{www.arb-
silva.de/search/testprimp (Klindworth et al., 2013p K A OK inNitizgta/ wié dza A y 3

database. We provided TestPrime with the primer sequences, selected the smaihisub

database $SU r138)land the noaredundant reference dataset (RefNEachprimer pair
wasthen analged by theonline tool which includes assessingah sequence against the
SILVA databasejergng the results for the forward and reverse primaanrd soting into to

three groups Match = both primers matched at the intended match positianismatch=

only one primer matchedpodata= sequences for whicho clear decision could be made.
Values for % amplification for each taxonomic unit were calculated by dividing the number of
matchedsequences by the number of matched or mismatched sequertadkdetails of the

TestPrime tool and its script can be foundKlindworth et al., 2013)

2.3.4.3 Laboratory analysis of universal primer pairs
To assess the performance mfomisingprimer pairsidentified duringin silicoanalysisPCR

was performed using aNA standard (Vagal Microbiome Genomic Mix ATCC, MEN7)

{L

containing 16.7% Gardnerella vaginalis (ATCC 14019), 16.7% Lactobacillus gasseri (ATCC
33323), 16.7% Mycoplasma hominis (ATCC 23114), 16.7% Prevotella bivia (ATCC 29303), 16.7%

Streptococcus agalactiae (ATCC BAR), 16.7% Lactobacillus jensenii (ATCC 25258)

PCR conditionsTag PCR master mix kit AGENUK) with final concentrations: MgQl5mM,
2.5 units Taq DNA polymerase, p80of each dNTP, O.@1 each primer and 5pg of bacterial
DNA in TE buffer as reconamded by QAGENA negative control containing the reaction mix

but no template control (NTGyas included for each pair in every PCR reaction.

Due to the varying annealing temperatures of the forward and reverse prinseesresults
sectionTable2.2) eachpair was tested with an annealing temperature of6&nd 60C, some
pairs were also tested at 30 and 52C because of their lower remmended annealing

temperature.

Once a shortlist of suitable primer candidates was identified PCR was repeated with 4 pairs

GAGK Iy FTRRAGAZ2YIE oF ND2RS 4S8ljdSy0S 2y G(KS p
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Table2.1 PCR reaction conditions

Step Temp Duration Cycles

1) Initial denaturing 94 3 min

2) Denaturing 94 45s

3) Annealing Variable 1 min

4) Extending 72 1 min 30s Return to step 2,
repeat 35 times

5) Final Extending 72 10 min

6) Storage 4 Overnight

After PCR, gel electrophoresis was performed to identify if an amplicon had been produced
at the expected size. Initially a 0.8% gel at 100v for 1 hr using TAE buffer stained with SYBR
green DNA dye, marked with Invitrogen 100bp ladder wasdug¥ter optimisation,
electrophoresis gels were performed using 1.2% agarose, containing GelRed nucleic acid stain
(1:20,000) and was run at 80v for 1hr 30 min. TAE buffer store@Catvés used to prevent
overheating. FullRanger 100bp DNA Ladder (gewell80014) was used to identify size of

amplicons on the gel. Gels were imaged using Syngene G box.

2.3.5 PCR of CVF samples

After extraction of total DNA from the clinical samplB§;R was performed using optimised
bacterial universal primers in order to giify bacterial DNAHalf of the extracted DNA was

used per PCR reaction; PCR was performed on 2 separate occasions for each sample to ensure
maximum output of amplified DNA and to reduce the chance of contaminagisuting in an
unusable sampleDetails of PCR reagents and conditions are listed in the optimisation section
(2.3.4.3. Barcoded primers were used in order to matwdcterial DNA strands to thdimical

sample ID.Each PCBxperimentincluded clinical samples, a positive control containing 5pg

of template DNA from the bacterial standard used in the optimisation, a negative control
containing DNA extracted from a blank swab which indicates migrabntamination from

reagents and finally, a negative control containing the PCR mix but no DNA template (NTC).
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2.3.5.1 Sample Cleanp & Size Selection

Samples sent for sequencing were cleaned up usiMdgure XRlean up beads (Beckman,
A6388(0. Clean up removes short fragments of DNA such as primer dimers and works by
adding magnetic beads to the sample, DNA binds to the beads hrther strands
preferentially bound. This allows selection of DNA size to renfiova the sample using
different ratios ofbeads: sampleWe used a ratio af:1.2 to remove DNA <150 bp long. The
samplewasplaced over a magnet to form a pellet of beads and DNA bound to them. Any DNA
not bound was removed along with the supernatanbeadswere thenwashed with 70%
ethanol. Samplewere then removed from the magnet and elution buffeasadded to the
beads which resuspends the DNA. The samalgthen placed back onto the magnet atite
beads, now with no DNA bounthrmed apellet atthe bottom of the tube and the sample

wasmoved to a new tube ready for sequencing.

2.3.6 Library preparation

In order to sequence multiple samples simultaneously, samples were normalised to the same
concentration and pooled into a sequencing librdfgr eactsample DNA concentration was
measured using Qubit dsSDNA HS Assay Kit (Invitrogen, 10606433)sure maximum reads

from samples with low DNA concentration, samples were sequenced in 2 batches. Samples in
the lower concentration batch were alfiluted to 1.5 ng/samplein order to get a
representative number of reads from each sample. Samples in the higher concentration batch

were diluted to52 ng/sample

2.3.7 Nanopore sequencing
To identify which bacterial species were present in the clinical sampbg®rd Nanopore
MinlONSquendng was performedht the Sheffield Institute for Translational Neuroscience

(SITraN), University of Sheffield, Sheffield, UK.

2.3.7.1 Demultiplexing
After pooling barcoded samplehiring library preparationgdemultiplexing was carried out
usingPorechop v0.2.0. In this process, the barcode sequendke primeris used tamatch

sequencewvith the sampleghey originated from.
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2.3.7.2 Quality checl& Adaptor trimming
Adaptors were removed usingorechop v0.2.3theseallow DNA stranddo attach to the

nanopore butmust be removed as they interfere with the downstream analysis.

Quality check vas performed using PycoQC v2.5.2A commonly used quality score for
sequencing is PHRED score which indicates the probability of sequencingrbeanedian

PHRED score for the reads was 10.33. This indicates a 10% error rate whereas a score of 20
would indicate a 1% error ratéDelahaye & Nicolas, 2021\ PHRED score of <8 was not

considered for subsequent analysis.

2.3.7.3 OTU Picking
Processed radgsthen underwentdereplication In this process, readgere comparel against

each otherandsimilar readsvere grouped andassiged arepresentativesequence.

Sequences were then clustered irdperaional taxonomic unit§OTU3using vsearch within
giime2. Sequences are clustered against a reference databasmg closedreference
clustering performed at 85% identity against the SILVA datatmagkentify a species hame
for each OTU

2.3.7.4 Abundance

In order to visualise abundance for each samglene2.was used to produce an interactive

plot that can be viewed onhttps://view.giime2.org/ (interactive file available in

supplementary materials).

2.3.7.5 Prevalence

To identify taxacommon acrosgroups prevalencaevas calculatedAfter OTU picking and
identification using the SILVA database, read counts were exported to excel (see
supplementary materials). The prevalence of each Taxonomy ID was determined by assessing
the presence oabsence within eackampleand calculating a percentageumber of samples
Taxonomy ID present in/ total number of samples x10B)s was calculated fdrgroupsall

samples, term, preterm and PPROM.

2.3.7.6 Richness
As a measure of diversity, the richness atle sample was assessed by counting the total

number of Taxonomy ID present. This was performed in excel and inputted into GraphPad
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Prism 9.2.0 for statistical analysisd graphical representatio® KruskaWallis test was used
for analysis of 3 conditits (term vs preterm vs PPROM) and MaNhitney test was used for

analysis of 2 conditions (term vs preterm)

2.3.7.7 Alpha Diversity

An additional method of diversity assessment that considers both richness and evenness of a
community was also usedlpha divers§g was calculated using the Shannon diversity index
(SDIYShannon, 1948)sing the following equatiodn= Natural log, pi = The proportion of the

community made up of species
ShannorDiversity IndexH)=q0 LA F f YO LA O

H values for each sample were inputtiedio GraphPad Prism 9.2.0 for statistical analysis and
graphical representation. A Kruskadallis test was used for analysis of 3 conditions (term vs
preterm vs PPROM) and Maikhitney test was used for analysis of 2 conditions (term vs

preterm).

2.3.7.8 Relative Abundance

In order to assess community composition, relative abundance of @aslonomy IDvas
calculated by dividing number of reads per Taxonomy ID by the total reads in the s&sple.
highlighted by(Callahan et al., 201Me presence and proportioaf G. vaginalis, L. crispatus
andL. inerss clinically important. Relative abundandetleese organismvas calculated from
abundance values using the following formula: Organism 1/(Organism 1 + Organism 2). In this
case 1 represents the presence of only Organism 1, 0.5 represents even abundance of
Organisms 1 & 2 and 0 represents the preseof only Organism 2. Athsistical analysis was
performed using GraphPad Prism 9.2.0 using Méfimtney test.Correlation of the relative

abundance was calculated using Pearson r correlation function on GraphPad Prism 9.2.0.

2.3.7.9 Classification of Commuyitate Types (CST)

We attempted togroup samples according tmmmunity state type (C$depending on the
most abundantbacterial speciesThese groups are based on the widely accepted CST from
(Ravel et al., 2011¥yeeTablel.3). The taxonomy ID with the greatest relative abundance was

considered the dominant species (see supplementary materials).
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2.3.8 Predictive Analysis

In order to assesdhe predictive capacity of baéerial species aReceivefoperating
characteristic (ROC) curwasused.Area under the curve was assessed, a value of 0.5 was
considered to have no predictive value. A value of 1 was considered to perfectly predict PTB
and a value of 0 was considered terfectly predict a term birth. Sensitivity, specificand
likelihood ratio were calculated using criteria outlined (Bhreffler & Huecker, 20204l

analysis was performed usi@raphPad Prisr®.2.0

Sensitivityrepresents the %f true positivesout of all subjects whavill have a PTBn other

words, it is the ability of the test to givetaie positiveresult

z oA s s

Specificityrepresents the %f true negatives out of all subjects whkall not have a PTBn

other words, it is the ability of the test to givelrae negative result

400RCAOEOAOD

Positive Predictive Value (PP¥§presents the propdion of positive results that are correct
out of all positive results

z . A Z = Z A oz o

Negative Predictive Value (NP\gpresents the proportion of Negative results that are

correctout of all negative results

400RCAOEOAOD
400AACAC RAAMCAOEOAOD
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2.4 Results

2.4.1 Optimisation of DNA extraction

DNA extraction method has been shown to effect microbiome sequencing results. We
optimised the DNA extraction method of cryopreserved CVF swabs using 2 commercial kits
and 3different protocolsseeFigure2.4 for a comparison of protocols A, B & C. We found that
pre-PCR, protocol A appeared to isolate the highest concaatraf total DNA from a CVF
swab. No bands were present for the bacterial whole cell standard attsx10x10cells for

any extractiorprotocol Figure2.5).

Protocol A Protocol B Protocol C
o) EEE———

VE swb 55 10° NE Wb 52 107 VE swb 55 10°

Figure 2.5 Electrophoresis gel imaggre-PCRcomparing 3 different DNA extraction
methods ProtocolA = QIAmp DNA mini kit protocol detailed {$tafford et al., 2017)
protocol B =QIAmp DNA mini kit protocol from manufacturer including appendix D from
handbook.C =QIAamp DNA Microbiome Ki#E = DNA extraction from a blank swab, swb=
positive control from a GV swab, 5& 10° = number of bacterial cells from Vaginal
Microbiome Whole Cell Mix (ATCC, ME®7). Assuming a swab holds 500f CVF which
contains10® cells/ml, Zrepresents number of bacteria on an average CVF swab.
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PostPCR, protocol A produceanplicons visible on electrophoresis gel for the swab and the
higher concentration of bacterial standard. Protocol B did not produce any amplicons visible
on a gel, protocol C produced an amplicon for Stfdtterialcells and a larger amplicon for

10x1@ bacterialcells(Figure2.6).

Protocol A Protocol C Protocol B
' ' ' ' —

106 55 Swb NTC Swb 55 106 106 5° Swb

Figure 2.6 Electrophoresisgel image post PCRcomparing 3 different DNA extraction
methods ProtocolA = QIAmp DNA mini kit protocol defeedl in (Stafford et al., 2017B =
QIAmp DNA mini kit protocol from manufacturer including appendix D from handltok.
QlAamp DNA Microbiome Kigwb= positive control from a CVF swab&5.0°P = number of
bacterial cells from Vaginal Microbiome Whole Cell Mix (ATCG;20&A. Assuming a swab
holds 50Qu of CVF which containk® cells/ml, 2 represents number of bacteria on an
average CVF swab.
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2.4.2 Optimisation of universal primers

In ordertol aa5aa SI OK

dzy A OGS NA | ¢

LINA YSNI LI ANRA

performed in silicoand laboratory analysis on primers identified from the literature. We

identified 30 primers including 2 novel universal reverse primers, optimised fonalagi

species, created using Bioedit (MCReviM@RevBjTable2.2).

Table 2.2 Universal primers identifiel from previous vaginal microbiome sequencing
studies Melt temperature, homedimer analysis and hairpin formation were determined

using IDT online OligoAnalyzer® Tool.

28F GAGTTTGATCNTGGCTCAG 19
515F GTGCCAGCMGCCGCGGTAA 19
338F ACTCCTACGGGAGGCAGCA 19
8F AGAGTTTGATCCTGGCTCAG 20
27Fm AGAGTTTGATCMTGGCTCAG 20
27F AGAGTTTGATYMTGGCTCAG 20
Fwd-P1 GTTYGATYMTGGCTYAG 17
Fwd-P2 RTTTGATCYTGGTTCAG 17
357F CCTACGGGNGGCWGCAG 17
319F CTCCTACGGGAGGCAGCAGT 20
U968F AACGCGAAGAACCTTAC 17
388R TGCTGCCTCCCGTAGGAGT 19
806R GGACTACHVHHHTWTCTAAT 20
906R CCGTCAATTCCTTTGAGTTT 20
1492Rm TACGGYTACCTTGTTAYGACT22
1492R CGGTTACCTTGTTACGACTT 20
534R/ RevlB ATTACCGCGGCTGCTGG 17
519R GTNTCACNGCGGCKKGCTG 19
785R GACTACHVGGGTWTCTAAT 19
926R CCGTCAATTCMTTTRAGT 18
MCRevA CTCACGACACGAGCTGACCGAQ1

MCRevB GTATCTAATCCTGTTYGCTMC?21
FWD S-D-Bact-0008-c-STTTCTGTTGGTGCTGATATT
20 (+anchor sequence) RGTTYGATYMTGGCTCAG
FWD S-D-Bact-0008-¢-S , .o o 1Ty GATYMTGGCTCAG 20
20 (no anchor sequence,

TJTTCTGTTGGTGCTGATATT

341F (+anchor sequence)rACGGGNGGCWGCAG
341F
(no anchor sequence)
REV S-D-Bact-0008-c-S-ACTTGCCTGTCGCTCTATCI
(+anchor sequence) GYTACCTTGTTACGACTT

REV S-D-Bact-0008-C-S- (- - oyt ACCTTGTTACGACTT 20
(no anchor sequence)

42

39
CCTACGGGNGGCWGCAG 17

42

806R (+anchor sequence CTTGCCTGTCGCTCTATC1 a2
q ‘ACTACHVGGGTWTCTAAT

806R

GGACTACHVGGGTWTCTAAT 20
(no anchor sequence)

58.7
70.1
66.5
61.1
60.3
59.3
54.3
52.9
64.8
66.8
56.7
66.5
54
58.6
61.2
59
64.3
67.1
56.3
54.9
65.6
57.7

73.5

61.3

76

64.8

74.6

60.5

73.7

57.9

50
71.1
63.2

50
47.5

45
47.1
41.2
73.5

65
47.1
63.2

35

40
40.9

45
64.7
68.4
42.1
38.9
61.9
42.9

45.2

50

55.1

73.5

48.8

47.5

47.6

45

ArDdbbobrb,ooobdboo

= =
SBoowwsrl
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10

10

30.2
15-26
55
35
35
35.4
-17
41974
16
50
21
52 & 63
-2
41 & 36
26&7.5
21 & 23 &26
34
19&-8
25&7.6
-25
45
10 & -15

21-34

34-45
16
32 & 35 &40
21-26
31&32 &35

32
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2.4.2.1 Small scale universal primer pair analysis

In order to calculate the amplicon size for gel electrophoresis imaging we aligned each primer
pair with sequences from the vaginal microbiome DNA standaidCCMSA1007) (Table

2.3).

Table2.3 Analysis of universal primer pairs ability to amplif@ardnerella vaginalifATCC
14019),Lactobacillus gassefATCC 323),Mycoplasma hominigATCC 23114Rrevotella

bivia (ATCC 29303%treptococcus agalactiag@dTCC BAB11), Lactobacillus jensenfATCC
25258). Genomes downloaded frohitps://genomes.atcc.org/genomes Green number
indicates amplicon size, orange fwd or rev indicates only the forward or reverse primer were
present in the sequence, red indicates both the forward and reverse primer negngresent

in the sequence.

™™ GC  Hetero Dimel Gardnerella Lactobacillus Mycoplasma Prevotella Streptococcus Lactobacillus

difference difference (bp) vaginalis gasseri hominis bivia agalactiae jensenii

28F/519R -8.4 -18.4 4 - fwd fwd fwd fwd fwd
515F /806R 16.1 36.1 6 292 292 201 292 291 292
319F/806R 12.8 30 6 451 468 467 463 468 468
338F/906R 7.9 23.2 4 fwd 590 fwd 580 590 590

8F/1492Rm -0.1 9.1 3 rev 1537 fwd 1493 1513 1527

27Fm/1492Rm -0.9 6.6 4 rev 1537 fwd 1493 1513 1530
27F/1492R 0.3 0 4 5 fwd fwd fwd fwd fwd
U968F/1492Rm -4.5 6.2 4 549 547 - rev 546 544
27Fm/Revl1B -4 -17.2 3 rev 556 520 527 534 549
Fwd-P1/Revl1B -10 -17.6 2 505 553 517 524 531 546
27Fm/519R -6.8 -20.9 4 - fwd fwd fwd fwd fwd
357F/785R 9.5 31.4 5 448 465 464 460 465 465
319F/926R 11.9 26.1 4 fwd 589 578 579 589 589
357F/926R 9.9 34.6 4 fwd 578 576 577 587 587
Fwd-P1+Fwd-P2 /RevliB  56.7 47.1 2 505 553 517 524 531 546
515F/RevlB 5.8 6.4 16 NA NA NA NA NA NA
338F/Rev1B 2.2 -1.5 5 180 197 197 192 198 197
357F/Revl1B 0.5 8.8 6 177 194 194 189 195 194
319F/Rev1B 2.5 0.3 6 179 196 196 191 197 196
515F/MCRevA 4.5 9.2 4 568 568 553 fwd 567 568
338F/MCRevA 0.9 1.3 4 728 745 730 fwd 745 745
357F/MCRevA -0.8 11.6 4 725 742 727 fwd 742 742
319F/MCRevA 1.2 3.1 4 727 744 729 fwd 744 744
515F/MCRevB 12.4 28.2 4 281 281 280 fwd 281 281
338F/MCRevB 8.8 20.3 4 441 458 457 fwd 458 458
357F/MCRevB 7.1 30.6 4 438 455 454 fwd 455 455
319F/MCRevB 9.1 221 4 440 457 456 fwd 457 457
338F/806R 12.5 28.2 6 452 469 468 464 469 469
Fwd-P1/806R 0.3 12.1 7 7 825 788 796 802 818
Fwd-P1/785R -1 5 5 776 824 787 795 801 817
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Out of a total of 30 primer pairs, 10 pairs were expected to amplify all 6 species in the standard.
However, 3 of these pairs were expected to produce amplicons <300 bp long and so would
not give species level resolution aftsequencing. From the remaining 7, 5 pairs had a Tm
difference >8C which could result in nespecific binding of the primers. After analysis 2 pairs
appeared to fill all the criteria, Fwoll/806R and Fwqb1/785R however, these pairs
repeatedly failed tgproduce an amplicon when testegkperimentally(Table2.7). Primers
known to produce an amplicon were used as a positive control during PCR and gel

electrophoresis but are not shown in the figure.
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Fwd-P1/806R Fwd-P1/785R

50C 55C 50C 55C
TENTC NG T NTC T NTC

Fwd-P1/806R Fwd-P1/785R
50C 55C 50C 55C

T NT 1F NT EaRE N 1 NT

Figure2.7 Gel electrophoresis image of the PCR products from FéB06R and Fwe
p1/785R using vaginal microbiome DNA standard (ATCC, {@3¥/)as a template. T =
template present, NTC = No Template Control.°80& 55°C indicates the annealing
temperature duringPCR. Primers known to produce an amplicon were used as a positive
control during PCR and gel electrophoresis but are not shown in the figure. Amplicons run on
the gels in figure A and B were produced in separate PCR reactions on different occasions.
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Oxfad Nanopore provide 27F/1492R primers for use with their kits. From the scel
analysis, we would not expect this pair to produce any amplicons from the vaginal
microbiome standard. However, other studigdyman et al., 2014; Romero, Hassan, et al.,
2014)have used slightly modified versions of these primers which we termed 27Fm/1492Rm
(details available inTable 2.2). Based off the smalicale analysis we would expect
27Fm/1492Rm to amplify more species compared to 27F/1492R (4/6 \&peftbes) Table

2.3).

All 30 primer pairs were experimentally tested at a range of annealing temperatures and 4
pairs were found to consistently produce an amplicon. These were 319F/MCReVA,

319F/MCRevB, 27Fm/1492Rm and Z24R2R Figure2.8).

319F/MCRevA 319F/MCRevB 27Fm/1492Rm 27F/1492R

T NTC T NTC 1 NTC T NTC

Figure2.8 Gel electrophoresis image showing amplicons from 4 universal bacterial primer
pairs. T= template, NTC= no template control. Template waginal microbiome DNA
standard (ATCC, MSIA07)
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The amplicon producing primer pairs subsequently underwent elgawhich successfully
removed short DNA fragments which can interfere in downstream measurements and

sequencingKigure2.9). Concentration of DNA after clearp can bdound inTable2.4.

319F 3M9F  27Fm 2TF
MCRevA jMCRevB .-"1:192Rm 1492R

Figure2.9 Post clean up gel electrophoresis image of amplicdresm Figure2.8.

Table 2.4 Concentrations of the most promising primers from optimisatipafter PCR &

cleanrup, prior to sequencing.

.l no om®pCkal w HM®n TOnN
.l nn ompCkal w MH ®H ncan
./l nc HT YK MO (pH omdp MC An
lnT HT CKkwMnN @ Mn T MC An
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2.4.2.2 Large scal&niversaprimer pairanalyses

Using the online tool TestPrime we assessed the 4 primers that performed best in laboratory
experiments. We identified which organisms each pair should amplify from the SILVA non
redundant reference database which includéd0,508 seqgances Kttps://www.arb-

silva.de/projects/sstref-nr/) (Table2.5)

Table 2.5 Assessment of universal primer pairs for amplification of key vaginal
microorganisms Analysis was performed using TestPrime onlow that utilises 510,508

sequences from the SILVA non redundant reference database.

Family Genus % amplification of species within genus
319F/MCRevA 319F/MCRevB27Fm/1492Rm 27F/1492R
Actinomycetaceae Mobiluncus 100% 100% 100% 0%
Atopobiaceae Atopobium 88% 84% 29% 14%
Bifidobacteriaceae Gardnerella 93% 87% 29% 29%
CorynebacteriaceaeCorynebacterium 82% 81% 76% 3%
Enterobacteriaceae Escherichia-Shigella 2% 81% 86% 86%
Lactobacillaceae Lactobacillus 85% 83% 56% 4%
Mycoplasmataceae Mycoplasma 75% 55% 6% 6%
Mycoplasmataceae Ureaplasma 94% 0% 0% 0%
Pseudomonadacea®seudomonas 82% 81% 59% 7%
Staphylococcaceae Staphylococcus 78% 1% 86% 2%
Streptococcaceae Streptococcus 84% 82% 79% 1%
Veillonellaceae Megasphaera 82% 3% 60% 10%
Veillonellaceae Dialister 80% 76% 32% 1%

2.4.2.3 Sequencing resulsom primer optimisation

Asthe final step in laboratory assessment, we sequenced 4 barcoded ampliigase@.10)

to assess how well each are able to amplify the 6 key vaginal bacteria species included in the
DNA standardGardnerella vaginalis, Lactobacillus gasseri, Mycoplasma horRmagotella

bivia, Streptococcus agalactiae, Lactobacillus jenseainpared to the smaBcalein silico
assessment w@erformed (Table2.3). Table2.6 is a condensed version dfable2.3 and
contains results from the 4 most promising primer pardy. This correlates with the result

from the Flongle sequencin@rigure2.11) which shows a pak in reads at ~500, ~750 and
~1500 bp.
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00%
90% -
80%
T0% - . .
Lactobacillus gasseri
Streptococcus agalactiae
80% -
' Lactobacillus Uncultured bacterium
Mycoplasma hominis
. Lactobacillus jensenii
40% ~ . Prevotella bivia (DSM 20514)

. Bacillus subtilis

. Streptococcus uncultured bacterium

50% —

Relative Frequency (%)

30% —

20% -

10%

0% =

27F/1492R .

319F/MCRevA
27Fm/1492Rm
319F/MCRevB

Figure 2.10 Sequencing results from Nanoprore Flongle assess the performance of 4
primer pairs for use in vaginal microbiome sequencing. PCR template consi§&eattoerella
vaginalis, Lactobacillus gasseri, Mycoplasma hominis, Prevotella bivia, Streptococcus
agalactiae, Lactobacillus jensefiom ATCGtandard.Qiime2 analysis performed i3r Neha
Kulkarni.
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Table2.6 Expected amplicon lengths from smallO £ S ! yI f @aAa 2F dzy A @&
ability to amplify Gardnerella vaginalfTCC 14019), Lactodllus gasseri (ATCC 33323),
Mycoplasma hominis (ATCC 23114), Prevotella bivia (ATCC 29303), Streptococcus agalactiae
(ATCC BAABl11), Lactobacillus jensenii (ATCC 25258). Genomes downloaded from
https://genomes.atcc.org/genomes Green number indicates amplicon size, orange fwd or

rev indicates only the forward or reverse primer were present in the sequence, red indicates
both the forward and reverse primer were not present in the sequence.

Tm GC  Hetero Dime Gardnerella Lactobacillus Mycoplasma Prevotella Streptococcus Lactobacillug
difference difference (bp) vaginalis gasseri hominis bivia agalactiae jensenii
27Fm/1492Rm -0.9 6.6 4 rev 1537 fwd 1493 1513 1530
27F/1492R 0.3 0 4 fwd fwd fwd fwd fwd
319F/MCRevA 1.2 3.1 4 727 744 729 fwd 744 744
319F/MCRevB 9.1 22.1 4 440 457 456 fwd 457 457

Figure2.11 Passed read count and read lengtfi DNA from Flongle nanopore sequencing of
amplicons from 319F/MCReVvA, 319F/MCRevB, 27m/1492Rm and 27F/1492Ragsived
microbiome DNA standard (ATCC, M®A7)as a PCR template.
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2.4.3 SampleProcessing & Library Preparation

Based on results from the previowsection Figure 2.10 & Table 2.5) the primer pair
319F/MCReVA was selected for use on the clinical samples. A total of 69 clinical samples
underwent DNA extraction, PCR, alag, and quantification. 60 samples, 30 preterm and 30
term (Table2.7) including a total of 34 patient§ éble2.8) were normalised during library

preparation Table2.9) and were subsequently sequenced

Table2.7 Number of samples processed & sequenced aachgestational time point(GTP).

Term Preterm  Total

@ GTP1 15 13 28
a GTP2 14 14 28
§ GTP3 1 3 4

Total Samples 30 30 60
o Patients with 1 GTPs 2 8 10
S Patients with 2 GTPs 14 8 22
B _Ppatients with 3 GTPs 0 2 2

Total Patients 16 18 34
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Table2.8 Patient demographic and clinical data

Age, BMI (body mass index), FFEN (fetal fibronectin), GAP (gestation at presentation), GAD

(gestation at delivery) arpresented as MearSD * =P<0.05. PPROMieterm prelabour
rupture of membranes).

GTP1 GTP2

Term Preterm Term Preterm

(n=15) (n=13) (n=14) (n=14)
Maternal factors
Age (years) 31.28 £5.83 28.76 6.09 | 31.654#6.06 29.71+5.54
BMI (Kg/n3) 26.80 £5.84 26.18 +4.68 | 27.27 #6.28 26.94+4.05
FFN (ng/mL) 4.0 £1.80 4.35 +0.93 3.65+1.40 3.29+1.64
GAP (days) 146.2 +7.86 140.3#6.56 | 186.8+6.69 182.9+9.12
GAD (days) 273.2£8.20 227.9+28.28 | 273.2+£8.47 233.5+21.49
Smoker n(%) 2,(13.3 2,(15.9 2,(14.3 2,(14.3
PPROM 0 4 0 3
Ethnicity (n)
White 11 11 11 12
Black 0 0 0 0
Asian 3 2 2 2
Hispanic 1 0 1 0
Treatment (n)
Progesterone 1 1 3 2
Cerclage 0 0 0 0
Both 1 0 2 0
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Table2.9 Final DNA concentrations of clinical samples after clagn

Low Concentration Batch. Normalised to 1.5 ng per sample High Concentration Batch. Normalised to 52 ng per sample
MIS PRIME MIS PRIME
|dentifier —— Barcode No ng/ul  Volume Total ng \dentifier  identifier Barcode No ng/ul  Volume Total ng
AHR 22.1 BCO1 6.14 10 61.4 AHR 35.1 BCO1 182 10 1820
AHR 22.2 BCO02 13 10 130 AHR 44.2 SU0008v2 BCO02 32.8 10 328
AHR 23.1 BCO03 22.4 10 224 AHR 35.2 BCO3 422 10 4220
AHR 46.2 SU0003v2 BCO4 0.87 10 8.68 AHR 37.1 BCO04 9.04 10 90.4
AHR 23.2 BCO05 5.12 10 51.2 AHR 37.2 BCO05 24.6 10 246
AHR 15.2 BCO06 1.05 5 5.25 AHR 38.1 BC06 5.18 10 51.8
AHR 53.2 SU0031v2 BCO7 9.66 10 96.6 AHR 24.1 BCO7 23.2 10 232
AHR 16.2 BCO08 0.36 5 1.78 AHR 38.2 BCO08 6.62 10 66.2
AHR 20.1 BCO09 0.27 6 1.63 AHR 39.1 BC09 173 10 1730
AHR 20.2 BC10 0.6 5 3.01 AHR 53.3 SU0031v3 BC10 24.8 10 248
AHR 24.2 BC11 22.2 10 222 AHR 55.1 SU0038vl BC1l1 30.6 10 306
AHR 32.2 BC12 216 10 2160 SU0039vl BC12 56.8 10 568
Su87 v3 BC13 20.9 10 209 AHR 25.1 BC13 24.4 10 244
AHR 25.2 BC14 15.9 10 159 AHR 55.2 SU0038v2 BC14 51.2 10 512
AHR 27.2 BC15 11.9 5 59.5 AHR 39.2 BC15 8.3 10 83
AHR 33.1 BC16 0.38 5 1.88 AHR 40.1 BC16 8.2 10 82
AHR 33.2 BC17 3.9 5 19.5 AHR 40.2 BC17 99.2 10 992
AHR 34.1 BC18 0.83 5 4.16 SU0055vl  BC18 10.8 10 108
AHR 34.2 BC19 0.71 5 3.57 AHR 47.1 SU0009vl1 BC19 80.8 10 808
AHR 41.1 BC20 0.28 6 1.66 AHR 47.2 SU0009v2 BC20 110 10 1100
AHR 41.2 BC21 4.8 5 24 AHR 48.1 SU0010vl BC21 43.4 10 434
AHR 44.1 SUO008v1l BC22 2.12 5 10.6 SU0067 vl BC22 76 10 760
AHR 46.1 SU0003vl BC23 2.2 5 11 AHR 31.1 BC23 19.5 10 195
AHR 31.2 BC24 39.4 10 394 AHR 65.1 SU0095vl BC24 111 10 1110
AHR 65.2 SU0095v2 BC25 9.44 10 94.4 AHR 28.1 BC25 36.2 10 362
AHR 65.3 SU0095v3 BC26 6.94 10 69.4 AHR 28.2 BC26 31.2 10 312
AHR 29.1 BC27 9.74 10 97.4 SU0097 vl BC27 81.4 10 814
SuU0108vl BC28 10.1 10 101 AHR 29.2 BC28 562 10 5620
AHR 30.1 BC29 22.2 10 222 SuU0108v2 BC29 63.6 10 636
SuU0108v3 BC30 16.92 10 169.2 AHR 30.2 BC30 318 10 3180

2.4.4 Nanopore Sequencing Run Summary

Samples were sequenced in 2 batches to maximise the number of reads from each sample.
The median read length was 795.5, lgmlditional details from the sequencing run can be
foundin Table2.10

The median Pied score for both the low and high concentration batches was 10 however, as
you can see irrigure2.12 a&b the high concentration batch had a wider range of quality
scores.We observed a visible difference in number of reads throughout the experiment
(Figue 2.12 c&d), reflecting the different input concentrations of DNA in each batch.
However, after excluding samples that did not meet the quality criteria, the difference in total
number ofreads was not significant between the low and high concentration bé&gure

2.1%, p=0.1462)
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Table2.10 Run summary from two batches of samplddigh concentration batch
normalised to 52ng/sample; Low concentration batch normalised to 1.5 ng/sample

Run Summary High Concentration Batch| Low Concentration Batch
Reads Generated 2.89 M 42.86 K
Passed Bases 1.72 Gb 21.77 Mb
Failed Bases 1.09 Gb 17.76 Mb
Estimated Bases 3.3Gb 35.47 Mb
A) _B)
Y
C) D)

Lo = S M Jn

Figure2.12 Quality score & read number results of Nanopore sequenciﬁgred score for
A)low concentration batch (n=30, samples normalised to 1.ph@ndB)high concentration
batch (n=30, samples normalised to 52 py/ Read number throughout experiment fQr)
Low concentration batch (n=30, samples normalised to 1.5lhpghdD)High concentration
Batch (n=30, samples normalised to 52 y/Quality assessment performed 3r Neha

Kulkarni
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Number of reads in the preterm group was found to significantly higher than the term
group Figure2.13, p=0.0052. As a result of this, analysis was not performed on number of
reads per bacteria obacterial abundance as any significantly higher abundances in the
preterm group would likely be due to this. Instead, relative abundance was analyskis as

representsthe proportion of each bacteria within a sample.

A B
0.1462 * %
400000 1 400000 —
] |
B 300000 B 300000
® @
o @
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© 2000004 © 2000004
— _
(O] 0]
€ =
> 1000004 u S 1000004 u
z ° < -
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0——*—*— 0 onghe— ol
High Low Term  Preterm

Figure 2.13. Number of sequencing readérom Oxford Nanopore Miniion irA) High

concentration batch of samples (n=29, samples normalised to 52)ngg low concentration
batch (n=14, samples normalised to 1.5 pyp=0.1462B) Term (n=26) vs preterm (n=17)
Term >37w gestation Preterrd 36+6 w gestationp= 0.0052 Analysis performed on

GraphPad Prism.
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2.4.5 Bacterial Community analysis

Atotal of 43 CVF samples were included in tealysis (GTP1 =21, GTP2 =19; GTP3 = 3, term
= 26, pretem = 17 including 3 PPRONDue toinsufficient quality and read numbers, 16
samples from the low batch and 1 sample from the high batch were excluded from the

analysis.

A total of 1212 sequences with unigd@xonomyiDQa FNRBY GKS { L[ ! RFGF
the clinical samples (see supplementary materials for complete list). The majority of
sequences at 689821/ 121H 0 G SNB yI YSR ddzy OdzZ G dzZNERé 2NJ 4
level. A total of 391sequences were identified to a species lexesolution. Within the

identified specie$3% (217391) were present only oncd.eaving a remaining 174 species

present in more than one sample.

2.4.5.1 Prevalence

Prevalence of each bacterium was determined by assessing the presence or absence within
eachsample(Table2.11). The most prevalent bacterium from ahmples wastreptococcus
pneumoniag20/43, 45.5%), followed hyactococcus lactis subsp. Cremarid Lactobacillus

iners ABL both at (19/43, 44%).Lactobacillus iners ABwas the most prevalent bacterium
observed in the term sampled2/26, 27.3%).Rhizobium rhizogenewas the most prevalent

in preterm samples1(1/17, 65%) followed byStreptococcus pneumonig@0/17,59%) and
Gardnerella vaginaligd/17, 53%).Looking only at patients with PPROM (n=3), 19 bacteria

were present at equgbrevalence in the samples (see supplementary material).

Table2.11. Most prevalent bacteria identified from cervicovaginal samples
All (n=43) Term (n=2@reterm (n=17PPROM (n=3Jerm >37wgestationPreterm336+6 w
gestation, PPROM = Preterm Prelabour Rupture of fetal Membranes

Prevelance in Prevelance in TERN Prevelance in Prevelance in PPROI
Taxon Taxonomy ID ALL samples (%) samples (%) PRETERM samples ( samples (%)
Atopobium vaginae LFWE01000015.212.1732 25.6 11.5 47.1 333
Chlamydia trachomatis CSTQ01000412.1.1397 32.6 26.9 41.2 333
Coriobacteriales bacterium DNF00802SCX01000005.274.1770 11.6 0.0 29.4 333
Gardnerella vaginalis 1400E ADER01000013.440.1977 30.2 154 52.9 333
Idiomarina sp. P7-5-3 KF934477.1.1406 233 26.9 17.6 0.0
Lactobacillus acidophilus KU324919.1.1228 27.9 19.2 41.2 0.0
Lactobacillus crispatus DQ316397.1.1493 34.9 26.9 47.1 33.3
Lactobacillus helveticus HMO057881.1.1378 25.6 15.4 41.2 333
Lactobacillus iners AB-1 ADHG01000001.652476.654027 44.2 46.2 41.2 0.0
Lactobacillus jensenii AF243161.1.1512 41.9 38.5 47.1 33.3
Lactobacillus plantarum HG328252.1.1392 18.6 115 29.4 333
Lactobacillus sp. KC38 AF243160.1.1509 34.9 30.8 41.2 0.0
Lactococcus lactis subsp. cremoris  JQIC01000014.502742.504105 44.2 42.3 47.1 0.0
Rhizobium rhizogenes CP019701.2614607.2616025 39.5 231 64.7 333
Streptococcus pneumoniae CKQU01000078.7468.8814 46.5 38.5 58.8 0.0
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2.4.5.2 Species Richness

Species richness (number of observed species) was significantly higher in the preterm group
compared to term. Median number of species in the termoug =23, in the preterm group
=105.5 p=0.0139. PPROMatientshad a median number of species ®f(Figure2.14.a)
however, as there was only 3 saraplthis may be misleading (number of species per sample

= 5, 44, 2)Species richness was not significantly different between gestational imires

(Figure2.14.b).

Species richness in the term group was similar for GTPIGAMRE Figure2.15.a). However,

in the preterm group, samples from GTP1 had a larger range and high mean of species
richness compared to GTP2 although this was not signifi€aguire2.15.b). Looking only at
GTP1, the preterm samples again had a -smmificant larger range and higher mean
comparedto term samples Kigure2.15c). Whereas at GTP2, the mean species richness is
comparable for term and preterm although the term samples have a larger rdfigaré

2.15.d)
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Figure 2.14. Species Richnesghumber of observed specie®f cervicevaginal samples
collected from asymptomatic high risk pregnant women at 3 gestatitma points (GTP)
GTP1 = 2Q2w, GTP2= 288w, GTP3= 382w. Term >37w gestatioRreterm X36+6 w
gestation, PPROM = Preterm Prelabour Rupture of fetal Membrdnesr coloured line
indicates median, black error bars indicate 95% confidence intervals. Kruskal tésaliss
performed onA)term (n=26) vs preterm (n=14) vs PPROM (B3&TP1 (n=21), GTP2 (n=19),
GTP3 (n=3Analysis performed on GraphPad Prism.
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Figure 2.15 Species Richnesghumber of observed species) of cervicaginal samples
collected at from asymptomatic high risk pregnant womer2 gestational timepoints (GTP)
GTP1 = 2@2w, GTP2= 288w. Term >37w gestation Preteréh 36+6 w gestationInner
coloured line indicates median, black error bars indicate 95% confidence inteais-
Whitney test was performed oA) GTP1 (n=13) vs GTP218) at termB)GTP1 (n=8) vs GTP2
(n=6) at preternC)term (n=13) vs preterm (n8) at GTPD)term (n=13) vs preterm (n6) at
GTP2. Analysis for GTP3 was not performed due to small sample size AnaBkis
performedusingGraphPad Prism.
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2.4.5.3 Shannon Diversity Index

SDI was used to assess the diversity of each sample including richness (number of species)
and evenness (relative abundance) of bacterial species. No results were found to be
significant. Term (median= 2, n=26) and preterm (medians=14) patients were observed

to have the same median diversity while PPROM patients were observed to have a lower
diversity although had a small sample size (median= 1.6, n=3) compared to theyaihps
(Figure2.16.a). All 3 gestational time points were found to have a similar diversity (median:
GTP1= 1.9, n=21, GTP2=2, n= 19, GTP3 =1.6FiytB¥2.16.h).

When samples were further divided, diversity was foundrtcrease in the term samples
(median: GTP14.4, n=13, GTP22.1, n=13) (Figure2.17a) but decrease in the preterm
samples(median: GTP12.1, n= 8, GTP2= 1.6, n= B)glire2.17b). This is reflected when
looking at gestational time points, at GTP1 preterm was found to have a higher mean diversity
compared to term (GTP1 median: term= 1.4, n=13, preterm= 2.1, {FEo8re2.17c). But, at

GTP2 the term samples had a higher mean diversity compared to preterm (GTP2 median:
term=2.1, n= 13, preterm= 1.6, n= &igure2.17d).
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Figure 2.16. Shannon Diversity Indexof cervicevaginal samplescollected at from
asymptomatic high risk pregnant women at 3 gestational timepoints (GTP) GTRP22w 20
GTP2= 2@8w, GTP3= 382w. Term >37w gestatioRreterm>86+6 w gestation, PPROM =
Preterm Prelabour Rupture of fetal Membranésner coloured lineridicates median, black
error bars indicate 95% confidence intervals. Kruskal Wabiswas performed orA) term
(n=26) vs preterm (n=14) vs PPROM (183§ TP1 (n=21), GTP2 (n=19), GTP3 (m={lysis
wasperformedwith GraphPad Prism.
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Figure 2.17 Shannon Diversity Indexof cervicevaginal samples collected at from
asymptomatic high risk pregnant women agestational timepoints (GTP) GTP1 =220,
GTP2= 2@8w. Term >37w gestation Pretard 36+6 w gestation Inner coloured line
indicates median, black error bars indicate 95% confidence inteMalsn-Whitney test was
performed onA) GTP1 (n=13) vs GTP2 (n=13) at tB)iGTP1 (n=8) vs GTP2 (n=6) at preterm
C)term (n=13) vs preterm (n8) a GTPI1D)term (n=13) vs preterm (n6) at GTP2. Analysis
for GTP3 was not performed due to small sample size (#s8)lysiswas performed with
GraphPad Prism.
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2.4.5.4 Abundance
The most abundant genus whactobacillugollowed byLactococcus and Gardnerel&agure
2.18). The most abundant species wetectobacillusuncultured Lactococcus lactis,

Lactobacillus crispatusnd Lactobacillus iner&\B-1 (Figure2.19).

Lactobacillus

Lactococcus

Gardnerella
Streptococcus
Atopobium
: Shuttleworthia
Megasphaera
wnd Idiomarina
Prevotella
Bifidobacterium

Sample

Figure2.18. Genus level identification obacteriafrom vaginal swabf pregnant women

(n=43) either >37w gestation (term) #86+6w gestation (preterm)White areas of the graph
contain organisms with <2.5% abundance and are not shown for clarity. A full vefsios o
figure can be found in supplementary materials and contains 206 GeQé&rae2 analysis
performed by Neha Kulkar@PDRA in bioinformatics, TUOS)
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. Lactobacillus uncultured

Lactococcus lactis
Lactobacilius crispatus

Lactobacillus iners AB-1

"IN
.
.

| Gardnerella uncultured
Chiamydia frachomatis
Lactobacilius jensenii
Streptococcus pneumoniae
Lactobacilius uncultured

Lactobacillus uncultured

Gardnerella vaginalis 1400E
Gardnerella vaginalis
Shuttleworthia uncultured

Idiomarina idiomarina P7-5-3

Figure2.19. Speciedevel identification ofbacteria from vaginal swab®f pregnant women
(n=43) either >37w gestation (term) #86+6w gestation (preterm)White areas of the graph
contain organisms with <4% abundance and are not shown for clarity. A full version of this
figure can be found in supplem&ry materials and contains 450 specigliime2 analysis

performed byDr Neha Kulkarni.

2.4.5.5 Relative Abundance

In order toassess the microbial community composition, relative abundance of the vaginal
community for each sample was calculated. Four species were found to significantly differ
between term and preternpatients when grouping all GTPigure2.20, Figure2.21, Figure

2.22) Coriobacteriales bacterium, Megasphaera unidentified, Rhizobium rhizogenes and
Lactobacillus rhamnosus.

When looking at GTP1 only the relative abundance of three species were significantly
different in term compared to preterm patient®\topobium vaginae, Coriobacteriales
bacterium Gardnerella vaginali?No organisms significantly differed in relative abundance at
GTP2.
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2.4.5.6 Correlation of Relative Abundance

The relative abundans®f key organisms were correlated to identify relationships between
vagind organismsYalues closer to 1 indicate organisms positively correlated, in etbeds,
commonly found together. Values closer to O indicate organisms negatively codgelate
however, o organisms were found to be negatively correlatBijhteen speciesere found

to be significantly correlated in the term growghile twenty-three speges were found to be
significantly correlated in the preterm groupeventeen speciegere found to be significantly
positively correlated at GTP1(p>0.05) and ®ven speciesvere found to be significantly

correlatedat GTP2.
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Figure2.23. Pearson r correlation of bacterial relative abundanpeesent in vaginal samples
of pregnant womenA) Term = birth >36+6 w (n=28) Pretermd 36+6 w (n=17) at GTP 1, 2

& 3. 1 represents 100% positivercelation, 0 indicates no correlation] indicates 100%
negative correlationAnalysis performeavith GraphPad Prism.
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Table 2.12. Significant orrelations of vaginal bacteriaat Term >36+6 w (n=26) Preterm
M6+6 w (n=17)GTP1 (222w), GTP2 (288w) and All GTP (GTP1, GTP2, GTF28D
(n=43).1 represents 100% positive correlation, O indicates no correlatibmdicates 100%
negative correlationPearson r correlatioperformedwith GraphPad Prism

Term Bacterial Association Pearso_rr p=
Correlation
Gardnerella vaginalis Atopobium vaginae 0.428 0.029
Lactococcus lactis Atopobium vaginae 0.735 0.000
Rhizobium rhizogenes Atopobium vaginae 0.439 0.025
Lactococcus lactis Chlamydia trachomatis 0.659 0.000
Idiomarina sp. P-B-3 Chlamydia trachomatis 0.451 0.021
Lactobacillus jensenii Gardnerella vaginalis 0.539 0.005
Megasphaera unidentified Gardnerella vaginalis 0.438 0.025
Shuttleworthia unidentified Gardnerella vaginalis 0.416 0.035
Lactococcus lactis Lactobacillus jensenii 0.440 0.025
Lactobacillus iners Lactobacillus jensenii 0.409 0.038
Streptococcus pneumoniae Lactobacillus jensenii 0.629 0.001
Lactobacillus iners Lactococcus lactis 0.564 0.003
Rhizobium rhizogenes Lactococcus lactis 0.417 0.034
Streptococcus pneumoniae Lactococcus lactis 0.798 >0.001
Streptococcus pneumoniae Lactobacillus iners 0.744 >0.001
Rhizobium rhizogenes Megasphaera unidentified 0.684 >0.001
Streptococcus pneumoniae Rhizobium rhizogenes 0.500 0.009
Lactobacillus acidophilus  Idiomarina sp. P-b-3 0.675 >0.001
Preterm Bacterial Association Pearso_n r p=
Correlation
Lactobacillus crispatus Chlamydia trachomatis 0.916 >0.001
Lactococcus lactis Chlamydia trachomatis 0.775 0.002
Lactobacillus rhamnosus  Chlamydia trachomatis 0.585 0.023
Gardnerella vaginalis Coriobacteriales bacteriur 0.825 >0.001
Megasphaera unidentified Coriobacteriales bacteriur 0.670 0.008
Rhizobium rhizogenes Coriobacteriales bacteriur 0.788 0.001
Megasphaera unidentified Gardnerella vaginalis 0.584 0.032
Rhizobium rhizogenes Gardnerella vaginalis 0.674 0.011
Lactobacillus crispatus Lactobacillus jensenii 0.692 0.009
Lactococcus lactis Lactobacillus jensenii 0.605 0.024
Lactobacillus acidophilus  Lactobacillus jensenii 0.600 0.025
Lactobacillus kitasatonis  Lactobacillus jensenii 0.519 0.049
Lactobacillus rhamnosus  Lactobacillus jensenii 0.525 0.036
Lactococcus lactis Lactobacillus crispatus 0.821 0.001
Streptococcus pneumoniae Lactobacillus crispatus 0.647 0.016
Lactobacillus acidophilus  Lactobacillus crispatus 0.669 0.012
Streptococcus pneumoniae Lactococcus lactis 0.798 0.001
Lactobacillus acidophilus  Lactococcus lactis 0.827 0.001
Lactobacillus rhamnosus  Lactococcus lactis 0.721 0.005
Lactobacillus rhamnosus  Lactobacillus iners 0.478 0.050

113



GTP1

GTP2

Lactobacillus acidophilus
Lactobacillus kitasatonis
Lactobacillus rhamnosus
Bacterial Association

Gardnerella vaginalis
Prevotella amnii
Streptococcus pneumoniae
Lactobacillus crispatus
Lactococcus lactis
Lactobacillus kitasatonis
Lactobacillus rhamnosus
Gardnerella vaginalis
Prevotella amnii
Prevotella amnii
Lactococcus lactis
Lactobacillus kitasatonis
Lactobacillus rhamnosus
Lactobacillus rhamnosus
Rhizobium rhizogenes
Idiomarina sp. P-b-3
Idiomarina sp. P-b-3
Bacterial Association

Lactococcus lactis
Rhizobium rhizogenes
Lactobacillus kitasatonis
Lactobacillus rhamnosus
Streptococcus pneumoniae
Streptococcus pneumoniae
Lactobacillus rhamnosus

Streptococcus pneumonie
Idiomarina sp. Pb-3
Lactobacillus kitasatonis

Atopobium vaginae
Atopobium vaginae
Atopobium vaginae
Chlamydia trachomatis
Chlamydia trachomatis
Chlamydigrachomatis
Chlamydia trachomatis
Coriobacteriales bacteriur
Coriobacteriales bacteriur
Gardnerella vaginalis
Lactobacillus crispatus
Lactobacillus crispatus
Lactobacillus crispatus
Lactococcus lactis
Megasphaera unidentified
Megasphaera unidentified
Rhizobium rhizogenes

Chlamydia trachomatis
Coriobacteriales bacteriur
Lactobacillus jensenii
Lactobacillus jensenii
Lactococcus lactis
Lactobacillus iners
Lactobacillus kitasatonis

0.943
0.708
0.783
Pearsonr
Correlation
0.444
0.458
0.808
0.943
0.934
0.468
0.519
0.918
0.867
0.991
0.944
0.476
0.515
0.512
0.914
0.761
0.656
Pearsonr
Correlation
0.766
0.732
0.774
0.774
0.574
0.471
1.000

0.000
0.027
0.016

p:

0.044
0.037
<0.001
<0.001
<0.001
0.032
0.016
<0.001
<0.001
<0.001
<0.001
0.029
0.017
0.018
<0.001
<0.001
0.001

p:

<0.001
<0.001
<0.001
<0.001
0.010
0.042
<0.001
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2.4.5.7 Relative Abundance of G. vaginalis, L. crispatus & L. iners

Studies have highlighted the clinical significanceGafrdnerella vaginaljsLactobacillus
crispatusand Lactobacillus iner§Callahan et al., 2017Based on this, we investigated the
ratios of these keprganismgFigure2.24). For exampleFigure2.24A representshe ratio of
G. vaginalis L. crispatus1 signifies onlys. vaginaligoresent, 0 signifies onli. crispatus

present and 0.5 signifies an equal abundance of the two species.

We found a significantly higher relative abundancesofvaginalicompared toL. crispatus

andL.inersin the preterm group at both GTP1 and when GTP were gro(feigdre2.24).
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2.4.5.8 Community State type

CVF samples were categorised into the widely accepted CST groupdRiwei et al., 2011)
which reflects the dominant bacteriapecies presentTable2.13). The most common CST

was CSTIV at 25.6%, this group contains anaerobes with samples dominated by either
Gardnerella vaginalis, Gardnerella uncultured bacteriom Shuttleworthia uncultured
bacterium(seeFigure2.25). The next most common group was CSTIII at 18.6% dominated by
L. inersNotably, no samples were dominated bagctobacillus gassg/€STIl). However, 18/43
(41.9%) of samples did not fit into one of these categories and were dominated by either
Idiomarina P75-3, Lactobacillus acidophilus, Lactobacillus uncultured bactermm

Lactococcus lactis

Table 2.13 Proportion of samples per dominant bacteriadentified from CVF samples
(n=43) Dominant bacteria grouped into CSTIV anaerobes includesnunities dominated
by Shuttleworthia uncultured, Streptococcus pneumoniaeGardnerella vaginalisand

Gardnerellauncultured (seeFigure2.25for sample breakdown)

Dominant Bacteria Number of Samples Proportion (%)
Lactobacillus crispatus (CSTI) 3 7.0
Lactobacillus gasseri  (CSTII) 0 0.0
Lactobacillus iners (CSTHI 8 18.6
Anaerobes (CSTIV 11 25.6
Lactobacillus jensenii  (CSTV 3 7.0
Idiomarina P75-3 4 9.3

Lactobacillus

acidophilus 1 2.3
Lactobacillus

uncultured 7 16.3
Lactococcus lactis 6 14.0
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Focussing on those samples where dominant specessuccessfully identified ahore than

one GTP,3/16 patients had a consistent CST. Two patients transitioned tfromactisto

IdiomarinaP7-5-3 and two patients transitioned from. iners(CSTI)Ito L. crispatus(CST)l

(Figure2.25).

Sample | GTP1 GTP2 GTP3 CSTI Lactobacillus crispatus
AHR_22 33% L. uncultured
AHR_23 CSTIV - Anaerobic Bacteria

AHR_24

25% L. uncultured

CSTV - 30% L. jensenii

CSTV Lactobacillus jensenii

AHR_25 CSTI - 100% L. crispatus Lactobacillus uncultured bacteriu
AHR_28 41% ldiomarina P7-5-3 CSTIV - 20% G. vaginalis

AHR_29| CSTIV-67% S. uncultured 15% L. uncultured

AHR_30 50% L. acidophilus CSTIV - 64% G. uncultured

AHR_31 28% L. lactis 23% L. uncultured

AHR_35 25% L. lactis 17% L. uncultured

AHR_37 33% L. uncultured

AHR_38
AHR_39
AHR_40

AHR_41 50% L. uncultured
AHR_44 CSTIV - 53% G. uncultured
AHR_46 CSTIV - 33% S.uncultured

AHR_47

CSTI - 9% L. crispatus
AHR_53 13% L. lactis

CSTI -10% L. crispatus

13% L. lactis

AHR_55 26% L. lactis 92% Idiomarina P7-5-3

AHR_65| CSTIV-76% G. uncultured|  CSTIV - 40% G. uncultured|  CSTIV - 58% S. uncultured
SU0039 28% L. lactis 86% Idiomarina P7-5-3

SU0055| CSTIV - 51% S. pneumoniag

SUO0067| CSTIV - 46% G. uncultured

SU0097 CSTIV - 60% S. uncultured

SuU0108 CSTV - 30% L. jensenii CSTV - 39% L. jensenii CSTV - 50% L. jensenii

Figure 2.25 Dominant species for each sample at GTP1, GTP2 and ©TP& dzy’ O dzf (i dzNB
indicates that thesequence could not be matched to a named spedtiastobacillus crispatus
(CSTI)Lactobacillus gasseCSTIll.actobacillus iner@CSTIIAnaerobegCSTIVjincluding
Shuttleworthia uncultured Gardnerella vaginalis, Gardnerellancultured Streptococcus
pneumoniag, Lactobacillus jensen{CSTV)Jdiomarina P75-3, Lactobacillus acidophilus,
Lactobacillusincultured Lactococcus lactis.
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Comparing term and preterm, &TP1there was a higher frequency of CSTV @sd I\h the
preterm groupcompared to term The largest difference was CSTIIlI which was present at
increased frequency in the term group. & P2there was a higher frequencyf €STVand
Idiomarina P75-3 compared to the terngroup (Figure2.26).

Within the preterm group, there wasraincrease ofdiomarina P75-3 from GTP120-22w) to
GTP2 (228w) and alecreasan CS M andLactococcus lacti$n the term group, CSTTSTIV,
CST\and Lactobacillusinculturedincreasedirom GTP1 to GTP2, while GBThctobacillus

acidophilusandLactococcus lactdecreasedFigure2.26).
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A GTP 1 B GTP 2

Lactobacillus crispatus (CSTI)| * L 2 0
Lactobacillus gasseri (CSTII) 0 L 0 0
Lactobacillus iners (CSTIII) > 2 2 0
Anaerobes (CSTIV) ! 4 2 3
Lactobacillus jensenii (CSTV) | ° L 1 1
Idiomarina P7-5-3 1 0 1 2
Lactobacillus acidophilus ! 0 g 0
Lactobacillus uncultured 2 L 4 0
Lactococcus lactis 2 2 1 1
Term  Preterm Term  Preterm

C Term D Preterm
Lactobacillus crispatus (CSTI) ! 2 0 0
Lactobacillus gasseri (CSTIl) | ° L 0 0
Lactobacillus iners (CSTIII) > 2 0 0
Anaerobes (CSTIV) ! g 4 3
Lactobacillus jensenii (CSTV) | ° L 1 1
Idiomarina P7-5-3 1 1 0 2
Lactobacillus acidophilus 1 Y 0 0
Lactobacillus uncultured 2 4 1 0
Lactococcus lactis 2 1 2 1

GTP1 GTP2 GTP1 GTP2

Figure2.26 Community state type (CST) Heat abundance mapGTP1 = 222w, B) GTP2=
26-28w C) Term = birth >36+6 w gestatiom) Preterm #§6+6 w gestation. CST indicates
dominant bacterial species.
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Based on the findings of previous studig&sena & Daag, 2021; Brown et al., 2019; Callahan
et al., 2017; DiGiulio et al., 2015; Usui et al., 200@)analysedthe percentage of vaginal

community inhabited by actobacilluspecieqFigure2.27).

A GTP1 B GTP2
0.0532
1 0.4269
. 100 1007 /1
S SR
n - %) -
Q - R -
O - o -
® - O -
a - o -
N - () -
v 50— v 50—
= ] = i
S i S i
© - G -
Q - 9 .
ISH IS
Q - 5] -
© - o -
- - - -
0 0
Term Preterm Term Preterm

Figure 2.27 Percentage of vaginal community comprising bhctobacillusspeciesin A)
Gestational time point (GTP)2R-24 weeks gestationTerm =13, GTP1 Preterm=8) GTP2
26-28 weeks gestatiomerm =13, GTP2 Preterm =6. Bars represent mean, error bars represent
Standard deviationAnalysis performeavith GraphPad Prism.
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2.4.6 Bacterial SpecidRredictive of preterm Birth

ROC curves weresed to analyse the predictive value of bacterial species and clinical factors.

Area under the ROC curvs a representation of sensitivity and specificity. Values of 0.5

indicate no predictive valuevhile 1 indicates 100% positive predictive abilitherelative

abundance ofAtopobium vaginaend Gardnerella vaginaliat GTP1(p=0.0298 p=0.0429

andthe relative abundance dRhizobium rhizogeneg GTP 1, 2 & $€0.0327 was found to

significantly predicPTBFigue 2.28& Table2.14).

Table2.14. Preterm birth prediction capability of vaginal bacteriasingreceiver operating
characteristidROC) curve (Term n=26, Preteral7, GTP1 Term =13, GTP1 Preterm=8, GTP2
Term =13, GTP2 Preterm)=Analysis performed on GraphPad Prism.

Atopobium vaginae

Gardnerella vaginalis

Rhizobium rhizogenes

Chlamydia trachomatis

Coriobacteriales bacterium

Idiomarinasp. P75-3

Lactobacillus acidophilus

Lactobacillus crispatus

Lactobacillus iners

GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2

0.79
0.55
0.64
0.77
0.53
0.64
0.69
0.63
0.69
0.58
0.62
0.58
0.69
0.58
0.65
0.65
0.59
0.55
0.53
0.5
0.54
0.5
0.53
0.51
0.6
0.51

0.57t0 1.0
0.28't0 0.82
0.46 to 0.82
0.541t0 1.0
0.26t0 0.81
0.47 t0 0.82
0.4510 0.93
0.34t00.91
0.53t0 0.86
0.321t0 0.83
0.33t0 0.90
0.40t0 0.75
0.43 10 0.94
0.2910 0.88
0.47 t0 0.83
0.42 10 0.89
0.30 to 0.88
0.38t0 0.73
0.271t0 0.79
0.22t0 0.78
0.361t0 0.72
0.231t00.78
0.24 10 0.81
0.33to0 0.69
0.351t0 0.84
0.21t0 0.81

*0.0298
0.7257
0.133
*0.0426
0.8264
0.1176
0.1475
0.3805
*0.0327
0.5623
0.4299
0.4053
0.1579
0.5686
0.1064
0.2466
0.5393
0.5511
0.828
>0.9999
0.6728
0.9711
0.8608
0.9307
0.4689
0.9301
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Lactobacillus jensenii

Lactobacillus kitasatonis

Lactobacillus rhamnosus

Lactococcus lactis

Megasphaeraunidentified

Prevotella amnii

Shuttleworthiaunidentified

Streptococcus pneumoniae

All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All
GTP1
GTP2
All

0.53
0.53
0.55
0.53
0.56
0.58
0.59
0.63
0.58
0.62
0.5
0.51
0.51
0.63
0.71
0.67
0.56
0.56
0.56
0.57
0.51
0.55
0.55
0.51
0.59

0.36t0 0.71
0.27 t0 0.79
0.26 t0 0.84
0.35t00.71
0.30to0 0.83
0.29t0 0.88
0.41t0 0.77
0.36 to 0.89
0.29t0 0.88
0.44 t0 0.80
0.24t0 0.76
0.22t0 0.81
0.331t0 0.68
0.38t0 0.89
0.43 10 0.98
0.491t0 0.84
0.30to 0.83
0.30to0 0.83
0.381t0 0.74
0.31t0 0.82
0.23t0 0.79
0.37t0 0.73
0.291t0 0.81
0.23t0 0.79
0.41t0 0.76

0.7094
0.828
0.7257
0.7468
0.6378
0.5686
0.3327
0.3465
0.5686
0.1965
>0.9999
0.9301
0.9505
0.3106
0.1605
0.0679
0.6378
0.6378
0.5184
0.6122
0.9301
0.5847
0.6904
0.9301
0.3327
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GTP1 Atopobium vaginae GTP1 Gardnerella vaginalis
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Figure 2.28. Predictive ROC curve®\) relative abundance oAtopobium vaginaeat GTP1
(term n=13, preterm8) p=0.0298B) relative abundance oGardnerella vaginaliat GTP1
(term n=13, preterm=8p=0.0426C)relative abundance dRhizobium rhizogened GP1, 2
& 3 (term =26, preterm=1) p=0.0327 Analysis performeavith GraphPad Prism.
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Additionally, pecies richnesat GTPXp=0.0037 and the ratio oiGardnerella vaginaliand

Lactobacillus inerat GTP 1, 2 & §=0.0248 was found to significantly predict P{HEgure

2.29& Table2.15 & Table2.16).

Table 2.15. Preterm birth prediction capability of vaginal community measuressing
receiver operating characteristi®ROC) curve (Term n=26, Preterm n=17, GTP1 Term =13,
GTP1 Preterm=8, GTP2 Term =13, GTP2 PreternArd&lysis performedvith GraphPad
Prism.

G. vaginalis : L. crispatus GTP1 0.75 0.50t0 1.0 0.0746
GTP2 0.57 0.32 10 0.82 0.5932

All 0.67 0.50t0 0.84 0.0625

G. vaginalis : L. iners GTP1 0.8 0.57t0 1.0 *0.0248
GTP2 0.58 0.3310 0.83 0.5478

All 0.68 0.50to 0.85 0.0527

L. crispatus : L.iners GTP1 0.57 0.39t0 0.74 0.4713
GTP2 0.58 0.311t0 0.85 0.5382

All 0.57 0.32t00.82 0.5932

ShannorDiversity Index GTP1 0.5 0.251t0 0.76 0.9711
GTP2 0.62 0.331t0 0.90 0.4299

All 0.52 0.341t00.70 0.8649

Species Richness GTP1 0.75 0.52t0 0.98 0.0597
GTP2 0.56 0.25t0 0.88 0.661

All 0.78 0.63t00.93 | *0.0037

125



A Al GTP - Species Richness B GTP1 G. vaginalis : L. iners
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Figure2.29. Predictive ROC curu&) Species richnesst GTP 1+2+8erm =26, preterm=17)
p=0.0037 B) Ratio of Gardnerella vaginalisnd Lactobacillus inerat GTR (term n=13,
preterm=8)p=0.0248 Analysis performeé with GraphPad Prism.

Table2.16. Predictive cutoff values sensitivity and specificity for PTB prediction using CVF
swabs

Cutoff Value Sensitivity % 95% ClI Specificity 95% ClI Likelihood

% ratio

Relative Abundance otopobium vaginaeat GTP1
> 0.00014 75 41% to 96% 85 58% to 97% 4.9
Relative Abundance oBardnerella vaginaliat GTP1
> 0.00054 63 31% to 86% 92 67% to 100% 8.1
Relative Abundance oRhizobium rhizogeneat GTP 1+2+3
> 1.2 18 6.2% to 41% 96 81% to 100% 4.6

Abundance ofG. vaginalisrelative to L. inersat GTP1

> 0.038 63 31% to 86% 92 67% to 100% 8.1
Species Richnesg GTP 1+2+3
> 133 50 27% to 73% 96 81% to 100% 13
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2.4.7 Key Findings

Optimisation

1 Protocol A- QIAmp DNA mini kitadapted from(Stafford et al., 2017)was found to
consistently isolate more DNA from cryopreserved CVF swabs.

1 Protocol C- QlIAampDNA Microbiome Kivas faund to isolate DNA from the whole cell
standards but not from cryopreserved CVF swabs.

1 A novel universal primer pair 319F/MCReVA was successfully optimised. This pair is better

able to amplify key vaginal bacteria compared to 27F/1492R from Okfandpore.
Microbiome Profile & PTB

1 Species richneswas significantly higher in the preterm group compared to téFigure
2.14) and was able to predicPTB (Figure 2.29. However, number of reads was
significantly higher in the preterm group whialould likely account for the highespecies
richness

1 Relative abundanceof Atopobium vaginaeand Gardnerella vaginalist GTPland
Rhizobium rhizogeneg GTP * 2 + 3 wasfound tobe significantly higher in preterm and
significantly predicPTB Figure2.28& Table2.14)

1 Coriobacteriales baerium relative abundance significantly higher in preterm at GTP1
(Figure2.20

1 Abundance ofG. vaginalisrelative to eitherL. crispatusor L. inersabundance was
significantly higher in the preterm group at GTP1 and when GTP were grdkigenle
2.24)

1 Ratio ofG. vaginalisL. inerswas found to be predictive of PTB at GTRgure2.29

1 Lactobacillus dominancehe percentage oLactobacillusvithin a sample appears to be
lower in those with PTB. This requradditional samples to be statistically significant
(Figure2.27)
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2.5 Discussion

In this chapter, the overall aim was to produce a vaginal microbiome sequencing protocol
suitablefor Nanopore sequencing that could be used range of settings across the globe.
Once completed, the second aim was to analyse the vaginal microbiome oigotagomen,
comparing term and preterm samples in order to identify biomarkers for the prediction of
PTB. The PRIME global health research group was collecting samples from: UK (Sheffield
Teaching Hospitals), Bangladegdudr,bin Dhaka) and South Afric&ioote Schuur Hospitgal

to ensurethat prediction methods are relevant to mothers around the world and not only
those in high income countries. Unfortunately, the SARS2 pandemic delayed sample
collection from all researcsites and so this work includes only samples from the UK. However,
based on the methods optimised in this study, the PRIME research team continue to work

with clinical samples from all partner countries.

2.5.1 Optimisation Bacterial DNA Extraction

This sectiorlooks at the optimisation of bacterial DNA extraction from CVF swabs stored at
80 °dn PBSBoth clinical samples arvhginal Microbiome Whole Cell Mitandard was used

to test 2 kits: the QIAmp DNA mini kit (QIAGEN04 (Protocol A&B) and th@lAanp DNA
Microbiome Kitt QIAGEN51709 (Protocol C).

Protocol A was adapted from a previous study from our grfgafford et al., 2017)Our
results show that this protocol successfully extracted totdlA0from the swab and resulted

in amplicons posPCR. Protocol B is comparable to A with the addition of extended incubation
at 56 °C an additional 95°C incubation step. Based on testing, where we observed no
amplicons for protocol B, we conclude that thdditional heating steps may damage DNA

and hinder subsequent amplification.

Protocol hasan additionalhostDNAdegradation steggompared to A and #®hich improves

the ratio of host DNA to bacterial DNafiter extracton. Testing showed that the host DNA
degradation step was successf@anpared to protocol A, there was no visible amplicon
produced from the swab sample before PiG&icating that the human DNA was degraded.
This mirrors the bacterial standard which contains no human DNAHowever, after
amplification protocol C produced a visible amplicon for the bacterial cell standard but not

for the swabwhich suggests that bacterial DNA present may have been degraded with the
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host DNA Comparatively, protocol A produced an amplicon for both the bactstzaldard
and the swab post PCR.

Host DNA depletion is desirable as it can hinder upstream steps such as quantification and
sequencing. One study four¥.93%o0f DNA sequenced from vaginal samples of pregnant
women wasof hostorigin (Marquet et al., P22) For our samples, which have been stored at
-80 °C(some for several years) we suspect that bacteria in the sample have lysed and
therefore microbial DNAs exposed prior to bacterial lysis andis@lso degraded during the

host depletion step. Orthe other hand, the whole cell standard contains intact bacteria
therefore, microbial DNA was not degraded as the host depletion step is performed before
degradation of bacterial cell walls. This is supported by our testing of a fresh swab which

underwent protocol C and produced an amplicon visible on a gel after PCR.

Therefore,we conclude that Protocol C ssiitablefor DNA extraction performed on fresh
samplesHowever, as our samples and samples from partner countries were stor&f &C

we chose to use protocol A for this study.

Many VMB sequencing studies store sample2@fCfollowed by long term storage a80°C

(as was done in this study) followed by extraction ugtogverSoil DNA isolation kit (MO BIO
Laboratorieswhich does not contain a host depletion step but, includes inhibitor removal
steps(Callahan et al., 2017; Stout et al., 2017; DiGiulio et al., 26{cyyever, a comparison
of the PowerSoil kit and th©IAGENDNeasy methoghowed that while the PowerSoil kit
detected more diversity within the samples, the QIAGENy&ie the highest DNA yield and
guality (Mattei et al., 2019)

Other methods can be used to mitigate the effeofshost DNA in sequencing experiments.
Marquet et al,(2022)tested depletion of host DNA drenrichment of microbial DNA. They

S E LJ | A WhileiaKDNA mdlecule is sequenced in the nanopore, the data is already
compared live with references to decide whether the DNA molecule should be sequenced
furtheré ® ¢ KA & Aa |y SEOAMS bnytEe nghBsh seqténdirig DIRtformn.K |
However, not all human sequences were excluded &rt8% ofGardnerellareadswere
detectedA Yy (0 KS WNXE 2TRiOtechrigle rdqiltes(piiok hgivledge of the species
detected in the sample and may exclude spEthat are not commonly present but could

potentially be clinicallyimportant. While very promising, novel methods that are still in
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development such as this one, greone to errors and so we chose not to use this technique

in our study

2.5.1.1 Optimisation Vaginal Microbiome Universal Primer Pair

As well as optimising DNA extraction method, universal primers specific for vaginal organisms
were optimised. Oxford Nanopore sequencing provides the primer pair 27F/1492R in their
kits for microbiomestudies however, this is not specific for vaginal organisingially, we

sought to assess the suitability 7F/1492Ror vaginal swab samples.

Firstly, we assessed if 27F/1492R was able to amplify the key vaginal s@andserella
vaginalis, Lactbacillus gasseri, Mycoplasma hominis, Prevotella bivia, Streptococcus
agalactiae, Lactobacillus jenserfirom this smaiscalein-silicoanalysis we determined that
both the forward and reverse primer would not ampliBardnerella vaginaliand only the
forward primer would amplify the remaining species. This is supported by a previous study
that assesse@7F/1492Rfor human vaginal samplesnd redesignedprimers which they

report were better able to maintain theatio of Lactobacillus GardnerellgFrank et al., 2008)

Based on this result, we aimed to find a primer pair that can amplify all key vaginal organisms.
A literature search was performed, and 28 primers were identified for testing. Additionally, 2
novel reverse pmers were created for this study. Smatlale in silico analysis including the
species mentioned above and largeale in silico analysis including bacterial sequences in the
SILVA database was used to determine most suitable primeesriplification ofkeyvaginal

organismssuch asGardnerellsspecies

However,in silicoanalysis did not match results from laboratory experiments. In theory,
primer pairsFwdp1/806R and Fwgb1/785Rare able to amplify all vaginal organisms present

in the DNA standard kipwhen tested in the lab these pairs repeatedly did not produce an
amplicon at a range of annealing temperatures. This phenomenon has been reported in other
studies which observe that specificity and sensitivity vary significantly betwesiicoand

in vitro experiments(Henriques et al., 2012; Morales & Holben, 200BR)is discrepancy is
likely due to the unpredictable nature of theCR reaction which can be influendegsmall
experimental conditionsuch as mixing, reagent lot variation et¢hich arenot considered

duringin silicoanalysis.

130



From a combination ofin silico analysis and lab work we compared 319F/MCReVA,
319F/MCRevB, and 27Fm/1492Rm with the standard pair for nanopore sequencing
27F/1492R (Figure 4.6). These pairs all reliably produced an amplicon exXpbetedsize
which was a suitable length and position the 16Sgene for species identification. However,
specificity for vaginal organisms was mix€&dble2.5 showsthe % of each genus the primer

pair is theoretically able to detect.

Sequencing results from the Nanopore Flongle showed that none of these primer pairs
successfully amplifie@Gardnerella vaginaliSATCC 14019) from the bacterial DNA standard
but, were able to amplify the remaining species ceassfully. Insufficient detection of
Gardnerellaspecies is well documented in VMB studi®@snivasan & Fredricks, 2008; Verhelst
et al., 2004)and is due to mismatches in several popular regionsifoversalprimers One
study tested samples with the primeg7f/189r and observed an absence Géardnerella
vaginalis,they then changed the forward primer ®88f and observe. vaginalisvas
dominant specie¢Verhelst et al., 2004This highlights the importance of primer choice when
designing a microbiome study. Inevitably, nonper pair will equally amplify all species
therefore primers should be assessed and biases considered intespreting the data. In
our caseGardnerellawill likely be underrepresented as only some speeaied or strainsare

amplifiedby our chosen primepair.

Basednthese resultswe chose to use 319F/MCReVA for amplification of the clinical samples.
This pair performed well in the lab and usinegilicoanalysis we predict can amplifyostkey
vaginal organisms relevant to this study. 319F/MCRevAssihee variable regions V86
which we believe will aid in the identification of vaginal bacteria. A recent gfBuichoat et

al.,, 21)used vaginal samples to assess the performance of different variable regions in
identifying vaginal bacteria. They concluded tipapulation diversitywas better assessed
using he V3 region, followed by the Y87 and V4 region3heV3region was able to classify
69%0f familiesand 63%of genera Additionally (Hugerth et al., 202Gpund theV1-V3 region
performed besin silicq butin vitrothe V3-V4 region performed wednd had good taxonomic
coverageThe primer paideveloped in this study spans the V3 region thought to be best for
identification with additional regions that can further aid species identification. Now this has
been established, this pair can be used consigyewnith the same methods to investigate the

VMB of women around the globe.
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2.5.2 Vaginal Microbiome sequencing

After optimisation, 60 clinical samples were sequenced using Oxford Nanopore technologies.
Samples were split into 2 batches: one withigher DNA ancentration of 52.5 ng/sample

and one with a lower concentration @f5 ng/sample. Splitting samples into the high and low
batch enabled us to get as many reads as poss$ibla every samplelf all samples were
sequenced together, high concentration saegpwould have been normalised to match the
lowest concentration resulting in fewer reads and decreased species identification.
Alternatively, if the samples were not normalised samples with very low concentrations
would have been overwhelmed by the volumnEDNA from other samplae®sulting in very

few reads Sequencing in two batches allowed us to get the best out of each precious clinical
sample. The high concentration batch produced more reads than the low concentration batch

which was expected as thereas more DNA available to sequence.

The majority, 68%o0f the species identified from matching our sequences to the SILVA
RFEGFolFrasS gSNB yI YSR d dzgcedittiréddzciena évereokidersiedizii A R S y
sequencing results duringptimisation whichused a community standarctontaining no

uncultured speiesand so supports the idea th#te high prevalence of uncultured organisms

is due to methodologies rather tharomel speciesErrors during identification of base pairs
RdzZNAyYy 3 &SljdzSyOAy3a O2dzZ R fSIR (2 &LIScOfioma o0SAYyY
the SILVA database despite being a known vaginal organism.

Only two studies to date have performed Nanopoegsencingon clinical vaginal swabs

(Marquet et al., 2022; KerrBarnard et al., 2022)Marquet et al,(2022) found that the

average concentration of DNA extracted from swabs #was ng/ul pgf samplepre-PCRWe

did not measure DNA concentration prior to PCR as the majority of DNA present is of host
origin. Therefore, prd®CR concentration does not corelate with concentration post PCR as

only bacterial DNA is amplified during PTs study did not provide concentration data post

PCR although did measure each sample for library preparation. Additiokiaiguet et al

did not provide the number of bacterial reads per sampbet, total reads were2.73 million

which is comparable toour high concentration batch2(89 M although not the low

concentration batch{42.86 K.
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KerryBarnard et al(2022)was able to analyse sufficient readsrh 106/148 frozen samples

No information on how long the samples westoredfor or DNA concentration was provided
Additionally, o information regarding the Nanopore sequencing outpigg.number of reads.
Based on the very limited available data we are unable to compare our findings to previous
vaginal swab Nanopore sequencing results. Future studies should strive to include detailed
results as supplementary material to allow the qualitly samples to be appraised and

compared.
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2.5.3 Vaginal bacterial species
A total of391named bacterial species were identified framr clinical samples.his is in line
with an exhaustive review of vaginal bacteria(Byop et al., 2019¥ho identified581 bacteria

from all VMBresearchpublished at that time.

2.5.3.1 Lactobacilluspp
As expected, the most abundant genus wastobacillusvhich is known to be the dominant
genus of the VMB for most womgRavel et al., 2011) actobacilluss known to dominate

the VMB and unsurprisingly was the most abundant and prevalent genus from all samples.

InterestinglyL. gasserwas not observed in any samples. This could be due to a mismatch
within the primer, however, during optimisatiorthe sekcted primers successfully amplified
L.gasseri Therefore, this population likely has low to no abundance.ajassercompared

to previous studiegStafford et al., 201 Avhich observed 11% of patienin=133) to have
CSTII dominated Ry. gasseri

Relative abundance @f. acidophilusaandL. crispatusvas not significantly different between

the term and preterm groupHowever,there wasa trendof higher relative abundance in the
term group.L. crispatuss considered to be the most health promoting bacteria within the
VMB and has the best capacity for metabolising glycogen into lactic acid to maintain the low
pH of the vagingArgentini et al., 2022).. acidophiluss a less commobactobacilluspecies

found in the vagina. One sample was dominated_bgcidophilusind this patient delivered

at term. Similarly, hree samples were dominatetdy L. crispatusall from term delivered

women Howeveradditional patientsarerequired to properly analyséneseassociatios.

Larger studies haveconsistently observed significant association betweeh. crispatus
dominated communities anterm birth (Aslam et al., 2022; Payne et al., 2021; Stafford et al.,
2017) Tabatabaei et al(2019) found that communities dominated byL. crispatus/L.
acidophilusat early gestatioawere associated with decreased risk of spontaneous preterm
birth. Additionally, in our study we observed a significantly higher abundanGe whginalis
relative toL. crispatusn the preterm groupwhich indicates that when # abundance otL.
crispatugs higher tharG. vaginalisthere may be a decreased risk of PTB. Based on this, there
is strong evidence to suggekt crispatusis protective against PTB and theesze a small

number of studieshat to suggest.. aci@philusis also protective against P.TB
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L. jensenihas also been associated with term bitkslam et al., 2022; Payne et,&021) In

our study wefound that the relative abundance df. jenseniwasnot statistically significant
although washigher in the preterm group at aBTR. AdditionallyL. jensenivassignificantly
correlated withAtopobium vaginaavhich is associated with preterm bir{{@©dogwu, Chen,
et al., 2021)In a previous study from our tea@b5% ofthe preterm grouphad communities

dominated byL. jensenicompared to 10% of theerm group(Stafford et al., 2017)

In the current study, hree samples from one patient were identified desminated byL.
jensenii From thiswe can spculate thatl. jenseniis stable within the vaginal environment.
This is supported biGiulio et al(2015)who observed the most stable communities tolbe
gasserifollowed byL. jenseniiTherefore, whetheL. jenseniis truly associated with term or
preterm birth, it is likely not due to a fluctuating community as seen with communities

dominated by various species throughout pregnancy.

2.5.3.2 Lactobacillus iners

Lactobacillus iner8B-1 was identified ir44%of our samples. This bacterium was the most
prevalent from theterm group and was the dominant bacteria in 8 sampleRelative
abundance wasound to be higherin the term samples at GTPThis finding is in line with
previous research ak inersis the most frequently detected bacterial speciesthin the

vagina(Macklaim et al., 2011)

Out of all the vaginalactobacillusspecies,L. inersis the most controversial. Some have
as®ciated it with PTBPetricevic et al., 2014nd several studies have obsedvihatL. iners
dominated communities can transition into more diverse communities as seen in BV

(Verstraelen et al., 2009)

However,L. inersAB-1 is known to have genes optimal for survival in the fluctuating vaginal
environment(Kwak et al., 2020; Petrova et al., 201This includes the ability to tolerate
normal vaginal pH but also pH >4.5 which is seen during menstruation and BV. This is
supported by studies that have observkedinersas the only remainingactobacillusspecies

present after menstruation or B{L.opes de Santos Santiago et al., 2012)

This leads some to speculate that inersis a persistent well adapted bacteria not easily
displaced by anaerobes but instea@n help restore the vaginal pH after menstruation or BV

(Macklaim et al., 2011)lhe beneficial characteristics lofinersare demonstrated in a study
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whereL. inersvasable to reduce the viability db. \aginalisand form a dense biofilm in its

place(Saunders et al., 2007)

Our results showL. inerswas found to positively correlatevith Lactobacillus jensenii,
Lactococcus lactiand Streptococcus pneumoniae the term group. While in the preterm
group significantly correlated to onlyactobacillus rhamnosu$his finding does not support
the previousfindings that L. inersoften coexistswith anaerobes that are known to be
associated with PTB such @ardnerellalLopes dos Santos Santiago et al., 20@R)thatL.

inerscontributes to a transitioningo a diversecommunity(Verstraelen et al., 2009)

In our study, © preterm patients were dominatetby L. iners Additionally, be relative
abundanceof G. vaginalis L. inerswvas found to be significantly higher in the preternogp
indicatingthat a higher abundance @. vaginaligelative toL. inersleads to a higher risk of
preterm birth. Further analysis showed th@t vaginalis L. inersnvas able to predict PTB at
GTP1. These findings implica®e vaginalign infection associated PTahd suggest that..

inersis more protective against PTB

2.5.3.3 Gardnerella vaginalis

Gardnerella vaginalisias observed irb3%of the preterm samples and hadsignificantly
higher relative abundance in the preterm group at GTAdundance ofs. vaginaligelative

to either L. crispatusor L. inersabundance was significantly higher in the preterm group at
GTP1 andevas able to predict PTBigure2.29). This supports previous studies that also found
Gardnerella vaginali® be predictive of PT@/celrath et al., 2018; Bretelle et al., 20\&hile

G. vaginalissthoughtto coexist withL. inersit has been observed that. crispatuswhich is
strongly associatewith term birth, hasan inverse correlatioto G. vaginalisand dces not
coexist(Callahan et al., 201.7Qur study does not support either of those observations, no
bacteria were negatively correlated ahdinersvas notpositively correlated witlG. vaginalis

in any groupg=term 0.73, preterm0.66, GTPD.58, GTP®.69).

High levels of cervic#. vaginalishave been observed in women with PPROM along with
microbial presence in the amniotic cavifKacerovsky et al., 2021However, these
observations do not always correlate with inflammation so could go undetected throughout
pregnancy. Identifyingsardnerellaspecies at early gestations such as GTP1 in this study at

26-28 weeks could ba useful factor in a larger predictive model of PTB. Those with a high
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relative abundance of. vaginalicould be identified as at higher risk of Paml giventhe

appropriate clinical triage.

2.5.3.4 Streptococcus pneumoniae
The most prevalent bacterium from alhmples wastreptococcus pneumoniag45.5% The
relative abundance of this species was found to be higher inptle¢erm groupat GTP1

although not statistically significant

S. pneumoniaes a commonmespiratory tract pathogerAirwayinfections have been observed
to hematogenouly spread to the placentaesulting in inflammation and increased rates of
PTB(Sandu et al., 2013Endocervical and amniotic fluid infections&f pneumoniadave
also been reported in PPROM patie(@useph et al., 2019; Lajos et al., 20@3sed on this
we can speculate theitreptococcus pneumoniagay have the capability to increase the risk

of PTB and PPROM.

However, this research as conducted during an unusual time for respiratory viruses. The
SAR&0V2 pandemic National government restrictions resulted in a 68% decrease in
reported incidences 0B. pneumoniaenfectionsafter 4 weeksand, an82%decrease after 8
weeks across Eupe and Asia including the URBrueggemann et al., 2021ewer studies
have reported the incidence &. pneumoniaafter the removal of social distancirigowever,
trends reported in Australia, Israel and in paediatric patients in the UK indicate a rising
number of respiratory infections includiry pneumonia@ 2021(Amar et al., 2022; Lumley

et al., 2022; Foley et al., 2021)

This decrease and subsequent increas8.gineumoniaefection incidence may explain the
significant difference in abundance between term and preterm samples. Seven samples
included in the analysis were collected in December 2020 or later during the period of
increasing respiratory infections. These swalesemaken from 3 patients who all delivered
preterm (AHR65, SU0097, SU0108). In contrast, all samples included in this analysis from term
delivered women were collected between November 20y 2019 before SARSO\2
restrictions were in place. Howevdopking at the dominant bacteria present in easdmple
(Figure2.25), S. pneumonia&vas the dominant species only J0055~vhich was collected

in Setember 2019. From this dat# is not possible to determine wheth&. pneumoniaés

a causative agent of PTB despite the significantly higher abundance in the preterm group.
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Additional samples from term patients collected after December 2020 are neeaded

comparison.

2.5.3.5 Rhizobium rhizogenes

Rhizobium rhizogenegenus formerly known aégrobacterium was themost prevalent
organism observed i65%of the preterm samplesnd was found to be significantly higher in
preterm patients when GTP were group&lrhizogenesvas able to predict PTB when GTPs
were grouped but not at GTP1/ GTP2 alone. This is likely due to the small group numbers and
additional patients may furthesupport this finding.R rhizogeness a gam-negative soil
bacterium thatis usually pathogeniin plants(Velazquez et al., 2005Jhis genus hdseen
reported in vagina but is a rare finding. More commonly, infections and sepsis are seen in

neonates(Tiwari & Beriha, 2015; Khan et al., 2014)

A close relave of R.rhizogeness Rhizobium radiobactewhich has been described as the
most common opportunistic human pathogegifiwari & Beriha, 2015; Lai et al., 2004)
particularly in immunocompromised patient$he infections were strongly related to the
presence of foreign plastic maiats e.g., an intravascular cathet@rai et al., 2004)This
bacterium has been observed in the vagina, ovaries, urethra, sputum and endometrium
among otherqRiley & Weaver, 1977Additionally Rhizobium pusenss also known to be a
human pathogen and has been isolated from blood, sputum and urine among others

(Aujoulat et al., 2015)

Based on the observations of other members of Ri@zobiungenus we can speculate that

this organism may be an opportunistic pathogen present in the hospital setting where these
samples were taken. The higher prevaleacel relative abundancef this bacterium in the
preterm group could be due to the time spent in thespital and an increased rate of clinical
foreign plastic materialased for treatment. No current studies have reported an association
betweenRhizobiumand PTBhowever, Rhizobiungenus is a good candidate to investigate in

future studies

2.5.3.6 Other CSTIBacteria
In addition to G. vaginalis, S. pneumoniae and R. rhizogesiker species classified as
GRADSNES Haw bedrNBsp@ated with PTBne study found that 40%of samples

from preterm delivered women @ not contain anylLactobacilluspeciesand was instead
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dominated by diverse anaerobd#éslam et al. 2022) In comparison, samples from term
delivered women all contained either 1 or LActobacillusspecies(Aslam et al., 2022)
Diversity of the VMB is known to increase during tferimester (Kaur et al., 2020 Genera
includingAtopobium, Sneathia, Gardnerellnd Megasphaeraare not commonly observed
prior to pregnancy but were found to be common in th&tlimester byKaur et al(2020)

This observation correlates with our findings, assigenera were prevalent in our samples.

The relative abundance éltopobium vaginaewvasfound to be significantly higher in preterm
patients and was found to predict PTB at GTRYaginaewasalsosignificantly asociated
with Prevotella amniknown to be associated with PTBlovitz et al., 2019; Nelson et al.,
2016) Previous studies support our findings, for exampkiady of Nigerian women found
A. vaginaepredicted PTB(Odogwu, Chen, et al., 2028dditionally, atargeted gPCR study
identified thata high loadd 108 copies/mLdf A. vaginaenas able to predict PT@retelle

et al., 2015)A. vaginaeappears to be a promising candidate for PTB prediction using the VMB.

Coriobacteriales bacteriunDNF00809vas identified irfive samples. This bacterium has not
previously been reported iassociation with preterm birth but has been reported in studies
investigating BYPlummer et al., 20219nd genital tract inflammatiofAlisoltani et al., 2020)
in non-pregnant womenLooking at the taxonomy identified from the SILVA databasecan
see that this lcterium belongs to the ordeCoriobacterialegof which Atopobiumis also a
member)within the familyEggerthellaceaeWhile this bacterium is not well characterised
Eggerthellaceaare known to banostly anaerobi@and are commonly isolated from human
samples(Gupta, 2021) Other members of this family such Bggerthellaceadggerthella
have been identified from previous vaginalicrobiome studies (Diop et al., 2019pand
Eggerthellasp. MVAlwas found tosignificantly increasexpressiorof IL-m Nin cervical cells

(McKenzie et al., 2021)

In this study, Coriobacteriales baetium DNF00809was s$gnificantly associated with
Gardnerella vaginaljsviegasphaeraunidentified and Rhizobium rhizogenas the preterm
group, all of which are associated with P'M2e also observed agnificantly higher relative
abundance in th@reterm group at GTRLToriobacterialess also likely to have a significantly

higher relative abundance at GTP2 with additional participants as it wtagrasent in term
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samples There is compelling evidence th@briobacterialeand the Eggerthellaceadamily

are implicated in infection associated PTB and should be further studied in the future.

Megasphaerawas found to have a significantly higher relative abundance in the preterm

group when GTP were grouped. Additionallgegasphaeravas asociated withGardnerella

vaginalis, Rhizobium rhizogenasd Coriobacteriales bacteriunMegasphaeraspecifically
Megasphaerghylotype 1 (MP1has previously been associated with REBvitz et al., 2019;

| 26 SGFNI SG Ff dX wnmdpT CSi (6 SahdPPROMIayaprakashH n M T
et al., 2016) We were unable to identify the speciesMe&gasphaerahowever, from the 14

named organisms known to be in tidegasphaeragenus no species have been associated

with positive pregnancy outcomg$lascock et al., 2021)yargetedresearch is needed to
characterise the individual associations Mfegasphaerastrains, similar to the various
LactobacilluspeciesMegasphaerapecies and strains mdmave differing relationships with

the host and the vaginal environment.

Prevotellaamnii was found to be ssociatedvith A. vaginae CoriobacterialeandG. vaginalis
Interestingly, P. amnii was not present in any term sample However, a recent study
observed a positive correlation between PTB airdaplasma/ Prevotellaut interestingly,
communities colonised bYreaplasma, Prevotelland Lactobacilluswere associated with
term birth (Park et al., 2022)This study highlights the importance of investigating the whole

community rather than targeting individual species.

The bactem discussed in this sectidraveall previouslybeen associatedith PTB and in this
study are commonly found togethedemonstrated by the significant positive associations
Dysbiotic organismssuch as those discussed hewee known toform biofilms withn the
vaginal environmen{Castro et al., 2019and on thechoriodecidual surface of explanted
humanFM (Doster et al., 2017%5. vaginalishas been shown to initiate biofilm formation and
is then often joined by other PTB associateganisms suchsd. vaginagArroyc-Moreno et

al., 2022)One study demonstrated tha. vaginaeandP. biviawvere able to incorporate into

G. vaginaliiofilms in vitro (Castro et al., 2021Biofilms are thought to be the cause of
persistent BV infectiongMuzny et al.,, 2020)partly due to beingantibiotic resistant
(Swidsinski et al.,, 2008Antibiotic susceptible bacteria have been shown to produce

antibiotic resistant biofiims(Rosca et al., 2022)Again, this is compelling evidence to
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investigate the vaginal microbiome as a community rather than detecting the presence or

absence of targeted organisms.

2.5.3.7 Lactococcus lactis cremoris

Finallythe second most prevalent bacteria from all samples kadococcus lactmibspecies
cremoriswhich is a lactic acid producing bacteria commonly used in food production for milk
products(Wegmann et al., 2007This species is neither a commbactobacilluspecies nor

an anaerobic pathogen butas the dominant species in 6 samplé&fere wao significant
difference in relative abundanda term vs peterm patientsat any GTPA few casaeports

link Lactococcus lactis cremoris PPROMhowever, our study had insufficient cases of

PPROM to draw conclusions.

One case of intrauterin@nfection thought to be caused tsubsgciescremoriswas reported

by (Slaoui et al., 2022)This case appears to be a descending infection as the patient
presented withacute gastroenteritigfter consumption otinpasteurized buttermilkThe day
after admission, the patient presendewith PPROM, malodorous amniotic fluid and fever.
Lactococcus lactis cremomssidentified from a culture of placenta biopsy and the patient
was successfully treated wimoxicillin WhileLactococcus lactis cremorigas identified in

the placenta and is the likely cause gdstroenteritis no vaginal or amniotic fluid samples
were taken. Therefore, organism(s) present at the site of PPROM or in the amniotic fluid
cannot be determined. Had molecular techniques beesdus this case, a better insight into
PPROM mechanisms cotildve been gained. Identification of organisms at these sites could
determine whether PPROM was due to either local membrane infectidrabiococcus lactis
cremorisresponse to microbes in tremniotic fluid or, a general inflammatory response from

gastroenteritiswhich induced fever.

'y 2f RSNJ Ol achoris@nnignididueQdattdcotéus ldctis cremari@hzouzi et
al., 2015) The patient presented with PPROM at 34w with no amniotic fluid malodour and
without any gastrointestinal symptom3¥wo weeks latethe patient was admittedor labour
induction but presented withfever and increased white blood cells. As in the previous case
report, a biopsy of the placenta was taken drattococcus lactis cremowss identified using
culture techniques. Similarly, no vaginal or amniotic fluid samples were takeh,na

molecular techniques were used to identify fastidious or fooitturable organisms.
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These two case reports highlight the need for additional clinical samples and research. With

this, we can better understand the mechanisms of PPROM and the orgaheihmsay cause

the highest risk of PPROM and ascending infection. Importantly, as molecular techniques

become more accessible such as Oxford Nanopore sequencing used in our study, clinical
settings should utilise these methods for clinical research to @rgpdentify polymicrobial

infections, fastidious organisms and unculturable bacteria.

Culture techniques bias our understanding of clinical infections. A review of the tree of life
calculated that out 092 bacterial phylacurrently known we are unabléo cultivate any
species from 55phyla (Hug et &, 2016) Another study estimated thabl % of the
microorganismsobserved using anicroscope could be isolate@Garza & Dutilh, 2015)
Because of this culture bias we cannot confidently identify the infectious agent using culture

methods alone, particularly in polymids@l infections or infections of fastidious organisms.

Looking more specifically at vaginal colonisatiom.@ftococcus lactis cremariactic acid is
known to be beneficial to vaginal health produciagtimicrobial and immune modulatory
effects(Amabebe & Anumba, 2018; Aldunate et al., 20I%)erefore, ilLactococcuspecies
canoccupy this niche, preventing pathogens from colonising the vagina in the absence of
lactobacillj Lactococcusare likely to play a beneficial role in the human VNMBsupport of

this idea,other subspecies ofactococcus lactiare currently being used to develop vaginal

probiotics(DiazDinamarca et al., 2020; Gao et al., 2011)
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2.5.4 AlphaDiversity

Alpha diversity is a commonly used measure which represents the richness and evenness (also
referred to as variety and abundance) of a commu(\iWilis, 2019; B. D. Wagner et al., 2018)

Ly GKA&a OFasSz ¢gSQNB Ay@SadAriardiy3a GKS @ AAyl

Species richness (number of observed species)sigasficantly higher in the preterm group
compared to term. Median number of species in the term gro@g,3n the preterm group
=105.5 p=0.0134.

The most basic measure of diversity is species richness (observed number of species), which
does not considr the relative abundance or evenness of a community. We found a
significantly higher species richness in pretetaiivered patients compared to term
delivered (Median =105.8s 23respectively Figure2.14, Figure2.15). This is in contrast to
(Nelson et al., 2018)ho observed a higher median ©¥75.40in term vs117.90species in
preterm. However, the higher number of species may be due to the significantly higher
number of sequencing reads in the preterm group as more reads results in more opportunity

to identify different bacteria within a sample.

Samples were also assessed with Shannonr&iiydndex (SDI)Shannon, 1948yhich is a
more nuanced diversity measure that equally considersrthber of taxonomic groupsr

richnessand the distribution of abundances or evenndS¥illis, 2019)Figure2.16, Figure

2.17).

In line withRomero& Hassan, et a2014) no significant differences in bacterial diversity
were found. Kwever, some trends were observed: in tedwlivered patients diversity
increased from GTP1 to GTWRereas in preterndelivered patients diversity decreased from
GTP1 to GTPFigure2.17a&b). Looking only at GTP1, diversity was higher inptieéerm
group compared to termKigure2.17c). This is consistent witiNelson et al,(2016) who

observed the same nasignificant trend at 24w.

Interestingly, a study frorilaque et al(2017)found that from 15 weeks gestation diversity
gradually decreased in term patients but increased in preterm patilatding the study to
suggest diversity in the first trimester can be used for PTB prediction. However, between 21

23 weeks gestation the preterm and term SDI intersected. Term diversity then remained
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relatively stable between 237 weeks gestation but pterm diversity decreased leading to

another intersect between 335 weeks gestatio(Haque et al., 2017)

This study provides evidence to suggest that while diversity may significantly vary between
term and preterm in early pregnancy, at later gestations diversity is more similar and may not
be useful for PTB prediction. This may be the reason we see nacgighdifferences within
our samples aGTP1(20-22w, 2" trimester) andGTP226-28w, 3¢ trimester). To properly

identify changes in diversity, earlier and more frequent time points should be taken.

Despite diverse anaerobes being repeatedly associattid PTB, when using SByman et

al, (2014)found a significantly lower SDI in preterm samples compared to term. Additionally,
when grouped by trimesteBlostein et al{2020)found the preterm group had a lower SDI

than the control term group. These findings suggest that as the total diversity wlitxMB

does not correlate with PTB, it is only the presence of diverse anaerobes found in CSTIV that

maybe useful for PTB prediction.

2.5.5 Community State Types
In order to assess the VMB at a community level, samples were categorised based on the

dominantbacterium present into the widely accepted CST groups f{iRavel et al., 2011)

5S5aLAGS ydzYSNERdza & i dzRStaffaid ebatizZRD U2 Nilsidlig @, 2006;0S t Qa
Kacerovsky et al., 201,5)1.9% of our samples did not fit into one of these categories. These
samples were dominated kgither IdiomarinaP7-5-3, Lactobacillus acidophilus, Lactococcus

lactis or Lactobacillus uncultured bacteriurRor thisreason,we chose to report the % of

dominant bacteria in addition to C&3 better characterise each sample.

Similar to our findings, some (1 dzZRA S& Ff 42 F2dzyR GKIF G wl @St Qa
(Callahan et al., 2017; Romero, Hassan, et al., 2014; Gajer et al), Rk2 different from

wlk @St Qa 3 Bbsieinetyaf2020)vhodgrouped their samples intthree groups:

diverse, Lactobacillus ASVAominated or Lactobacillus inersddominated Additionally,

Callahan et al(2017)observed thatL. inersand Gardnerellaoften coexisted at near equal
frequenciesand therefore CST groupings did not well represent thesensunities Based on

this result Callahan et aproposed analysis based on the quantitative frequencie$sof
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vaginalis L. crispatusandL. inersvhich was also performed in our study our samplesG.
vaginalisand L. inerswere not found to coexist at equal frequencies. In all samples one
species had a higher relative abundanttee majority of samplesad a valueslose to 1(only

G. vaginaligpresent)or O (only L. inergpresent) This suggests that. inergs not necessay
associated with PTB'he same is also true fdr. crispatusthere were significantly more
samples in the preterm group that had a higher abundanc& ofaginaliscompared toL.
crispatus Thisfinding can be attributed td.. crispatusability to inhbit G. vaginaliggrowth
(Amabebe et al., 2022)

Oveall, the most comma CST was CST{d§bominated byanaerobe} these samples were
dominated by: either Gardnerella vaginalis, Gardnerella uncultured bacterilon
Shuttleworthia unculturedbacterium We did not find a significant difference in the
prevalence of CST between the term and preterm group ®8TV was more prevalenn
patients who delivered pretermThis trend supports the evidence that diverse anaerobes are
associated with PT@allahan et al., 2017; DiGiulio et al., 2046h a greater sample number

these associations may become more significant.

Notably, no samples were dondted byLactobacillus gassef€STII)As discussed in section
2.5.3 L. gasserwas not detected in any sample but as this bacterium was detected during
optimisaion, it is unlikely thathis is due to a bias in methodology. Other studies have found
a range ofL. gasserprevalence irvaginal samples from pregnant women: 1.82unlop et

al., 2021) 8.6%(Stafford et al., 2017)

Studies report that som€STare more stable and beneficial to pregnancy outcome as they
do nottransitionto another CSTOry S NE St &> &a2YS /{¢ I NE (K2dz3
and often transition to a different CSDiGiulio et al., 2015; Gajer et al., 201Qut of 16
patients with more than one data poin8 had a consistent CSlwo patients transitioned
fromL. iner{CSTIII) th. crispatugCI1)and both delivered at term. This suppotiscrispatus
association with term birtl{Stafford et al., 2017however, a larger sample size is needed to
draw any conclusion®iGiulio et al(2015) found that CSTV wasable to transitionto and
from three other CSTsThis is reflected in our data asmmunities were found to transition
from Idiomarina P75-3 and L. acidophiluso CSTIV and from CSTI.tauncultured As the
sample size of patients with multiple tinpoints is small, additional samples are needed to
make any associatiorietween transitioning vs stable communitiaad PTB.
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2.5.5.1 Lactobacillus deficient communities

The most consistent findinfyjom previous VMB research is a higher risk of PTB in patients
with Lactobacillusieficientcommunities(Arena & Daco, 2021; Brown et al., 2019; Callahan
et al., 2017; DiGiulio et al., 2015; Usui et al., 2002¢ analysed the percentage of each
vaginalcommunity containind-actobacilluspecies The % of.actobacilluspeciesdid not
significantly differbetween the term and preterm groupsHowever, at GTP1 the preterm
group hada lower average% of Lactobacillus Additional clinical samples are needed to
confirm this observation in our study. This would support other studies su8heas & Dacco,
(2021) who found areduction or absence of lactobacilli in all women admittedth
premature labour.Out of those admitted in premature labouapsence ofactobacilliwas
found in 18% of womewho responded to the tocolysis and in.4% of women who did not
respond This suggests that in the absence Lafctobacillusspecies, colonising organisms
produce a large inflammatory response whaduld be subclinical or difficult to treagsulting

in apreterm birth.

2.5.6 Prediction of PTB

In order to establish which significant result&ere able to distinguish between term and
preterm outcomeswe analysed the area under threceiver operating characterist{OC)
curveto assess the predictive value edich factorUnfortunately,due to the low sample size

(n=3)we were unable to assess the predictive value for PPROM.

We found 5 factors were predictive of PTB. These were: the relative abundaAtepobium
vaginae Gardnerella vaginaljsRhizobium rhizgenes G. vaginalis:L. inersand species
richness(further predictive factors are discussed in chapter 5 after the addition of the

metabolome data).

Assessing thealative abundanceof Atopobium vaginae, Gardnerella vaginalis, Rhizobium
rhizogenes (Bretelle et al., 20150lemonstrated higHoads ofA. vaginaeand G. vaginalis

were predictive of PTB.

The proportion ofG. vaginalisi. inerswas found to be predictive at GTP10.038had a63%
sensitivityand 92% specificityl his indicates that if only. inerds present there is a lower risk

of PTB. Whes. vaginaligs also present, even at low relative abundances, the risk of PTB is
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greater. Our results are in contrast t&Callahan et al,(2017) who observed thatL.
inersand Gardnerelleoften coexist at comparable frequensienone of our samples had
equal frequencies df. inersand GardnerellgFigure2.24). Our findings indicate that. iners
may not be associated with PTB although often present due to its reqiguate,G. vaginalis

on the other hand is again implicated in higher risk BBP

Secies richnessvas found to be significantly higher in the preterm group and predictive of
preterm birth (cut off, sensitivity, specificity). Howeyeas discussed isection 2.5.4 this
finding could be due to significantly more reads in the preterm grddpre reads for these
samplesmean more opportunity for different bacterial species to be identified. Library
preparation which includes quantifying the DNA concentration of each sample, normalising
and requantifying should ensure an equal DNA input for each sample resulting in similar
number of reads. This was not the case for our samples and could be goer quality DNA

measured in the samples which did not result in a read able to identify a bacterial species.

Onestudy investigated severdibrary preparation methods on several féifent sequencing
platforms and found that results from different library preparation methods on the same
platform were more varied than results using the same library preparation method on
different platforms(Jones et al.,@15) Library preparation was found to influenb&ses in
error profiles, duplication rates, and loss of reads in organisms with a highdatght (Jones

et al., 2015)Despite the potential bias from number of reattsgh diversity of the VMB has
previously been associated with preterm birt8himaoka et al., 2019; Donders et al., 2009;

Lee et al., 2009nd should be investigated in future studies.

Species of note that are frequently associated with PTB in other studiddraaplasmaand
Mycoplasma speciediaque et al., 2017; Parnell et al., 2017; Sweeney et al., 20dak &t
al., 2014; EKhier et al., 2014)n a recent studyJreaplasma urealyticurwasdetected inthe
cervixof 34.5% Mycoplasméaiominisin 17.2%and Ureaplasmaarvumin 85.48%of patients
whohad a chronic cervical infection addliveredpreterm (Barinov et al., 2022)n our study,
Ureaplasma urealyticurserovar 7 str. (ATCC 27819jeaplasma parvureerovar 6 str. (ATCC
27818) and an unculturedUreaplasmabacterium was detected in 1, 2 and 3 samples
respectively. All were detéed in patientAHR_53.3vho delivered pretermhowever, due to

the low prevalencend abundancef these bacteria no findings wesggnificant.
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2.6 Summary & Future work

We have optimised the isolation of bacterial DNA from CVF samples storextéarded
periods inPBS at80 3 . For these samples it is important not to use a host DNA depletion
step as this also degrades bacterial DNA which may have become exposed from lysed bacteria
during storagelt is likely that better quality DNA could be alrted from fresh swabs using
protocol C outlined in sectiof.3.3 However, it is not always possible ismlate DNA from

fresh swabs. This takes additional timg @xtractions cannot be performed on batches of
swabs. Additionally, samples from partner countries had to be cryopreserved for
transportation. The protocol optimised in this study is suitable for potentially lower quality
samples stored in subptimal corditions. Current swabs stored for the PRIME studyrate

stored in PBS which allows for future analysis that may be incompatible withReBGcing

the storage time of CVF swabs to less than one year and storing the swabs dry may increase

the yield of baterial DNA and result in fewer samples excluded from analysis.

We also optimised a universal primer pair for amplification of vaginal bacterial sequences.
This new pair successfully amplifieGardnerella species which are notoriously
underrepresented in nerobiome studies. Despite this success, it should be acknowledged
that amplification using any primer pair will introduce bias as not all bacteria will be amplified
equally. Future studies should assess the capabilities of primers prior to use and aorount

biases in analysis.

A major issue with current microbiome research is the lack of consistency in primer naming
and sequences. For example, 27F/1492R is named in many phpeeser, the sequence of
the primers differs between studies. An acceptedatese of primer names and sequences

would be beneficial for the wider field of microbiome research.

We hypothesised that women who give birth prematurely will have a significantly different
VMB profile that can be used to identifthose at a higher riskof PTBWe identified three
bacteria that were able to predict PTBtopobium vagina@and Gardnerella vaginaliat GTP1
andRhizobium rhizogeneg GTP 1 + 2 + B) addition toRatio ofG. vaginali®ndL. inersWe

had insufficient sample number to investigate fvedictive value of VMB for PPROM. Future

studies could aim to target PPROM patients in order to increase numbers.
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Based on our analysis we can recommend further research into bacterial speciesasignific
implicated n preterm birth. These areCoriobacteriales bactenmn, MegasphaerapeciesR.
rhizogenes, L. rhamnosus, G. vaginaisgd A. vaginae.Future research should perform
targeted analysis of these species while still investigating the viagimamunity as a whole.
Furtherin vitro research on these species of interest, such as the experiments detailed in
chapters 2 and 3would be beneficial as they would provide insight into thelecular and

cellularmechanismsvhich increase the risk of BT

Additional clinical samplefsom the UK cohoraire needed to increase sample size and draw
more confident predictive modelsparticularly for the PPROM subgrouPf note, we
observed no significant findings at GTP2, this is likely due to the smaller sample sizes. Future
studies should ensure sufficient samples for statistical significance after the exclusion of

samples which did not meet the quality criteria.

TheUK cohort can then be compared to tBangladestand South Africaohorts to ensure
that predictive methods are inclusivaf women in a range of settings, not just those in high
income countries.Throughout this project, CVF samples were collected usiegsdme
methods and GTP atartner sites inBangladestand South AfricaFuture workis currently
underway andincludes the processing and analysis of clinical samplegg the same
methods, primer pair and analysis. This will allow us to confidently coenile vaginal
microbiome of pregnant women around the globe without methodical factors impeding

comparisons.

The comparison of VMB in pregnant women from 3 continents using the same methods will
provide insight into the effect of lifestyle and setting i@ VMB. Additionally, this study will
provide strong evidence to determine if women from LMIC are commonly dominated by the

Lactobacilluspecies that are considered health promoting in the US and Europe.
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The overall aim of this chapter was to chasxrtde and compare the vaginal microbiome of
pregnant womenrdelivering at term and preterfrom UK (Sheffield Teaching HospitalEp

do this we createch standardised protocol in order to confidently compare vaginal flora
throughout pregnancy and its relanh to pregnancy outcomes specifically PTB. Future work
will use the protocol developed in this work to analyse samples collectdghngladesh
(icddr,b in Dhaka) and South Africa (Groote Schuur Hosghtatlyre work will aim to collect
samples from a rage of settings tensure that prediction methods are relevant to mothers
around the world VMB of women from the UlBangladesland South Africanay significantly
differ. Communities considered high risk for PTB from one setting may not have the same

predictive power in a different population of women.
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3 Chapter3 Prediction of Preterm Birth using Microbial Metabolites
in Cervicevaginal Fluid

3.1 Introduction

The CVF metabolome provides a snapshot of the vaginal ecosystem which includes host
epithelial cells, microbiota, and microbial transformation of host derived products. Bacterial
diversity has been shown to strongly influence the metabolite compositiothef CVF
(McMillan et al., 2015)Up to 40% of all PTBs damlinked to infectiofRomero & Dey., 2014;
Goldenberg et al., 2008Yherefore, microbial associated metabolites may be able indicate

the presence of dysbiosis and/or infection and consequently the risk of PTB.

Only a handful of studies have investigated both thierobiome and metabolome to assess
the risk of PTB. A study Byhomas et al, (2015pund that the CVF metabolome was not
predictive of PTB. However, other studies did obsesignificant associations. Metabolites
including ethanol, ethylene glycol, glycolate, methanol, isopropanol and formate were
observed at increased concentrations in PTB patidAissari et al., 2020)Additionally,
acetate and theatio of acetate/glutamate has been associated with preterm birth in several
studies(Amabebe et al., 2019; Amabebe et al., 2818mabele et al., 2016).
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Table 3.1. Metabolomic studies using cervicovaginal fluid swabs from pregnant women. Participant characteristics include

symptomatic/asymptomatic, risk level, gestation at sample collection (weeks), number of patients, SPTB = number of piditisptstaneous

preterm birth, term = number of patients delivered at term.

Metabolomic Location Participant charactestics Metabolomic findings
Methods
(Stafford et al., 2017) HNMR UK 1 Symptomaticat 24¢36w (n=37)  { Increasedactate and succinate
1 Asymptomatic high risk were associated with CSTI a@&T
0o 20-22w(n=80, sPTB=18, in term delivered patients.
Term=62 1 Proposed thatlecreased lactate
0 26-28w (n=41), sPTB=12, and/or succinate could increase th
Term=29 risk of PTB
(Thomas et al., 2015)  GGMS New 1 Low risk, 2@/, sSPTB=30, 1 No significant metabolites.
Zealand Term=30 1 No significant correlations with PT!
(Amabebe, Reynolds, ' 'H-NMR, UK 1 Symptomatic 2436w (n=82), 1 Increased acetate concentratios
L. Stern, et al., 2016) Spectrophotometry sPTB=15, Term=67 predictiveof PTB within 2 weeks of
sampling.
1 Predictivecut-off of >0.53 g/l
acetate.
(Amabebe, Reynolds, \ 'H-NMR UK 1 Symptomatic 2436w (n=65), 1 In asymptomatic patients, lactate
Stern, etal., 2016) sPTB=11, Term=54 concentration was higher in low ris
1 Asymptomatic low risk 222w compared tohigh-risk patients.
(n=83, sPTB=0, Term=82 1 High CVF acetate predictive of PT

1 Asymptomatic high risk

0 20¢22w (n=71),sPTB=26,
Term=45

0 26-28w (n=58, sPTB =17,
Term=41
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(Amabebe et al., 2019) 'H-NMR, UK

Spectrophotometry
(Ghartey et al., 2015) UPLEMS/MS, USA
GCGMS
(Ghartey et al 2017) UPLE@VUS/MS, USA
GCMS
(Ansari et al., 2020) | 'H-NMR South
Korea

o O

= =4 -9 O O=="=

o

Symptomatic, 1836w,
sPTB=17
Term=75

Asymptomatic, highrisk
20¢24w (n=20)
24¢28w (n=20)
sPTB=10

Term=10

Symptomatic women 2283w,
sPTB=20
Term=30

Asymptomatic& symptomatic,
15-35w (n=43)

PTB=22

Term birth=21

= A

Acetate was predictive of PTB.
Acetate/Glutamate ratiavas
associated with preterm delivery
within 2 weeks of sampling.

In term patients,carbohydrate and
lipid metabolismwas
downregulated

Many dpeptides were significantly
reducedin preterm patients.
significant increase in-n
acetylneuraminaten preterm
patients.

Significant metabolites did not
correlate witha shortcervical
length.

Lipid and carbohydrate metabolisi
were significantlyup regulatedin
preterm patients

Many dpeptides were significantly
reducedin preterm patients.
Significant metabolites did not
correlate witha shortcervical
length.

Acetone, ethylene glycol, formate,
glycolate, isopropanand
methanolwere significantly
increased in preterm patients.
The same metabolites were
predictive of PTB.
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Vaginal bacteria associated with term birth suchlLastobacillusutilise carbohydrates as
energy soure exclusively and produce lactic acid which lowers the pH of thg/AW&bebe

& Anumba, 2018)Those organisms associated with PTB such as Gardnerella, Prevotella,
Megsaphaera, Atopobium, Ureaplasma and Eggerthella are associated with increased acetate,
butyrate, succinate and reduction in lactic acid and anaioidls(Amabebe & Anumba, 2020)
These anaerobic bacteria are able to metabolise libied metabolites from carbohydrates

and amino acidpresent in the CVRyhich subsequently increases vaginal (@finivasan et

al., 2015)

To summarise, as the CVF represents a dynamiaocemuent the metabolic profile can
provide insight into the vaginal ecosystem which can be used to predict dysbiosis and PTB.
There have been limited studies that identify microbiadtabolite markersMore studies are
therefore required togeneraterobustdata that can be used for predictiosf sPTBand for

the subsequent stratification of women aisk.

3.1.1 MassSpectrometry
We have chosen to analyse the metabolomic signature of CVF swabs with mass spectrometry.
Specificallya method involvingdirect injectian of liquid samples followed by electrospray

ionisation and time of flight mass analysias utilisedsimilar to(Overy et al., 2005)

Electrospray ionisation (EIS) is a method which gives each patrticle a chargepeditive or
negative depending on the modén the regative mode analytes are chargel through
deprotonationresulting in a negative charge.hile in the positive modeanalytesarechargetl
through protonationresulting in a positive chargPepending on the analyte in question, one
mode may be more suitable for detecti@tho et al., 2003)Because of this samples were first

run on the positive mode followed by the negative mode andadaas pooled

This method is suitable for our samples@ass spectrometrgetects a wide range of particle
masses and particles are ionised directly from a volatile solvent. It also has a high ionisation

efficiency and allows detection of small moleculEtAneed et al., 2009)

The liquid sample is held in a narrow metal capillary and a voltage Iedpphe liquid is
pulled into an elliptical shape, when a threshold voltage is reached the elliptical shape
becomes a cone and a spray of particles is emitted from the point of the @i, 2011)
(Figure3.1).
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Once the particle droplets are in flight there are two currémtories to how to the droplets
become ionised particles, the ion evaporation model and the charge residue model. In both
models droplets reduce in size untihe drops are the size of a singten which continues

through the machine to théime-of-flight mass analyser.

The timeof-flight mass analyser consists of charged plates which accelerate ions coming from
the EIS using the same voltage. This acceleration will produce varying velocities based on the
mass of the ion. Molecules with a smaller mass will travel faster reach the detector
guicker than molecules with a bigger mgbtirsalerKohan et al., 2008Yhe mass to charge

ratio (M/Z)is thencalculateal for each ion.

o ® Largest Smallest
® (+ 2 @ @ ¢ ©

— D' .
L [ ]

Direct injection Electrospray Acceleration
of CVF sample lonisation

Detector

Figure3.1 Mass spectrometry methodsSample introduced via direct injection, ionised by

electrospray ionisation, timef-flight analysis.
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3.1.2 Aims
The overall aim of this chapter was to characterise and compare the vagetabatlome
profile of pregnant women delivering at term and preterm from UK (Sheffield Teaching

Hospitals).
Objectives:

1. To analyse the metabolome of clinical swabs from pregnant womsimg mass

spectrometry

2. To compare results from term, preterm and PPROM delivered patients to identify

potential biomarkers and vaginal organisms associated with PTB

3. To correlate he vaginal microbiome and metabolome data

We hypothesise that women who give birth prematurely will have a significantly different

metabolite profile that can be used to identify a higher risk of PTB.

We hope to better understand which metabolipatterns suggest increased risk for PihB

order to developPTBpredictive modelsapplicable tovomen around the world.
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3.2 Methods

We aimed to characterise the cervicovaginal metabolome of pregnant women at 2 gestational
time points to identify potential biomarkerfor increased risk of PTB. Additionally, we aimed
to correlate the vaginal microbiome data (presented in chapter 4) with the metabolome in
order to gain a broader view of the hesticrobiome interaction and to improve identification

of microbial associad metabolite biomarkers.

3.2.1 Patient recruitment
Metabolomic experiments used the same swabs as the microbiome experiments therefore

patient recruitment and data collection was identical. Please see seZi®h

The ECCLIPPx Il studlgts conducted withtHuman Research Authority approval frahe
Yorkshire & the Humberdlearch Ethics Committ€@7/YH0179) in alignment with Sheffield
Teaching Hospitals NHS Trresgulaions, registrationnumber STH1938Between May 19,
2018,and August $2019

ThePRIME study was conductbdtween F'March 2018 an@5" March 202 with approval

by theHuman Reseaah Authority, the Healthand Care Research Wales (HCRRAS project
ID: 256135REC reference: 18/LO/2044and the Sheffield Teaching Hospitals NHS Trust
researchregulations(Protocol number: STH20635

3.2.2 Sample preparation
To prepare clinical samples for storage and subseqaeatysis swabs were processas

follows:

Samples from thePRIME studywere stored dry at-20 °C for up to 3 dayand were
subsequently transferred teB0°Cuntil processing and analysIBuring processing, the tip of
each swab, saturated with CVF, wag off and placed into a 1.5 mL microfuge tube. Six
hundred microliters of sterile PBS at pH 7.4 was added to the tube and was vortexed at 300
revolutions per minute (rpm) for 5 minutes. Teeab tip was removedind the elute was
centrifuged for 3 min aiL3,000 rpm. The supernatant was aspirated into a fresh tube and

& G 2 NB®Rdr & short timeuntil mass spectrometry analysis. Storage of CVF samples at

S A (-K B NX-80 °@ hé3 been shown to have no effect on metabolomic angBai®t al.,
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2012) Control swabs containing no clinical sample were processed and stored with the

samples until mass spectrometapalysis.

After thawing, samples were mixexhd again centrifuged at 12,000 rpm for 2 minutes and
diluted 1:10 with 50:50 methanol (Honeywell -MS grade) and ultrapure water (ELGA water

purification systemjor mass spectrometry analysis

3.2.3 Mass spettometry

In order to identify the metabolite pifde of the clinical sample&yn ACQUITY ult@recision
liquid chromatography system (UPLC) (Waters, UK) coupled to a SYNAPTIIGR of Flight
mass spectrometer with electrospray sample introduction (Waters, UK) waswisiedhe
UPLGactingonly as arautomated injector(see Figure3.1). Samples were analysed in both
positive and negative ionisation mod&s accurately measureoth positive and negavely
charged moleculesin the negative mode, analytes are charged tlyloudeprotonation
resulting in a negative charge.hile in the positive modeanalytesare chargel through

protonationresulting in a positive charge

Samples were analysed in triplicatdé®ul of each sample wasmctly injected into the mass
spectrometerthree times to give technical repeatBata was collected over the mass range
50-800m/z with a scan time of 1sec per scBmperimental anditions ca be found inTable
3.2

Table 3.2 Conditions for Sample Introductiorinto SYNAPT Time of Flight mass

spectrometer using electrospray sample introduction for positive and negatoates.

Capillary Voltage 3kV 2kV
Sample Cone 100V 80V
Source Offset 50V 80V
Desolvation Gas Flow 600L/hr 600L/hr
Desolvation Temperature 280°C 280°C
Source Temperature 100°C 100°C
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3.2.4 Data processing

The initial output from the mass spectrometer provided a mass spectrum for each technical
repeat. The spectrum was converted into a list of ffmass to charge ratio) with intensity at
each massTo removedata setnoise, an ifhouse macro was used to identify metabolites
that were present in all 3 technical repeats performed i{Overy et al., 2005)Metabolites

not present in all technical repeats were discardédtawas thengrouped into 0.2 amu sized
bins for ease of handlings recommended by a previous stu@mabebe et al., 2021JFach
metabolite was then normaliseagainst the total intensity for that sample. This is to account
for decreasing intensity as more samples are measured due to-bpilof sample on the

Sensor.

3.2.5 Metabolite identification
Putative IDswere assigned by matchinghe accurate mass to the Humarncydatabase
(https://humancyc.org/) using a tolerance of 20 ppand were cross checked against the

HMDB human metabolome databadstps://hmdb.ca/)

3.2.6 Metabolomic Data Analysis

3.2.6.1 Multivariate Amalysis
In order to visualise the variation within the samples Orthogonal Partial Least Squares

Discriminant Analysis (ORD®\) analysis was performed using SIMCA 15.0.2.

3.2.6.2 Bacterial correlation

In order to correlate the microbiome and metabolome da@mu meabolomics analysis
package in R (version 4.0.8js used to produce heat plot3.o identify differences in
normalised % total ion count between preterm vs term and GTP1 vs GFf&&hPad Prism
9.4.1 was used to produce abundance and change in abundargegrincluding a Kruskal

Wallis test.
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3.3 Results

We aimed to characterise the cervicovaginal metabolome of pregnant women at 2 gestational
time points to identify potential biomarkers for increased risk of PTB. Additionally, we aimed
to correlate the vaginlamicrobiome data (presented in chaptg) with the metabolome in
order togain a broader view of the hosticrobiome interaction and to improve identification

of microbial associated metabolite biomarkers.

3.3.1 Demographic analysis

A total of 93 swabs from 51 patients were analysbtbst of the patients had samples
collected at 2 tine points (n=45, 31 term, 14 preterm). However, 6 patients only had one
sample collected. Of those with one sample, 3 preterm patients delivered before GTP2 sample
could be collected and 3 term patients had not reached GTP2 when analysis was performed
(Table 3.3.

In our study populatiomost participants were white (83.7%). PTB rate was 34.7% (17/49). In
the preterm group, 23.5% of participants had PPR®Mstiternal age, body mass index (BMI),
and CVF fetal fibronectin concentration was not significantly different in the term vs preterm
group(Table3.3)

Table3.3 Sample and patient numbers at each gestational time point (GTP)

Term Preterm Total
17
E GTP1 32 (4 PPROM) 49
o
= 14
% GTP2 31 (3 PPROM) 45
Total Samples 63 30 93
" Patients with 1 GTPs 3 3 6
1=
Q
§ Patients with 2 GTPs 31 14 45
Total Patients 34 17 51

PPROM (preterm p#abour rupture of membranes).
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Table3.4 Patient demographic and clinical data

GTP1 GTP2

Term Preterm Term Preterm

(n=32) (n=17) (n=31) (n=14)
Maternal factors
Age (years) 31.2845.83 28.76 #6.09 | 31.65+6.06 29.71+5.54
BMI (Kg/m) 26.80 £5.84 26.18 +4.68 | 27.27 #6.28 26.94+4.05
FEN (ng/mL) 4.0 £1.80 4.35 +0.93 3.65+1.40 3.29+1.64
GAP (days) 146.2 £7.86  140.3#6.56 | 186.8£6.69 182.9+9.12
GAD (days) 273.2+8.20 227.9+28.28 | 273.2+8.47 233.5+21.49
Smoker n(%) 8, (25) 1,(5.9) 7,(22.6) 1,(7.1)
PPROM 0 4 0 3
Ethnicity (n)
White 27 14 26 12
Black 1 0 1 0
Asian 3 3 3 2
Hispanic 1 0 1 0
Treatment (n)
Progesterone 1 1 3 2
Cerclage 0 0 0 0
Both 1 0 2 0

Age, BMI (body mass index), FFN (fetal fibronectin), GAP (gestation at presentation), GAD
(gestation at delivery) are presented as Mee&BD+tPPROM (preterm prelabour rupture of
membranes).

3.3.2 Multivariate analysis

A total of 1842 metabolites were identifiagsing mass spectrometry. To visualise factors of
variation within the dataset additional Orthogonal projections to latent structures
Discriminant Analysis (ORD®) were performed. The variation between GTP1 and GTP2
were investigated, agrouping of samplecan be seen at both term and preterm in the

negative mode. This can be seen to a lesser extent in the positive rhaled 3.2

Similarly, inFigure 3.3vhich shows variation between pregnancy outcorsemeseparation
of term, preterm and PPROKamMplescan be seen at both GTP1 aBd P2 in the negative
mode. The positive mode hdsssseparation in pregnancy outcomend does not have

distind groupings Figure 3.2
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Figure3.2 Orthogonal projections to latent structures Discriminant Analysis (Of4 of
mass spectrometryfrom cervicovaginal swab samples, coloured by Gestational Time Point
(GTP). (Term n=63, Preterm nzPPROM n=7§raphs generated bpr Heather Walker.
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Figure3.3 Orthogonal projections to latent structures Discriminant Analysis (Of14& of

mass spectrometryfrom cervicovaginal swab samples, coloured by outcofepositive

mode GTPB) positive mode GTPZ)negative mode GTPR) negative mode GTP2. GTP1 =
Term n32, Preterm n=13, PPROM n=4. GTP2 = Term n=31, Preterm n=11, PPROM n=3.
Graphs generated byr Heather Walker
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