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Summary

The biochemical activities and resultant metabolicpbyducts of the vaginal microbial
communityduring gestation can provide useful insight into the pathophysiologsetérm birth
(PTB, as well ashelp in identifying women at riskThese metabolic changdsave specific
signaturefingerprints that can benvestigated byMagnetic resonance spectroscopy (MRS)
Therefore, we hypothesised thatwomen who ultimately deliver prematurely will have
significantly different vaginahicrobiota metabolite signatures compared to their term

counterparts even in the absemof clinical infection.

In order to characterie and validate thecervicovaginal fluidQVP metabolite profils and
determine their predictive capaas for PTB highvaginal swabs werebtained from
asymptomati@and symptomatipregnant womersub-clasffied depending on a previous history
of PTB and/or short cervix (< 25 mm) int@symptomatic low risALR)womenwith no prior
PTB nor short cervix, 222 gestational weeksw), n = 183 and aymptomatic high risk (AHR)
women with prior history of PTB ad/or short cervix, 2622 w, n = 186. A subset ofthese
women were asseed again aR6-28 w (due to their highrisk statug, n = 129. The fourth
cohort comprisedwomen presenting witlsymptoms othreatenedpreterm labour(PTL) 24-36
w, n = & (SYM).

CVF dissolved in phosphate buffered salmas analyed with a 9.4TMR spectrometer
Metabolites were identified, integrated for peak araad normalied to the total spectrum
integral (excluding water signal). Acetate concentratigdseCong were also deternmed from

a randomly selected subset &'Mwomen (n = 57), bya spectrophotometric technique
Additionaly, clinical parametersuch ascervical lengti{CL), fetal fibronectin(FFN) andvaginal
pH were recordedand correlated to the metabolites-urthernore, the 16S rDNA of vaginal
bacterial species were PG&nplifiedand he vaginal cytology was also determined by Gram,

Hematoxylin and eosjrandPapanicolaostaining methods.

We observed that eetate normalid integral(N.l.) (P = 0.002) and acetate/ctate ratio P =
0.002)were higher in theSYMwomen who delivered preterm.These werealsopredictive of
PTB < 37 w (AUROC: acetateN.l. = 0.75; acetate/lactate ratio = 0.);,6< 32 w (AUROC:

acetate N.l. = 0.73acetate/lactate ratio = 09), and within2 weeks of the index assessment
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(AUROC: acetateN.Il. = 0.77;acetate/lactate ratio = 0.38whilst glutamine/glutamati.l.swas
predictive of PTB < 32 w (ABOC = 0.7]), and within 2 weeks of the index assessment
(AUROC = 0.69 only.

Also, in the AHR2022w and ALR womenacetate(AUROC = 0.61)andbranched chain amino
acidsN.l.s (AUROC = 0.75)were predictive of PTB< 37 w respectivelyNormalised integrals

of succinate, formate, lactatand glucoselid not differin relation to PTBin any of the groups

Like the acetate N.l.sAceConcin the SYM womerwas higher(P = 0.006)in the preterm
delivered women and was predictive of PTB < 37 w (AUROC = 0.74), and w2Zhireks of
the index assessmeffAUROC = 0.68), with amoptimal cutoff of > 0.53 g/l.AceConc also
correlated withacetateN.I. (r = 0.69;P< 0.0001).

PCR revealed a higher prevalence of potentially pathogenic anaerobic bacteria species in the

preterm-delivered womeracross the groups except the ALR women

Apart from correlating withclinicalparametersthe prediction of PTB was improved especially

in the SYM women whemetabolite N.I.sCL and FFNwere combined

In conclusion,elevated CVF acetate showed clinically useful discriminative propensity for
preterm delivery and delivery with 2 weeks ofpresentation in symptomatic womeA ratio of
acetate to lactate showed similagdiscriminatory capacity irsymptomatic women, whilst
branched chain amino acids appeared predictive of preterm delivery in asymptomatic women at
low risk of PTB Thesemetabolite differences were supported with the association of higher

prevalence of mixed anaerobes in the vaginal melieu and preterm birth.
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Chapter 1

1.0. General Introduction



Preterm birth (PTB), defined as birth before 37 weekgestation, is thav o r |cahimsnest
cause of perinatal morbidity and mortalitApproximately 15 million PTBs-02% d all births)
occur annually,?® costing in excess of $26 billidrPreterm babies that surviveommonlyhave
greater risk of developing respiratory, gashtestinal and neurodevelopmentabmplications
®> Accordingly, theprediction andpossibleprevention of PTB has become a major health care

priority .°

Approximately twaothirds of PTBsoccur without an identifiable cause and follow spontaneous
onset of preterm labar (PTL), and preterm premature rupture of membranegPPROM}J
About 40-50% ofspontaneou$®TBs are associated witiscendingntrauterine infectiort which
could be related to hanges in the vaginal microflgrd that often eludes detection by

conventional culturalependent techniqués.

The humanvaginh microflora is a community of microorganism@nainly bacteria)that
represents a balancedmutualistic relationshipwhich critically influencesthe reproductive
physiology and immunity of the hd$tThe magnitude of the bacterial population of healthy
vaginal fluid is £6 per gram. Although opportunistic pathogensare present, this diverse
microbial communityconstitutes a first line of defence against infection by competitive
exclusion of foreignpathogenic organism$® The composition of the vaginal mabial
community is dependent on hosenvironmental interactions varying between and within

individualsover time*

The human vagina, apart from beingassage for spernmenstiuum, or neonates, is a highly
versatile organ with profound capacity tofluencethe health of women and theinewborns.
The vaginal ecosystem can influence conceptioa,timing ofdelivery, and risk ofcquiring
sexually transrttied infections (STISY The cerviovaginakpithelium contributeso maintaining
an ecosystem that is supportive of commensal organisms but hostile to invading patidgens.
epithelium is laden with glycogen whiahows commensalactobacillusp. to thrive, whilst the
resulting lactic dd produced by anaerobic glycolysis, renders the vaginal nufieavourabldo
invading pathogens, many of which require a relatively alkaline medium ta'tirilreaddition,
the vaginamicrobiotaprovidesprotection againsbacterial vaginosis (B\gandidiasisSTIge.g.,

chlamydia, gonorrhoeduman papillomavirusHPV), urinary tractinfections(UTIs)!**® human



immunodeficiency virudHV) infectionetc. **?° This protective functionis mostly due to lactic
acidhydrogen peroxide(H,O,)dproducing bacteriaspecies, predominantly Lactobacilluthat
inhabit the vagind The microbiota also plays a crucial role in determining the metabolic and

inflammatory profile of the vaginal exsten’™

1.1. Normal Vaginal Microflora

The normal physiological vaginal microflora was initially describedrasgenousgonsisting of
only Gram-positv e baci |l | ( & mowve kndwe iton ke sa pdrtact thé genys,
Lactobacillids Presently, thehealthy vaginal microbiota is described asdiverse ecosystem
comprising of anaerobic anderobic mcroorganisms with Lactobacillas the predominant
specias?" **?® The most often identified species afctobacilluare L. crispatyd.. jenanii L.
gasserand L. inerd ?*° The femalelower genital tract ordinarily becomes predominantly
inhabited byLactobacilwith the onset of puberty. This corresponds with an increase in
circulatingoestrogenwhich stimulates the maturation of vaginal epithelium a®postion of
glycogeri®3! Glycogen isnetabolised to lacti@cid by vaginal bactefiand/or epithelial cell&,

¥ thereby enhancing the praddifation of Lactobacitiominated vaginal microbiota? ** Lactic
acid is the preponderant acid metabolite in thaeervicovaginal fluid QVP of healthy
asymptomatic womer{Table 11). The normal pH of the vagina reproductiveage women
rangesbetween 3.5-4.5%% driven by oestrogen, glycogen, ardactobaciffi Lactobacilplay a
critical role in inhibiting the proliferation of opportunistic pathogenssuch asGardnerella
vaginaligthlamydidrachomatjsTrichomonasgaginaljd\eisserigonorrhoea@anaerobs, and HIV,
by maintainingthe vaginal pHat O 4.5 throughlactic acidpermeabilisation of bacteridipid
membrane by production of bacteriostatic and bacteriocidal substanicesudingH,0,,***
bacteriocins, bactriociike substancé$* and biosurfactants,stimulation of local immune
responss,”*>“° and by adherence and competitive exclusiol.** Lactic acid enhances the
protective activities of HO, and bateriocins:®** At physiological concerdtions (55111 mM),
lactic acid is markedly more lethal tmacterial vaginosisssociated bacteridB{Y AB compared
to HCI or acetic acid acidifiednedia (pH 4.5)Glycogen and lactic acid atBminishedin BV
infected women (Table £§. Accordingly, alLactobacillkdominated vaginal microflora is

indicative of vaginal heafth> Interestingly, in the absence tfctobacilludominance some



women ostensibly maintain healthy vaginal ecosystdinese women have beefound to
harbour other lactic acid producers such asopobium vaginabegasphaeraleptotrichja

Streptococcasmd Staphylococclis’

Racial/ethnic variations in the composition
reported. Vaginal bacterial communities devoid_attobacilludominance have been observed

to be normal in black and Hispanicomen?*>® > H,0,-producingLactobacilip. are lower in

black women; who show higher vaginal k compared to white women with/without
infection®®®? Blackand Hispanic women also showed higher vaginal pH compared to white and
Asian women, and this correlated with bacterial communities dominated by species other than
Lactobacillufor these womenthis diverse microbiota appearsormal and health$: ** Host
differences in innate and adaptive immunity, volume and compositieaginal fluid, expression

of epithela cells surface ligantélsas well as other human behaviours and practitagh as
snmoking, sexual intercoursegouching, contraceptive and antibiotics use etiegve been

implicated?

The composition of the vaginal microbiotauld be highldynami¢?-®*% changing over time in
response tochanges in sex hormone levels, sexual activity, antibtioti@py, vaginal douching,
oral contraceptives, stage of menstrual cystenopausestatus,pregnancylactation, diabetes
mellitusand stress>* ® 7% For instance the vaginal microbiotarior to puberty is dominated
by anaerobe& At puberty, the rising levels afestrogen leads to the accumulation of glycogen
in the vaginal epithelial cells whose metabolic substrates enhance vaginal colonisation with
Lactobacillsp’® ™ Lactobacillidominance decreases asestrogen levels decline following
menopausé’ " The vaginal microbiotan normal pregnaay is predominated by actobaciliip
andis more stable than thain non-pregnantstate’ " This can be explained by the rising level
of oestrogen during pregnancy resulting in increased vaginal glycogen depowitiarh
enhances the proliferation dfactobacHtiominated vaginal microbiotd? Also, replacement of
Lactobacilludy G. vaginalismicroflora has been associated with unprotected/aginal
intercourse’® The number ofG. vaginalsndL. inerss elevated remarkably during menses and
decrease thereafter without intervention, whereas crispatusominated flora remains fairly
stable during mensé$.Other studies have shown that merssignificantly alters the vaginal

microbial diversity with about a 16f@ld decrease irL. crispatuand significantncrease inL.
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iners, G. vaginaliss\@telldiviaand A. vagina€ Gajer et al have also reported that in some
women, there is a high spesiturnover and low constancy of vaginal microbial communities,
which is widely variable among women including those that exist in the sameribhacte
community classDespite these fluctuations, bacterial community function is still preserved in
some cases® In summary, there is a crucial intérdividud inconsancy in the vaginal
microbiota and replacement ofL. crispatugassociated with increased vaginal community
stability) with L. inersandbr G. vaginaliduring menstruatio®® However, lack ofsubstantial

change in the vaginal microbialaring mensesas been reported’

1.2. Bacterial Vaginosis

Bacterial vaginosisis defined as adysbiosis orshift from the normal( D° d e ) Vaginaln 6 s
microflora. It is apolymicrobial, supdicial vaginal infectiocharacterised by a decreaten
Lactobacillsp, a rise in vaginal pR*® andovergrowth of a variety ofanaerobic and facultative
bacteria® ®*® The magnitude of the vaginal badt# population increases from $Dcellsgram
in normal conditios to 10*° cellsfram in BV and 18" cellsram in BV biofilms® BV was
originally called nonspecific vaginitis, Gardnerella vaginitis or Haemophilus Védiuti®ver,
this is only one point of view as i$ now described to bea rather poorly characterised skease
both symptomatically and microbiologicafly* ® BV is the most common vaginahfection
affectingreproductiveage women globalf§ with a prevalenceaate of 570%’ The ratio of
anaerobes to aerobes in the normal vaginal ecosysse?ild 5:1, butthisis increasedo about
100:18 1000:1in BV**® This is due to a decrease in the amount of04-producingLactobacilli
and increase vaml pH.H,O, inhibits the growth ofcatalasenegative anaerobiorganisms by
production of hydroxyl free radicals and by combining with chloride ions in the vaginal fluid to
form chloridinium ions® % Lactobacillose the HO,-producing capacity at pH4252%* % Vaginal
microbiota dominatedby H,O.,-producing Lactobacilluspecies is inversely calated to the
presence ofBV-related anaerobe¥ Hence, BV isusually associated witla decrease in
Lactobacillinfluenang the normal vaginal microbiota signatuas opposd to an increasen
other endogenous pathogefisThe BVABare also part of the normal vaginal microflptaut
become virulent when they proliferate and increase in quantity abovelabtic acid/HO,-
producing LactobacilliThese organisms aré&ramnegaive and/or Gram-variable anaerobic

bacteria species such dSardnerellavaginalisMycoplasmaiominis Ureaplasma urealyticum



Bacteroidefagilis Prevotellap. Mobluncussp., FusobacteriymtgobiumvaginalisMegasphaera

sp., Eggerthelld_eptotridl, Dialister SneathiaPeptostreptococcus, Porphyronamiithe newly
identifiedbut poorly resolvedBacterial vaginos@ssociated bacterm (BVAB1), BVAB2, and

BVABS3 in the Clostridiale®rder 2 %2 These organismisicrease vaginal pH by producing short

chain fatty acids (SCFAacetate, propionate, butyrate, isobutyrate, succinate, formate, valerate

etc) and amines (putrescine, cadaverine, trimethylamine), and sometimes utilise lactic acid as
energy sourcé®® % Qverall, in contrast tohealthy womenthe CVF metabolite profilef B\-

infected womernis characterised by increased concentration and variety of SCFAs and amines,
and a low lactic acidoncentration(Table 11).¥ SCFAs produced by BVAB act as virulence
factors that inhibit the migration of imnmocompetent cells capable of initiating an
inflammatory response against the invading pathogens, th@esiyitting the establishment of
dysbiosisand contributing to the pathogenesis of B\ BVAB also act synergistigalto

promotea womandos risk of BVpresemat of> VaBinaletbl.rhominisst anc
in the vagina are enhanced in the presence of other anae®¥isB'*" ' Also Prevotellap. via

a commasal symbiotic relationshipncourage the growth and survival of5. vaginaliand
Peptostreptococus anaerothitmugh the provision of nutrients such as amnia and amino

acidst 8 19%1% G vaginaliand other anaerobes such aatopobiumPrevotella, Mobiluntase

been reported to form biofiims that contribute to the pathogenesis of 'BV?° Though G.

vaginaliss often noticed in healthy womeaspeciallyduring menstruation, its proportion in BV

infected women is highéf. Of the four major Lactobacilluspecies found in the vaginal
microflora (ie. L crispatusL. gasserL.iners,and L. jensa)), L inersis more often associated

with BV!*®''? This has been attributed to its inability to prodei¢d,0,> *** and D-lactate’ ' It

has also been reported to be a predominant comgonof the intermediateransitional sage

from normal to abnormal microflord °" ****'" |ts presence ma be correlated with the
colonisation of the vagina by B¥ssociated organismy§*> 8

BV was previoushdescribed as aexually enhanceather thansexually transmittéufection*
Thiswasbecauseno evidence of direct heterosexual transmisswinBVABwasrecorded, but
BV is positively associated with frequent sexual intercotifswith new and multiple sexual
partners:?*'?* Also, treatment of male sexual partners with antibiotieasnot beneficial to the
women:?®* However, direct transmission may occur in female to female sexuaf‘act!

Presently, epidemiological evidence supports the hypothediBias sexually transmittet.*



7 This is as a result of the dettion of BVABincludingGardnerelland Atopobiunin the male
genital micronichg® 1% 123126 decreasd BV infection with consistent use of conddi’?” and
recurrence after treatment when the patient remained with the same sex parffiéther
factors associated with prevalence of BV include, black ¥a®e?* %2 12 smoking?> 12#13!
contraceptivepractice® '** *Vaginal douching* *** '3 menstruation** ** pregnancy? ** low
educational and socioeconomic stattls'? *° Most women with BV(about 85%) areusually
asymptomati¢***® However, symptoms could appear tine form of a nonitchy but irritating®
creamy vaginal discharge with a fishy odotiat may be more prominent after sexual
intercourse and during mees* ¥ Symptomatic BV is a syndrome characterised thg
appearance of clinical features in the absence of idnisf aetiologic factos!* The
asymptomatic women usually have a lower rigkadverse pregnancy outcomes compared to
symptomaticwomen:*® There is usually n@bviouslocal inflammation due to the absence of
leucocytes in the vaginal fluid, hence tham vaginosis rather than vaginiti$® *** The absence
of inflammation may be due to emvolution determined immune tolerance between the distal
gut microbota (source of vaginal microbiotaind the immune systen®f: 1*'** Also, the

immunomodulatoryfunctionsof certain SCFA produced by BVAB have been implic&ted.

Bacterial vaginosis a common syndme among reproductiveage women associated with
increased risk of acquisition of STI suchMNsgonorrhoeaC. trachomati§. vaginalitHerpes
simplex virus(HSV), HPV, andHIV 8" 14148 pelvic inflarmatory diseasé&*™! endometritis’®
chorioamnioniti$?® *** amniotic fluid infectio®}**®* PROM and PTB®" ** "% |ncreased
prevalence of PTB in women diagnoseith BV by Nugent criteria has being report&d*®* Six

d 35% of asymptomatic pregnant women have®B¥About 10-15% of women with BV deliver
preterm, and therisk is increased notwithstanding the presence or absence of symptdms
The rate of PTB is increased byfald if BV is diagnosedlé weeksof gestation and #-fold if
detected by 20 week¥. However, most pregnant women with BV do not deliver pretetth
%A gere-environment interaction between BV and PTB hmen observed®™® Interaction
between gentéc susceptibility ¢.9. presence ofTNF-U allele 2 and single nucleotide
polymorphism(SNP)alleles ofprotein kinase @J (PRKCA) and environmental factoréBV) is

associated with increased risk of spontaneous PTL and'®1B



Several probable factors may operate independently or contribute to the increased risk of PTB
in women with BV.BVAB may ascend fnm the vagina to the upper genital tract, resulting in
chorioamnionitis preterm rupture of membranes RROM), and subsequent PT# Host
immune responsgriggered by BVARBRwithin the vagina and cervix e.g. release of cytokines and
chemokires!® %8 *The differences in the risk of PTB associated with BV can be attributed to
immune hype or hyperresponse® *° Individuals vary in their ability to initiate an immune
response against BAd&sociated organisnfS Intense immune response may nstilate the
inflammatory pathways to PTB, while low response may allow more ascemgingal

infection*”*

An dappropriate/optima immune responsgespecially during pregnanctg BV
capable ofegulaingthe changes in the vaginal milieu without legdim an adverse pregnancy
outcome is required® Also, BV-associatedorganisms producehydrolytic and proteolytic
enzymesncludingsialidasemucinaseand proteases capable of altering the permeability of the
vaginalmucosal epitheliumeading to ascendingntrauterine infectiort®® transudation and

dischargé®

BV is commonly diagnosed by two methods in clinicadaesh: 1) clinically (Amsel critejiand

2) microscopically (Gram staining of vaginal fluid and Nugeitéria). The Amsel criteria

involves the diagnosis of BV based on the presence of 3 of the 4 following ctitet)athe

presence of a tm, homogenousmilky and adherentvaginal discharge; 2) a vaginal fluid pH >

4.5; 3) presence fooclue cell$ (desquamatedraginal epithelal cellsstuddedwith BVAB on
saline wet mount ; 4) p o s(trimethylaenine) fighy iodofir aftee st 6 i

application of 10% potassium hydroxide (KOH) solution to the vaginal discharge.

The Nugent criteria (Table 1.2), which is more objective, reliable and reproduciffié™ with
considerable intepbserver concordance in the examination of vaginal specifieissthe
method widely used in researéhThe Nugent scorings based on microscopically identifying
the morphotypes of 3 different bacterial specfefowing Gram stainand evaluatedroadly on

the prevalence of.actobacilii® A score of 78 10 is diagnostic of BV, whiled®3 is considered
normal. A score of 49 6 is referred to as intermediate because it is a transition between
normal flora and BV.There is a good corrkation between clinical features of BV and Gram

stain score$®



Other less commonly usethethods in the diagnosis of Bihclude BVBIue test detection of
sialidasea microbial enzyme that cleaves the glycosidic linkages of neucaauiig,®® *"* *"
detection of amines futrescine, cadaverinand trimethylaming¥* *® proline aminopeptidase
assay!® '’® detection of volatile (acetate, butyrate, isobutyrate, propionate), and-vaatile
(lactate and succinatshort chainorganicacids® 441" e g. avaginal fluiduccinate/lactate
r at iO is@uggestiveof BV 100 138 179183 Tregtment of BV is by oral or intravagih
metronidazole(500 mg) twice daily for 7 days, metronidée gel (0.75%) once daily for 5 days
or clindamycincream (2%) for 7 day$ and probiotics®**® Although antibiotic therapy is
usually efficacious, recurrence is very comuffoff Antibiotic resistance, biofilm formation,
recruitment from extravaginal reservoirs and distortiontbe microbiota have been implicated
in recurrenceby studies reviewed by Aldunate et®aHowever, rifaximinagpears toovercome
these limitations by reinstating the vaginal microbiota as well as metabotomenpregnant

women affected by BY®

Although BV is the most common and wideBported, other forms of abnormal vaginal flora
related to poor reproductive outcomes have beeadentified An example of such is aerobic
vaginitis (AV),an equally disruptive infection of the normal vaginalLactobacilltdominated
microflora but is characterisedby overt inflammationleukocyteand parabasal celigfiltration
and proliferation of enteric aerobibacterialorganismsncludingEscherichia ¢diinteroccqcs.
aureusandgroup BStreptococcti$™®* It has been described as the aerobic equivalent of*BV.
Like BV, there is decreased lactateoncentration due to loss or depressedLactobacillus
dominance. However, owing to the absence of anaerobes, succinategtation is low? It
has also been associated with STIs sucl.asachomatisl. gonorrh@e and T. vaginali$® The
clinical features of AV include: red vagimalicosalinflammation, increased -ili and 11-6,
vaginal pH > 6,pruritus, dyspareunia and yellowish sticky dischargevoid of fisy
(trimethylamine)dour.’*® 1% AV is present in 25% of women and has been associated with
severe adverse gynaecological outcomes including ascending genital infection/inflammation,
preterm rupture of membranes (PROM), PTL and PT8.'°* %2 % There is no universally
agreedoptimal treatmentregimen for AV currently, but treatment of Aihfected womenwith
antibiotics (e.g. oral moxifloxaciff,and probiotics (e.g. oral/vaginal acidophilyshave bown

significant effectiveness!**



Another genital infectionwith significant adverse gynaecological and obstetric implication is
vulvovaginal candidiasi$\C). This is often caused lay overgrowth ofCandida albicati§It is
the second most common vaginal infection after BV in reprodudaiyed womenThere are
usually no changes in theginal microflora angdH, though it can ceexist with BV and AV
The frequency of vaginal colonisation Bandidais increased in pregnan@s a result of
increased circulating oestrogen and deposition of glycogen in vaginal epitliéitinalbicans
induces the production of extracellular matrix metallopratase inducer (EMMPRIN) by vaginal
epithelial cells, which is a potent inducer of matrix metalloproteirfag®MR8). Elevated
MMR8 and leukocytes could trigger a pioflammatory immune responsenhance tissue
destruction ascending genital infecttdhand provoke clinical symptoms Despite its high
prevalence in pregnant womeand the tendency of treatment to reduce the incidence of
PTB"’ the association between candidiasis, PROM and P3#ilibeing debatet®

Data on the role of viruses in the pathogenesis of Rafld PTB are relatively limited, though
viral DNA of adenovirus, cytomegalovirus, and enterovirus have been detected in amniotic fluid
of pregnant women irrespective of their risk of preterm delivemhe presence of hepatitis B

virus antigens is a riskd@r for spontaneous PTE?

It is plausible thaBV and other female genital tract infections during gestation may predispose a
woman to ascending intrauterine infection oricrobial invasion of the anwtic cavity MIAC)

and consequently initiate the onset of PTL and P$Blation and characterisation of BVAB in
gestational tissues and amniotic fluid of pregnant women with adverse delivery outcomes has
certainly enhanced our understanding of the assomn between genital infection and PTB, but

the individual organisms involved, and the metabolites they produce as well asttblwgy and
pathogenesis of thiputativelyproinflammatory process is still undergoing scrutiny by various

investigators.
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Table 1.1: CVF metabolite concentrat ions in healthy and Bacterial vaginosis -
infected non -pregnant women

Concentration, mM

Metabolite
Healthy women BV-infected women
Lactate ~120 <20
Acetate 0-4 <120
Propionate <1 2-4
Butyrate <1 2-4
Succinate <1 0

CVE-cervicovaginal flui®\ Bacterial vaginosis
Adapted from Aldunate et al., 201%,.

Table 1.2: Nugent scoring system for Gram stained vaginal smears

Morphotypes
Lactobacilip. Gardnerella vaginalis, Mobiluncusp.
Bacteroidesp. (curved gram variable rods)

Count Score Count Score Count Score

O 30 0 0 0 0 0

5-30 1 <1 1 1 1

1-4 2 1-4 2 1-4 1

<1 3 5-30 3 5-30 2

0 4 O 30 4 O 30 2

Nugent Score = sum of 3 scores-(D) i.e.Lactobailit GardnerellandBacteroides Mobiluncus
Nugent score of O 86 (nterBediate)eandi@8(normad)gi nosi s; 4
Adapted from Hoffmann et al., 201%°
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1.3. Infection and Preterm Birth

PTB may be iatrogeni@@.due to fetal growth restriction or preeclampsia) or spontaneous.
About 70-80% of premature births are spontaneo{isg. 11).°* Spontaneous PTLnd PTB are
associated withheterogeneous conditions with multiple risk facsa.g.previous PTBg¢ervical
dysfunction, idiopathic uterine contractions, antepartum vaginal haemorrhatgauterine
infection, multiplegestation malnutrition, maternal BMI, black race, psychological or social
stress, depression, smokintpw socioeonomic and educationabtatu®s and spontaneous
preterm premature rupture of membranePPROM.®* ¥ Judies have suggested four
distinct pathways for the pathogenesis of PTL and PTB: a) premature activattbe fetal
hypothalamigituitary axis, b) infection/inflammation amdatrix remodeling, c) uterinever
distension and d) placenta abrtipn/decidual haemorrhag®: ** Approximately 40-50% of
spontaneousPTBs are associated withscendig upper genital tractinfection (Fig. 11).%°- 2%
Changes in the vaginal mitriota have been implicated in the pathogenesis of ascending
intrauterine infectionand microbial invasion of the amniotic cavity (MIAZY” which may be
undetectable using conventional cultedependent techniqueésVaginal bacterial invasion and
infection, and consequently chodecidual colonetion triggers the release of
lipopolysaccharided.PS) peptidoglycan$PGN), lipoproteinsand SCFAsthat elicit deciduitis
and chorioamnionitis. Subsequently proinflammatdrgrookines (e.dL-8, C-C motif ligands),

and cytokines [e.gTNF-U and b, IL1-U and b, IL-2, IL-6, and granulocyte colony stimulating
factor (G-CSF)],are synthesisd andreleased ?°*?'* These act in a positive feetbrward
fashion toactivatea cascade oinflammé#ory responses including theynthesis andelease of
matrix metalloproteinasesMMP)e.g MMR8 and 9}420%212213 and prostaglandins (e.g. PG&d
PGEy,).” ?* MMPs (collagenasesjlegrade the extracellulamatrix proteins of the cervix,
cervical plugand gestational tissues causing cervical remodepegnitting more ascending
bacterial infedon,?*® and rupture of the fetal membrane$Gs apart from stimulating
myometrialcontractionare capable of triggering cervical ripening and releaseMiP$4eading

to PPROM andPTB(Fig.1.2).1 711421

During pregnancy, moroorganismsinvadethe uterus and fetusnost frequently by ascending

through the vagina and cervif Other routes include: haematogenous circulation across the
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placenta(e.g. from periodontitis®° by descendindrom the peritonealcavity via the fallopian
tubes®™® inadvertentlyduring invasive prenatal diagnostic procedufesy. amniocenteis or
cordocentesis)(Fig 1.1).**° The frequency of intrauterindnfection is greater with earlier
presentations of PTE’ Most spontaneous PTBs ahid-second trimester (21-24 weeks
gestation) or less than 30 weeksare associated withinfection andinflammation of the
gestational tissiecompared with about 10% at 3% weeks: ?* #® The most commonly
identified microorganisms in the amniotic cavipd placentaare genitalMycoplasmasp
especiallyU. urealyticumOthers include G. vaginalisvl. hominis Bacteroidesp, group B
Streptococcu&usobacteriynPeptostreptocoamnd E. colf ?** #° These infections are usually

subclinicalas theorganisms are typically of low virulence.

Chamydiarachomatiss another STlassociated with shortervix and BV, both of which are
known risk factors of PTB* Middsecond trimester C. trachomatisnfection predisposes
pregnant women to a-3 fold risk of spontaneous PT®. Their risk of having PROM, PTB and
low birth weight hfants is also increaséd,and are significantly more susceptible torbauring
vaginal Mcoplasmas differing frotd. urealyticuninoted for its lack ofcell wall and present in
70% of sexually active humaffé)As a result, potential subjects for PTB prediction studies are
usually screened for these organisms prior to recruitment as they have been identified as
possible risk factor&>**’ However, the link betweerChlamydianfection and PROM, PTB,

low birth weight and infant death is netithout controversy. Andrew et al **® studied 2,470
pregnant women recruited in an antibiotic treatmentatifor BV andT. vaginalimfections and
reported that there was no link between migimester Chlamydianfection and increased risk

of PTB neither did the frequency of PTB decline after treatment@filamydianfection. A
similar study demonstratethat early treatment may be the reason for lack of associatfon.
Also, Chlamydianfection was not associated with low birth vgit and infant mortality?°
Therefore, first trimester screening and treatment may alter the possible determination of an

association betwee@hlamydimfection and dverse pregnancy outcomé&s

U. urealyticurand Mycoplasmasolated from the lower genital traand amniotic fluid at mid
trimester trigger the synthesis of preaglandins resulting iBPROM PTL and PBZ'%%" ¥ This
may havea significant influencen pregnancy outcomes among unmarried pregnant wafffen

However, it has been argued thakt parvumbut not U. urealyticums linked to late pregnancy
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loss or PTB regardless of a previous history of BB his contradicts previous observation

that U. urealyticurposes more danger to pregnancy outcofieAnother study demonstrated

that vagineand amniotic fluid contained about 8086 U. parvumand U. urealyticuf This
indicates that these organisms may invade the amniotic cavity at approximately equal rates,
albeit, U. mrvum was detected in significantly higher amounts compared to the other

mycoplasmas in women with PPROM and PTB.

The amniotic cavity was previously considered to ®teriled® ’ Consequently, isolation of

bacteria from the amniotic fluid was regarded as a pathological finding and termed microbial
invasion of the amniotic cavity (MIAES.However, recent studies have reported that the

amniotic cavity** and fetal membrané&$>*° are not always sterile, as bacteria canossintact
maternatfetal membrane barriers and may not always cause’®Ti_.Most MIAC result from

ascending bacterial infection from the vagina and cervix and are present in 25% of preterm
deliveries: © MIAC is promoted by inflammatory products such as MMPs that degrade the
collagen of the extracellular matrix of theervix, thereby allowing potential pathogenic
organisms into theutativdydo st er i | ed amni otic cavity with su
and PTBM?”

There is a strongausalelationshipbetween infedbnfinflammation and PT#**** Inflammation
could @ a defence mechanism through which the mother (host) expels infected fetal
membranesand/or fetus, thereby preventing further fetal and maternal complications. This
could also be a survivahechanismwith which a fetusis emancipatedrom the unpleasant
intrauterine environment. The inflammatory process is initiated by the ability of the innate
immune system to recognise microorganism@sd their products This isaccomplished by
specificpattern recognition receptors (PRIRincludingToll-like receptors(TLRs)1-10.3%“ The
TLRsexpressed by theepithelium of the female reproductive tract are capable of recognising
microbial products such dgopolysaccharideL P9, peptidoglycanKRGN), lipoprotein, dsRNA,

and flagellit > and induce the production of cytokinesh@mokines, prostaglandins, and
proteases leading tparturition.?*? The fetus also has the capacity to recognise and mount an
immune response to pathogenic orgams through TLRnitiated pathways, production of

antimicrobial peptides, and LB#ding proteirt®® This has been termedefal inflammatory
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response syndrome (FIR®). Therefore, an inadequate signalling mechanism will reduce

infectioninduced PTL. Inflammation is vital to reproductive sucé&ss.

A geneenvironment interaction has also been implicated in thinpgenesis of PTBA specific
polymorphismin the promoter region of TNF-U at position-308 referred to asTNF-U allek 2
is associated with an increased productionTdfFU in response to microbial stimulaticsuring
genital tract infectio*?* *TNF-U promotes the prodwtion of collagerdigestingMR3, -8,

and -9 (from maternal plasmand amniotic flid)***

which results in aninadequate and
exaggeratednflammatory response leadto cervical ripening, MIAGPPROM and PT8? ¢
2°TNF-U allele 2 carriers are about three times more likely to deliver preterm than nen
carriers®® 24420 Thjs association is enhanced by-mtcurrencewith BV and a synergistic
effect has been suggested between these two risk factors forBPBsimilar synergistic effect
existsbetween BV an@&NPsin 3 other genes that gulatethe inflammatorypathwayi.e. IL-6,
fmslike tyrosine kinase 1, anBRKCAY’ Also, individuals belonging to the black eatave
higher ratio of amniotic fluid TNF-U and soluble TNF receptor(STNFR) concentrations
indicative of a TNRJ mediated immunologicaksponse of PTE* Gendic polymorphisms of
MMPR9 (-14CA)** MMR1 (-1607)**° IL-4 (-590¥** and Fas gene (TNFRSF670Y>° promoters
in relationto PPROM andPTB have also been documenté&bnversely, polymorphisms that

promote reduced inflammatory responsge associated with reduced risk of PT&2>°

There are indications that the host respse rather than mere coloragion or overgrowth of

the bacteria themselves, may be the determining fafdoran increasedisk of PTB%** More

so, assessment of the degree of the association between infection and PTB is daunting as there
are racial/ethnic, gestatal ages and geographical vaoiadi in genital bacterial colomion

rates during pregnand&/ " #® In addition, the mode or pattern of bacterial invasion of the
uterine cavity and the possible involvement of viral, protozoan or other bacterial infections in

PTB israther uncleart**
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Preterm birth Routes of intrauterine infection
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Retrograde from
abdominal cavity
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through placenta
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Figure 1.1. Major routes for intrauterine infection leading to spontaneous preterm birth (sPTB) and
role of Magnetic Resonance Spectroscopy (MRS) . Changes in vaginal microkdoimplicated in the
pathogenesis of intrauterine infection which accounts for about half paointaneousPTB, leave metabolic

fingerprints detectable by MRS.

Adapted from Goldenberg et al 20G8
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Figure 1.2. Pathogenesis of infection in P PROM and PTB.

BV bacteifial vaginosisCRH Corticotropin-releasing hormoneGCSFGranubcyte colony stimulating factodi,
Interleuking LPS Lipopolysaccharidd®GE, Prostaglandin EPGE;, Prostaglandirk,g; PGN PeptidoglycarfFPROM
Preterm pemature rupture of membranesPTB Preterm birth; SCFAShort chain fatty ac&] TNE Tumour
necrosis factor.

Adapted from Goldenbeg et al.2002%'* and Pararas et a2006%°
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It is highlyprobablethat the epithelium plays eole in preventing cervical inflammation and
remoddling during pregnancy, and in causing inflammation and relingdéading up to
parturition at the end of pregnancy. Ascend genitalinfection may perturb thisequilibrium
during pregnancy by triggegninflammatory changes within cervical tissue, a process that
appears to include changes in cell permeability, tissue hydration, and leukocyte infiltration of
cervical stroma, triggered by key cytokines and chemokines. Although these inflammatory
changes cocur in the cervix and uterus prior to termabaur, they characterie PTB more
dramatically, even in the absence of positiwicrobial cultures from vaginalvabs and amniotic

fluid>*®

Increasing vaginal pH, as a consequence of reduced activity of protective commensal
Lactobacilluspecies, has been observed in women who deliver premattiréfandthe lower

the gestational age at birth, the motke likelihood of an infection in the fetabmpartment®*

262

1.3.1. Other risk factors of preterm birth

Although intrauterine infection accounts for about 50% of spontaneous'PsEzgral other
interacting factors can influence the initiation of PTL and PTB. Hence, PTB has been described
as a syndromelhese risk factors can be classified into: maternal background, pregnancy history

and pregnancy characteristits.

There is a potential genetic componeint the pathways involved in the pathegesis of PTB.
Sisters of women who delivered premature babies have about 80% greater risk of PTB. The
history of PTBs in som&omenhas been traced to their grandpareritdlothers born preterm

are also at a greater risk of having preterm babies (OR = “34%ingle nucleotide
polymorphisms(SNP) of several genesssociated with PTB have been identified through

candidate genbased association studig$?%°

Women of the black, AfricaAmerican, and AfreCaribbeandecen have been reported to be
at higher risk of PTBvith an incidence of 1-88% compared with <® in Caucasians®® The
likelihood of a very early PTB is about 4 times greater in black women than women from other

racial/ethnic populationThis disparity could be attributed to differences in the composition of
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the normal vaginal microflorausceptibilityto genital infection (e.g. BVAndimmune response
to genital infection. For instance, the normal vaginal pH adkolvomen is higher than that of
their white counterpartsandrelated to higher prevalence of vagircterialcommunity state
types (CST) devoid ofactobacillusominancé* * This also corresponds to a higher Nugent
score and may account for aincreased incidence of BV infection and consequently inRTB

black womerr? 88 266 267

The expression and function of inflammatory cytokines in relation to infection and PTB appear
to be different across raci@thnic groups. AfricanAmerican women exhibit elevated TNF

and Il >while Caucasians show elevateld6l and 18 in association with PTB. These
observations may be due to genetic variation as demonstrated by SNP analyses of genes
encoding these inflammatory mediatétsBlack women havan imbalancef amniotic fluid
TNF-U and soluble TNFeceptor (sTNFR) concentrations indicative of a heightened TNF
mediated immunological response of PEBmparedto white women®* %% 27 A gene
environment interaction whereby a SNP of TNFat position-308 resulting in TNFU risk allele

2 common among blacks, and the presence of BV or periodontittedu enhances the risk of
spontaneous PTB%2%° In addition, black women with the 4 allele and B\hiection showed a
2-fold higher risk of PTB. This was not seen in white wom&alymorphisms in genes coding

for MMP-1, MMR8, MMR9, IL-1RN, I:1R2, 12, TNFR1, IFN' etc. in association with

race/ethnicity and PTB have also been reporféd.

Other maternal demographic factors associated with PTB include maternal ageof{<185
years), type of work and level of physical activity (e.g. standing for long hourgk
socioeconomic and educational status, simgéital status, intepregnancy interval leshan 6
months, poor nutrition, lody mass index (BMI, underweight or ad@g, alcohol and drug abuse,

smoking andtress>>?'t22

Women with a previous PTB have about 2did greater risk ofrecurrent PTB. The gestational
age of a previous PTB is inversely related to the risk of subsequent RIERy ecurrent PTB
can be attributed to persistent or recurrent genital tract infection. Diabetes, hypertension,
preeclampsia,obesity thyroid disease, asthmaanaemia, periodontal diseasad mental

disorders (depression), are common comorbidities that inceeasa wo man 6 $>?Y i sk of

19



Multiple gestatins, short cervix at midrimester, history of cervical cone biopsy, fetal
abnormalities,intrauterine growth restriction,vaginal bleeding, placenta yige or abruption,
polyhydramnios or oligohydamnios, maternal abdominal surgeggnancy resulting fro in

vitro fertilisation are all risk factors associated with PTB:?"? The mechanistic pathways of
how these factors stimulate PTL and PTB is poorly defined. However, they interact to provoke

a transition from uterine quiescence #n active contraction state resulting RTL or PPROM.

5

Although, it has been hypothesd that the incidenceof PTBin women at risk could be
reduced by routineevaluationfor, and eventualtreatment of common vaginal infectioi§ the
microbial link between infection/inflammation and PTB remains unclarified by conventional
microbiological assatechniques Hence the need for more study dhe changes irvaginal
microflora in PTB usingdvancednoleculartechniques such as 18BNA pyrosequencing and
targeted species specific PCRhis technique has the advantage of detecting fastidious or
culture-insensitive organisms and has provided a great ingighthe hitheto o uncul t ur abl
or ouncldia cptaetrhi osg e-paihageni@a midroorganisms present in natural
microbial communities such as the vagina and*gtit Some of these organisms include
Atopobium vaginae, Megasphagya Actinobacteridae, Bifidobacterium biavatii, Disgister
FiregoldiaGemella, Parvimonas, Peptonighiustellap., Leptotrichisp, Sneathia sanguinagens,
Eggerthella honkongensis, Veillspeb&c.?® > This has enabled researchers tmmpare the
composition of the normal and BV inflicted vaginal microbiota signatures with tremendous

success’™
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1.4. 16S ribosomal RNA Pyrosequencing

The use of this high throughput technique, which involves pyrosequencing of barcoded 16S
rRNA genes, has provided a clearer understanding of the vaginal microbiota signatedth
andduring aninfection or diseasé. It involves the use of specific and highly sensitivieeusal
primers for amplification of the variable and/or hypervariable regions of the R8&\ geneg”

2’5 producing lengthy unidirectionaamplion reads required to charactegs microbial
community diversity and functionality devoid of cloning bias. The primers must include 454
specific sequencing adaptors, amplicon (DNA target) specific primer sequences and a multiplex
identifier (MID) to karcode each amplicon and sample. After the PCR, the purified amplicon
mixture can then be sequenced by the GS FLX or GS Junior sequencing systems. This will
eventuallyproduce a data set of high quality sequences that can be classified using the
RibosomalDatabase Project (RDP) Naive Bayesian ClassfidtVAor OBLASTeddé aga
GenBank?®®?"" This culture hdependent molecular technique is currently frequently applied to
study human and animal microbial flora (including those of the mouth and gut segments), in

health and various pathological conditiotis’®*%

The 16S rRNA gendl.542 kb lon}is a constituent of the 30S small subunit of prokaryotic
ribosomes encoded for by the 16S rDNA gene. It has highly casbprimer-bindingsites

hence used for phylogenetic studies. Its gene sequences also contain-speciés signature
sequencesy d 10 bases longn hypervariable regions) necessary for identification of bacteria.

It has found great use in the ideintation and reclassification of novel species and genera of
bacteria including other uncultured organisfits®’ The data obtained from pyrosequencing of
barcoded 16S rRNA genes clearly differentiates strains of organisms and provides accurate
microbiota signature. This is useful fdetermining the diversity and functional characteristics

of the vaginal microbial community in healthy and disease conditions.

The 16S rRNA genes of bacteria broadly consist of alterndtyypevariable (VivV9) and more
conserved regions(Fig. 1.3) The hypervariable regions possess appreciable sequence
heterogeneity between diverse bacterial species that can be amplified andheedue detect

and distinguish these bacterial spegf@svhile the conserved regions which are parts of the

genes that havexperiencedittle degree of changes or mutations in their nucleotide sequence,
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are perfect positios for universal primer hybridigion during PCR¥%?*? The vaiable regions

are more correctly characteried than the conserved regioA8 Of all the hypervariable
regions, V2 (13242 bp), V3 (4323197 bp) and V6 (984043 bp) were shown to have the
highest sequence heterogeneity and the highest discriminatgrgtcas in over 100 bacterial
species studie®?® V6 has the highest density of sequence heterogeneity although it is the
shortest. Primer sets designed amplify the V3av6 regions produced reliable results in PCR
assay$” Increased accuracy for and broadened peaks have been observed around the V2 and
V4 vaiable regions. Thus, the semiconserved regions flanking thgserariable regions may

provide good binding sites for PCR as the read length of sequencing techniques intfeases

No single hypervariable region has the ability to determine the distimamong all bacterial
species. Therefore, sequencing as many hypervariable regions as possible is more beneficial as
this further enhances the high sensitivity, specificity and reliability of microbiome &3says
Specie identification with 16S rRNA genes is best when almost the whole gene is sequenced.
For this reason, the regions with the highest amount of taxonomic information in the shortest
nucleotice sequence within the target gene must be identified. The most useful hypervariable

regions with less intr@pecies diversity are VA V6.2%% 2%

Pyrosequencing technique has been useful in the assessment of the number of OTUs (richness)
and relative abundance (evennessicrobial ecosystents! Shorter amplicons (g. < 400 bp),
produce higher richness and primer choice influenced the relative abundance of OTUs.
Sequence variability of the actual hypervariable region ampdifieduntsfor the difference in

specie richness. The sequence variability of thed\W2 regon was higher than that of V8.
Differences in species evenness occur when mismatches in DNA templates are not resolved by

degeneracies in the primer sequerfde

Also pyrosequencing has been employed in the identification atedndi@ation of genus/specie
level composition and diversity. Ravel al* using batoded broad spectrum primers in
amplifying the VB V2 regions of 16S rRNA genes, identified the dominant genera and species
in the vaginal microbiome of about 40@n-pregnantasymptomatic womeand classified them

into 5 different communities designateas Community State Types (CST$jour of the 5
communities identified were dominated hyctobacillusp., while the fiftHCST IV)had higher
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proportions of mixed anaerobes such astopobium, Leptotrichia, Prevdidigasphaeratc. CST
| was dominatedy L. crispatysvhile CSTs I, lll and V hadedominantiyL. gasseri. inersand
L. jensenWomen who harboured higher amounts &f crispatuandL. inergi.e. CST | and Ill),
had lower vaginal pH values, whilst those with greater proportion of G5(mixed anaerobes),
indicated the greatest pH values. Both high vaginél gmd Nugent score were directly

associated with predominance of naactobacillusp.

Again, amplifying th&1 6 V2 regions of 16S rRNA gened 32 healthy reproductiv@ge
women, Gajer et al. identified similar CSTs except CST V due to low prevalence of\OST
their relatively smalktudy population.However, they reported that temporal changes in the
vaginal microbiome e.g. from one CST to another produces detectable changése
metabolite profile.For instance a change from aninergCST Ill) toAtopobiunsp. (CST 1)
dominated microbiota produced consideraldkeangs in the metabolome characterised by high
amounts of acetate and succinate with a corresponding decriedaetate Also, women withL.
crispatugCST 1) andL. gasseICST Il}dominated microbiota experienced fewer transitions
with low Nugent scores, indicating that these CSTs confers some degree of stability to the

vaginal bacterial communf.

Similarly Bai et al. analysg 23 vagindluid samples from 8 women, explored the same region
of the 16S rRNA geneand reported higher lactate production ly crispaisdominated CST |
compared with otherLactobacilllsp-dominated CSTs. Interestinglyaginal samples from CST
IV dominated by other lactate producing bacteria includitigpobiumand Megasphaeralso
exhibited varying quantities of lactate although st high as that of CSTs I, I, lll and V

295

dominated byLactobacillusp:

Furthermore, Drell et al*”’ obtained a toth of 828, 551 16S gene sequencesefageread
length = 300 bpfrom 494 nonrpregnant asymptomatic womeAgain 5 groups were identified
based on their OTU composition witlh.actobacillusp. dominating 4, whilghe last group had
predominantly Gardnerellasp. Increased vaginal microbial diversity was associated with

abnormal discharge and high pH.
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More recently, it has been reported that the prevalence ol actobacilltgeficient vaginal
microbial CST IV is inversely associated with gestational agettat Women in this group had
greater amounts ofGardnerellaor Ureaplasmaand were at asignificantlygreater risk of
delivering preterm. The researchers amplified the &/85 variable regions of the 16S gene of
bacterial speciesfrom 4 body sites (vaginatlistal intesting saliva, and tooth/gum) of 40

pregnant women:

Collectively these reports dempstrate that vaginal bacterial communities dominated by
commensalLactobacillusp. (CST I, II, lll, and V), are more stahlesistant to infection,
associated with low pH, and thus indicative oféeealthy vaginalenvironment and good
reproductive outcome. While CST IV predominated by mixed anaerobes with pathogenic
propensity is relatively unstable, less resistant to infection, associated with highgpNugent
score and indicative of poor vaginal and reproductive heditbhwever, vaginal microbiome
dominated byL. inerdCST IIl), has been found to be associated with the presence of BVAB

seenin CST IV, predisposing such women to BV infectfdn.

Apart from its applicationto the characterisation of thevaginal microbiota, 16S rRNA
pyrosequencing hgwoved usefuln the study of the bacterial composition of other sites of the
human body e.g. the mouth and geft?®?® Hutter et al.**® using 27F/519R and 515F/1525R
primer sets established a satisfying degree of diversity in the microbiota of periodontal lesions.
The 27F/519Rrimer showed a greater proportion of diversity and this was attributed to the
discriminatory properties of the hypervariable regions of th&Ifene. The effectiveness of this

primer set can be exploited if the data available in the database are sufficient.

16S rRNA genes have found considerable suitability in the study of bacterial phylogeny and
taxonomy because it is ubiquitous among bactehni@s evolutionary conserved activities, and
the relatively short (1.5 kB nucleotide sequences easily sequenced and sufficient for

extracting substantial amount of d&ta

Overall, a multidisciplinary approach combinifggal and maternal clinical parameteftS
rRNA pyrosequencing and other molecular techniques to characterise the conyaginal

microbiota and metabolite signatures should be more advantageous inuib& ¢tp identify
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potential markers of PTB. Biochemical makers whicheitieer intermediates orend products
of several metabolic pathwagetermined originally by the genetic composition of the host and
microbial population are a promising source of imf@tion capable of resolving the

multifaceted PTB syndrome.
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Figure 1.3. Bacterial 16S rRNA gene demonstrating the conserved and variable regions. Universal
(broadrange)primers bind to the conserved regions tmselectivelyamplifythe unique signature DNA sequences
of the variable regions.
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1.5. Biochemical markers of preterm birth

Underpinning tle clinical process of cervicedmodellingprior to labouris acomplex series of
molecular events that include increasingseularisationand infiltration of the cervix by
inflammatory cellsrelease othydrolytic andproteolytic enzymes thatlegradecervical matrix,
and chemicals thatmodulate these processe®.g. prostaglandins and nitric oxide). These
molecular events areot fully understood but necessarily involedtered metabolism within
cervical and vaginatells. Whether the aerobic or aerobic form of glucose metabolism
predominates hanever been described. It is plausible that the process of cersecabdelling

involves a dramatic shift in the energy balaand aerobiglucose breakdown

The pathophysiology of PTB still remains unclear; hence the need for a search for more
accurate predictors.Chorioamnionitis due to female genital tract colonisation dyaerobt
bacteria (that produce metabolic bproducts in relation to the host)can lead to cervical
remodelling, disruption ofetal membranes and leakage &N-Recently, biological fluids such
as amniotic fluidCVF, urine, serum, plasmahole blood,placeng, cord bloodand saliva, have
been analysed to assess the predictive value of biomarkers for*PBAnalyses of
biomarkers has enhancedthe understanding of thepathogenesisof conditions leading to
spontaneous PTB, but onfyhandful oSuch markersaveattainedclinicalrelevance? Table 3
shows the dagnostic utility ofvariousbiochemical markerfor spontaneous PTL, PPROM and
PTB obtained atdifferent points in themid-trimester. The 2 most widely usedbiochemical
predictors of PTBare fetal fibronectin (FN),*°*** and phosphorylated insullike growth factor
binding proteinl (phIGFBR).2** These areproteins indicative of choriodecidual disruption

when present in CVF.

1.5.1. Fetal Fibronectin
Fetal fibronectin (FFN) is an extracellular matrix glycoprot@s0 kDg produced by cells of
the amnion and cytotrophoblast locad at the fetomaternal interfacébetweenthe chorion

and decidua, where servesas an adhesiviegindngthe fetal membranes to the decidé&®* In

normal pregnanciesFM is presentat undetectableamountsin CVF between 16622 weeks
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gestation However, kvels G50 ng/mlbetween 22-34 weeks gestationis associated with an
increased risk ofpontaneousPTB?*** In fact, detection of FFN in the CVF is currently the

most effective marker of PTB especially in women with threatened PTLisamke of the best

risk assessmemarkers for PTBin all populationg™ ** Detection of FFN at levels >50 ng/ml

at mid to late second trimesteis suggestive ahembrane activation angremature separation

of the fetal membranes from & uterine lining and spontaneous P¥PB> In symptomatic
women, the initial studyto determine the predictive capacity ofFN reported sensitivity,
specificiy, positive predictive value (PPV), and negative predictive value (NPV) of 81.7%, 82.5%,
83.1%, and 81.0% respectively, based on & dutf val ue Mdre réénty, FiNg / ml
predicted PTB within 7days (sensitivity: 50%; specificity: 80.2%; PPV:R¥:97.69, at < 34

weeks (sensitivity: 62.5%; specificity: 82.5%; PPV: 22.7%; NPY, ¥d <37 weeks
(sensitivity: 50%; specificity: 85.9%; RP\B%; NPV88.0%, in women studied at28 4 we e ks 0

gestaion 3'°

In asymptomatic women, Goldenberg et @ported a high sensitivity ofFN at 22-24 weeks
for predicting >60% of spontaneous PTE<28 weeks) (sensitivity 63% and RR = 59.2).
However, the sensitivity and PPV were low in predicting PTB 3% weeks (i.e. 2029% and
17825% respectively); but aghi NPV (9697%) was maintainét. A similar specificitf97%

and sensitiity (22%,** likelihood ratig LR of 4.0°*® and RR = 3.8* predictive of delivery
within 7 days as well as <34 weeks of gestatiere observed in other studies of

asymptomatic womenAlso, high NPVs and specifies have been recorded for vagindFiR as

a predictor of PTB in similar cohorts within 14 and 21 days of index assessthent.

FN is putatively the most clinally useful test for gedicting PTB within @14 days of
assessment due to its high NP¥3> 3 Howeuver, its predictive accuracy is limited by poor
sensitivityandfalse positive results due to recent unprotectedginalntercourse, vaginal digital
examination, uterine contractions, vaginal bleedng or amniotic fluid contamination from
ruptured fetal membrane¥>'® The more recent approach otombining cervical length and
FFN screening in asymptomafit®*! and symptomatic woméft 323> compared to IFN alone,
results in a higher sensitivity and PPV to predict PTB risk, while maintaining high TNH#Y/.
guides acute management anelduces unnecessary intervéions particularly in low risk

women3*?
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1.5.2. Phosphorylated insulin-like growth factor binding protein -1 (phIGFBR-1)

phIGFBPL is necessary for growth and development of ggi®nal tissues, such as the decidua,
placenta, chorion and amnidfi.It is a 25kDa protein secreted by maternal decidual cells
regardless of the isoform of IGFBIPin amniotic fluid, fetal plasma and maternal plaShia.At

the onset of second trimester when the amniamd choriodeciduabecome fusedthe level of
IGFBP1 and extent of phosphorylationn amniotic fluid and decidua risasp to late
gestatior’®® phIGFBPL concentrations have been used to evaluate cervical matur&fidéon-
phosphorylated IGFBP (npIGFBRL.) concentration is about 106fdld higher in amniotic fluid
than serum, and elevated levels of nplGHABIR CVF can be diagnostic of PPRQ@Nd PTB
(LR+ 3.1)** **' gmall quantities of PRIGFBP1 can be detected ircervical secretionst the
beginning of labhe when fetalmembranes begin toedach from the parietal decidu®etedion

of phiIGFBFL in CVF, like FN, at the onset of labour indicates detachment of fetal membranes
from the parietal decidua and is a valuable predictor of PT&ymptomatic andymptonatic

wome n2-325 328330

A positive test has been employed in the diagnosis of PPROM and PTB with a higjkityensi
(71-94%), specificity (8204%) and NPV (709%); but unsatisfactory PPV-§8%)3** 3334 |n
synptomatic women, cervical phiGFRIRevel O10 pg/l is associated with a i0ld greater
risk’®* and was predictive of spontaneous PT#th high sensitivity, specificjyNPV, and
considerably high PPV &8%)3 %37 Again, positive phIGFBPin women with threatened
PTL was a useful predictor of PTB at <32 weeks (LR 3, 28d <34 weeks (R =18).**° In
asymptomatic women, a pooled sensitivity (33%), specificity (79%), LR+ =1.6-an@.Bfhave

been demonstratedf®

Like FFN, phIGFBR is a dependable negative predictor of PTB** However, n
asymptomatic women, the PPV of phIGFBR sgnificantly lower than that of /N, while their
NPVs are similar for predicting PPB.But in symptomatic women the NPVs of botests are
comparablein predicting PTB within 7 day¥,%** at <34 and 87 weeks!'® Fortunately, the
level of phIGFBR is not altered by the prese® of semen or vaginal bleedifyand perhaps a

bettertestthanFN i n predicting birt®s before 34 week

29



1.5.3. Other biomarkers

Due to the relatively low sensitivity andPPV of theFFN and phIGFBR tests inpredicting
spontaneous PTLPPROM and PTB especially irs\anptomatic pregnant women, alternative
biomarkers have been investigated for their predictive accutdcéy?. Howewer, none of these
biomarkers havebeen consistent in predicting spontaneous PTB in clinical seftihghey
include activirdA, albumin/vitamin Ebinding protein (VDBP)**° alkaline phosphatase (AP),
alphafetoprotein (AFP),angiogenif® b-human chorionic gamdotrophin (hCG), Cluster of
Differentiation 163 antigeft/ Corticotropin releasing hormone GRH), C-reactive protein
(CRB, creatinine,defensins, elastase, endodtfrferritin, G-CSF glucose* IGFBP43* IL-1, 2,

6, 8, 10 18%"3%3* |L-1 receptor antagonist (I1RN)>** interferon-gamma (IFMNb), interstitial
cell adhesion moleculé, lactate, lactoferrin, lipocalintype prostaglandin D synthase (L
PGDS)}*® MMPs?® **" nitric oxide**® ** placental alpha macroglobulii (PAMG1), placental
protein 1328 pregnancy associated plasma prot@ifPAPPR),**® **° pregnancyspecifich-1-
glycoproteir?®® prolactin, relaxin, salivary estridland progesteroné?**>* sex hormonebinding
globulin (SHBG¥? sialidasethioredoxin®*® TNF-U, thrombin-antithrombin 11l complex® urea
vascular endothelial growth factf and proteomic profile:stratifin, desmglakin isoformi,
andthrombospondinl precursor?® 297 298 326 327,338 344 349 355 Taple 1.3 summarises ttsources
of these biomarkers investigated and thpredictive performance for prognosticating PTBie
heterogeneity ofthe pathogenesis oPTL and PTBexperimental design (e.g. sample sizes,
inclusion/exclusion criteria, gestation age at sampling atud) reproducibility are the common
challenges in identifyingccurate biomarkes for prediction of PTL and PT8® Hence,
improvementin study design and methodologygmbiningmultiple biochemical diagnostic tests
that incorporateenvironmental and behavioural risk factoecsyvical lengtrassessmentterine
activity check, fetal DNA and genetic polymorphism, and microbiome r&sg improve the
prediction of spontaneous PT&cross divese populationd? 333073 However, increasing the

range of predictive biomarkers may improve accuracy but may becomereigtctive.

Analyses of thegenome (genomicsjfanscriptome (transriptomics) and protein composition
(proteomics) have aided the discovery of biomarkers of PTL and’BTB. Nonetheless

metabolomics i.ethe study of metabolites k¥ kDa and characterigtion of the metabolic
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network (profile) of cells, is more advantageous as the metabolitesd@mastreamproducts of

gene expression and protein synthe$is®’ This provides a closer insigito the functional
activity of the cell$? %’ Also, it provides information on the relationship between the host, the
microbiome, and the environment to give a comprehensive understanding of physiological and
pathological state$® Metabolomicsappeas to be a promising novel tool in obstetrics and
gynaecologyhat may be employed to seek tonprove health care during pregnariéyThe
metabolomics techniques cumtly employed include liquid chromatographynass
spectrometry (LGMS), ultraperformance liquid chromatographmass spectrometry (UPL-C

MS), gas chromatograpiyass spectrometry (G@1S) andmagnetic resonancspectroscopy
(M @.65, 98, 295, 299 357-360

Evaluation and comparison of lmgical ecosystems by charactatien of their metabolome
and finger printing using highroughput techniques, such 8RS in pregnant women at risk of

PTB compared to their ten counterpartsmay improve theaccuray ofpredicting PTB*
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Table 1.3: Diagnostic utility of biochemical markers obtained at midtrimester  for
spontaneous PTL, PPROM and PTB (< 37 weeks)

Cut- L e
. Source of Sensitivity | Specificity PPV NPV
Biomarker marker off (%) (%) %) (%) Reference
value
Albumin/VvDBP| ~ CVF 8} %E 77.8 100 100 98 340
phosphatase
Alpha serum >30 9094 95100 | 94100 | 91-94 | 22275
fetoprotein po/l
b-human
chorionic | CVF/serum| >40-65 | ggo5 7095 7391 | 7897 | 202338380
. pIU/mi
gonadotrophin
CRH serum 90th* 39 13 298326
C—reac.tive plasma 8 mgll 26 15 298 326, 361
protein
Estriol salia 02. 44 92 19 08 326,351
ng/mi
Ferritin serum >30 62 45 298 362
mg/dl
_ Fetal CVF 050| 9708 7097 3693 | 98100 | 298327340
fibronectin ng/mi
G-CSF** serum 90th* 49 15 298 326
Glucose ** amniotic | <25 59.3 91.0 85.4 | 71.8 341
fluid mg/d|
phIGFBPL CVF >10 52.9 89.2 48.7 | 90.8 310338
o/l
IGFBP4/SHBG serum 75 74 342
IL-6 amniotic 099 89.6 80.2 40.0 98.1 326 347, 363
fluid pg/mi
IL-g** amniotic | 013  §78 95.5 93 | 771 341,344
fluid ng/ml
ILLIRN** CVF 0.4 57.1 97.8 72.7 95.7 345
Hg/mg
Lactate*** cve | 94.% g 92 92 87 304
mol/I
MMRS8 amniotic 5.14 69.4 68.3 338 347
fluid pa/ml
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Nitric oxide cervix 87.6 88.2 86.5 53.6 | 97.6 349
pmol/l
PAPPA blood 5th 11 93 338350
Progesterone saliva 3950 82 69 66 83 352
pa/ml
Prolactin CVF >30-50 83 74 202,365
U/ mi
Relaxin serum 90th* 38 58 298,921,338
Thioredoxin** CVF 0.4 64.3 97.8 75.0 | 96.4 345
Hg/mg
TNF-h amniotic | 6.3 81.3 79.2 36.2 | 967 321,363
fluid pg/mi
VEGF amniotic 25 91.7 75.0 347
fluid pg/mi
ACentile
* Percentile

** Endpoint was PTB < 335 week$gestation.

*»** PPROM >34weeks gestati on.

CRH corticotropin-releasing hormoneCVFE cervicovaginal fluid>CSFgranulocyte colony stimulating factor;
IGFBHR, insulinlike growth factor binding proteird; ILLRN interleukin 1 receptor antagonisBAPR, pregnancy
associated plasma prote&;, phlIGFBP, phosphorylated insuliike growth factor binding proteil; SHBGsex
hormone-binding globuliny EGFvascular endothelial growtfactor; VDBP vitamin Dbinding protein
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1.6. Cervical length assessment in preterm b irth

In many women who deliver preterm, the cervix begito shorten weeks prior to the
occurrence ofPTL and PPROM hese changes can be detected by cervittedsonography®®

%7 Transvaginal ultrasonograplifVUS)has been employed since the 198f%d is currently

the gold standard for measuringervical length(CL) and estimation of internal cervical os
dilation®3%® TVUShas the advaage of direct and clear visuai®n of the cervix without the
interference of bowel gaim comparison to transabdominal ultrasoufit®® The average CL (at

24 weeks®d® gestation) i . ecervicaloganddekternalzenmicabsidb et we e
about 35 mm and cervix <25 mm and funnelling;assidereda short cervixby seeral authors

although there is no consensus regarding the thresh@ld below which the risk of PTB
increasessignificantly®® There is an association between delivery outcomes and both CL and
gestational age at diagnosis of short cef{inid-trimester CL is the single most predictive risk

factor of PTB”**"® CL screeningan estimate of cervical competendeas some predictive

clinical utility inlow andhighrisk womenfor PTB:a shortened CL 25 mm(at any gestation <

34 weeks)is associated with increased risk spontaneousPTB?"%3**"® About half of the

women with a CL 015 mm e x p¥ Woneen with pregeessively s pon-
shorter cervices seen on a midmeser sonogram experience inceased r at3%s of F
week9*®*%2 and a reasonable proportion of these women have kamaniotic inflammation,

with a 40% risk of PTB within 7 da¥33®* In another study, 9% of patients with short cervix
measured between 124 weeks had MIAC, of which 20 delivered preterm (<32 week¥¥.In

addition, midtrimester CL is inversely related to vaginal pH, Nugent score and BV, but not

after adjustment for relevantonfounders® In a study of women with spontaneous PTL, CL

and plasma nitric oxide (which activates MMPs) measured betwed3 e e k sd gest at
were negatively correlatef? Also, obstetric risk factors such as vaginal bleedfirand multiple
pregnancies could influenceetloptimal CLs and their predictive value for PPBHowever, in

high risk women a <25 mm CL at 469 we e k s dappgaesshigldyt prediativiy 5%) of

recurrent spontaneous PT8?*"®%¥%s neither the number focases nor the gestational ages of
previous PTBs impact its predictive vafidts predictive valuémprovedwhen CL is assessed

sequentidy®* A combination of the patientsd obstet:
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accurate predictive tool for spontaneous PTB than either factors alone, with improvement in

the sensitivity and spéficity of the screening as the degree of prematurity incre&8es.

In asymptomatic high risk women, CL <25 mm predicted spontaneous PTB (<35 weeks) with

LRs+ of 4.3 (<20 we k s & g eX8t (2624 weeks), and 4.0 (>24 weeKs). Among
asymptomatic wmen with twin pregnancies, mid second trimes@L O 2 Qvasmmedictive

of PTB (<32 and <34 weeks) with sensitivities, specificities, LR+ andfL3®% and 29%, 96%

and 97 %, 10.1 and 9.0 and 0. 6m atasame geBtatign4 , re
predicted PTB (<28 weeks) with LR+ of §%.

In women with threatened PTL and intact membranesCL ( O20. 5 mm) had a s
and specificity of 54% for prediction of delivery at <34 weeks, <32 weeks, and within 48 hours

and 7 day®f assessmerit®> An earlier study using a cuiff of <25 mm had reported sensitivity

of 80%, specificity of 97%, PPV of 80% and NPV % 93t prediction of delivery 35 weeks

and within 7 dys¥*' Using a criteria of <15 mm, Sotiriadis et al. reported that CL measurement

can identify symptomatic women at risk of delivering within 7days (sensitvi©9.9%,

specificity = 90.5%, LR+ = 5.7, and-1=R0.5)*** The LR+ for PTB within 7dayi® another

study washigher (8.7) at a cuoff of <15 mm compare to 0.4 whenthecuo f f i s**015 mm
At a higher cutoff of 30 mm (2634 weeks), the predictive accuracy of CL for PTB was 83.0

with sensitivity, specificitypPV and NPV of 6800%* In cases of CL betwee1530 mm, a
combination with FN test enhances the detection of women at low risk of spontaneous
delivery within 7 day®* There is inadequaténdicationto suggest outine CL screening for

both symptomatic and asymptomatic women. Further investigation is necessary as a non
significant association between knowledge of CL result and Iqwevalenceof PTB (<37

weeks) in symptomatic women has been obserijed.

UltrasonographicCL assessmens a safe andlinically usefulechnique todetermineincreased
risk of PTB inselected womer?® However, there is currently no consensus regarding the
threshold CL below which the risk of PTB é®nsiderablyncreased. Also, as a result of its low
PPV and seitssities, routine CL screening is not recommended in low risk wométh about
4.3%incidenceof PTB*’ Consequently, sme investigators have argued that universal screening

in the general obstetrical population is unwarrant&dts effectiveness has also been challenged
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due to the absnce of a proven intervention once a short cervix is diagnd&&dence, there is
a need for a more accurate biomarker of PTB with potential universal applicability regardless of

risk and/or symptom states of the patients

1.7. Preventive i nterventions to reduce the incidence and complications of preterm
birth

Over the years, evidence based insight into the pathophysiology of PTB has led to the
development of several therapeutic interventions to prevent its occurrence and/or reduce the
effects of its deleterious complications. The primary objective of these treatmsrits defer
delivery until the fetal organs are fully developed to sustain the survival of the newborn outside
the uterine compartment orto when adegate perinatal care is availableThere are also
treatments administered to protect the vital organs dfet conceptus from the devastating
complications that accompany uncontrolled intrauterine infection and inflammkg#ating to

PTL Lifestyle modifications before and during pregnancy such as smoking cessation, nutritional
adjustment reduced BMlas well alcium, folic acid and vitamins supplementation have been
advocated?® *® Generally, these interventions arereéted to all women of reproductive age

(i.e. lifestyle modifiction, dietary supplementatignprenatal care and screening of low risk
women), targeted at minimising or eradicatinglentified risk factors (e.g. antibiotic,
progesterone, cervical cerclagendh tocolytics), or intended to prevent complications and

improve survival of preterm infan{g.g. corticosteroidsj*
Antibiotics

Antibiotics treat BV and other bacterial genital infections by reducing the overgrowth of
pathogenic aerobic and anaerobic species and reinstate thstability of the protective
Lactolacilliary microflora thereby preventing the development of inflammatdnced PTL and
PTB* ' Routineprescription of antibiotics for women at risk of PTB hasen controversial.
Antibiotic treatment eradicates BV during pregnancy but does remtuce the risk of PTB
significantly®® “°* In women with PPROM, antibiotics delay delivery and improve neonatal
morbidities in the short term but does not significantly reduce perinatal mort&fitjlthough

maternal infection may be reduced, prophylactic antibiotics did not show great improvement in
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important neonatal outcomes for woen in PTL with intact membran&8. Despite these
limitations, reduction in the incidence of PTB hasbeeported with treatment before 20

weeks gestatioff’
Progesterone

Progesterone @ften administered d</-hydroxyprogesterone caproate) reduces the risk of PTB

by preventing uterine contraction and cervical remodelling, decreasing the production of
prostaglandins and inflammatory mediators (e.ef)f£® *** In a recentrandomi®d, placebe
controlled studywith singleton pregnancigprophylactic vagingrogesterone reduced the rate

of PTB, the risk of a low birth weight, the rates of respiratory distress syndrome (RDS) and
admission to neonatal intensive care unit (NICU) in women at risk of PAIBo, with a
shortened s ec on28mm), vaginaemogesteron€ ledudedthe risk of PTB and
neonatal morbidity and mortality without any neurodevelopmental adverse efféence,
regardless of the history of spontaneous PTB, vaginal progesterone has been recommended for
ultrasoundindicated shar cervix at 1824 weeks gestatioft* “>> However other reports did

not indicate anypenefit of ppogesterone in relation to PTB and poor neonatal outcofife.

Cervical cerclage

The length of the cervix at mittimester is inversely related to risk of PTBReduction in CL
and effacemenfwidening can arise from biochemical, infection and inflammatelated
factors®®® “°7 Cervical cerclage is a surgigalocedure that involvesstickinga suture (titch)
around the uterine cervix aimed aprevening cervical shortening ané@ffacement thereby
reducing the risk ofPTB*® It appears to be most adequate women with structurally
(anatomical)defectiveor incompetent cervix® and history of PTB It reduces therate of
PTB in womerwith singleton pregnancieg risk ofrecurrent PTB but has not shown significant
effectiveness against perinatal morbidity and mortéfityts effectiveness in women with
multiple gesttions has not been establish®tiand poor delivery outcomes have been reported
when inflammation is presefif. However, in combination with prolonged antibiotic therapy
(e.g.azithromycin), its prophylactic and therapeutic efficacy for PTB, fetal mortality, low birth

weight and rate of abortion is signifitgnimproved:*

37



Corticosteroids

Infants born prematurely may have underdeveloped lungs and other vital drgasitsblefor

survival exutero. Corticosteroics have proven effect on fetal lung development and
maturation. They also stimulate the development of other important organs that sustain
postnatal adaptation including brain, heart, kidneys, thyroid'&tcCorticosteroids improve

fetal lung function bynducing the production of surfactant, stimulatititge development of
alveolar structure, increased vascularisation and alveolar fluid clearance. As a result, antenatal
corticosteroids reduce the incidence ofieonatal mortality,respiratory distress syndrome
(RDS), and other neonatal complications such as intraventricular haemorrhage, necrotising
enterocolitis, and patent ductus arteriostts.*** Oral or intramuscular dexamethasone and
bethamethasone are currently the widely used corticosteroids clinically and have been effective

in improving short and longterm sequelae in premature infarfts.
Tocolytics

Tocolytics are antcontraction drugs also known as labour represents. They are medications
used to delay PTL and PTPBroviding enough time(usually 248 hours) for intrauterine
transfer to a specialist centr@ermit overall fetal maturation anchntenatalcorticosteroidsto
have clinical effedte. production ofadequate amount cdurfactant in the lung®* There is no

evidence that tocolytics reduce the rate of PTB.

A wide variety of tocolytic agents have been employed to inhibit uterine contraction and
postpone deliveryby affecting the interaction of contractile proteins in the omyetrium or
inhibiting the synthesis/ blocking the activity of myometrial stimuf&hfShey include: -
adrenergic agonists (Salbutamol, terbutaline, fenoterol), Calcium channel blockers (nifedipine),
oxytocin receptor antagonists (atosibangyclo-oxygenase inhibitors(indomethacin), and
myosinlight chain inhibitors (Magnesium sulphdt&).? Amongs these agentthe i -adrenergic
agonists are the most widely used but with a high frequency of severe maternal side“&ffects.
Interestingly,calcium channel blockers and oxytocin receptor antagoni&tse lesser side

effect§'” andare capable of delaying delivery for up to 7 d&ys.
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1.8. Magnetic Resonance Spectroscopy

An approach todemonstratingthe vaginal hosmicrobial changes associated with PTB is to
determine the metabolite fingearints resulting from these interactions.These metabolic
changes which ardirect reflections of vaginal bacterial community function can be detected by
Magnetic Resonance Spectroscopy (M&S) known as Nuclear magnetic resonance (NKMR)
% MRSis a research technique that utitis the magnetic characteristics of certain atomic nuclei
to ascertain the physitand chemical properties of atoms or molecules in which they ekist.
differs from magnetic resonance imag{iMRlI),in that it detects the resonance frequency of
chemical compounds other than water allowing for depiction of internal chemistnjst MR
which is achieved througlthe application of linear magnetic field gradient on an existing
magnetic field, detestthe resonance of hydrogen nuclei imater and fatto produce high
resolution images of the gross internal anatowfy body tissues and orgaf® “° Nuclear
magetic resonance occurs when afR-adive nucleugi.e. 'H, “°C, *F,**Na, *Sj *'P etc.);# 4%

2 changes its spistate driven bythe absorption of electromagtie radiation at a specific
resonancefrequency (ermor precession), thats depenent on the strength of the magnetic
field and the magnetic propertiesf the atomic isotope?** “* MRS signals ares from the
interaction betweenMR-active nuclei and a strong magnet&dit'*“* This can provide useful
insightinto the molecular structure, dynamics, reaction state, astlemical environment of
molecules?“* It has the capacity to determine the relationships betwepecific nuclei within

or between moleculesThoughMRScan be applied to any sample containMg-detectable
nuclei (nuclei possessing spin), it is often used to studyntbéecularproperties of organic
molecules. One-dimensional (‘*H or *°C), 2-dimensional '‘d-'H or 'H-**C) (for small
compounds) and,34, or 5-dimensional experiments (fanacromolecules e.gproteins, nucleic
acidsand polysaccharidg& can be performedAt least oneMR-active isotope exists in almost

every element.

1.8.1. Nuclear spin, re sonance and magneti sation

The chargedand spinningiuclei of atoms have a nuclear spin quantum numbeshich is in

multiples of Y%2e.g. Y2, 1, 3/2 etcAtomic nucleiwithh = 0 possess no nucl ear
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i nact i and all@uclgi with @n atomic mass and atomic numbeFie spin> 0 nuclei
possess angular momentuamd are capable of forming magnetic dipétéghese magnetic
dipoles, like those of bar magnets (north and south poles)narenallyrandomly oriented. MR
signal is not generated at this state as there is no net magfietet emanating from them
However, when placed in a strong external and static magnetic Bgl@+1 spinenergystates
are created e.g.for a spinz nucleus 2 spin states are formedyne energetically favourable
spin (h state) parallel to the external magnetic fieldnd a hgher energy spin (i state)
antiparallel to the external magnetic figeig. 1.4)At equilibrium a small excess of nuclei exist
in the h spinstate. The parallel spin which is of lower energy aligns vidth while the other
opposes it resulting in a nemnagnetic momentM, from the samplé®® Although MR is a
guantum mechanical phenomenon it can be more intuitively understood from a classical

interpretation (Fg.1.4).
BD

equilibrium - > <
-

| x y

excess spin nuclei

\

Figure 1.4. At equilibrium, the excess U spin state places the net magnetic moment, M, parallel to B,
on the +z axis.

The application ofa second magnetic fiel®,, perpendicular toB,, displaceshe net magnetic
moment M, from aignment withthe B, i.e. away from equilibrium towards they plane
Removal ofB, allows the magnetic moment tprecess abouB, along thex-y plane thereby
generatingadio frequency(rf) signaldn the detection coil(Fig. 1.5§*° A pulse is applied when
an rf irradiation is turned on and then off after a specific time interea. 90° pulseln MR
experiments,pulse sequence(series oftimed rf pulse magnetic field gradieptare used to

exploit the magnetic properties afuclear spins in order to obtain the required dé4ta.
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axis), towards the x-y plane by the applied rf pulse.

t

he

Signal is generated when M realigns
with By.

net magnetizc

mo me nt

The circular motion of the magnetic momearound B, is called Larmor precession. The rate

of precessior(Larmor frequency)s definedas

_ “YBy
v 2n

where! = magnetogyric ratiola measure of the magnetic properties of a particular nuglidis)

expressed in Hertz (Hz), anB, in Tesla (T) The direction of the motionthough constant for

any given nuclide, can be either clockwise on anticlockwise depeodlitige sign of .

NMR is achieved whenmaMRactivenucleus changes its spin state stimulated by the absorption

of electromagnetiaadiation, which is at a specific resogarfrequency Larmor precession),

that depends on the strength of the magneticdjeB,, and the magnetic properties of the

isotope of the atom. The energy differendeH) between the 2 spin states is proportional Bg.

This is expressed as:

_ hyB,
AE = 7
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wherehistheP|l ank ds c daedorranceé conditian to bé met, the excitation field
must be at the same frequency as the Larmor precession i.e. the reserieeguency of the

spin nuclei, &nce the nama&uclear magnetic resonance.

Through a process called Fourier transformation (Fhyclear spins can be stimulated
simultaneously using a single pulse radio frequency (rf), acquiringloima&n response and
converting it to frequencydomain spectrum. This allows averaging of the signal to inctbase
signatto-noise ratio and an MR sptrum from which metabolites can be identified is

generated! ¥

The signals detected as the resonating nuclei realigns &gmapssess a distinctivieequency
which is dependent on the magnetic properties of the isotopes of the atoms't.§'C, “Na,
¥pP), and the strength of the magnetic field.other words, MR signals are isotope specific with
each signal strongly linked to an element or nucitd&® The size of the signal is proportional
to the number of nuai present provided the signal is acquired waithequaterelaxation decay.
All signals are detected simultaneoudizese signals decaja the transfer oenergy from the
excited nuclei into itssurroundingg(i.e. relaxation). The relaxation varies fronme sample to
arother depending on themolecular environment. Signals relax to equilibrium via 2 energy

transfer processest, andT,.*** **’

T, - longitudinal relaxationis the loss of excess energy into the surroundmglecular lattice
(spinlattice relaxation) asnet magnetiation is returned to thez-axis (Fig. 1.6) The lattice is
the sample in which the nuclei are containétsuallyT, ranges between 0-5s for medium

sized organic compounds, and a minimum period ® & required for nuclei to relax
completelyafter a 90° pulse. This is becausd,; decaysexponentially.At 5T, about 99.3%

magnesation recovery has taken plaég.
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Figure 1.6. Longitudinal relaxation. Recovery of the magnetiion along the z axis establishing equilibrium

after pulse excitation

T, - transverserelaxation (Fig. 1.7)js the loss ofnet magnetiation in thex-y planeas seenn

the free indution decay (FID). It is due to differences in the magnetic field within the lsamp

which arises from 2 sourcebeterogeneity of the static magnetic fieldducedbyd s hi mmi ng 6 ) .
and mainly from the sample intrand intermolecular interactiorstimulatedlocal magnetic

fields.It is also referred to as spiapin relaxation because it defines the exchange of energy
between adjacent nuclei tharecessat the same frequemes but differentlocal magnetic fields.

In other words, magneta&tion decays away duto each spin experiencing different local

magnetic fields i.e. loss of phase coherence orxiplane’®’

Time=0
(after pulse)
Time < 5T, Time = 57, /
Kj | > : | > |
X X X

Figure 1.7. Transverse relaxation. No net magnetiation as a result of differences in local magnetic fields

within the sample

Therefore, by placing a sample containing nuclei possessing spin in a magnetic figtitiagd e
it with a second magnetic field (Qquantwhenergy), the structure, dynamics, reaction state and

chemical environment of its molecules can be studied noninvasivelyoardestructively*
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Chemical shift

The practicality ofMRSis basedon the evidencethat atomic nuclei that differ in chemical
structure resonde at differentfrequendesin the same magnetic fiel@his is due to differences
in the electronic environment of the proton§Vith the aid of their electrons, different chemical
compounds shield their nuclei from the appliBgby different degreed-or resonance to occur,

the applied magnetic field must be greater than the local magfield generated by the

el ectr ons 0 sThis ischllddhengcal shift'f ‘€ € and desdbed by:

v= z—fTBo(l—o)

where U is the shieldingconstantand usually reported iparts per million (ppm)The chemical

shift provide information about the structure of compounds as the different chemical groups
contained in the sample generate correspondingly varying signals atrtiffierquencie$®® In
'H-MR, most molecules have ahemical shifrange of 620 ppmand definedrelative to a
reference compoundge.g. 3-(trimethylslyl)}-propionic2,2,3,3d4 acid sodium salt (TSPAN
exampleas shown inFig. 1.8js the 'H-MR spectrum of ethanolQH,-CH,-OH), in which 3
signals ¢H; 6 1.17 ppm CH, 8 3.65 ppm and OH & 5.19 ppm), corresponding to the 3
hydrogen groups, with theeak intensitiesproportional to the number of'H nuclei in each
chemical group(Fig. 1.8f*" In addition,adjacentMR-active nuclei influencéhe resonance
frequencies in a manner dependent on ttieemicalbonds within the molecule(J or scalaror
spinspin coupling. Jcouplingindicateshow nuclei can sense the presence andnber of
neighbouring nuclei and importantly provides additional structural information via chemical
bonds present in the molecufé- ** By analysig the shape, area ansignal intensities dfIR
spectral peaks (integration), the unique molecular structure and concentration of a particular

compound(metabolites)n a biological sample can be deternune

44



H H
Ethanol I I
H—C—C—O—H
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ﬂ LAl ﬂ
ppm
Time-domain response Frequency-domain spectrum
peak intensity ratio = 3:2:1
Figure 1.8. *H-MR chemical shift of ethanol indicating the frequencies and peak intensity ratio . Time-

domain signals are converted to frequency domain spectra via Fourier transformation.

MRScan qualitatively and quantitatively elucidate the metalpobfiles of tissues and biofluids
thereby providing biomarkers that indicate physiological and pathological stateanlefficient
norrinvasiveand nondestructive technique thatan be used taistinguisha large variety of
metabolitesin body fluds including serum, urine, faeces, spinal fluadjinal fluidfollicular
fluid > 2% %9433 and provide insight into the metabolic activities of organs such ashéet,
breast, cervix, prostate, liver, stomachpancreas, colonskeletal and vascular smooth muscle,
kidneys and braiff® > “* |t has also been applied to identify the chemotypef

microoganism&* as well as ifiood,** drug andplant biochemistry?* %
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1.9. Aim of Study

The interaction between genital tract bacterial colonisatioand PTB remainsunsatisfactorily
determinedby conventional assay techniqueghere may be massociatiorbetween the vaginal
microbial community compositiomnd the metabolitesignature of cervicovaginafluid. An
altered vaginalecosystemhave beenindicatedin the progressionof ascending intraterine
infection or MIAC leading to PTLand couldinfluence the initition of PTB! The biochemical
actvities and resultant metabolic by-products of the vaginalmicrobial populationduring
gestationcan provideusefulinsight into thepathophysiologyf PTB as well akelpin identifying
women at risk’®® These metabolichanges, which are reflée¢ of vaginal bacterial community

function,leave fingerprirgtthat can beinvestigatedy MRS

Accurate identification of women at risk of PTB remains @mgjing. Given that twthirds of
spontaneousPTBs are associated withfectioninflammation in reproductive and gestational

tissue,investigatiorof the microbiomeand metabolic patterns associatedwPTB is topical.

Hypothesis: It was hypothesied that PTB is associated with detectable rigalinked
0si gnat uialar meatabalite pditerndn other words, women who go on to deliver
prematurely will have significéyn different vaginal bacteti@pecie composition and *H-MR
metabolite signaturesompared to their term counterparts even in the absence of clinical

infection.

Therefore, n order to characterise the functional identity of theaginalmicrobiome during
pregnancy ancelucidate an integrated picture of microbiome composition and actiwity
relation to delivery outcomewe performed an MRS metabolite study and P&3Ressmern
CVF of different cohorts of asymptomatic pregnant women amdmen presenting with

symptoms othreatenedpreterm labouracross thesecond trimester

Thisstudy focused onmetabolicchanges in theaginamicroenvironmentealy in pregnancy in
(2nd trimestel), i.e. where an early diagnostmol aligned with standard pregnancy checkpoints
would be advantageous. In parallel, we assbdse prevalence of specific vaglncommensal
and potentially pathogenic bacterial species these patientswhile assessingther factors

indicative ofthe state of the vaginal environmefa.g pH).
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On the whole we studiedthree broad cohorts ofpregnantwomen:

1 A group of asymptomati pregnant women at a lower risk of PTBesenting at 222
weeks gestation with a normal cervicahggh (25 mm), and/or without priolPTB

1 A group of asymptomatitighrisk pregnant womerwith a previous history of PTB at
20-22 weeks, and at 288 weeks Primary study end pointvas delivery before 37
weeks andhe secondary endpointaasdeiivery before 32 weeks.

1 A group of symptomatic pregnant women presenting labour ward with symptoms
reminiscentof preterm labour (regularuterine contractions but ervix <3 cm dilated).
Predictive endpointvasdelivery within two weeks oindexassessment whileesondary

endpointswere delivey before 32 and 37 weeks of gestation

1.9.1. Specific study objectives

- To determine if the'H-MR spectrum of C¥ can idetify women who ultimately deliver
prematurely from cohorts of womenat high or low risk of PTB and pregnant women

presentingwith symptoms othreatenedpreterm labour

- To characterise and validatee metabolite profile of CVF of a cohort of pregnanbmen by

'H-MRS andectrophotometry, and determinéheir predictive capacity for PTB.

- To investigatethe relationship between CVF fetal fibronegtirtrasoundcervical lengthand

vaginamicrobiotametabolitesof pregnant womenn relation to gestatioal age at delivery

- To identify the cellular composition of th&€€VF sample and determine theaginalbacterial

speciecomposition by PCRIuring pregnancy.
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Chapter 2

Determination of cervicovaginal fluid metabolite profile during

pregnancy by Mag netic Resonance Spectroscopy
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2.1. Recruitment of study participants at different gestations and sample collection

2.1.1. Ethical approval
These studies were reviewed and approved by the Yorkshire & Humber (Sheffield) Committee
of the UK Natonal Research Ethics Service (REC Number 13/YH/0167).

2.1.2. Recruitment of s tudy participants

The study participants (N = 458), mainly Caucasians §8%), comprised of two clinical
categories of pregnant women: those that had no symptoms of PTL (asymptaynaup) and
those presenting to the delivery suite with symptoms of, but not established, PTL. The
asymptomatic pregnant women were further classified into 2 gestatiematghed groups
based on a por history of PTB: a lowisk group (ALRn = 183), who had no history of PTB
(assesg at 2022 gestational weeksy), and a highisk group (AHR n =186), who had a
previous history of PTB and/or short cervix (<52mm) on transvaginal ultrasonography
(assessed at 2P2w and repeated at 2@8w). The third study group (SYMh = 89) comprised
women presenting witluterine contractions, cervix <@n dilated, and tact fetal membranes
(24-36w). All participants were recruited via the antenatal clinics and Triage Delivery Suites of
the Jessop Wing Hospital, Sheld, UK.The asymptomatic women were sampled atZfw

and 2628w as part of theinormalroutine visits for antenatal care. Alsthese are early critical
gestational time points in which an accurate diagnostic marker for PTByramptly inform
therapeutic decisions and interventions befotbe onset of PTL and adverse pregnancy
outcome. On the other hand, the symptomatic wompresented at random andere studied
between 2436w in other to exclude pregnant women with miscarriages (i.e. loss of pregnan
before the first 23w). These women were recruited via the Triage Delivery Suites as the

presented with symptoms suggestive of PTL.

2.1.3. Sample collection

At presentation, a pair of high vaginal samples was obtained with dry polystyrene Dacron swabs
(Deltalab Eurotubo 300263, Fisher Scientific, UK) from each wdmyansingleclinical research

staff following written informed consentThis was to ensure consistency in the sample
collection protocol.With a subset of the AHR womeassessedt 2 gestatioal time points.e.

at 2022w and 2628w, the total number oCVFsamples obtainetbse to 587 (i.e. ALR2G22w
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= 183; AHR2022w = 186; AHR2&8w = 129 SYM = 89)he collected samples were
immediately processed or stored in a refrigerator-20°C, for upto 3 days, pending analysis.
The clinical course and delivery outcomes of participants were subsequently ascertained.
Women with multiple gestation, bacteriologically proven infectimstory of abnormal cervical
cytology within 3 vyears, ruptured fetal embranes, and prior vaginal examination at
presentation were excluded from the studfParity was not consideretbecauseit is not a
known risk factor of PTBndependently®”**®

Also at presentation, commonly employed clinidelgnostianethods of PTL and PTB including

CVF FEN level, vaginal pH and ultrasound cervical le(@ith were examined. Quantitative

CVF FFEN levels were analysed using the 10Q Rapid FFN analyser (Hologic, MA), according to
manufacturer ds i nendgthr(CLEhy tramsvaginah uitrdsonography.i Vagidal |
was determined by obtaining a sample of vaginal fluid from the lateral vaginal wall with the aid of
a dry swab and smeared on a lniguality narrow range pH paper (pHix 3.66.1, #92130,
MachereyNagd, Diren, Germany). All measurements were performed by the same clinical

research staff at the Jessop Wing Maternity Hospital.
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2.1.4. Subject details and Pregnancy outcomes

Table2.1 summariss the clinical details of th&udycohorts. At present (30/10/201% only 408
out of the 458 (89%)pregnant womerrecruited in this studyhave their delivery outconse
ascertained. About% (n = 5) of the ALR women delivered preterrandthis was thelowest
prevalence of PTB observewdmpared to women in the ther groups: AHR 20-22w (33% n=
35), and AHR 2828w (28.6%n = 26). Of women presentig with symptomssuggestivef PTL
(SYM), 817% (n = 67) went on to deliver at term, whilel8.3%6(n =15) delivered preterm with
meangestationbetweenpresentation ad deliveryof 15.7+3.5 and 6(8+3.2 days for preterm
and termdelivered SYM women respectivelll the preterm-delivered women in the SYM
group delivered approximately within 2 weeks5(7+3.5days) of presentation at th&riage

Delivery Suites of the $sop Wing Hospital, Sheffield, UK
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Table 2.1: Clinical characteristics of the study participants

Asymptomatic Asymptomatic Asymptomatic Asymptomatic Symptomatic
Low risk women, High risk women, 20-22w High risk wom en, women
Characteristics 20-22w 20-22w (Combined) 26-28w 24-36w
Preterm Term Preterm Term Preterm Term Preterm Term Preterm Term
(N=5) (N=124) (N=35) (N=71) (N=40) | (N=195) (N=26) (N=65) (N=15) (N=67)
Age 29.8+2.6 | 29.4+0.4 | 31.9+0.9 30.9+0.6 | 31.6+0.8 | 29.9+0.4 | 31.1x0.9 30.940.7 | 31.1+2.0 26.6x0.7
( e?:lrs) (22-36) (19-39) (19-45) (19-39) (1945) (19-39) (24-40) (19-40) (22-48) (16-44)
Y 5 123 34 70 39 193 26 65 15 67
23.4+1.2 | 25.5+0.4 28.041.1 27.5+0.7 | 27.5£1.0 | 26.2+0.4 27.241.0 28.6+0.8 | 28.9+1.9 25 140.6
BMI (21.% 4.7 (18.246.5) (18.2 (182- (14.7 (18.234.5) (18.2 (20.% (17.441.6)
(kg.m?) 26.3) 42.2) '34 ’ 49.7) 46.5) 49.7) .26 ' 49.7) 42.5) .56 ’
5 123 70 38 193 65 11
Previous history| A NA 23 48 23 48 21 47 5 10
of PTB(n)
Cigarette
Smokers 2(40) 11(9) 8(23) 13(18) 10(25) 24(12) 5(19) 13(20) 1(7) 10(15)
n(%)
Cervical lenath 36.2+1.6 | 40.7+0.4 29.4+1.9 36.7+1.0 | 30.4+1.7 | 39.3+0.5 24.8+2.3 33.9+0.8 | 21.1+4.8 30.8+1.62
(mm) 9 (32-40) (29-66) (1353) (1852) (1353) (18-66) (7-44) (15-50) (7-45) (11-54)
1 124 30 65 35 189 26 37 8 37
Fetal fibronectin | 6.2+1.2 | 16.0+2.6 | 85.7+22.1 | 32.3%8.6 | 74+19.5 | 21.6+3.4 | 91.8426.1 | 25.8+6.8 | 188+85% 15.2+3*
conc. (4-10) (1-187) (2-453) (1-497) (2-453) (1-497) (1-442) (1-248) (5-501) (1-74)
(ng/ml) 5 121 29 63 34 184 24 59 6 37
Gestational age| 143+2.1 141+0.5 146+1.5 147+1.2 146+1.4 143+0.6 190+1.1 188+0.7 20654 213+3.1
at presentation | (139151) | (132159) | (115165) | (103175) | (115165) | (103175) | (182205) | (173203) | (177-237) | (139254)
(days) 1 123 35 68 40 191 26 65 15 67
Gestational age| 225+13.1| 281+0.8 225+5.2 274+1.0 225+4.8 279+0.7 233+4.1 27411 221+5.7 275+1.1
at delivery (189254) | (258299) | (146258) | (259292) | (146258) | (258299) | (187-258) | (259295) | (187-257) | (260-295)
(days) 5 124 34 71 39 195 25 65 15 61
4.2+0.2 40+0.03 4.2+0.1 4.2+0.1 4.2+0.1 4.1+0.03 4.3+0.1 4.2+0.1 4.4+0.3 4.2+0.12
Vagina pH (3.64.8) (3.65) (3.65.3) (3.65.6) | (3.65.3) | (3.65.6) (3.66.1) (3.66) (3.66.1) (3.66.1)
5 124 30 63 35 187 26 62 7 36
Prevalence of 3.9 33.0 17.0 28.6 183

PTB,%

Data are presentedsamean + SE (ranga); w, gestational week8BM| body mass indeX@TB preterm birth; NA
not applicableN, total number of term or preterm-delivered women in each cohort, actual number of women
for each clinical parametabtained

" Differences baween preterm andterm-delivered women within the grou2< 0.05(shaded yellow)

2 Reducedstudy populationrf) due to absence gbarticipant§consentdata
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2.2. Introduction to 'H-Magnetic Resonance Spectroscopy

With the observation of strongesonance signals from lactate, acetate, succinate, amino acids
and glucose ilCVF analysed witlproton magnetic resonanc€H-MR) spectroscopy™ 4% it

is plausible that the metabolic profile of these secretjombich is a reflection of the metabolic
activities of thehost interacting withthe vaginaimicrobiota,can be elucidated both in pregnant
and nonpregnant reproductiveage women using this techniquel-MR can also provide useful
informationregardingthe functional capacity or chemical consequence of the prevailing vaginal
microbial community @mposition at each instanceH-MR metabolite profile provides
gualitative and quantitative data on theanydifferent small molecules present in a sample at
UM to mM concentration™® Additionally, MR-based metabolomicgives direct dataon the
identity of the metabolitesthat are implicated in the disease under investigatitbecause
information on thealtered metabolite signaturas directly obtained throgh statistical malysis

of the MR metaboliteprofiles*** *** Theseuniquefeatures of'H-MR were recently exploredto
investigate the association between vaginal fluid microbial cormymwomposition and
metabolic profiles in healthy and BMected norpregnant reproductiveage womer® %

Both human and bacterial metabolites involved in compiexabolic pathways as shownFHig.

2.1, were identified As a resulfdetermination of the changes and differences in CVF metabolite
profiles which are direct reflections of biochemical evenmtsthe vaginal microenvironment
could be of immense benefit in the diagnosis and prognostication of vaginal dysbiosis during

gestation and PTB.

We therefore sought to characteristhe metabolite profile of CVF obtained from cohorts of
pregnant women whewentuallydeliver prematurely compartkto those who do not, classifying
the participantsaccording to theirrisk of PTB, and bpresentation with symptoms of PTWWe
hypothesisd that the'H-MR spectrum of CVHnight predict pregnant womenvho ultimately
deliver prematurely, as well as womenith symptoms of PTL who deliveshortly after

assessment
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Figure 2.1. Metaboli ¢ pathways involving metabolites identified in the vaginal microenvironment.  (A)
Glycolysis/Gluconeogenes{B) Tricarboxylic acid (TCA) cycléC) Carbon metabolism(D) Biosynthesis of amino

acids.
Adapted from: KEGG pathway mapping tool (KEGG Mapper v2.5, Kanehisa Laboratories, JP).
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2.3. Method s

2.3.1. '"H-MR Sample preparation

The end of the swab soaked witlihé¢ vaginal fluid sample was cut off and placed in a 1.5 ml
microfuge tube. Six hundred microlisef Phosphate Buffered Saline at pH 7.4 was added to
the tube as an extraction solvent. Thvaginal fluid was washed off the swab by vortexing for 5
min, afte which the swabwasremoved and safely discarded. The solution was then centrifuged
at 13,000 rpm for 3 min to separate swalnd bacteriaparticles from the vaginal fluid solution.
The supernatant was carefully aspirated into a separate clean 1.5 rofugiertube and stored

at -80°C ready for analysis. Prior t¢1-MR analysis, a total of 400 pl of each sample comprising
of 380 pl of vaginal fluid in solution and 20 pl of deuterium oxidgQ)Pwas immediately
transferred into a 5 mmMMR sampletube (Norell, Marion, NC)(Fig.2.2). D,O was added to the
samples to maintain the homogeneity of thatic magnetic field and provide fiefcequency
lockv i a 0 s hAnnomuased (gtérile) polystyrene Dacron swab wésogrepared as above
and analysd using the ame protocol as a background signal control. This was repeated at

regular intervals or change of swab batch to control &myswab manufacturing variations.

2.3.2. '"H-MR Spectroscopy

Pulse sequence issaries of timed rf pulse magnetic field gradieged toexploit nuclear spins

in order to obtain the required data. For example, in our experiments the Watergate water
(excitation sculpting) suppression pulse sequé&heeas used tosuppresaet magnetiation of

water in the samples, thereby eliminating the usually large water signal. This ensures that the

metabolite peaks dhterest are left unperturbedndeasily analyseé’

A 9.4T (400 MHz) Bruker Avance lll MR spectrometer (Bruker BioSpin GmbH, Karlsruhe,
Germany), with 5 mm broadband observe profpég. 2.2)was used for the experiments. The 5
mm broadband observe probe is designed for 5 mm MR sample tabdslocated in the
magnet It contains rfcoil that can be tuned over a wide frequency rang&l{'P,'H) and as
such used to detect most MRctive nuclei?® Probes have the greatest impact on sensitivity in

any given field strengtf
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'H-MR spectra were acquired using thi¢atergate water suppression pulse sequeneentber
of scansNS = 256,relaxation time,D1 = 5s,acquisition timeAQ = 1s, sweep width,SW =
206 ppm,time domain,TD = 16446), for each of theCVF samples. AllH-MR experiments
were perfamed at approximately 21°C (294 K).dDa wasacquired andprocessed using the

Bruker Topspin 2.1.6 software to produce a phase and baseline corrected spectrum

2.3.2.1. Assigning the 'H-MR spectral peaks

The following 2-D MR spectra were acquiredn order to confirm the structure of the
metabolites andassignthem to the *H-MR spectral peakgresented inFig. 2.3% % H-*C
presatHSQC (Heteronuclear Single @ntum Correlation spectroscopyd NS = 1024 D1 =

1s, AQ = 0.078 x 0.006s, SW = 10.0 x 1Hpm, TD =624 x 180;'H-*C presatHMBC
(Heteronuclear Multiple Bond Correlation spectroscopylNS = 1024, D1 = 1s, AQ = 028 x
0.00%, SW = 10.0 x200 ppm, TD = 1024 x 200; 'H-'H watergateDQFCOSY (Double
Quantum Filtered Correlation mectroscopy) NS =256, D1 = 0.5, AQ=0.832x 0.22s, SW

= 9.0 x 90 ppm, TD = ®00 x 160; and 'H-'H presatcleanTOCSY (Total Correlation
gpectroscopy)- NS =16, D1 = 1.5, AQ = 0284 x 0.071s, SW =9.0 x 90 ppm, TD =2048x

512 A representative 2D spectrumis shown inFig. 24. All spectra peakswere referenced to

the 'H lactate signal afi = 1.30 ppm.This proved more consistent and reliable than 3
(trimethylsilyl}propionic-2,2,3,3d4 acid sodium salt (TSP), which was discontinued due to
variations in itspeak intensitieswvith each sample analysetihe metabolite peak intensities
were then assigned by matching their chemical shifts and multiplicity with previous
publicationg®" *** *3 the SDBS Spectral Database for Organic Compounds (AISTar
Chenomx NMR Suite software (Chenomx Inc. CAversion 7.7)

The 'H-*C HSQC correlates chemical shifts gfroton-carbon nuclei connected by aingle
bond in moleculesproviding carbon and proton chemical shifts to aid moleculassignment
The 'H-*C HMBCis similar to the HSQC butletects correlations over 2 or 3 bonds indicating
the location carborcarbon or carborheteroatom bonds. Therebydefining the skeletal
framework of the moleculé’ The 'H-'H watergateDQFCOSY detects the single bond
interactions (Jcoupling between protons, whilst the'H-'H TOCSY identifies relationships

between those protons that share the same coupled netwovier multiple bond, but not the
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same &ouplinge.g. amino acids and sug&fsThese 2D MR techniques were employed for
structural and conformational analysis of the metabolites in our samples. With these unique
features MR has the ability toharacterise the interactions between specific atomic nuclei
within and between molecules?” This is a significant advantage over other metabolomics
techniques e.g. mass sp®scopy (MS) hence our choice of MR in this studyPlausibly the
greatest constraint of MRS is its sensitivigompared to MS, larger amounts of samples
(nanograms) are required for MR analy$idHowever, the required amount of samples have
been significantlyeduced with development of strongemagnetse.g. 21 T(900 MHz) and

advances ifiow cell and probe desigi’

Identified meabolite signals in théH-MR spectra were integrated for peak area (which is
proportional to metabolite concentratiorff. ** To correct for differences in CVF
concentration €.g.variation in the swab samplingglidate and optimise the sample preparation
protocol, each metabolite integral was divided by the total spectrum integral@.0-10.0 ppm,
excluding the residual water signal betwaer 4.7-5.0 ppm)to provide a normalied integral
(N.1.).*%° This procedure together with the background control signal obtained from sterile

swabs further enhanced the optimization of our sample preparation protocol.

2.3.3. Statistical analysis

All Statistical and Receiver Operating CharacterssiiBOC) curve analyses were performed
using MATLAB (Mathworks, Natick, MA). The Wilcoxmanksum test was performed to
compare differences in metabolite Ndetween and within the groupsyhile the relationships
between clinical data antH-MR metaboti e N. | . were determined
coefficients P values < 0.05 were considered statistically significBimé. predictive capacity of

the CVF metabolites for PTB was determined by ROC curves for the following comparisons:

A Preterm (< 37 weé&s) versus term births in all groups
A < 32 versus > 32veeksin symptomatic women
A < 2 versus > 2 weeks from presentation to delivery in symptomatic women
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The ROC curve igerivedby plotting sensitivity of a tesigainstlminus its specificityat each
possible cubff point .1t is a graphicapproach okvaluating the capacity of a diagnostic test to
discriminate between the presence or absence of dise@ke. area under the ROC curve
(AUC), provides an estimate of the overall performance of a digfndest with an AUC of
1.0 indicatng a perfect test > 0.9 (high accuracy), 60/9 (moderate accuracy), 0G7 (low
accuracy), and 0.5 (chance resullhe pedictive accuracyof metabolite N.l. was also
determined by thesensitivity, specificity, gative and positive predictive values, as vesl

likelihood ratiq#44447
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Figure 2.2. A 9.4T (400 MHz) Bruker Avance Il MR spectrometer and 5mm BBO broadband

Observe probe ( left), and MR 5 mm glass tube containing cervico vaginal fluid sample ( right ).
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2.4. Results

2.4.1. Integration 'H-MR metabolites

Eightmetabolite signals of interest were identifiadd analyseéh the *H-MR spectra (Fig2.3

and 2.4. These were lactate, alanine, acetate, glutamine/glutamate, suctonaate, glucose
and branched chain amino aci@CAA) (i.e. leucine, isoleucine and valin@part from
identification of strong their signals fi-MR spectra, ilese metablites were analysed as a
result of their proven association with the vaginal microbiota and impact on vagin&opH
previous reports® ® To avoid influence from other etabolite peaks in the glucose signal
region 3.23.9 ppm, the glucose signal @at= 5.2 ppm was integrated and used in subsequent
analysis. There were no differences in thtH-MR total spectrum absolute integrals, indicating
that total CVF metaboliteconcentration did not vary significantly betweamd withinthe study
groups(Fig 2.5). Comparison ofH-MR metabolite N.I. from the different cohorts in relation to

delivery outcomes is shown in FR)6.
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3.9 ppm region, the glucose signaliat 5.2 ppm was integrated and used in subsequent analysis.
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(red pluses).

ALRasymptomatic low risk womemsHR asymptomatic high risk womeASYMALR and AHR 222w combined;
SYM symptomatic womeny, gestational weeks.
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2.4.2. Differences in CVF 'H-MR metabolites in relation to delivery outcomes

It is plausible that differences in CVF metabolites produced by vaginal microbiota in relation to
the host could predispose the women to infectioinflammationand adverse pregnancy
outcomes? ® # Therefore, comparing themediansof the 'H-MR metabolites identified, we
observed that 6 all the metabolitemnalysedonly acetate N.I. and acetate/lactate ratio showed
signifcant differencesind these were observen the SYM cohortalone(Fig.2.6). The acetate

N.I. (P= 0.002) and acetate/lactate ratiB € 0.002) in the SYM women that delivered preterm
were significantly higher than those of théerm-delivered counterpas. There wasover a 2-

fold (103%)increase in CVF acetate N.I. of women presenting with symptoms suggestive of PTL
who ultimately delivered pretermwhilst the difference in acetate/lactate ratio was only 46%.
Though not statistically significant, diffieces in acetate N.I. between preternand term

delivered women were observed in the AHR28w (P= 0.17) group

In addition, the terradelivered women(n = 124), in the ALR group demonstrated nen
significant trends to higher lactatB £ 1.0),glutaminegluamate(P= 0.36) and BCAA N.l.sR=

0.054), compared to their preterm counterparfa = 5).

Also, differences in all other metabolite N.I.s between preteand termdelivered women in
the ALR, AHR2@2w and 2628w, and SYM were not statistically siguaifit(Fig. 2.6).
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Figure 2.6. Comparison of mean *'H-MR metabolite normalised integrals from different cohorts of
pregnant women in relation to delivery outcomes.

Box plots show the median line within the box, with the bottoamd top edges of the box representing the 25%
and 75% quartiles respectively.

ALR asymptomatic low risk womemACE/LACacetate/lactate ratioAHR asymptomatic high risk wome&SYM
ALR and AHR 222w combined;BCAA Branched chain amino acidSUC/L& succinate/lactate ratioSYM
symptomatic womeny, gestation weeks.

* Pvalue < 0.05 considered statistically significant.
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2.4.3. Relationship between vaginal pH and CVF 'H-MR metabolites

The interactions between the various metabolites andinalgpH could be indicative of the
prevalent vaginal microbiota signature and the huostrobial interplay in the vaginal
microecology’> *** **° Our data showed vaginal pH correlated with lactated acetate N.I. in
the ALR2622w, AHR2022w, AHR2628w, and SYM womerwhile it correlated withglucose
gluamine/glutamatesuccinate N.§, and succinate/lactate ratim the ASYM 2@2w and
AHR2628w women only (Table 2.2 andrig 2.7A-F). Higher CVF lactate N.I. were associated
with low vaginal pH, whilst higher acetate N.l. was associated with high vpgina all the
study participants irrespective of gestational age at sampling or the presence of symptoms of
PTL(Fig. 2.8 and 2.9%imilar to the lactate N.I., highglutamine/glutamate Nivas associated
with decreased vagingH in the ASYM 222w and AHR 2628w women whilst glucose N.I.,
succinate N.l. anguccinate/lactate ratiovere associated with increased pH afl the groups

except the SYMvomen.

Furthermore, arossthe groups, there were low (r =0.3) to strong (r = 0.71.0) correlations
between lactate vs. acetate N.l.s, lactate vs. glucose N.l.s, lactate vs. succinate N.l.s, lactate vs.
glutamate/glutamine N.l.s, acetate vs. succinate N.l.s, alanglatasine/glutamat@&lanine vs.

BCAA N.I.s etc(Fig 2.7AF).
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Table 2.2: Correlation between vaginal pH and metabolites normalised integrals

(r, P)
Asymptomatic Asymptomatic Asymptomatic Asymptomatic Symptomatic
Low risk High risk 20-22w High risk women,
women, women, (Combined) women, 24-36w
20-22w 20-22w 26-28w
Lactate -0.6,< 0.00001| -0.6, < 0.00001 -0.7, < 0.00007 -0.6, < 0.00001
Acetate 0.4, <0.00001| 0.5,<0.00001 0.5,<0.00001 04,P<0.01
Glucose 0.2,<0.0001| 0.4, <0.00001
Glx -0.3, 0.04 -0.5, < 0.00001
Succinate 0.4, < 0.00001 0.2,0.04
Suc/Lac 0.4, <0.00001| 0.3,<0.00001
c o IP, significance leval.

GLX glutamine/glutamat&idLag succinate/lactate ratio;

Pearsonos
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2.4.4. Relationship between CVF 'H-MR metabolites and gestational age at delivery

In order to test for any relationships betweeli-MR metabolitesand GAAD, we plotted the
identified metabolites against the GAAD in daysg. 2.7AF). Our results showed n the
combined asymptomatic low and high risk women studied a220 (ASYM 2@2w), lactate(r

= 0.2, P = 0.02) and glutamine/glutamate N.l.s (r = 025 0.04) correlate modestly with
GAAD. However, when these women were subdivided based on their risk of PTB, only the low
risk (ALR 2622w) showed a correlation between glutamine/glutgard.l. and GAAD(r = 0.2,

P = 0.01).Higher lactate and glutamine/glutamate N.l.s were associated with increased GAAD

especially in the ALR women.
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Figure 2.7D. Association of *H-MR cervicovaginal fluid metabol ites and maternal clinical parameters

in asymptomatic pregnant women (26-28 weeks gestation ), with high risk of preterm birth
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in symptomatic pregnant women (24-36 weeks gestation).

P e ar s o n &ion coefficientsdr| calour) range frorl (dark blue) to +1 (dark red); ang valueqsignificance:
bold black < 0.05 bold purple< 0.01). GLX glutamine/glutamate8CAAbranched chain amino acidCE/LAC
acetate/lactate ratioSUC/LACsuccinate/letate ratio; Ace Concacetate concentrationCL, cervical lengthBM|
Body mass IndeXEFN fetal fibronectinG.A.A.Dgestational age at delivei@;A.A,Rjestational age at presentation,
Lobournumber of days bheveen presentation and deliverw, gestation weeks.

77



[
> >
> = = > @
B R 28 3 g2 &Etgs
5 O O o 8 I m = Z 4 = g8 A
€22 32 owszx8E2535=2832740
€ &2 v 2 =2 £ 3 oo & K5 modAa&dsmm
LACTATE
GLUCOSE
ALANINE
ACETATE
SUCCINATE
GLX
Formate
BCAA
=
ACE/LAC @«
=
-~
(=]
SUC/LAC g_
=1
+
wr
Ace Conc 2
3
=
=
PH 2
CL
BMMI
FFN

G.A.A.D, (Days)

G.AA P, (Days)

labour

0
cof
v
90
80

S S S S
oo o> £ = [

Figure 2.7F. Association of *H-MR cervicovaginal fluid metabol ites and maternal clinical parameters

in pregnant women (20-36 weeks gestation), irrespective of risk and symptoms of preterm birth.

Pear sonds c oentsé,lcaour) range fromlgdark blue) to +1 (dark red); anB valueqsignificance:
bold black < 0.05 bold purple< 0.01). GLX glutamine/glutamatd8CAAbranched chain amino acidCE/LAC
acetate/lactate ratioSUC/LACsuccinate/lactate ratioAce Concacetate concentrationCL, cervical lengthBM|
Body mass IndexEFN fetal fibronectinG.A.A.Dgestational age at delivei@;A.A,Rjestational age at presentation,
Lobournumber of days leveen presentation and deliverw, gestation weeks

78



ALR 20-22 w

36

* , =-0.6,P<0.00001

34

0.05

0.1

0.15 0.2 0.25 0.3 0.35 04
LACTATE

AHR 26-28 w

0.45

r=-0.7,P<0.00001

0.15 02 0.25 03 035
LACTATE

04

AHR 20-22 w

551

r=-0.6,P<0.00001

0.05 0.1 0.15 02 025 03 035
LACTATE
SYM 24-36 w
6.5 T T
XX X
6- J
a5l x r=-0.6,P<0.00001 .
X
X
35 I X L X gXX ! I
0 0.05 0.1 015 02 025 03 035
LACTATE

Figure 2.8. Association between vaginal pH and CVF lactate normalised integrals in pregnant
women (A) Asymptomatic low risk women 202w, (B) Asymptomatic high risk women -2Qw, (C)
Asymptomatic high risk women 28w, (D) Symptomatic women 286w. w, gestation weeks.

79



ALR 20-22 w

44 X XXOKXX X X
I
o XX XX
42X X XX

r=0.4,P<0.00001

01

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
ACETATE
AHR 26-28 w
65 T T T T
X X
6 X q
X
r=0.5,P<0.00001
55 1
X —~
I
Lo ]
XX X X
X
451 X 4
XXXXX X X X X
X X
X X
XX X
s 4
X
X X X
X
XOK XOXOKK - X
35 I [ I I I L I I
0 0.01 002 003 004 005 006 007 008 009 01

Figure 2.9. Association between vaginal pH and CVF acetate normalised integral in pregnant

ACETATE

6.5

AHR 20-22 w

X

XX X
r X

X X
FXXXXX X

r=0.5,P<0.00001 |

0.04

0.06 0.08 0.1 012 0.14
ACETATE

SYM 24-36 w

0.16

55

PH
o
:

45r

XXX

r=0.4,P=0.01

X

35

0.04

0.06 0.08 0.1 012 0.14
ACETATE

women (A) Asymptomatic low risk women 202w, (B) Asymptomatic high Kswomen 2022w, (C)
Asymptomatic high risk women 28w, (D) Symptomatic women 236w. w, gestation weeks.

80



2.4.5. Predictive capacity of CVF 'H-MR metabolites for preterm birth

Analysis of the area under the ROC curvésalculated by plotting the ssitivity vs. 10
specificity) for the '"H-MR metabolites showed the acetate Ndnd acetate/lactate ratiovere
highly predictive of women presenting with symptoms of PTlowlelivered prematurely (<
37w and < 32v), and within two weeks of the index assesnt (Tables 2.2-2.3 and 2.11Fig.
2.102.17). Also, in the same women, glutamine/glutamblié. was predictive of premature
delivery (< 32w),and within two weeks of the index assessmémnable 24 and Fig2.12. In
addition, acetateand BCAAN.I. showed usefulpredictive capacitiefor PTB in the AHR 20
22w and ALRwomenrespectivelyTables 2.5-2.8 and Fig2.132.14). The other metabolites did
not showsignificanpredictivecapacityfor PTBin anyof the study cohorts(Tables 2.7-2.11).
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Table 2.3: Predictive performance of
birth in symptomatic pregnant women

CVF acetate normalised integrals for preterm

Variables <37 <32 O 2 weeks
weeks gestation weeks gestation assessment
Area under the
ROC curve (AUC) 0.5 0.3 0.77
Sandard Error, SE 0.08 0.11 0.10
5 :
95% Confidence | 44y 0.530.94 0580.96
Interval
Significance leve®, 0.0005 0.01 0.003
Youden index, J 0.85 059 049
Sensitivity, % 60 88 100
Specificity, % 85 59 49
Positive predictive
value (PPV), % ar 21 21
Negative predictive
value (NPV), % a 97 100
Positive likelihood
ratio, LR+ 40 2.1 2
Negative likelihood
ratio. LR 0.2 0.5 0.5
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Table 2. 4: Predictive performance of

symptomatic pregnant wome n

CVF acetate/lactate ratio

for preterm birth in

, <37 <32 O 2 weeks
Variables : :
weeks gestation weeks gestation assessment
Area under the
ROC curve (AUC) 0.76 0. 0.78
Standard Error, SH 0.08 0.10 0.09
5 :
95% Confidence 0.610.91 0.600.98 060-0.97
Interval
Significance levd®, 0.0004 0.002 0.002
Youden index, J 0.61 058 064
Sensitivity, % 87 100 89
Specificity, % 61 58 64
Positive predictive
value (PPV), % 33 23 25
Negative
predictive value 95 100 98
(NPV), %
Positive likelihood
ratio. LR+ 2.2 2.4 2.4
Negatl\{e likelihoog 05 04 0.4
ratio, LR-
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Table 2.5: Predictive performance of CVF glutamine/glutamate  normalised
integrals for preterm birth in symptomatic pregnant women

. <32 O 2 weeks
Variables .
weeks gestation assessment
Area under the
ROC curve (AUC) 0.7 068
Standard Error, SE 0.11 0.10
s :
95% Confidence 0.500.% 047-088
Interval
Significance levd®, 0.03 0.045
Youden index, J 081 0.73
Sensitivity, % 63 67
Specificity, % 81 73
Postive predictive
value (PPV), % 29 25
Negative predictive
value (NPV), % 9 94
Positive likelihood
ratio, LR+ 3.3 2.4
Negative likelihood
ratio, LR 0.3 04
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Table 2. 6: Predictive performance of CVF acetate normalised integrals for preterm
birth in asymptomatic high risk (20-22w) pregnant women

Variables <37 .
weeks gestation
Area under the 061
ROC curve (AUC) '
Standard Error, SE 0.06
95% Confidence 050073
Interval
Significance levd®, 0.03
Youden index, J 0.78
Sensitivity, % 49
Specificity, % 78
Positive predictive 52
value (PPV), %
Negative predictive 75
value (NPV), %
Positive likelihood 29
ratio, LR+ '
Negative likelihood 05
ratio, LR '
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Table 2.7: Predictive performance of

integrals for preterm birth in  asymptomatic low risk (20 -22w) pregnant women

Variables <37 .
weeks gestation
Area under the 075
ROC curve (AUC) '
Standard Error, SE 0.13
95% Confidence 0.501.00
Interval
Significance levd®, 0.03
Youden index, J 065
Sensitivity, % 100
Specificity, % 65
Positive predictive 10
value (PPV), %
Negative predictive 100
value (NPV), %
Positive likelihood 29
ratio, LR+ '
Negative likelihood 0.4
ratio, LR '

CVF branched chain amino acids normal ised
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Table 2.8: Predictive performance of CVF metabo lites normalised integrals for
preterm birth (< 37w), in asymptomatic low risk pregnant women (20-22w)

. 95% Sen | Spec | PPV | NPV P
Metabolite | AUC SE Cl Yl (%) (%) (%) (%) LR+ | LR- value

0.24

Lactate 0.49 | 0.13 0.75 0.80 | 40 80 7 97 2.0 0.5 0.5
0.36

Acetate 0.56 | 0.14 0.83 0.47| 80 47 6 98 1.5 0.7 0.3
. 0.3%

Succinate | 0.64 | 0.14 0.91 0.61| 80 61 7 99 2.0 0.5 0.1
0.36

Formate 0.57 | 0.14 0.84 0.51| 80 51 6 98 1.6 0.6 0.3
0.35

Glucose 0.62 | 0.14 0.89 0.77| 60 77 10 98 26 | 0.38] 0.2
. 0.25

Alanine 0.50 | 0.13 078 0.68| 60 68 7 98 1.8 0.5 0.5
0.36

Glx 0.62 | 0.14 0.89 0.63| 80 63 8 99 2.2 0.5 0.2
0.5G6

BCAA 0.75 | 0.13 10 0.65| 100 65 10 100 2.9 0.4 | 0.03*

0.36

Suc/Lac 0.63 | 0.14 0.90 0.63| 80 63 8 99 2.2 0.5 0.2
0.19

Ace/Lac 0.44 | 0.13 0.69 0.43| 80 43 5 98 1.4 0.7 0.7

Ace/Lacacetatelactate ratio,BCAAbranched chain amino acidsty glutamine/glutamat&uc/Lacsuccinatdactate
ratio; AUC area under the ROC curveSE standard error;Cl 95% confidence interva¥;l Youden index (Jf5en
sensitivity;Spec specificity;PPY positive predictive valueNPV negative predictive valuéR+ positive likelihood
ratio; LR, negative likelihood ratid®, significance level.

*Statistically significant
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Table 2.9: Predictive performance of CVF metabolites normalised integrals for
preterm birth (< 37w), in asymptomatic high risk pregnant women (20-22w)

. 95% Sen | Spec | PPV | NPV P
Metabolite | AUC SE cl Yl (%) (%) (%) (%) LR+ | LR- value
0.40
Lactate 0.52 | 0.06 0.64 0.85| 29 85 48 71 1.8 0.5 0.4
0.5G6
Acetate 0.61 | 0.06 0.73 0.78 | 49 78 52 75 2.2 0.5 | 0.03*
, 0.45
Succinate | 0.56 | 0.06 0.68 0.44| 74 44 39 78 1.3 0.8 0.1
0.36
Formate 0.42 | 0.06 053 0.13| 100 13 36 100 1.1 0.9 0.9
0.39
Glucose 0.51 | 0.06 0.63 0.23| 88 23 36 79 1.1 0.9 | 043
. 0.43
Alanine 0.55 | 0.06 0.67 0.32| 86 32 38 82 1.3 0.8 0.2
0.42
Glx 0.54 | 0.06 0.66 0.32| 80 32 37 77 1.2 0.8 0.3
0.43
BCAA 0.55 | 0.06 0.67 0.51| 69 51 41 77 1.4 0.7 0.2
0.43
Suc/Lac 0.55 | 0.06 0.67 0.38| 80 38 39 79 1.3 0.8 0.2
0.4F
Ace/Lac 0.59 | 0.06 0.71 0.51| 69 51 41 77 1.4 0.7 | 0.06

Ace/Lacacetatelactate ratio,BCAAbranched chain amino acids|x glutamine/glutamat&uc/Lacsuccinatdactate
ratio; AUC area under the ROC curveSE standard error;Cl 95% confidence interva¥;| Youden index (Jf5en
sensitivity;Spec specificity;PPY positive predictive valyeNPV negative predictive valuéR+ positive likelihood
ratio; LR, negative likelihood ratid? significance level.

*Statistically significant
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Table 2.10: Predictive performance of CVF metabolites normalised integrals for
preterm birth (< 37w), in asymptomatic pregnant women  (20-22w), irresp ective of
risk of preterm birth

. 95% Sen | Spec | PPV | NPV P
Metabolite | AUC SE Cl Yl (%) (%) (%) (%) LR+ | LR- value
0.47
Lactate 0.57 | 0.05 0.67 0.58| 60 58 23 88 1.4 0.7 | 0.07
0.47%
Acetate 0.57 | 0.05 0.67 0.75| 45 75 27 87 1.8 0.5 | 0.08
. 0.3%
Succinate | 0.46 | 0.05 056 0.11| 95 11 18 92 1.1 0.9 0.8
0.39
Formate 0.49 | 0.05 0.59 0.20| 92 20 19 93 1.2 0.9 0.6
0.38
Glucose 0.48 | 0.05 058 0.17 | 89 17 18 89 1.1 0.9 0.6
. 0.40
Alanine 0.49 | 0.05 0.59 0.21| 88 21 18 89 1.1 0.9 0.6
0.45
Glx 0.55 | 0.05 0.65 059 | 55 59 21 86 1.3 0.8 0.2
0.47
BCAA 0.57 | 0.05 0.67 0.64| 58 64 25 88 1.6 0.6 0.1
0.40
Suc/Lac 0.49 | 0.05 0.59 0.15| 95 15 19 94 1.1 0.9 0.5
0.35
Ace/Lac 0.45 | 0.05 055 092 | 15 92 27 84 1.8 0.6 0.8

Ace/Lacacetatelactate ratio;BCA, branched chain amino acidstx glutamine/glutamat&uc/Lacsuccinatdactate
ratio; AUC area under the ROC curveSE standard error;Cl 95% confidence interva¥;l Youden index (Jf5en
sensitivity;Spec specificity;PPY positive predictive alue; NPV negative predictive valuéR+ positive likelihood
ratio; LR, negative likelihood ratid®, significance level.
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Table 2.11: Predictive performance of
preterm birth

CVF metabolites normalised integrals for

(< 37w), in asymptomatic high risk pregnant women (26-28w)

. 95% Sen | Spec | PPV | NPV P

Metabolite | AUC SE cl YI (%) (%) (%) (%) LR+ | LR- value
0.36

Lactate 0.49 | 0.07 0.62 059 | 54 59 34 76 1.3 0.8 0.6
0.27

Acetate 0.39 | 0.06 052 097 | 12 97 60 73 3.8 0.3 1.0
, 0.46

Succinate | 0.59 | 0.07 0.72 0.65| 58 65 39 79 1.6 0.6 | 0.09
0.3%

Formate 0.50 | 0.07 0.64 0.12 | 100 12 31 100 11 0.9 0.5
0.40

Glucose 0.53 | 0.07 0.67 0.30| 88 30 34 87 1.3 0.8 0.3
. 0.37%

Alanine 0.50 | 0.07 063 0.86| 27 86 44 75 1.9 0.5 0.5
0.37%

Glx 0.50 | 0.07 0.63 0.48 | 65 48 33 76 1.3 0.8 0.5
0.3%

BCAA 0.50 | 0.07 0.64 0.82| 35 82 43 76 1.9 0.5 0.5
0.26

Suc/Lac 0.38 | 0.06 051 0.99 8 99 67 73 5.0 0.2 1.0
0.29

Ace/Lac 0.41 | 0.06 054 1.0 12 100 100 74 - - 0.9

Ace/Lacacetatelactate ratio;BCAAbranched chain amino acidalx glutamine/glutamat&uc/Lacsuccinatdactate
ratio; AUC area under the ROC curveSE standard error;Cl 95% confidence interva¥;| Youden index (Jf5en
sensitivity;Spec specificity;PPY positive predictive value\\PV negative predictive valuéR+ positive likdihood
ratio; LR, negative likelihood ratid®, significance level.
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Table 2.12: Predictive performance of

CVF metabolites normalised integrals for

preterm birth (< 37w), in symptomatic pregnant women  (24-36w)
. 95% Sen | Spec | NPV | PPV P
Metabolite | AUC SE cl YI (%) (%) (%) (%) LR+ | LR- value
0.39
Lactate 0.56 | 0.08 0.72 0.65| 67 65 30 90 1.9 0.5 0.2
0.606
Acetate 0.75 | 0.08 0.91 0.85| 60 85 47 90 4.0 0.2 | 0.0005*
. 0.39
Succinate | 0.55 | 0.08 0.72 0.64| 53 64 25 86 15 0.7 0.3
0.35
Formate 0.50 | 0.08 0.68 0.38| 80 38 23 90 1.3 0.8 0.4
0.35
Glucose 0.52 | 0.08 0.68 0.46| 80 46 25 91 15 0.7 0.4
. 0.42
Alanine 0.59 | 0.09 0.75 0.83| 47 83 38 87 2.8 0.4 0.2
0.30
Glx 0.46 | 0.08 0.62 0.83| 33 83 31 85 2.0 0.5 0.7
0.39
BCAA 0.56 | 0.08 0.72 0.99| 27 99 80 86 17.3 | 0.1 0.3
0.25
Suc/Lac 040 | 0.08 0.56 0.08 | 100 8 20 100 1.1 0.9 0.9
0.61-
Ace/lLac 0.76 | 0.08 0.91 0.61| 87 61 33 95 2.2 0.5 | 0.0004*

Ace/Lacacetatelactate ratio,BCAAbranched chain amino acidaty glutamine/glutamat&uc/Lacsuccinatdactate
ratio; AUG area under theROC curve;SE standard error;Cl 95% confidence interva¥;] Youden index (JfSen
sensitivity;Spec¢ specificity,PPY positive predictive valueNPV negative predictive valueR+ positive likelihood
ratio; LR, negative likelihood ratid? signficance level.

*Statistically significant
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2.5. Discussion

In this chapter, w sought to characteris the CVFmetaboliteprofile of a uniquestudy cohort

of pregnant women who delived prematurely compared to those who do ndbased ortheir

risk of PTB, and by presentation with symptoms of PTL. ¥peculatedhat the CVF'H-MR
spectrummay reliably predict pregnant womenhw deliver prematurely, as well as women
with symptoms of PTL who deliver shortly after assessm@fith our study cohort adequately
designed and stratified, and tkemmonlyusedassessment markeisf PTB applied (Chapter

5), CVFs obtained by higivaginalswabs fromboth asymptomatic and symptomatic pregnant
women (n = 408)across the mid trimesterwith intact membranes and no evidence of genital
infection, vere analysed with a 9.4T MR spectrometdtetabolites (acetate, succinate, formate,
lactate, glucse, glutamine/glutamate, alanine and branched chain amino acids) were identified in
the 'H-MR spectrum, integrated for peak area and normalised to the total spectrum integral
(excluding residual water peak)his was in order tovalidate and optimise theample
preparation procedure andairly compare the CVFsamples from our study cohorts and
prevent errors due to variationsn the total sample concentration which can eclipse specific
changes in individual metabolitéormalisation counteracts the influea of variations in total
sample concentratioff® The large residual water signal was omitted as it hdensity in
approximately 2 orders of magnitude greater thime other metabolites presenand this can
immensely obscure the intensities of other taeolite signalg not excluded Other metabolite
peaks associated with infection and PTB that were not identifigtie ‘H-MR spectraput still
undergoing investigation include propionatajtyrate, isobutyrate cadaverine, putrescine,

trimethylamine €.

In comparison to other metabolomics techniquébl-MR is norinvasive and nedestructive,

and has arelatively higher resolution and sensitivitgamples can be recovered after the

experiment and stored for future analyséaurthermore, it is a highlyflexible technique aMR

spectroscopy and imaging can éaployedin a single experiment, thus making it possible to

obtain metabolic, physiological, and anatomical datenther advantage of MRS over other
419

techniques is the absence of iang radiation:™ However, due to its ability to detect large

water signals at significantly greatartensity than other metabolites some metabolites
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especiallythose around the vicinity of the water signal may not be identified on the spectrum.
This greatly affects the sensitivity of the technique compared to other analytical methods
including gas and liquid chromatography mass spectroscopy (G@8)F-ortunatey, it can be

used to analyse the structural properties of molecules including-vadatile compounds, as
opposed to GC/LGMS which is usually challenging with reolatile compounds Recent
investigations employing mass spectroscopy have been unablentidyidgaginal fluichcetate (a
volatile metabolic acid},? *®*** which is readily detected byH-MR® 832943 Also, working

in a high magnetifield environmentsuch as that of an MR lab could be dangerous if adequate
safety precautions aneot observed. More so, MRS systems are usually not readily available and

accessible owing to their very huge c6st.

Normalisation of theidentified metabolite peaks to the total spectrum integral was to correct
for any concentration differences in tlbtainedCVF due to sampling **° This wasverifiedby

the absence of any statistiyalsignificantdifferences in the'H-MR total spectrum absolute
integrals, indicating thafVF concentration did not vary significantly betweand withinthe
study groups(Fig. 2.5 An alternative approach is the probabilistic quotient normalisation
method!®® ** This method involves determination of the most probable quotient or
normalisation factor by dividing the signals of ingtren a test spectrum by corrg®nding
signalof a reference spectrunitThe median of theesultantquotients has been recommended
asthe best appoach for normalising all variables (metabolite signafishe test spectrun{>®

This has been argued to be a more robust and accurate method of normalisation in quantitative
metabolite analysis compared to the integral normalisation method. This isudedategral
normalisation issusceptibleto alterations due to extreme corentrations of particular
metabolites in a given sample. However, the probability quotient still requires normalisation to

total spectrum integral as its initial sté&f.

The CVF netabolite fingerprintis reflective of changes in the vaginal microecology that may
impactthe initiation of PTB: Our metabolite data showedhat pregnant women presenting
with symptoms of threatened preterm labour who eventually delivered preterm had
significantly higher acetate N(*. 2 fold, 103% and acetate/lactateatio (46%)(P= 0.002),than
their term counterparts(Fig. 2.5 In all study groups i.e. both symptomatic and asymptomatic

pregnant women, acetate and lactate 8ldorrelated with vaginal pH, whilsglucose N.I.,

98



glutamine/glutamate N.Isuccinate N.land succinate/lactate rationly correlated with vaginal
pH in the asymptomatic low and high risk women studied at22v (ASYM 2&2w), and
asymptomatic igh risk women studied at 288w. Consistent with their relatinship with the
vaginal pH, the metabolites also correlated among themselves across the gFagip2.7AF).
For instancelactate N.I. was inverselglatedto acetate succinateand glucose N.l.s, but was
directly related to glutamine/glutamate N.I. Aag and succinate N.l.s, alanine

glutamine/glutamatend BCAA N.l.svere also directly related

All these metabolites are part of a complexetabolic interaction that occurbetween the host
vaginal epithelial cells and microlpalpulationas illustragéd in Fig. 21. The direction of these
metabolic pathways in the vaginal microenvironment is also influenced by hormonal factors such
as the sex hormones and the menstrual cycle. For instanigh oestrogen levels as seen in
premenopausal and pregnant wemenhance thenaturation anddeposition of large amounts

of glycogen in the vaginal epithelium. Glycogduarihier metabolised via the glycolytic pathway

to glucose and thefactate predominantly biyactobacillisgp. Consistent with our data, elevated
lactate is related to low pH and decreased risk of PTB, whilst elevated acetate, a SCFA

produced by anaerobes associated with BV, is related toehigH and increased risk of PTB.

38

The vaginal pH in women whose vaginal microflora is dominatetlaayobacilluis strongly
related with elevatedCVF lactic acid levetéand is potective against infectiof ****°>*>* and
PTBY2%"* On the other hand acetate and other SCFAs are relateddbnormal vaginal flora,
BV and PTB 207210452455 A5, there were correlations between lactate and succinate N.l1.s in
all the groups, as well as betweelevatedvaginakuccinate/lactate ratia markerof dysbiosis
(e.g. BW* andhigh pH in tle asymptomatic women. Though #sewere modest relationshig
they indicate the importance o$uccinate/lactate ratias a predictor of abnormal vaginal flora
and consequenthadverse delivery outcome-However, with the recent report that vaginal
succinate is not associated with high magimicrobial diversity and clinical B\Vand whether
such metabolite markecan be applied irrespective of symptomisidentified riski*>* the data
indicatethat the predictive utility of these markeshouldbe elucidated by further investigation

with largerand well stratifiecstudy population.
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The pasitive association between acetate and succinate N.l.s across the groups, and their
negative correlation with lactate N.l. observed was not unexpected. Acetate and succinate are
produced by anaerobic BVABhdhave been reported to exhibit immune modulataagtivities
inhibiting optimahost immune response against pathogens, contributing to a dysbiotic vaginal
microflora and subsequently leading to increased riskpobr sexual andreproductive
outcomes 3100144210455 456 | jke gcetate, elevated succinate N.I. was associated with high vaginal
pH in all the groups except the symptomatic womé&umbined together, elevated CVFeiate

and succinate N.l.s are associated with low lactate N.l., high vaginal pH and hence, altered

vaginal microbial environment and poor delivery outcome.

The relationship between vaginaiH and glutamate levels in relation to abnormal vaginal flora
has keen highlighted in recent studi#s'® It was reported that elevated vaginal glutamate level
(like lactic acid) imssociatd with low vaginal pHut inversely related tanL. inerand BVAB
dominated microbita® In line with the above observation, our data showeah inverse
associationbetween glutamine/glutamate Nand vaginal pH in the asymptomatic women
studied at 222w and 2628w (Fig. 2.7GD); and a direct correlatic between
glutamine/glutamate and lactate N.l.s in both symptomatic and asymptomatic wWbige. A-

F). This isexciting as glutamine/glutamateould be another metabolit¢hat influences vaginal

pH and by extension vaginal microenvironmemith conceiable prognostic valudn depth
analysis of the vaginal microbiota community compositions of these study groups using broad
range PCR and pyrosequencing in relation to glutamine/glutamate and other identified

metabolites may improve our understanding oé tiagnostic implications of these associations.

Although the amino acids identified in this study did not differ significaetlyeen term and
preterm-delivered women, liere were modestassociationgnd trendsbetweenthem. Alanine
correlated positivelywith both glutamine/glutamate and BCAA N.l.s. The implications of these
associations are uncleadonethelessit is known thatBVAB utilise amino acids as carbon and
nitrogen source as opposed to Lactobacilluspecies which preferentially metabolise
cartbohydrates, such as glycogért>” Accordingly, a high level of intact amino acids in the
vaginal ecosystem is associated vidictobacilliep. dominance and/or low amount ahaerobic
BVAB. This is supportive of our data as we observed firstly, positive associations between

lactate andthe amino acids especially glutamine/glutanzeteé BCAA and secondly, positive
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associations between the amino acids themse{#s 2.A-F). Furthermore, Srinivasan et 4l.
demonstrateda positive association betweenetlBBCAAs (valine, leucine, and isoleucired
glutamate withLactobacillusp. particularlyL. crispatuandL. jenseniand a negative association
between these amino acids and BV&B].G. vaginalig. vaginad-ggerthelldegasphaeretc.).
This wa recentlyvalidatedby Vitali et af** who by employing the same technique as ours (i.e.
'H-MR), demonstrateddecreased levels of glutamate, leucied isoleucine in Binfected
women comparedto their healthy counterpartsThis is another identifiable source of future

experiments as the potential diagnostic utility of these speaificno acidsemains unresolved

We also examinedthe relationship btween the identified'H-MR metabolite N.l.s and the
gestational age at deliveryrhere were no significant associations except in the asymptomatic
women studied at 222w combined regardless of their risk staggsin this combined group,

only lactate andjlutamine/glutamate N.l.s correldtevith gestational age at deliveflig. 2.T).

When they were reclassified into low and high risk group, only the low risk women showed a
positive association between glutamine/glutamate N.l. and gestational ageetydEig. 2.A).

These observations buttress the negative relationship between lactate, glutamine/glutamate
N.l.s and vaginal pH on one hand, and the negative relationship between vaginal pH and
gestational age at delivery on the other haffdg. 2.T). Taken together, elevated CVF lactate

and glutamine/glutamate N.l.s in asymptomatic women sampled at mid second trimester
regardless o& prior PTB and/or short cervix, are associated with lower vaginal pHraordhal

gestational age at delivery

Another metaolite identified in theCVF'H-MR spectra of our study participants was formate,

a SCFA also produced by BVAB. Though there were no significant differences in this metabolite
in relation to delivery outcomeswe observed certain asciations with other SEAs, oganic

acid and amino acid metabolites across the gro(fpg. 2.A-F). The implications of these
associations are unclear but like acetate and succinate, high levels of formate are associated

with BV and poor reproductive outcome8**°

With the identification of metabolite differences and associations with other maternal clinical
parameters currenyl used as assessment markers for PTB, we investigated the predictive

potential of the CVF metabolites identified by MRS for risk of PTB in our unique study

101



population. Acetate N.I. and acetate/lactate ratio were predictive<ad7 weeksand < 32
weeks premature deliveries, as well as delivery within 2 weeks of presentatsord
measuremenin women presenting with symptoms of threatened preterm lab¢lables 2.2-

2.3 andFig. 2.102.1]). Similar predictive potentidbr delivery before 32 weekgestation ad

within 2 weeks of presenteon wasobserved for glutamine/glutamate N.I. in the same women
(Table2.4and Fig2.12. These metabolites showed high sensitivities, specificities and NPVs but
low PPVs for PTR.omparable tothose of FFN 3% %8 and ultrasound CE3*****®* The high
NPVsachievedn our series alsandicatethat low acetate N.|.just likelow FFNandhighCL**
“*“maydemonstratea g oemctisio® t est f or i mmi neteming wpmemomat ur e
outpatient care providingmaternal reassurancand thusminimizing waste of scarce resources
Combining measurements of FFN, CL and acetate could enihaaiagnostic performance of
these markers in both asymptomatic and symptomatic women. This is discussed later in this
report (Chapter 5). We also observed that wmen with increased acetate N.Il. and
acetate/lactate ratio had -#bld and 2fold chances of delivering preternic 37 weeks)
respectively.A 2-fold increase in CVF acetate Nproduceda 4fold likelihood of delivery
before 37 weeksgestation and a Zold likelihood of delivery before 32 weeks gestation and
within 2 weeks of presentatiorThis is intriguingasall the PTB recordedin the symptomatic
women in this study occurre@pproximatelywithin 2 weeks of presentain. Also, in women
presenting with symptoms of threatened PTL, the prediction of the likelihood of spontaneous
preterm delivery occurring within 2 weeks of testing is of utmost interest as thigrdenes

the level of managemefif | n ot her words it ensures adequ
therapeutic d@® Gliutsnine/glutanmat kNil.nadsd showedfddd and 2fold
probability for delivery before 32 weeks gestation amdthin 2 weeks of presentation
respectively (Table 2.2-2.4). These observations suggest probable clinical utility of these
metabolites for predicting PTB. Whether this is achievable independently or in combination
with FFN and CL remains undetermined. multivariate analysis of these markers could
enhancepredictive performance compared to CL or FFN alorihis was attempted by our

group and will be seen later in this report (Chapter 5).

In addition to its predictive value in symptomatic pregnant womerjade N.l. also showed

considerable discriminative capacity for premature delivery (< 37 weeks) in the asymptomatic
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high risk women studied at mid second trimester {2Bw), with high sensitivity, specificity,
PPV, NPV, and a LR+ of 2(Zable 2.5 and Fig.2.13. Again, this can be compared to the

predictive capacities of FFN and ultrasou@d in this specificohort of pregnant woment* 32

320 321

Also, in the asymptomatic low risk cohgrapart from showinga trend to higher branched
chain amino ads (BCAA), in the women who delivered at term compared to those that
delivered preterm, theBCAAswere predictive of preterm birth (< 37w), with high sensitivity,
specificity, NPV, but low PPV, and LR+ of ZI%ble 2.6 and Fig. 2.14)his is not only
comparable to the data obtained from FFN and ultrasound CL in other studies with
asymptomatic womefif? but was even a better predictor of spontaneous preterm birth than
FFN (AUC: 0.75 vs. 0.89), with a significantly higher sensitiviBGAA100% vsFFN:20-29%

vs. CL: 33649%%). Women with high BCAA had about-®ld likelihood of delivering at term.

This is corroborated by the observation of decreased vaginal protein/amino acid catabolism in
normal healthy womeff such as the terndelivered low risk women in our studyHigh
amounts of BCAA@as seen in the terrdelivered womenpre associated with. crispatuandL.
jenseniidominance characteristic of a healthy vaginal ecosystem wvatid geproductive
prognosig* *** CVF amino acids, including the BCAA (leucine, isoleucine and valine) are
catabolised and used up as energy sources by BVAB. Therefore, high amounts of intact BCAA,
could be suggsive of absence of BVAB and/or dominance Lafctobacillusp®* To our
knowledgethis is the first ofits kind in thequestfor identification of CVF metabolite markers
with prognostic utility forspontaneougpreterm delvery in a low risk populationMore so, as

will be seersubsequerty in this report FFN and ultrasound Clvere not predictive of preterm

birth in this group of women irour study (Chapter 5).

The associatios between CVF FFN and metalieb especially @&tate inthe asymptomatic
women (2022w) (Fig. 2.7¢, and the comparable predictive capaaityacetate in the high risk
women of this group, suggests thabmbining these analyteway offer additional predictive
potential for preterm deliveryA more robust approach usin§yIR spectrometers with stronger
magnetic fielde.g. 600MHz (14.1T) 700 MHz(16.4T)and 900 MHZ21.1T), that allowmore
sensitiveanalysi®f metabolitesand a lager study population with more stringent inclusion and

exclusion critera is necessary.
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One limitation to the current study which is a critical subject for future investigation is the
identification of the chiral forms of lactate in CVF of our cohorts in relation to reproductive
health. Lactate has 2 optical isomers @hd L-lactate). Dlactate is almost exclusively produced
by bacterial cells, while-lactate can be synthesised by both human and bacterial"¢€lighe
vaginal epithelial cells, like other human cells produdactate only because they lack the
enzyme Dlactate dehydrogenasée:® As could be the case in our studthe vaginal epithelium
secretes Hactate into the vaginal environment irrespective of the composition of the vaginal
bacterial community. dactate is less potent in protecting the host against microbial invasion of
the upper genital tract compared todactate which is produced hyactobacillisp. including..
crispatysL. gassemnd L. jensenibut not L. inersL. inerslike human cells, lacks-Rctate
dehydrogenase and so does not synthesiskadate’ 1**% Because of its significant protective
capacity against ascending intrauterine infactio relation to Llactate, via the inhibition of
extracellular matrix metalloproteinase inducer (EMRMR) and MMPs, Bactate has been
recommended as a prebiotic in the treatment of BV and prevention of preterm bitth*®
Determination of CVFL-/D-lactate ratio in pregnant women at risk of pretermrtbi will
provide insight into the source(s) of lactate identified, the composition of the vaginal microbial
population as well as the predominahtctobacillusp. at any given gestational time point.
Fortunately, CVF P and Llactate optical isomers canebmeasured colourimetrically by

commercially available assay kit€!*° This warrants further sidy.

Lastly, in these experiments we were unable to identify significant differences or predictive
utility of any of the metabolites in the asymptomatic women who were studied again-28 26
weeks. For example, the AUC for acetate was 0.39, significkmtigr than those of the other
groups. These observations could be attributed to the administration of several therapeutic
interventions including antibiotics to women in this gradyee to their high risk statugChapter

5). Antibiotics were administerechicases ofsuspectedsubclinical genital bacterial infection
acquiredin later gestation (after sampling at-2@ w). This may have altered the vaginal
microbiome towards norméf “** and by extension metabolite profjlbence,an alterationin
certain metabolite levels. Such interventions could not be prevented as it will be unethical to
abstain from treating such cases whdaritified. Nevertheless, some of these women ultimately

delivered preterm. An irdepth investigation of the influence of antibiotic treatment and other
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interventions such as cervical cerclage and progesterone on the vaginal microenvironment at

mid-trimester is required.
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Chapter 3

Quantification of cervicovaginal fluid acetate in pregnant women by
biochemical assay
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3.1. Introduction

Magnetic resonancsepectroscopyis a powerful tool to establish the metabolite pro§lef
tissues and biofluigdsind inidentifying potentially useful biomarkersn relation to health and
diseaseconditions It is highlyanalyticalsensitive anatapable ofdetecing volatile compounds
such as acetat&.®> 3% %243 However, onesetback of this approach that additional steps are
required to determine absolute concentrations of metabolites, e.g. concentrattandards
added to the sampleggnd thisposesa challenge when cuiff values of a metabolite marker are
required for diagnosis in the clinical settiddso constraints due to its relatively low sensitivity
compared to other techniques (@. MS), and cost effectiveness are prevalent. With these
limitations, application of MR8 the clinical setting where rapid and accurate tests are needed
to inform diagnosis and treatmemhay not be feasible. Hendbere is the need to provide
more rapid, costeffective andeasily assessalifechniques ofjuantifyinghese CVF metabolites

in clinical settings.

A relatively costeffective and readily assessable technique capable of measuring the absolute
concentrations of metabolites in biofluids is spectrophotometfgiginal fluid acetate and lactate
have been measured spectrophotomieally with great succes¥. Spectrophotometry is a
guantitative analytical technique that measures the concentratiorenalytes in samples by
their ability to absorb or transmit light in fon of electromagnetic radiatigrover certain range

of wavelengths. With the use of a spectrophotometer, the intensity of light (amount of
photons) absorbed by a sample solution camieasuredand the concentration of the analytes

can be determined from the intensity of light detectedhere are 2 types of

spectrophotometers based on the range of wavelength of the light source.

The first is the UltravioletVisible UV/Visibl@ spectrofhotometer, which utilises
elecromagnetic radiationbetweenwavelengths of 19800 nm (ultraviolet), and 40800 nm
(visible)®® The other is the Infrared (R) spectrophotometer, which utilises electromagnetic

radiationsbetweenwavelengths of 760500 nm (infrared).

The mechanism of spectrophotometrgs depicted inFig. 3.1 involves 2 components:a

spectrometer that provides the desiredlight in arange of colours (wavelengths and a
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photometer that detectsthe intensity of light that is absorbed which can be read on digital

monitor or electric meter.

The spectrometer canprise of alens (collimator) thattransmits photons (beam of light). The
beam of lightis refracted @ispersedl as it passeshrough a prism (monochromatorjinto a
spectrum d a range ofwavelengths. Onllight rays with the required wavelengths are
transmitted with the aid of a wavelength selectapérture. When the required wavelength of
light traversesthe sample contained in the cuvettéhe intensity of light beam absorbed is
detected by the photometerwith the aid of a light detector (photoeledtr transducey. The

signals are then amplifieshd recorded by an absorbanoeeter.

The concentration of a metabolite in a sample can be determined from the absorbance of the
sample using the Bedérmambert Law®® The BeerLambert Law states that absorbance of a given

sample is directly proportional to its concentratiom.

I
A=E&EIlc=-Log T= -Log|—
Io

where A is the measured absorbance with no ur,is a constant called molaabsorbtvity
coefficient(M*cm™). It is unique for each molecule amglwavelengtidependent! is the path
lengthi.e. the length of sample solution the light passes through and it is dependent on the
width of the cuvette(usually 1 cm)gis the concentration of the analyte (M or madi), lo is the

initial (incident) light intensity; is the transmitted light intensity (i.e. after it passes through the

sample), whild is the Transmittance (i.e. the fraction of light thathot absorbed).
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Figure 3.1. Schematic representation of the components

and mechanism of a spectrophotomet er
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Analysis of CVF from pregnant women at risk of PTB across mid gestation WiNR,
revealed significantly different acetdNd. betweenterm- and pretermdelivered SYM women.
Also, acetate N.l. showed significantognosticutility for PTB (< 37w, < 32w), and delivery
within 2 weeks of presentation with symptoms suggestive of FJhapter 2) With these
fascinating findingsie sought tofurther validate the data obtained B{d-MR and attempt to
provide abiochemical assay to assess the concentrationacetate and other metabolites in
CVF of pregnant andvennon-pregnant women in relation to reproductive healtiAs a resul
we measured theconcentrations ofacetatein the sameCVF samplesof the symptomatic

women (as irthe 'H-MR experiment$ by enzymebasedspectrophotometric technique.
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3.2. Methods

Acetate concentrations were determined from a randomBblested subset ofCVF samples
from pregnant women presenting with symptoms dthreatened PTL (n = 57), by
spectrophotometric absorption of NADH usingn acetic acid assay kiADP-Glucokinase
format, K-ACETGK 08/14, Megazyme, |IEhe assay principle is $&d on the determination of
acetae concentrationby the generation of NADH from NAD, which is thenquantified by the
increase in absorbance at 340 fithThe enzymes involved in the-gtep reaction and supplied
with the assay kit include (1) acetate king®e&), (2) phosphotransacetylagfTA) (3) ADR
glucokinase (AD®:K), and (4) glucosé-phosphate dehydrogenase (GB6P). Acetate is
converted through the fdbwing reactionwhichis positively related tdhe eventual formation
of NADH:

Acetate kinase

I. Acetic acid + ATP —_— > acetyl-phosphate + ADP

Phosphotransacetylase

2. Acetyl-phosphate + CoA > acetyl-CoA + P,

ADP-glucokinase
3. ADP + D-glucose >  glucose-6-phosphate + AMP

G6P-dehydrogenase
4. Glucose-6-phosphate + NAD~ » 6-phosphogluconate + NADH + H*

The reaction is a positive reaction indicated by the increase in absorbance as demonstrated by

the calibration curve (R= 0.975, detection limit: 1.8 Qy/(Fig. 32). The aetic acid GK assay kit

is an endpoint type assagpecific for acetate with its lowest sensitivity limit ~0.1 ¢l

reagents were preparednixed and storedaccor di ng t o manuAsnglée ur er 0
reaction mxture containing3 pl CVFsample inPBS, 200 pl of reagent 1 (distilled water, buffer

and AK/PTA/ADRGK/G6RDH), and 20 ul of reagent 2 (NADBATP/D-glucose/CoA/PVRPWwas

assayed for each samplée reaction time was- 5 minsat 37°Cafter which the absorbance of

the end product NADH, was ead at 340 nmA calibration curveindicating the linearity of K

ACETGKO08/14 was produceddy plotting absorbance at 340 nm against concentrations of the
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acetic acid standasd(g/l) (Fig 3.2). Different concentrations(calibrators)of the acetic acid
stardard (1.8 g/l), were made be serial dilution (i.e. 1.8, 1.2, 0.9, 0.6, 0.45, 0.36, 0.3, 0.225, 0.2,
and 0.15 g/l).From the calibration curveconcentrations ofacetate in the sampleswere
ascertainedafter measurement of their absorbance at 340.mH assays were performedising

optical grade 96 well plateen a computer controlled Infinite M200 microplate reader

(TECAN, CH), capable of detecting UV/Nie light, fluorescence, and luminescence.

3.2.1. Statistical analysis

All Statistical analyses were rfmed using MATLAB (Mathworks, Natick, A1 Values are
presentedas mediant quartile rangeand the Wilcoxor® sank-sum test was performed to

compare differences in acetate concentration within the groups. The relationship between
acetate concentrationradl 'H-MR acet at e N. I . was determined
coefficient andP values < 0.05 were considered statistically signifiCEime. predictive capacity

of the CVF acetate concentrations for PTB was determined by ROC curves for the following

compaisons:

A Preterm(< 37 weeks) versus term births,

A < 32 versus > 32 weekand

A < 2 versus > 2 weeks from presentation to delivery in symptomatic women.

A cut-off valueof acetate concentratioror predicting PTB < 37 weeks was also calculated

from the ROC curve.
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3.3. Results

By exploring the spectrophotometric absorption of NADH produced by 4step
phosphorylation reaction involving acetic acid andylDcose, we were able to measure the
concentration of acetate in the CVF obtained froBY women pesenting with symptoms
suggestive of threatened PTL in whom we hitherto observed significant differenfteNiR
acetate N.I. in relation toérm and PTB (Chapter)2Acetate concentration was determined by

the generation of NADHrom NAD* andquantifiedby the increase in absorbance at 340 ifn.

Similar to our observation with acetate N.l.,cetate concentrations measured by
spectrophotometic techniquewas sgnificantly higher in the preterntelivered vs. term
delivered women in the symptomatiohort (P = 0.006) and correlated stronglywith the *H-
MR acetate N.I(r = 0.69,P < 0.00001)(Fig 3.3A-B). Though there were significant differences
in both acetée concentration andH-MR acetate N.l. between preterrand termdelivered
women in the symptomatic cohorts, the difference obseriedelation to 'H-MR acetate N.I.
was significantly greater >( 2-fold, 103%, compared to ~17% difference inacetate
concentration (Fig 2.6 and Fig3.3A). Compared to the'H-MR acetate N.I., the difference in
acetate concentration was margindllowever, acetate concentrations in concordance with the
acetate N.I. were predictive of PTB @7 w) and delivery within 2 weeks aidex assessment
with an optimal cuboff valuefor delivery < 37 wof > 0.53 g/l (0.009 mol/L) Its predictive
ability for PTB < 32wdid not attain statistical significan@®UC = 0.63,P= 0.13)(Table3.1 and

Fig 3.9.
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y = 0.7363x +

RZ2=0.9/745

0 0.5 1 1.5 2
Acetic acid (g/l)

Figure 3.2. Calibration curve indicating the linearity of K -ACETGK. The reactions from which this
calibration curve was generated were performed at 37°C for 5 mins using a TECAN Infinite M200 microplate
reader (detection limit = 1.8 g/l or 0.03 mol/I).
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Figure 3.3. Validation of the differences in CVF acetate levels in pregnant women presenting with
symptoms of preterm labour between 24 and 36 weeks gestation (A) Comparison of acetate
concentrationbetween preterm and termdelivered women, (BAssociationbetween acetate normalised integrals
(N.l.) measured by *H-Magnetic Resonance p&troscopy and acetate concentrations measured by

spectrophotometry.
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Table 3.1: Predictive per formance of CVF

in symptomatic pregnant women

acetate concentration

for preterm birth

, <37 <32 O 2 weeks
Variables : :
weeks gestation weeks gestation assessment
Area under the
ROC curve (AUC) 0.7 063 068
Standard Error, SE 0.08 0.12 0.11
5 :
95% Confidence 0.570.9 040087 047-0.89
Interval
Significance levd®, 0.002 0.13 0.045
Youden index, J 071 063 0.79
Sensitivity, % 71 71 67
Specificity, % 71 63 79
Positive predictive
value (PPV), % 36 19 29
Negative predictive
value (NPV), % 92 9 9
Positive likelihood
ratio. LR+ 2.5 20 3.1
Negative likelihood
ratio. LR 0.4 0.5 0.3
Optimal cutoff, g/l 0.53

Acetate concemation was not predictive of preterm birth < 32 weeks gestatidh~0.13).
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Table 3.2: Predictive accuracy of CVF acetate "H-MR normalis ed integral and
concentration for preterm birth

Sers Spec PPV NPV

%) (%) (%) (%) LR+ LR- Pvalue

AUC  95% CI

Delivery < 37 weeks gestation
Acetate N.I. 0.75 0.600.91 60 85 47 91 40 0.2 0.001

AceConc 0.74 057090 71 71 36 92 25 04 0.002

Delivery < 32 weeks gestation
Acetate N.I.  0.73 0.530.94 88 59 21 97 21 05 0.01

AceConc  0.63 0.400.87 72 63 19 95 20 05 0.13

Delivery within 2 weeks of assay
Acetate N.I.  0.77 0.580.96 100 49 21 100 2.0 0.5 0.003

AceConc 0.68 0470.89 67 79 29 95 31 0.3 0.045

N.I, *H-MR normalied integral; AceConacetate concentratioPAUC area under the ROGurve; C| 95%
confidence intervalsenssensitivity SpecspecificityPPYpositive predictive valu&yPV negative predictive value;
LR+ positive likelihood ratiol R, negative likelihood ratid?, significance level

117



3.4. Discussion

In this chapte we validated our data obtained by MRS and attempted to identify a possible
clinical assay to assess concentrations of GMEtatein pregnantwomen in relation to
premature delivery A subset of randomly selected CVF samples from the women presenting
with symptoms of threatened preterm labour were analysed for acetate by spectrophotometric
absorption using cheaper, but sensitive commercially available asSay ¢itr knowledge, this

comparative analysis is the first of its kind.

It can be recalled thaof all the metabolites identifieth our *H-MR experiments (Chapter)2
only acetate N.l. was significantly different between teamd pretermdelivered women and
this difference was only observdd attain significancéen the symptomaticcohort. Similarto

this observation, acetate concentration measured @ppectrophotometric technique also
differed significantly between terrand pretermdelivered women in the symptomatic group. In
other words, the symptomatic women that delivered preterm had highaginal acetate
concentrations compared to their term counterparts. Furthermore, acetate concentrations
measured correlated with acetate N.l. measured Bi¥MR (Fig. 3.3A-B), andwas likewise
predictive of preterm birth (< 37 weeks) and delivery within 2 eks of presentatiorwith
comparable sensitivities, specificities, PPVs, NPVs and likelihood Aatioptimal cutoff value

of > 0.53 g/ for predicting deliveries before 37 weeks was obtained from the ROC c(iFable

3.1 and Fig.3.4. In other words, at a concentration greater than ®B5g/l, acetate is
considerably capable of discriminating symptomatic pregnant women at a greater risk of PTL

and delivery before 37 weeks of gestation.

Though acetate concentration measured by spectrophotometric techngpeeluced similar
results asand correlated withacetate N.l. measured bYH-MR in this studyjt was not as
sensitive and powerful as acetate N.l. measured'HyMR. This is clearly dep&d by the
marginal differencel{%) in acetate concentration betweeterm- and pretermdelivered
women as opposed to theover 2-fold (103%) difference observed with acetate NI
Additionally the acetate N.l. was a better predictor of delivery within 2 weeks of presentation
(AUC: 0.77vs. 0.68)and < 32 weeks (AUC: 0.7&s. nil), compared to acetate concentration.

These disparities could be due to the higher sensitivity'tfMR over spectrophotometry
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However, the lower sample population analysed by spectrophotometric technique (n = 57) vs.
'H-MR (n = 82)may partly accont for the differences notedFewer samples were analysed
when the cutoff for preterm birth wasrestricted to less than 32 weeks of gestatign = 8).

This may account for the poer performance of acetate concentratian predicting preterm

birth less han 32 weeksAlso, the use of microplate reader instead of an aatoalyser as

indicated by the manufacturenay have impactetthe current data.

Some investigators, using the same assay kit as that employed in our study, analysed arterial
blood aetate levels in patients after cardiopulmonary bypasth great succes8! Another
group,applying the same principle, but with a different commercially availsédg &it validated

the measurement of CVF lactate and acetate concentrations by spectrophotometric technique
which was comparable tbligh Performance Liquid Chromatography (HPla@glysis$’ Despite

its relativdy weaker sensitivity and difficulty in discovering unknown metaboljtes
spectrophotometric measurement of acetate concentrations in CVF of pregnant women with
symptoms suggestive of threatened PTL as shown bydatacould provide a cheaper, rapid
and more accessible tool fgredicting PTL angrematuredelivery in the clinical setting. This

is in contrast to'H-MR which is a great technique for discovery oftabolites, butwith less
affordability and accessibilityrequiring a great deal of expertise, sophistication and safety
precautionsasa high magnetic field environment is requireBurthermore, apart fromH-MR,

other techniques withrelativelyhigker sensitivityand affordabilityparticularlyGC/LC-MShave

been unable to detect reasonable amounts of acetate in @@bablydue to its high volatility

and as such were unable to make useful inferences in relation to this metahotiteraginal

health84, 85,358 451

Going forward, a more robust analysis using an aanalyser(e.g. ChemWelP 2910 Auto
Analyser),in placeof a microplate readeras used in this studyyill enhance theaccuracyand
output of these assag. The ChemWelP 2910is an aubmated (robotic) bench topopen system
auto-analyser supplied with optimised programming protodéts Megazyme assay Kkitsyjth
the capacity to perform biochemical assays. It is equipped with a 96 well plate layout where the
assays are performed, 27 reafge and 96 sample racks, as well as a flush system that washes
the 96 well plateready for reuse at the end of the experiment. Itemployscontinuous flow

analysisto perform repetitive stages of sample analysis can simply be described as an
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ocautomaticspectrophotometeb capable of mixing precise quantities of reagents and samples
incubated atthe right temperatureand duration reading the absorbance at the appropriate
wavelength(e.g. UWVis light range), and washing up the miarells at the end of e assay
Though the sensitivities of the microplate reader and aamalyser are similar, increasing the
volume of sample used during the reaction can enhance the sensitivities of both methods.
However, for improved precision, repeatabilitand simultanees analysis of multiple
metabolites in CVFsample from different study populations, the awatwalyser is preferred.
Depending on the duration of the reaction, the atanoalyser can perform up to 208ndpoint
assays per hour (https://secure.megazyme.com/@mn&/ell-2910ChemistryAnalysey.
Meanwhile, not only desthis spectrophotometricassayalidateour data obtained byH-MR, it

also kindles the possibility ofspecificrapid and affordable clinical assay for the assessment of
risk of preterm birth at lest in symptomatic womerAlso, we are currently unaware of any
impediments to its utility by health cagystems involved in maternal and child ¢aardthe
UKO6s Nat i on al(NHSeeuld bdnefitSremmemdouslgom the appication of such
techngue. There is also the possibility that by using spectrophotometry, interesting data could
emerge from other metabolites in which we were unable to demonstrate any statistically

significant difference B{A-MR in relation to delivery outcomeis this stud.
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Chapter 4

Investigation of the vaginal microbiome in the second trimester of
pregnancy in relation to delivery outcomes
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4.1. Introduction

The vaginal bacterial community comprises aeadipopulationof diverse species, antthe
relative abundance of these organi sms®Ampact
normal and healthy vaginal microbiome is charaseéeliby the predominance abctobacillisp.,

while the dominance by genera other thaactobacilllis termed abnormal and unhealtfy?’

Loss of vaginalLactobacilludominance and the subsequent proliferation fatultative and

strictly anaerobic bactea (e.g. GardnerellaPrevotellsAtopobiumFusobacterium, Mycoplasmas,
Mobiluncugtc.), describes a common syndrome among reproducage women known as
BV2-04864%6 BV is an established risk factor of PTB and other adverse pregnancy outtdffies.

1% A considerable awunt of these anaerobeare unculturableand of low abundang®® %

hence the need forhigh throughput cuaivation-independent characteraion of the vaginal

microecology in health and disease conditions.

Charactergation of vaginal microbial composition hd&en enhanced recently by cultivation
independent broagtange and specigspecific PCR technique¥. “**” The initial crucial
procedure employed forvaginalmicrobiome stuly is the extraction of16S DNA from the
crude sample (See sectiont.2.1.0f this chapter for a general descriptianfontaminants such
as moleculesand artefacts capable ofhindeling the efficiency of the PCR and sequencing
processes in producing adequate quantities of useable readd,to be eliminated. This is then
followed by PCR amplificationf the isolated DNAwith primers specific for the hypervariable
regions of thel6S rRNAgenesand purificationof ampliconsgenerated These processes will
produce pure amplicon librariethat can be sequencedsing the 454- Next Generation
sequencing platforsn Sequencing produces Operational Taxonomy Units (OTUs) wbarhbe
classified by BLASBILVA, Greengenes, EzTax®@andRDP classifiers.®

In this chapter PCRassaydo determine theprevalence and relative abundancel6f vaginal
bacterial specief_atobacillusp, L. crispatys.jensaii, BacteroideBrevotell@&ardnerellaroup
B StreptococcuBusobacteriuap., Mycoplasmaviobiluncusurtisiiand Mobiluncusulieris were
performed. These bacterial species were amplified because theyammensakendogenous

vaginal microaganismsdetected both in healthy anderangedvaginal microbiota. Some of

122



them have beemiplicated in infection and pathogenesisadfierse delivery outcom@ - 48+

85,168

Furthermore, thepresence of these bacterial species has been linked to various metabolites we
have already identified in the previous chaptef this report (Chapter 2 and 3). For instance,
Lactobacillusp. dominance is associatedith elevated lactateand low levels of acetate,
succinate, formate etc., while decreased ameunf Lactobacillusp. is associated with
proliferation of BVAB, elevated acetate, succinate and other SE&FMks.other words
alterations in the vaginal microbial population are also reflected in the metabolite profile.
Whether either of these markes could be used as a proxy for the other necessitatag
analyses of the bacterial species by PCHBllectively, investigation of the composition of the
vaginal bacterial population and their metaboliepbyducts could provide a holistic approach

to the predictive value of these potential markdos PTB.

These experiments wereapplied on vaginal fluid samples frofoth asymptomatic and
symptomaticpregnant womerpresenting at theantenatal clinics and Triage Delivery Suites of
the Jessp Wing Hospital Sheffield, UK, with intact membranes and no clinically defyesdtal
infection. These women were studied at 222 ard 26-28w (asynptomatic women), and 24

36w (symptomatic women). The symptomatic women were those presenting with regular
uterine contractons but < 3 cm dilated cervical os. Knowledge of the prevalence and relative
abundance of vaginal bacteria is required to ascertain their impact on pregnancy outcomes and
identify women at risk of PTBn relation to the metabolites identifiedPCR is capdé of
identifyingand quantifyingpoth culturable and unculturable bacteaathe speciedeveland has
gained immense usefulness in the determination of the vaginal bacterial community composition

in relationto infection and adverse pregnancy outcofté®**"°
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4.2. Methods

4.2.1. DNA Extraction

The sample DNA was extracted using a stawdaperating procedure for DNA extraction
from vaginal swabs with Qnp DNA mini kit (Qiagen 51304 UK) performed according to
amended manuf ac tasideseEnbéddelonn st ructi ons

The cut off swabtips were placed irl.5 mlmicrofuge tubes with 400 IiPhosphate Buffed
Saling(PB$ (SigmaAldrich, D8537, UK) and vortexedthoroughlyfor 5 minutes. Toeach tube

of 250 plsample, 75ul lysozyme (10 mg/mBigmaAldrich, L16671G, UK), and 10.5 pul Tis-
EDTA buffer at pH 8.Q(Fishey BP2473100, CA) were added and incubated at 3790Gr 1 hour

to degrade the bacterial cell wall and preserve the genomic Ohdn degradationProteins

and RNA were digested by addi2@ pl proteinase K(Qiagen 19131 UK) and 4 ul RNase A
(200 mg/ml Qiagen 19101, UK) and 250ul of buffer AL [ysis buffeii.e. 1:1 ratio) to each tuhe
mixed by inveting tube D3 timesand incubated for 10 minutes at 56°@00 pl of absolute
ethanol was then added to each tubend vortexed for 1550 precipitate the DNA out of
solution DNA was further precipitated by adding each sample to a spin column in 2 ml
collection tube and centrifuged atO®0 x g for 1 minute. Thdiltrate was discarded and the
column was transferred into a clean collection tube and recentrifuged briefly. We then added
500 ul buffer AW2(wash buffero each column and centrifuged at,Q00 x g for 3 minutes.
This was followed by another centrifugation for 1 minute at full speed. Each column was
transferred to acleanl1.5 ml microfuge tube, pl of nuclease free watexdded ad incubated

at room temperature. After aminute the samples were centrifuged a60 x g for 1 minute

and the DNA sample was obtaine@ihe quantity and purityof the isolatedDNA wasassessed

by spectrophotometry using the Thermo Scientific Namop (ND1000) spectrophotometer
(Labtech International LTDUK). The extracted DNA samples were then @served at-20°C

until required for further analysis.
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4.2.2. Targeted PCR amplification of vaginal bacterial species

Bacterial gnusspecific primers SigmaAldrich, UK), targeted at the bacterial 16 DNA were
used to examine for a range of commensal and potentially pathofewterialspecies which
includedLatobacillusBacteroide@revoteljaGardnerellaGroup B StreptococcuBusobacteriym
My®plasmaand MobiluncusThe names bthe primers, their sequenceand targets annealing
temperatures amplicon product sizeand sources are represented ihable 4.1. A pair of
primers specific folLactobacillisp. was designed by first identifying tteetdoacillusl6S rRNA
gene and then identifying base sequences complemetatahe gene of interest. Therimer
sequences were confirmed with the National Centre for Biotechnology Information Basic Local
Alignment Search Tool (BLASTBCR amplification exgsiments wereperformedusing 12.5 pl
AmpliTaq Gold DNA polymerase (Applied Biosysterd& ), 5 ng genomic DNA templatd, pl
each of forward and reverse primefd0 uM), in a total reaction volume of 25 pl. Reactions
were run in an Applied Biosystems Z¥2Zhermal cycler (Life TechnologiegK) with the
following cycling criteria: 95°C (5 mind denaturation, followed by 3B6ycles of 95°C (1 mim
denaturing, 50- 62°C depending on the primer sets (1 mid)annealing, 72°C (1 min)
elongation, with a fial extension at 72°C (7 minslhe results were visuaksl on a UV
transilluminator by1% agarose gel electrophoresis and ethidiunoinide staining. Positive
results were assigned aacling to the presenceof bands of the appropriate sizdhe chi
squaretestalong i de a b e n c lwasahekapplelto dotérMife any differences in

prevalenceof vaginal bacterial species based on delivery outcome.

4.2.3. Quantitative ( Real-time ) PCR analysis of vaginal bacterial species

Reailtime PCR PCR amplification and etection was performed usind6S DNA specific
primers for Gardnerelland Mobiluncusurtisiionly. This wasiot only because of thavailability

of a suitablecalibrant DNA for these bacterial species used to produce accurate standard
calibration curve (absolute quantificationut due to the high prevalence oGardnerella all
women among the groups and its association along Mitleurtisito BV and PTBA relatively
lower number of women across the groups had positive resultsBacteroidesompaed with
Gardnerelland Mobiluncusurtisji thus it was not a priority due tdinite resources.The PCR

reactions wereperformed usingPower SYBR green master miAfplied biosystems, 1503489,
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UK), on a 7900HT Fast Re@lme PCRsystem(Applied Biosystes) UK) using optical grade 96
well plates The total reaction mixture (20 pl) contained 10 pl SYBR green master mix, 1 pl
genomicDNA template (1 ng), 1 pl each of forward and reverse primers (10 uM), and 7 pl of
DNAse free water. The temperature cyclingorditions for all experiments was 50°C for 2
mins, 95°C for 10 minsand 40 cycles of 95°C for 15 @and 65°C (Gardnereljaor 57°C (M.
curtis)i for 1 min For each experiment vaginal samples aalibrantbacteriaDNA were run in
triplicates.Fluorescene was measured at the final stage of each cycle and the threshold cycle
(C, obtained Data obtained were analysed by Sequemretection Sftware (version 1.2.2)
supplied byApplied Biosystemg$-inal DNA concentration in the samples wagrapolatedfrom

the equation of the fit line of thestandard curveFig. 4.2)and compared in relation to delivery

outcomes.The equation is as follows:

y=Mlog X +B
Where:

y = C, value

M = Slope

X = Concentration of bacterial genomic DN/
B = Y-intercept

4.2 .4. Bacterial strains and culture conditions

Bacterial strains were grown in different selective media dee as PCR standardalibrant
DNA (controls) confirming the quality obacterial16S rDNA primers used for amplification
The bacteria and their respective culture media are shawTable4.2 The organisms were
cultured in an anaerobicchamber contaimg a gas mix of 10% CG080% N and 10% H, at
37°C for 2472 h (Gardnerelland Mobiluncysand 16 hours Bacteroideand Fusobacterigm
followed bygram stainingo confirm their growth.With confirmation of growth, bacterial DNA
was isolated using QlAgp DNA mini kit (Qiagen, 51304, UKand the same procedure as
applied to the vagindlacterial DNA

126



Table 4.1: Bacterial genus -specific primers , targets, and annealing temperatures

i 5 5 Annealin Amplicon
Primer 2 Sequeneed)( 50 Target tom (OC? size Reference
P (bp)
LABF AGAGTTTGATYMTGGCTCAG Lactobacillus 62 667 467
LABR CACCGCTACACATGGAG
LJ2R GAAACAGATGCTAATACCGG
LBF ATGGAAGAACACCAGTGGCG L. j@saii 50 ~150 471
LBR CAGCACTGAGAGGCGGAAAC L. crispatus
FBF ACTCCTACGGGAGGCAGCAGT Fusobacteriun 60 341 472
FBR CGAATTTCACCTCTACACTTGT
GV1F GGAAACGGGTGGTAATGCTGG G. vaginalis 65 125 465
GV3R CGAAGCCTAGGTGGGCCATT
BAC32F AACGCTAGCTACAGGCTT Bacteroides 53 676 473
BAC708R CAATCGGAGTTCTTCGTG Prevotella
Sag59 TTTCACCAGCTGTATTAGAAGTA GBS 55 153 474
Sag190 GTTCCCTGAACATTATCTTTGAT
W CUrtA40F | TTCTCGCGAAMAAGGCACAG M. curtisii 57 536 456
. CTGGCCCATCTCTGGAACCA
1026R
mon%?gﬂ: GCTCGTAGGTGGTTCGTCGC M. mulieris 62 449 466
. CCACACCATCTCTGGCATG
1026R
Mhi-F CAATGGCTAATGCCGGATACGC M. hominis 62 334 471
Mh2-R GGTACCGTCAGTCTGCAAT

GBSgroup BStreptococcus
2 Primers designed to detect the specigsecific regions of the 16S rRNA gene.
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Table 4.2: Bacteria | strains and media

Bacteria species Culture medium DNA conc.
(ng/pl)
Bacteroidefagilis FAA 112
(NCTC 9343)
Fusobacteriumucleatum FAA 5.3
(ATCC 25586)
Fusobacteriupolymorphum FAA -
(ATCC 10953)
Gardnerellaaginalis CA and CBA 6.7
(NCTC 11292)
Mobiluncuscurtisii CA, CBA and BHI 3.2
(NCTC 11656)
Sreptococcumyalactiaea CBA 3.8

(clinical isolate)

BHI Brain heart infusion broti{Oxoid, CM1135 UK) containing 5% horsserum (Oxoid, SRO035CUK); CA
Casman aga(Becton, Dickson and Company, 211108K) containing 5% defibrinated sheep blo¢@xoid,
SR0051BUK); CBAColumbia blood agatOxoid, CM0331, UK) containing 5% defibrinated sheep blo@ixoid,
FR0051B UK); FAAFastidious anaerobe agar (Lab M, LABQ9K) supplemented with 5% oxalated horb®od

(Oxoid, SRO049CUK).
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4.2.5. Vaginal cytology

To detect the cells present in the vagirdiiateobtained various staining procedures were also
performed This was necessary to provide an insighio the predominant bacterial sp.
morphology of vaginal epithelial cedisdconsequently thgossiblesource(s) of the metabolites
identified in the cervicovaginal fluifihe staining techniques performed inclubiematoxylin
and Eosin (H & E), Papanicolaou (Pap) stains, which stain hetteae.g. vaginand cervical

epithelial cells; and Gram stain which stains bacterial cells

Gram stain is the gold standard in the diagnosis of BV. It is used to identify vaginal bacteria
based on morphologi/? The vaginal flora can then be categorised as normal, intermediate, or
BVt has a sensitivity of 6200% and a specificity of -190%'"

Pap stain is commonly used in screening women for cersliceplasi&’ It can also be used for
detecting clue clls and BV microflora with significantly high sensitivity and speciffcfty.

™However, Pap test is not a routine test for the diagnosis offBV.
4.2.5.1. Smear preparation

For Hematoxylin and Eosin (H & E) and Papanicol@ap) stains, amear of vaginal swab was
prepared on a clean glass sliged allowed to air dry for 0&1L min. The slide was then placed
in a coplin jar containing 90% alcohol for 1 fihis was done in order to dehydrate the cells,

denature the proteinsand dissolve and remove lipids (Fixation).

4.2.5.2. Hematoxylin and Eosin (H & E) stain

Hematoxylin is a dark bludasic positiv@ stain that binds to basophilic substances (such
DNA/RNA - which are acidic and gatively charged), hence staining the laublue/violet.
Eosin is a red or pinlkacidic (rgativé stain that binds to acidophilic substances (such as

proteins- which ae basic and positively charged) staining them pink.

The H & E stain was performed on an automatic Leica ST4040 linear staystegn (Leica

biosystems, UK).
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4.2.5.3. Papanicolaou stain (Pap stain)

The solutions used for this method include: Harris haematoxylimirfst the nuclei blue),
Orange G6 (stains keratiryellow or orange reg, Eosin Azure (EA50) (stains the cytoplasm of
non-keratinized cellbluegreen,0 . 1 % hydrochl oric acid in 70% a

substitute.

The first part of the procedure was done on thautomatic Leica ST4040 linear staining
machine, from 70% industrial methylated spirit (IMS) to thenmig tap water bath before the
eosin. The slide was then removed from the staining machine and rinsed with 95%Hhis1S.
was folowed by staining with Orange-6 for 2 mins on the rails across the special stain sink.
The slides were then rinsed in 95% IMBd stained with EA 50 for 2 mins. The slides were
then returned to the first dehydrating 99% IMS bath on the staining machine after being rinsed
in 95% IMS and allowed to proceed to xylene. Finally the slides were mounted and viewed

under light microscope

4.25.4. Gram stain

This staining techniqudifferentiates bacteria by detecting the peptidogly@&N) layer of the
cell wall.Gram-positive bacteriaetain the primary dye (crystal violet) arsdain purple (bluish)
due © their thick PGN layer. WhileGram-negative bacteria with thinner PGN layer take up
the counter stain (carbol fuschin) and appear pinkish.

10 pl of vaginal fluid sample dissolved in PBS was placed on a glass slide and allowed to air dry

for 10 mins and then heat fixed. This was to ktihe bacterial cells to the glass slide to prevent

them from being washed away during the following staining proddss. staining process

involved application of a primargtain(crystal violet) for 2 mins after which the sligdeasrinsed

with running wéer. Then the slidewas fixedwi t h a mor dant ( Gramds i o0C
rinsed again with running water. This binds to the primstginand increases the affinity of the

bacterial cell wall for the stain. lodiraezetone (decolourizer) was ém added ¢ the slide for 30

s after which the slide was rinsed again. Finally, a counter stain (Carbol fuschin) was applied for

2 mins and then rinsedff. The slides were ready for viewing after allowed to dry.
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4.2.6. Statistical analysis

All Statistical analysesere performed using GraphPad Prisn®&.(GraphPad Software, Inc.

CA). The Wilcoxond mnk-sum test was performed to compare differencesbiacterial DNA
concentration within the groupsFor the qualitative PCR, he chisquare test alongside a
benchmark of01 0% was then applied to determine any
bacterial species based on delivery outcorRevalues < 0.05 were considered statistically

significant.
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4.3. Results

4.3.1. PCR confirmation of vaginal bacteria | species

Two hundred and eighteen vaginal fluid samples from 181 pregnant women across the second
and third trimesters classified into 4 groups were analysed: SYM8@® preterm= 14, term =
66); AHR(2622w) (n= 50, preterm= 19, term= 31); AHR(2628w) (nh= 37, preterm= 17,
term = 20); and ALR (= 51, preterm= 5, term = 46). PCR amplification ofaginabacterial
16S rRNA genesfrom these participantgevealed the presence aboth commensal(e.g.
Lactobacillusp.) and potentially pathogenianaerobicbaderial organismgTable 4.3). These
bacterial organisms were chosen for analysis because they are normal endogenous vaginal
organisms only becoming virulent when there is a distortion in taginalecosystem.A
representative picture of bacterial DNA basdbserved on agarose gel is shown in &if} As
presented in Table 4.4.,uglitative assessment of vaginal microbial compositiothe SYM
group indicated higher prevalence ofusobacteriurap., M. nulieris and M hominisin the

preterm-delivered womenexceptfor M. curtisi{P< 0.0001)

Similar trends were observed in the AHR (28w) group where the pretermdelivered
women showed a higher prevalence Faisobacteriusp., Bacteroidesp., M. curtisjiM. mulies
andM. hominigP< 0.0001)

There were no significant differences ased in the AHR(20-22w) group except for M.

mulies andM. hominigP = 0.009. However, in the ALR group, the terdelivered women
showed higher prevalence &usobacteriuap.,GardnerellaM. curtisjiiM. mulies and M hominis
compared to the preterrdelivered women,except for Bacteroidesp. (P < 0.001) Only

1.5%(1/66) and 5%(1/20) tife term-delivered womenin the SYM andAHR(26:28w) groups
respectively had positive results of group Btreptococcu§&roup B Steptococcugvas not
observed in any preterrdelivered wonan across the groupsAt least ore specie of

Lactobacillughich is commensal to the host was identified in all vaginal samples analysed

Comparing the prevalence of the different bacteria specieghan vaginal microbiome of
asymptomatic women studied at 22w, i.e. ALR vs. AHR20-22w), we observed that thes

were significant differences between the pretedalivered women in these groupdhe
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preterm-delivered women in the AHR(202w) group had Igher prevalencéP < 0.0(1) of
Gardnerelll00%(19/19) vs. 60%(3/9ysobacteriusp. (16%(3/19) vs%0/5)) andM hominis
(119%(2/19) vs. 0%(0/5)), but lower prevalence Bafcteroidesp. (16%(RA9) vs. 40%(2)5
compared to the preterrrdelivered wonen in the ALR group. The terrdelivered women did
not show any significardifference (Table 4.3and 4.4. In the women that delivered preterm,
the prevalence oGardnerelld&usobacteriugp., andM hominisvas higher in the AHR (2Q2w),
than the ALR gpup.

A similar comparison was made for the asymptomatic high risk women studietvat
gestatios i.e. AHR (2022w) vs. AHR (2&8w). Again, the teradelivered women in these
groups did not show any significant differences. However, the pretigliveredwomen in the
AHR (2628w) group had higher prevalenc® £ 0.007) of Fusobacteriusp. (41%(7/17) vs.
16%(3/19)Bacteroidesp. (71%(1A7) vs. 16%(3/9% andM. mulied (29%(5/17) vs. 0%(0/19).
The prevalence oFusobacteriusp.,Bacteroidesp., andvl. mulies increased with gestation in

the pretermdelivered asymptomatic high rigkomen (Table 4.3).

Also, we observed that compared to preterdelivered women in other groups, the preterm
delivered women in the SYM cohort had the greatest prevalerfckl.diominigSYM: 29% vs.
AHR (2628w): 6% vs. AHR (222w): 11% vs. ALR: 0%).

When the groups were analysedas a whole (preterm vs. term)we observed ahigher
prevalence ofFusobacteriusp. (25%(14/55) vs. 11%(18/16Bg#cteroidesp. (45%(255) vs.
34%(56/168; M. mulied (15%(8/55) vs. 6%(9/163)); akMdhominig13%(7/55) vs. 5%(8/163})
< 0.01), although the differences the prevalence oM. mulieg and M. hominisvere less than
10% but 08 %. T laetobaeiltusp \arad IGadnecebavere fsimilar in both goups,
while only 20(2/163) of the term women had group Btreptococcuysositive vaginal fluid

samples

133



Figure 4.1. Presence of bacteria | species in vaginal fluid of pregnant women. BacterialgenomicDNA
bands visualizedn a U\ttransilluminatorby agarose gel electrophoresis1) Lactobacillusp., 2)L. jensaii, 3) L.
jenseii andor L.crispatus4) Fusobacteriusp., 5)G. vaginali$) BacteroideBrevotellap., 7)Mobiluncus cutjs8)
Mycoplasma homiriacteriaDNA standardsused as positive contrals) Fusobacterium nucleai@CC 25586,
b) Gardnerella vagingdCTC 11292) c) Bacteroides fragiiiNCTC 9343, d) Streptocoas agalactiaeglinical
isolate) e) Mobiluncus curtifNCTC 11656)
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Table 4.3: Prevalence of endogenous vaginal bacterial species identified by PCR

Asymptomatic Asymptomat'c Asymptoma“c Symptomatic
. High risk High risk
Low risk women, women women women
20-22w 20-22w 26-28wW 24-36w
Bacterial Preterm | Term Preterm | Term Preterm | Term Preterm | Term
sp., % N=5 N=46 N=19 N=31 N=17 N=20 N=14 N=66
LaCtSO;aC'”“S 100 100 100 100 100 100 100 100
L. crispatds
L . 100 100 95 97 100 90 100 99
. jensenii
Fusosb;cterlun 0 13 16 16 41 10 g 8
Gardnerella | ¢, 96 100 94 77 82 86 82
vaginalfs
Bacteroides | -,y 26 16 23 77 25 57 49
Prevotelta
GBS 0 0 0 0 0 5 0 2
Mobiluncus 0 30 26 29 29 20 21 33
curtisfi
Mobiluncus 0 9 0 3 29 10 21 3
mulieris
Mycoplasma| 2 11 3 6 0 29 9
hominfs

& Commensal bacterial sp.
® Potentially pathogenic bacterial sp. associated with abnormal vedanaflora, infection and PTB.
* Differences in the prevalence of bacterial sp. betwesm and pretermd e | i v er e l0%wo me n

GBSgroup BStreptococcus
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Table 4.4: Differences in prevalence of vaginal bacterial species

Symptomatic women 24 -36w
Fusobacteriuni  Mobiluncus Mobiluncus | Myc@lasma hominig Pvalue
sp, %(n) curtisji%(n) mulieris%(n) %(n)
Pt 29(4) 21(3) 29(4) 21(3)
= <0.0001
Term,N=66 8(5) 8(2) 9(6) 33(22)
Asymptomatic High risk women, 26  -28w
Fusobacteriul Bacteroides Mobﬂn_m_cus Mobiluncus Mycoplasma
o Prevotella | curtisji L - Pvalue
sp, %(n) %(n) %(n) mulieris%(n) hominis%(n)
P,r\leﬁ;m' 41(7) 71(12) 29(5) 29(5) 6(1)
<0.0001
Term, 10(2) 25(5) 20(4) 10(2) 0(20)
N=20
Asymptomatic High risk women, 20 -22w
Mobiluncus muligris -
Mycoplasma homir$s(n) Pvalue
%(n)
Preterm
10 0(0) 11(2)
N=19 <0.006
Term,N=31 3(1) 3(2)
Asymptomatic Low risk women, 20 -22w
Fusobacteriu| Gardnerell{ Mobiluncus| Mobiluncuy Mycoplasm{ Bacteroides
sp. vaginalis curtisii mulieris hominis Prevotella| Pvalue
%(n) %(n) %(n) %(n) %(n) %(n)
PreleIm o) 60(3) 0(s) 0(5) 0(5) 40(2)
<0.001
Term,
N=46 13(6) 96(44) 30(14) 9(4) 26(12) 26(12)

N, total number ofterm- or preterm-delivered women in each cohgm, subset ofvomen habouring the bacterial
sp. in either the term or preterm-delivered womenp, significace level.
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4.3.2. Relationship between bacterial DNA quantity and delivery outcome

In addition todetermining the prevalence of identified commensal and potentially pathogenic
vaginal bacteria in the vaginal fluid samples in each cohort, there was théonasckrtain any
differences in theelative abundance of these bacterial species in relation to delivery outcome.
This is more advantageous than the standard PCR as it does not only detect the presence of
bacterial species but also provides an idea efgghedominant specie(s) in the vagina microflora

in relation to others at a particular time which can be udedascertain the health status of the
vaginal milieu and by extension the host. It indicates the relative quantity and not just the
presence of tk organisms. It can also be used to calculate the number of bacterial cells in a
given sampl&. This can also influence ghtype of treatment or intervention (if any) required.

For example, the particular species of BVAB can be identified and its susceptibility to the
antibiotic agent of choice is ascertained before administr&tidfiowever resolution to the
species level is challenging as more than one specie in a genus can share similar genetic
sequence in the amplified regi¢nTo this end a subset of randomly selected C\$Bmpés
across the groups: SYM (term 11, preterm = 11); AHR(2@2w) (term = 12, preterm= 12);
AHR(2628w) (term= 12, preterm= 12), were analysed for the DNA quantity of 2 known BV
and PTBassociated bacterial specigsardnerelland M. curtisji This was due to the relatively

low numbers of women with preterm deliveries across the gosuand the finite resources
availableAfter a quality control pocess i.e. removal of samplepteeates with differences intC
values > 1, the sample size reduced to as follows: S¥Mdginaliserm = 11, preterm = 9M.
curtisiiterm = 7, preterm = §; AHR(2022w) (G. vaginaliserm = 7, preterm= 6; M. curtisii

term = 10, preterm = 10); AHR(2&28w) (G. vaginaliserm = 9, preterm =6; M. curtisiiterm =

9, preterm =7). Samples from participants in the ALR were not included in these experiments
because of the very few numbers of preterm deliveries (n = 5), recorded in this group which

occurred after the analysis were concluded.

Comparison of DNA quantity between termmand pretermdelivered women within the various
cohorts did not indicate any ststically significant difference in relation to eiti@ardnerellar

M. curtisiiexcept in the AHR(222w) group. In this group, the terrdelivered women had
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significantly highg@-fold) amounts ofM. curtisSiDNA compared to their preterm counterparts
(P=0.0001)(Fig 4.3.

Also, a comparison of the abundanceGdrdnerellandM. curtisibNA in the vaginal samples of
term- and pretermdelivered women in all groupsonsidered togetheiindicated a significant
difference in the amount d¥1. curtisibDNA, but not for G. vaginali$ig 4.3. This issomewhat
consistent with data obtained using the standard PCR. From our data, it is noteworthgthat
vaginali©NA constituted about a quarter of total quantity of DNA in the mples and was
about 1000 1500times more thanM. curtisiDNA. Gardnerellalso showed a nosignificant

trend to higher amounts in the terrdelivered women across thgroups(Fig4.3.
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Figure 4.2. Real-time PCR standard calibration curve for (A) G. vaginalisand (B) M. curtisii. The Log
[DNA] (quantity of bacterial 16E8)NA) is plotted against the number of cycles at which the fluorescence (positive
signal) exceeds the threshold (threshold cycle or Ct). Both vaginal samptesalibranbacterial 16S rDNAwvere

run in triplicates. Similar resultsere obtained for each cohort and @tal of 12 independent thermocycler runs

were performed.
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Figure 4.3. Comparison of the relative abundance of 16S rDNA of G. vaginalis and M. curtisii in
vaginal fluid samples of different cohorts of pregnant women sampled at various gestational time
points. Dataare presented as median * quartile range

AHR Asymptomatic high risk pregnant women

SYM Symptomatic pregnant women
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4.3.3. Cellular compo sition of vaginal fluid samples

In order to identify the celular composition ofthe vaginamilieu of the study cohortsvarious
staining procedures were also performed. This was necessary to provide an insight to the
predominant badrial sp., morphologyf cervicovaginagpithelial cells and consequently the
potential source(s) of the metabolites identified in ti/F The metabolite profile of the CVF

is a function of both host and microbial activittfskepresentative aginal smear micrographs
obtained from randomly seleetl sampleqn = 14)are shownin Fig 4.4-4.6. Both host vaginal
epithelial and bacterialels were identifiedin the vaginal fluid samples across the various
gestational time points studietNo abnormal cell§e.g.clue cells,cancerous cellgtc) were
identified gi vi ng credence t o t he strict exclusio
recruitment. This provides insight to the sourc®(of the metabolites observed. For instance
grampositive rods indicativef Lactobacillurorphotypes, as well as Granmegative and @
variable organisms representative Gardnerell8Bacteroidesnd Mobluncusmorphotypes were
identified(Hg. 4.6). Furthermore,H&E and Pap stainimgvealed the presence of normal vaginal
squamous epithelial cells and some bacterial paliticularlyof Lactobacillusiorphology (Fig
4.44.5).
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Figure 4.4. Vaginal fluid smears (x100) of pregnant women stained by Hematoxylin and Eosin (H &
E) at 20-22 weeks (A -D), 26-28 weeks (E-F). L, Lactobacillusorphotype;sq vaginal squamous epithelial gell
Scale bar = 2@m for all pictures.
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Figure 4.5. Vaginal fluid smears (x100) of pregnant women stained by Papanicolaou stain (Pap
stain) at 20 -22 weeks (A -B), and 33 weeks (C -F). L, Lactobacillusorphotype;sq vaginal squamous epithelial
cells.Scale bar = 2@m for all pictures.
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Figure 4.6. Vaginal fluid smears (x100) of pregnant women stained by Gram stain at 20-22 weeks (A -
C), and 26-28 weeks (D-E). L, Lactobacillusorphotype (large Gam-positive rods) g, Gardnerellanorphotype
(small Gamvariable coccj)n, Gram-negative rodgBacteroidemorphotype) Scale bar = 2@m for all pictures.
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4.4. Discussion

In this chapter we present PCR and vaginal cytology data of different cohorts of pregnant
women studied at different gestatiohéime points and classifiedt;n2 broad categoriesi.e.
asymptomatic women and womengsenting with symptoms of preterm labour. The former
who were studied at 2822w, were further subdivided into lovand high risk group based on a
previous history of preterm birth. A subset of the high risk women were studied again-at 26
28w. In all, the wginal fluid samples of 4 groups of pregnant women were analysed. All women
presented with intact membranes and no clinical signs of genital infection. We then artag/sed
prevalence andelative abundance of specific vaginal endogenous bacterial spactasse
participants using standard and réate PCRtechniquesand also detected various céylpes
present in the vaginal specimeuistained This was in order to identify th@otential source(s)

of the metabolites observed in the vaginal fluid of thesenen(Chapters2 and3).

The compositionof vaginal microbiota in both pregnant and Aaregnant women at any given
time is indicative of the health status of the host and is critical to the prevention of several
urogenital diseases and adverse delivanycome® 2% %574 118 21229 Tha yaginal microbiota has
been classified into 5 major CSTs béigm the dominant bacterial species. Four of the CSTs
are dominated byactobacillusp. while the fifth is comprised of higher proportions rofxed
anaerobes and lower amounts dfctobacillusp. and other lactate producefs.The vaginal
microbiotain healthis said to bepredominated bycommensalactobacillugp. and more stable

in pregnantcompared withnon-pregnant womeri? While some researchers have identified a
strong association éiween vaginal bacterial community dominated by mixed anaerobes (CST
IV) and preterm birth> others argue that the vaginal microbiota of women who deliver
preterm does not differ from those that deliver at terfrand that the presence of little or no
Lactobadilssp. is not associated with preterm birtff. This isperhaps because preterm birth is
regarded as a syndrome with manypusative factor$? In addition to 16S rRNA gene
guantification and sequencing as employed in most of these investigations, evaluation of the risk
of preterm hrth may require assessment of the hewsicrobial interactions as well as metabolic

or biochemical activities of both the host cells and microbial populdtféhin line with these

assertions, we have employed a more comprehensive approach involving metabolomics, PCR,
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and cytology to elucidaterpbable differences in vaginal microbiota composition betweemter
and pretermdelivered pregnant womenln addition, other members of our group have
characterised the vaginal microbiorbg bacterial 16S gene sequencinglthough the data are
not presented in this report, 5 Community state types (CSTs), similar to ¢hof previous

studie$" ® > #""2% were identified and related to delivery outcomes.

In relation to PCR analysiseveral studies have detected the presence of both commensal and
potentially pathogenibacterial organisms in vaginal specimén®?“”® The presence in high
amounts of anaerobic bacterial species has been associated with unhealthy vaginal microflora,
infection and adverse pregnancy outcorffé&>®****%> This in conjunction with clinical diagnosis

is highly reproducibf® and has been advocated to be mosensitiveand advantageottban
Gram stainind.* “®® Both cultivated and culturénsensitive bacteria have beeetected using

this method ultimately determining their relationship with preterm bitthit is adso a useful
technique in elucidating the structure and composition of the vagmaioecosystem in health
and diseas®&® ** ¥ The above reasons necessitated our applicationtarjeted PCR
amplification of specific bacterial species as a®ljjuantitative PCR elucidate the microbial
structure and composition of the vagina in pregnant women to identify those at higher risk of
preterm delivery The targeted PCR showed a higher prevalence of mixed anaerobes in
preterm-delivered women comparkto their term counterparts, whilst quantification of the
DNA revealed a higher amount dfl. curtisiin the termdelivered women, but no significant
differences inG. vaginalisn relation to delivery outcome.The associationbetween the
prevalenceof mixed anaerobesn the vaginaduring gestation and eventual preterdelivery
supportive of our datahas been reported ” ** ' Some have even implicated uncultured
bacteria species®® However, there have been contrasting views arguing that the vaginal

microbiome between termand pretermdelivered women does not différ.

In the asymptomatic low risk pregnant women, we observed thaobacteriyr@ardnereljav.
curtisiiand to a lesser degrebl. mulierisvere more prevalent in the women who delivered at
term compared to the vamen with preterm deliveriedn factnone of the 5 pretermdelivered
women in this group had positive results Blisobacteriyril. curtisjiM. mulierigand M. hominis
These findinggs asymptomatic women at low risk of preterm birttffer from the estalished

link betweenthe prevalence of vaginalixed anaerobic bacteriand preterm delivery?> 469 48
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The relatively few preterm deliveries recorded in this cohort could account for this disparity.
However, n spite of the convincing link between BV goterm birth, a considerable number

of women with high amounts of B¥ssociated organisnsdill deliver at term?®®

Some studies
were even unabldgo establishany differencein vaginal microbioméetween women who
deliver preterm and terni Interestingly consistent with the association of B¥lated
organisms and pretermitth, Bacteroidesp. another obligate anaerobe&as detected in higher
proportions in the pretermdelivered women compared to their term counterparts.
Unfortunately, due tofinite resources,duration of this researchand the relatively lower
number of wome with positive results across the groups, it could not be further quantified and
the more prevalentG. vaginalisnd M. curtisiwere chosen insteaddVith the contrasting data
obtained from this cohort, it is plausible that the link between the prevaleatamixed
anaerobes in the vagina during pregnancy and preterm delivery in watiew or undefined

risk of preterm birth is contestable. This warrants further investigation

Consistent with our data in the asymptomatic high risk participants studied &2%20 the
presence ofM. hominiga facultative anaerobe$ associated with increased risk of preterm
birth.® However, racial/ethnic modificationsuggesthat the association betweeNlycoplasma
and preterm birthmay not be cawsal, but an indication of the presence of cofactors that can
cause preterm birth® **® Though our study populatiomvolvedpredominantly Caucasiansjro
observations in the subset of these women studied at later gestatior282§ were consistent
with the established association of higher prevalence of facultative and obligate anaerobic
bacterial species with preterm birth. The preterdelivered women in this group showed
significantly higheprevalenceof FusobacteriymBacteroidedlobiluncuand My®plasmaspecies
compared to their term counterparts. Whether the prevalence of these organisms change with
gestation warrants further investigatioRAro tem thisis thoughtprovokingasthese differences

are seendespite the influencef the treatment interventions administed to a considerable
number of these women(Chapter 5). This challengdahe therapeuticaccuracyof current

treatments (especially antibiotics) routineynployedin the prevention of preterm births.

Similar to the data observed in thasymptomatic high risk women studied at-28w, the
women presentingat the labour ward with symptoms of preterm labour who eventually

delivered preterm showed significantly higher prevalenc&ugobacteriyrivl. mulierisand M.
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hominiscompared to theirterm counterparts. In contrast. curtisivas more prevant in the
term-delivered women, similar tdhe observationsin the asymptomatic low risk women
sampled at 2@2w. A similar trend was seen in the asymptomatic high risk womenr2@Q),
though not statistically significantWhen compared to women in the other groups who also
delivered preterm, the women who presented with symptoms of threatened Rifd
eventually delivered preterm had a higher prevalencklohominisSignificant prevalence bf.
hominisand subsequent reduction in preterm birth rate after treatmesith antibiotics has
been recorded in symptomatic pregnant wonf&hits impact alongsid¥. urealyticuras been
associated with adverse delivery outcom&<® Independently, these organisms may not be
able to cause sufficient pathology. However, acting synemglgtiovith other BVAB or
incompetent cervix, they can initiate significant inflammatory process leading to preterm labour
and delivery>® This maybe responsible for the high incidence of preterm birth observed in the

symptomatic women in our study.

In the asymptomatic women, wabserved an increase in the prevalence of anaerobic bacteria
species in relation to risk of preterm birth and gestational age at sampling in those women who
eventually delivered preterm. The prevalenceGdrdnerelle&Fusobacteriuand M. hominsvas

low in the lowrisk women compared to the highisk women. In the highisk preterm
delivered women, the prevalence dfusobacteriynBacteroidesnd M. mulierisincreased
between 2022w (mid second trimester), and ZBw (late second trimester)The low
prevaknce of mixed anaerobes in the low risk women is not surprising and could be a reason
for the relativelylow incidence of preterm birth(10%9 recorded in this group. Though the
normal vaginal microbiome is increasingly stable as pregnancy progmegkdsactobacillusp.

being predominant the increased prevalence of some anaerobes associated with adverse
pregnancy outcome between the mid and late second trimester, and the associated increase in
the preterm birth rate AHR 2022w: 38% vs. AHR 2B8w: 46%) observed in our study is
interesting. Even with the vaginal microbiome stability observed duringhaney,transitions
between community state tys dominated bydifferent species ofLactobacillubave been
recorded!* More so, L inershave been reported to confer lesser protection/stability compared

to L. crispatuandL. jensenihence, its association with the presence of BVAR the event of

a transition from arL. crispatusr L. jensendominated CST to that dominated Hy. inersan
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environment suitable for the growth and proliferation of mixed anaerobes may be
established™* This could be the case in the asymptomatic high risk women in our study.
Determination of the relative abundance of these species in these women by amplifying and
sequencig the 16S rRNA geneould further delineate any differences in relation to delivery

outcome.

With the observedinconsistenciesn our datg we further analysed our study population as a
whole classifying them into 2 groups in relation to delivery outcqnee preterm vs. termp The
results indicated that onlyrusobacteriusp, Bacteroidesp, M. mulierisand M. hominisvere
significantly associated with preterm birth, whiMe curtisiwas seenn more termdelivered
women, althoughthis did not reachstatisticalsignificanceHigh prevalence ofLactobacillusp.
and Gardnerellavere observed and weresimilar irrespective of delivery outcome, while only
1%(2/163) of the participants had group3reptococcu$he insignificant levels of group B
Streptoaccusin our cohorts was not unexpected as only 25% of women in theneral

population habour this bacteria vaginaff¥/.

With the plethora of evidence that it is not just the presence or absence of, but the relative
quantiies (abundance) of bacteria that is related to the risk of preterm bifthye conductel
further analysis of the relative abundance @érdnerelland M. curtisiiusing reatime PCR.
There wasno statistically significant difference in the abundanc& ofaginali;n the CVF
specimens of both termand pretermdeivered women in all the dworts when analsed
individually and as a whole, despite the ssignificant trend to greater abundance in the term
delivered women.This isin accordancewvith our previous observatiomndcould be attributed

to the very low incidence of BV in our studyhort (due to exclusioh andthe narrow racial
mix - mainlyCaucasiajfbut it is a shift from the widely reported association @f vaginalisith

BV and adverse pregnancy outcoffie®> “¢#4%° Neverthelesspusing the same method as applied
in our study, Vitali et al. reported thathe amount ofG. vaginaldoes not vary significantly in
healthy and B¥hfected womer{** More so,others have pined thatG. vaginalgoes not differ

in relation to delivery outcomeas it is commonly isolated from women with normal vaginal
microflora® 4" 2’441 G, vaginalisasal® been detected in more healthy samples compared to
any other nonLactobacillusp?® It is often cultured from women regardless of infection (e.g.
BV) statug? In fact it is found in émost 100% of healthy woméfr. In addition Fredrickset
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al**® demonstrated thatG. vaginalismidst otherorgansms was one of the mosfrequently
identified bacteria in subjects without BBesides, no single bacterium has béaplicatedas
the sole cause of BY hence it has beemegarded as a microbiological and immunological
conundrunt® %493 44Whether Gardnerellalone in the absence of othé@dVABcan initiate PTL
and PTB is still a subject of controver§he heterogeneityof this infection synergistic effects
of diverseGram-negative andsram-variableanaerobesand host immune response relation

to infection and consequent sequelae is still of great valtig? 103 1044%

Using primers with high sensitivity (56%) and specificity (3%} were able to quantifym.
curtisiigenomic DNA from CVF samples of both asymptomatic and symptomatic pregnant
women.Thoudh M. curtisihas been exclusively recovered from women who deliver pret&fm,
our datareveakd otherwise egpecially in the asymptomatldgh riskpregnant women studied

at 20-22w. The presence and persistence of this organism hasba&en shownin recurrent
BV, and attributed toits resistance to metronidazole treatmefif.In contrast, its presnce in

the vagina was earlier described to bighly specifibut not sensitive for the diagnosis of BY

499 Again, #hough itis usually isolatedrom women with BV, it is more common in healthy
women than previously suspect&dThis may explaithe higher abundancef M. curtisiin the
asymptomatic high risk women who delivered at termparticular and the termdelivered

women on the wholecompared to the preterrdelivered womenn this study.

Another possible reason for this variation could be tlmv incidence of BV and other genital
infection in our study cohorts as women with proven genital infection were excluded from the
study. Besides, this supports the inability of some investigators tatifjea link between the
presence of noxious vaginal bacterial species and premature®8idiiso, the effect of the
antibotics treatment administered in those women who were diagnoseth BV or other
infection in later gestatiofafter inclusion)alongsideother routine preterm birth prevention
therapiesis suspectedAdditionally variations in host immune response fianale genital tract
colonisationby bacterial organismm relation to adverse delivery outcome, and not just the
presence of these organisms have been documéfitétiRisk of preterm birth is modified by
maternalgenetic compositionepigeneticand immune response to alted vaginal microflora
during gestation® 167243 243501502 A|gq - therelativelysmall sample sizanalyseddifferences in

the concentration of extracted DNA (range =-817 ng/p, could be co-factors capable of
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influencing our bservationsThough the amount o§enomicDNA per PCR mix (5 ng/ul), was
normalised to correct for any intemdividual variationgur unique observations may be due to
the disparity inquantity of extractedDNA from each participantsMolecular charactaesation
usinghigh fidelity specispecific primers and 16§enesequencing is requiretb holistically
describe and quantify th@aginalbacterial species associated with health and diseAse
multiplex PCR approachwhich involves the amplification of rtiple different DNA
simultaneously can be appliedtive assessment of the vaginal microbioimeelation to disease
burden®®® It usesmultiple optimisedprimers and a temperate-mediated DNA polymeraséo
amplify several DNA of interesh a single experimerdand has being employed in the diagnosis
of common genital infections with great succ&8sApplying this technique, we could
simultaneously amplify more bacterial DNA associated with dysbiosis and adverse pregnancy
outcome includingBacteroidesnvhich we were unable to analyse further despite its higher
prevalence in the preterrdelivered womenin this study. Also, because specie level
differentiation of microorganisms is usually difficult using qPI&S, gene sequencirand
classification of vaginal bacterial species in to CSTs goolMlde a more lucid pictureof the

microbiotawith greaterdiagnostic utility.

Our study of the vaginal fluid of pregnant womextso permitted us to examine the vaginal
cytology of the study participants This was done becaus&ram staining alone or in
combination with Nugent criteria identifies women with BVeicion® In all the samples
analysed, we observed the presence of squamous epithelialcbaellacteristic of he normal
vaginal epithelium. Grastaining demonstrated the presence of numerous |@rgm-positive
rods characteristic ofLactobelli morphotypes as wells aGram-negative andsram-variable
short rods and cocci characteristic @ardnerellaBacteroideand Mobiluncusnorphotypesas
amplified earlier using PCR techniqu@&sg 4.6). No abnormalhumancells (e.g. clue cells,
cancerous cells etc.pr differences in cytology betweeand withinthe groupswere identified
giving credence to the strict exclios criteria applied dr i ng partici pants?©o
women with clinically provegenitalinfection(e.g. BV)and/or abnormal cervical cytology were
excludedfrom the study.This observationprovidesaninsight to thepotential source(s) of the
metalolites observed.The presence of host epithelial cells in the samples is suggekatve

some of the metabolites identified (Chap$e2 and3), could originate from these cell$his is
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becausethe metabolite profile of the CVF is a representation of bdibst and microbial
factors® Also, it is not just the presence of these cells but their relative abundancderad of
metabolic byproducts that are capable of influencing delivery outcdribe metabolic profile

of the vaginal environmerat any given instanceould be a manifestation of the metabolic
activities of both the host epithelium and microbial ceffer instance,D-lactate isalnpst
exclusively of bacterial origimhile the vaginal epithelial cells like other human c¢éllmersand
other lactic acigproducing bacterigproduce L-lactate** D-lactate produced by.. crispatys..
jensaiiand L. gassegnhances protectiomgainst microbial invasion of the upper genital tract,
reduce MMRP8 levelsvia its induce(EMMPRIN)and prevents the degradation of the cervix and
fetal membrane rupturé*'* In this study we were unable to differentiate Ddipticalisomers

of lactic acidAn in-depth study of the prevailing vagiredstmicrobialcellular composition in
relation to L/D-lactate ratiosand other metabolitesn pregnant womersampledat variaus
gestational time points could further improve our understanding ofghthogenesis of preterm
birth. In addition, the microscopic examination of vaginal specimen by the Gram staining
method is based on the relative abundance of bacterial morphotype, does not distinguish
the different bacterial species. However, tipeoportion of different bacterial species ia
vaginal specimen can be predictofenormal or abnormal microflora. For instande, crispatus
observed mainly in females with hégitvaginal microflora, while. inerss found both in healthy
and abnormal vaginal microflofa® 4 Using gPCR, these organisms can be quantified and
compared in relation to the amount of their metabolic -pyoducts Furthermore, because
certain fastidious or unculturable bacterialis may have been omitted byettmethods applied

in this study,analysis with high throughput cytogenetic techniques sudHuasescence in situ
hybridization (FISHjnay better resolve the structural composition of the vaginal ecology in
health and dissse e.g. FISH cageterminethe localisition or distribution of specific bacterial

speciesn the vaginal micrgial ecology
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Chapter 5

Association of C ervicovaginal fluid metabolites with fetal fibronectin, cervical

length, and gestational age at de livery
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5.1. Introduction

Putatively the most widely used clinical test in prognosticating PTB witilida days especially
in symptomatic women is FFN. This is due largely to its high ’P¥.**° Its predictive utility
has also been investigated in asymptomatic women, although noffedtive as in the
symptomatic women:* FFNis aglycoprotein produced by cells of tHfetal membrandocated

in the fetomaternal interfacebindingthe fetal membranes to the decidtfa.** In normal
pregnancies, FFN is preseint insignificantamounts in CVHn early mid trimester 16622
weeks) Between 2234 weeks gestatigrdetection of FFN al e v e | s  OSufgestivg bfm|
membrane activation and premature separation of the fetambranes from the uterine lining

andassociated with an increased risk of spontaneous T3

Although the detection of FFN in the CVF is currently the most effective marker of PTB
especially in women with threatened PTL, and one of the best rislsagsnt makers for PTB

in all populationd®®** it has low sensitivity and PPV especially in asymptomatic women. Its
applicability is also affected bpmmon factors such asnprotectedvaginaintercourse before
testing,recent vaginal digital examination, vaginal bleeding and contamiwéticemmniotic fluid

from ruptured membranes leading to a false positive reStilt.

Another widely used clinical assessment tool for the prediction of PTB is ultrasonographic
measurement of cervical leng(€L).>* **" It is a simple and reliable method of objectively
evaluating the integrity of the cervand dilation of the internal cervical egth minimal patient
discomfort!®” The length of the cervix during pregnancy is inversely correlated with the risk of
spontaneous PTBhough there is no consensus as to the threshold CL at which such risk
becomes significafff **’ In asymptomatic women, a CL <25 mm at <24 weeks is associated
with PTB (< 35 weeks), with LRef 2.86.3. Various CL threshold values (35 mm) predicted

PTB wih 33-55% sensitivity and 7B00% specificit®> However, in asymjpmatic women at

low risk for PTB, its low sensitivitynas posed some constragmtto its utility as a

routine/universal screening togf 3%

In symptomatic women, CL <25 mm (B6 weeks) had PPV, NPV and specificity of 24%, 97%

and 71% respectivel§?. Also, in high risk symptomatic womea,CL thresholdvalue of 30 mm
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(26-34 weeks) produced 72% sensitivity, 100% specificity, 100% PPV and 70% D&éRyite
its predictive potential isymptomatic women, evaluation of CL did not significantly reduce the

incidence of PTB (< 37 weeks), and as a result routine screening was not recomnignded.

An association between a short cervix and intrauterine infection i.e. microbial invasion of the
amniotic cavity, and intramniotic inflammation have beerentified This is due to
chorioamionitisstimulated cervical shortening or an already skoed cervix permitting
ascendingyenital tractinfection;®’ ultimately leading to PTL and spontaneous PifiBauterine
infection andthe sulsequent inflammatory process that ensue can also disrupt thietal

membranes with a concomitant leakage of FFN into the cervicovaginal’$pace.

Ultrasound CL, like FFN, has enhancéte prediction of PTB, nonetheless, there is a
considerable high rate of false positive results as most women with short cervix (< 25 mm), still
go on to deliver at ternt® More recently,combiningCL and FFN screening in asymptom#fic

%1 and symptomatic woméft %% compared to either of these testsalone, results in ra
improved discriminative and predictive abilftyr risk of PTB. This aids the decision making
process duringnanagement and reduces unnecessary interventions particularly in lowrrisk

unknown risk populatiof’

Considering the obviasideficiencie®f FFN and ultrasound CL, and tlaevarenesshat these 2
biomarkers of PTBas well axhanges ivaginal pHare associateavith ascending intrauterine
infection which can be detected WyVF metabolite profilingn this chapterwe sought to 1)
examine the relationship between FFN, ,Glaginal pHand '"H-MR CVF metabolites, and 2)
Combine the predictive abilities of these biomarkers to determine whether the prediction of

PTBcould beimproved.
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5.2. Methods

5.2.1. Study patrticipants

As erumerated in chapter 2 of this reporthe study participantsomprised of the samelinical
cohorts of pregnant women(N = 458), recruited via the antenatal clinics and Triage Delivery
Suites of the Jesp Wing Hospital, Sheffield, Ukhose that had no syptoms of PTL
(asymptomatic group) and those presenting to the delivery suite with symptoms of, but not
established, PTL. The asymptomatic pregnant women were furttlessified into 2
gestationalymatched groups based onpaior PTB: a lowrisk group (AR, n = 183)who had

no prior PTB (assessdeat 2022 gestational weeksy), and a highrisk group (AHR n =186),
who had & least 1 prior PTB and/or short cervix (< 2 mm) on transvaginal ultrasonography
(assessed at 2P2w and repeated at 2@8w). The thrd study group (SYIvh = 89) comprised
women presenting withuterine contractions, cervix < @n dilated, and tact fetal membranes
(24-36w). The dinical characteristics of the study participaratse represented in Table 2.1
(Chapter 2).

5.2.2. Measuremen t of CVF fetal fibronectin and cervical length

Also at presentation, commonly employed clinical assessment methods of PTL and PTB
including CVF FFN level and ultrasound cervical length were examined. QuantitativeFRIVF F
levels were analysed using the 10QRapid FN analyser (Hologic, MA)according to
manuf act ur er @&d ceivicak length ¢ClLhiy eransvaginal ultrasonographfoth
measurements werperformed bythe sameclinicalresearch stafat the Jessop Wing Maternity
Hospital The qualitatie FFN cutoff value (50ng/m) has the capacitio determine the risk of
spontaneousPTB in womerwith symptoms suggestive of threatened PTL with a considerably
high negative predictive valu addition, we measureguantitative FFN because it is reliabl

and provides thresholds(g.10 and 200 ng/mlthereby improving the predictive utility of the

test®

5.2.3. Vaginal fluid pH measurement

During vaginal fluidesnple collection, the vaginal pH was also determined by obtaining a sample

of vaginal discharge from the lateral vaginal wall with the aid of a dry swab and smeared on a
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high quality narrow range pH paper (pHFix 3.66.1 #92130, MachereyNagel, Diren,
Germany.>® *% This pH indicator paper has the advantage of measunit values of
unbuffered or weaklpuffered solutions or samples and the dye does not bleed even in strongly
basic solutions. VagingiH-determinationby this method is highly accurate (reading accuracy: +
0.1 pH), rapid and reliablasthe reference colour chart to which the test strips@compared
matches both colour and position of the 4 indicator pads on the stil& product is certified
according to ISO 13485 and @Gkarked for in-vitro diagnostic applications(98/79/EG)
ftp://ftp.mrinet.com/english/Flyer_Catalogs/Test_Sticks_Test Papers/Fl.%20pH
FixTest_StripsEN.pdf

ftp://ftp.mnrnet.com/english/Instruction_leaflets/Testpapers/pHFix/92130en.pdf

5.2.4. Treatment Interve ntions to reduce preterm birth

In order to prevent the occurrence and reduce the complicati@ssociated witiPTB, as well

as improve delivery outcomes, subset ofthe study cohort received a range of therapeutic
interventions between the *1study at 2 weeks and the second at Z8 weeks depending on

the particular needs of the patienthe interventions include the administration of antibiotics

for asymptomatic bacteriuria or subclinical genital bacterial infecttdf?, **® “ progesterone

for women with previous PTB and short cervi®,** history and/or ultrasoundndicated
cervical erclage for incompetent cerviX® “1¢ ° anticontraction medication (tocolyticé)? **°

and corticosteroids (e.g. betamathasone) effective against respiratory distress syndrome,
intraventricular haemorrhage and fetal mortafity.** *® The treatment options and the
number of participants that were administered such treatmentgeiation to the eventual

delivery outcomes are presented frable5.1.

5.2.5. Statistical analysis

All Statistical analyse were performed usingMATLAB (Mathworks, Natick, MA).The
Wilcoxond sank-sumwith Bonferroni PostHoc tes wasperformed to comparedifferences in

clinical databetween andwithin the groups.The relationships between clinical dateere
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determi ned by Pear sonds P camesr<e(0.08 twere onsidevee f f i c i

statistically significant.

Also, the predictivecapacitiesof CVF FFN CL and vaginal pH for PTB (< 37 weeks), were
determined by ROC curvesand combinedwith CVF metabolite N.I.by binary logistic

regression
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5.3. Results

5.3.1. Fetal fibronectin concentration and cervical length

In all study cohortsexcept the ALR group, the preterrdelivered women had significantly
higher CVF FFN levels compared to the term delivered wonf€able2.1 and Fig5.1). This
difference was more pronounced in the SYM cohort (> 12 times). Similarly, the CL of the
preterm-delivered women was significantly shorter than that of the tedelivered women in

all study cohorts except the ALR groudable 2.1 and Fi¢.1). Both FFNand CL correlated

with gestational age at delivery (GAA[YN indication of term or preterm birth),n all groups
except the ALR groufFig.5.2 and Fig. 53

Analysing all asymptomatic low and high risk women studied-22@20irrespective of their risk

of delivering preterm (ASYM 2P2w), we observed that the preterrdelivered women had
greater than Jold higher (> 200%) CVF FFN levels and 29% shorter CL compared to the
term-delivered women R < 0.00001) (Table2.1 and Fig. .3). Also, the ALR womenrgenerally

had a 3fold (> 200%) lower CVF BFconcentration(P= 0.0001)andabout 18%onger CL(P

< 0.0001)compared to their high riskkounterparts (i.e. AHR 2@2w).

In addition, modest correlations were observed between CVF FFN and CL in all groups: ALR (r
=-02, P=0.02); AHR 222w (r =-0.5,P < 0.00001); ASYM 222w (r = -0.4, P< 0.00001);
AHR 26-28w (r =-0.4,P< 0.005); and SYM (r =0.5,P= 0.007) (Fig. 5.4).

5.3.2. Vaginal pH

Sampling the vaginal pH values of participants whose consents were obtained in this study, we
observed a pH range of 3®1 and there were no significant differescbetween term and
preterm-delivered women within the group@able 2.1)However, the ALR women in general

had lower vaginal pH (4.0+0.03 vs. 4.2+0.D5 0.0004), and correspondingly higher lactate

N.I. (0.21+0.006 vs. 0.18£0.006 aRi= 0.0005), tlan their high risk counterparts studied at the
same gestation i.e. AHR2Z®2w. Vaginal pH was modestly associated with GAAD the
combined asymptomatic low and high risk women studied a220 (ASYM 2@2w) (r =-0.2,

P = 0.009), andAHR (26-28w) (r = -0.3, P= 0.008) women onlyFig.2.7GD). There was no
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correlation between vaginal pH and GAAD when the participants studied 2220 were
subdivided into high (AHR) and low risk (ALR) groups. Additionally, there were modest
correlations between vaginal pahd CVF FFN in thédHR 2022w (r = 0.3, P = 0.03) ASYM
20-22w (r = 0.2,P< 0.00001), andHR 26-28w (r = 0.2, P= 0.0]) (Fig. 2.7H); and CL in the
SYM women only (r =0.4,P=0.03 (Fig. 2.7E)
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Table 5.1: Therapeutic interventions ad ministered to prevent preterm birth

Asymptomatic Asymptomatic Asymptomatic Asymptomatic Symptomatic
Low risk women High risk 20-22w High risk women
Treatment 20-22w women (Combined) women 24-36w
Option 20-22w 26-28w

Antibiotics

No

Yes 0 0 5 7 5 7 10 10 2 2

Cervical
cerclage

No

Yes 0 0 1 0 1 0 1 1 2 7

Steroids

No 5 121 29 65 34 186 17 56 1 10
N, total number of term or preterm-delivered women.
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Figure 5.1. Clinical assessment methods for preterm birth (A) quantitative cervicovaginal fluid fetal
fibronectin level and (B) cervical lengthdifferent cohots of pregnant womerin relation to delivery outcomes

Box plots show the median line within the box, with the bottom and top edges of the box representing the 25%
and 75% quatrtiles respectively

ALRasymptomatic low risk womemsHR asymptomatic highsk women,ASYMALR and AHR 222w combined;

SYM symptomatic womeny, gestation weeks.

* Pvalue < 0.05** Pvalue < 0.01, *Pvalue < 0.001
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Figure 5.2. Association between cervicovaginal fluid fetal fibronectin (FFN) level an  d gestational age
at delivery (G.A.A.D) (A) Asymptomatic high risk women 222w, (B) Asymptomatic high risk women-28w,
(C) Symptomatic womerR4-36w.w, gestation weeks.
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(A) Asymptomatic low risk women 2@2w, (B) Asymptomatic high risk women-2@w, (C) Asymptomatic high
risk women 2628w, (D) Symptomatic womerR4-36w.w, gestation weeks.

Correlations between clinical parameteandmetabolites arealsodepicted in ChapteR2 (Fig.
2.7AF).
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5.3.3. Predictive capacity of CVF fetal fibronectin, cervical length and vaginal pH
for preterm birth

Analysis of the area under the ROC curvis the measured CVF FFN, CL and vaginal pH
showal significant discriminative abilitiesf CVF FFN and CL in all groups except the ALR
women. Vaginal pH was not predictive of PTB in any ofstivelygroups(Table 5.2)

In the asymptomatic women studied at-2@Qw irrespective of their risk oPTB CL hadthe
best predictive utility (AUC = 0.79< 0.0001), while theombination of CL.FFN, vaginal pH,
and'H-MR N.l.sof acetate, lactate and succinapgpduced aslightlybetter predictive capacity
thaneither of these markerslone (AUC = 081, P< 0.00) (Fig. 5.5)

Also, i the AHR (26-28w) women, combination of CVFH-MR N.l.s of acetat@and succinate
andsuccinate/lactate ratio, FFN and CL, only modestly improved the predictive vallda\of
and CL(Fig. 5.5

However, in the SYM groypa combinatio of acetate N.l., FFN and CL improved the
predictive valugor PTB compared to either of FFN and Calone (AUC = 0.85,P = 0.02).
Addition of '"H-MR N.l.s oflactate and succinate did not change this predictive ability (AUC =
0.85,P=0.003 (Fig. 5.7.
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Table 5.2: Predictive performance of Fetal fibronectin and ultrasound cervical
length for preterm birth (< 37w), in pregnant women

0,
Metabolite | AUC | SE 9(5:|A) vI ?;3 S(E,’/‘j)c '\(';\)/ FE(';J\)/ LR+ | LR- | Pvalue
Asymptomatic Low risk women
(20-22w)
0.24
FFN 0.50 0.13 0.76 0.32 100 32 7 100 15 0.7 0.5
CL 0.70 0.13 %Ag; 0.49 100 49 7 100 2.0 0.5 0.06
Vaginal pH 0.60 0.14 %%3; 0.44 80 44 5 98 14 0.7 0.2
Asymptomatic High risk women
(20-22w)
FFN 0.61 0.07 %‘;2 0.86 48 86 62 77 3.4 03 0.0499
CL 0.72 0.06 %683 0.52 87 52 47 89 1.8 0.6 0.0001*
Vaginal pH 0.49 0.06 %3()52 0.86 23 86 45 69 1.6 0.6 0.6
Asymptomatic High and Low risk women  (combined)
(20-22w)
FFN 0.61 0.06 %57% 0.89 41 89 43 88 3.6 0.3 0.03*
CL 0.79 0.05 %688; 0.60 83 60 30 94 2.1 0.5 | <0.00001*
VaginalpH | 057 | 0.05 %g 073 | 46 73 26 87 17 | 06 0.09
Asymptomatic High risk women
(26-28w)
FFN 0.70 0.07 (())582 0.81 58 81 56 83 3.1 0.3 0.001*
CL 0.72 0.06 (())58%1 0.84 58 84 59 83 3.6 0.3 0.0m4*
Vaginal pH 0.49 0.07 %%52 0.97 15 97 66 74 4.8 0.2 0.6
Symptomatic women
(24-36w)
FFEN 0.76 0.1 Ong 0.92 67 92 65 92 8.2 0.1 0.01*
CL 0.73 0.1 %%ﬁ 0.73 75 73 38 93 2.8 0.4 0.02*
Vaginal pH 0.50 0.1 %27(2 0.89 29 89 37 85 2.6 0.4 0.5

CL, ultrasound cervical lengtlirFN fetal fibronectin AUGC area under the ROC curveSE standard error;Cl 95%
confidence intervallYl Youden index (J)Sen sensitivity;Spec specificity;PPY positive predictive valueNPV
negative predictiy valueL R+ positive likelihood ratiolR, negative likelihood ratid® significance level.
*Statistically significant
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Figure 5.5. Combined ROC curves of cervical length, fetal fibronectin, and
integrals of acetate, lactate a nd succinate for the predic tion of preterm birth (< 37 weeks), in

asymptomatic high and low risk women (20
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Figure 5.6. Combined ROC curves for the predic tion of preterm birth (< 37 weeks), in
asymptomatic high risk women (26 -28w), (A) cervical length and fetal fibronectin, (B) cervical
length, fetal fibronectin, and 'H-MR normalised integrals of acetate, (C) cervical length, fetal
fibronectin, and succinate/lactate ratio.
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5.4. Discussion

In this study wepresent a unique cohort of both asymptomatic and symptomatic pregnant
women studied across the mid trimesteFhe asymptomatic women were further subdivided
into low and high risk groups based on a previous history of PTB and/or mid trimester
ultrasound cevical length < 25 mm. None of the asymptomatic low risk women had a previous
history of PTB or short cervix at second trimester, and onf3 ®%)of these women delivered
preterm compared to 35(33%) of their higisk counterparts studiedt similar gesttion (26

22w) (Table 2.1).Also, their mean CL was about 18% higher than that of their -high
counterparts. The prevalence of preterm birth in the low risk asymptomatic women in this
study was significantly lower than the average recorded in the geperaulation (3.9% vs.
12%), while that of the highisk women was above 2.5 times greater than the general
population average (33% vs. 12%)2% This justifies the classification of the asymptomatic
pregnant women into low and higisk groups based on previous PTB and length of cervix at
mid second timester (202 2 w) . Due to their oOohigh riskoé st a
high risk women who attended for routine antenatal care at2B6weeks gestation were
assessed again after their first study visit at mid second trimeste2Z@0). The strict exclusion
criteria employedwere in order to prevent contamination of the CVF with microbes and/or
fluid from the external environment or any other body compartment particularly the amniotic

cavity.

With our study population well defined and stratifiedewletermined the risk of PTL and PTB

using currently available clinical assessment methods i.e. quantitative CVF FFEN level, ultrasound
CL and vaginal pH. As anticipated, the lowest prevalence of PTB (~4%) was observed in the
asymptomatic low risk group @ble 2.1). But more interestingly, all pretewhelivered women

in the symptomatic group delivered approximately within 2 weeks of presentation with
symptoms suggestive of PTL. This could be a critical window period in which a biomarker with
accurate predittve capacity will be clinically useful. Elevated CVF FFN and short cervix were
associated with preterm delivery, whilst low CVF FFN and normal/longer cervix were
associated with term delivery. Both CVF FFN and second trimester ultrasound CL correlated

strongly with gestational age at delivery. These observations were recorded in all the groups
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except the asymptomatic low riskomen (Table 2.1 and Fig.1-5.3. Our datacorroborates

the already established relationstiptween FFN, ultrasound CL and P¥B%°°5* FEN is an
extracellular mat glycoprotein binding the gestational tissues at the-fatternal interface. It

is released after an abruption or cytokimeediated damage to the membranes or placenta
before delivery® FFN is predictive of delivery within 2 weeks with a high negative predictive
value and is a useful biomarker of PTB in women with symptoms of®¥t This was obvious

in our data especially in the symptomatic group where the FFN concentration in the preterm
delivered women was more than 12 times higher compared to the tdetinered women.FFN

was also predictive of preterm delivery in these women as well as the asymptomatic high risk

women, but notin the low riskgroup

Comparedto FFN the differences in CL observed in the cohorts in relation to delivery
outcome wassignificatly less However CL had a better discriminative utility for preterm
delivery compared to FFN in the asymptomatic high risk women, whilst the reverse was
observed in thesymptomatic womenHence, FFN level could be a better assessment tool for
risk of preterm birth in women presenting with symptoms suggestive of #THowever, just

like we have observed in our study, other researchers have reported high sensitivities,
specificities, PPVs and NPVs for CL in the prediction of preterm birth in asymptomatic high risk
and symptomatic pregnant womét.** A combinedmeasurement of FFN and CL improved
the prognostication of preterm birth?® Again, both FFN and CL were not predictive of
preterm birth in the asymptomatic low risk womeRerhapsthese differencesorrelationsand
predictive utilitywere not seen in theasymptomatic low riskvomenin this stidy because of

the low number of preterm delivery in this groufhe trend canbe seenand at least other
studies suggest that FFIS equally useful in this grod3.It is just not costeffective asa
reasonable number ovomen are neededto identify one at risk ofpreterm birth. Also, FFN

and CLcould be useful in distinguishing between high and low risk women, and then applied to
those women at significantly higher risk of PTB. This was obvious in our study population as the
asympomatic women sampled at mid second trimester {22w), were clearly differentiated in
terms of their level of CVF FFN and ultrasound CL. The asymptomatic low risk women had
over 200% lower FFEN and about 18% increase in CL compared to their high riskerparts.

Though in the low risk women FFN and ultrasound CL were not predictofgreterm birth in
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this study,the prognostic potential of these two markers were observed in high risk wome
and those presenting with symptoms of threatened preterm labdtiisis in accordance with

the views that women with prior term deliveries tend to have lower incidence of short
cervix?® and FFN levels and ultrasound CL measurements have proven capacity to identify
womenthat are at significant risk for PTH %8 459506517.518 Although from our data it is obvious

that in asymptomatic pregnant women at mid second trimestérasound CLcould be a more
powerful biomarker in identifying women with higher risk of PT@8npared withquantitative

FFN This is strengthened by the absence of significant improvemethe predictive ability of

CL when FFN and metabolite markers were added.

Again, for the asymptomatic women studied at-Z@wv, combination of the metabolites
makers and FFN/CL did not seem to enhance the prediction of preterm birth significantly. FFN

and CL remained the most powerful predictors of preterm birth in this group of women.

Because FFN and ultrasound CL are the mwitely employedpredictors of PTBsclinically,it

was not surprising that there were modest inverse relationships between these 2 clinical
assessment methods for PTB in all our study groufisorioamnionitis due toa perturbed
vaginal microbiota signature and the associated ascending taértreuinfectioncan lead to
cervical weakening (remodeling)disruption of fetal membranes and leakage dENZ%% 2
Therefore, an elevated CVF FFN level couldibdicative of concomitant shortened cervix.
Besides, fibronectin has been reported to stimulate the release of MMPs (e.g2MMPMMP

9) at least in human cancer and inflammatory cells via several signaling pattiwaysPs

degrade the collagen matrix of the cervix leading to cervical remodeling/shortening and" PTB.

526

The normal healthy vaginal pH in reproductage women ranges from 3485, above which an
imbalance in the vaginalicrobial environments suspected **° Our data showed a pH range

of 3.66.1 and no differences in relation to delivery outcome was observed within the groups
(Table2.1). Also, there was a modest relationship betweesginal pH and gestational age at
delivery in all asymptomatic women studied at-ZZw irrespective of risk status, and the
asymptomatic highisk women studied at 2@8w. This correlation was not seen when the

asymptomatic low and higiisk women were sparated according to their risk status€Big.
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2.7AD). Again, although thi® an extentconfirms thewell documentedrelationship between
vaginal pH an®TB3%°2*%3! whether it can be conveniently applied singly in a low or undefined
risk population warrants further investigationConsistent with other reports® >’ a modest

inverse correlation btween vaginal pHand ultrasound CL was observed but in the
symptomatic women only. This relationship is noteworthy as an increagagimal pHould be
suggestive of an altered vaginal microbiota and/or an ascending genital infection capable of
triggering the release of MMPs via proinflammatory cytokimediated neutrophil and
macrofhage degranulation. MMPs catalyise degradation of the cervical extracellular matrix

and mucus plug leading to shortening, softening and dilation of the cervix and thostiom

the establishment of an ascending genital infection and consequently PTL and*#fB?

In addition to the above observations, as gestation progressed and depending on the indication,
a subset of our stdy participants in each group received a range of treatments aimed at
reducing or preventing the risk of PTL and PTB as well as the atteramtanplications (Table

5.1). Nevertheless, some of these women still went on to deliver preterm. Though unethical
ard beyond the scope of this investigation, an ideal experimental situation would be allowing
normal pregnancy progression without any therapeutic intervention. The effects of these
treatment measures independently or as a whole on the vaginal microbiotanatabolite
signatures at various gestational time points in asymptomatic and symptomatic high and low risk
pregnant women is a subject for future investigation. In the meantime, we acknowledge that
these measures may have influenced the eventual detiwgcpme, although our study cohorts

were recruited and sampled at presentation prior to the administration of any treatment.
Despite the possible impact of these treatments on the ultimate delivery outcomes, the
incidence of PTB in our study cohorts is cparable to that of the general population which
ranges from §18% of all live births annuafy.* 343953253 Alpeit, evidence supporting routine
transvaginal ultrasound screening of all pregnant women regardless of symptoms or a prior
term delivery was meagét: **® recent reports have recommended universal screening for both
asymptomatic and symptomatic women with or without previous preterm birth, but was not

indicated for those with multiple gestatiof® >%°%
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Chapter 6

General Discussion
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It is conceivable thataginal microorganisms atiteir biochemicahctivities are traceable from
the metabolic byproducts produced. There is aestablishedassociation between the vaginal
microbid composition and preterm birth®® 1% °% By extension the vaginal microbéa
metabolites which are an indication of not just the presencat Ithe functional activities of the
bacterid species should be associated with preterm birth. Alsagdequate analyses of these
metabolites can elucidate theaicrobiologyof the female genital tract in pregnant and non
pregnant state¥:**° Theseobservationsas wellasthe requirement of an accurate marker for
the prognostication of preterm birthformed the rationale for investigatinGVF metabolites in
different cohorts of pregnant womem relation to preterm birth. Specifically, this study was
designed; firstly, ot determine if the '"H-MR spectrum of CVF can diagnosewomen who
ultimately deliver pematurelyfrom cohorts of womenat highor low risk of preterm birth, and

in pregnant women presentingvith symptoms suggestive of threatened preterm labour
Secondlythis studyaimedto characterise anderify the CVF metabolitesignatureof a cohort

of pregnant women byH-MRS and gectrophotometry, and determingheir predictive utility
for preterm birth. Thirdly, we examinel the relationship betweerturrent clinical assessment
methods for preterm birth such a€VF fetal fibronectin and ultrasound cecal length;and
vaginal microbiotanetabolitesof pregnant womenin relation to gestational age at delivery
Lastly, b identify the cellular composition of th€VF sample and determine the vaginal
bacterial specie composition by PCR during pregna@egrall, these were performed in order
to provide a comprehensive analysis of the cervicovagimaronmentduring gestatiorfor the

purpose of predictig the likelihoodof preterm delivery

A unique cohort of pregnant women comprising of asymptomatic pregwamen and women
presenting with symptoms of threatened preterm labowere studied The asymptomatic
women were sukclassified into low and high risk depending on a prior preterm delivery as well
as the presence of a short cervix. These women were siidiemid second trimester (2@2
weeks gestation), but the high risk women had a second study visit at late second trimester (26
28 weeks gestation), due to their higisk status.The primaryendpointfor these womenwas
delivery before 37 weeks gestatiolfpreterm), while the secondary endpoint wadelivery
before 32 weeks The women who presented with symptomseminiscent of threatened

preterm labour (symptomatic women), were studied between 24 and 36 weeks gestation. The
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predictive endpointfor these wonen was delivery withir2 weeks of index assessment while

secondary endpoints were delivery before 32 and 37 weeks of gestation.

Our choice of this unique cohort was to take into consideration the controversgardingthe
usefulness of the predictive poteal of CVF metabolite markers obtained from a high risk
population when applied in a population of low or undefined fisllso, it was hoped that
potential CVF metabolitemarkers from this studyndependently or in conjunction with current
clinical assessment makers (i.e. FFN and Cayld be applied effectively and accordingly
depending o the risk and symptom statuses of the patients. To our mind, this is somewhat a

holistic approach to the investigatiai CVF metabolite markers of preterm birth

Notably, our results revealed that in the asymptomatic womstadied at 2622 weeks
gestatim, acetate and BCAA normalised integrals measuredHWVRS were predictive of
preterm birth before 37 weeks gestation in the high and low risk groups respectively. In the
symptomatic women, acetate normalised integrals and acetate/lactate ratio weretpedif
preterm birth before32 and37 weeks gestation as well as within 2 weeks of index assessment.
Also, the glutamine/glutamate normadintegralin these women was predictive of preterm
birth before 32 weeks gestation and within 2 weeks of indeseasmentFurthermore, just like
acetate normalised integrals, CVF acetate concentration measured by spectrophotoasstic
technique in the symptomatic women was predictive of preterm birth before 37 weeks
gestation and within 2 weeks of index assesdmient not at 32 weeks gestatiofpossibly due

to smaller sample populationThe predictive abilities of the above metabolites in the different
cohorts were comparable to those of FFN and CL, but not in the asymptomatic low risk
women where both FFN and ICdid not showsignificant predictive utility for preterm birth.
Similar to both FFN and CL, the metabolites showed high sensitivitiedq@%), specificities
(61-85%), NPVs (A400%), but low PPVs (32%).No metabolite was predictive of preterm

birth in the asymptomatic high risk women studied atZ®&weeks gestatian

We also observed that in the symptomatic womeapart from being correlatedyoth acetate
normalised integraland acetate concentration were higher in the women who delivered
preterm thanthose that delivered at term. In addin, acetate normalised integrahhanced

the predictive abilities of both FFN and CL for preterm birth before 37 weeks gestation
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Although vaginal pH did not differ between termnd pretermdelivered womenand wasnot
predictive of preterm birth in any of the groups this study it was associated with acetate and
lactate normalised integrals across the groups similar to other repbriacrease in CVF
acetate and decrease in lactatas seen during anaerobic bacterial colonisation due to
diminishedLactobacilludominance is associated with a corresponding increase imaigagH.
This provides a favourable environment for mixed anaerobes to thrive leading to

infection/inflammation anadverse reproductive outcomes.

In an attempt to determine the cells responsible for the metabolites identified, we observed
that the CVF samples comprised of both vaginal squamous epithelial celGramdpositive
andGram negative bacterial cellGenerally, here was a higher prevalence of mixed anaerobes
in preterm-delivered women compared to their term counterparts, whilst quantification of the
bacterial 16S rDNAusing gPCRevealed a higher amount &f. curtisiin the termdelivered
women partialarly in the asymptomaticigh riskwomen studied at 222 weeks gestation, but

no significant differences i®. vaginalisvas observed in relation to delivery outcome. In
contrast to this trend, the asymptomatic low risk women showed an unexpected higher
prevalence of mixed anaerobes in the tedelivered women compared to their preterm
counterparts. This is somewhatconsistent with the gPCHlentified higher abundance ™.
curtisiin the term-delivered asymptomaticigh riskwomen. This warrants furthreinvestigation

as our observations in theasymptomatic group, and especially the low risk women are
inconsistent with the establishecklationship between the prevalence of mixed anaerobes
includingM. curtisiivith preterm delivery® 1** 118 160469 However, there are evidences thad.
curtisiiis not sensitive for the diagnosis @hginaldysbiosis such as BV, and is even more

frequently isolated from healthy womé¥.

Taken together, the CVF metabolite profile, microbiota signatweginal pH, FFN, and CL can

be linked in a common pathological pathwBwcterial colonisation of the female genital tract
during gestation and the subsequestandinggenitalinfection, which could be subclinical in
some casedriggers both maternal anfittal immune esponses. This induces cytokimediated
synthesis and release of prostaglandins and MMPs. The prostaglandins stimulate uterine smooth
muscle contraction and cervical remodelifigoftened, shortened and dilated ceryixand

release of MMRswhilst the MMPs triggers membrane rupture in addition to cervigagming
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Ruptured membranesompromisedcervix and degradedcervical plugallow leakage of FFN

into the vaginal compartmerdn one handand ascension of morgotentially virulentbacterial
organisms intahe upper genital tracon the other hand An infectiontriggered inflammatory
positive feeeforward cycle is then established and if allowed uncontrolled could lead to
preterm labour and ultimately preterm birth.” ** #* Therefore, duing pregnancy, the
detection of CVF microbiota composition, microbiota metabolic-gsgducts and/or the
products of the inflammatory processes initiated by these microorganisms could be useful singly
or in combinationwith other clinical diagnostic techquesfor the prognostication of adverse

reproductive outcomes.

To our knowledge this is the first report ofCVF metabolic profiling insuch a unique
classificatiorof pregnant women. It is also the first report of the prognostic utility of branched
chainamino acids i.e. leucine, isoleucine and valine, in asymptomatic pregnant women at low
risk of preterm birth against even the widely employed clinical assessment methods. In addition,
an intriguing diagnostic capacity of CVF acetatgreterm birth lessthan 32 and 37iveeks of
gestation and witim 2 week of presentation iwomen presenting with symptoms suggestive of
preterm labour and less than 37 weeks only in asymptomatic women at high risk of preterm
birth was observed. This further enhanced the potide abilities of FFN and Garticularly in

the symptomatic womenHowever, it should be noted that these observations were obtained
from relatively smaller samples and require confirmation in larger study populafibese
metabolites offer potentiall cheaper, more accurate and less invagileical assayfor the
prediction of preterm deliverieghat can be applied even primary health care facilities in

which other clinical assessment methods may be inadequate.

Future investigations wiblenefitfrom acknowledging the interrelations of vaginal microbiome,
CVF metabolitegrofiles pH, fetal fibronectinultrasound cervial lengthas well as preand

antrinflammatory cytokines the predictionof preterm delivery.

6.1. Conclusion

In corclusion,we have reported that apart from FFN and CL, there are differences in CVF

metabolite signatures in asymptomadicd symptomatic pregnant women that can be exploited
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for the identification of women at risk and the prognostication of preterm delivery. Edevat
CVF acetate showed clinically useful discriminative propensity for preterm delivery and delivery
within 2 weeks of presentation in symptomatic women, and for only preterm delivery in
asymptomatic high risk women. A ratio of acetate to lactate showedlaindiscriminatory
capacity in symptomatic womenvhilst branched chain amino acids appeared predictive of
preterm delivery in asymptomatic women at low risk of preterm birth. These metabolite
differences were supported with the identification of an ass@n of higher prevalence of

mixed anaerobem the vaginal melieand preterm birth.
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6.2. Future work

Thoughthe data presented in this reporis promisng, we have identified the limitations and

prospective improvements:
Participans:

- Continuous ecruitment of pregnant women especially women presenting with
symptoms suggestive of preterm labour

- Reclassification and analysis of CVF metalsohted microbiome data of currently
available study cohorts.

- Recruitment of normpregnant womenat the proliferative and secretory phases of
menstrual cycle attending the gynaecological clinics.

- Recruitment of pregnant women from other ethnic/racial inclinateg. African and
Hispanic women and determination of racial differences in CVF metabalit

microbiota signatures in relation to preterm birth.
Metabolite study:

- ldentification of more metabolites from th#d-MR spectra and the possible use of MR
spectrometer with stronger magnetic field strength e.g. 900 M24zT).

- Normalisation of identied '‘H-MR signals using the probabilistic quotient normalisation
method in comparison to the integral normalisation approach.

- Analyses of CVHnetabolite concentrations oboth asymptomatic and symptomatic
pregnantwomen using spectrophotometri¢echnique eg. the ChemWefl 2910 aute
analyser and determination of their predictive utility for preterm birth.

- Evaluation of the relationship betwe&\VF total lactic acid, Blactic acid, Hactic acid,
L/D-lactic acid ratio and preterm birth in our cohort.

- Invesigation of the predictive capacity of branched chain amino acids in asymptomatic
low risk womenfor preterm birth and in comparison to their high risk counterparts

- Comparison and combination of the predictive abilitiesna#taboliteconcentrations and
those of FFN and CL as well as prand antinflammatory cytokines associated with

preterm birth.
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Microbiome study:

- Molecular characterisation of CVF bacterial gene udigh fidelity specispecific
primers and 16S gersequencing

- Application of multiplex PCR technique which involves the amplification of multiple
different DNA simultaneously ithe assessment of the vaginal microbiomeelation to
delivery outcomes.

- Detection of fastidious and unculturable vaginal bacterial speci€fubyescence in @i
hybridization (FISH)FISH can determine the localt®n or distribution of specific
bacterial species in the vaginal microbial ecology.

- Evaluation of the relationship betwe@&@WVF total lactic acidD-lactic acid, Hactic acid,
L/D-lactic acid raticandLactobacillus spominancen relation to preterm birth.

- Determination of the relationship between branched chain amino acids and vaginal

microbiome in asymptomatic low risk women.
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