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ABSTRACT 
 

Preterm birth (PTB) affects 11% of pregnancies worldwide and the leading cause is infection and 

inflammation. The maternal immune system undergoes temporal adaptions during healthy 

pregnancy, but how this may be altered in PTB remains largely unexplored. The vaginal microbial 

composition influences pregnancy outcome, although the mechanism of microbial-driven PTB is not 

well understood.  

 

This thesis explores if there are peripheral and local immune signatures in women who undergo 

microbial-driven PTB. The key aims were to describe 1) changes in the maternal immune response in 

healthy pregnancy and spontaneous PTB, 2) alterations in the immune response to cervical shortening 

and cervical cerclage and 3) differences in the immune response to the vaginal microbial composition 

in term and preterm pregnancies. 

 

Temporal adaptations in the peripheral immune response were similar in term and preterm 

pregnancies and were not directly impacted by the vaginal microbiota. Activation of the local innate 

and adaptive immune response were seen in cervical shortening, and in a proportion of women who 

delivered preterm. Lactobacillus iners and diverse microbial composition were associated with 

increases in local mediators of microbial recognition, complement and pro-inflammatory cytokines. 

This response was augmented in those who delivered preterm, suggestive of  a dysregulated immune 

response.  In contrast, cervical shortening and PTB in the presence of Lactobacillus crispatus was not 

associated with activation of the innate or adaptive immune response, therefore were likely to be 

driven by alternative causes. Placement of a Mersilene cerclage led to an augmented immune 

response and was associated with higher PTB rates compared to Nylon, and therefore should not be 

used.   

 

Microbial-driven PTB involves microbial recognition and activation of the complement cascade, 

leading to a pro-inflammatory local immune milieu. This opens the door for the development of 

immune modulators, complement inhibitors and probiotics to mitigate the risk  of microbial driven 

PTB.  
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1.1 Preterm birth 
 

Worldwide 15 million babies are born preterm before 37 weeks gestation each year. Preterm birth 

can be categorised based upon the gestational age at delivery; extremely preterm at less than 28 

weeks, very preterm between 28 and 32 weeks and moderate to late preterm between 32 and 37 

weeks (1). It is the leading cause of neonatal morbidity and mortality, with 1 million babies dying each 

year as a result of complications of preterm birth (2).  

 

Neonatal complications of preterm birth include hypoglycaemia, feeding difficulties, hypothermia, 

sepsis, respiratory distress syndrome, necrotising enterocolitis and intraventricular haemorrhage (3), 

with the most severe complications more commonly affecting extremely premature infants. 

Approximately 50% of all neonatal deaths are of preterm babies (4). Those who do survive infancy can 

have long term neurological, respiratory, visual, hearing and developmental complications.  

 

Preterm birth can be medically indicated (iatrogenic) due to maternal or fetal morbidity (30% cases) 

or spontaneous (70% cases). Preterm labour includes cases where the fetal membranes are intact at 

the onset of labour (40-45%) and where there is preterm prelabour rupture of membranes (PPROM) 

(30%) (5). Spontaneous preterm birth is often considered a syndrome with multiple aetiologies and 

causal factors. Maternal factors influencing the risk of preterm birth include the extremes of maternal 

age (6, 7), short pregnancy intervals (8, 9), low BMI (5, 10), previous preterm birth (11, 12), previous excisional 

cervical treatment (13), previous mid-trimester miscarriage (14), black ethnicity (15),  and uterine 

anomalies (16). Index pregnancy risk factors include concurrent infection, multiple pregnancy causing 

uterine distension, male infant (17) and congenital abnormalities, (however the latter are often omitted 

from studies describing spontaneous preterm birth).  

 

The worldwide incidence of preterm birth is approximately 11.1% of all pregnancies, however there is 

wide variation between different geographical regions. The lowest rates are in northern Europe and 

the highest rates are in Sub-Saharan Africa (4). As reported by the Office for National Statistics, in the 

UK in 2018, the preterm birth rate was 7.9%. A breakdown by ethnic group is provided in Figure 1.1, 

with the lowest rates in the White British and White other groups, (7.96% and 6.56% respectively), 

whilst the highest rate was observed in the Black Caribbean group at 9.71%.  The racial disparity is 

observed even in studies that correct for socioeconomic factors (18). Some groups have reported on 

polymorphisms in the TNF-α allele (tumour necrosis factor) (19) and the SERPINH1 gene (Serpin Family 
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H Member 1), a gene encoding heat-shock protein 47 which is required for collagen synthesis (20) which 

are more commonly found in Black ethnicities which may partly explain the racial disparity.  

 

Figure 1.1 Preterm birth rate by ethnic group in the UK (2018) 
Source: Office of National Statistics. Retrieved July 2020. 

 

1.2 Prevention of preterm birth 
 

Women at high risk of preterm labour are identified in early pregnancy when booking for antenatal 

care. Risk factors include previous spontaneous preterm labour, excisional cervical treatment, mid-

trimester miscarriage and multiple pregnancy. The fifth element of the Saving Babies Lives Care 

Bundle, version 2 (SBLCBv2) from NHS England sets out recommendations to help reduce preterm 

birth, neonatal morbidity and mortality, with three main target areas of prediction, prevention and 

better preparation when preterm birth is unavoidable (21).  It is recommended that all women 

identified at risk of preterm birth have access to a preterm birth prevention service led by a specialist 

clinician. A Cochrane meta-analysis of pregnancy interventions to prevent preterm birth identified 

four interventions which provided clear evidence of benefit. These were cervical cerclage in singleton 

pregnancies in women at high risk of preterm birth, midwife-led continuity models of care, screening 

for lower genital tract infections before 37 weeks of gestation, and zinc supplementation in those 

without systemic illness (22). Prediction and prevention of preterm birth is difficult because it has 

multiple underlying causes, thus interventions are unable to be applied in a ‘one-size fits all’ approach.  
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1.2.1 Screening 
 

The SBLCBv2 recommends preterm birth prevention clinics be set up at NHS hospitals where women 

can have transvaginal cervical length assessments. A short cervical length (<25mm) confers a higher 

risk of preterm birth (23). It is a well-established, cost-effective screening test for preterm birth and can 

be performed by trained clinicians (Figure 1.2). A measurement of >25mm (>10th centile) between  the 

internal and external os of the cervix at 24 weeks gestation is reassuring and 90% of such women will 

deliver at term (24).  A measurement of 25mm is the threshold for clinical intervention (Figure 1.3). The 

NICE guidelines for Preterm Labour and Birth recommends offering prophylactic progesterone or 

prophylactic cervical cerclage to women with a history of spontaneous preterm birth or mid-trimester 

loss and cervical length ≤25mm between 16+0-24+0 weeks gestation. Prophylactic progesterone should 

be considered in women with these risk factors. Cervical cerclage should be considered if the cervical 

length is ≤25mm with either a history of PPROM or cervical trauma (25).  

 

Cervical length measurement has good specificity but low sensitivity and low positive predictive value 

(26-28). It is a good rule out test if the cervical length is normal.  There is limited use in screening low risk 

populations and cervical length screening is recommended for use in women with existing risk factors 

for preterm delivery only. In a study of over 9000 nulliparous low risk women with singleton 

pregnancies, transvaginal cervical length ultrasound had low predictive accuracy of 23% for 

spontaneous preterm birth (29).  

 

 

Figure 1.2 Measurement of cervical length on transvaginal ultrasound 
The cervical length is measured from the internal to the external cervical os. A long, closed cervix is shown in 
(A), and a shortened cervix with funnelling is shown in (B). Source: St Mary’s Preterm Birth Surveillance Clinic, 
Imperial College NHS Trust. 
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Figure 1.3 Risk of preterm delivery increases as the cervical length decreases 
Cervical lengths were performed at 24 weeks gestation on a heterogenous population of 2915 women with and 
without risk factors for preterm birth. Cervical length measured by transvaginal ultrasound was normally 
distributed. The relative risk of preterm birth before 35 weeks gestation for cervical lengths below the 75th 
centile is displayed on bars. A cervical length less than the 10th centile, 25mm resulted in a relative risk of preterm 
delivery of 6.2. Reproduced from Iams et al. 1996 (23) 

 

 

Cervical length measurement can be used to predict preterm birth risk in conjunction with measuring 

the concentration of fetal fibronectin (fFN) in cervicovaginal fluid collected by a transvaginal swab. 

Fetal fibronectin is an extracellular matrix glycoprotein secreted by amniocytes throughout 

pregnancy. Before the fusion of the decidua and fetal membranes, fFN is detectable in cervicovaginal 

fluid. Levels subsequently become undetectable between 18-35 weeks when the two layers fuse. 

Detectable concentrations reflect disruption of the extracellular matrix which could be secondary to 

inflammation, infection or mechanical injury. Clinically the measurement of fFN between 24-34 weeks 

gestation can be used to predict preterm birth, with a measurement of less than 50ng/ml having a 

high negative predictive value of 99% for delivery within the next 14 days (30). The positive predictive 

value improves with greater concentrations. Levels between 50-200ng/ml have a positive predictive 

value of 20% for PTB within 14 days, whilst levels greater than 500ng/ml have a positive predictive 

value of 47% (31). The QUiPP App takes into account the presence/absence of symptoms of preterm 

labour, risk factors for preterm birth, current gestation, shortest cervical length measurement and the 

fibronectin concentration to calculate the risk of preterm delivery (32). It can help to guide when a 

woman at risk should be admitted to hospital and administered corticosteroids for fetal lung 

maturation.  
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Other vaginal fluid bio-marker tests which are commercially available are PartoSure® which detects 

placental alpha macroglobulin-1 (PAMG-1) in vaginal secretions and Actim® PROM which detects 

amniotic isoforms of insulin-like growth factor protein (IGFBP-1). PAMG-1 is found in high 

concentrations in the amniotic cavity, and low concentrations in the vaginal secretions. It has been 

found to correlate strongly with delivery in patients presenting with threatened preterm labour with 

intact membranes (33). Insulin-like growth factor protein is secreted from placental decidual cells when 

there is disruption of the choriodecidual interface (34). They are both point of care test for women 

already presenting with symptoms of preterm labour. Similar to fFN, their clinical value is in their 

negative predictive value. Their downside is their inability to predict preterm labour at an earlier time 

point that allows for targeted surveillance and preventative measures to be instigated. 

 

1.2.2 Progesterone 
 

During pregnancy, progesterone plays an important role in mediating key inflammatory and 

contractile pathways thus maintaining the uterus in a quiescent state. This includes receptor mediated 

inhibition of transcription factor NF-κB and downstream expression of pro-inflammatory genes in the 

cervix, uterus and fetal membranes that mediate the phenotypic changes at each of these sties 

required for birth, namely cervical ripening, uterine contractility and fetal membrane remodelling.  

Progesterone has been shown to inhibit NF-κB, COX-2 and prostaglandin production (35) and neutrophil 

chemoattractant IL-8 in amniocytes (36). It also has tocolytic effects on the myometrium (37). 

 

In early pregnancy, progesterone is produced by the corpus luteum before production is continued by 

the placenta. There are two isoforms of the progesterone receptor, and the balance of activity 

between them in gestational tissues is key to the uterus being quiescent for the majority of pregnancy 

and then becoming activated during labour (38). Before labour, the anti-inflammatory actions of  

progesterone receptor B dominates and then at term,  there is upregulation of pro-inflammatory 

progesterone receptor A (PR-A), which then overwhelms the anti-inflammatory activity of PR-B (39). 

Murine studies demonstrate that a reduction of systemic progesterone leads to cervical remodelling 

and preterm labour (40), however this is not seen in humans, but rather a ‘functional’ withdrawal occurs 

due to reduced activity from PR-B, triggering labour. Further supporting the role of progesterone in 

maintaining pregnancy, Mifepristone is a progesterone receptor antagonist RU-486 which induces 

cervical ripening and is utilised in the management of medical termination of pregnancy.  
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Progesterone has long believed to dampen uterine contractility (41) by exerting its actions through 

genomic and non-genomic pathways by interacting with nuclear and plasma membrane progesterone 

receptors. It is the most studied pharmacological agent to prevent preterm birth. A systematic review 

reports equal efficacy of progesterone and cervical cerclage in cervical shortening in singleton 

pregnancies with a history of previous preterm birth (42). However it does not confer any additional 

benefit when used in conjunction with cervical cerclage or in women presenting with threatened 

preterm labour  (43). There are inconsistent reports on its efficacy to prevent preterm birth which may 

be related to the multi-factorial causes of preterm birth, different preparations and routes of 

administration (44).  

 

Many clinical trials have been performed on two different preparations, natural progesterone and the 

synthetic analogue of its metabolite 17α-hydroxyprogesterone (17-OHP). Natural progesterone (P4) 

is commonly administered as a vaginal or rectal pessary, whereas 17-OHP is administered as an 

intramuscular injection. The former is recommended by the National Institute for Health and Care 

Excellent (NICE) in the UK (25), whilst the latter is the only progestin approved by the US Food and Drug 

Administration for the prevention of preterm birth (45).    

 

1.2.3 Cervical cerclage 
 

Cervical cerclage can be performed abdominally or more commonly, transvaginally to mechanically 

support the cervix and protect the mucus plug. They can be ultrasound or history indicated. 

Recommended UK practice is to recommend insertion of a cervical cerclage if the cervical length is 

≤25mm in a woman who has previously had a preterm birth, mid-trimester miscarriage or excisional 

cervical treatment (25). History indicated cervical cerclages tend to be performed for women who have 

had a cerclage in a previous pregnancy, a history of cervical insufficiency following preterm 

spontaneous painless cervical dilation or trachelectomy.  Evidence supports the  reduction in preterm 

birth with the use of cerclage in women with cervical shortening ≤25mm who have risk factors for 

preterm birth, and in women with cervical shortening <10mm without risk factors (46). However it is 

not recommended women with cervical shortening between 10-25mm without other risk factors for 

preterm delivery (47).  

 

Two methods for cervical cerclage insertion have been described and are widely used in clinical 

practice today; Shirodkar involving bladder reflection and McDonald without bladder reflection with 

comparable success (48). Non-absorbable monofilament suture (e.g Nylon) or braided sutures (e.g 
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Mersilene) are used for either method, which can be readily removed to allow for vaginal delivery. 

The braided Mersilene suture consists of woven polyester ethylene terephthalate fibres to form a 

5mm wide mesh tape and has high tensile strength. The mono-filament Nylon suture is a single strand 

of polyamide polymer, which applies less mechanical resistance during insertion, however more 

surgical knots are required when securing it in place (49). The choice of technique and suture material 

is driven by surgical preference. A survey of UK Obstetricians and Gynaecologists reported that 

braided sutures were used by the majority (175/202, 87%) but many were unsure which was the best 

material to use (50). Our group have subsequently reported that the choice of suture material can 

impact upon the pregnancy outcome. Braided sutures were associated with vaginal microbiome 

dysbiosis, a local pro-inflammatory cytokine response and poorer pregnancy outcomes compared to 

monofilament sutures (49). A large multi-centre UK trial (C-STITCH) to examine the effect of 

monofilament and braided suture material used in cervical cerclage is nearing the end of recruitment. 

This study aimed to recruit over 2000 women randomising study participants to receive either a 

monofilament or a braided cerclage, with the main outcome measures being the effect of cerclage 

material on pregnancy loss rate (defined as miscarriage, stillbirth and neonatal death in the first of 

life), and neonatal mortality up to 7 days post-delivery in women presenting with cervical insufficiency 

who were treated with a cervical cerclage (51).  

 

1.2.4 Cervical pessary 
 

The Arabin pessary is a soft silicon ring that can be inserted vaginally to surround the cervix. It alters 

the position of the cervical canal and redistributes the weight of the gravid uterus on the cervix. It is 

easily inserted, has limited side effects and is well tolerated by patients (52). Its efficacy is likely to be 

influenced by the multifactorial nature of preterm birth. Some papers report that it does not reduce 

preterm birth in singleton pregnancies with cervical shortening (53, 54), however it may have therapeutic 

benefit if an individual has had previous preterm labour without a history of PPROM (55) , or as 

combination therapy together with cervical cerclage and progesterone (56) and in cervical shortening 

in women with a multiple pregnancy (57).  

 

1.2.5 Antibiotics 
 

Infection and inflammation are leading causes of preterm labour. Treatment of urinary tract 

infections, e.g pyelonephritis (58), asymptomatic bacteriuria (59), bacterial vaginosis (60), pneumonia and 

malaria reduces the risk of preterm birth. However there is insufficient evidence to recommend the 
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routine use of antibiotic prophylaxis to reduce the risk of PPROM or preterm birth (61, 62). The ORACLE 

II trial (Overview of the role of antibiotics in the curtailment of labour and early delivery) found that 

antibiotics in spontaneous preterm labour with intact membranes without evidence of clinical 

infection did not reduce the study’s primary outcome measures of neonatal death, chronic lung 

disease and major cerebral abnormalities (63). There are reports that prophylactic antibiotics can even 

cause harm. The PREMET study was a randomised controlled trial of metronidazole to prevent 

preterm birth in women with a positive fetal fibronectin test (64). It was stopped early due to higher 

rates of preterm delivery in those who received the antibiotic.  

 

1.3 Management of preterm labour 
 

As described, the use of cervical cerclage, cervical pessary, progesterone and antibiotics to treat 

concurrent infection can be utilised to delay threatened preterm labour however there are cases when 

delaying delivery can have deleterious effects such as prolonging the exposure of the fetus to 

inflammation and infection. In order to optimise care for cases of inevitable preterm birth 

corticosteroids, tocolytics, magnesium sulphate, prophylactic antibiotics and intra-uterine transfer to 

tertiary centres have all been shown to improve neonatal outcome. Approximately two thirds of 

preterm birth occur in women with no identifiable risk factors for preterm delivery (65), thus 

emphasising the importance of the following clinical interventions. 

 

1.3.1 Corticosteroids 
 

Corticosteroids stimulate the synthesis of pulmonary surfactant, antioxidant enzymes, and regulate 

pulmonary fluid metabolism to accelerate fetal lung maturation. Administration of antenatal 

corticosteroids to the mother reduces the risk of perinatal death, neonatal death, respiratory distress 

syndrome, intraventricular haemorrhage, necrotising enterocolitis, the need for mechanical 

ventilation and systemic infections in the first 48 hours of life (66). The WHO recommends antenatal 

corticosteroid therapy for women at risk of preterm birth from 24 to 34 weeks gestation if the 

gestational age is accurately assessed, preterm birth is considered imminent, there are no clinical signs 

of maternal infection, adequate childbirth care is available and the preterm newborn can receive the 

appropriate care (67). The timing of corticosteroid administration is important to confer maximal 

benefit which is within 7 days from administration to birth. No additional survival benefits were 

conferred when administering corticosteroids beyond 34 weeks gestation, and rates of neonatal 
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hypoglycaemia are significantly higher (68). The usual regimen is 12mg of Betamethasone administered 

as two intramuscular injections 12-24 hours apart. 

 

1.3.2 Tocolytics 
 

Tocolytics can be used to reduce the frequency and strength of uterine contractions. In clinical practice 

they have a short-term role for enabling sufficient time to complete a course of antenatal 

corticosteroids or to facilitate intrauterine transfer to a suitable neonatal unit prior to delivery. There 

are various different pharmacological agents in use, including calcium channel blockers (Nifedipine), 

prostaglandin inhibitors (Indomethacin), oxytocin receptor antagonists (Atosiban), beta receptor 

agonists (Terbutaline) and Magnesium Sulphate. The first two listed have been found to be most 

effective at delaying delivery by 48 hours, reducing neonatal mortality, reducing neonatal respiratory 

distress syndrome and have less maternal side effects (69).  Caution is necessary with Indomethacin as 

there is increased risk of intraventricular haemorrhage (70), periventricular leukomalacia (70), necrotising 

enterocolitis (70) and increased risk chorioamnionitis when used following PPROM (71). The first line 

agent recommended by NICE is Nifedipine, and if it is contraindicated, oxytocin receptor antagonists 

are the recommended second line agents (25).  

 

1.3.3 Magnesium sulphate 
 

As well as a recognised tocolytic agent, Magnesium sulphate has a neuroprotective role to the fetus 

when given antenatally to the mother, significantly reducing the rate of cerebral palsy and gross motor 

dysfunction (72, 73). Multiple mechanisms may confer the neuroprotective effect of magnesium, 

including as a NMDA receptor antagonist, preventing calcium-induced cellular injury, reducing 

extracellular glutamate under ischaemic conditions, reducing calcium influx through voltage gated 

channels, reducing apoptosis and anti-inflammatory effects (74). NICE recommends administering 

intravenous magnesium sulphate for neuroprotection of the baby to women between 24-34 weeks 

gestation who are in established labour or having a planned preterm delivery within 24 hours (25). The 

PReCePT programme (Prevention of Cerebral Palsy in PreTerm Labour) was developed by the West of 

England Academic Health Science Network and is now nationwide; with the aim to reduce the 

incidence of cerebral palsy by offering magnesium sulphate to all eligible women in England during 

preterm labour (75). 
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1.3.4 Antibiotics  
 

Infection and resulting inflammation are well-recognised key drivers for preterm labour. Overview of 

the Role of Antibiotics in the Curtailment of Labour and Early Delivery 2 (ORACLE 2) was a meta-

analysis of 14 studies involving 7837 women who were randomised to antibiotic treatment, placebo 

and no treatment in preterm labour with intact membranes. The study concluded  that in the absence 

of signs of infection, antibiotics should not be routinely given to women with preterm labour with 

intact membranes (76). Despite a reduction in maternal infection, there were no neonatal benefits and 

of concern there was increased neonatal mortality with the use of macrolides and beta-lactam 

antibiotics (76).  

 

In ORACLE 1, 4826 women with PPROM were randomly assigned erythromycin, co-amoxiclav, both 

antibiotics, or placebo. Those infants born to women in the erythromycin group only, had significantly 

lower neonatal death rates, chronic lung disease and major cerebral abnormality on ultrasound, 

compared to the placebo group. Erythromycin was found to reduce neonatal treatment with 

surfactant, reduce oxygen dependence at 28 days of age, and was associated with fewer major 

cerebral abnormalities on ultrasound and fewer positive blood cultures. Co-amoxiclav was associated 

with higher rates of neonatal necrotising enterocolitis (63). Consequently, the Royal College of 

Obstetricians and Gynaecologists (RCOG) recommendation was for Erythromycin to be given for 10 

days following diagnosis of PPROM, or until the women was in established labour (77), however ORACLE 

2 did not show any long term benefits. The recommended use of Erythromycin is now debated with 

more recent findings that vaginal dysbiosis, characterised by Lactobacillus species depletion was 

exacerbated by Erythromycin treatment in women who were initially colonised with Lactobacillus 

species. Furthermore, an adverse vaginal microbial composition with Lactobacillus species depletion 

correlated with higher rates of early onset neonatal sepsis (78).  

 

Group B streptococcus (GBS) is the most common cause of neonatal sepsis and early onset neonatal 

Group B Streptococcal is more prevalent in preterm infants. Therefore,  intrapartum antibiotics are 

recommended for women in preterm labour (79). 
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1.4 Physiology of labour 
 

During healthy pregnancy, the cervix remains long and closed, the myometrium is quiescent and the 

fetal membranes are intact. Understanding their function during pregnancy and labour is important 

when considering the preventative measures and management strategies for preventing preterm 

birth. There is a transition at term that leads to cervical remodelling, co-ordinated uterine contractions 

and fetal membrane rupture, however the triggering mechanisms driving these labour events are 

poorly understood.  

 

1.4.1 Cervical remodelling 
 

The cervix provides structural support to the uterus and protects the mucous plug. Type I and type III 

collagen fibres in the extracellular matrix provide tensile strength (80). The concentration of cervical 

collagen reduces when there is an increase in hydrophilic glycosaminoglycans, non-collagenous 

proteins and aquaporin water channels which disperses and solubilises the collagen fibres (81). 

Coinciding with this process is a local pro-inflammatory response which sees the extracellular matrix 

of the cervix flooded with immune cells including T cells, mast cells, neutrophils, eosinophils and 

activated macrophages and up-regulation of pro-inflammatory cytokines, IL-6, IL-8, IL-1β and TNF-α 

(82, 83). These cytokines promote angiogenesis, vasodilatation and increase vascular permeability 

further facilitating the influx of immune cells to the cervix. Also contributing to the cervical 

remodelling are matrix metalloproteinases (MMPs-1, -8, -9 and -13) and prostaglandin production, 

particularly PGE2, all of which result in the loss of tensile strength provided by the collagen fibres. 

Cervical dilation is also aided mechanically as the uterus contracts and the fetal head applies pressure 

on to the cervix. After delivery, the mechanical stretch effect diminishes, and anti-inflammatory 

pathways are activated allowing repair of the extracellular matrix of the cervix (81). 

 

1.4.2 Uterine contractions 
 

The myometrium is the muscular layer of the uterine wall consisting of smooth muscle cells, myocytes. 

A sliding interaction between the actin thin filaments and the myosin thick filaments leads to muscle 

contraction, which is stimulated by myosin light chain kinase and inhibited by myosin light chain 

phosphatase (84). Myosin light chain is activated by intracellular calcium and calmodulin (85). Oxytocin 

and prostaglandin F2 alpha influence the activity of myosin light chain kinase and myosin light chain 

phosphatase (86, 87).  
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Oxytocin is a uterotonic, secreted by the posterior pituitary. Upon binding to the oxytocin receptor, 

phospholipase C on the plasma membrane of smooth muscle cells of the uterus produces inositol 

triphosphate and diacylglycerol which releases intracellular calcium stores required for muscle 

contraction. There is an increase in oxytocin receptors at term. Oxytocin also stimulates prostaglandin 

release and activation of inflammatory pathways through NF-κB (88).   

 

Progesterone has two receptor subtypes, pro-inflammatory PR-A and anti-inflammatory PR-B. 

Progesterone levels remain high throughout human pregnancy, however at term there is an apparent 

functional withdrawal. At term PR-A expression increases and there is upregulation of uterine 

activator protein genes (89). The suppressive, anti-inflammatory effect which would have been exerted 

by PR-B is overwhelmed by the pro-inflammatory activity of PR-A (90). 

 

Placental derived corticotrophin-releasing hormone (CRH) increases with advancing gestation. CRH 

binding protein (CRHBP) limits the bioavailability of CRH, however at term, CRHBP levels fall. CRH can 

then bind to its receptor and its downstream effects are to increase Prostaglandin H synthase type 2 

enzyme (PGH-2/COX-2) in the amnion, and to stimulate the production of MMPs in the amnion and 

cervix and the generation of cyclic adenosine monophosphate which stimulates myometrial 

contractions (91, 92). There is also transplacental transfer of CRH and upon acting on the fetal pituitary 

and adrenal glands this leads to the production of corticotrophin, cortisol and 

dehydroepiandrosterone (DHEA). Fetal lung maturation occurs when surfactant is produced in 

response to cortisol.  

 

1.4.3 Fetal membrane rupture 
 

Together the amnion and chorion form the fetal membranes. The amnion is avascular and is the inner 

layer, providing most of the tensile strength. It is a major site of prostaglandin production. The chorion 

is highly vascular and acts as an immunological barrier protecting the fetus from the maternal immune 

system (93). Prior to fetal membrane rupture, activation and thinning of the membranes occurs and 

this process can be thought of in the same way that the cervical remodelling pathways are activated 

in labour, with the release of proinflammatory cytokines, prostaglandins and MMPs (94). Collagen 

turnover in the fetal membranes is controlled by the balance of MMPs and tissue inhibitor of matrix 

metalloproteinases (TIMPs). With advancing gestation, the activity of MMPs is greater than that of 

TIMPs which leads to a reduction in collagen in the extracellular matrix and thinning of the fetal 
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membranes particularly over the internal os of the cervix (95). Forceful uterine contractions also 

contribute to membrane thinning and rupture. 

 

1.5 Pathophysiology of preterm labour 
 

 

 
Figure 1.4 Preterm labour is multifactorial 

 

1.5.1 Infection and inflammation 
 

Pathological activation of the parturition pathways occurs in spontaneous preterm labour. Preterm 

labour is a multifactorial syndrome, (Figure 1.4) however the leading cause is infection/immune 

related. Bacterial infections are reported to account for 40% of cases of spontaneous preterm birth 

(96). Greater than 80% of deliveries prior to 28 weeks are associated with chorioamnionitis (96). 

Ascending microbes/inflammatory mediators from the vagina to the uterus is considered the most 

common route for infection, with bacteria commonly found in the lower genital tract being similar to 

those found in amniotic fluid. Another route is that of periodontal bacteria by haematogenous spread 

and transplacental transfer (97). The balance between healthy commensals and pathogenic bacteria, 

and how the host immune response responds to this balance is likely to influence the risk of infection 

induced preterm birth.  Addressed later in this Chapter is how the maternal immune system undergoes 

highly regulated, temporal adaptions to defend against pathogens whilst tolerating a semi-allogenic 

fetus with paternal antigens.  
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The first line of defence are the epithelial surfaces of the vagina and the cervix. The multi-layered 

squamous epithelial cells produce a mucus layer designed to prevent microbial adherence and 

epithelial invasion. It contains defence proteins and anti-microbials such as immunoglobulins: IgG, IgA, 

IgM (98), lactoferrin (99), lysozyme (100), alpha and beta defensins (100), secretory leukocyte protease 

inhibitor (101) and elafin (102). These constitute the innate and adaptive immune response. The vagina is 

typically colonised with Lactobacillus species and there is a symbiotic relationship with the host 

immune system. High circulating oestrogen levels following menarche promotes the proliferation of 

vaginal epithelial cells and glycogen deposition. The breakdown products are metabolised by 

Lactobacillus species. A Lactobacillus species rich vaginal environment is acidic which is ill-suited for 

many other microbial species (103).  

 

Disruption of this symbiotic relationship between Lactobacillus species and the host immune response 

impairs the epithelial and mucosal barriers and allows immune cells such as macrophages, neutrophils, 

natural killer cells and dendritic cells to migrate into the local tissues (104). Their pattern recognition 

receptors (PRR) recognise pathogen associated molecular patterns (PAMPS) and inflammatory 

pathways are activated in order to try to eradicate the microbial pathogens. PRRs important in the 

female reproductive tract are transmembrane Toll-like receptors (TLR) and cytoplasmic nucleotide-

binding oligomerisation domain (NOD) like receptors (105). Ten TLRs have been described, with TLR-1, 

2, 4 and 6 being the most relevant for infection induced preterm labour. TLR-2 forms heterodimers 

with TLR-1 or TLR-6. TLR-1:TLR-2 complexes bind to lipoproteins, peptidoglycan and 

lipoarabinomannan from Gram-positive and Gram-negative bacteria, and lipoteichoic acid of Gram-

positive bacteria. TLR2:TLR-6 complexes recognised PAMPs of Mycoplasma and Ureaplasma. These 

lead to activation of nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) 

transcription factor results setting off a cascade of inflammatory processes. Another key transcription 

factor is Activator Protein 1 (AP-1), and both NF-κB and AP1 can upregulate the genes encoding pro-

inflammatory cytokines and chemokines: IL-6, IL-8, TNF-α and IL-1β (106, 107). It is possible that 

mobilisation of phagocytic innate immune cells and the subsequent activation of the adaptive immune 

response may be sufficient to manage microbial invasion, however in infection mediated preterm 

birth, these inflammatory processes may culminate in cervical remodelling, fetal membrane rupture 

and uterine contractions.  

 

Infection and immune driven preterm labour can also be due to viral pathogens (108-110). The double-

hit hypothesis refers to how viral infections may alter the host immune response to bacteria flora, 
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resulting in the activation of pathogenic pathways and precipitating preterm labour (111, 112). This in 

effect turns an immune-tolerant environment into a pro-inflammatory state.  

 

1.5.2 Uterine overdistension 
 

Uterine overdistension is thought to contribute to the mechanism of preterm birth in women with 

multiple pregnancy, polyhydramnios, congenital uterine anomalies and fetal macrosomia. Smooth 

muscle cells of the myometrium undergo a degree of hypertrophy and hyperplasia as fetal growth 

advances; however this can be excessive if the uterus is overdistended. The increased stretch of the 

myometrium is thought to activate the formation of gap junction proteins, connexin-43 and 

connexion-26 (113), promote a local proinflammatory response (IL-6, IL-8, IL-1β, TNF-α) and upregulate 

prostaglandins and MMPs (114). Uterine anomalies such as a uterine septum, unicornuate or bicornuate 

uterus and uterine didelphys are associated with a 7 fold increased risk of preterm birth before 34 

weeks and a 3 fold increased risk of PPROM (16). 

 

1.5.3 Cervical insufficiency 
 

As well as providing immune protection, the cervix also serves as a barrier protecting the fetal 

membranes.  Cervical insufficiency describes premature cervical dilation in the absence of uterine 

contractions. It can occur following obstetric or gynaecological trauma, e.g. cervical damage during a 

caesarean section performed in the second stage of labour (115, 116), or excisional cervical treatment for 

cervical pre-invasive disease (117, 118) or malignancy, or it can occur spontaneously without any prior 

complications. The mechanisms leading to cervical insufficiency are unclear in the cases without any 

prior complications. Genetic susceptibility for cervical insufficiency has been explored too (119), with 

genes involved in collagen synthesis of particular interest.  

 

1.5.4 Placental causes 
 

There is the theory of the ‘placental clock’ that influences the length of pregnancy and when labour 

commences (120). Placental secretion of corticotropin-releasing hormone, with reduced concentrations 

of circulating corticotropin-releasing hormone binding protein may be a trigger for parturition. 

Increased corticotropin-releasing hormone has been found to occur earlier in some women who 

deliver preterm (121).   
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Antepartum bleeding in the first trimester of pregnancy has been associated with 2 fold increase in 

subsequent preterm delivery (122, 123), and the risk further increases to 7 fold if there is bleeding in the 

second trimester (124, 125). The mechanism for bleeding increasing the risk of preterm birth is believed 

to centre around thrombin formation which is required for the conversion of fibrinogen to fibrin for 

clot formation. Thrombin upregulates prostaglandin production in the amnion inducing myometrial 

contractions (126) and triggering a local inflammatory response, increasing the expression of MMPs and 

local production of IL-8 (127).  

 

There is also histological evidence that abnormal placentation, with failure of physiological 

transformation of spiral arteries capable of transporting blood at low resistance occurring in women 

who experience preterm labour (128, 129). 

 

1.5.5 Genetic factors  
 

Genetic predisposition according to ethnicity and collagen formation have already been described, 

however there are also many genetic variants in the context of inflammation-associated spontaneous 

preterm birth that are also being explored (130-132). Whole exome sequencing identified mutations in 

genes encoding proteins involved in negative regulation of the innate immune response (CARD6, 

CARD8, NLRP10, NLRP12, NO2 and TLR-10) and anti-microbial proteins (β-defensin 1 and MBL2) (133). 

Furthermore, the mutations in DEFB1 and MBL2 genes have been found more commonly in African 

populations which may help to explain ethnic differences in the rates of preterm birth. Also of interest 

is a polymorphism in the promoter region of the TNF-α gene which was associated with increased risk 

of PPROM (134). The risk was even higher in the presence of bacterial vaginosis (19). This is particularly 

intriguing as it links environmental exposures to genetic susceptibility in the pathophysiology of 

preterm birth.  
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1.6 Molecular-based profiling of vaginal microbiota 
 

Microbiota refers to all the microorganisms in a defined environment, whilst the microbiome 

encompasses the entire habitat, which includes the microorganisms (bacteria, viruses and fungi), their 

genomes and the surrounding environment (135). Traditional culture-based techniques to identify 

bacteria in a given environment have been superseded by next generation sequencing (NGS) which 

determines the DNA sequence of a complete bacterial genome. The main limitations of traditional 

culture-based techniques are the duration of time needed to culture bacteria and the inability to 

simultaneously culture all the bacterial communities present due to differing culturing conditions. NGS 

is reproducible, can readily determine the relative abundance of microorganism communities and can 

detect those in low abundance (136). It is widely used to study the vaginal microbial composition.  

 

In metataxonomics, DNA can be extracted from a given sample and regions of the bacterial 16S 

ribosomal RNA gene (16S rRNA) can be sequenced to identify bacteria species. The 16S rRNA gene 

contains nine hypervariable regions (V1-V9), which range from 30-100 base pairs in length. The 

hypervariable regions can vary significantly between different bacteria, whilst the highly conserved 

sequences between the hypervariable regions allows universal primers to be designed that can 

sequence the 16S gene across different taxa. Sequencing the whole gene is expensive and unnecessary 

as specific hypervariable regions can be selected for amplification and sequencing resulting in the 

same output of bacterial species identification (137).  The V1-V2 amplicon is 260 base pairs in length, 

with paired-end reads. Almost all of the amplified product is sequenced on both forward and reverse 

strands thereby improving the accuracy of the amplified product. It is the most commonly used 

amplicon for sequencing the vaginal microbiome.  

 

The Human Microbiome Project was launched in 2007 by the United States National Institutes of 

Health to improve the understanding of microbes by NGS techniques at multiple body sites including, 

nasal passages, oral cavity, skin, gastrointestinal tract and urogenital tract in human health and disease 

(Phase 1) (138).  This developed into analysing host-microbial interactions in specific conditions; the 

vaginal microbiome in pregnancy and preterm birth, the gut microbiome in inflammatory bowel 

disease and the gut and nasal microbiomes in diabetes over time (Phase 2) (139). 

 

The vaginal microbiota is central to reproductive health. In women of reproductive age, the vaginal 

bacteria consists largely of Lactobacillus species. The rich oestrogen environment stimulates the 

maturation and proliferation of vaginal epithelial cells and the accumulation of glycogen. Glycogen 
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metabolites such as α-dextrines, maltose and maltotriose provide substrates for the conversion of 

lactic acid by Lactobacilli. The lactic acid results in a low pH (4.0-4.5) environment that prevents the 

proliferation of pathogenic organisms, further promoting Lactobacillus species dominance (140). 

Professor Albert Döderlein was the first to describe culturing bacteria from vagina secretions and 

discovered that lactic acid inhibited the growth of pathogens.  

 

Ravel was the first to apply NGS to describe bacteria vaginal microbiota in 396 asymptomatic, non-

pregnant women of reproductive age (141). Using hierarchical clustering based on the relative 

abundance of bacterial species derived from metataxonomic profiling of vaginal samples, five distinct 

community state types (CST) were described. Four of these were Lactobacillus species dominant: CST 

I (L. crispatus), CST II (L. gasseri), CST III (L. iners), CST V (L. jensenii), and CST IV which is polymicrobial, 

consisting predominantly of Prevotella, Sneathia, Megasphaera, Streptococcus, Atopobium and 

Gardnerella. This last group was similar to the bacterial profile typical of bacterial vaginosis. CST IV can 

be divided into two subgroups, CST IV-A which included Anaerococcus, Corynebacterium, Finegoldia 

and Streptococcus species and CST IV-B which included Atopobium , Prevotella and Gardnerella species 

(142).  

 

Other classifications have since been described as a result of sampling different populations and using 

different statistical methods. These are akin to CSTs but are referred to as vaginal microbial groups 

(VMG) or vagitypes. Classification of vaginal bacteria at genera level can also be performed whereby 

according to relative abundance, samples are grouped into Lactobacillus species dominated or 

depleted categories.   

 

The vaginal microbiota is usually largely stable through the menstrual cycle despite rising and falling 

levels of oestrogen (143). In pregnancy, the surge in placental production of oestrogen results in high 

systemic concentrations (144) driving the proliferation of Lactobacillus species. Healthy pregnancy is 

associated with a Lactobacillus dominant profile which is maintained during pregnancy (145, 146). Post-

partum there is a marked shift in the vaginal microbial composition due to the rapid decline in 

oestrogen levels, with a significant increase in microbial diversity, a decrease in Lactobacillus species 

and a shift towards the polymicrobial CST IV (145, 147).  

 

The vaginal microbiome is also heavily influenced by ethnicity and environmental factors. Smoking 

and vaginal douching are associated with a reduction in Lactobacillus species and increase in anaerobic 

bacteria (148-150). Women of black or Hispanic origin have higher prevalence of CST IV and CST III 
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compared to Caucasian and Asian women, whilst the dominant Lactobacillus species in Caucasians is 

L. crispatus (141, 145, 151).  

 

Ascending vaginal infection to gestational tissues is the widely accepted mechanism of action in 

infection and inflammation related preterm birth. The bacteria detected in the fetal membranes in 

cases of preterm birth is similar to that found in the vagina (152) and histological evidence of 

chorioamnionitis is most frequently found at the site of fetal membrane rupture in the lower segment 

of the uterus close to the cervix (153, 154).  

 

There are many cohort studies comparing the vaginal microbial composition in preterm and term 

pregnancies. There is wide variation in the ethnic groups of the study populations. This is important 

to note as ethnicity has strong influences on the vaginal microbial composition. In a mostly white study 

population, Lactobacillus species depletion correlated with earlier gestational age at delivery and 

women who delivered preterm had higher abundances of CST IV diverse species and Gardnerella and 

Ureaplasma bacteria (147). The same group then studied two cohorts of women, Caucasian and Black 

African. They were able to replicate their findings associating Lactobacillus species depletion and 

preterm birth in the Caucasian women, but not in Black African women. Gardnerella was more 

commonly found in Black African compared to Caucasian women, and L. crispatus was protective 

against preterm birth regardless of ethnicity (155). A more recent study comparing the vaginal 

microbiome profiles of 45 women with preterm deliveries, and 90 women with term deliveries mostly 

of African ancestry reported significantly lower abundance of L. crispatus in women with preterm 

deliveries, whilst bacterial vaginosis-associated bacterium 1 (BVAB1), Sneathia and Prevotella species 

were significantly higher (156). This vaginal microbial composition correlated with higher concentrations 

of pro-inflammatory cytokines, eotaxin, IL-1β, IL-6 and macrophage inflammatory protein-1β (MIP-

1β). Again, L. crispatus was more abundant in women who delivered at term. 

 

Our group and another in Austria demonstrated that L. iners is more commonly associated with 

preterm birth, whilst L. crispatus is protective (157, 158). A Canadian group narrowed down the protective 

effect of L. crispatus to be associated with decreased risk of early (before 34 weeks gestation), rather 

than late preterm delivery (159).  

 

Preterm prelabour rupture of membranes (PPROM) precedes approximately a third of cases of 

preterm birth (160). Microbial induced infection and inflammation can cause PPROM, or it can result 

because of PPROM when the protective barrier of the fetal membranes is lost. Ascending bacteria can 
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result in chorioamnionitis and funisitis. Our group found that in women sampled before and after 

PPROM, approximately half who were previously Lactobacillus dominant, become Lactobacillus 

deplete following membrane rupture (78). Furthermore, in longitudinal sampling prior to PPROM, 

instability of bacterial community structure and a shift towards a high diversity state in the second 

trimester was more commonly seen in cases of PPROM compared to term delivery (161).  

 

Women who have had previous excisional cervical treatment for cervical intraepithelial neoplasia 

constitute a large proportion of those referred to the preterm birth surveillance clinics. Mechanical 

cervical insufficiency can occur as a consequence. This is further demonstrated in a study that shows 

that two or more large loop excisions of the transformation zone (LLETZ) procedures increased the 

risk of preterm birth by 4-fold, compared to women with no prior LLETZ (117). Additionally if the excised 

tissue volume exceeded 6cm3 or if the excised tissue thickness was greater than 12mm, there was a 

3-fold increase in the risk of preterm birth (118). Independent of this effect on the risk of preterm birth 

is that cervical intraepithelial neoplasia (CIN) has also been associated with increased vaginal microbial 

diversity and low abundance of Lactobacillus species in a non-pregnant population (162). There was a 

negative correlation between increasing disease severity and relative abundance of Lactobacillus 

species. A recent study of women with untreated CIN 2 with Lactobacillus species dominance were 

more likely to have regressive disease when resampled at 12 months (163). Excisional treatment also 

reduced the diversity of the vaginal microbiota (164).  The risk of preterm birth conferred by excisional 

treatment of the cervix as well as being mechanical may also originate in part by the cervicovaginal 

microbial environment. Although CIN may be associated with microbial changes, however once CIN is 

treated this association may be lost.  

 

One possible mechanism by which L. crispatus can protect against preterm birth whilst L. iners does 

not are the higher concentrations of D-lactic acid in L. crispatus, compared to L. iners. A high L-lactic 

acid to D-lactic acid ratio influences local vaginal extracellular matrix metalloproteinase inducer 

(EMMPRIN) and MMP-9 concentrations (165) and therefore may lead to collagen breakdown that occurs 

in cervical remodelling and shortening. L. crispatus and L. gasseri produce both D-lactic acid and L-

lactic acid. L. jensenii produces only the D-isomer and L. iners produces only the L-isomer (165). Other 

mechanisms include the ability of L. crispatus to produce hydrogen peroxide which can inhibit the 

growth of catalase-negative anaerobic organisms by the production of hydroxyl free radicals, and its 

binding to the vaginal epithelium, competitively preventing other microbes from attaching to the cell 

surface (166). 
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A healthy vaginal microbial profile alone is insufficient to ensure a healthy pregnancy. Even women 

with high abundance of L. crispatus deliver preterm and most pregnant women with bacterial 

vaginosis do not deliver preterm. It is highly likely that an individual’s host immune response to the 

microbial environment is central to their pregnancy outcome. Pregnancy is a unique immunological 

phenomenon and the complex temporal adaptions are described next.  

 

1.7 Immunology of pregnancy 
 

Adaptions occur to the maternal immune system in pregnancy to prevent immune rejection of the 

semi-allogenic fetus whilst still being able to generate a robust response to pathogens in order to 

protect the mother. Broadly speaking there is a degree of immune tolerance and this is notable when 

considering some autoimmune conditions such as rheumatoid arthritis and multiple sclerosis improve 

during pregnancy (167, 168). CD4+ helper T cells subsets include Th1, Th2 and Th17 cells and they exert 

their cellular functions via different cytokines. Both rheumatoid arthritis and multiple sclerosis are 

Th1-mediated conditions. In contrast Th2-mediated conditions such as systemic lupus erythematous 

tends to worsen in pregnancy. To balance dampening of the Th1 response,  there is a degree of 

enhancement of the Th2 immune response (169). The number of circulating peripheral monocytes and 

neutrophils increase in pregnancy (170, 171). At the feto-maternal interface, there is an increase in 

macrophages and decidual NK cells and TLR-2 and TLR-4 activity, and cervical secretions contain more 

defensins and lysozymes. NK cells are a type of cytotoxic lymphocyte and contribute to the first line 

of defence of the innate immune response. In the adaptive immune response there is a rise in 

lymphocytes and regulatory T cell (Treg) activity (169). Treg cells are essential for maintaining peripheral 

immune tolerance, limiting the inflammatory response. The programmed cell death protein-1 (PD-1) 

and programmed cell death ligand 1 (PD-L1) pathway has been shown to be important in the periphery 

(172) and at the maternal-fetal interface (173). On binding its ligand, PD-1 can induce T cell tolerance and 

regulate inflammation.  

 

Pregnancy adaptations are highly regulated and time dependent (174). It is broadly accepted that the 

first trimester is characterised by a pro-inflammatory response to aid blastocyst implantation, the 

second trimester is largely anti-inflammatory with a predominant Th2 response, and the third 

trimester is pro-inflammatory with a greater Th1 response in preparation for labour (Figure 1.5). 

However, pregnancy related immune modulation is much more complex and far less understood than 

simply the altered Th1:Th2 response.  
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The concept of the immune clock of pregnancy can be used to describe the timed adaptations required 

to achieve a successful pregnancy at term (175). Aghaeepour et al. used mass cytometry with a cell 

signaling based Elastic Net (csEN) algorithm to analyse peripheral blood cells across term pregnancy 

in training and validation cohorts that totalled 18. Phenotypic and intracellular signaling changes of 

innate and adaptive immune cell types were studied following stimulation with LPS, IFN-α, IL-2 and IL-

6. Key findings included a progressive increase in IL-2 production and activation of signal transducer 

and activator of transcription (STAT) 1 in response to IFN-α stimulation in NK cells or dendritic cells 

and STAT5a signaling in CD4+ T cells as pregnancy neared term. TLR-4 signaling to LPS in dendritic cells 

was reduced in early pregnancy compared to late gestation (175).  

 

Apps et al. also studied the maternal peripheral immune response in healthy term pregnancy, (N=33) 

using flow cytometry to measure immune cell populations and serum proteomic analysis (176). They 

reported reduced Th1, Th17 and CD8+ T cells across pregnancy. Changes persisting into the post-

partum period were increased activity of CD4+ HLA-DR cells and CD8+ CD38+ cells. Chronological 

changes in normal pregnancy leads us to test if disruption of this chronology can be used to predict 

pregnancy complications such as preterm birth.  

 

At the end of pregnancy, in term labour, there are sterile inflammatory processes occurring in 

gestational tissues. The final trigger for physiological inflammation in term labour is poorly 

understood, and in preterm labour, there is early pathological activation of  

common inflammatory pathways. 

 

 

Figure 1.5 Temporal adaptions to the maternal immune system in pregnancy 
The first trimester is largely pro-inflammatory to allow for blastocyst implantation. The second trimester sees a 
shift to an anti-inflammatory response to allow for fetal growth. The third trimester sees a return to a pro-
inflammatory state to which is required for labour and delivery. 
Adapted from Mor et al. 2017 (174)  
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The two arms to the immune system are the innate and the adaptive immune systems. The innate 

system is readily available and non-specifically identifies and destroys pathogens. The adaptive system 

recognises specific pathogen antigens and produces a specific immune response. It has memory, 

therefore on re-exposure to an antigen it has previously responded to, the response is more rapid and 

effective. There is also considerable overlap between the two arms, notably the innate immune 

response triggering the adaptive immune response and the adaptive response amplifying the effector 

mechanisms of the innate immune response.  

 

1.7.1 Innate immune response 
 

The innate immune response consists of physical barriers, e.g. mucosal surfaces, chemical defences, 

e.g. cytokines and chemokines, and cellular defences e.g. immune cells which secrete the cytokines 

and chemokines. The squamous epithelium of the cervix and vagina have been described in section 

1.5.1. Activation of the innate immune system begins with pattern recognition receptors (PRRs) such 

as Toll-like receptors (TLR) recognising pathogen-associated molecular patterns (PAMPS) e.g. 

components of the bacterial or fungi cell walls, viral nucleic acids and flagellar proteins. This leads to 

recruitment of key immune cells of the innate immune response which are monocytes, macrophages, 

neutrophils, natural killer (NK) cells, dendritic cells, eosinophils and basophils. Immune mediators 

which they secrete include, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-18, IFN-γ, GM-CSF and TNF-α. Gene 

polymorphisms of TNF-α, IFN-γ and IL-6 have been reported to increase an individual’s susceptibility 

to spontaneous preterm delivery (177).  

 

NK cells are a type of lymphocyte and are usually defined as CD3- CD56+ cells. They do not have 

receptors for specific antigens, but instead have killer-cell immunoglobulin-like receptors (KIRs) (178). 

KIRs recognise major histocompatibility complex (MHC) class I molecules expressed on nucleated cells. 

The downregulation of MHC class I expression on a cell is detected by NK cells which then initiates cell 

killing. The most prominent cytokines produced by NK cells are TNF-α and IFN-γ. However they are 

also a source of immune-modulatory cytokines IL-5, IL-10, GM-CSF and chemokines such as MIP-1α, 

MIP-1β and IL-8 (179). 

 

Monocytes are present in the systemic circulation, comprising approximately 5-10% of circulating 

peripheral blood mononuclear cells (PBMCs). They have an important role in tissue inflammation and 

repair, and phagocytosis. Monocytes are distinguishable by the expression of the lipopolysaccharide 

receptor, CD14. There are 3 main subsets, classical (CD14high, CD16-) (90%), non-classical (CD14low, 
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CD16+) (5%) and intermediate (CD14high, CD16+) (5%). These subsets represent peripheral monocytes 

at different maturation stages, with classical monocytes originating from the bone marrow and 

mature into intermediate monocytes and then into non-classical monocytes. Cytokine secreted are IL-

6, IL-8, IL-10 and reactive oxygen species from classical monocytes; TNF-α, IL-1β and IL-6 from 

intermediate monocytes and TNF-α, IL-1β, IL-6 and IL-8 from non-classical monocytes. Upon 

responding to an inflammatory stimulus, monocytes invade into tissues and develop into M1 or M2 

macrophages. M1 macrophages are pro-inflammatory and secrete IL-12, IL-1β, TNF-α and IL-6. There 

is much evidence supporting local IL-6 in cervicovaginal fluid contributing to inflammation at the 

maternal-fetal interface (180). M2 macrophages are anti-inflammatory and are important for tissue 

repair, secreting IL-10 (181). It has been reported that peripheral monocytes are implicated in preterm 

labour with increased circulating classical and intermediate monocytes in preterm labour, together 

with increased TLR-4 expression which in turn induces the expression of pro-inflammatory cytokines 

(182, 183). Macrophages also express MHC class II complexes and are therefore able to present antigen 

to T helper cells.  

 

Neutrophils, eosinophils and basophils are granulocytes because of their cytoplasmic granules. They 

can also recognise foreign pathogens directly but can also be activated by antibody and complement 

components (described in the adaptive immune response). Target cells are killed by the secretion of 

toxic molecules inside the cytoplasmic granules and the production of reactive oxygen species. 

Neutrophils migrate to gestational tissues in labour and play a key role in cervical remodelling and 

fetal membrane activation and rupture (83). Neutrophils release pro-inflammatory cytokines notably 

IL-8 and secrete MMPs. IL-8 is a chemoattractant which further potentiates the actions of neutrophils 

(184). 

 

1.7.2 Adaptive immune response 
 

The main cell types of the adaptive immune response are T and B cells. B cells are responsible for 

generating antibody responses. T cells regulate the immune cells via T helper and T regulatory cells 

and can clear virally infected or neoplastically transformed cells via cytotoxic T cells.  

 

B cells leave the bone marrow and enter the peripheral circulation as immature transitional B cells 

which develop into naïve B cells. In secondary lymphoid organs, B cells encounter antigen epitopes 

and become activated into memory B cells and plasma cells (185). The humoral activity of B cells 

generating protective immunoglobulins is thought to be key to avoiding an immune response to 

paternal antigens (186). The pool of regulatory B cells expands in pregnancy and their activity is thought 
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to be involved in tolerance of the maternal immune response (187). The immunoglobulin (Ig) can act as 

a B cell receptor, bind directly to pathogens, (blocking their ability to bind to a target cell), or recruit 

effector mechanisms to the target cell. B cells have a Fc region that binds to Fc receptors on 

macrophages and neutrophils attracting them to the target cell carrying the antigen recognised by the 

immunoglobulin. Antigen-Ig complexes can activate the complement system (described below). There 

are five different Ig classes, IgG, IgA, IgM, IgE and IgD. IgG and IgA are of particular importance in 

providing protection at mucosal surfaces.  

 

Each class of Ig has a distinct heavy chain, γ, α, µ, Ɛ, β for IgG, IgA, IgM, IgE and IgD respectively. They 

consist of four polypeptide chains: two light chains and two heavy chains forming antigen-binding sites 

linked by covalent and non-covalent bonds. IgG is the most abundant peripherally circulating Ig and 

has four subtypes, IgG1-4. Serum concentrations of IgG1 are highest at 66%, followed by IgG2: 24%, 

IgG3: 7% and IgG4: 3% (188). IgG1 and IgG3, as well as IgM can activate antibody cell-mediated 

cytotoxicity (ADCC) and can activate classical complement-dependent cytotoxicity (CDC). In contrast 

IgG2 and IgG4 act on bacterial capsular polysaccharide antigens. IgG are the only class of Ig that can 

transfer across the placenta.  

 

Under the influence of T helper cells, B cells can alter the class of Ig secreted. Initially all Ig are IgM, 

but if required at mucosal surfaces, class switching to IgA or IgG can occur. IL-4, IL-6 and IFN-γ are 

important for B cell proliferation and Ig class switching (189). IL-10 regulates B cell activity.  

 

T cells recognise antigen through their T cell receptor. They recognise antigen in association with MHC 

molecules. MHC class I molecules are expressed on all nucleated cells, whilst class II molecules are 

expressed on B cells and antigen presenting cells. MHC class I molecules present antigen to cytotoxic 

T cells. MHC class II molecules present antigens to helper T cells and regulatory T cells (Treg). Cytotoxic 

T cells express CD8+ on the cell surface, whilst helper T cells express CD4+. 

 

Local immune modulation occurs in syncytiotrophoblast cells at the maternal-fetal interface with 

expression of little to no MHC molecules. The enzyme idoleamine 2,3-dioxygenase (IDO) breaks down 

tryptophan. This together with tryptophan metabolites, kyneurenines inhibits T cell activation.  

 

Helper T cells amplify the responses of cells of the innate and adaptive immune response. There are 

two main types of helper T cells, Th1 and Th2 cells. Th1 cytokines include IL-2, IFN-γ and TNF-α which 

drive inflammation and are effectors of phagocyte mediated host defence. Th2 cytokines are IL-4, IL-
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5, IL-10 and IL-13 which are anti-inflammatory, whilst IL-6 has pro-inflammatory actions. The 

importance of a predominant Th2 response is most evident at the maternal-fetal interface. Th2 cells 

accumulate in the decidua basalis (190) and uterine dendritic cells can differentiate naive T cells to Th2 

cells. There is little change in the peripheral Th2 response in normal pregnancy (191).  

The balance between Th1 and Th2 cells for a successful pregnancy have been explored for many years 

(192, 193), however Th17 and Treg cells are also helper T cells and also play hugely important roles in 

immunotolerance. Th17 cells secrete IL-17 which has a role in the pathogenesis of autoimmune 

diseases and immune rejection. Treg cells have immune modulatory roles and secrete IL-10 and 

transforming growth factor β (TGF-β). Even before implantation, seminal plasma induces paternal 

antigen-specific tolerance and expands the pool of Treg cells (194). Treg cells can supress the activation, 

proliferation and cytokine production of CD4+ helper cells and CD8+ cytotoxic cells and their 

population increases in pregnancy (195). The expansion of Treg cells in pregnancy even has fetal 

specificity. After delivery, fetal specific Treg cells are maintained and can rapidly accumulate in a 

subsequent pregnancy (196). Th1/Th2/Th17 and Treg cell lineages are closely associated and cell types 

can convert to other lineages (197). 

 

1.7.3 Complement system 
 

Linking the innate and adaptive immune responses is the complement system, consisting of more than 

30 proteins which aid in the opsonisation and killing of bacteria. Many of these proteins circulate in 

an inactive state but in response to pathogens being recognised, they become sequentially activated 

in an enzyme cascade fashion (Figure 1.6).  

 

There are three different pathways which converge to a common final lysis pathway. The classical 

pathway is triggered by antibody-antigen complexes binding to C1. This leads to C3 convertase 

splitting C3 into two components, C3a and C3b. C3a and C5a enhance phagocyte recruitment. C3b 

attaches to the surface of microbes, opsonising pathogens. The alterative pathway requires factors B, 

D, H and I to interact with each other and C3b to form C3 convertase. The mannose-binding lectin 

pathway is activated upon the binding of mannose binding lectin (MBL) to mannose particles on the 

pathogen. This activates MBL-associated serine proteases (MASP-1 and MASP-2) which activate C4 

and C2 to form C3 convertase. The common final lytic pathway occurs when C5 is activated. C6, C7, 

C8 and C9 combine with C5b. The resulting membrane attack complex (MAC) induces bacterial cell 

lysis. 
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It is widely thought that there is increased peripheral complement activation in pregnancy providing  

increased protection from pathogens. Richani et al reported increased plasma concentrations of C3a, 

C4a and C5a in pregnant compared to non-pregnant women (198). 

 

 

Figure 1.6 The complement system 
The complement system can be activated via three pathways, the classical, the lectin and the alternative 
pathway. The classical pathway is initiated by antigen-antibody complexes binding to C1. The alternative 
pathway requires factors B, D, H and I to interact with each other and C3b to form c3 convertase. The mannose 
binding pathway requires MBL to bind to mannose particles on the pathogen. They all converge on the final lytic 
pathway. C5 is activated and C6, C7, C8 and C9 combine with C5b forming the membrane attack complex to 
induce cell lysis. C3a and C5a are chemoattractants that enhance phagocyte recruitment.  
Adapted from Mathern et al 2015 (199). 
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1.7.4 Dysregulation of the immune response in preterm birth 
 

Whilst both Th1 cytokines, IFN-γ, IL-2 and TNF-α and Th2 cytokines, IL-4 and IL-6 are all upregulated 

locally and peripherally in preterm labour (200, 201), differences in Treg and Th17 cells have been found 

in preterm and term labour. Xiong et al studied peripheral Treg cells during pregnancy and labour, 

reporting that the proportion of Treg cells was lower in labour at term compared to at term with no 

labour. Furthermore women in preterm labour had significantly reduced peripheral Treg cells 

compared to women with normal pregnancy, and no labour at the same gestational age (202). Koucky 

et al found that reduced peripheral Treg cells and cervical shortening together were strongly 

predictive of preterm labour. However the study participants already had uterine contractions, 

cervical shortening and/or cervical dilatation and were close to delivery (203). Th17 cells have been 

shown to promote inflammation at the maternal-fetal interface in preterm labour and IL-17 was 

significantly higher in preterm labour with evidence of chorioamnionitis (204).   

 

In the innate immune response, mutations in TLR-2 and TLR-4, (pattern recognition molecules for 

bacteria), are associated with increased risk of preterm birth (205, 206). Dysregulation of the complement 

system such as over activation and inadequate regulation leading to excessive inflammation in 

gestational tissues have been implicated in the pathogenesis of preterm birth. Lynch et al reported 

that significantly elevated levels of Factor B in plasma, (part of the alternative pathway) in women 

who deliver at preterm gestations less than 34 weeks (207). Elevated plasma levels of C3a before 20 

weeks gestation were found to correlate with adverse pregnancy outcomes including preterm birth 

and gestational hypertension (208). In mouse models, vaginal administration of lipopolysaccharide (LPS) 

increased the deposition of cervical C3 and local macrophage infiltration. Increased collagen 

degradation and matrix metalloproteinase 9 (MMP-9) activity was observed in the cervix (209). 

Additionally, C5a receptor deficient mice did not show these cervical remodelling changes. Looking at 

myometrial contraction, C5a levels were also higher in the myometrium following stimulation of LPS 

(210). C3a and C5a are usually rapidly cleared by the innate immune system, therefore it is possible that 

elevated plasma levels of these subunits represent a degree of dysregulation. In a human study, C5a 

was found to upregulate pro-inflammatory labour mediators: cytokines, prostaglandins, MMPs in 

placenta and fetal membrane tissues via C5a receptor mediated NF-κB activation (211).  
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1.7.5 Justification for selected peripheral immune cell subset and activation markers 

for the flow cytometry panel  
 

A literature search was performed using PubMed® to identify articles published between 2010-2020 

with keyword search terms ‘peripheral blood mononuclear cells’, ‘inflammation’, ‘infection’ 

‘pregnancy’ and ‘labour’. This enabled the generation of a summary of key cell subsets and markers 

of cell activity to be explored in this study, Table 1.1.   

 

Table 1.1 Peripheral blood mononuclear cells and markers of cell activity assessed in study 

 Role 

Cells  

Monocytes Cells with key roles in tissue inflammation and repair, and phagocytosis 

CD4+ T cells Helper T cells amplify the responses of other immune cells including macrophages 
and neutrophils through the secretion of cytokines 

CD8+ T cells Cytotoxic T cells which induce the killing of damaged cells, cancer cells and virally 
infected cells 

Treg cells Suppress the activation, proliferation and cytokine production of CD4+ and CD8+ 
cells  
The population increases in pregnancy (212) 

γδ T cells Considered to have innate immune functions with the T cell receptor functioning 
as a pattern recognition receptor (213) and adaptive immune functions capable of 
rearranging T cell receptor genes to develop memory (214) 

B cells Key cells of the humoral immune response, antigen presenting cells  
Secretes immunoglobulins important for mucosal immunity 

NK cells Effector lymphocytes of the innate immune response 
Respond to microbial infections, limiting spread and tissue damage 

NK T cells Share properties with T cell and NK T cells 
Recognises CD1d, which binds to self and foreign lipids and glycolipids 
Provide support to B cells again microbial infections (215) 

Markers of cell activity  

CD25 Located on the surface of T cells 
It is the IL-2 receptor, and has a key role in immune tolerance (216) 

CD38 Located on surface of CD4+ and CD8+ T cells, B cells and NK cells 
Involved in cell adhesion, signal transduction and calcium signalling (217) 

HLA-DR Expressed by B cells, macrophages and dendritic cells 
Presents antigen to T helper cells 
A marker of late activation of T cells, suppressing T helper cell responses and 
preventing production of antibodies against self-antigens 

PD-1 An inhibitory receptor which down-regulates T cell and B cell activity (218) 

Also known as CD279 
An immune checkpoint, promoting apoptosis of antigen-specific T cells and 
reducing apoptosis in regulatory T cells (219) 

IgD A marker of B cell activation, expressed when B cells exit the bone marrow 
A key modulator of the humoral immune response (220) 
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1.7.6 Justification of analytes measured in cervico-vaginal fluid and plasma  
 

A literature search was performed using PubMed® to identify articles published between 2010-2020 

with keyword search terms ‘plasma’, ‘cervico-vaginal’, ‘inflammation’, ‘infection’ and ‘cytokines,’ 

‘complement’, ‘immunoglobulins’, ‘pregnancy’ and ‘labour’. This enabled the generation of a 

summary of key immune analytes to be explored in this study, Table 1.2.  These analytes are involved 

in inflammatory processes in infection, labour, cervical ripening or angiogenesis. 

 

Table 1.2 Immune analytes profiled in study 

Analyte Role 

IL-1β Upregulated in cervix, myometrium and amnion, increasing COX-2 and 
prostaglandin production in labour (221, 222) 

IL-2 A pro-inflammatory cytokine produced by Th1 cells 
Involved in T cell proliferation and angiogenesis(223) 

IL-4 An anti-inflammatory cytokine produced by Th2 cells and in the placenta and 
amnion(224) 

Stimulates IgG1 and IgE antibody production 

IL-5 A Th2 cytokine, promoting growth and differentiation of eosinophils, mediates IgE 
production and important in defence against parasitic infection 

IL-6 A pro-inflammatory cytokine produced by Th2 cells, macrophages, fibroblasts and 
B cells and involved in cervical remodelling(225) 

IL-8 A pro-inflammatory cytokine 
A chemokine produced primarily by macrophages and monocytes 
Closely associated to IL-6, recruiting neutrophils to the cervical extracellular matrix  
Increased IL-8 is associated with reduced Lactobacillus spp. and infection induced 
PTB (226-228) 

IL-10 An anti-inflammatory cytokine produced by Th1, Th2 cells, macrophages and B cells 
Down regulates pro-inflammatory cytokines including IL-8, IL-6, TNF-α, IL-1β and 
MMPs (224, 225, 229) in a negative feedback loop 

IL-18 A macrophage derived anti-inflammatory cytokine  

IFN-γ Produced by NK and Th1 cells, increased in preterm labour (169, 230) 

Key effector of phagocyte-mediated host defence 

GM-CSF Induces expression of VEGF and increased in CVF prior to cervical shortening (231, 

232) 

TNF-α A pro-inflammatory cytokine, and increased in systemic infection 
Associated with IL-6 to stimulate arachidonic acid, increasing prostaglandins, role 
in cervical remodelling (233) 
Role in vasodilation and endothelial cell activity allowing the extravasation of 
leukocytes (234) 

C5 and C5a C5a upregulates pro-inflammatory cytokines, prostaglandins and MMPs in 
gestational tissues (211) 

Mannose binding lectin Plays a key role in the primary contact of the host immune system to 
microorganisms (235) 
Polymorphisms in the MBL gene may be associated with cervical insufficiency and 
preterm birth (236) 

C3b Together with MBL, C3 has been shown to be important for host recognition of 
microorganisms in the female genital tract (237) 

IgG The most abundant immunoglobulin in cervico-vaginal fluid (238) 

IgA A key immunoglobulin at mucosal surfaces (238) 

IgM Another key mediator of mucosal immunity and a strong activator of the classical 
complement pathway 
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1.8 Mucosal immunity and the vaginal microbiota 
 

Mucosal immunity and the vaginal microbiome are most studied in the context of human 

immunodeficiency virus (HIV). There is a wide gender imbalance for HIV-1, highlighted by the fact that 

in sub-Saharan Africa, women account for 59% of total people living with HIV-1 (Global HIV & AIDS 

Statistics - 2019). The mucosal immune system of the female reproductive tract is the first line of 

defence against HIV. The rate of sexual transmission of HIV-1 is much greater in the presence of 

mucosal inflammation with a reported threefold increase in the rate of transmission in women who 

had higher concentrations of IL-8, IL-1β, IL-1α and TNF-α (239). HIV has been shown to impair the 

mucosal barrier facilitating microbial translocation and by interacting with TLR-2 and TLR-4 on the 

mucosal epithelium causing downstream pro-inflammatory cytokine release (240). There are also 

increased CD4+ T cells in the cervix of women with local inflammation and HIV-1 preferentially infects 

CD4+ T cells. Viral exposure leads to recruitment of CD4+ T cells to the female reproductive tract 

allowing systemic infection to ensue (241). 

 

It has become well recognised that bacterial diversity confers greater susceptibility to HIV-1. Bacterial 

vaginosis has been found to be consistently associated with increased risk of HIV infection (242). The 

local inflammation as a result of bacterial vaginosis may account for increased susceptibility to HIV-1. 

Gossman et al. studied this in 236 HIV-uninfected women. There was seroconversion in 31 women 

(13%), despite intensive HIV prevention education. There was significantly reduced L. crispatus and 

increased Prevotella, Sneathia and other anaerobes, and locally activated CD4+ T cells in those who 

contracted HIV-1 (243). Vaginal dysbiosis has also been associated with proteome changes related to 

alterations in the cervicovaginal mucosal barrier which can also contribute to increased transmission. 

Using mass spectrometry, protein abundances according to Lactobacillus dominant and dysbiotic 

microbial communities were determined. Increased bacterial diversity was associated with altered 

mucins, reduced antimicrobial histones and lysozymes and decreased IgG1 and IgG2  (244). Bacterial 

vaginosis associated anaerobic bacteria have been shown to produce large quantities of short chain 

fatty acids such as acetate, propionate and butyrate (245). These short chain fatty acids influence cell 

migration, cytokine production and phagocytosis. Probiotics to promote Lactobacillus colonisation, 

anti-inflammatories and immune modulators are all potential therapeutic strategies.  

 

Elovitz et al. have studied the relationship between mucosal immunity conferred by β-defensin-2 and 

the vaginal microbial communities in preterm birth in a largely African American population (246). In 

their population, Lactobacillus species depletion was associated with preterm birth. β-defensin-2, an 
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antimicrobial peptide and can be constitutively expressed or expression can be induced upon bacteria 

stimulation (247).  Cervico-vaginal fluid concentrations of β-defensin-2 were significantly lower in 

vaginal microbial communities dominated by L. iners and anaerobic species in African American 

women who delivered preterm. In non-African American women β-defensin-2 concentrations were 

also low in L. crispatus and L. gasseri dominated vaginal microbial communities. Nevertheless, these 

findings are still valuable in identifying women at risk of preterm delivery early in pregnancy.  

 

Witkin et al found that tissue inhibitor of matrix metalloproteinases 1 (TIMP-1) in cervico-vaginal fluid 

was positively associated with communities dominant with anaerobic bacteria and L. iners, and 

correlated with short cervical length, whilst L. crispatus dominant communities had significantly lower 

TIMP-1 concentrations. However, they were not able to correlate TIMP-1 levels with pregnancy 

outcome and preterm birth (248).  

 

Group B Streptococci (GBS), β-haemolytic gram-positive bacteria is a common vaginal commensal. 

Maternal vaginal colonisation with GBS is associated with preterm delivery (249), and in those cases 

triggers a detrimental mucosal immune response. It is the most common cause of early onset neonatal 

sepsis. In their nonhuman primate model, Boldenow et al were able to demonstrate that a GBS 

haemolytic pigment toxin could induce neutrophil cell death and suppress killing by neutrophil 

extracellular traps in placental membranes in vivo. Increased expression of the haemolytic pigment 

enabled GBS to penetrate the placental chorioamniotic membranes, infect amniotic fluid and fetal 

organs thus precipitating preterm labour (250). Furthermore, Vornhagen et al have shown that certain 

GBS strains associated with preterm labour and neonatal sepsis have increased hyaluronidase activity 

compared to commensal strains detected in healthy women. They report that hyaluronidase activity 

confers an ability to GBS to avoid host immune detection and cause intraamniotic infection and 

preterm birth (251). A GBS vaccine is being developed and it will be interesting to see its effect upon 

reducing the risk of preterm birth (252).  
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1.9 Justification, hypothesis and aims for project 
 

The maternal immune  response undergoes highly adapted, time dependent changes during 

pregnancy. Some of these changes have been studied in a chronological fashion in the periphery but 

they are not so well described in the local environment. A good understanding of the chronological 

immune changes during normal pregnancy will allow the subsequent study of how aberrations to 

these changes can culminate in abnormal pregnancy outcomes such as preterm birth. It is important 

in longitudinal studies in pregnancy to recruit large numbers of study participants, collect samples at 

defined timepoints and minimise study participant drop out. Minimally invasive testing is also a pre-

requisite for study participant acceptability. In this study the peripheral immune response is studied 

longitudinally in healthy term pregnancy, pregnancy that is complicated by cervical shortening and 

pregnancy that results in preterm delivery. The peripheral immune response to interventions to 

prevent preterm delivery such as a cervical cerclage are also explored.  

 

The local immune response can be studied relatively non-invasively by sampling the cervico-vaginal 

fluid. Whilst non-infective inflammation is the hallmark of term labour, the trigger for this shift is not 

well understood. Identifying when non-infective local inflammation occurs in term pregnancy will help 

in the understanding of infective and non-infective inflammation occurring in preterm pregnancy. The 

ability to identify aberrations from physiological immune adaptations in pregnancy at an earlier stage 

in pregnancy that allows for early surveillance and timely interventions will improve the clinical 

management of high-risk pregnancies. Interventions such as a cervical cerclage may induce local 

inflammatory changes, therefore longitudinal profiling will enable the immune changes to be tracked. 

If the intervention is successful, an individual’s immune trajectory may be successfully modified to 

resemble that of an individual who has a term pregnancy.  

 

The local immune response is strongly influenced by vaginal microbial communities. However, 

assessing the microbiota alone does not take into account the maternal host response to the bacteria 

in term and preterm pregnancies. Therapeutic strategies to eliminate pathogens known to cause 

vaginal infections such as bacterial vaginosis does not always prevent preterm birth. Therefore, 

mapping immune responses to the local vaginal microbiome can improve our understanding of the 

mechanistic pathways underlying infection and inflammation mediated preterm birth. 
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Hypotheses: 

• Adaptations in the maternal immune response differ between women who deliver at term 

compared to preterm.   

• Activation of the innate and adaptive immune response drives a proportion of spontaneous 

preterm births.  

• Microbial driven preterm labour is dependent on dysregulation of the innate and adaptive 

immune response. 

• Microbial driven preterm labour is dependent on activation of the innate and adaptive immune 

response.  

 

Aims: 

• To characterise the longitudinal profile of the peripheral and local immune response in term and 

preterm pregnancies. 

• To examine the maternal immune response in women who undergo cervical shortening.  

• To determine the immune response to vaginal microbial composition and how this differs 

depending on pregnancy outcome. 
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CHAPTER 2: MATERIALS AND METHODS 
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2.1. Materials 

2.1.1 Chemicals, Reagents and Solvents 
 

Table 2.1 Chemicals, reagents and solvents 

Chemical/Reagent/Solvent Company Catalogue number 
Agarose Invitrogen 15510-019 

BACTQuant Probe sequence 5’ 6FAM-
CAGCAGCCGCGGTA-MGBNFQ 
 

Life Technologies 4316034, 6000pmol 
scale 

BactQuant forward primer 100mM 
0.025µmol synthesis scale, desalted 
Sequence 5’-CCTACGGGAGGCAGCA-3’ 

Sigma Custom 

BactQUANT reverse primer 
0.025µmol synthesis scale, desalted 
Sequence 5’GGACTACCGGGTATCTAATC-3’ 

Sigma Custom 

BD CompBead Set Anti-mouse Ig, K BD 552843 

Bovine Serum Albumin Sigma Aldrich A2153 

Brilliant stain buffer RUO BD 563794 

DC™ Protein Assay Reagent A BioRad 5000113 

DC™ Protein Assay Reagent B BioRad 5000114 

DC™ Protein Assay Reagent S BioRad 5000115 

Dimethyl Sulfoxide Sigma Aldrich 276855 

E. coli DNA Sigma D4889 

Ethanol VWR 64-17-5 

Fetal calf serum Thermofisher A3840001 

Ficoll-Paque PLUS® GE Healthcare 17-1440-02 

Paraformaldehyde VWR 50-00-0 

Phosphate buffered saline (In-house)  

Platinum PCR Supermix UDG Containing ROX Life Technologies 11730-017 

Nuclease free water VWR 7732-18-5 

RPMI medium (+glutamine) Life Technologies 61870036 

SBYR™ safe DNA gel stain Invitrogen S33102 

Tris base Sigma 77-86-1 

Triton  (In-house)  

Trypan blue Sigma 72-57-1  

 

2.1.2 Enzymes 
 

Lysozyme (Sigma L6876 – chicken egg white) 

- Prepared to concentration; 10mg/ml in filter sterilised 10mM Tris. HCL pH 8.0 

Mutanolysin (Sigma M9901/10Ku) 

- Prepared to concentration; 25U/μl by dissolving 10 000 units in 400μl sterile water 

Lysostaphin (Sigma L9043) 

- Prepared to concentration; 4000U/ml by dissolving 23 915 units in 20mM Sodium acetate 
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2.1.3 Polymerase Chain Reaction 
 

NEB OneTaq® DNA Polymerase (BioLabs) 

dNTP 10mM (Sigma cat D7295) 

5x Buffer (BIO-37045) 

6x Loading dye (PROMEGA G190A 1006034) 

Agarose (Invitrogen cat 15510-019) 

SBR Safe DNA Stain (Invitrogen cat S33102) 

Molecular weight marker (Bioline Hyperladder 100bp cat BIO-33056) 

TBE buffer (Tris/Borate/EDTA) 

Sample template DNA 

16S rRNA Universal Forward and Reverse primers (PCR) 

Forward 27F-5’AGAGTTTGATCCTGGCTCAG-3’ 

Reverse 338R-5’GCTGCCTCCCGTAGGAGT-3’ 
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2.1.4 Antibodies 
 
Table 2.2 Antibodies to stain PBMC for analysis on the Cytek™ Auora flow cytometer 

Flow Cytometry Antibodies Company Cat Control Volume 
Alexa Fluor™ 488 anti-human CD45RA  Biolegend 304114 Beads 3.5µl 

BV750 mouse anti-human CD4 (clone SK3) BD 566355 Beads 1.5µl 

Brilliant violet 650™ anti-human CD279 (PD-1) Biolegend 329950 Beads 3.5µl 

PE anti-human CD25 Biolegend 356104 Beads 3.5µl 

eFluor 450 anti-human CD16 eBioscience 48016842 Beads 3.5µl 

APC anti-human CD127 eBioscience 17127842 Beads 3.5µl 

AlexaFluor 532 anti-human CD3 eBioscience 58003842 Beads 3.5µl 

Brilliant Violet 605™ anti-human CD19 Biolegend 363024 Beads 3.5µl 

Brilliant Violet 480 mouse anti-human TCRγδ BD 566076 Beads 3µl 

PerCP-eFluor 710 anti-human CD14 eBioscience 46014942 Beads 3.5µl 

APC/Fire™ 750 anti-human CD8 Biolegend 344746 Cells 3.5µl 

PE/Dazzle™ 594 anti-human CD197 (CCR7) Biolegend 353236 Cells 3.5µl 

PE/Cy7 anti-human CD38 Biolegend 356608 Cells 3.5µl 

Alexa Fluor® 700 anti-human HLA-DR Biolegend 307626 Cells 2µl 

Brilliant Violet 711™ anti-human CD56 (NCAM) Biolegend 318336 Cells 3.5µl 

Brilliant Violet 785™ anti-human IgD  Biolegend 348242 Cells 3.5µl 

Brilliant Violet 421™ anti-human CD27 Biolegend 356418 Cells 3.5µl 

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Invitrogen L34965 Cells 5µl 

 

2.1.5 Kits and Equipment 
 

Glass beads (Sartorius Stedim Cat No BBI-8541400) 

Liquid Amies swab (BBL™ CultureSwab™, Becton, Dickinson and Company) 

QIAamp DNA Mini Kit (Qiagen Catalogue No 51304) 

TissueLyser LT (Qiagen Catalogue No 69980) 

Human Premixed Multi-Analyte Kit (R&D Systems cat LXSAHM) 

Human Complement Magnetic Bead panel 1 and 2 (Milliplex®) HCMP1MAG-19K and HCMP2MAG-19K 

ProcartaPlex Human Antibody Isotyping Panel 7plex (ThermoFisher Scientific cat EPX070-10818-901) 

Countess™ Automated Cell Counter (Life Technologies) 

Cytek™ Aurora Flow Cytometer 

Nikon Eclipse 90i fluorescence microscope 

MoFlo XDP Cell Sorter 
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2.2. Methods 
 

2.2.1 Patient recruitment 
 

Study participants were recruited from five preterm prevention clinics, four of which were in London: 

Queen Charlotte’s and Chelsea Hospital, St Mary’s Hospital, University College Hospital London, 

Chelsea and Westminster Hospital and one centre in Scotland, Royal Infirmary of Edinburgh, Figure 

2.1. Study participants were at high risk of preterm birth; identified by previous excisional cervical 

treatment, previous spontaneous preterm birth or previous spontaneous mid-trimester loss. The 

study was performed under ethical approval by the National Health Service (NHS) National Research 

Ethics Service Committee London – Stanmore, REC 12/LO/0328. Exclusion criteria were multiple 

pregnancies, women who had sexual activity within 72 hours of sampling, vaginal bleeding and women 

who were HIV or hepatitis B positive. Study participants recruited from Queen Charlotte’s and Chelsea 

Hospital requiring a cervical cerclage were also invited to participate in the C-STITCH trial, involving 

randomisation to monofilament or braided suture material, with ethical approval by Cambridgeshire 

and Hertfordshire REC ISRCTN 15373349. Women requiring a rescue cerclage were excluded. 

 

Peripheral blood and vaginal swabs which sampled the cervico-vaginal fluid were taken at three 

timepoints during pregnancy, 12+0 - 16+6, 20+0 -24+6 and 30+0 - 34+6 weeks. A transvaginal ultrasound to 

measure the cervical length was performed on the same day as sampling. Detailed metadata was 

collected from hospital notes and the electronic patient database, Cerner Millennium Powerchart®. 

 

When pregnancy outcomes were known, study participants were retrospectively divided into three 

outcome groups, a) women who had spontaneous preterm deliveries (preterm, PT), before 37 weeks 

gestation; b) women who delivered at term without intervention (term, T); c) women who delivered 

at term following an elective history or ultrasound indicated cerclage and/or progesterone (term 

intervention, TI). Term delivery was defined as ≥37 weeks gestation. Although all study participants 

who had PPROM delivered before 37 weeks, if they had delivered after 37 weeks, they would have 

been included in the preterm group due to the abnormal pathology. All preterm deliveries in this study 

cohort were spontaneous. In the event of iatrogenic preterm delivery, these would have been 

excluded from analysis comparing spontaneous preterm and term births.  

 

This work was supported by the March of Dimes, the Global Alliance to Prevent Prematurity and 

Stillbirth and the Genesis Research Trust.  
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Figure 2.1 Study participants were recruited from preterm birth prevention clinics across five hospitals 
between February 2016 and June 2018 
Of 141 women recruited to immune profiling, 78 women provided peripheral blood samples, and 133 women 
provided cervico-vaginal fluid swab samples (A). The preterm birth rate for the whole cohort was 26%, 18% in 
women who provided peripheral blood samples and 28% in women who provided cervico-vaginal fluid samples, 
reflecting a population at high risk of preterm birth (A).  The study was designed to collect peripheral blood and 
cervico-vaginal fluid at three sampling timepoints, 12+0 - 16+6, 20+0 -24+6 and 30+0 - 34+6 weeks (B). Due to some 
study participants not attending appointments or delivering before the third sampling timepoint, in some cases, 
samples were not collected at all three sampling timepoints (B). Cross-sectional analyses were performed on all 
samples collected according to the sampling timepoints. Longitudinal analyses were performed on matched 
samples collected at all three sampling timepoints for a subset of the study cohort. Where possible peripheral 
blood mononuclear cells (PBMC) and plasma were separated from peripheral blood. Cytokine and complement 
assays were performed on the plasma. Cervico-vaginal fluid was collected to determine the microbial 
composition and to perform cytokine, complement and immunoglobulin assays. 
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2.2.2 Blood sample collection and processing for peripheral blood mononuclear cells 
 

Peripheral venous blood was collected using a vacutainer collection system in one 5ml 

Ethylenediaminetetraacetic acid (EDTA) bottle, BD Vacutainer® Tubes. Blood was processed within 30 

minutes of collection. Blood was diluted 1:1.5 with phosphate buffered saline (PBS). This was layered 

on the top of 3ml of Ficoll-Paque PLUS® before centrifuging at 400xg for 40 minutes at room 

temperature (Figure 2.2). The resulting supernatant was removed and discarded. The halo containing 

the peripheral blood mononuclear cells (PBMC) were isolated and transferred into fresh tubes. They 

were washed twice with 10ml of PBS and centrifuged for a further 10 minutes each time at 300xg. The 

remaining cell pellet was resuspended in 10% dimethyl dulfoxide (DMSO) and fetal-bovine serum (FBS) 

in a 1:9 dilution and frozen at -80˚C, for 6 months before further use. 

 

 

Figure 2.2 The separation of blood cell fractions following gradient centrifugation with Ficoll-Paque PLUS® 
The halo formed by the peripheral blood mononuclear cell fraction (PBMC) was identified and separated from 
other blood cell fractions using Ficoll-Paque PLUS. 
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2.2.3 Flow cytometry of PBMC Aurora Cytek™ 
 

Thawing of PBMC and cell counting 

Each sample of PBMC was thawed in a water bath at 37˚C, then transferred into 20ml of RPMI medium 

(+ glutamine). This was centrifuged at 500xg for 10 minutes at 21˚C. The resulting supernatant was 

removed, and the cell pellet was resuspended in 1ml of PBS. To 5µl of resuspended PBMC, 10µl of 

tryphan blue stain was added. The cell count and viability were determined on the Countess™ 

Automated Cell Counter. Comparison was made with matched fresh and cryopreserved/thawed 

samples, (Figure 2.3). The results for 3 replicates are shown in (Table 2.3). Cell viability reduced 

significantly following cryopreservation and thawing procedures, however the mean cell viability in 

cryopreserved/thawed samples was still acceptable at 88%. The cell viability of all samples used in 

experiments reported in this this thesis was greater than 80%. 

 

 

 

Figure 2.3 Peripheral blood mononuclear cell counting and determination of viability 
In the fresh PBMC sample, the cell count was 1.2 x 106/ml with a cell viability of 97% (A). In the 
cryopreserved/thawed sample, the live cell count was comparable at 1.1 x 106/ml, with a cell viability of 89% 
(B). 

 

Table 2.3 Cell count and viability in matched fresh and cryopreserved/thawed PBMC samples 
  Fresh Cryopreserved/thawed p-value 

Sample 1 Cell count 1.2 x 106/ml 1.1 x 106/ml 0.14 

Sample 2 Cell count 1.1 x 106/ml 1.0 x 106/ml 

Sample 3 Cell count 1.0 x 106/ml 0.9 x 106/ml 

Sample 1 Cell viability 97% 89% <0.001 
*** Sample 2 Cell viability 99% 88% 

Sample 3 Cell viability 96% 87% 
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PBMC preparation for flow cytometry  

Following gentle thawing, the PBMC cell pellet was washed in PBS and centrifuged at 400xg for 10 

minutes. The resulting pellet was then resuspended at a concentration of 1 million cells/100ul PBS. 

Aqua amine, brilliant stain buffer and flow cytometry antibodies listed in Table 2.2 were added and 

incubated in the dark for 30 minutes at room temperature. All antibodies were added to each sample 

and the final staining volume per 100ul tube of cells suspended in PBS was 60.5µl. Following 

incubation, 1ml of staining buffer (PBS, 1% BSA, 0.1% sodium azide) was added and the sample was 

centrifuged at 1000rpm for 10minutes. The supernatant was discarded, and the pellet resuspended in 

500μl of PBS ready to be analysed on the Cytek™ Aurora flow cytometer. Controls were an unstained 

PBMC sample, and single stained bead or cell controls (Table 2.2). For each single stain cell controls, 

the PBMC pellet was resuspended at a concentration of 1 million cells/100ul PBS. For the cell viability 

control, 10ul of the resuspended PBMC pellet was placed in a fresh centrifuge tube and placed on a 

heat block at 90˚C for 15 minutes. These cells were added back to the non-heat treated PBMC before 

the addition of the live/dead cell stain. This process improved the degree of separation of fluorescence 

from live and dead cells. Cell controls were preferentially used over bead controls; however beads 

were required for cell markers with lower expression. 500 000 events were collected for samples and 

the unstained control. A minimum of 10 000 events were collected for bead and cell single-stained 

controls. The event count was based on all events, prior to gating on singlets and live cells.  

 

Spectral flow cytometry with Cytek™ Aurora 

Conventional flow cytometry uses mirrors and filters to select specific wavelength ranges for detecting 

signals from different fluorochromes on individual photomultiplier tubes. Spectral flow cytometry 

differs in the optics and detectors required to obtain high resolution spectral, (Figure 2.4). Gratings or 

prisms are used to disperse light across a detector array allowing the full spectra from each particle to 

be measured (253).  
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Figure 2.4 Comparison of conventional and spectral flow cytometry  
Conventional flow cytometry uses dichroic mirrors and bandpass filters to select colours of light for detection 

on photomultiplier tubes. Spectral flow cytometry uses gratings or prisms to disperse light across a detector 

array. Adapted from Nolan et al. 2013 (253) 

 

The Cytek™ Aurora has spatially separated red, blue and violet lasers. Each excitation laser has an 

associated solid-state multi-channel semiconductor array detector module. The entire emission 

spectrum is captured across the different modules and collated to create a spectral signature that 

combines emission information from all three excitation wavelengths (Figure 2.5). The spectral 

unmixing algorithms are provided on the Spectroflo® software package to calculate the contribution 

of each known fluorochrome’s spectra to the total collected emission signal. Single stained controls 

were used to establish the signatures of each fluorochrome. Table 2.2 shows when bead or cell 

controls were used. An unstained control was also used and any autofluorescence was accounted for.  

Spectral unmixing is a more complex form of compensation. The laser channel with the highest 

fluorescence for a given fluorochrome is compared to all the other channels. Spectral unmixing is the 

sensitivity with which the spectrum can be reconstructed within the statistical distribution of photons 

across the 38+ channels. Spectral detection is the linear unmixing of a fluorescent spectrum across an 

array of emission detectors to statistically reassign the origin of a photon to the source fluorochrome 

(254). 
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Figure 2.5 Three lasers and array detector modules, and the full emission spectral signatures 
The three lasers, red 640nm, blue 488nm and violet 405nm are connected to Avalanche Photodiode detectors 
by fibre optic cables (A). The entire emission spectrum is captured across the different modules and a spectral 
signature that combines the emission signature from all three excitation wavelengths is created (B). Shown here 
are the spectral signatures from three fluorochromes; BV785 which has the brightest signal from the violet laser 
in the V16 channel, PE which has the brightest signal from the blue laser in the B5 channel and APC which has 
the brightest signal from the red laser in the R2 channel. 
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2.2.4 Plasma collection and processing  
 

Peripheral venous blood was collected using a vacutainer collection system in one 5ml 

Ethylenediaminetetraacetic acid (EDTA) bottle, BD Vacutainer® Tubes and placed on ice prior to 

processing. The blood bottle was centrifuged at 1500xg for 10 minutes at 4˚C, within 30 minutes of 

collection. The plasma was aliquoted into 1.5ml tubes and frozen at -80˚C until the Multiplex Luminex 

assays were performed. 

 

2.2.5 Cervico-vaginal fluid collection and processing  
 

BBL™ CultureSwab™ Max V Liquid Amies (Becton, Dickinson and Company, Oxford, UK) swabs were 

used to collect cervico-vaginal fluid from the posterior fornix of the vagina under direct visualisation 

by trained midwives and obstetricians. The swab was placed directly on ice and then stored at -80˚C 

until the relevant laboratory experiments were performed. 

 

The swab was thawed on ice, and the mixed liquid Amies and cervico-vaginal fluid solution was 

transferred into sterile DNAase/RNase free 2ml centrifuge tubes. This was centrifuged at 7000rpm for 

10 minutes. The supernatant was stored in sterile DNAase/RNase free 1.5ml tubes at -20˚C with 

protease inhibitor and was analysed for cytokine, complement and immunoglobulin analytes. DNA 

extraction was performed with the remaining pellet, described in section 2.2.7.  

 

2.2.6 Multiple Luminex® assays 
 

Multiplex bead assays allow for simultaneous quantitative assessment of analytes. Assay plates were 

chosen to quantify cytokines, complement and immunoglobulin analytes in cervico-vaginal fluid, and 

cytokines and complement in plasma. Traditional enzyme-linked immunosorbent assays (ELISA assays) 

can detect and measure only a single analyte per plate. Multiplex bead assays are therefore more cost 

and time efficient and more sensitive than ELISA for samples with low concentrations of the target 

analyte (255). The principles are described in Figure 2.6. 
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Figure 2.6 Luminex® assay principles 
The sample is added to a mixture of magnetic beads which are pre-coated with analyte specific capture 
antibodies. The antibodies bind to the specific analytes (1). Biotinylated detection antibodies specific to the 
analytes of interest are added forming antibody-antigen complexes. Phycoerythrin (PE)-conjugated streptavidin 
is added, which in turn binds to the biotinylated detection antibodies (2). The magnetic beads are read on the 
Bio-Plex® 200. One laser classifies the bead region and determines the analyte being detected, whilst the second 
laser determines the magnitude of the PE-derived signal which is in direct proportion to the amount of analyte 
bound to the antibody (3). Taken from R&D Systems Technical Resources (256). 
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Cytokine assay procedure 

The following analytes were chosen according to evidence of their involvement in the inflammatory 

changes related to preterm labour, cervical ripening and remodelling and fetal membrane activation 

or their response to the vaginal microbiota: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-18, IFN-γ, GM-CSF 

and TNF-α. CVF supernatant and plasma were thawed on ice and centrifuged at 2000xg for 10 minutes, 

removing cell debris. The resulting supernatant was used for the assay. For CVF samples when 

quantifying IL-8, a 10-fold dilution using Calibrator Diluent RD6-52. For quantifying the remaining 10 

analytes in CVF samples no dilution was required and a multiplex plate was used. No dilution was 

performed for plasma samples and a multiplex plate was used to quantify all 11 plasma cytokine 

analytes. The Human Premixed Multi-Analyte Kit (R&D Systems cat LXSAHM) was used together with 

Bio-Plex® 200 (Bio-Rad Laboratories Ltd). 

 

Graduated standards were prepared by reconstituting each of the standard cocktails with 100μl of 

Calibrator Diluent RD6-52. Six 3-fold dilutions were performed. 50μl of standard or sample was added 

in duplicate to assigned wells of a 96 well microplate. This was followed by the addition of 50μl of 

diluted microparticle cocktail. The plate was incubated for 2 hours at room temperature on a 

horizontal orbital microplate shaker set at 800rpm. Each well was washed with wash buffer (included 

in the pre-mixed kit) on a magnetic plate. 50μl Biotin-Antibody Cocktail was added to each well and 

the plate was incubated for 1 hour at room temperature on the plate shaker. The wash step was 

repeated before the addition of 50μl Streptavidin-PE to each well and the plate was incubated for 30 

minutes at room temperature on a plate shaker. The wash steps were repeated, and the magnetic 

beads resuspended in 100μl of wash Buffer. The plate was shaken for a further 2 minutes prior to 

reading on the analyser. All standards and samples were run in duplicate with allocated wells for 

blanks. The concentrations of the analytes were determined by the spectral properties of the beads 

and the amount of fluorescence. Standard concentrations were provided by the manufacturer and 

analyte detections were compared to the standard ranges and subtracting the average blank median 

fluorescence intensity. If analytes were detectable, but outside their specified standard range of 

concentrations, concentrations were calculated from extrapolations off the standard range of the 

immunofluorescence curve. The proportion of detectable and non-detectable concentrations for 

plasma samples is presented in Chapter 3, table 3.5 and cervico-vaginal fluid samples in Chapter 4, 

table 4.4. Non-detectable concentrations were assigned a value half of the sensitivity level of the 

assay. The coefficient of variation was calculated across all plates for standards and a common pooled 

sample on all plates to assess for plate-to-plate variation (presented in Chapter 4, table 4.3).  
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Table 2.4 Standard curve range and sensitivity levels for plasma cytokine multiplex Luminex® assay  

Cytokine Standard curve range (pg/ml) Sensitivity level (pg/ml) 

IL-18 10.12 - 2460 1.93 

IFN-γ 58.48 - 14210 0.4 

IL-2 29.63 - 7200 1.8 

IL-4 14.61 - 3550 9.3 

IL-8 5.19 - 1260 1.8 

TNF-α 9.71 - 2360 1.2 

GM-CSF 12.22 - 2970 4.1 

IL-5 6.63 - 1610 0.5 

IL-1β 19.51 - 4740 0.8 

IL-6 4.73 - 1150 1.7 

IL-10 4.77 - 1160 1.6 

 

Table 2.5 Standard curve range and sensitivity levels for cervico-vaginal fluid cytokine multiplex Luminex® 
assay 

Cytokine Standard curve range (pg/ml) Sensitivity level (pg/ml) 

IL-8 2.96 - 720 1.8 

IL-1β 1.81 - 3950 0.8 

IL-10 0.41 - 900 1.6 

IL-6 0.33 - 730 1.7 

IL-4 1.55 - 3380 9.3 

IL-18 1.73 - 3790 1.93 

IL-5 0.66 - 1440 0.5 

IL-2 6.62 - 14470 1.8 

IFN-γ 4.7 - 10290 0.4 

TNF-α 0.94 - 2050 1.2 

GM-CSF 1.28 - 2800 4.1 

 

The R&D assay reported a sensitivity (or mean detectable dose) which gave a statistical estimation of 

the level of precision between concentrations. It can be thought of how much two concentration 

points must differ to be able to be distinguished from each other, and the minimum value that can be 

distinguished from the background. This sensitivity level was below the lowest standard, therefore 

such low concentrations at that level are not necessarily accurate. The sensitivity level was determined 

by adding two standard deviations to the mean fluorescence intensity value of twenty zero standard 

replicates and calculating the corresponding concentration. The commercial vendor recommended 

that the lowest standard value on the linear portion of the standard curve as the limit of accurate 

sensitivity. Therefore, in some cases, a value between the limit of sensitivity value and lowest standard 

value detected above the background but was not quantifiable.  

 

. 
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Complement assay procedure  

Human Complement Magnetic Bead panel 1 and 2 (Milliplex®) HCMP1MAG-19K and HCMP2MAG-19K 

was used together with Bio-Plex® 200 (Bio-Rad Laboratories Ltd) to detect 4 pre-specified analytes in 

CVF and plasma. Panel 1 detected C5, C5a and MBL, whilst panel 2 detected C3b. Cervico-vaginal fluid 

samples did not require dilution. Plasma samples were diluted 1:200 for panel 1 and 1:400 for panel 

2. 

 

CVF supernatant or plasma was thawed on ice and centrifuged at 2000xg for 10 minutes, removing 

cell debris. The resulting supernatant was used for the complement assay. Graduated standards were 

prepared by reconstituting each of the standard cocktails with 250μl of deionised water. Six 3-fold 

dilutions were performed. The 96 well microplate was washed with 200μl of Wash buffer prior to use. 

25μl of standard or sample was added in duplicate to assigned wells of a 96 well microplate. This was 

followed by the addition of 25μl of Assay buffer, and then 25μl of mixed magnetic beads. The plate 

was incubated for 2 hours at room temperature on a horizontal orbital microplate shaker set at 

800rpm. Each well was wash with Wash Buffer on a magnetic plate. 50μl of detection antibody was 

added to each well and the plate was incubated for 1 hour at room temperature on the plate shaker. 

The well contents were not aspirated after this incubation step.  50μl Streptavidin-PE was added to 

each well and the plate was incubated for 30 minutes at room temperature on the plate shaker. The 

wash steps were repeated and the magnetic beads resuspended in 150μl of sheath fluid. The plate 

was shaken for a further 5 minutes prior to reading on the analyser. All standards and samples were 

run in duplicate with allocated wells for blanks. The concentrations of the analytes were determined 

by the spectral properties of the beads and the amount of fluorescence. Standard concentrations were 

provided by the manufacturer and analyte detections were compared to the standard ranges and 

subtracting the average blank median fluorescence intensity. If analytes were detectable, but outside 

their specified standard range of concentrations, concentrations were calculated from extrapolations 

off the standard range of the immunofluorescence curve. The coefficient of variation was calculated 

across all plates for standards and a common pooled sample on all plates to assess for plate-to-plate 

variation.  
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Table 2.6 Standard curve range and sensitivity levels for cervico-vaginal fluid and plasma complement 
multiplex Luminex® assay 

Complement analyte Standard curve range Sensitivity 

C5 ng/ml 2.74-2000 1.04 

C5a pg/ml 4.12-3000 0.0051 

MBL ng/ml 0.14-100 0.04 

C3b ng/ml 8.23-6000 3.639 
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Immunoglobulin assay procedure  

The ProcartaPlex Human Antibody Isotyping Panel 7plex (ThermoFisher Scientific cat EPX070-10818-

901) was used together with Bio-Plex® 200 (Bio-Rad Laboratories Ltd) to detect 6 pre-specified 

analytes in the CVF. These were IgG1, IgG2, IgG3, IgG4, IgA and IgM (pg/ml).  

 

CVF supernatant was thawed on ice and centrifuged at 2000xg for 10 minutes, removing cell debris. 

The resulting supernatant was used for the assay. Graduated standards were prepared by 

reconstituting the standard cocktails with 250μl of universal assay buffer. Seven 3-fold dilutions were 

performed. 50μl Antibody magnetic beads were added to each well followed by washing of the 96 

well microplate with 150μl Wash buffer on a magnetic plate. 25μl of standard or sample was added in 

duplicate to assigned wells of a 96 well microplate. This was followed by the addition of 25μl of 

universal assay buffer. The plate was incubated for 2 hours at room temperature on a horizontal 

orbital microplate shaker set at 500rpm. The plate was washed with Wash buffer on a magnetic plate. 

25μl of detection antibody was added to each well and the plate was incubated for 30 minutes at 

room temperature on the plate shaker. The plate was washed with Wash buffer on a magnetic plate. 

50μl Streptavidin-PE was then added to each well and the plate was incubated for 30 minutes at room 

temperature on the plate shaker. The wash steps were repeated and the magnetic beads resuspended 

in 120μl of reading buffer. The plate was shaken for a further 5 minutes prior to reading on the 

analyser. All standards and samples were run in duplicate with allocated wells for blanks. The 

concentrations of the analytes were determined by the spectral properties of the beads and the 

amount of fluorescence. Standard concentrations were provided by the manufacturer and analyte 

detections were compared to the standard ranges and subtracting the average blank median 

fluorescence intensity. If analytes were detectable, but outside their specified standard range of 

concentrations, concentrations were calculated from extrapolations off the standard range of the 

immunofluorescence curve. The coefficient of variation was calculated across all plates for standards 

and a common pooled sample on all plates to assess for plate-to-plate variation.  

 

Table 2.7 Standard curve range for cervico-vaginal fluid immunoglobulin multiplex Luminex® assay 

Immunoglobulin analyte Standard curve range  

IgG1 pg/ml 3784.5-137945000 

IgG2 pg/ml 7922.63-5775600 

IgG3 pg/ml 620.16-150700 

IgG4 pg/ml 1092.73-79600 

IgA pg/ml 297.53-10845000 

IgM pg/ml 1092.73-7324600 
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2.2.7 Extraction of DNA for microbiota analysis  
 

Enzyme cocktail mix (volume per vaginal sample) 

- 170μl PBS (filter sterilised) 

- 50μl Lysozyme (10mg/ml) 

- 6μl Mutanolysin 

- 3μl Lysostaphin 

- 41μl TE50 

- 30μl 12% Triton 

 

DNA extraction from the cervico-vaginal swab 

As described in section 2.2.5, supernatant from the cervico-vaginal swab was used for the Luminex® 

assays, and the resulting pellet was used for DNA extraction. The pellet was re-suspended 300μl of 

enzyme cocktail mix and placed in a 37°C water bath for 1 hour. Following this enzymatic lysis step, 

the sample was subjected to mechanical lysis by the addition of 100μg 0.1mm acid washed glass beads 

and oscillation at 25Hz for 1 minute using the TissueLyser LT. The sample was centrifuged to separate 

the glass beads from the lysate. Further chemical lysis was performed with the QiAamp DNA Mini Kit. 

The lysate was added to 20μl Proteinase K and 200μl AL buffer and incubated on a heat block at 56°c 

for 30 minutes. 200μl Ethanol was added and the sample transferred to the QiAamp spin column and 

centrifuged for 8000rpm for 1 minute. The supernatant was discarded, and the column was washed 

with 500μl AW1 buffer at 8000rpm for 1 minute followed by 500μl AW2 buffer at 13 300rpm for 3 

minutes. The DNA within the spin column was eluted in 100μl AE buffer at 8000rpm for 1 minute.  
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Polymerase Chain Reaction (PCR) Amplification  

To confirm successful extraction of bacterial DNA from vaginal swab samples PCR amplification was 

carried out using 16S rRNA universal primers: forward primers 27F-5’AGAGTTTGATCCTGGCTCAG-3’ 

and reverse primers 338R-5’GCTGCCTCCCGTAGGAGT-3’. Amplified bacteria DNA was confirmed by gel 

electrophoresis. Agarose gels (1.5%) were prepared using 3g agarose powder dissolved in 200ml 1x 

TBE and 16μl SYBR safe DNA gel stain. 16μl loading dye was added to each DNA extract and a 100bp 

molecular weight marker included on each gel. Each gel also contained a positive and negative control. 

The positive control was a previously extracted vaginal sample with confirmed 16S rRNA bacterial 

sequencing on an earlier experiment. The negative control was a blank sample processed in parallel 

with DNA extracted from vaginal samples. Samples were separated by electrophoresis at 140 volts for 

15 minutes and the gel was trans-illuminated and photographed under UV light, (Figure 2.7). The 

presence of bacterial DNA was confirmed by PCR for all extracted samples, and there was no 

amplification for any of the negative controls.  

 

Figure 2.7 PCR confirmation of bacterial DNA.  
PCR demonstrating molecular weight marker, detectable bacterial DNA amplicons of expected molecular weight 

400 base pairs in samples 1-4, and a negative water control (NC) and a positive control (PC). 

 

DNA Sequencing – vaginal samples 

The V1-V2 hypervariable regions of 16S rRNA genes were amplified for sequencing using the following 

primers. The forward primer set (28f-YM) consisted of a mixture of the following primers mixed at a 

4:1:1:1 ratio; 28F-Borrellia GAGTTTGATCCTGGCTTAG; 28F- Chlorlex GAATTTGATCTTGGTTCAG; 28F- 

Bifido GGGTTCGATTCTGGCTCAG; 28F- YM GAGTTTGATCNTGGCTCAG. The reverse primer consisted 

for 388R GCTGCCTCCCGTAGGAGT. Sequencing was performed on an Illumina MiSeq platform 

(Illumina Inc.) at Research and Testing Laboratory, (RTL Genomics) in Lubbock, Texas, USA. 
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2.1 Data analysis and statistical methods 
 

Flow cytometry data was acquired with the Cytek® Aurora flow cytometer together with the 

SpectroFlo® Software Package (Cytek) and analysed using FlowJo software v10.4.2 (FlowJo, LLC).  

 

Statistical analysis of cytokines, complement and immunoglobulins from cervico-vaginal fluid or 

plasma was performed using Graphpad Prism 8.4.1. The D’Agostino-Pearson omnibus normality test 

was applied. Differences between two groups were analysed using the t-test for parametric data, or 

the Mann Whitney U test for non-parametric data. Differences between three groups were analysed 

using the one-way ANOVA test for parametric data, or the Kruskal-Wallis test for non-parametric data. 

Dunnett’s or Dunn’s post hoc multiple comparisons test were used for parametric and non-parametric 

data respectively. A linear regression was used to identify temporal differences according to the 

gestation of pregnancy. The Fisher’s exact or Chi square test was used to test for proportional 

differences. Spearman correlation was used to correlate concentrations of different analytes. For all 

tests, the level of statistical significance was taken as a p value ≤0.5.   

 

Sequence data for the vaginal microbial composition were analysed using the MiSeq SOP Pipeline of 

the Mothur package (257). Sequence alignment was performed using the Silva bacterial database 

(www.arb-silva.de/). Sequences were then classified using the RDP (Ribosomal Database Project) 

database reference sequence files and the Wang method (258). Operational taxonomic units (OTU) 

taxonomies from phylum to species were determined using the RDP MultiClassifier script (259). Rare 

OTUs (<10 reads per sample) were excluded. The remaining read counts were subsampled and 

normalised to the lowest read count. Measures of microbial diversity: inverse Simpson and Shannon 

indexes and richness (species observed) were calculated using Mothur and R using the Vegan package. 

 

Examination of statistical differences between vaginal microbiota was performed at bacterial genera 

and species level using the Statistical Analysis of Metagenomic Profiles software package (STAMP) (260). 

At genera level, samples were grouped into those that were Lactobacillus dominant, (>75% 

Lactobacillus species), or Lactobacillus deplete, (<75% Lactobacillus species), a commonly utilised cut-

off point (78, 161) . Hierarchical clustering analysis using Ward linkage of species data was used with a 

clustering density threshold of 0.75 with the 20 most abundant bacterial species displayed. Thereafter, 

samples were classified into vaginal microbial groups (VMG) based upon Ward hierarchical clustering, 

VMG 1 (Lactobacillus crispatus), VMG 2 (Lactobacillus gasseri), VMG 3 (Lactobacillus iners), VMG 4 

(Diverse species), VMG 5 (Lactobacillus jensenii) and VMG 6 (Bifidobacterium spp). 
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CHAPTER 3: THE PERIPHERAL IMMUNE 

RESPONSE IN HEALTHY PREGNANCY AND IN 

WOMEN WHO DELIVER PRETERM 
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3.1 Chapter Summary  
 

Hypothesis 

• A successful term pregnancy involves highly regulated, time-dependent adaptions to the maternal 

systemic immune system. 

• Aberrant alterations in the maternal systemic immune response occur in a proportion of women 

who deliver preterm.  

 

Aims  

• To describe changes in peripheral blood mononuclear cell subsets and plasma cytokines and 

components of the complement system during healthy term pregnancy.  

• To describe changes in peripheral blood mononuclear cell subsets, plasma cytokines and 

components of the complement system in pregnancies complicated by spontaneous preterm 

birth. 

• To examine the relationship between the maternal peripheral immune response in cervical 

shortening. 

• To describe changes in the maternal peripheral immune mediators in response to cervical cerclage 

as an intervention to prevent preterm birth in women with cervical shortening.  

 

Methods 

Peripheral blood mononuclear cells were collected from 78 study participants. For 51 study 

paricipants (65%), samples were collected at three timepoints in pregnancy, 12+0 - 16+6 weeks, 20+0 - 

24+6 weeks and 30+0 - 34+6 weeks. For 51 study participants (65%), samples were collected at all three 

timepoints, and they formed a cohort studied longitudinally. Peripheral blood mononuclear cells were 

isolated from whole blood using Ficoll and cryopreserved until use.  The Cytek® Aurora was used to 

identify and characterise populations of monocytes, T cells, Treg cells, γδ T cells, B cells, NK cells and 

NK T cells, using antibodies to the following cell surface markers: CD3, CD4, CD8, CD14, CD16, CD19, 

CD27, CD45Ra, CD56, CD127 and CD197. Cell activation status was measured by the median 

fluorescence intensity (MFI) of fluorochromes conjugated to antibodies directed to the following cell 

surface markers: CD25, CD38, PD-1, HLA-DR and IgD.  

Plasma was collected from 32 study participants at the same three timepoints in pregnancy, 12+0 - 16+6 

weeks, 20+0 - 24+6 weeks and 30+0 - 34+6 weeks. Plasma cytokines (IL-18, IFN-γ, IL-2, IL-4, IL-8, TNF-α, 
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GM-CSF, IL-5, IL-1β, IL-6 and IL-10) and plasma complement (C3b, MBL, C5 and C5a) were quantified  

using  magnetic Luminex® immunoassays. Detailed metadata was collected from each study 

participant, including gestational age at delivery, treatment with progesterone and/or cervical 

cerclage and cervical length measurement by transvaginal ultrasound.  

Statistical differences between groups were analysed using the Student’s t-test or one-way ANOVA 

where data was normally distributed, or Mann Whitney U test or Kruskal-Wallis test for non-

parametric data, with Tukey’s or Dunn’s multiple comparisons post-hoc test. Linear regression was 

used to identify time dependent changes across pregnancy.  

 

Results  

Study participants were categorised into three pregnancy outcome groups, preterm delivery before 

37+0 weeks, term (uncomplicated) delivery and term delivery with intervention (cervical cerclage 

and/or progesterone). Changes in the proportion and activation of several peripheral blood 

mononuclear cell subsets were seen across gestational age as pregnancy advanced. There was a 

significant increase in CD4+ T cells and CD4+ CD25 MFI with advancing gestation in the term 

(uncomplicated) group, in the longitudinal cohort (p<0.05). Although the proportion of CD8+ T cells 

was stable with advancing gestation, in both the whole study population analysis and the longitudinal 

cohort analysis, CD8+ CD38 MFI increased with advancing gestation in the preterm and term with 

intervention groups (p<0.05). CD8+ CD25 MFI increased with advancing gestation in the term 

(uncomplicated) group (p<0.05), in the longitudinally cohort. CD8+ HLA-DR was significantly greater in 

the preterm group at the 12+0 - 16+6 sampling timepoint compared to both term groups (p<0.05). There 

was a reduction in NK cells with advancing gestation in both term groups between the first and third 

sampling timepoints (p<0.05), however the statistical significance was lost when analysis was 

corrected for multiple testing. There was a significant increase in NK CD38 MFI as pregnancy advanced 

in both the whole study population and longitudinal cohort analysis (p<0.05). The proportion and 

activity of monocytes, Treg, γδ T cells and B cells did not show any gestational differences or 

differences according to preterm and term deliveries.  

Plasma IL-18 increased significantly with advancing gestation in both term outcome groups (p<0.05), 

with a trend for increase in the preterm group. There was a positive correlation between plasma IL-

18 and IFN-γ, TNF-α and IL-2, consistent with a Th1 pro-inflammatory response.  No aberrant cytokine 

production was seen in women who delivered preterm. Furthermore, no changes in plasma 

complement were seen as pregnancy advanced or according to pregnancy outcome. There were no 
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differences in the cell subset percentage or activation, or plasma analytes in women who underwent 

cervical shortening or had a cervical cerclage. 

Conclusions 

The maternal peripheral immune response is altered during pregnancy, but no marked differences 

were observed between women who deliver preterm compared to at term. The gestation related 

changes were predominantly seen in activation markers of T cells, supporting the theory of an immune 

clock in healthy pregnancy. These results suggest that different aetiologies of preterm birth and the 

associated pathophysiological mechanisms are not reflected in the maternal peripheral immune 

response. 
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3.2 Introduction 
 

The maternal immune system undergoes time-dependent adaptations in order to concurrently 

maintain pregnancy with a semi-allogenic fetus and respond appropriately to pathogens (174). This 

involves responding to different physiological phases of pregnancy, (implantation, placentation, fetal 

growth and labour), and adaptation to both the innate and adaptive immune systems. Peripheral 

immune signatures have been described in granulocytes with advancing pregnancy, and in 

granulocytes, lymphocytes and monocytes at the onset of labour (261). Adaptions to peripheral cytokine 

and complement signalling pathways during pregnancy have also been explored (175, 198).  

Dysregulation of the healthy immune signatures have been implicated in the pathogenesis of 

miscarriage and preterm birth. For example, an imbalance in the activation and regulation of the 

complement system has been implicated in abnormal implantation leading to first-trimester 

miscarriage (262). An exaggerated cytokine response in placenta and in the peripheral circulation have 

been seen in first trimester miscarriages (263).  

There is also a strong association between preterm birth, infection and inflammation (5, 264). A 

reduction in peripheral Treg cells (202) and dysregulation of the complement system as evidenced by 

high peripherally circulating complement proteins (208) have been shown to be associated with preterm 

birth. Histological chorioamnionitis demonstrated in preterm birth is associated with significantly 

higher peripheral leukocyte counts (265). Our group have previously identified several plasma 

microRNAs associated with inflammation which are predictive of cervical shortening and preterm 

delivery (266), and differences in the expression of certain peripheral exosomes in term and preterm 

pregnancies have been described (267). 

The traditional view that pregnancy is a state of immunosuppression has been superseded by a more 

complex notion that the maternal immune system is dynamically responsive. When these temporal 

changes occur during pregnancy, or if they have an impact on the timing of labour remains unclear. 

There are limited studies characterising peripheral longitudinal changes as pregnancy advances.  

Therefore, the objectives of the work described in this Chapter were to characterise the peripheral 

immune cell subsets and their activations status, and quantify plasma cytokines and complement 

concentrations across pregnancy and in the context of both preterm and term labour outcomes.  
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3.3 Study design 
 

To study the peripheral immune changes during pregnancy in women with term and preterm 

pregnancies, women with risk factors for preterm birth were prospectively recruited from the preterm 

surveillance clinics at Queen Charlotte’s and Chelsea Hospital and St Mary’s Hospital in London. 

Peripheral blood was taken from women at three timepoints during their pregnancy, 12+0 - 16+6 weeks, 

20+0 - 24+6 weeks and 30+0 - 34+6 weeks gestation. Whole blood was collected in EDTA tubes. Peripheral 

blood mononuclear cells were separated from whole blood for flow cytometry. Plasma cytokines and 

complement concentrations were analysed in a subset of women. This cohort was selected at the time 

of an interim analysis from the first 32 women with outcome data.   

The cervical length was obtained by a transvaginal ultrasound on the same day as blood sampling. 

Study participants were divided into 3 outcome groups retrospectively: a) women who had 

spontaneous preterm deliveries (preterm, PT); b) women who delivered at term without intervention 

(term, T); c) women who delivered at term following an elective history or ultrasound indicated 

cerclage and/or progesterone (term intervention, TI). Detailed metadata was collected from all study 

participants from the hospital notes and the electronic patient database, Cerner Millennium 

Powerchart®.  
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3.4 Statistical analysis 
 

Flow cytometry data were analysed using SpectroFlo® Software Package (Cytek) and FlowJo software 

v10.4.2 (FlowJo, LLC). Hierarchical gating was performed to identify specific cell subsets. FlowJo 

software v10.4.2 was used to display the data graphically.  

 

The concentrations of cytokine, complement and immunoglobulin analytes were determined by the 

spectral properties of the beads and the amount of emitted fluorescence using the Bio-Plex® 200 

software. Standard concentrations were provided by the manufacturer and analyte detections were 

compared to the standard ranges and subtracting the average blank median fluorescence intensity. 

 

Statistical analysis was performed using Graphpad Prism 8.4.1. Differences between two groups were 

analysed using the t-test if the data was normally distributed, or the Mann Whitney U test for data 

which was not normally distributed. Differences between three groups were analysed using the one-

way ANOVA test if the data was normally distributed, or the Kruskal-Wallis test for data which was not 

normally distributed.  The post hoc Dunnett’s or Dunn’s multiple comparisons test were used where 

appropriate. A linear regression was used to identify temporal differences according to the gestation 

of pregnancy. For all tests, the level of statistical significance was taken as a p value ≤0.5.  
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3.5 Results  
 

3.5.1 Development of the flow cytometry fluorochrome panel 
 

In collaboration with the scientific team at Cytek™, an antibody panel was developed to assess the 

following peripheral blood mononuclear cell types during pregnancy: lymphocytes, CD4+ T cells, CD8+ 

T cells, Treg cells, γδ T cells, NK cells, B cells, CD4+ NK T cells, CD8+ NK T cells, monocytes, classical 

monocytes, intermediate monocytes and non-classical monocytes. Fluorochrome conjugated 

antibodies were directed to the following cell surface activation markers CD25, CD38, HLA-DR, PD-1 

and IgD. Aqua amine exclusion dye was used to exclude dead cells and analyse parameters of live cells 

only. As detailed earlier (see Methods 2.2.3), the Cytek® Aurora uses cutting edge technology to 

measure the full emission spectrum for each fluorochrome creating a unique signature which is not 

affected by overlapping fluorochrome emission spectrum peaks.  

For this work, 18 fluorochromes were chosen based upon the Similarity Index, a measure of 

uniqueness between two fluorochromes on a scale of 0 to 1. Values close to 0 represented two very 

different fluorochromes, whilst values close to 1 indicated very similar fluorochrome emission 

signatures. The similarity index for each pair of fluorochromes in the panel were compared, Figure 3.1. 

Fluorochromes chosen were AlexaFluor 488, BV750, BV650, PE, eFluor450, APC, AlexaFluor532, 

BV605, BV480, PerCP-eFluor, APC-Fire 750, PE/Dazzle594, PE-Cy7, AlexaFluor 700, BV711, BV785, 

BV42 and LiveDead Aqua. The Complexity Index was then calculated; which was an overall measure 

of uniqueness of all fluorochromes in a full spectrum cytometry panel (268). The Complexity Index for 

this 18 fluorochrome panel was 6.21. This was comparable to previously designed smaller panels of 

10 fluorochromes which typically have Complexity Indices of 2-3, and larger panels of 35-40 

fluorochromes where the Complexity Indices are between 40-50. The emission spectrum of the 18 

fluorochromes is shown in Figure 3.2. A fluorochrome spillover spread matrix enabled the selection of 

combination of fluorochromes with minimal spectral overlap, Figure 3.3.  

Each fluorochrome was matched to the antibody for the cell surface marker or cell activation marker 

which was commercially available, taking into account the fluorochrome stain index. The stain index 

is a parameter reflecting the ability to resolve a dim positive signal from the background fluorescence. 

Fluorochromes with low stain index were used to measure parameters expressed at high levels, whilst 

fluorochromes with high stain index were used to measure parameters expressed at lower levels, 

Figure 3.4. 
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The fluorochromes with their cell markers were as follows: Alexa Fluor™ 488 anti-human CD45RA, 

BV750 mouse anti-human CD4 (clone SK3), Brilliant violet 650™ anti-human CD279 (PD-1), PE anti-

human CD25, eFluor 450 anti-human CD16, APC anti-human CD127, AlexaFluor 532 anti-human CD3, 

Brilliant Violet 605™ anti-human CD19, Brilliant Violet 480 mouse anti-human TCRγδ, PerCP-eFluor 

710 anti-human CD14, APC/Fire™ 750 anti-human CD8, PE/Dazzle™ 594 anti-human CD197 (CCR7), 

PE/Cy7 anti-human CD38, Alexa Fluor® 700 anti-human HLA-DR, Brilliant Violet 711™ anti-human 

CD56 (NCAM), Brilliant Violet 785™ anti-human IgD, Brilliant Violet 421™ anti-human CD27 and 

LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit. Catalogue numbers can be found in the Materials and 

Methods section.  

Optimisation experiments were performed for each cell surface and cell activation marker to 

determine the correct dilution and volume of antibody to use per number of cells by the Cytek™ 

chemical team, (see Table 2.2 in Materials and Methods). Matched histograms of single stain controls 

versus multi-colour samples are shown in Appendix 3. Good detection of each fluorochrome could be 

demonstrated if the histogram in the single stain control matched the histogram obtained in the multi-

colour sample. 
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Figure 3.1 The 18 fluorochrome panel used for analysis with the Cytek® Aurora spectral flow cytometer 
The Similarity Indices between 18 fluorochromes were between 0 and 0.87. The overall Complexity Index was 
low at 6.21. The 18 fluorochromes were Alexa Fluor 488, BV750, BV650, PE, eFluor 450, APC, Alexa Fluor 532, 
BV605, BV480, PerCP-eFLUOR 710, APC-Fire 750, PE/Dazzle 594, PE-Cy7, Alexa Fluor 700, BV711, BV785, BV421 
and Live Dead Aqua Amine. 
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Figure 3.2 The overlapping emission spectrums of 18 fluorochromes  
There are 16 channels in the violet laser (V1-V16), 14 channels in the blue laser (V1-14) and 8 channels in the red laser (R1-R8).  Each fluorochrome dye is excited by all 
three lasers with a peak channel and secondary emission channels. 
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Figure 3.3 Fluorochrome spillover spread matix 
Fluorochromes were chosen to minimise spillover or spectral overlap. Spillover spread matrix values closer to zero had minimal spectral overlap. 
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Figure 3.4 Fluorochrome stain index ranking 
The stain index is a parameter reflecting the ability to resolve a dim positive signal from the background 
fluorescence. Fluorochromes with low stain index were used to measure parameters expressed at high levels, 
whilst fluorochromes with high stain index were used to measure parameters expressed at lower levels.  
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3.5.2 Peripheral immune cell subsets 
 

Hierarchical gating was first performed to enable distinguishing of single cells from doublets and 

debris, Figure 3.5 A, with the fluorescence intensity of the aqua amine stain used to discriminate live 

and dead cells, Figure 3.5 B. Monocytes and lymphocytes were gated using their forward and side 

scatter characteristics, Figure 3.5 C. Light scatter is measured by two optical detectors; the first 

detector measures scatter along the path of the laser and is referred to as the forward scatter and the 

second detector measures scatter at ninety degrees relative to the laser and is referred to as the side 

scatter. Side scatter provides information about the granularity of the cell. Monocytes are larger and 

more granular than lymphocytes, therefore they exhibit forward and side scatter of higher intensities.  

Monocyte subsets, classical, intermediate and non-classical were gated according to CD14 and CD16. 

CD3 was used to differentiate between T cells, NK cells and B cells, and CD19 to differentiate between 

NK cells and B cells. Further gating of T cell subsets, CD4+, CD8+, γδ T cells, NK T cells and Treg cells 

was via their cell surface markers as follows; Helper T cells were CD3+ and CD4+. Cytotoxic T cells were 

CD3+ and CD8+. Treg cells were CD3+, CD4+, CD25+, TCRγδ- and CD127low. γδ T cells were CD3+ and 

TCRγδ+. CD4+ NK T cells were CD3+, CD56+, TCRγδ, CD4+ and CD45RA+. CD8+ NK T cells were CD3+, 

CD56+, TCRγδ, CD48 and CD45RA+, Figure 3.5 D. 

The effector status of monocytes was measured by the median fluorescence intensity (MFI) of HLA-

DR and PD-1. The effector status of B cells was measured by the MFI of IgD and PD-1. The MFI of CD25, 

CD38, HLA-DR and PD-1 were measured for CD4+, CD8+ and Treg cells. The MFI of CD38 was measured 

for NK cells. 
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Figure 3.5 Gating strategy used for analysis of peripheral blood mononuclear cell subsets by spectral flow cytometry  
Using flow cytometry, peripheral blood mononuclear cell subsets were gated from singlets and live cells followed by monocytes and lymphocytes based upon side and 
forward scatter characteristics. Cell subsets: classical, intermediate and non-classical monocytes, NK cells, B cells, T cells, NKT cells, γδ T cells, cytotoxic T cells, helper T cells, 
Treg, CD4+ NK T cells and CD8+ T cells were determined by cell surface markers. Activation markers of particular cell subsets are shown in green. 
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In a cohort of women with term pregnancies who did not experience cervical shortening and did not 

receive a cervical cerclage, the proportions of peripheral blood mononuclear cells subsets were stable 

with longitudinal sampling at 12+0 - 16+6 weeks, 20+0 - 24+6 weeks and 30+0 - 34+6 weeks gestation, except 

for CD4+ T cells which increased significantly with advancing gestation (Table 3.1). This was based 

upon longitudinal sampling of 22 women, who were identified as high risk of preterm delivery and 

were recruited from the preterm birth surveillance clinic, but delivered at term gestation not requiring 

progesterone or a cervical cerclage. An example image of the proportions of PBMC cell subsets is 

presented as a single plot based upon unsupervised clustering performed using the t-distributed 

stochastic neighbour embedding (t-SNE) algorithm, Figure 3.6.  

 

Table 3.1 Major peripheral blood mononuclear subset percentages across term pregnancy. 
N=22 longitudinal samples at three timepoints. Mean % (standard deviation) 
 

 12-16 weeks 20-24 weeks 30-34 weeks One-way ANOVA 

Lymphocytes  
(as % of live cells) 

90.0 (6.3) 89.0 (7.4) 88.3 (7.9) p=0.45 

Monocytes  
(as % of live cells) 

10.1 (6.3) 11.0 (7.4) 11.8 (7.9) p=0.87 

CD4+  
(as % of CD3+) 

62.8 (6.4) 64.4 (7.9) 65.2 (7.3) p=0.04 *  

Treg  
(as % of CD4+) 

6.9 (2.4) 6.8 (2.1) 7.7 (3.2) p=0.54 

CD8+  
(as % of CD3+) 

32.4 (6.1) 31.3 (7.4) 30.7 (6.8) p=0.11 

B cells  
(as % of lymphocytes) 

9. 3 (3.5) 10.1 (3.5) 10.4 (4.2) p=0.33 

NK cells  
(as % of lymphocytes) 

5.13 (2.3) 5.15 (2.3) 4.67 (2.6) p=0.44 
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Figure 3.6 Representation of PBMC cell subsets identified by 18 fluorochrome panel 
Cells were grouped into one of 10 clusters. Cluster number is indicated (top number) with the percentage of 
cells in each cluster (bottom number) (A). Unsupervised clustering (tSNE) visualisation of immune cells based 
upon phenotypic signatures with cell markers identified cell subsets,  live cells, CD3+ lymphocytes,  CD4+ T cells, 
CD8+ T cells, Treg cells, CD4+ NK T cells, CD8+ NK T cells, γδ T cells , CD3- lymphocytes, B cells, NK cells, classical 
monocytes, intermediate monocytes and non-classical monocytes (B). Two dimensional tSNE plots based on 
single immune cell flow cytometry markers are shown in C-H, CD3 (C), CD4 (D), CD8 (E), CD14 (F), CD16 (G), CD19 
(H).
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3.5.3 Study population characteristics for peripheral blood mononuclear cells  
 

A total of 78 pregnant women provided blood samples whilst attending the preterm birth prevention 

clinics. Referral criteria for attending the clinics included previous preterm birth, previous mid-

trimester miscarriage, and previous excisional cervical treatment. Most of these women delivered at 

term, >37+0 weeks gestation 64 (82%), of which N=38 (49%) were uncomplicated and N=26 (33%) 

received an intervention (cerclage and/or progesterone). 14 (18%) of women delivered preterm 

before 37+0 weeks gestation Table 3.2.  

As there were only 14 women who delivered in the preterm, they were not further divided into two 

groups reflecting the differentiation conferred to the term groups which identified which women 

received an intervention (cerclage and/or progesterone).  

Between the three pregnancy outcome groups, there were no significant differences in maternal age 

(p=0.89) or BMI (p=0.20), however there was a significant difference in ethnicity (p=0.001), with a 

larger proportion of white women in the term (uncomplicated) (76%), compared with the term with 

intervention (42%) and the preterm (29%). There was a smaller proportion of black women in the term 

(uncomplicated) (10%), compared to the term intervention (38%) and the preterm (21%).  

In this cohort of 78 women, the most common reason for referral to the preterm birth prevention 

clinics was previous excisional cervical treatment (39%), followed by previous preterm birth (32%) and 

previous mid-trimester loss (25%).  In total, 28 women received a cervical cerclage (36%), 7 delivered 

preterm before 37 weeks gestation and 21 delivered after 37 weeks. Cervical cerclages were classified 

as either history indicated, N=15 or ultrasound indicated, N=12. History indicated cerclages were those 

performed because of an obstetric history suggestive of cervical insufficiency. Ultrasound indicated 

cerclages were those performed due to the cervical length measuring ≤25mm on ultrasound 

surveillance. The type of cerclage material was also recorded. This was either braided Mersilene (36%) 

or monofilament Nylon (64%). Unless otherwise stated, cervical cerclages were performed trans-

vaginally.  

Where possible, women were sampled at three timepoints during pregnancy, timepoint 1: 12+0 -16+6 

weeks, timepoint 2: 20+0 -24+6 weeks and timepoint 3: 30+0 -34+6 weeks. Data analysis was performed 

in two ways, firstly including all study participants (N=78), irrespective if samples were collected at 

each sampling timepoint (cross-sectional analysis), and secondly matched longitudinal analysis was 

performed for study participants who had samples collected at each of the three sampling timepoints, 

(N=51). As a consequence, unmatched and matched statistical analyses were performed for the 

individual cohorts. 
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Table 3.2 Clinical and demographical characteristics of the PBMC study population N=78  

 Preterm (PT) 
(>37 weeks) 

Term (T) Term with 
intervention (TI) 

p value (PT vs 
T vs TI) 
 

N (%) 14 (18%) 38 (49%) 26 (33%)  

Gestation at delivery 
(weeks) median and IQ 
range 

34+1 
(32+1-36+4) 

39+2 
(38+3-40+1) 

38+3 
(38-41) 

One-way 
ANOVA 
p<0.0001 *** 
PT vs T 
p<0.0001 *** 
PT vs TI 
p<0.0001 *** 

Early preterm </=33+6 6 NA NA  

Late preterm >/=34+0 8 NA NA  

Age median and IQ range 33 (30-39) 33 (30-37) 34 (31-36) One-way 
ANOVA 
p=0.90 

BMI median and IQ range 25 (22-28) 22 (20-27) 25 (22-29) One-way 
ANOVA 
p=0.20 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
4 (29%) 
3 (21%) 
7 (50%) 

 
29 (76%) 
4 (10%) 
5 (13%) 

 
11 (42%) 
10 (38%) 
5 (10%) 

χ2=0.0015 ** 

Cervical cerclage 7 (50%) 0 21 (81%)  

History indicated cervical 
cerclage and material 

1  
(Mersilene 1) 

NA 14  
(Mersilene 3, 
Nylon 9, 
Abdominal 1, 
Unknown 1) 

 

USS indicated cervical 
cerclage and material 

6  
(Mersilene 3, 
Nylon 3) 

NA 6  
(Mersilene 2, 
Nylon 4) 

 

Progesterone only 0 NA 5  

Risk factor for PTB: (by 
patient) 
Cervical treatment 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 
3x1st trimester misc 
Short cervix at anomaly 

 
 
2 
0 
2 
2 
0 
8 
0 
0 

 
 
21 
0 
1 
4 
2 
9 
1 
0 

 
 
7 
0 
1 
6 
5 
6 
0 
1 

 

Risk factor for PTB (a) 
Cervical treatment 
Previous PTB 
Previous MTL 

 
4 (29%) 
10 (71%) 
2 (14%) 

 
22 (58%) 
6 (16%) 
12 (31%) 

 
8 (31%) 
12 (46%) 
11 (42%) 

χ2 p<0.0039 
*** 

BMI=body mass index, USS=ultrasound. PT=preterm, T=term (no intervention). TI=term with intervention. Data presented as median 

(interquartile range (IQ)) or number (%). P values: One-way ANOVA for multiple comparisons or Chi squared for proportional data.  
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3.5.4 Peripheral immune cell subset signature across gestation, and in women who 

deliver preterm and at term  
 

Analysis of PBMC samples obtained from all 78 study participants will be presented first. The 

proportion of peripheral cell subsets were assessed with advancing gestation within each the three 

pregnancy outcome groups, preterm (delivery <37+0 weeks) N=14, term N=38, and term with 

intervention (cerclage +/- progesterone) N=26: monocytes and their subsets, (classical, intermediate 

and non-classical) (Figure 3.7), CD3+ lymphocytes (Figure 3.8), CD4+ T cells (Figure 3.9), CD8+ T cells 

(Figure 3.10), Treg (Figure 3.11), γδ T cells (Figure 3.12), B cells (Figure 3.13), NK cells (Figure 3.14), 

CD4+ NKT cells and CD8+ NKT cells (Figure 3.15).   

Monocytes 

Monocytes have important roles in tissue inflammation and repair and phagocytosis. The monocyte 

population was gated according to their forward and side scatter characteristics, Figure 3.7 A. The 

three main subsets were gated as follows: classical (CD14high, CD16-), non-classical (CD14low, CD16+) 

and intermediate (CD14high, CD16+), Figure 3.7 B. The proportion of monocytes as a percentage of all 

live cells and their subsets were stable across gestation in the three pregnancy outcome groups, Figure 

3.7 C-H, in the whole study population. Monocyte activation as measured by the MFI of HLA-DR and 

PD-1 were stable with advancing gestation in all three outcome groups, Figure 3.7 D and E, however 

monocyte activation was quite varied, particularly in the preterm group, possibly reflecting 

heterogeneity of aetiology. The most abundant monocyte subset was the classical monocytes, 

followed by the intermediate monocytes and then the non-classical monocytes. There was no 

difference in the proportion of monocytes and their cell effector status at each sampling timepoint, 

12+0 - 16+6 weeks, 20+0 - 24+6 weeks and 30+0 - 34+6 weeks when comparing the three pregnancy 

outcome groups, (p>0.05) (i.e. preterm vs term vs term intervention at 12+0 -16+6 weeks, preterm vs 

term vs term intervention at 20+0 - 24+6 weeks, and preterm vs term vs term intervention at 30+0 - 34+6 

week).  
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Figure 3.7 Peripheral blood monocytes, monocyte subsets and effector status across pregnancy and 
comparisons with preterm and term pregnancies 
Monocytes were gated based upon forward and side scatter characteristics (A). Classical, intermediate and non-
classical monocytes were gated upon CD14 and CD16 (B). There was no difference in the percentage of 
monocytes (B), or their subsets, classical monocytes (F), intermediate monocytes (G), non-classical monocytes 
(H), or monocyte HLA-DR median fluorescence intensity (MFI) (C) or monocyte PD-1 MFI (D) with advancing 
gestation or between different pregnancy outcome groups, preterm (PT), term (T), term with intervention (TI) 
at each of the three timepoints. (Preterm group N=14, Term (uncomplicated) group N=38, Term (intervention) 
group N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple comparisons test. The 

results are expressed as mean ±SEM (standard error of the mean).  
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T cells 

Lymphocytes were gated based upon their forward and side scatter characteristics, Figure 3.8 A. The 

proportion of CD3+ lymphocytes were stable across pregnancy and there was no difference in the 

proportion of CD3+ cells at each sampling timepoint, 12+0 -16+6, 20+0 - 24+6 and 30+0 - 34+6 weeks when 

comparing the three pregnancy outcome groups, (p>0.05) Figure 3.8 C, in the whole study population. 

 

 

 

Figure 3.8 Peripheral CD3+ lymphocytes across pregnancy and comparisons with preterm and term 
pregnancies 
There was no difference in the percentage of CD3+ lymphocytes with advancing gestation or between different 
pregnancy outcome groups, preterm (PT), term (T), term with intervention (TI) at each of the three timepoints 
(C). (Preterm group N=14, Term (uncomplicated) group N=38, Term (intervention) group N=26). Statistical 
analysis was by the one-way ANOVA with Dunnett’s multiple comparisons test. The results are expressed as 
mean ± SEM. 
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CD4+ T cells  

CD4+ T cells amplify the responses of other immune cells including macrophages and neutrophils 

through the secretion of cytokines. CD4+ T cells were CD3+, CD4+, Figure 3.9 A. Analysis with samples 

from the whole study population showed that there was no significant change in the proportion of 

CD4+ T cells (as a percentage of CD3+ cells) with advancing gestation in the preterm, term (no 

intervention) and term with intervention groups, (p>0.05) Figure 3.9 B. There was a trend for an 

increase in CD4+ T cells across gestation in the term group when data was analysed cross-sectionally, 

Figure 3.9 B. This relationship was later found to be statistically significant in the longitudinal cohort, 

Section 3.5.5, Figure 3.17 A. The effector status of CD4+ T cells as measured by the MFI of CD25, HLA-

DR and PD-1 were stable with advancing gestation and there were no significant differences between 

the three outcome groups at the three sampling timepoints (p>0.05), Figure 3.9 C-F. There was a trend 

for a gestational increase in CD4+ CD38 in the term group, Figure 3.9 D, which was observed to be 

statistically significant in longitudinally sampled women, Section 3.5.5 Figure 3.17 C.   

 

 

 

Figure 3.9 Peripheral CD4+ cells and their effector status across pregnancy and comparisons with preterm 
and term pregnancies 
CD4+ cells were gated by CD3+/CD4+ (A). There was no significant difference in the percentage of CD4+ cells (B) 
or CD4+ cell CD25, CD38, HLA-DR or PD-1 median fluorescence intensity (MFI) (C-F) with advancing gestation or 
between different pregnancy outcome groups, preterm (PT), term (T), term with intervention (TI) at each of the 
three timepoints. (Preterm group N=14, Term (uncomplicated) group N=38, Term (intervention) group N=26). 
Statistical analysis was by the one-way ANOVA with Dunnett’s multiple comparisons test. The results are 
expressed as mean ± SEM. 
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CD8+ T cells 

CD8 + T cells induce the killing of damaged cells. CD8+ T cells were CD3+ and CD8+, Figure 3.10 A. The 

proportion of CD8+ T cells (as a percentage of CD3+ cells) was stable with advancing gestation however 

their activation as measured by CD38 MFI increased during pregnancy. This was statistically significant 

in the preterm and the term with intervention group, p=0.04 and p=0.003 respectively, with a similar 

trend in the term group, Figure 3.10 D. The CD8+ HLA-DR MFI was increased in the preterm group 

compared to both term groups at the 12+0 - 16+6 week sampling timepoint, both p=0.04, Figure 3.10 E.  

CD8+ CD25 MFI and CD8+ PD-1 did not show any significant changes during pregnancy or differences 

between preterm and term deliveries, Figure 3.10 C and F.  

 

 

 

Figure 3.10 Peripheral CD8+ cells and their effector status across pregnancy and comparisons with preterm 
and term pregnancies 
CD8+ cells were gated by CD3+/CD8+ (A). There was no difference in the percentage of CD8+ cells (B) or CD8+ 
cell CD25 or PD-1 median fluorescence intensity (MFI) (A,B,C and F) with advancing gestation or between 
different pregnancy outcome groups, preterm (PT), term (T), term with intervention (TI) at each of the three 
timepoints. However, CD8+ CD38 MFI increased with advancing gestation in the preterm and term intervention 
groups (p<0.05) and CD8+ HLA-DR was significantly higher at 12-16 weeks in women who delivered preterm 
compared to women who delivered at term (p<0.05) (E). (Preterm group N=14, Term (uncomplicated) group 
N=38, Term (intervention) group N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple 
comparisons test. The results are expressed as mean ± SEM. 
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Treg cells 

Treg cells suppress the activation, proliferation and cytokine production of CD4+ and CD8+ T cells. 

Ruocco reported that there is an expansion of the Treg cell pool during pregnancy (212). Treg cells were 

identified as being CD3+, CD4+, CD25+, and CD127low, Figure 3.11 A and B. There was no significant 

increase in the proportion of Treg cells (as a percentage of CD4+ cells) with advancing gestation in the 

preterm and term groups, Figure 3.11 C. In the term group Treg HLA-DR MFI tended to increase with 

advancing gestation, whilst it appeared to decrease in the preterm and the term with intervention 

group, Figure 3.11 D. Treg CD38 MFI however tended to increase with advancing gestation irrespective 

of the pregnancy outcome, Figure 3.11 F.  

 

 

 

 
Figure 3.11 Peripheral Treg cells across pregnancy and comparisons with preterm and term pregnancies 
Treg cells were gated by CD3+, CD25+ and CD127low (A and B). There was no difference in the percentage of 
Treg, Treg HLA-DR median fluorescence intensity (MFI) (D), Treg CD25 MFI (E) or Treg CD38 MFI (F) with 
advancing gestation or between different pregnancy outcome groups, preterm (PT), term (T), term with 
intervention (TI) at each of the three timepoints (C). (Preterm group N=14, Term (uncomplicated) group N=38, 
Term (intervention) group N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple 
comparisons test. The results are expressed as mean ± SEM. 
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γδ T cells 

γδ T cells have roles in the innate and adaptive immune response. They were identified as CD3+ and 

TCRγδ+, Figure 3.12 A and B. They represented a small proportion of PBMC. The proportion (as a 

percentage of total lymphocytes) was no different in the three pregnancy outcome groups and there 

was no significant change with advancing gestation, (p>0.05) Figure 3.12 C. 

 

 

Figure 3.12 Peripheral γδ T cells across pregnancy and comparisons with preterm and term pregnancies 
γδ T cells were gated upon CD3/TCRγδ (A and B). There was no difference in the percentage of γδ T cells with 
advancing gestation or between different pregnancy outcome groups, preterm (PT), term (T), term with 
intervention (TI) at each of the three timepoints (C). (Preterm group N=14, Term (uncomplicated) group N=38, 
Term (intervention) group N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple 
comparisons test. The results are expressed as mean ± SEM. 
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B cells   

B cells produce immunoglobulins which are key to mucosal immunity. B cells were identified with the 

following gating strategy, CD3-, CD19+, CD56+, Figure 3.13 B and C. The proportion of B cells (as a 

percentage of total lymphocytes) was stable across pregnancy within all three pregnancy outcome 

groups (p>0.05), Figure 3.13 D. There was no significant change in the B cell MFI of IgD and PD-1 

(p>0.05), Figure 3.13 E and F. There was no difference in the proportion of B cells and their cell effector 

status at each sampling timepoint, 12+0 -16+6, 20+0 -24+6 and 30+0 - 34+6 weeks when comparing the 

three pregnancy outcome groups (p>0.05). 

 

 

 

Figure 3.13 Peripheral blood B cells and their effector status across pregnancy and comparisons with 
preterm and term pregnancies 
B cells were gated by CD3-/CD19+ (B and C). There was no difference in the percentage of B cells (D) or B cell 
IgD median fluorescence intensity (MFI) or B cell PD-1 MFI with advancing gestation or between different 
pregnancy outcome groups, preterm (PT), term (T), term with intervention (TI) at each of the three timepoints 
(E and F). (Preterm group N=14, Term (uncomplicated) group N=38, Term (intervention) group N=26). Statistical 
analysis was by the one-way ANOVA with Dunnett’s multiple comparisons test. The results are expressed as 
mean ± SEM. 
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NK cells 

NK cells are key effectors of the innate immune response and respond to microbial infections, limiting 

spread and tissue damage. NK cells were identified as being CD3-, CD19-, CD56+, and CD16+, Figure 

3.14 A and B. There was a non-significant reduction in NK cells (as a percentage of the CD3- 

lymphocytes) in the term and term intervention groups with advancing gestation, (p=0.35 and p=0.16), 

Figure 3.14 C. NK CD38 MFI significantly increased with advancing gestation in the preterm and the 

term groups (both p=0.01), Figure 3.14 D. The NK CD38 MFI was significantly higher in the preterm 

compared to the term with intervention at latest sampling timepoint of 30+0 - 34+6 weeks gestation, 

(p=0.04), Figure 3.14 D.  

 

 

 
Figure 3.14 Peripheral NK cells across pregnancy and comparisons with preterm and term pregnancies 
NK cells were gated on CD3-, CD16+, CD56+ (A and B). Although there was no significant difference in the 
percentage of NK cells with advancing gestation or between different pregnancy outcome groups, preterm (PT), 
term (T), term with intervention (TI) at each of the three timepoints (C), there was a significant difference with 
NK CD38 median fluorescence intensity (MFI) with gestation (D). It increased significantly in the PT and T group 
between 12-16 weeks and 30-34 weeks timepoints. In addition, at the 30-34 week timepoint, the NK CD38 MFI 
was significantly higher in the PT compared to the TI group. (Preterm group N=14, Term (uncomplicated) group 
N=38, Term (intervention) group N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple 
comparisons test. The results are expressed as mean ± SEM. 

Chapter 3 



 
 

106 
 

NK T cells 

NK T cells provide support to B cells in the defence against microbial infections. CD4+ NK T cells were 

CD3+, CD56+, TCRγδ-, CD4+, CD45RA+ and CD8+ NK T cells were CD3+, CD56+, TCRγδ-, CD8+, 

CD45RA+, Figure 3.15 A-D. CD8+ NK T cells were more abundant than CD4+ NK T cells. The proportions 

of both cell subsets were stable across pregnancy and they did not differ significantly between 

preterm and term pregnancies at the three sampling timepoints (p>0.05), Figure 3.15 E and F. 

 

 

Figure 3.15 Peripheral CD4+ NK T and CD8+ NK T cells across pregnancy and comparisons with preterm and 
term pregnancies 
CD4+ NK T cells were gated on CD3+ CD4+ CD56+ CD45RA+ (A-C). CD8+ NK T cells were gated on 
CD3/CD8/CD56/CD45RA (A, B, D). There was no difference in the percentage of CD4+ NK T cells (E) or CD8+ NK 
T cells (F) with advancing gestation or between different pregnancy outcome groups, preterm (PT), term (T), 
term with intervention (TI) at each of the three timepoints. (Preterm group N=14, Term (uncomplicated) group 
N=38, Term (intervention group) N=26). Statistical analysis was by the one-way ANOVA with Dunnett’s multiple 
comparisons test. The results are expressed as mean ± SEM.  
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3.5.5 Peripheral immune cell subset signature across gestation (longitudinal cohort) 
 

In order to assess for individual gestation effects on the peripheral immune response, the peripheral 

immune cell subsets were analysed in women with longitudinal samples collected at each of the three 

sampling timepoints, 12+0 -16+6, 20+0 -24+6 and 30+0 - 34+6 weeks. This resulted in a study population of 

N=51. As described in the previous results section, women were categorised into three pregnancy 

outcome groups, preterm N=9, term (without intervention) N=22, and term with intervention N=20. 

Metadata for this longitudinal cohort is presented in Table 3.3. No significant differences in age and 

BMI were observed between the three pregnancy outcome groups. However, regarding ethnicity, 

there was a greater proportion of White women in the term (uncomplicated) group. In total, 20 

women had a cervical cerclage; 13 were history indicated and 7 were ultrasound indicated.  

 
Table 3.3 Clinical and demographical characteristics of the longitudinal PBMC study population N= 51  
Longitudinal sampling was performed for each participant at all three sampling timepoints. 

 Preterm (PT) 
(<37 weeks) 

Term (T) 
 

Term with 
intervention (TI) 

p value (PT vs 
T vs TI) 

N (%) 9 (18%) 22 (43%) 20 (39%)  

Gestation at delivery 
(weeks) median and IQ 
range 

34+2  
(32+1-36+4) 

39+3 
(38+3-40+1) 

38+3 
(38-39+1) 

One-way 
ANOVA 
p<0.0001 *** 
PT vs T 
p<0.0001 
PT vs TI 
P<0.0001 

Early preterm </=33+6 3 NA NA  

Late preterm >/=34+0 6 NA NA  

Age median and IQ range 33 (30-40) 33 (31-38) 33 (30-36) One-way 
ANOVA 
p=0.57 

BMI median and IQ range 26 (22-28) 24 (22-27) 26 (22-30) One-way 
ANOVA 
p=0.31 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
3 (34%) 
2 (22%) 
4 (44%) 

 
17 (77%) 
3 (13%) 
2 (10%) 

 
9 (45%) 
9 (45%) 
2 (10%) 

χ2=0.01 ** 

Cervical cerclage 4 NA 16  

History indicated cervical 
cerclage and material 

1 (Mersilene 1) NA 12 (Mersilene 3, 
Nylon 6, 
Unknown 2, 
abdominal 1) 

 

USS indicated cervical 
cerclage and material 

3 (Mersilene 2, 
Nylon 1) 

NA 4 (Mersilene 2, 
Nylon 2) 

 

Progesterone only NA NA 4  
BMI=body mass index, USS=ultrasound. Data presented as median (interquartile range (IQ)) or number (%). PT=preterm, T=term (no 

intervention). TI=term with intervention. P values: One-way ANOVA for multiple comparisons or Chi squared for proportional data. 
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Monocytes 

There was no change in the proportion of monocytes throughout pregnancy or in the monocyte 

activity measured by HLA-DR and PD-1 MFI with advancing gestation in this longitudinal cohort in all 

three pregnancy outcome groups (p>0.05), Figure 3.16 A-C. These findings are consistent with those 

described for the cross-sectional whole study population in section 3.5.4. The trajectory slopes were 

not significantly different between the three pregnancy outcome groups, Figure 3.16 D-F.  

 

 

 
 
Figure 3.16 Monocytes and their effector status across pregnancy and the trajectory of change in the 
longitudinal cohort 
The proportion of monocytes did not show any significant changes with advancing gestation (A), and the 
trajectories were similar across the three pregnancy outcome groups (B). The monocyte effector status as 
measured by HLA-DR and PD-1 median fluorescence intensity were also unchanged across pregnancy (B and C). 
The trajectory for monocytes, and the median fluorescence intensity (MFI) of HLA-DR and PD-1 in monocytes 
was similar between the three pregnancy outcome groups (D-F). (Preterm group N=9, Term group N=22, Term 
intervention group N=20, timepoint 1: 12-16 weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 weeks). 
Statistical analysis was by the Friedman test with Dunnett’s multiple comparisons test and a linear regression 
with the p value comparing the slopes of the three pregnancy outcome groups. The results are expressed as 

mean ±SEM (D-F).  
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CD4+ T cells 

In the term (uncomplicated) group there was a significant increase in the proportion of CD4+ T cells 

with advancing gestation (p=0.05), Figure 3.17 A, and an increase in CD4+ CD38+ MFI (p=0.04), Figure 

3.17 C.  

CD4+ T cells were significantly higher in the term with intervention group at the first sampling 

timepoint 12+0 -16+6 weeks and remained higher for the remainder of pregnancy compared to the term 

and preterm group, Figure 3.17 D. The trajectory of CD4+ CD25+ MFI was significantly different 

between the three pregnancy outcome groups with an upwards trend in the preterm group, whilst 

there was more stability in the term group, Figure 3.17 E. At the first sampling timepoint, six women 

in the term (intervention) group had particularly high CD4+ CD25 MFI values. Further inspection of 

their clinical history indicated that all six had a history of preterm delivery with previous mid-trimester 

miscarriages and/or previous preterm births, and four of the six received history indicated cerclages, 

whilst the remaining two received progesterone. CD25 is the IL-2 receptor and on binding to IL-2 exerts 

immunoregulatory effects and is important for immune tolerance (216). Therefore, it is noteworthy that 

the CD4+ CD25 MFI was most stable in term uncomplicated pregnancies. As already mentioned CD4+ 

CD38 increased significantly with advancing gestation in the term group (p=0.004), Figure 3.17 C. CD38 

is involved in cell adhesion, signal transduction and calcium signalling (217), therefore the increase in 

CD38 MFI is consistent with increased cell migration and cell signalling as labour approaches. 
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Figure 3.17 CD4+ T cells and their effector status across pregnancy and the trajectory of change in the 
longitudinal cohort 
CD4+ T cells increased significantly with advancing gestation in the term (T) group (A), p<0.05 and there was a 
corresponding increase in CD4+ CD38 median fluorescence intensity (MFI) with advancing gestation, between 
12-16 to 30-34 weeks and between 12-16 to 20-24 weeks (C). The trajectories of CD4+ CD25 MFI were 
significantly different across the three pregnancy outcome groups, with an increase with advancing gestation in 
the preterm group and a decrease in the term with intervention group (E). The trajectory slopes for CD4+ T cells 
and CD4+ CD38+ MFI were not significantly different across the three pregnancy outcome groups, however the 
CD4+ T cells were significantly lower in the term compared to the term with intervention group at the first 
sampling timepoint. (Preterm group N=9, Term group N=22, Term intervention group N=20, timepoint 1: 12-16 
weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 weeks). Statistical analysis was by the Friedman test with 
Dunnett’s multiple comparisons test and a linear regression with the p value comparing the slopes of the three 
pregnancy outcome groups, (* p<0.05, ** p<0.01). The results are expressed as mean ± SEM (D-F). 
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CD8+ T cells 

In the longitudinal cohort, the proportion of CD8+ T cells was stable across pregnancy in all pregnancy 

outcome groups, Figure 3.18 A and D, however there were differences in CD8+ cell activity as 

measured by the CD25 and CD38 median fluorescence intensities. CD8+ CD25 MFI increased with 

advancing gestation in the term group (p=0.04), Figure 3.18 B, reflecting possible increased 

susceptibility to IL-2 stimulation. CD8+ CD38 MFI increased with advancing gestation in both the 

preterm (p=0.04), and in the term intervention group (p<0.001), Figure 3.18 C, mirroring the results 

seen in the whole study population analysis in section 3.5.4. The rise was significantly steeper in the 

preterm compared to the two term groups when comparing the steepness of the slopes using a linear 

regression (p=0.0005), Figure 3.18 F.  

 

 

Figure 3.18 CD8+ T cells and their effector status across pregnancy and the trajectory of change in the 
longitudinal cohort 
The proportion of CD8+ T cells was stable throughout pregnancy in all three pregnancy outcome groups, preterm 
(PT), term (T) and term intervention (TI), (A) with similar trajectories shown in (D). CD8+ CD25+ median 
fluorescence intensity (MFI) increased with advancing gestation, but only in the term group (B), and no different 
in trajectories between the three outcome groups (E). CD8+ CD38 MFI increased with advancing gestation in the 
preterm and term intervention groups and showed a significantly steeper increase in trajectory compared to the 
term group (F). The trajectory slopes for CD8+ T cells and CD8+ CD25 MFI were not significantly different across 
the three pregnancy outcome groups. (Preterm group N=9, Term group N=22, Term intervention group N=20, 
timepoint 1: 12-16 weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 weeks). Statistical analysis was by the 
Friedman test with Dunnett’s multiple comparisons test and a linear regression with the p value comparing the 
slopes of the three pregnancy outcome groups, (* p<0.05, ** p<0.01, *** p<0.001). The results are expressed as 
mean ± SEM (D-F). 
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Treg cells 

Although there was no change in the proportion of Treg cells throughout pregnancy in the longitudinal 

cohort (p>0.05), the trajectory of Treg HLA-DR MFI increased in the term group and was significantly 

different from the preterm and term intervention groups, which showed a decreasing pattern when 

comparing the steepness of the slopes by a linear regression, p=0.0008, Figure 3.19. This suggests that 

in uncomplicated term pregnancy, the activation of Treg cells increases with advancing gestation, 

which fails to occur in women destined to deliver preterm. 

 

 

Figure 3.19 Treg cells and their effector status across pregnancy and the trajectory of change in the 
longitudinal cohort 
The proportion of Treg cells was consistent throughout pregnancy in all three pregnancy outcome groups, 
preterm (PT), term (T) and term intervention (TI), (A) with similar trajectories shown in (C). The Treg HLA-DR 
median fluorescence intensity significantly reduced with advancing gestation in the term intervention group (B). 
The trajectories for Treg HLA-DR MFI were significantly different in the three pregnancy outcome groups with a 
marked upwards trajectory in the term group, (D). (Preterm group N=9, Term group N=22, Term intervention 
group N=20, timepoint 1: 12-16 weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 weeks).  Statistical analysis 
was by the Friedman test with Dunnett’s multiple comparisons test and a linear regression with the p value 
comparing the slopes of the three pregnancy outcome groups, (* p<0.05). The results are expressed as mean ± 
SEM (C-D). 
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B cells 

There was no change in the proportion of B cells throughout pregnancy or the B cell activity measured 

by IgD and PD-1 MFI with advancing gestation in this longitudinal cohort in all three pregnancy 

outcome groups (p>0.05), Figure 3.20. These findings are consistent with those described for the 

whole study population analyses in section 3.5.4. The trajectory slope for the proportion of B cells was 

significantly different in the preterm group compared to the two term groups (p=0.03), Figure 3.20 D, 

however they were similar for the B cells IgD and PD-1 MFI, Figure 3.20 E and F. IgD signalling in B cells 

enhances B cell humoral activity (220), whilst the PD-1 pathway inhibits B cell activation (218).  

 

 

 

Figure 3.20 B cells and their effector status across pregnancy and the trajectory of change in the longitudinal 
cohort 
The proportion of B cells did not show any significant changes with advancing gestation (A), however the 
trajectories of the preterm group was significantly different from the two term groups (D). The B cells effector 
status as measured by IgD and PD-1 median fluorescence intensity were also unchanged across pregnancy (B 
and C). The trajectory for B cell IgD median fluorescence intensity (MFI) was similar between the three pregnancy 
outcome groups (E). The B cell PD-1 trajectory in the preterm group showed a non-significant upwards trend 
compared to both term groups (F). (Preterm group N=9, Term group N=22, Term intervention group N=20, 
timepoint 1: 12-16 weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 weeks).  Statistical analysis was by the 
Friedman test with Dunnett’s multiple comparisons test and a linear regression with the p value comparing the 
slopes of the three pregnancy outcome groups. The results are expressed as mean ± SEM (D-F). 
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NK cells 

In the longitudinal cohort, there was a reduction in NK cells (as a percentage of the CD3- lymphocytes) 

in the term group between 12+0 - 16+6 and 20+0 - 24+6 weeks, (p<0.05) and between 12+0 - 16+6 and 30+0 

- 34+6 weeks, (p<0.001), however upon application of Dunnett’s post hoc comparisons test, this 

statistical significance was lost. Additionally, there was a reduction in NK cells (as a percentage of the 

CD3- lymphocytes) in the term intervention group between  12+0 - 16+6 and 30+0 - 34+6 weeks (p<0.05), 

however again upon application of the Dunnett’s post hoc comparisons test, this statistical 

significance was lost, Figure 3.21 A. NK CD38 MFI increased throughout pregnancy between the first 

and third timepoints within all three groups preterm (p<0.0001), term (p<0.00001) and term 

intervention (p<0.001), Figure 3.21 B, mirroring the findings in the analysis taking into account the 

whole study population. A steeper trajectory for this change was seen in the term group (p=0.05), 

Figure 3.21 D. CD38 signalling in NK cells is known to induce IFN-γ and GM-CSF release and NK cytotoxic 

activity (269). 

 

 

Figure 3.21 NK cells and their effector status across pregnancy and the trajectory of change in the longitudinal 
cohort 
There was a non-significant decrease in NK cells with advancing gestation (A) and the trajectories were similar 
across all three pregnancy outcome groups (C). In all three outcome groups, NK CD38+ median fluorescence 
intensity (MFI) increased with advancing gestation (B). The steepest trajectory was seen in the term group, and 
the trajectory slope was significantly different for NK CD38 MFI across the three pregnancy outcome groups (D). 
(Preterm group N=9, Term group N=22, Term intervention group N=20, timepoint 1: 12-16 weeks, timepoint 2: 
20-24 weeks, timepoint 3: 30-34 weeks).   Statistical analysis was by the Friedman test with Dunnett’s multiple 
comparisons test and a linear regression with the p value comparing the slopes of the three pregnancy outcome 
groups, (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ***** p<0.00001). The results are expressed as mean 
± SEM (C-D). 
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3.5.6 Plasma cytokines and complement across preterm and term pregnancy 
 

Plasma cytokines and complement concentrations were analysed in a subset of the study population 

with peripheral blood mononuclear cell analysis. This cohort was selected at the time of an interim 

analysis from the first 32 women with outcome data.  Plasma was collected at 3 timepoints throughout 

pregnancy, 12+0 -16+6, 20+0 -24+6 and 30+0 - 34+6 weeks on the same day as collection of PBMCs. Women 

were categorised into three groups based upon their pregnancy outcome. Women who delivered 

preterm <37 weeks gestation, N=7, women who delivered at term with no intervention N=12 and 

women who delivered at term with an intervention to delay preterm birth (e.g. cerclage +/- 

progesterone) N=13.  Their clinical and demographical characteristics are shown in Table 3.4. There 

was no difference in age, BMI or ethnicity across the three pregnancy outcome groups. In total 16 

(50%) women had a cervical cerclage. 
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Table 3.4 Clinical and demographical characteristics of the plasma cytokine and complement study 
population N= 32 

 Preterm (PT) 
(>37 weeks) 

Term (T) 
No intervention 

Term with 
intervention  
(TI) 

p value (PT vs 
T vs TI) 

N (%) 7 (22%) 12 (38%) 13 (40%)  

Gestation at delivery 
(weeks) median and IQ 
range 

34+2  
(31+6-36+0) 

39+1 
(38+4-39+4) 

38+5 
(38-40) 

One-way 
ANOVA 
p<0.0001 *** 
PT vs TU 
p<0.0001 
PT vs TI 
P<0.0001 

Early preterm </=33+6 4 NA NA  

Late preterm >/=34+0 3 NA NA  

Age median and IQ range 33 (27-39) 37 (29-38) 34 (33-37) One-way 
ANOVA 
p=0.7157 

BMI median and IQ range 26 (21-30) 25 (20-28) 23 (22-28) One-way 
ANOVA 
p=0.8884 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
3 (42%) 
2 (28%) 
2 (28%) 

 
8 (68%) 
2 (16%) 
2 (16%) 

 
5 (38%) 
4 (31%) 
4 (31%) 

χ2=0.7048 

Cervical cerclage 5 NA 11  

History indicated cervical 
cerclage and material 

2 (Mersilene 1, 
Nylon 1) 

NA 8 (Mersilene 0, 
Nylon 5, 
Unknown 2, 
Abdominal 1) 

 

USS indicated cervical 
cerclage and material 

3 (Mersilene 2, 
Nylon 1) 

NA 3 (Mersilene 1, 
Nylon 2) 

 

Progesterone only NA NA 4  

Risk factor for PTB: (by pt) 
Cervical treatment 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 
3x1st trimester misc 
Short cervix at anomaly 

 
0 
0 
2 
2 
0 
3 
0 
0 

 
5 
0 
1 
2 
0 
3 
1 
0 

 
4 
0 
1 
2 
1 
4 
0 
1 

 

Risk factor for PTB  
Cervical treatment 
Previous PTB 
Previous MTL 

 
2 (29%) 
5 (71%) 
2 (29%) 

 
6 (50%) 
4 (33%) 
2 (17%) 

 
5 (38%) 
6 (46%) 
3 (23%) 

χ2 p=0.78 

BMI=body mass index, USS=ultrasound. PT=preterm, T=term (no intervention). TI=term with intervention. Data presented as median 

(interquartile range (IQ)) or number (%). P values: One-way ANOVA for multiple comparisons or Chi squared for proportional data. 
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Plasma cytokines 

Undiluted plasma samples were used to analyse an 11-plex panel of cytokines by magnetic Luminex® 

immunoassays.  Only one of the cytokines, IL-18 was detectable in all samples tested, one in 40% of 

samples, IFN-γ; the rest were detected in less than 20% of samples, Table 3.5. In descending order of 

percentage of results falling within the standard curve range of the assay, the cytokines from most to 

least detectable were IL-18, IFN-γ, IL-2, IL-4, IL-8, TNF-α, GM-CSF, IL-5, IL-1β, IL-6 and IL-10. Since 9 of 

the 11 cytokines were not consistently detectable, cytokine analysis was not extended to the full 

cohort. 

 

Table 3.5 Plasma cytokine assay ranges 
The total number of plasma samples was 89, from 32 study participants. 25 of these provided samples at each 
of the three sampling timepoints.  
 

Cytokine Standard curve 
range (pg/ml) 

Samples within 
standard curve 
range of assay (N)  
(Total = 89) 

% within standard 
curve range of 
assay 

Sensitivity level 
(pg/ml) 

IL-18 10.12 - 2460 89 100% 1.93 

IFN-γ 58.48 - 14210 36 40.4% 0.4 

IL-2 29.63 - 7200 17 19.1% 1.8 

IL-4 14.61 - 3550 17 19.1% 9.3 

IL-8 5.19 - 1260 14 15.7% 1.8 

TNF-α 9.71 - 2360 11 12.4% 1.2 

GM-CSF 12.22 - 2970 9 10.1% 4.1 

IL-5 6.63 - 1610 3 3.4% 0.5 

IL-1β 19.51 - 4740 1 1.1% 0.8 

IL-6 4.73 - 1150 0 0% 1.7 

IL-10 4.77 - 1160 0 0% 1.6 
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IL-18  

Plasma IL-18 was observed to increase with advancing gestation with a statistically significant 

difference detected in both term groups (term no intervention p=0.004, term with intervention 

p<0.0001) in the longitudinal cohort, Figure 3.22 B. This upwards trajectory with advancing gestation 

was seen across the three pregnancy outcome groups, Figure 3.22 C.  

 

 

 

Figure 3.22 Plasma IL-18 across pregnancy and comparisons between preterm and term pregnancies 
Plasma IL-18 concentrations did not differ significantly between different pregnancy outcome groups, preterm 
(PT), term (T) and term intervention (TI) in samples from the whole study population (A) (N=32) or samples from 
the longitudinal cohort (B) (N=25), timepoint 1: 12-16 weeks, timepoint 2: 20-24 weeks, timepoint 3: 30-34 
weeks). In the longitudinal cohort, there was a significant increase in plasma IL-18 with advancing gestation in 
the term and term intervention groups. The dotted line marks the concentration of the lowest standard on the 
assay’s standard curve. Statistical analysis was by the one-way ANOVA with Dunnett’s multiple comparisons test 
and a linear regression, (* p<0.05, ** p<0.01) with the p value comparing the slopes of the three pregnancy 

outcome groups. All plasma samples to detect IL-18 were undiluted. The results are expressed as mean ±SEM.  
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Other cytokines  

The concentrations of plasma cytokines IFN-γ, IL-2, IL-4, IL, IL-8, TNF-α, GM-CSF, IL-5, IL-1β, IL-6 and 

IL-10 across pregnancy in the pregnancy outcome groups in samples from the whole study population, 

preterm (PT), term (T) and term intervention (TI) are shown in Figure 3.23. No significant differences 

between the pregnancy outcome groups or across as a function of gestational age was observed for 

any of these cytokines (p>0.05). Similarly, analysis of the longitudinal cohort did not demonstrate any 

gestation related changes (data not shown).  

 

 

Figure 3.23 Plasma cytokines across pregnancy and comparisons between preterm and term pregnancies 
Plasma cytokines at three gestation time points in three different pregnancy outcome groups, preterm (PT) 
N=14, term (T) N=30 and term intervention (TI) N=26 are shown. The dotted line on each graph indicates the 
lowest standard of each respective analyte on the multiplex assay. The number of concentrations measured 
below the lowest standard ranged between 60-100% for individual analytes. Of the concentrations that could 
be detected, there was no difference between the pregnancy outcome groups or across gestation. Statistical 
analysis was by the Kruskal-Wallis test with Dunn’s multiple comparisons test. The horizontal dotted lines mark 
the concentration of the lowest standard on the assay. The results are expressed as median and interquartile 
range. 
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IL-18 is pro-inflammatory and induces cell-mediated immunity following microbial infection. It is 

produced by macrophages and monocytes, and stimulates NK and T cells, releasing IFN-γ, which then 

activates more cells of the innate immune response. IL-18 concentrations increased with advancing 

gestation in the longitudinal cohort, but other Th1 cytokines IFN-γ, IL-2 and TNF-α were not detectable 

in many samples, therefore the same gestational rise was not seen, Figure 3.24 A-D. However, IL-18 

did positively correlate with Th1 cytokines, IFN-γ, TNF-α and IL-2 (p<0.0001, p=0.01 and p=0.0009 

respectively), Figure 3.24 E-G, whilst IFN-γ also positively correlated with IL-2 (p<0.0001), Figure 3.24H. 

In the presence of IL-2, the concentrations of IL-18, IFN-γ and TNF-α were significantly higher (p<0.01, 

p<0.0001, p<0.0001 respectively), Figure 3.24 I-K. The ratio of IFN-γ:IL4 was greater if IL-2 was 

detectable (p<0.0001) Figure 3.24 L. This supports the hypothesis that advancing gestation is 

associated with a shift to a Th1 response, via IL-18.
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Figure 3.24 Plasma IL-18 and other pro-inflammatory cytokines 
Plasma IL-18 increased with gestational age in longitudinal collected plasma samples (A) and was the most detectable plasma cytokine. Plasma IL-2, IFN-γ and TNF-α plasma 
cytokines were undetectable in many samples (B-D). However, IL-2, IFN-γ and TNF-α all positively correlated with increasing IL-18 (E-G). N=25 in the longitudinal cohort (A-
D). Significantly higher concentrations of IL-18, IFN-γ and TNF-α were measured when IL-2 was greater than the lowest standard on the assay (29.63 pg/ml), compared to 
levels below the lowest standard (I-K). Incorporating the IFN-γ:IL-4 ratio this also increased when IL-2 was greater than 29.63 pg/ml. This supports a shift to a TH1 response 
with advancing gestation. N=71 plasma samples (E-L). Statistical analyses were performed with Friedman one-way ANOVA, Spearman correlation and Mann-Whitney U tests. 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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As described in section 3.5.4, NK CD38 median fluorescence intensity (MFI) increased with advancing 

gestation, but as shown in Figure 3.25 A-C it negatively correlated with the Th1 cytokines, IL-18, IL-2 

and IFN-γ in plasma (p=0.05, p=0.03 and p=0.06). Cytotoxic T cell activity as measured by CD25 MFI, 

however positively correlated with plasma IL-18 (p=0.03), Figure 3.25 D. Although reaching statistical 

significance, these correlations were weak. IL-18 is mainly produced by monocytes, but there was no 

correlation between the percentages or activation of peripheral monocytes and plasma IL-18 (p>0.05). 

IL-18 potentiates the cytotoxic activity of NK cells, but there was no correlation between peripheral 

NK cells and plasma IL-18. There was a positive correlation between monocytes and IL-2 in keeping 

with IL-2 being a strong monocyte activator, Figure 3.25 E.   
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Figure 3.25 Correlations between plasma cytokines and NK cell and B cell activation, monocytes, CD4+ and CD8+ cells 
Plasma IL-18, IL2 and IFN-γ negatively correlated with NK CD38 median fluorescence intensity (MFI), (A-C), whilst plasma IL-18 positively correlated with CD8+ CD25 MFI (D). 
Although there was no observed increase in plasma IL-2 or monocytes with advancing gestation, they did positively correlate with each other (E). Additionally, plasma IFN-γ 
positively correlated with the CD4:CD8 ratio (F). Statistical analysis was by Spearman correlation.  N=71  samples.
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Plasma complement  

Plasma C5, C5a and MBL analytes were measured on the same multiplex panel, and C3b was measured 

on a single plex. As per the manufacturer’s recommendation and my own titration optimisation 

experiments, plasma was diluted 1:200 for the C5, C5a and MBL plate and 1:400 for analysis of C3b. 

The assay range and standard curve range for each analyte are shown in Table 3.6. 

 

Table 3.6 Plasma complement assay ranges 
The total number of plasma samples was 89, from 32 study participants. 25 women provided samples at each 
of the three sampling timepoints.  
 

Complement 
analyte 

Standard curve 
range by 
manufacturer 

Sensitivity level  Samples within 
standard curve 
range of assay (N)  
(Total = 89) 

% within standard 
curve range of 
assay 

C5 2.74-2000 ng/ml 1.04 89 100% 

C5a 4.12-3000 pg/ml 0.0051 19 21% 

MBL 0.14-100 ng/ml 0.04 88 99% 

C3b 8.23-6000 ng/ml 3.639 89 100% 

 

 

Plasma C5, C5a, MBL and C3b concentrations were compared between groups (preterm, term and 

term with intervention) and within groups across the three sampling timepoints, 12+0 - 16+6, 20+0 - 24+6 

and 30+0 - 34+6 weeks gestation. In total samples were collected for 32 individuals, and the longitudinal 

cohort included 25 individuals. There were 7 study participants who did not have longitudinal sampling 

at all three timepoints for two reasons, firstly there was one woman who delivered preterm before 

the third sampling timepoint and secondly six women failed to attend the scheduled clinic 

appointment. There were no significant differences in C5, C3b or MBL concentrations between the 

three pregnancy outcome groups, or across pregnancy (p>0.05). Only 21% of the results for C5a were 

within the range of the standard curve. The trajectories for all analytes were similar with advancing 

gestation, Figures 3.26. 
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Figure 3.26 Plasma complement across pregnancy and comparisons between preterm and term pregnancies 
Plasma C5, C5a, MBL and C3b concentrations did not differ significantly between different pregnancy outcome 
groups, preterm (PT), term (T) and term intervention (TI) or with advancing gestation in all samples (A, D, G and 
J) (N=32) or samples from the longitudinal cohort (B, E, H, K, C, F, I and L) (N=25). The trajectory of plasma C5, 
C5a, MBL and C3b were similar across the three pregnancy outcome groups (C, F, I and L). Statistical analysis 
was by the one-way ANOVA (all samples) or Friedman test (longitudinal cohort) with Dunnett’s multiple 
comparisons test and a linear regression. Plasma samples were diluted 1:400 for C3b, and 1:20 for C5, C5a and 

MBL. The results are expressed as mean ±SEM (A,D,G,J). 
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3.5.7 Cervical shortening and the peripheral immune response  
 

Peripheral blood mononuclear cells  

In order to assess if there was a peripheral immune signature in women who subsequently undergo 

cervical shortening, the study participants with PBMC results were separated into two groups and 

compared; those who had cervical shortening during their pregnancy, (identified as a cervical length 

≤25mm) and those who had normal cervical length measurements throughout their pregnancy, 

>25mm. PBMCs were collected from 78 women. Twenty-seven had cervical shortening during the 

pregnancy, and fifty-one maintained a normal cervical length. In those who experienced cervical 

shortening, at the 12+0 - 16+6 week timepoint, there were 16 women who had PBMC collected prior to 

cervical shortening and at the 20-24 week timepoint, there were 13 women who had PBMC collected 

prior to cervical shortening. There were 51 women with no cervical shortening. This is summarised in 

Figure 3.27. Their clinical and demographical characteristics are described in Table 3.7.  

 

Figure 3.27 The selection of study participants to compare PBMC immune responses in women who develop 
cervical shortening compared to women who do not  

 

No difference in the age or ethnicity was observed between women with or without cervical 

shortening, however BMI was significantly higher in those experiencing cervical shortening (p=0.02). 

Women with cervical shortening delivered at a significantly earlier gestation compared to women 

without cervical shortening (p<0.05). The median gestational age at delivery for those with cervical 

shortening at 12-16 or 20-24 weeks was 38+0 and 37+6 weeks+days respectively compared to 39+1 for the 

no shortening group, therefore cervical shortening was associated with earlier delivery. At the point 

of PBMC sampling, cervical lengths in the cervical shortening group were significantly less than those 

in the no cervical shortening group (p=0.02), even though women in the shortening group had not yet 

shortened below 25mm at this stage. Taking into account the shortest cervical length during at any 

point during the pregnancy, the median shortest cervical length in the groups experiencing cervical 

shortening was 22mm, compared to 32mm in the group with no cervical shortening, (p<0.0001).  

Chapter 3 



 
 

127 
 

Table 3.7 Clinical and demographical characteristics of the study population, comparing PBMC in women with 
and without cervical shortening 

 A B C  

 Cervical 
shortening 
(sampling at 12-16 
weeks) 

Cervical 
shortening 
(sampling at 
20-24 weeks) 

No cervical 
shortening 
(sampling at 12-16 
and 20-24 weeks) 

p value (column A 
vs B and column B 
vs C) 

N 16  13 51   

Gestation at delivery 
(weeks) median and IQ 
range 

38+0 
(37+0-40+0) 

37+6  
(37+0-38+0) 

39+1 
(37+5-40+0) 

A vs C: t test 
p=0.02 * 
B vs C: t test 
p=0.04 * 

Early preterm </=33+6 1 1 2 Preterm vs Term 
A vs C: χ2=0.01 * 
B vs C: χ2=0.23 

Late preterm >/=34+0 2 2 5 

Term cohort 4 5 33 

Term intervention 
cohort 

9 5 11 

Age median and IQ 
range 

33 (31-39) 34 (31-38) 33 (31-37) A vs C: t test 
p=0.27 
B vs C: t test 
p=0.22 

BMI median and IQ 
range 

27 (23-29) 27 (23-30) 24 (21-27) A vs C: t test 
p=0.02 * 
B vs C: t test 
p=0.02 * 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
10 (62.5%) 
4 (25%) 
2 (12.5%) 

 
5 (38%) 
5 (38%) 
3 (24%) 

 
31 (60%) 
10 (20%) 
10 (20%) 

A vs B: χ2=0.77 
B vs C: χ2=0.28 

Cervical length at point 
of PBMC sampling 
median and IQ range 
(mm) 
12-16 weeks 
20-24 weeks 
 

 
 
 
 
33 (30-39) 
NA 
 

 
 
 
 
NA 
30 (29-34) 

 
 
 
 
35 (31-40) 
35 (32-39) 
 

 
 
 
 
A vs C: t test 
p=0.02 * 
B vs C: t test 
p=0.02 * 

Shortest cervical length 
during pregnancy 
median and IQ range 
(mm) 

22 (19-24) 22 (18-23) 32 (29-35) A vs C: t test 
p<0.0001 **** 
B vs C: test  
p<0.0001 **** 

Cervical cerclage 9 (56%) 
3 cerclages in situ 
at time of 
sampling 

6 (46%) 
6 cerclages in 
situ at time of 
sampling 

12 (23%)  

History indicated 
cervical cerclage and 
material 

5 
(Mersilene 2,  
Nylon 2, Unknown 
1) 

3 
(Mersilene 1, 
Nylon 1, 
Unknown 1) 

12  

USS indicated cervical 
cerclage and material 

4 
(Mersilene 3,  
Nylon 1) 

3 (Mersilene 1, 
Nylon 2) 

0  

Progesterone only 2 1 0  
BMI=body mass index, USS=ultrasound. Data presented as median (interquartile range (IQ)) or number (%). P values: One-way ANOVA for 

multiple comparisons or Chi squared for proportional data. 
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Monocytes  

The proportion of monocytes (as a percentage of live cells), and their subsets, classical, intermediate 

and non-classical monocytes (as a percentage of monocytes) were similar in women who did or did 

not develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks gestation (p>0.05). 

The monocyte effector status as measured by the HLA-DR and PD-1 MFI also did not show any 

differences, Figure 3.28. 

 

 

 

Figure 3.28 Comparison of monocytes, subsets and their effector status in women who do or do not develop 
cervical shortening 
There was no significant difference in the proportion of monocytes, their subsets (classical, intermediate and 
non-classical monocytes) or in the monocytes HLA-DR and PD-1 median fluorescence intensity (MFI) in women 
who do or do not develop cervical shortening at 12-16 weeks or 20-24 weeks gestation, prior to cervical 
shortening. (Shortening 12-16 weeks N=16, Shortening 20-24 weeks N=13, No shortening at 12-16 or 20-24 

weeks N=51). Statistical analysis was by an unpaired t-test. The results are expressed as mean ±SEM. 
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Lymphocytes and CD3+ T cells  

The proportion of lymphocytes as a percentage of gated live cells and CD3+ lymphocytes (T cells) were 

similar in women who did and did not develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 

- 24+6 weeks gestation (p>0.05), Figure 3.29. 

 

 

Figure 3.29 Comparison of peripheral lymphocytes in women who do or do not develop cervical shortening 
There was no significant difference in the proportion of lymphocytes, (as a percentage of live cells) (A) or CD3+ 
lymphocytes (B) in women who do or do not develop cervical shortening at 12-16 weeks or 20-24 weeks 
gestation, prior to cervical shortening. (Shortening 12-16 weeks N=16, Shortening 20-24 weeks N=13, No 
shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by an unpaired t test. The results are 

expressed as mean ±SEM. 
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CD4+ T cells  

The proportion of CD4+ T cells (as a percentage of CD3+ cells) were similar in women who did and did 

not develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks gestation (p>0.05). 

The CD4+ CD25, CD38, HLA-DR and PD-1 MFI also did not show any differences (p>0.05), Figure 3.30.  

 

 

 

Figure 3.30 Comparison of CD4+ T cells and their effector status in women who do or do not develop cervical 
shortening 
There was no significant difference in the proportion of CD4+ T cells (A) or in the CD4+ T cells CD25 (B), CD38 
(C), HLA-DR (D) and PD-1 (E) median fluorescence intensity (MFI) in women who do or do not develop cervical 
shortening at 12-16 weeks or 20-24 weeks gestation, prior to cervical shortening. (Shortening 12-16 weeks N=16, 
Shortening 20-24 weeks N=13, No shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by an 

unpaired t test. The results are expressed as mean ±SEM. 
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CD8+ T cells  

There was no difference in the proportion of CD8+ T cells (as a percentage of CD3+ cells) in women 

who did and did not develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks 

gestation (p>0.05). The CD8+ CD25, CD38, HLA-DR and PD-1 MFI were also similar (p>0.05), Figure 

3.31.  

 

 

 

Figure 3.31 Comparison of C84+ T cells and their effector status in women who do or do not develop cervical 
shortening 
There was no significant difference in the proportion of CD8+ T cells (A) or in the CD8+ T cells CD25 (B), CD38 
(C), HLA-DR (D) and PD-1 (E) median fluorescence intensity (MFI) in women who do or do not develop cervical 
shortening at 12-16 weeks or 20-24 weeks gestation, prior to cervical shortening. (Shortening 12-16 weeks N=16, 
Shortening 20-24 weeks N=13, No shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by an 

unpaired t test. The results are expressed as mean ±SEM. 
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Treg and γδ T cells  

There were no differences in the proportion of Treg cells (as a percentage of CD4+ cells) or the 

proportion of γδ T cells (as a percentage of total lymphocytes) in women who did and did not develop 

cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks gestation (p>0.05). The Treg CD25, 

CD38 and HLA-DR MFI also did not show any differences (p>0.05), Figure 3.32.  

 

 

 

Figure 3.32 Comparison of Treg cells and their effector status, and γδ T cells in women who do or do not 
develop cervical shortening 
There was no significant difference in the proportion of Treg cells (A) or γδ T cells (B), or in the Treg cells CD25 
(C), CD38 (D) and HLA-DR (E) median fluorescence intensity (MFI) in women who do or do not develop cervical 
shortening at 12-16 weeks or 20-24 weeks gestation, prior to cervical shortening. (Shortening 12-16 weeks N=16, 
Shortening 20-24 weeks N=13, No shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by an 

unpaired t test. The results are expressed as mean ±SEM. 
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B cells  

There was no difference in the proportion of B cells (as a percentage of CD3- cells) in women who did 

and did not develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks gestation 

(p>0.05). The B cell IgD and PD-1 MFI also did not show any differences (p>0.05), Figure 3.33.  

 

 

 

Figure 3.33 Comparison of B cells and their effector status in women who do or do not develop cervical 
shortening 
There was no significant difference in the proportion of B cells (A) or in the B cells IgD (B) and PD-1 (C) median 
fluorescence intensity (MFI) in women who do or do not develop cervical shortening at 12-16 weeks or 20-24 
weeks gestation, prior to cervical shortening. (Shortening 12-16 weeks N=16, Shortening 20-24 weeks N=13, No 
shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by an unpaired t test. The results are 

expressed as mean ±SEM. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 



 
 

134 
 

NK cells and NK T cells  

There was no difference in the proportion of NK cells (as a percentage of CD3- cells), or proportion of 

CD4+ NK T cells and CD8+ NK T cells (as a percentage of CD3- cells) in women who did and did not 

develop cervical shortening when sampled at 12+0 - 16+6 or 20+0 - 24+6 weeks gestation (p>0.05). The 

NK CD38 MFI also did not show any differences (p>0.05), Figure 3.34.  

 

 

Figure 3.34 Comparison of NK cells, NK cell effector status, CD4+ NK T cells and CD8+ NK T cells in women who 
do or do not develop cervical shortening 
There was no significant difference in the proportion of NK cells (A), CD4+ NK T cells (C) and CD8+ NK T cells (D), 
or in the NK CD38 (B) median fluorescence intensity (MFI) in women who do or do not develop cervical 
shortening at 12-16 weeks or 20-24 weeks gestation, prior to the cervical shortening. (Shortening 12-16 weeks 
N=16, Shortening 20-24 weeks N=13, No shortening at 12-16 or 20-24 weeks N=51). Statistical analysis was by 

an unpaired t test. The results are expressed as mean ±SEM. 
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According to PBMC subsets and markers of PBMC activity, there was no peripheral immune response 

prior to cervical shortening. Therefore, next examined were if there were any differences in women 

already with cervical shortening, compared to those with normal cervical length.  

 

At the 12+0 - 16+6 week sampling timepoint, there were 6 women with cervical lengths ≤25mm, (median 

cervical length was 24mm) and at the 20+0 - 24+6 week sampling timepoint, there were 8 women with 

cervical lengths ≤25mm, (median cervical length was 23mm). PBMC subsets and markers of PBMC 

activity were compared to 48 women with cervical length >25mm at the 12+0 -16+6 week timepoint, 

(median cervical length was 35mm) and 42 women with cervical length >25mm at the 20+0 - 24+6 week 

sampling timepoint, (median cervical length was 34mm). Women with normal cervical lengths with a 

cervical cerclage in situ were excluded from these analyses. Table 3.8 demonstrates that the presence 

of cervical shortening was not reflected in the proportion of PBMC cell subsets or markers of PBMC 

activity (p>0.05).  
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Table 3.8 PBMC and markers of PBMC activity in women with and without cervical shortening 
 Cervical 

shortening 
≤25mm at 
12-16 weeks 
N=6 

Normal 
cervical 
length at 12-
16 weeks 
N=8 

p-value  Cervical 
shortening 
≤25mm at 
20-24 weeks 
N=48 

Normal 
cervical 
length at 20-
24 weeks 
N=42 

p-value  

PBMC subsets (%) 

Lymphocytes  
(% live cells) 

88.13 (8.26) 90.84 (6.04) 0.51 90.99 (6.03) 91.10 (6.98) 0.83 

Monocytes  
(% live cells) 

11.87 (8.26) 9.16 (6.04) 0.51 8.64 (6.52) 8.73 (7.11) 0.96 

B cells  
(% of lymphocytes) 

8.42 (2.87) 10.16 (3.84) 0.29 10.43 (3.72) 10.92 (4.30) 0.76 

Lymphocytes CD3+ 
(% of lymphocytes) 

78.18 (5.79) 78.04 (6.73) 0.96 75.58 (4.67) 77.35 (5.60) 0.41 

CD4+ T cells  
(% of CD3+) 

63.57 (7.88) 64.49 (7.48) 0.78 61.86 (6.71) 64.33 (7.55) 0.39 

CD8+ T cells  
(% of CD3+) 

32.32 (7.83) 30/95 (6.72) 0.65 33.83 (6.37) 31.21 (6.92) 0.33 

Treg cells  
(% of CD3+ CD4+) 

7.88 (2.12) 7.20 (2.43) 0.36 7.63 (2.96) 7.98 (2.24) 0.40 

NK cells  
(% of lymphocytes) 

4.36 (2.77) 4.91 (2.65) 0.21 4.77 (2.72) 4.51 (2.32) 0.78 

Classical monocytes  
(% of monocytes) 

82.02 (4.14) 83.73 (4.36) 0.37 81.19 (4.04) 84.12 (4.84) 0.11 

Intermediate 
monocytes (% of 

monocytes) 

0.94 (0.46) 1.76 (2.52) 0.75 1.04 (1.33) 1.43 (1.41) 0.23 

Non-classical 
monocytes (% of 

monocytes) 

5.62 (3.54) 6.32 (4.48) 0.97 4.30 (2.12) 4.99 (3.42) 0.84 

γδ T cells  
(% of lymphocytes) 

1.30 (0.46) 2.75 (2.65) 0.41 1.29 (0.50) 2.29 (1.74) 0.29 

CD4+ NK T cells  
(% of CD3+) 

0.48 (0.30) 0.57 (1.03) 0.67 0.43 (0.33) 0.64 (1.57) 0.62 

CD8+ NK T cells  
(% of CD3+) 

10.80 (8.02) 8.61 (6.73) 0.55 8.66 (3.92) 8.33 (6.92) 0.33 

Markers of PBMC activity (median fluorescence intensity) 

CD4+ CD25 2373 (530) 2303 (670) 0.32 2361 (599) 2205 (758) 0.58 

CD4+ CD38 8867 (3731) 8772 (5451) 0.09 7603 (4748) 8571 (4462) 0.26 

CD4+ HLA-DR 8492 (2203) 8584 (1845) 0.91 8138 (1449) 8913 (2591) 0.42 

CD4+ PD-1 1716 (335) 1803 (364) 0.58 1736 (321) 1782 (396) 0.76 

CD8+ CD25 1447 (373) 1400 (626) 0.86 1384 (320) 1266 (430) 0.47 

CD8+ CD38 5492 (3718) 5701 (3010) 0.76 5655 (3285) 5576 (2650) 0.49 

CD8+ HLA-DR 11321 (1846) 10781 (1113) 0.08 10612 (2265) 10831 (2766) 0.75 

CD8+ PD-1 1899 (440) 1900 (436) 0.99 1862 (524) 1858 (452) 0.98 

Treg CD25 11650 (1581) 11284 (2888) 0.76 10692 (2076) 10997 (2335) 0.74 

Treg CD38 3330 (1037) 3322 (2773) 0.32 2935 (1508) 3189 (1619) 0.54 

Treg HLA-DR 5652 (1289) 5411 (1122) 0.26 5623 (901) 5396 (1501) 0.68 

NK CD38 103557 
(38864) 

94986 
(41063) 

0.63 117872 
(40490) 

114040 
(40553) 

0.81 

B cells IgD 54284 
(30272) 

49320 
(21590) 

0.61 46132 
(18120) 

51208 
(22285) 

0.55 

B cells PD-1 939 (250) 1037 (366) 0.74 999 (216) 1013 (284) 0.90 
Mean % (standard deviation). Statistical analysis was Wilcoxon matched-pairs signed rank test for non-parametric data and a paired t-test 
for parametric data.  
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Plasma cytokines and complement   

In order to assess the plasma cytokines and complement levels prior to cervical shortening study 

participants with plasma cytokines and complement results were separated into two groups; those 

who had cervical shortening during their pregnancy, identified as a cervical length ≤25mm were 

compared to study participants who had normal cervical length measurements throughout their 

pregnancy, >25mm. As described earlier, plasma cytokines and complement levels were determine in 

a total of 32 study participants, Figure 3.35.  Eleven women had cervical shortening during the 

pregnancy and 21 women maintained a normal cervical length during the pregnancy. There were six 

women who had plasma cytokines and complement measurements at the 12+0 - 16+6 week timepoint 

prior to cervical shortening. There were 5 women who had plasma cytokines and complement 

measurements at the 20+0 - 24+6 week timepoint prior to cervical shortening. Clinical and 

demographical characteristics of these patient groups are presented in Table 3.9.  

 

Figure 3.35 The selection of study participants to compare plasma cytokine and complement responses in 
women who develop cervical shortening compared to women who do not. 

 

There were no differences in the age, BMI or ethnicity between the women who had cervical 

shortening and those who did not. The gestation at delivery was significantly lower in the group 

sampled at 20+0 - 24+6 weeks who developed cervical shortening compared to those who maintained 

a normal cervical length (p=0.04).  The median gestational age at delivery in the cervical shortening 

group at 12+6 - 16+6 weeks was 38+3, in cervical shortening group at 20+0 - 24+6 weeks was 37+6, and in 

the no cervical shortening group was 38+1. Taking into account the shortest cervical length during at 

any point during the pregnancy, the median shortest cervical length in the groups experiencing 

cervical shortening was 21mm, compared to 33mm in the group with no cervical shortening, 

(p<0.0001). 
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Table 3.9 Clinical and demographical characteristics of the study population, comparing plasma cytokines and 
complement in women with and without cervical shortening  

 A B C  

 Cervical shortening 
(sampling at 12-16 
weeks) 

Cervical shortening 
(sampling at 20-24 
weeks) 

No cervical 
shortening 
(sampling at 12-16 
and 20-24 weeks) 

p value  
(column A vs C and 
column B vs C) 

N (%) 6 5 21   

Gestation at 
delivery (weeks) 
median and IQ 
range 

38+3 
(36+0-39+0) 

37+6  
(33+0-38+3) 

38+6 
(38+0-39+3) 

A vs C: t test 
p=0.24 
B vs C: t test 
p=0.04* 

Early preterm 
</=33+6 

1 1 1 A vs C: χ2=0.27 
B vs C: χ2=0.31 

Late preterm 
>/=34+0 

0 1 2 

Term cohort 1 1 11 

Term intervention 
cohort 

4 2 7 

Age median and IQ 
range 

35 (31-42) 33 (26-37) 36 (29-37) A vs C: t test 
p=0.32 
B vs C: t test 
p=0.41 

BMI median and IQ 
range 

25 (22-27) 26 (26-30) 24 (20-27) A vs C: t test 
p=0.54 
B vs C: t test 
p=0.06 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
3 (50%) 
2 (33%) 
1 (17%) 

 
0 (0%) 
3 (60%) 
2 (40%) 

 
11 (52%) 
5 (24%) 
5 (24%) 

A vs C: χ2=0.87 
B vs C: χ2=0.09 

Cervical length 
median and IQ 
range (mm) 
12-16 weeks 
20-24 weeks 

 
 
 
30 (29-41) 
NA 

 
 
 
NA 
30 (30-36) 

 
 
 
35 (30-41) 
35 (30-39) 

 
 
 
A vs C: t test 
p=0.37 
B vs C: t test 
p=0.25 

Shortest cervical 
length during 
pregnancy, median 
and IQ range (mm) 

21 (17-24) 21 (17-24) 33 (28-35) A vs C: test 
p<0.0001 **** 
B vs C: test 
p<0.0001 **** 

Cervical cerclage 5 (83%) 
1 cervical cerclage 
in situ at time of 
sampling 

4 (80%) 
3 cervical cerclage 
in situ at time of 
sampling 

7 (33%)  

History indicated 
cervical cerclage 
and material 

2 
(Nylon 1, material 
not known 1) 

2 
(Nylon 1, material 
not known 1) 

7  
(Mersilene 2,  
Nylon 5) 

 

USS indicated 
cervical cerclage 
and material 

3 
(Mersilene 2,  
Nylon 1) 

2 
(Mersilene 1, 
Nylon 1) 

0  

Progesterone only 0 0 1  
BMI=body mass index, USS=ultrasound. Data presented as median (interquartile range (IQ)) or number (%). P values: One-way ANOVA for 

multiple comparisons or Chi squared for proportional data. 
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Of the panel of cytokines measured, Table 3.5, only IL-18 was detected within the standard curve 

range of the assay in all samples. The next most commonly detected cytokine was IFN-γ with 40% of 

samples detected within the standard curve range of the assay. Concentrations below the lowest 

standard were generated by extrapolation. From the available data, no differences in the 

concentration of any of the cytokines in the multiplex panel, (IL-8, IFN-γ, IL-2, IL-4, IL-8, TNF-α, GM-

CSF, IL-5, IL-1β and IL-6) were observed in women who did or did not have cervical shortening during 

their pregnancy, when sampled before the shortening event at 12+0 - 16+6 and 20+0 - 24+6 weeks 

gestation (p>0.05), Figure 3.36. The results for IL-10 are not presented as all the values were below 

the minimum level of detection of the assay and concentrations were too low for extrapolation.   
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Figure 3.36 Comparison of plasma cytokines in women who do or do not develop cervical shortening 
There was no significant difference in the concentration of IL-18, IFN-γ, IL-2, IL-4, IL-8, TNF-α, GM-CSF, IL-5, IL-

1β or IL-6 in women who do or do not develop cervical shortening when sampled at 12-16 weeks or 20-24 weeks 

gestation, prior to cervical shortening. The dotted lines show the concentration of the lowest standard on the 

standard curve. Values below the lowest standard were generated by extrapolation. Statistical analysis was by 

an unpaired t test (IL-18) or Mann Whitney U test (all other cytokines). (Shortening 12-16 weeks N=6, Shortening 

20-24 weeks N=5, No shortening at 12-16 or 20-24 weeks N=21). The results are expressed as mean ± SEM (A), 

and median and interquartile range (B-J). 
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The plasma concentration of complement proteins C5, C5a, C3b and MBL were compared between 

women who developed a shortened cervix and women who did not, at 12+0 - 16+6 and 20+0 - 24+6 weeks 

gestation, prior to cervical shortening. There was no difference in the production of the complement 

proteins between women who underwent cervical shortening and those who did not (p>0.05), Figure 

3.37. 

 

 

Figure 3.37 Comparison of plasma complement in women who do or do not develop cervical shortening 
There was no significant difference in the concentration of plasma C5, C5a, C3b or MBL in women who do or do 

not develop cervical shortening when sampled at 12-16 weeks or 20-24 weeks gestation, prior to cervical 

shortening. Statistical analysis was by an unpaired t test. Plasma was diluted 1:200 for the C5, C5a and MBL 

multiplex assays, and 1:400 for the C3b assay. The dotted line on the graph for C5a is the concentration for the 

lowest standard on the assay’s standard curve. (Shortening 12-16 weeks N=6, Shortening 20-24 weeks N=5, No 

shortening at 12-16 or 20-24 weeks N=21). The results are expressed as mean ± SEM. 
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Measurement of plasma cytokines and complement did not show differences in the peripheral 

immune response prior to cervical shortening (p>0.05). However, there were insufficient numbers to 

assess for any differences in women already with cervical shortening, compared to those with normal 

cervical length.  
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3.5.8 Cervical cerclage and the peripheral immune response  
 

Peripheral blood mononuclear  

In the absence of peripheral immune response prior to cervical shortening, the next question to ask 

was if the intervention to manage cervical shortening induced a peripheral immune response. Of the 

78 women who had PBMC sampling, there were 26 women who had a cervical cerclage. Sampling was 

performed before and after cervical cerclage in 19 of these women. The median gestation pre cerclage 

was 13+5 weeks and the median gestation post cerclage was 22+2 weeks. The median gestation at 

delivery was 38+1 weeks with a range of 30+6 to 41+0 weeks. 3 of the 19 women had an early preterm 

delivery before 34 weeks, and 2 further had a late preterm delivery between 34+0 - 36+6 weeks. Nine 

were history indicated cerclages and ten were ultrasound indicated cerclages.  The median number of 

days before cerclage insertion was 9 (range 1-32) and the median number of days post cerclage 

insertion was 49 (range 11-113). 

PBMC subsets, monocytes, (including classical monocytes, intermediate monocytes, non-classical 

monocytes), CD3+ lymphocytes, CD4+ T cells, CD8+ T cells, Treg cells, γδ T cells, B cells, NK cells, CD4+ 

NK T cells, and CD8+ NK T cells did not show any significant proportional differences before and after 

cervical cerclage (p>0.05), Table 3.10. CD8+ CD38 MFI increased following cervical cerclage, (p<0.01). 

However, this was not related to the cerclage material or whether the cerclage was history indicated 

or ultrasound indicated, Figure 3.38. CD8+ CD38 MFI has previously been shown to increase with 

advancing gestation and is the likely explanation in this case. All other markers of PBMC activation did 

not reveal any significant differences per and post cervical cerclage (CD4+ CD25, CD4+ CD38, CD4+ 

HLA-DR, CD4+ PD-1, CD8+ CD25, CD8+ HLA-R, CD8+ PD-1, Treg CD25, Treg CD38, Treg HLA-DR, NK 

CD38, B cells IgD and B cells PD-1, Table 3.11. Of the 19 cerclages, 9 were with Mersilene and 10 were 

with Nylon. The cerclage material also did not affect the fold change in PBMC subsets or their markers 

of activity, (data not shown). 
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Table 3.10 PBMC and markers of PBMC activity pre and post cervical cerclage 

 Pre cervical cerclage  
N=19 

Post cervical cerclage 
N=19 

p-value (Wilcoxon 
signed rank test) 

PBMC subset (%) 

Lymphocytes  
(% live cells) 

91.61 (5.70) 92.15 (4.85) 0.51 

Monocytes  
(% live cells) 

8.23 (5.89) 7.85 (4.85) 0.59 

B cells  
(% of lymphocytes) 

9.57 (3.44) 9.88 (4.39) 0.61 

Lymphocytes CD3+ 
(% of lymphocytes) 

78.6 (5.79) 78.39 (5.57) 0.85 

CD4+ T cells  
(% of CD3+) 

65.82 (8.44) 65.76 (7.75) 0.95 

CD8+ T cells  
(% of CD3+) 

30.27 (7.89) 30.00 (7.09) 0.74 

Treg cells  
(% of CD3+ CD4+) 

7.85 (2.58) 8.37 (3.46) 0.14 

NK cells  
(% of lymphocytes) 

5.05 (2.50) 4.20 (2.16) 0.14 

Classical monocytes  
(% of monocytes) 

82.35 (3.92) 81.80 (3.53) 0.57 

Intermediate monocytes 
(% of monocytes) 

1.29 (1.2) 0.90 (1.05) 0.06 

Non-classical monocytes 
(% of monocytes) 

7.01 (4.43) 6.24 (3.4) 0.09 

γδ T cells  
(% of lymphocytes) 

1.39 (0.58) 2.47 (2.56) 0.29 

CD4+ NK T cells  
(% of CD3+) 

0.39 (0.22) 0.37 (0.19) 0.80 

CD8+ NK T cells  
(% of CD3+) 

8.95 (5.43) 8.40 (4.52) 0.76 

Markers of PBMC activity (median fluorescence intensity) 

CD4+ CD25 2284 (833) 2319 (683) 0.76 

CD4+ CD38 11359 (5932) 12264 (6942) 0.19 

CD4+ HLA-DR 8693 (2112) 9640 (2142) 0.89 

CD4+ PD-1 1702 (323) 1724 (312) 0.71 

CD8+ CD25 1518 (566) 1361 (579) 0.49 

CD8+ CD38 6026 (3082) 6934 (2711) ** <0.01 

CD8+ HLA-DR 11127 (3451) 10989 (3088) 0.73 

CD8+ PD-1 1802 (388) 1762 (386) 0.422 

Treg CD25 10867 (2719) 10122 (2611) 0.37 

Treg CD38 4038 (3658) 3951 (2600) 0.32 

Treg HLA-DR 5837 (1316) 5411 (1048) 0.08 

NK CD38 98025 (47575) 116915 (51751) 0.11 

B cells IgD 47973 (25831) 44213 (25628) 0.61 

B cells PD-1 1094 (364) 1060 (227) 0.56 
Mean % (standard deviation). Statistical analysis was Wilcoxon matched-pairs signed rank test for non-parametric data and a paired t-test 

for parametric data.  
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Figure 3.38 CD8 CD38 median fluorescence intensity pre and post cervical cerclage 
CD8 T cells CD38 median fluorescence intensity increased significantly post cervical cerclage, but there was no 

difference in the fold change between women who had a Mersilene or Nylon cerclage (A), or between women 

who had an ultrasound or a history indicated cerclage (B). Statistical analysis was by a paired t-test.  

 

Plasma cytokines and complement 

There were 32 women in the whole cohort with plasma cytokines and complement results. 16 women 

had a cervical cerclage and 11 of them had plasma cytokines and complement results available for 

analysis pre and post cervical cerclage. The median gestation pre cerclage was 13+5 weeks and the 

median gestation post cerclage was 22+4 weeks. The median gestation at delivery was 38+4 weeks 

with a range of 31+4 to 40+4 weeks. 1 of the 11 women had an early preterm delivery before 34 weeks, 

and 2 further had a late preterm delivery between 34+0 - 36+6 weeks. There was no significant 

difference in cervical length pre and post cerclage. Seven of the cerclages were history indicated and 

4 were ultrasound indicated cerclages. The median number of days before cerclage insertion was 7 

(range 1-32) and the median number of days post cerclage insertion was 39 (range 11-63). 

There was an increase in pro-inflammatory IL-18 post cervical cerclage, although due to small 

numbers, this did not reach significance (p=0.06). The increase was likely to be related to the increase 

in gestational age between pre cerclage and post cerclage sample, rather than due to the effect of 

cerclage. There was no difference in the remaining cytokine analytes before and following cervical 

cerclage IFN-γ, IL-2, IL4-, IL-8, TNF-α, GM-CSF, IL-5, IL-1β, IL-6 (p>0.05). Many cytokines were below 

the lowest concentration on the standard curve which therefore was a limitation to this analysis. No 

significant differences were seen in C5, C5a, MBL and C3b following cervical cerclage (Table 3.11). 

Four of the 11 women with paired sampling pre and post cervical cerclage had a Mersilene cerclage 

and the remaining 7 had a Nylon cerclage. The study numbers were small, but there was no significant 

difference in the fold change of the plasma cytokines and complement before and after the cervical 

cerclage, based upon the cerclage material (data not shown). 
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Table 3.11 Plasma cytokines and complement analytes pre and post cervical cerclage  

 Pre cervical cerclage  
N=11 

Post cervical cerclage 
N=11 

p-value (Wilcoxon 
signed rank test) 

Plasma cytokine 

IL-18 75.64 (38.41) 100.3 (56.98) 0.06 

IFN-γ 48.02 (101.5) 42.65 (92.29) 0.50 

IL-2 39.95 (112.9) 38.16 (110) 0.99 

IL-4 15.92 (32.3) 15.16 (31.08) 0.50 

IL-8 3.24 (8.29) 2.95 (7.96) 0.25 

TNF-α 3.09 (9.39) 2.89 (8.85) 0.50 

GM-CSF 3.46 (9.38) 3.37 (9.45) 0.99 

IL-5 0.79 (0.70) 0.82 (0.81) 0.99 

IL-1β 2.21 (4.02) 2.28 (4.24) 0.99 

IL-6 0.44 (0.95) 0.56 (0.97) 0.50 

Plasma complement 

C5 13941 (3150) 15433 (4398) 0.41 

C5a 397.2 (641.3) 443.3 (705.6) 0.63 

MBL 5178 (3774) 4981 (3675) 0.81 

C3b 87336 (46732) 86761 (68610) 0.52 
Mean pg/ml (standard deviation) for all analytes except C5a, MBL and C3b (ng/ml). Statistical analysis was Wilcoxon 
matched-pairs signed rank test for non-parametric data and a paired t-test for parametric data. 
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3.6 Discussion  
 

The peripheral maternal immune system is required to be responsive and dynamic during pregnancy 

to mount a protective immune response to invading pathogens, whilst providing tolerance to the fetal 

allograft.  

Cellular innate immune response 

Increased activation of the innate immune response has been reported during pregnancy and some 

studies suggest that this is in part a result of an increase in peripheral monocytes (270-272). However, 

many of these studies included women with pregnancy induced hypertension, pre-eclampsia and 

diabetes, which may have introduced some bias. Other studies report that it is the activation of 

monocytes rather than the cell population that increases (273). By migrating to the decidua, monocytes 

mature into decidual macrophages and display the immunosuppressive M2 phenotype which is 

important for feto-maternal immune tolerance (274). Macrophages are key antigen presenting cells and 

are involved in regulating local immune homeostasis.  In the current study, the peripheral monocyte 

count and activation as measured by HLA-DR were stable across pregnancy at the three sampling 

timepoints. This is in keeping with studies by Kraus et al and Luppi et al, which have similar longitudinal 

sampling timepoints (272, 273).  

NK cells are CD16+ CD56bright or CD16+ CD56dim, with peripheral NK cells being predominantly CD16+ 

CD56dim which have a more cytotoxic phenotype. The reduction in NK cells with advancing gestation 

is in keeping with a reduction seen in the latter stages of pregnancy by Kraus et al (272). There is a likely 

physiological explanation for this decline in NK cells. A key part of placentation involves decidual NK 

cells remodelling spiral arteries creating a low resistance system maternal-placental circulation (275). 

NK cells are required for trophoblast invasion and placentation, and once it is complete their 

circulating numbers fall.  

NK cell activity as measured by the CD38 MFI increased irrespective of preterm or term pregnancy. 

The temporal increase coincides with the pro-inflammatory shift that occurs as pregnancy advances 

and labour nears. This is in keeping with Le Gars et al’s findings that pregnancy was associated with 

increased NK CD38 activity (276). CD38 is highly expressed on NK cells, potentiating the ability of 

lymphocytes to adhere to endothelial cells in the process of extravasation(276, 277). Decidual NK cells 

express even higher levels of CD38 compared to peripheral NK cells. It is plausible that there is NK cell 

migration from the periphery to the decidua, but the origin of decidual NK cells and if there is an 

increase in decidual NK cells during labour is unclear at present. NK cells are primarily part of the 
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innate immune response as they lack antigen specific receptors, but the support they provide to the 

adaptive immune response is well recognised.  

NK CD38 MFI negatively correlated with Th1 plasma cytokines, IL-18, IL-2 and IFN-γ. A potential 

explanation is that NK cells may help to regulate Th1 cytokine activity, preventing an uncontrolled Th1 

response as pregnancy advances. 

Cellular adaptive immune response  

The population of B cells and their activity was stable across pregnancy in this study. The effect of  

oestrogen on reduced B cell lymphopoiesis in pregnancy is recognised (278). Increased oestrogen in 

females has been attributed to higher autoreactivity of B cells and therefore increased prevalence of 

autoimmune diseases in women (279). A reduction in B cells in pregnancy or their activity may explain 

the improvement of symptoms of some autoimmune diseases in pregnancy. The absence of a 

reduction in the B cell population in this study may be because a relative decrease occurs at an earlier 

gestation than the first sampling timepoint of 12-16 weeks and then persists during pregnancy. B cell 

IgD MFI was used as a measure of B cell activation, whilst PD-1 MFI measured the immunosuppressive 

activity of B cells. B cells expressing PD-1 influence the development of naïve B cells, modulate T cell 

responses and down-regulate aberrantly active lymphocytes(280) (281) (282).  

I presented an increase in CD4+ T cells in term (uncomplicated) pregnancies. CD4 expressing T helper 

cells have many subtypes and drawing a conclusion from this finding is not straightforward. There is a 

dominant pro-inflammatory Th1 profile in early pregnancy to allow for implantation, and in late 

pregnancy to allow for labour. Between this period, an anti-inflammatory Th2 response dominates 

allowing for fetal growth. The cytokine profiling may have helped to distinguish which subset CD4+ T 

cells expanded during term (uncomplicated) pregnancies, but in unstimulated cells, plasma detection 

of cytokines was limited. The balance between a Th1/Th2 response is hormonally influenced by 

progesterone and oestrogen (283, 284), and in part explains immune adaptions during pregnancy. 

The proportion of CD8+ T cells was stable across gestation which is in keeping with other studies (261, 

285). There was a gestational increase in both CD4+ CD38 MFI and CD8+ CD38 MFI. This increased 

activation of CD4+ and CD8+ T cells represents physiological time dependent immune adaptation, 

consistent with an immunological clock. CD38 is involved in cell adhesion, signal transduction and 

calcium signalling. An increase in CD4+ and CD8+ T cell activity may contribute to the sterile 

inflammatory response that occurs as labour approaches. 

Treg cells are a subset of CD4+ T cells and are key to the maternal immune system not recognising 

semi-allogenic fetal antigens. Earlier human studies, characterising Treg cells by CD4 and CD25 
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expression have shown that there is an increase in Treg cells in early pregnancy peaking at the end of 

the first trimester which coincides with placentation (286). This expansion of the Treg pool which is 

absent in pre-eclampsia and has been implicated its pathogenesis (287). The immune tolerance 

conferred by Treg cells appears to be more important in early gestation and implantation, rather than 

later in pregnancy (288). It is thought that Treg cells at the feto-maternal interface are likely to originate 

from the thymus and are commonly referred to as natural Treg cells which may explain why the 

peripheral Treg population did not show a gestational increase in this study (289). Peripheral Treg cells 

are derived from naïve peripheral CD4+ T cells and are referred to as induced Treg cells. There is no 

cell marker that differentiates between natural and induced Treg cells at present.  

There are some more recent studies however that actually report an overall reduction in peripheral 

Treg cells during pregnancy and that selective expansion of a certain subset of Treg occurs instead to 

promote immune tolerance. The disparity originates from the Treg gating strategy used and the 

identification of a distinct CD4dim, CD25high, CD127low, FOXP3+, HLA-DR+ population (290). Mjösberg et al 

argue that gating on CD4+, CD25+ alone, will include Treg cells that do not have suppressive activity. 

There are also likely to be differences in the immune suppressive capacity of Treg cells in the periphery 

and those at the maternal-fetal interface (291).  

This study found differential activation of peripheral Treg cells in women who had preterm and term 

deliveries, as measured by the trajectory of Treg HLA-DR MFI, (Figure 3.19 D). Treg cell activation 

appeared to increase across gestation in the term group, but there appeared to be an inability of Treg 

cells to do the same in women who eventually had preterm deliveries, although the difference in Treg 

HLA-DR MFI did not reach statistical significance, (Figure 3.11 D). HLA-DR+ Treg cells have the most 

suppressive activity of all Treg cells. However, within the CD4+ CD25+ CD127low pool of Treg cells, is a 

further subset which are FOXP3+ HLA-DR+. Kisielewicz et al showed that women who had preterm 

deliveries had significantly lower CD4+, CD127low, CD25 Treg pool compared to healthy pregnancies 

and HLA-DR expression of the FOXP3+ HLA-DR+ was also reduced in women who had preterm 

deliveries (292). A limitation of results presented is that HLA-DR+ Treg cells represent a subset of Treg 

cells, therefore the suppressive function of all Treg cells is not measured by the gating strategy used.  

γδ T cells comprise <1% of peripherally circulating lymphocytes and are not well studied in pregnancy. 

They may still contribute to immune adaptations in pregnancy as an increased proportion has been 

reported in cases of unexplained recurrent spontaneous first trimester miscarriages (293). NK T cells are 

also present in very low abundance in the peripheral circulation, constituting 0.1% of T cells. Similar 

to γδ T cells an increase in NK T cell activity has been associated with pregnancy loss, but this is 

reported in murine studies (294, 295).  
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Plasma cytokines  

IL-18 was the only consistently detectable plasma cytokine in this study. IL-18 belongs to the same 

group of pro-inflammatory IL-1 cytokines which include IL-1α and IL-1β, which are synthesised as 

precursor proteins. IL-18 is mainly produced by monocytes and macrophages in response to pathogen-

associated molecular patterns (PAMPs) recognised by pattern recognition receptors (PPRs), although 

there was no correlation between monocytes and their activation with plasma IL-18. IL-18 is closely 

linked to IFN-γ which has strong phagocytic and cytotoxic activity and IL-18 also potentiates the 

cytotoxic activity of NK cells (296). However, there was no correlation with NK cells and their activation 

with IL-18.  

In the longitudinal cohort, the gestational increase in plasma IL-18, with a positive correlation with IL-

2, IFN-γ and TNF-α is in keeping with a bias towards a Th1 cell response. The increase in plasma IL-18 

with advancing pregnancy may have a priming effect by preparing the maternal immune response for 

an infectious insult. If there was an infectious insult during pregnancy, IL-18 may prime an 

inflammatory response to induce labour to prevent systemic infection which could have deleterious 

effects if pregnancy were to continue.  

Ida et al found that serum IL-18 concentrations were higher in pregnant compared to non-pregnant 

controls. Blood was collected from women at each trimester of pregnancy, but longitudinal sampling 

was not performed, therefore a gestational rise was not observed (297).  

IL-2 was found to positively correlate with the ratio of IFN-γ:CD4 cells. Th1 cells secrete IFN-γ 

promoting more undifferentiated Th0 cells to differentiate into Th1 cells, thereby promoting the Th1 

cell response. 
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Reflecting upon the study design in this thesis, firstly, the timing of blood sampling was considered for 

the analysis of plasma cytokines. Where possible, all participants had blood collected in the morning. 

Cytokine secretion demonstrates a diurnal rhythm and peak levels of pro-inflammatory cytokines such 

as IL-6, TNF-α and IFN-γ are seen early in the morning (298). Exercise has also been shown to temporarily 

increase cytokine levels, e.g. myocytes release IL-6 following exercise (299). This was a variable which 

was not controlled for, but it is unlikely the pregnant participants were undertaking strenuous exercise 

prior to sampling.  

Collecting blood in EDTA tubes have shown consistent cytokine recovery (300). Samples were 

centrifuged and plasma was separated and frozen at -80℃ within 30 minutes of collection which 

limited variation in cytokine concentrations detected due to degradation, absorption or cellular 

production. Samples also only underwent one free thaw cycle to limit the effect on cytokine recovery. 

Experiments were performed within the 2 years of sample collection as recommended by De Jaeger 

et al recommended to limit the effect of cytokine degradation (300).  

In the literature, there are similarities and discordances in studies assessing maternal peripheral 

cytokines during term pregnancy. Holtan et al reported gestational increases in IFN-γ, IL-1β, IL-6, IL-8 

and IL-12 (301). Serum cytokines were measured in 16 women by multiple cytokine assays, with a 

median number of 18 samples collected per study participant from the first trimester to delivery. Curry 

et al also noted increasing IL-12 and IFN-γ concentrations, and decreasing IL-2 and GM-CSF levels (302). 

These were measured in plasma samples by multiplex flow cytometry.  In contrast, Kraus et al and 

Denny et al reported decreasing IFN-γ with advancing pregnancy (303, 304). Kraus et al’s study was most 

similar in study design to this thesis with cytokines measured longitudinally at similar gestational 

timepoints, however serum samples were used. Denny et al’s study involved stimulating whole blood 

with phytohaemaglutinin or lipopolysaccharide prior to detecting cytokine concentrations. 

Heterogeneity between studies and individual participant variability may explain some of these 

differences.  

Higher serum IL-6 and IL-12 were found in women with preterm compared to term deliveries, although 

samples were collected shortly following birth (305). At the onset of preterm and term labour, Jarocki 

et al reported an increase in serum IL-6 (306). Tency measured cytokines in serum on a 30-plex Multiplex 

assay. Only 8 of the 30 were detectable in more than 50% of serum samples: epidermal growth factor 

(EGF), hepatocyte growth factor (HGF), IL-12, eotaxin, macrophage inflammatory protein (MIP)-1β, 

monocyte chemoattractant protein (MCP)-1, interferon-γ induced protein (IP)-10 and soluble IL-2 

receptor. There were no differences in serum cytokine concentrations in women with term or preterm 
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labour (307). There are no studies measuring peripheral cytokines longitudinally in term and preterm 

pregnancies to allow for direct comparisons.  

Plasma complement 

This current study reports that the concentrations of C5, C5a, MBL and C3b were stable across 

pregnancy, and that there were no significant differences between term and preterm pregnancies. 

Whilst a basal level of complement activation is required to maintain pregnancy, many adverse 

pregnancy outcomes have been associated with dysregulation of complement activation, including 

preterm labour, miscarriage, fetal growth restriction and hypertensive disorders of pregnancy (308, 309). 

A well-regulated, primed complement system is key to protection against pathogens and maintaining 

host defence. It has a key role during placentation to achieve successful implantation via trophoblast 

invasion with the balance of the pro-invasion activity of C1q and the regulatory activity of MBL (310). 

Many believe that it is this early balance of complement activity during placentation which is key to 

achieving a healthy pregnancy (311). During placentation there is an increase in apoptotic cells with 

cellular debris and DNA fragments that are cleared by the complement system. This current study may 

not have sampled at a sufficiently early gestation to detect an early increase in complement activity.  

It is widely thought that pregnancy is associated with increased complement activation in the 

periphery (198, 312, 313). He et al measured plasma complement across healthy term pregnancies and 

found increased concentrations of C3a and C3c. However C5b-9 concentrations were unchanged 

which suggests that complement activation in normal pregnancy does not extend to the final common 

pathway (313). It is important to also note that activation of the complement pathways may not be 

reflected in high circulating levels of complement proteins as concomitant consumption can lead to 

unchanged or perhaps even reduced concentrations.  

With regards to adverse pregnancy outcomes, increased peripheral Factor Bb (alternative pathway) 

in early pregnancy has been associated with preterm birth (207, 314), and plasma C3a measured at the 

end of the first trimester has been found to be significantly higher in women with spontaneous 

preterm labour and preterm prelabour rupture of membranes (PPROM) (208). In the mouse model, 

complement activation via C5a and its receptor led to local macrophage recruitment and matrix 

metalloprotease-9 production, culminating in cervical ripening and preterm birth (209).  

A deficiency in MBL is associated with adverse pregnancy outcomes, including recurrent miscarriage 

and preterm birth (315-317). A potential genetic susceptibility to preterm birth with the single nucleotide 

polymorphism in the MBL2 gene resulting in reduced MBL activity has been explored (318-320). This may 
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partly explain wide variability in MBL plasma concentrations in this current study population and in 

others (313).  

The current study does not show gestational changes in the peripheral complement activation during 

pregnancy across the sampling timepoints, and samples were not collected at the time of labour. But 

others have reported an increase in plasma C3b-9 and in the fetal membranes during parturition (321). 

Furthermore, complement activation is likely to be at a local level during parturition. Murine studies 

have shown that complement activation is required for cervical remodelling, by the involvement of 

complement proteins in metalloproteinase activity, collagen degradation and macrophage chemotaxis 

(209, 322).  

Cook et al found that there were microRNA biomarkers in peripheral blood which were predictive of 

cervical shortening and preterm delivery (266). MicroRNAs are non-coding nucleotide molecules 

regulating messenger RNA stability and transcription. Up to 80% of human genes are believed to be 

regulated by microRNAs (323). Cook et al identified has-miR-150-5p to be predictive of cervical 

shortening and preterm birth. It is regulated by NFКB, a key inflammatory transcription factor and a 

known target are MMPs which are involved in cervical ripening (324). Despite this, we did not find a 

peripheral immune signature associated with cervical shortening. 

Strengths and limitations 

The collection of longitudinal samples is labour intensive and dependent upon the commitment of 

study participants. However, sample collection at two additional timepoints may help to answer 

several more important questions. Assessing the peripheral immune response at an earlier timepoint 

than 12-16 weeks may have revealed pregnancy immune adaptations related to implantation, and a 

later timepoint at the onset of parturition may have revealed differences in preterm and term labour.  

The conclusions that could be drawn from the plasma cytokine data was limited due to the majority 

of concentrations being too low to be detected with suitable accuracy. This also demonstrates that 

there is no peripheral cytokine signature associated with preterm birth. For future evaluation of 

plasma cytokines, cell stimulation could be considered.  

The study comprehensively phenotypes peripheral blood mononuclear cells, plasma complement and 

plasma cytokines in a well-defined study population.  Components of the innate and adaptive immune 

responses and cellular and humoral immunity are collectively investigated, developing our 

understanding of the mechanistic peripheral immune adaptions to pregnancy. This current study also 

makes use of an advanced form of spectral flow cytometry to simultaneously evaluate many cell 

subtypes.  
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In summary, temporal systemic immune adaptions were identified in both healthy pregnancy and in 

women who subsequently delivered preterm. There was not a strong immune peripheral signature 

that discriminated between women who delivered preterm, underwent cervical shortening or 

cerclage placement compared to women who had uncomplicated pregnancies. Local immune changes 

will be explored in the next chapter.  
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CHAPTER 4: THE LOCAL IMMUNE RESPONSE IN 

HEALTHY PREGNANCY AND IN WOMEN WHO 

DELIVER PRETERM 
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4.1 Chapter summary 
 

Hypothesis 

• A successful term pregnancy is dependent on a highly regulated local cervico-vaginal immune 

response. 

• There is immune dysregulation in inflammation induced preterm birth.  

 

Aims 

• To describe gestational age-related changes in cervico-vaginal fluid (CVF) cytokine, complement 

and immunoglobulins through healthy pregnancy. 

• To describe changes in CVF cytokine, complement and immunoglobulins in women who deliver 

preterm. 

• To describe the local CVF immune response in women who have had previous cervical excisional 

treatment compared to women who have a history of MTL/PTB.  

• To describe the local CVF immune responses in women who have a short cervix.  

• To describe changes in the local CVF immune response following intervention with cerclage and 

progesterone.  

 

Methods 

Cervico-vaginal fluid (CVF) was sampled from the posterior fornix of the cervix using a Liquid Amies 

swab (BBL™ CultureSwab™, Becton, Dickinson and Company) from study participants at three 

timepoints during pregnancy 12+0 - 16+6, 20+0 - 24+6 and 30+0 - 34+6 weeks gestation. The cervico-vaginal 

fluid solution was centrifuged, and the resulting supernatant was used to measure concentrations of 

cytokine, complement and immunoglobulin analytes. CVF cytokines (IL-18, IFN-γ, IL-2, IL-4, IL-8, TNF-

α, GM-CSF, IL-5, IL-1β, IL-6 and IL-10), CVF complement (C3b, MBL, C5 and C5a) and CVF 

immunoglobulins (IgG1-4, IgA and IgM) were measured by magnetic Luminex® assays. Detailed 

metadata was collected from each study participant, including gestational age at delivery, treatment 

with progesterone and/or cervical cerclage and cervical length measurement by transvaginal 

ultrasound. The transvaginal ultrasound was performed following CVF collection. Study participants 

were divided into 3 pregnancy outcome groups: term pregnancy, preterm pregnancy, term pregnancy 

with intervention (progesterone and/or cervical cerclage). Statistical differences between groups 

were analysed using the t-test or one-way ANOVA test if data was parametric, or Mann Whitney U 

test or Kruskal-Wallis test for non-parametric data, with Tukey’s or Dunn’s multiple comparisons test. 
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Results  

Cervico-vaginal fluid immune mediators were stable across healthy pregnancy. In contrast, there was 

a local pro-inflammatory immune response early to mid-gestation in women who delivered preterm. 

In early pregnancy, there was a subtle pro-inflammatory signature in women with a history of previous 

MTL and/or PTB, in contrast to women with a history of cervical excisional treatment. Cervical 

shortening was associated with local inflammation, with activation of both the innate and adaptive 

immune response. Cervical cerclage with Mersilene resulted in a significantly increased local pro-

inflammatory milieu compared to Nylon, regardless of the indication for cerclage and delivery 

outcome.  

 

Conclusions 

Local innate and adaptive immune activation precedes spontaneous preterm birth in a significant 

proportion of women. It is plausible that women with a prior history of PTB/MTL have a primed 

immune response, and that inflammation drives some but not all cases of cervical shortening. Whilst 

Nylon is immunologically inert, Mersilene augments both the innate and adaptive immune response 

and is associated with a higher preterm birth rate, and therefore should not be used. 
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4.2 Introduction  
 

The leading cause of preterm labour is inflammation and infection, with the primary route of infection 

believed to be ascending from the vagina to the uterus. The cervix provides a structural and 

immunological barrier to ascending microbes. Collagen fibres in the extracellular matrix provide 

tensile strength, whilst the squamous epithelial lining produces a mucus layer which prevents 

microbial adherence and epithelial invasion. Mucus proteins and anti-microbials such as lysozyme, 

defensins and immunoglobulins constitute some of the innate and adaptive defenses. A healthy lower 

reproductive tract has a low pH between 4-4.5 which prevents the proliferation of pathogenic 

organisms. 

 

In physiological term labour, there is a gradual decline in collagen concentration and solubility in the 

cervix as the cervix undergoes structural remodelling (325). IL-6, IL-8, GM-CSF and TNF-α increase locally 

and induce cervical leukocyte invasion, and the secretion of matrix metalloproteinases, namely MMP-

1, MMP-2, MMP-3, MMP-8 and MMP-9 (326-329). There is also a key role for cervical fibroblasts (330). 

Activated fibroblasts also secrete IL-6, IL-8, MMP-1 and MMP-3. Prostaglandins are used in clinical 

practice to induce cervical ripening and labour and there is known to be decreased local prostaglandin 

degradation in term and preterm labour (331).  

 

The free radical nitric oxide is also involved in cervical remodelling by acting on collagen fibres  (332, 333). 

Another factor is corticotropin-releasing hormone (CRH) which regulates the hypothalamic-pituitary-

adrenal axis and has been shown to stimulate IL-8 production in cervical fibroblasts (334).  

 

IL-10 is an anti-inflammatory cytokine and has been shown to cause a decrease in the production of 

pro-inflammatory cytokines, IL-8, IL-6, TNF-α and IL-1β, MMPs and prostaglandin E2 in fetal 

membranes  (335-338). Interestingly, polymorphisms in single nucleotide polymorphisms in genes 

encoding cytokines, including anti-inflammatory IL-10, pro-inflammatory IL-4 and IL-6 and 

complement protein MBL have been described to influence the susceptibility of preterm birth (317).  

 

Cervical cerclage is used to prevent or halt cervical shortening and is thought to reduce the risk of 

preterm delivery by mechanically supporting the cervix, protecting the mucus plug, and preventing 

ascending infection. The procedure is invasive and has the potential to cause tissue trauma and thus 

inflammation. Additionally, there is much interest in the choice of suture material to perform the 
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procedure with emerging evidence to support an enhanced inflammatory response following the 

insertion of a braided Mersilene cerclage (49, 339).  

 

Less well studied is the mucosal immunity conferred by complement and immunoglobulins in the 

context of pregnancy. Complement plays an important role in host defence mechanisms, including 

bacteriolysis, immune adherence and enhancing phagocytosis. Mucosal complement activity is known 

to increase in infection at the mucosal surfaces in mastitis, conjunctivitis, inflammatory bowel disease 

and inflammatory nephritides (340-343). The role of complement on genital tract mucosal surfaces 

requires exploration. Murine studies suggest local complement activation in infection induced 

preterm labour in murine models, but as yet there are no reported human studies assessing local 

complement activation (209, 322).  

The protective role of immunoglobulins at mucosal surfaces is highlighted by the IgA, IgG, IgM in 

cervico-vaginal fluid from HIV-1 positive women inhibiting viral transcytosis across human epithelial 

cells (344, 345). An increase in cervico-vaginal fluid IgA and IgG has also been observed around the time 

of ovulation (346, 347). The role of local cervico-vaginal fluid immunoglobulins is relatively unexplored in 

pregnancy. 

This Chapter explores the local innate and adaptive immune response in cervico-vaginal fluid 

longitudinally in term and preterm pregnancies. The study of complement and immunoglobulin 

activity in cervico-vaginal fluid in pregnancy is novel. The study population is large and well 

phenotyped allowing the comparison of the local immune response according to the risk factor of 

preterm birth, (mechanically driven previous excisional cervical treatment or presumed inflammation 

mediated in those with previous MTL/PTB), and the local immune response to cervical shortening and 

cervical cerclage.  
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4.3 Study design  
 

To study the local cervico-vaginal immune changes in women with preterm and term pregnancies, 

women with risk factors for preterm birth were prospectively recruited from the preterm birth 

prevention clinics at Queen Charlotte’s and Chelsea Hospital, St Mary’s Hospital, Chelsea and 

Westminster Hospital, University College Hospital and Royal Infirmary of Edinburgh. Exclusion criteria 

were multiple pregnancies, women who had sexual activity within 72 hours of sampling, vaginal 

bleeding and women who were HIV or hepatitis B positive. 

Women were followed up longitudinally through pregnancy. Swabs were taken to sample the cervico-

vaginal fluid (CVF) in the posterior fornix of the vagina at three timepoints, 12+0 - 16+6 weeks, 20+0 -24+6 

weeks and 30+0 - 34+6 weeks. The cervical length was obtained by a transvaginal ultrasound at the 

same timepoints on the same day as CVF sampling. Study participants were divided into 3 outcome 

groups retrospectively: a) women who had spontaneous preterm deliveries (preterm, PT); b) women 

who delivered at term without intervention (term, T); c) women who delivered at term following an 

elective history or ultrasound indicated cerclage and/or progesterone (term intervention, TI). Detailed 

metadata was collected from all study participants from the hospital notes and the electronic patient 

database, Cerner Millennium Powerchart®. As described in the Materials and Methods chapter, 

section 2.2.5, CVF cytokines, complement and immunoglobulins were measured by magnetic 

Luminex® assays. 

4.4 Statistical analysis 
 

Statistical analysis was performed using Graphpad Prism 8.4.1. Differences between two groups were 

analysed using the t-test if the data was normally distributed, or the Mann Whitney U test for data 

which was not normally distributed. Differences between three groups were analysed using the one-

way ANOVA or the Kruskal-Wallis test depending on the distribution of the data together with the 

appropriate post hoc comparisons test, Dunnett’s or Dunn’s. The Fisher’s exact or Chi square test was 

used to test for proportional differences. For all tests, the level of statistical significance was taken as 

a p value ≤0.5.   
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4.5 Results  
 

4.5.1 Study population characteristics 
 

133 women were prospectively recruited to this study whilst attending the preterm birth prevention 

clinics. Referral criteria included previous preterm birth, previous mid-trimester miscarriage and 

previous excisional cervical treatment. Based upon the pregnancy outcome, they were divided into 3 

groups, women who had a preterm delivery before 37 weeks gestation N=37 (28%), women who 

delivered at term not requiring any intervention to prevent preterm birth N=56 (42%), and the third 

group were women who delivered at term but required an intervention to prevent preterm birth 

(cervical cerclage and/or progesterone) N=40 (30%). The median gestational age at delivery in each 

cohort were 33+3, 39+5 and 38+3 weeks respectively (Table 4.1).  

Between the three pregnancy outcome groups, there were no significant differences in maternal age, 

BMI or ethnicity. Women were divided into 3 categories for ethnicity, White, Black and Other. Table 

4.2 contains further detail for 28 women in the ‘Other’ category. The largest proportion were of South 

Asian origin 12/28 (43%). The remaining included women of Middle Eastern origin 4/28 (14%), South 

East Asian origin 1/28 (4%) and mixed origins 11/28 (39%). This represents the multi-ethnicities of 

residents in Central and West London where most study participants were recruited.  

Most cervical cerclages performed in the preterm group were ultrasound indicated, 13/21 (62%), 

whilst the majority in the term with intervention group were history indicated, 24/38 (63%). The 

cerclage material used in each case was also recorded in 99% of cases. The choice of cerclage was 

based on the clinician’s choice or following randomisation to C-STITCH.  Of women who received 

Mersilene N=26), the preterm birth rate was 50%, and of women who received Nylon (N=29), the 

preterm birth rate was 24%, which was statistically significant, (Fisher’s exact test p<0.05).  

The most common risk factor in the three pregnancy outcome groups was significantly different; 

previous preterm birth was a risk factor in 62% of the study participants in the preterm birth group,  

cervical excisional treatment was a risk factor in 64% of study participants who had a term delivery 

(without intervention) and previous mid trimester miscarriage was a risk factor for 55% of study 

participants who delivered at term but with an intervention (cervical cerclage +/- progesterone). 
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Table 4.1 Clinical and demographical characteristics of the study population N=133  

 Preterm (PT) 
(<37 weeks) 

Term (T) 
no intervention 

Term intervention 
(TI) 

p value (PT vs 
T vs TI) 

N (%) 37 (28%) 56 (42%) 40 (30%)  

Gestation at delivery 
(weeks) median and IQ 
range 

33+3 
(31+5 - 36+0) 

39+5 
(39+0 - 40+5) 

38+3 
(38+0 - 39+0) 
 
 
 
 
 

One-way 
ANOVA 
p<0.0001 
**** 
PT vs T 
p<0.0001 
**** 
PT vs TI 
p<0.0001 
**** 

Early preterm </=33+6 21 (57%) NA NA  

Late preterm >/=34+0 16 (43%) NA NA  

Age median and IQ range 31 (28-38) 33 (30-36) 33 (31-36) One-way 
ANOVA 
p=0.93 

BMI median and IQ range 
kg/m2 

24 (22-28) 22 (20-27) 26 (23-28) One-way 
ANOVA 
p=0.20 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
18 (48%) 
9 (24%) 
10 (28%) 

 
40 (72%) 
7 (12%) 
9 (16%) 

 
19 (48%) 
12 (30%) 
9 (22%) 

χ2 =0.09 

Parity 
Nulliparous 
Multiparous 

 
11 (30%) 
26 (70%) 

 
31 (55%) 
25 (45%) 

 
14 (35%) 
26 (65%) 

 

Cervical cerclage 21 (57%) 0 38 (95%)  

History indicated cervical 
cerclage and material 

8/21 (38%) 
(Mersilene 5, 
Nylon 3) 

NA 24/38 (63%) 
(Mersilene 11, 
Nylon 11, 
Abdominal 1, 
Unknown 1) 

 

USS indicated cervical 
cerclage and material 

13/21 (62%) 
(Mersilene 8, 
Nylon 4, 
Unknown 1) 

NA 14/38 (37%) 
(Mersilene 2, 
Nylon 11, 
Abdominal 1) 

 

Progesterone only 3 NA 2  

Risk factor for PTB: (by 
individual) 
Cervical treatment 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 
3x 1st trimester miscarriage 
Short cervix at anomaly 

 
 
6 
1 
7 
7 
1 
15 
0 
0 

 
 
34 
2 
0 
5 
2 
12 
1 
0 

 
 
8 
3 
1 
13 
6 
8 
0 
1 

 

Risk factor for PTB (a) 
Cervical treatment 
Previous PTB 
Previous MTL 

 
14 (38%) 
23 (62%) 
9 (24%) 

 
36 (64%) 
14 (25%) 
9 (16%) 

 
12 (30%) 
15 (38%) 
22 (55%) 

χ2 p<0.0001 

**** 

BMI=body mass index, USS=ultrasound, PTB=preterm birth, MTL=mid trimester loss, misc=miscarriage. Data presented as median 
(interquartile range (IQ)) or number (%). P values: One way ANOVA for multiple comparisons or Chi squared for proportional data. 
(a)Some study participants will have more than one risk factor for PTB. 
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Table 4.2 Further classification of ‘Other’ ethnicity category  

 Preterm (PT) 
(<37 weeks) 

Term (T) 
no intervention 

Term 
intervention (TI) 

South East Asian (e.g. Chinese, Japanese, 
Mongolian, Korean) 

0 0 1 

South Asian (e.g. Indian, Pakistan, Bangladesh) 6 3 3 

Middle East 1 1 2 

Mixed European, South East Asian 2 1 2 

Mixed European, South Asian 1 3 1 

Mixed non-European, South East Asian 0 1 0 

 

4.5.2 Standardisation techniques for multiple Luminex® assay  
 

The concentrations of the cytokine, complement and immunoglobulin analytes were determined by 

the magnitude of emitted fluorescence signal which was in direct proportion to the amount of analyte 

bound to the analyte-specific capture binding antibody binding to the specific analyte. This was 

calculated by the Bio-Plex® 200 software. Standard concentrations were provided by the 

manufacturer and analyte detections were compared to the standard ranges. Prior to performing the 

analysis for the study cohort, the interpatient and interassay variation was explored.  

 

It was important to standardise the results obtained from the Luminex® assays based upon the 

potential for differing protein quantities in individual CVF swabs. The Bradford protein assay was used 

to measure the concentration of the total cellular protein in each sample in duplicates, (pg/ml). The 

concentration of protein in each sample was calculated per analyte. The concentration of protein per 

sample = the concentration of protein (Bradford assay) x volume of sample used on assay. From this, 

the concentration of analyte in pg/ml/µg of protein was calculated by dividing the raw observed 

concentrations of the analytes measured by Luminex by the concentration of protein by the Bradford 

assay. Proportionally, the raw and normalised concentrations for the analytes did not show any 

differences, therefore the raw concentrations are presented in this chapter.  

Due to the high number of CVF samples for analysis by Luminex® assays, experiments were performed 

on multiple 96 well plates. The standards and controls were compared across the different cytokine 

(N=12), complement (N=12) and immunoglobulin (N=13) plates.    

The mean average of co-efficient of variation of each standard (accounting for each analyte) and a 

control sample per type of multiplex plate is shown in Table 4.3. A co-efficient of variation of <5% for 

control samples was deemed an acceptable level of variation across plates. Cytokines analytes IFN-γ, 

IL-10, IL-2, IL-5, TNF-α, GM-CSF, IL-1β, IL-18, IL-4 and IL-6 were analysed together on a multiplex plate. 

Complement analytes C5, C5a and MBL were analysed together on a multiplex plate. The mean 
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average of co-efficient of variation was calculated for a single analyte for the single plex plates IL-8 

and C3b. Overall, the level of variation between plates was low, (Table 4.3). The variation was greater 

for the most diluted standards which were more prone for introducing variation across different 

plates. The similarity and lack of variation between the standard curves across plates is demonstrated 

in graphically in Figures 4.1, 4.2, 4.3.  

 

Table 4.3 Co-efficient of variation for each standard on each type of Luminex plate 
S1-S7 represents each standard, S1 being the most concentrated. 

Luminex plate S1 S2 S3 S4 S5 S6 S7 S8 Control 

Cytokines  

(except IL-8) 

0.98% 1.31% 1.55% 2.06% 1.76% 1.72% 3.57% 4.13% 4.56% 

IL-8 0.31% 0.39% 1.13% 2.26% 2.18% 0.63% - - 1.52% 

C5, C5a, MBL 0.14% 2.14% 2.87% 6.02% 9.46% 13.54% 12.37% - 4.32% 

C3b 0.74% 1.87% 3.25% 2.83% 2.93% 6.09% 10.64% - 3.26% 

Immunoglobulins 0.81% 1.38% 2.40% 2.50% 3.43% 7.45% 3.62% - 4.44% 
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Figure 4.1 Standard curves for each cytokine analyte 
Standard curves generated from Luminex® assay standards and control samples for IL-8, IL-1β, IL-10, IL-6, IL-4, 
IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF over multiple assay plates.  
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Figure 4.2 Standard curves for each complement analyte 
Standard curves generated from Luminex® assay standards and control samples C5, C5a, MBL and C3b over 
multiple assay plates.  
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Figure 4.3 Standard curves for each immunoglobulin analyte 
Standard curves generated from Luminex® assay standards and control samples for IgG1-4, IgA and IgM d over 
13 assay plates.  
 

 

385 swabs were collected from 133 study participants. The IL-8 assay was performed using a 1:10 

dilution. All samples had detectable IL-8 within the standard curve range of the assay. All other 

cytokines were measured in undiluted cervico-vaginal fluid samples. IL1-β was the next most 

detectable cytokine in cervico-vaginal fluid, and 92% of samples had concentrations within the 

standard curve range of the assay. In descending order of percentage of concentrations falling within 

the standard curve range of the assay, the remaining cytokines from the most to the least detectable 

were IL-10, IL-6, IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α, GM-CSF (Table 4.4 A). Concentrations of GM-CSF 

were greater than the lowest standard concentration in only 21% of samples. C5a was the most 

detectable complement analyte; detectable in 97% of samples (Table 4.4 B). Almost all the 

immunoglobulin analytes were within the range of the standard curve, and this was above 95% for 

IgG1-3, IgA and IgM (Table 4.4 C). 

 

Chapter 4 



 
 

168 
 

Table 4.4 Cervico-vaginal fluid cytokine, complement and immunoglobulin assay ranges 
The total number of CVF samples was 385, from 133 study participants.  

A. 

Cytokine Standard curve 
range (pg/ml) 

Samples within 
standard curve 
range of assay (N)  
(Total = 385) 

% within standard 
curve range of 
assay 

Sensitivity level 
(pg/ml) 

IL-8 2.96 - 720 385 100% 1.8 

IL-1β 1.81 - 3950 356 92% 0.8 

IL-10 0.41 - 900 295 77% 1.6 

IL-6 0.33 - 730 246 64% 1.7 

IL-4 1.55 - 3380 235 61% 9.3 

IL-18 1.73 - 3790 209 54% 1.93 

IL-5 0.66 - 1440 209 54% 0.5 

IL-2 6.62 - 14470 204 53% 1.8 

IFN-γ 4.7 - 10290 185 48% 0.4 

TNF-α 0.94 - 2050 165 43% 1.2 

GM-CSF 1.28 - 2800 80 21% 4.1 

 

B. 

Complement 
analyte 

Standard curve 
range 

Samples within 
standard curve 
range of assay (N)  
(Total = 385) 

% within standard 
curve range of 
assay 

Sensitivity 

C5 ng/ml 2.74-2000 264 69% 1.04 

C5a pg/ml 4.12-3000 373 97% 0.0051 

MBL ng/ml 0.14-100 286 74% 0.04 

C3b ng/ml 8.23-6000 249 65% 3.639 

 

C. 

Immunoglobulin analyte Standard curve range Samples within standard 
curve range of assay (N) 
(Total N=385) 

% within standard curve 
range of assay 

IgG1 pg/ml 3784.5-137945000 382 99% 

IgG2 pg/ml 7922.63-5775600 377 98% 

IgG3 pg/ml 620.16-150700 378 98% 

IgG4 pg/ml 1092.73-79600 363 94% 

IgA pg/ml 297.53-10845000 385 100% 

IgM pg/ml 1092.73-7324600 384 99% 
There were no sensitivities provided by Procarta, the supplier of the immunoglobulin plates. 
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4.5.3 Cervico-vaginal immune response across gestation and by pregnancy outcome  
 

The clinical and demographical characteristics for all study participants are in Table 4.1. There were 

133 women in this cohort. 37 women delivered before 37 weeks gestation. 56 women were in the 

term (uncomplicated), and 40 women were in the term with intervention group. They delivered at 

term gestation but received a cervical cerclage and/or progesterone. The three sampling timepoints 

were 12+0 - 16+6, 20+0 - 24+6 and 30+0 - 34+6 weeks gestation.  

 

In the preterm group, 28 women were sampled at all three timepoints. 6 women were sampled at the 

first two timepoints only because they delivered before sampling at the third timepoint. There was 

one woman who was only sampled at the 12+0 - 16+6 week timepoint, one woman who was only 

sampled at 20+0 - 24+6 weeks and one woman who was only sampled at 20+0 - 24+6 and 30+0 - 34+6 weeks.  

 

In the term (uncomplicated) group, 51 women were sampled at all three timepoints. 4 women were 

sampled at the latter two timepoints only, and 1 woman was sampled at the first and third timepoints 

only. In the term with intervention group 37 women were sampled at all three timepoints. Three 

women were sampled at only 2 timepoints. Women who did not attend appointments at the required 

timepoints were not sampled. 

 

The term with intervention group contained a heterogenous mix of women.  Some of whom were 

highly likely to deliver preterm if they had not received a cervical cerclage, and some who were more 

phenotypically similar to the women in the term (uncomplicated) group.  
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There was no gestational age effect in cervico-vaginal fluid concentrations of IL-8, IL-1β, IL-10, IL-6, IL-

4, IL-18, IL-5, IL-2, TNF-α or GM-CSF in either of the two term groups, Figures 4.4 and 4.5. IFN-γ 

decreased with advancing gestation, but only in the term with intervention group (p=0.01). In this 

analysis of the whole study population considering all three sampling timepoints, there was an 

increase in IL-8 (p=0.05) between 12+0 - 16+6 and 20+0 - 24+6 weeks in the preterm group, but the 

statistical significance was lost with Dunn’s post hoc comparisons test.  

 

Cytokines were compared at each of the sampling timepoints according to pregnancy outcome, 

(preterm vs term vs term with intervention at 12+0 -16+6 weeks, preterm vs term vs term with 

intervention at 20+0 - 24+6 weeks, and preterm vs term vs term with intervention at 30+0 - 34+6 weeks). 

IL-8 was significant higher in the preterm compared to the term (uncomplicated group) at the 20+0 - 

24+6 week timepoint, (p=0.04), Figure 4.4 A. Other analytes showing significant differences in women 

with preterm and term deliveries were IL-6 which was significantly higher at 20+0 - 24+6 weeks in 

preterm compared to term with intervention group, (p=0.04) Figure 4.4 C, IL-2 was significantly higher 

at 20+0 - 24+6  weeks in the preterm group compared to both term groups, (p=0.03), Figure 4.5 D, IFN-

γ was significantly higher at 20+0 - 24+6 week in preterm compared to term with intervention group 

(p=0.05) and higher at 30+0 - 34+6 weeks in term compared to term with intervention group, (p=0.05), 

Figure 4.5 E, and GM-CSF was significantly higher at 20+0 - 24+6 weeks in preterm compared to term 

group, (p=0.04), Figure 4.5 G. Analytes showing significantly higher concentrations in women with 

term (no intervention) compared to term with intervention were IL-18, IL-5 and IFN-γ (p=0.04), Figure 

4.5 B, C and E. The highest and lowest values on the standard curve for each analyte are shown on 

Figures 4.4 and 4.5. 
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Figure 4.4 Cervico-vaginal fluid cytokines IL-8, IL-1β, IL-10 and IL-6 in preterm, term and term with 
intervention pregnancies and across pregnancy, in the whole study population 
There were no gestational differences across the three sampling timepoints with IL-8, IL-1β, IL-10 or IL-6. IL-8 
was significantly higher in the preterm compared to both term groups at the 20-24 week timepoint (p<0.05) (A). 
IL-6 was significantly higher in the preterm group compared to the term with intervention group at the 20-24 
week timepoint (p<0.05) (D). IL-1β and IL-10 concentrations did not differ significantly between the 3 pregnancy 
outcome groups at the three sampling timepoints.  
Statistical analysis assessing the differences across the 3 pregnancy outcome groups was by the Kruskal-Wallis 
test with Dunn’s multiple comparisons test, preterm (PT) N=37, term (T) N=56, term with intervention (TI) N=40. 
Statistical analysis assessing the differences across pregnancy gestation, across the three sampling time points 
12-16, 20-24 and 30-34 weeks was also by Kruskal-Wallis test with Dunn’s multiple comparisons test.  
 (* p<0.05). Dotted lines on A-D mark the concentration of the lowest and highest standards on the assay. The 
assay for IL-8 was performed using a 1:10 dilution of CVF. The results are expressed as median and interquartile 
range. 
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Figure 4.5 Cervico-vaginal fluid cytokines IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α, GM-CSF in preterm, term and term with intervention pregnancies and across pregnancy in 
the whole study population 
IL-18 was significantly higher in the term group compared to the term with intervention group at all sampling timepoints (p<0.05) (B). IL-5 showed the same pattern but was 
significantly higher at the latter two sampling timepoints (p<0.05) (C) and IFN-γ at the latest sampling timepoint (p<0.05) (E). IL-2 and GM-CSF were significantly higher in the 
preterm group compared to the term group at 20-24 weeks (p<0.05) (D and G), whilst IFN-γ was higher in the preterm compared to the term with intervention group at 20-
24 weeks (p<0.05) (E). IL-4 and TNF-α did not show differences between the preterm, term and term with intervention groups (A and F). There was a significant decrease in 
IFN-γ with advancing gestation (p<0.05) (E). The other analytes did not show any change over pregnancy. 
Statistical analysis assessing the differences across the 3 pregnancy outcome groups was by the Kruskal-Wallis test with Dunn’s multiple comparisons test, preterm (PT) N=37, 
term (T) N=56, term with intervention (TI) N=40. Statistical analysis assessing the differences across pregnancy gestation, across the three sampling time points 12-16, 20-24 
and 30-34 weeks was also by Kruskal-Wallis test with Dunn’s multiple comparisons test. Dotted lines on A-G mark the concentration of the lowest and highest standards on 
the assay. (* p<0.05, ** p<0.01).  The results are expressed as median and interquartile range. 
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In this analysis of the whole study population, comparing across the three sampling timepoints there 

was no statistically significant gestational change in concentrations of C5, C5a, C3b and MBL in 

preterm and term pregnancies (p>0.05), Figure 4.6.  

C3b was significantly higher in women who had preterm compared to term deliveries at the 20+0 - 24+6 

week sampling timepoint, (p=0.04), Figure 4.6 D. There were no differences according to the preterm, 

term and term with intervention pregnancies for C5, C5a and MBL, when comparing each at the three 

sampling timepoints (p>0.05). There was no significant gestational change in the concentrations of C5, 

C5a, MBL or C3b (p>0.05), Figure 4.6 A-D.  

 

 
Figure 4.6 Cervico-vaginal fluid complement in preterm, term and term with intervention pregnancies and 
across pregnancy in the whole study population 
C3b was significantly higher at 20-24 weeks in the preterm group compared to the term group (p<0.05). There 
were no differences in MBL, C5 or C5a according to the three pregnancy outcome groups, preterm (PT), term (T) 
and term with intervention (TI). There were no differences in these analytes with advancing gestation.  
Statistical analysis assessing the differences across the 3 pregnancy outcome groups was by Kruskal-Wallis test 
with Dunn’s multiple comparisons test, preterm (PT) N=37, term (T) N=56, term with intervention (TI) N=40. 
Statistical analysis assessing the differences across pregnancy gestation, across the three sampling time points 
12-16, 20-24 and 30-34 weeks was also by Kruskal-Wallis test with Dunn’s multiple comparisons test. Dotted 
lines on A-D mark the concentration of the lowest and highest standards on the assay. (* p<0.05, ** p<0.01). 
The results are expressed as median and interquartile range. 
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The following immunoglobulins were measured, IgG1-4, IgA and IgM in cervico-vaginal fluid, Figure 

4.7. The most abundant immunoglobulin was IgG1. The only immunoglobulin to show a gestational 

change was IgA, which increased with advancing gestation, however this was only in the term with 

intervention outcome group, (p=0.04), Figure 4.7 E. Concentrations of IgG1-4 and IgM did not 

significantly change across pregnancy in the three sampling timepoints (p>0.05).  

IgM was significantly more abundant in women with preterm deliveries compared to term deliveries 

at both the 20+0 - 24+6 week and 30+0 - 34+6 week sampling timepoints (p=0.03), Figure 4.7F. There were 

no other differences in IgG1-4 and IgA between preterm and term deliveries (p>0.05). 
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Figure 4.7 Cervico-vaginal fluid immunoglobulins in preterm, term and term with intervention pregnancies 
and across pregnancy, in the whole study population 
IgM was significantly higher in the women who delivered preterm compared to those who delivered at term. 
This was statistically significant at 20-24 weeks and 30-34 weeks (F). There was no difference in CVF IgG1-4 and 
IgA according to the three pregnancy outcome groups. Only IgA showed a change with gestation, with an 
increase across pregnancy in the term intervention group (E), p<0.05. 
Statistical analysis assessing the differences across the 3 pregnancy outcome groups was by Kruskal-Wallis test 
with Dunn’s multiple comparisons test, preterm (PT) N=37, term (T) N=56, term with intervention (TI) N=40. 
Statistical analysis assessing the differences across pregnancy gestation, across the three sampling time points 
12-16, 20-24 and 30-34 weeks was also by Kruskal-Wallis test with Dunn’s multiple comparisons test. Dotted 
lines on A-D mark the concentration of the lowest and highest standards on the assay. (* p<0.05). Dotted lines 
on A-F mark the concentration of the lowest and highest standards on the assay. The results are expressed as 
median and interquartile range. 
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4.5.4 Cervico-vaginal immune response across gestation (longitudinal cohort) 
 

In longitudinally sampled women across all three pregnancy outcome groups, there were 28 women 

in the preterm group, 51 women in the term group and 37 women in the term intervention group with 

samples taken at each of the three sampling time points 12+0 - 16+6, 20+0 - 24+6 and 30+0 - 34+6 weeks. 

The median gestational age at delivery for the preterm group was 34+1, for the term group was 39+5 

and for the term intervention group was 38+3. 

In this longitudinal analysis, across three timepoints in pregnancy there were no significant changes in 

cervico-vaginal IL-8, IL-1β, IL-10, IL-6, IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α or GM-CSF in the two term 

groups (p>0.05), Figures 4.8 and 4.9. In the preterm group, IL-18 increased from 12+0 - 16+6 weeks to 

30+0 - 34+6 weeks (p=0.04), Figure 4.9 B. In this longitudinal analysis, there was an increase IL-8, IL-1β, 

IL-6 and IL-2 (p<0.05) between 12+0 - 16+6 and 20+0 - 24+6 weeks in the preterm group, but the statistical 

significance was lost with Dunnett’s post hoc test. There is a variety in temporal responses which is 

more marked in the preterm and the term with intervention groups. There are women who largely 

follow an increasing pro-inflammatory trajectory and women who have a more stable local immune 

response in both groups. This shows that there is a variation between study participants which may 

reflect different mechanisms and aetiological factors for preterm birth.  
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Figure 4.8 Cervico-vaginal fluid cytokines IL-8, IL-1β, IL-10 and IL-6 in preterm, term and term with 
intervention pregnancies and across pregnancy, in the longitudinal cohort 
IL-8, IL-1β, IL-10 and IL-6 did not show any gestational changes in the three pregnancy outcome groups preterm 
(PT) N=28, term (T) N=51, term with intervention (TI) N=37, comparing across three sampling time points 12-16, 
20-24 and 30-34 weeks . 
Statistical analysis assessing the gestational effect across the three sampling time points 12-16, 20-24 and 30-34 
weeks was by the one way ANOVA (Friedman) with Dunnett’s multiple comparisons test for each of the three 
pregnancy outcome groups, preterm (PT), term (T) and term with intervention (TI). (NS=non-significant). Dotted 
lines on A-D mark the concentration of the lowest and highest standards on the assay. The assay for IL-8 was 
performed using a 1:10 dilution of CVF.  
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Figure 4.9 Cervico-vaginal fluid cytokines IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α, GM-CSF in preterm, term and term with intervention pregnancies and across pregnancy, in 
the longitudinal cohort 
IL-4, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF did not show any gestational changes in the three pregnancy outcome groups preterm (PT) N=28, term (T) N=51, term with 
intervention (TI) N=37, comparing across three sampling time points 12-16, 20-24 and 30-34 weeks (A, D-H). However, IL-18 did increase with advancing gestation in the 
preterm group (B). Statistical analysis assessing the gestational effect across the three sampling time points was by the one way ANOVA (Friedman) with Dunnett’s multiple 
comparisons test for each of the three pregnancy outcome groups, preterm (PT), term (T) and term with intervention (TI). (NS=non-significant). Dotted lines on A-H mark the 
concentration of the lowest and highest standards on the assay. 
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There was no gestational change in cervico-vaginal fluid concentrations of C5, C5a, MBL or C3b in both 

term groups, in the longitudinal analysis (p>0.05), Figure 4.10. However, C5a and C3b increased 

significantly from 12+0 - 16+6 and 20+0 - 24+6 weeks in the preterm group (p=0.02 and p=0.03 

respectively), Figure 4.10 B and D. Similarly, to the cytokine results, there is much individual variation 

particularly in the preterm and term with intervention groups.  

 

Figure 4.10 Cervico-vaginal fluid complement in preterm, term and term with intervention pregnancies and 
across pregnancy, in the longitudinal cohort 
C3b and C5a increased significantly between the first two time points 12-16 and 20-24 weeks in the preterm 
group only, (A and D). Whilst MBL and C5 did not show any significant gestational changes in any of the 
pregnancy outcome groups, (B and C).  
Statistical analysis assessing the gestational effect across the three sampling time points 12-16, 20-24 and 30-34 
weeks was by the one-way ANOVA (Friedman) with Dunnett’s multiple comparisons test for each of the three 
pregnancy outcome groups, preterm (PT) N=28, term (T) N=51, term with intervention N=37, (* p<0.05, NS=non-
significant). Dotted lines on A-D mark the concentration of the lowest and highest standards on the assay.  
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IgG1-4, IgA and IgM did not show any gestational changes in the term and term with intervention 

groups in the longitudinal analysis (p>0.05). In the women who delivered preterm, IgG1, IgG2 and IgG4 

increased significantly between 12+0 - 16+6 and 20+0 - 24+6 weeks, and 12+0 - 16+6 and 30+0 - 34+6 weeks 

gestation (p<0.05) and IgG3 increased significantly between the first and second sampling timepoints 

(p=0.05), Figure 4.11.  

 

Figure 4.11 Cervico-vaginal fluid immunoglobulins in preterm, term and term with intervention pregnancies 
and across pregnancy, in the longitudinal cohort 
IgG1, IgG2, IgG3 and 4 increased significantly with advancing gestation in the preterm group, but not in the two 
term groups (A-D). There were no other gestation related changes in IgA and IgM did not demonstrate 
gestational changes in any of the three pregnancy outcome groups, (E and F). Statistical analysis assessing the 
gestational effect across the three sampling time points 12-16, 20-24 and 30-34 weeks was by the one-way 
ANOVA (Friedman) with Dunnett’s multiple comparisons test for each of the three pregnancy outcome groups, 
preterm (PT) N=28, term (T) N=51, term with intervention (TI) N=37, (* p<0.05, NS=non-significant). Dotted lines 
on A-F mark the concentration of the lowest and highest standards on the assay.  
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The early-mid gestation inflammatory response in women who deliver preterm  

From the analysis of the gestational effect across the three timepoints in the longitudinal cohort, it 

was apparent that there was a pro-inflammatory early-mid gestation inflammatory response in the 

preterm group, between 12+0 - 16+6 and 20+0 - 24+6 weeks. The gestational effect on the local immune 

response between these first two sampling timepoints was explored in the three pregnancy outcome 

groups, preterm (N=34), term (N=51), term with intervention (N=37). The median gestational age at 

delivery for each group were, 33+3, 39+5 and 38+3 respectively. Compared to the previous longitudinal 

analysis across all three sampling timepoints, the paired analysis across the first two sampling 

timepoints included 6 women who delivered preterm before the third sampling timepoint.  

There was a significant increase between 12+0 - 16+6 and 20+0 - 24+6 weeks in IL-8, IL-1β, IL-6 and IL-2 

in the preterm group (p=0.05, p=0.04, p=0.003, p=0.04). There was no gestational change across these 

two timepoints in the women who delivered at term gestation (p>0.05), Figure 4.12.  

 

Figure 4.12 Cervico-vaginal fluid IL-8, IL-1β, IL-6 and IL-2 increase early to mid-gestation in preterm deliveries 
An increase in cervico-vaginal fluid IL-8, IL-1β, IL-6 and IL-2, was observed between sampling timepoints 12-16 
and 20-24 weeks in women who had preterm deliveries <37 weeks, in paired samples N=34. No difference was 
seen in women who delivered at term, N=51, or at term with intervention, N=37. 
Statistical analysis assessing the gestational effect across the two sampling time points 12-16 and 20-24 weeks 
was by Wilcoxon matched-pairs signed rank test, (* p<0.05, ** p<0.01). Dotted lines on A-D mark the 
concentration of the lowest and highest standards on the assay.  
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There was a significant increase between 12+0 - 16+6 weeks and 20+0 - 24+6 weeks in C5a, MBL and C3b 

in the preterm group (p=0.002, p=0.05 and p=0.05 respectively), but no change in C5 (p>0.05). There 

was no gestational change for C5, C5a, MBL or C3b across the two timepoints in the women who 

delivered at term gestation (p>0.05), Figure 4.13.  

 

 
Figure 4.13 Cervico-vaginal fluid C5a, MBL and C3b increase early to mid-gestation in preterm deliveries 
C5a, MBL and C3b increased significantly between 12-16 and 20-24 weeks in women who delivered preterm, 
N=34. No difference was seen in women who delivered at term, N=51, or at term with intervention, N=37. 
Statistical analysis assessing the gestational effect across the two sampling time points 12-16 and 20-24 weeks 
was by Wilcoxon matched-pairs signed rank test, (* p<0.05, ** p<0.01). Dotted lines on A-D mark the 
concentration of the lowest and highest standards on the assay.  
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There was a significant increase between 12+0 - 16+6 and 20+0 - 24+6 weeks in IgG1 and IgG3 in the 

preterm group (both p=0.04), however there was no change in IgG2, IgG4, IgA or IgM (p>0.05). The 

median IgM concentration was higher at each of the three timepoints compared to women delivering 

at term, Figure 4.7, and may explain why no further increase was seen with advancing gestation. There 

was no gestational change for IgG1-4, IgA or IgM across these two timepoints in the women who 

delivered at term gestation (p>0.05), Figure 4.14.  

 
 
Figure 4.14 Cervico-vaginal fluid IgG1 and IgG3 increase early to mid-gestation in preterm deliveries 
C3b, MBL, C5a, IgG1 and IgG3 increased significantly between 12-16 and 20-24 weeks in women who delivered 
preterm, N=34. No difference was seen in women who delivered at term, N=51, or at term with intervention, 
N=37. 
Statistical analysis assessing the gestational effect across the two sampling time points 12-16 and 20-24 weeks 
was by Wilcoxon matched-pairs signed rank test, (* p<0.05, ** p<0.01). Dotted lines on A-F mark the 
concentration of the lowest and highest standards on the assay.  
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4.5.5 Cervico-vaginal immune response depending on the risk factor for preterm 

birth  
 

As demonstrated at 12+0 - 16+6 and 20+0 - 24+6 weeks there was an increased pro-inflammatory innate 

and adaptive immune response in a proportion of women who deliver preterm. This could be due to 

different pathological mechanisms. Of the women who delivered preterm and who had sampling at 

both 12+0 - 16+6 and 20+0 - 24+6 weeks, six were referred to the preterm surveillance clinics due to 

previous excisional cervical treatment, and twenty-eight were referred due to previous mid-trimester 

loss and/or previous preterm birth. Women with previous mid-trimester loss and previous preterm 

birth were analysed together as their pathogenesis likely involves an abnormal inflammatory 

response, in contrast to mechanically driven cervical shortening in women with previous excisional 

cervical treatment. 

Comparing the cytokine concentrations between 12+0 - 16+6 and 20+0 - 24+6 weeks, there was a more 

profound pro-inflammatory shift in the women with a previous history of MTL and/or PTB, compared 

to the women who had a previous history of excisional cervical treatment. IL-8, IL-1β, IL-6 and IL-2 

increased significantly between the two sampling timepoints in the women with previous history of 

MTL and/or PTB (p=0.05, p=0.02, p=0.0005 and p=0.05 respectively), Figures 4.15 and 4.16. There was 

also a significant increase in IFN-γ in the women with previous cervical treatment (p=0.03), Figure 4.16 

E. Anti-inflammatory IL-10 decreased significantly in the women with previous MTL and/or PTB 

(p=0.05), Figure 4.15 C.  

There was no significant change in IL-4, IL-18, IL-5, TNF-α or GM-CSF between 12+0 - 16+6 and 20+0 - 24+6 

weeks gestation in either the women with previous history of MTL and/or PTB or women with previous 

excisional cervical treatment (p>0.05), Figure 4.15.  
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Figure 4.15 Comparison of cervico-vaginal fluid IL-8, IL-1β, IL-10 and IL-6 in women who deliver preterm 
according to their risk factor for preterm birth from early to mid-gestation 
Pro-inflammatory IL-8, IL-1β and IL-6 increased significantly between 12-16 and 20-24 weeks in women who 
delivered preterm if their risk factor for preterm delivery was previous mid-trimester loss (MTL) or previous 
preterm birth (PTB), compared to if the risk factor was previous cervical treatment (Cx Rx), IL-8 (p<0.05), IL-1β 
(p<0.05), IL-6 (p<0.001). There was a significant increase in anti-inflammatory IL-10 in the group with previous 
cervical treatment, (p<0.05). Statistical analysis assessing the gestational effect across the two sampling time 
points 12-16 and 20-24 weeks was by Wilcoxon matched-pairs signed rank test, (* p<0.05, *** p<0.001). Dotted 
lines on A-D mark the concentration of the lowest and highest standards on the assay. Cx Rx N=6 and MTL/PTB 
N=28. 
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Figure 4.16 Comparison of remaining cervico-vaginal fluid cytokines in women who deliver preterm according to their risk factor for preterm birth from early to mid-
gestation 
Pro-inflammatory IL-2 increased significantly between 12-16 and 20-24 weeks in women who delivered preterm if their risk factor for preterm delivery was previous mid-
trimester loss (MTL) or previous preterm birth (PTB), compared to if the risk factor was previous cervical treatment (p<0.05). IFN-γ increased significantly in the group with 
previous excisional cervical treatment, but interpretation of this is with caution as many concentrations were below the lowest standard of the assay. There was no significant 
change with IL-4, IL-18, IL-5, TNF-α or GM-CSF. Statistical analysis assessing the gestational effect across the two sampling time points 12-16 and 20-24 weeks was by Wilcoxon 
matched-pairs signed rank test, (* p<0.05). Dotted lines on A-G mark the concentration of the lowest and highest standards on the assay. Cx Rx N=6 and MTL/PTB N=28. 
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There was a more prominent increase in complement activation between early and mid-gestation in 

the women who had preterm deliveries who had previous MTL and/or previous PTB compared to 

previous excisional cervical treatment. C5a, MBL and C3b showed a significant increase between 12+0 

- 16+6 and 20+0 - 24+6 weeks in the women who had previous MTL and/or previous PTB (p=0.002, p=0.02 

and p=0.03 respectively), Figure 4.17. There was no significant change with C5 (p>0.05). 

 

 

 

Figure 4.17 Comparison of cervico-vaginal fluid complement in women who deliver preterm according to their 
risk factor for preterm birth from early to mid-gestation 
C5a, MBL and C3b increased significantly between 12-16 and 20-24 weeks in women who delivered preterm if 
their risk factor for preterm delivery was previous mid-trimester loss (MTL) or previous preterm birth (PTB), 
compared to if the risk factor was previous cervical treatment (Cx Rx),(p<0.05). There was a significant increase 
in anti-inflammatory IL-10 in the group with previous cervical treatment, (p<0.05). Statistical analysis assessing 
the gestational effect across the two sampling time points 12-16 and 20-24 weeks was by Wilcoxon matched-
pairs signed rank test, (* p<0.05, *** p<0.001). Dotted lines on A-D mark the concentration of the lowest and 
highest standards on the assay. Cx Rx N=6 and MTL/PTB N=28. 
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Similarly, activation of the adaptive immune response as measured by IgG1, IgG2, IgG3, IgG4, and IgA 

was seen only in women who had preterm deliveries who had previous MTL and/or previous PTB 

(p=0.004, p=0.04, p=0.03, p=0.02 and p=0.009 respectively). In contrast, concentrations remained 

stable in women with a history of cervical treatment (p>0.05), Figure 4.18.  

 

 

Figure 4.18 Comparison of cervico-vaginal fluid immunoglobulins in women who deliver preterm according to 
their risk factor for preterm birth from early to mid-gestation 
IgG1, IgG2, IgG3, IgG4 and IgA increased significantly between 12-16 and 20-24 weeks in women who delivered 
preterm if their risk factor for preterm delivery was previous mid-trimester loss (MTL) or previous preterm birth 
(PTB), compared to if the risk factor was previous cervical treatment (Cx Rx),(p<0.05). There was no significant 
change in IgM according to the risk factor for preterm delivery. Statistical analysis assessing the gestational effect 
across the two sampling time points 12-16 and 20-24 weeks was by Wilcoxon matched-pairs signed rank test, (* 
p<0.05, *** p<0.001). Dotted lines on A-F mark the concentration of the lowest and highest standards on the 
assay.  Cx Rx N=6 and MTL/PTB N=28. 
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We also studied if there was a higher basal inflammatory response in the women with previous MTL 

and/or PTB, compared to women with previous excisional cervical treatment in the whole study 

population. 

For the whole study population, the reason for referral to the preterm birth prevention clinic included 

previous excisional cervical treatment, previous mid-trimester loss (MTL) and previous preterm birth 

(PTB). Many women had a combination of risk factors. For the women for whom the sole reason for 

referral for excisional cervical treatment, one could postulate that the mechanism for why they have 

may a preterm delivery is due to a mechanical, structural problem with the cervix. Cervical shortening 

is associated with local inflammation, but likely not to the same degree as women who have had a 

previous MTL and/or previous PTB who we hypothesise are more likely to have a degree of immune 

dysregulation, or aberrant microbial-immune interactions driving their risk for premature cervical 

remodeling and dilatation, uterine contractions and fetal membrane rupture. There were two women 

who were not categorised into either group. One was referred to the preterm birth prevention clinic 

for 3 previous first trimester miscarriages, and one had a shortened cervix at anomaly ultrasound.  As 

their reasons for referral did not naturally fall into either major category they were excluded from the 

next analyses presented. Both women had term deliveries. 

The study population was divided into two groups, the first consisted of women where their sole 

reason for referral to the preterm birth surveillance clinic was previous excisional cervical treatment. 

The second group consisted of women where their reasons for referral included previous MTL, 

previous PTB, and either of these could be combined with excisional cervical treatment. Preterm birth 

was significantly higher in the previous MTL and/or PTB group compared to the previous cervical 

treatment group, (p<0.01).  

Study participants were compared at the first sampling timepoint only, 12+0 - 16+6 weeks, and those 

who already had a cervical cerclage and those with a cervical length ≤25mm were excluded. This 

allowed the local immune profile of the two main risk factor groups to be compared without bias. This 

resulted in a group of 40 women with previous excisional cervical treatment and 56 women with 

previous MTL +/or PTB. The clinical and demographical details of the two groups are described in Table 

4.5. 

The gestation at delivery was significantly earlier in the previous MTL +/or PTB group (p<0.0001). Most 

women in the previous excisional cervical treatment group were of White ethnicity (90%), whilst there 

were 45% white women, 25% black women and 30% of women who were classified into ‘other’ 

ethnicity category in the previous MTL and/or PTB group. As expected, there were significantly more 

multiparous women in the previous MTL and/or PTB group. There was a greater proportion of the 
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women in the previous MTL +/or PTB group who subsequently had a cervical cerclage 43%, vs 14% in 

the previous excisional cervical treatment group. There was no difference in history or ultrasound 

indicated cerclages, or cerclages performed with Mersilene or Nylon between the two groups.  

 

Table 4.5 Clinical and demographical characteristics based upon reason for referral to preterm birth 
surveillance clinic. N=96  

 Previous excisional 
cervical treatment  
(Cx Rx) 

Previous mid-
trimester loss or 
previous preterm birth 
(MTL/PTB) 

p value  

N (%) 40 (42%) 56 (58%)  

Gestation at delivery (weeks) 
median and IQ range 

40+0 
(39+0-41+0) 

38+0 
(34+5-39+0) 

p<0.0001 **** 

Early preterm </=33+6 weeks 2 (5%) 11 (20%)  

Late preterm >/=34+0 weeks 2 (5%) 10 (18%)  

Term <37 weeks 36 (90%) 35 (62%) PT vs Term  
p<0.01 ** 

Age median and IQ range 33 (32-36) 32 (28-36) p=0.52 

BMI median and IQ range (kg/m2) 23 (21-27) 24 (22-28) p=0.39  

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
36 (90%) 
3 (7%) 
1 (3%) 

 
25 (45%) 
14 (25%) 
17 (30%) 

χ2 <0.0001 **** 

Parity 
Nulliparous 
Multiparous 

 
31 (78%) 
9 (22%) 

 
11 (20%) 
45 (80%) 

χ2 <0.0001 **** 

Cervical cerclage (later in 
pregnancy) 
Yes 
No 

 
 
5 (14%) 
35 (86%) 

 
 
24 (43%) 
32 (57%) 

χ2 <0.01 ** 

History indicated cervical cerclage 
and material 

1 (25%) 
(nylon 1) 

14 (58%) 
(mersilene 6, nylon 8) 

Hx vs USS 
indicated cerclage 
χ2 =0.11 
 
Mersilene vs 
Nylon 
χ2 =0.97 

USS indicated cervical cerclage and 
material 

4 (75%) 
(mersilene 2, nylon 2) 

10 (42%) 
(mersilene 3, nylon 6, 
unknown 1) 

Progesterone only 1 2  

Risk factor for PTB: (by individual) 
Cervical treatment alone 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 

 
40 (100%) 
0 
0 
0 
0 
0 

 
0 
3 (5%) 
7 (13%) 
16 (29%) 
4 (7%) 
26 (46%) 

 

BMI=body mass index, USS=ultrasound, PTB=preterm birth, MTL=mid trimester loss, misc=miscarriage. Data presented as median 

(interquartile range (IQ)) or number (%). P values: t-test for comparisons or Chi squared for proportional data. 
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At 12+0 - 16+6 weeks, there was a propensity for an increased inflammatory response in the study 

participants whose risk factor for preterm delivery was previous MTL and/or PTB as opposed to 

previous excisional cervical treatment. This is demonstrated by increased IL-8 in the former group 

(p=0.02), Figure 4.19 A. Following the pattern of an increased inflammatory response in women whose 

risk factor was previous MTL and/or PTB was a non-significant increase in IL-1β (p=0.07), Figure 4.19 

B. IL-18 was significantly increased in the group with previous excisional cervical treatment (p=0.02), 

Figure 4.19 E. Other analytes assessed were IL-6, IL-10, IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF. 

There were no significant differences between the two groups for these analytes (p>0.05), (data not 

shown).  

 

 

Figure 4.19 Comparison of cervico-vaginal fluid cytokines according to risk factor for preterm delivery 
At 12-16 weeks, IL-8 was significantly higher whilst IL-18 was significantly lower when the risk factor for preterm 
delivery was previous cervical treatment group (Cx Rx) (N=40), compared to the risk factor of previous mid-
trimester loss +/or previous preterm birth (MTL/PTB) (N=56). There was a non-significant increase for IL-1β if 
the risk factor was previous mid-trimester loss +/or previous preterm birth. There was no difference in the 
concentration of IL-6, IL-10 and IL-2 between the two groups according to risk factor for preterm delivery. 
Statistical analysis was by Mann Whitney test U, * p<0.05, NS=non-significant. The results are expressed as 
median and interquartile range. 
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At the 12+0 - 16+6 week timepoint, independent of subsequent preterm or term delivery, complement 

analytes C5, C5a, MBL and C3b were not significantly different between women with a history of 

cervical treatment of previous MTL and/or PTB (p>0.05), Figure 4.20.  

 

 

Figure 4.20 Comparison of cervico-vaginal fluid complement according to risk factor for preterm delivery 
At 12-16 weeks, there was no difference in the concentrations of C5 C5a, MBL or C3b in cervico-vaginal fluid of 
women whose risk factor for preterm delivery was previous cervical treatment group (N=40), compared to the 
risk factor of previous mid-trimester loss +/or previous preterm birth (N=56). Statistical analysis was by Mann 
Whitney U test, NS = non-significant. The results are expressed as median and interquartile range. 
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At the 12+0 - 16+6 week timepoint, independent of preterm or term delivery IgG1-4, IgA and IgM were 

not significantly different between women with a history of cervical treatment of previous MTL and/or 

PTB (p>0.05), Figure 4.21. However, the median concentrations of IgG2 and IgG4 were both 1.8 times 

higher in women with a history of MTL/PTB.   

 

 

 
 
Figure 4.21 Comparison of cervico-vaginal fluid immunoglobulins according to risk factor for preterm delivery 
At 12-16 weeks, IgG3 was non-significantly increased in cervico-vaginal fluid of women whose risk factor for 
preterm delivery was previous mid-trimester loss or previous preterm birth (N=56), rather than previous cervical 
excisional treatment (N=40). There was no difference in the concentrations of IgG1, IgG2, IgG4, IgA or IgM in 
cervico-vaginal fluid between the two groups. Statistical analysis was by Mann Whitney U test, NS = non-
significant. The results are expressed as median and interquartile range. 
 

 

In this section, a local pro-inflammatory immune response has been demonstrated early to mid-

gestation in women who delivery preterm with a previous history of MTL and/or PTB, compared to a 

previous history of cervical treatment. This is seen to a lesser extent when women with term deliveries 

are included in the analysis.  
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4.5.6 Cervico-vaginal immune response in women who undergo cervical shortening  
 

To investigate if there is an association between cervical shortening and cervico-vaginal fluid 

cytokines, complement and immunoglobulins profiles, the 133 study participants were divided into 

two groups based upon if the cervical length was ≤25mm or >25mm at the first sampling timepoint of 

between 12+0 - 16+6 weeks. Cervical length ≤25mm measured on transvaginal ultrasound before 24 

weeks gestation is the universally accepted definition of a short cervix, conferring a high risk of 

preterm delivery (23). Study participants were excluded if they already had a cervical cerclage in situ. 

This resulted in the comparison of 13 women with a cervical length ≤25mm to 96 women with normal 

cervical length >25mm at 12+0 - 16+6 weeks. Looking at this first sampling timepoint eliminated the 

effect of gestation and the presence of cervical suture, thus maximising testing the effect of cervical 

shortening only. 

Clinical comparisons between those with and without cervical shortening and demographic details are 

shown in Table 4.6. The gestation at delivery was significantly earlier in the group with cervical 

shortening, median 36+0 compared to the group with normal cervical length, median 38+6 (p<0.01).  

There were twice as many preterm deliveries in the cervical shortening group compared to the normal 

cervical length group. There were no significant differences in age, BMI, ethnicity or parity between 

the two groups.  As expected, those in the cervical shortening group were significantly more likely to 

receive a cervical cerclage, (p<0.0001).  There were 14 (15%) women in the normal cervical length 

group at 12+0 - 16+6 weeks gestation who subsequently had a cervical length of <25mm, later in 

pregnancy. 
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Table 4.6 Clinical and demographical characteristics of study participants with cervical shortening and with 
normal cervical length, sampled between 12-16 weeks N=109 

 Cervical shortening 
≤25mm  

Normal cervical length 
>25mm 

p value  

N (%) 13 (12%) 96 (88%)  

Gestation at delivery (weeks) 
median and IQ range 

36+0 
(31+0 - 39+0) 

38+6 
(36+5- 40+1) 

p<0.01 ** 

Cervical length mm  
(median and IQ range) 

23 (19-25) 34 (31-39) p<0.0001 **** 

Early preterm </=33+6 weeks 6 (46%) 13 (13%) PT vs Term  
p<0.05 * Late preterm >/=34+0 weeks 1 (8%) 12 (13%) 

Term <37 weeks 6 (46%) 71 (74%) 

Age median and IQ range 31 (24-36) 33 (29-36) p=0.15 

BMI median and IQ range (kg/m2) 22 (20-30) 24 (21-27) p=0.29  

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
5 (38%) 
4 (31%) 
4 (31%) 

 
60 (62%) 
17 (28%) 
19 (20%) 

χ2 =0.25 

Parity 
Nulliparous 
Multiparous 

 
5 (38%) 
8 (62%) 

 
42 (43%) 
54 (56%) 

p=0.72 

Cervical cerclage (later in 
pregnancy) 
Yes 
No 

 
 
11 (85%) 
2 (15%) 

 
 
28 (29%) 
68 (71%) 

χ2 <0.0001 **** 

History indicated cervical cerclage 
and material 

0 14 (50%) 
(Mersilene 7, Nylon 7) 

Hx vs USS 
indicated cerclage 
χ2 <0.01 
 
Mersilene vs 
Nylon 
χ2 =0.65 

USS indicated cervical cerclage and 
material 

11 (100%) 
(Mersilene 4, Nylon 7) 

14 (50%) 
(Mersilene 5, Nylon 8, 
Unknown 1) 

Progesterone only 2 3  

Risk factor for PTB: (by individual) 
Cervical treatment alone 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 
3 x 1st trimester miscarriage 

 
3 (24%) 
1 (7%) 
1 (7%) 
2 (15%) 
2 (15%) 
4 (32%)  
0 

 
40 (42%) 
3 (3%) 
7 (7%) 
16 (17%) 
4 (4%) 
25 (26%) 
1 (1%) 

 

BMI=body mass index, USS=ultrasound, PTB=preterm birth, MTL=mid trimester loss, misc=miscarriage. Data presented as median 

(interquartile range (IQ)) or number (%). P values: t-test for comparisons or Chi squared for proportional data. 
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Cytokines known to be involved in the process of cervical remodelling and shortening, IL-6 and IL-1β 

were significantly increased in the presence of cervical shortening, (p=0.04), Figure 4.22 B and C. Both 

analytes were nearly two times higher in the presence of cervical shortening. IL-10 is known to be anti-

inflammatory and was found to be significantly higher in the presence of a normal length cervix 

compared to a shortened cervix at 12+0 - 16+6 weeks, (p=0.05), Figure 4.22 D. The expression of IL-8, 

IL-1β, IL-4, IL-18, IL-2, IFN-γ, TNF-α and GM-CSF was not influenced by cervical shortening (p>0.05), 

Figures 4.22 and 4.23. 

 

Figure 4.22 Cervico-vaginal cytokine expression in the presence of cervical shortening, or normal cervical 
length 
Cervico-vaginal fluid cytokines were compared in women who had cervical shortening at the time of sampling 
between 12-16 weeks gestation, (cervical length ≤25mm, N=13) versus women who had a normal cervical length 
at the time of sampling, (cervical length <25mm, N=96). IL-1β and IL-6 were significantly higher in those with 
cervical shortening. There was a non-significant increase in IL-8 in those with shortening. IL-10 was significantly 
higher in those with a normal cervical length. The dotted lines mark the concentration of the lowest and highest 
standards on the assay’s standard curve. Statistical analysis was by the Mann-Whitney test. *p<0.05, ** p<0.01, 
NS = non-significant. The results are expressed as median and interquartile range. 
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Figure 4.23 Cervico-vaginal cytokine expression in the presence of cervical shortening, or normal cervical 
length 
Cervico-vaginal fluid cytokines were compared in women who had cervical shortening at the time of sampling 
(12-16 weeks gestation), (cervical length ≤25mm, N=13) versus women who had a normal cervical length at the 
time of sampling, (cervical length <25mm, N=96). There was no significant difference in the concentrations of 
IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α or GM-CSF in women with and without cervical shortening. The dotted lines 
mark the concentration of the lowest and highest standards on the assay’s standard curve. Statistical analysis 
was by the Mann-Whitney U test, NS = non-significant. The results are expressed as median and interquartile 
range. 
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The contribution of complement analytes to cervical shortening have not been well studied, therefore 

it was novel to report that there was significantly increased expression of C5, C5a and MBL in cervico-

vaginal fluid where the cervix was short ≤25mm, compared to a normal length of >25mm, (p=0.04, 

p=0.02 and p=0.03 respectively), Figure 4.24. C5, C5a and MBL concentrations were twice as high in 

those with cervical shortening compared to normal cervical length. There was no significant difference 

in C3b in those with cervical shortening or normal cervical length (p>0.05).  

 

 

Figure 4.24 Cervico-vaginal complement expression in the presence of cervical shortening, or normal cervical 
length 
Cervico-vaginal fluid complement analytes were compared in women who had cervical shortening at the time 
of sampling, (cervical length ≤25mm, N=13) versus women who had a normal cervical length at the time of 
sampling, (cervical length <25mm, N=96). C5, C5a and MBL were significantly higher in those with cervical 
shortening. There was no significant difference in C3b in those with or without cervical shortening. The dotted 
lines mark the concentration of the lowest and highest standards on the assay’s standard curve. Statistical 
analysis was by the Mann-Whitney test. *p<0.05, ** p<0.01, NS = non-significant. The results are expressed as 
median and interquartile range. 
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The role of immunoglobulins in cervical shortening has not been widely explored, and in this cohort, 

the most abundant immunoglobulin in cervico-vaginal fluid, IgG1 and also IgM were significantly 

higher in women with cervical shortening, compared to women with normal cervical length (both 

p=0.03), Figure 4.25 A and F. IgG2-4, and IgA expression were not significantly between the two groups 

(p>0.05), Figure 4.25 B-E. 

 

Figure 4.25 Cervico-vaginal immunoglobulin expression in the presence of cervical shortening, or normal 
cervical length 
Cervico-vaginal fluid immunoglobulins were compared in women who had cervical shortening at the time of 
sampling, (cervical length ≤25mm, N=13) versus women who had a normal cervical length at the time of 
sampling, (cervical length <25mm, N=96). IgG1 and IgM were significantly higher in those with cervical 
shortening. There was a non-significant increase in IgG2, IgG3 and IgG4 in those with cervical shortening. The 
dotted lines mark the concentration of the lowest and highest standards on the assay’s standard curve. 
Statistical analysis was by the Mann-Whitney test. *p<0.05, ** p<0.01, NS non-significant. The results are 
expressed as median and interquartile range. 
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Following on, the next analysis performed was to assess if there was a difference in the cervico-vaginal 

immune response in women who will develop cervical shortening ≤25mm compared to women who 

maintain a normal cervical length >25mm during pregnancy. At the first sampling timepoint of 12+0 - 

16+6 weeks, excluding women who already had a cervical cerclage in situ, there were 25 women who 

would later develop cervical shortening. Their cervico-vaginal immune milieu was compared to 71 

women who maintained a normal cervical length throughout pregnancy. The median cervical length 

at the time of sampling in the group who would later develop cervical shortening was 31mm (IQ range 

29-36mm), and the median cervical length at the time of sampling in the group who maintain a normal 

cervical length in pregnancy was 35mm (IQ range 33-40mm). There was a significantly higher 

proportion of women in the group that subsequently developed cervical shortening for whom their 

risk factor for preterm delivery was previous MTL and/or PTB (76%), rather than previous cervical 

treatment (24%), compared to the group that maintain a normal cervical length in pregnancy (p<0.05), 

(53% of which had previous MTL and/or PTB, and 47% had previous cervical treatment). 

 

Table 4.7 shows that the cervico-vaginal immune milieu is no different in women who will later 

develop cervical shortening ≤25mm, compared to women who maintain a normal cervical length 

throughout pregnancy, when sampling occurs at 12+0 - 16+6 weeks gestation. However, the median 

duration from sampling to actual cervical shortening was 9 weeks and 2 days (range: 1 week and 5 

days to 18 weeks and 4 days). 
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Table 4.7 Cervico-vaginal fluid cytokines, complement and immunoglobulins in women who later develop 
cervical shortening, compared to women who maintain a normal cervical length 

 Sampling at 12+0 - 16+6 weeks gestation  

CVF analytes 
 

Women who will develop 
cervical shortening during 
pregnancy 
N=25 

Women who maintain 
normal cervical length 
during pregnancy 
N=71 

p-value 

IL-8 pg/ml 789.4 (7144) 1194 (6204) 0.37 

IL-1β pg/ml 44.86 (144.4) 33.27 (394.8) 0.21 

IL-10 pg/ml 1 (0.56) 0.98 (0.52) 0.27 

IL-6 pg/ml 0.4 (2.02) 0.4 (2.77) 0.30 

IL-4 pg/ml 4.04 (13.99) 2.54 (12.6) 0.11 

IL-18 pg/ml 1.68 (5.29) 2.02 (5.14) 0.12 

IL-5 pg/ml 0.19 (0.54) 1.0 (0.57) 0.20 

IL-2 pg/ml 17.97 (29.20) 21.95 (28.21) 0.31 

IFN-γ pg/ml 4.3 (8.0) 4.4 (8.2) 0.24 

TNF-α pg/ml 0.18 (1.24) 0.37 (1.12) 0.09 

GM-CSF pg/ml 0.41 (3.79) 0.26 (4.38) 0.13 

C5 ng/ml 4.97 (18.52) 4.08 (26.79) 0.30 

C5a pg/ml 60.53 (120.5) 62.10 (163.1) 0.13 

MBL ng/ml 0.28 (1.66) 0.31 (3.60) 0.12 

C3b ng/ml 11.90 (1204) 12.47 (413.9) 0.38 

IgG1 pg/ml 4015017 (6749639) 3190136 (8107852) 0.21 

IgG2 pg/ml 303700 (891310) 253779 (835610) 0.16 

IgG3 pg/ml 7840 (939157) 10912 (98752) 0.25 

IgG4 pg/ml 45180 (103538) 35044 (138731) 0.18 

IgA pg/ml 74945 (21177) 51937 (273566) 0.12 

IgM pg/ml 103726 (329772) 93969 (997772) 0.18 
Statistical analysis was by Wilcoxon matched-pairs signed. Median concentration (standard deviation). 

 

This study was not powered to perform paired analysis in women who were sampled before cervical 

shortening and at the point of cervical shortening as there were only 9 women who had samples 

collected at the appropriate timepoints who did not already have a cervical cerclage in situ. Therefore, 

what we can conclude is there is a local inflammatory immune response in women with cervical 

shortening compared to those with normal cervical length. From this data set it appears that there is 

no sign of inflammation nine weeks ahead of cervical shortening, however we cannot ascertain if 

inflammation immediately precedes shortening.   
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4.5.7 Cervico-vaginal immune response pre and post cervical cerclage  
 

Of the 133 women in the study population, 59 (44%) had a cervical cerclage during their pregnancy. 

19 (32%) of those women were excluded from the following analysis to compare the cervico-vaginal 

immune response pre and post cervical cerclage. 17 were excluded as did not have a vaginal swab 

collected prior to cervical cerclage insertion and 2 did not have a vaginal swab collected after cervical 

cerclage insertion.  

There were 40 women who had vaginal swabs collected pre and post cervical cerclage allowing the 

comparison of the cervico-vaginal immune response before and after the clinical intervention. Clinical 

and demographical data for these women are shown in Table 4.8. 

Nearly two-thirds of the 40 women were multiparous. The median gestation of sampling before 

cervical cerclage was 13+5 weeks, and the median number of days before cervical cerclage was 7 days. 

The median gestation of sampling after cervical cerclage was 22+2 weeks, and the median number of 

days after the cervical cerclage was 50 days. 26 of the 40 women (65%) had a term delivery, after 37 

weeks. The number of history and ultrasound indicated cerclages were roughly equal at 19 and 21 

respectively, but more than two-thirds were Nylon cerclages, whilst the remaining one-third were 

Mersilene cerclages. The cervical length before cervical cerclage (median 28mm) was significantly less 

compared to after cervical cerclage (median 33mm) (p<0.05).  
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Table 4.8 Study population of 40 study participants allowing comparisons before and after cervical cerclage  

Age  33 (29-36) 

BMI (kg/m2) 25.8 (23-29) 

Ethnicity 
- White 
- Black 
- Other 

 
18 (45%) 
13 (32.5%) 
9 (22.5%) 

Parity 
- Nulliparous 
- Multiparous 

 
14 (35%) 
26 (65%) 

Gestation at sampling point before cerclage 13+5 (13+1 - 15+0) 

Days before cerclage 7 (3-16) 

Gestation at sampling point after cerclage 22+2 (21+2 - 23+4) 

Days after cerclage 50 (33-61) 

Gestation of delivery 38+0 (32+2-39+0) 

Preterm delivery <34 weeks 
Preterm delivery 34+0-36+6 weeks 
Term delivery 

9 (22.5%) 
5 (12.5%) 
26 (65%) 

Risk factor for PTB(a) 

- Cervical treatment  
- Cervical treatment and MTL 
- Cervical treatment and previous PTB 
- MTL 
- MTL and PTB 
- PTB 
- Short cervix at anomaly ultrasound 

 
7 (17.5%) 
4 (10%) 
2 (5%) 
12 (30%) 
4 (10%) 
10 (25%) 
1 (2.5%) 

Indication for cervical cerclage 
- History indicated 
- Ultrasound indicated  

 
19 (47.5%) 
21 (52.5%) 

Cervical cerclage material  
- Mersilene 
- Nylon 
- Unknown  

 
14 (35%) 
25 (62.5%) 
1 (0.5%) 

Cerclage material by indication for cerclage 
- History indicated (Mersilene vs Nylon) 
- Ultrasound indicated (Mersilene vs Nylon) 

 
7 vs 12 
7 vs 13 

Cervical length at sampling point before cerclage (mm)  28 (25-32) (2 missing data) 

Cervical length at sampling point after cerclage (mm) 33 (26-37) (7 missing data) 

Use of progesterone 21 (52.5%) 
BMI=body mass index, USS=ultrasound, PTB=preterm birth, MTL=mid trimester loss, misc=miscarriage. Data presented as median 

(interquartile range (IQ)) or number (%). (a)Some study participants will have more than one risk factor for PTB. 
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Cytokines IL-8, IL-1β, IL-10, IL-6, IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF did not show any 

significant differences in expression in cervico-vaginal fluid before and after cervical cerclage insertion, 

(p>0.05) Figure 4.26.  

 

Figure 4.26 Cervico-vaginal fluid cytokines pre and post cervical cerclage 
There was no significant change in expression of cervico-vaginal fluid cytokines pre and post cervical cerclage 
insertion. The dotted lines mark the range of the standard curve for the assays. Statistical analysis was by 
Wilcoxon matched-pairs signed rank test, NS = non-significant. N=40 paired samples. 
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Complement analytes in cervico-vaginal fluid C5a and MBL increased significantly following cervical 

cerclage (p=0.03 and p=0.04), whilst C5 and C3b concentrations were stable (p>0.05), Figure 4.27. 

 

 

Figure 4.27 Cervico-vaginal fluid complement pre and post cervical cerclage 
C5a and MBL increased significantly in cervico-vaginal fluid following cervical cerclage, (B and C). There was no 
significant change in expression of C5 and C3b (A and D) pre and post cervical cerclage insertion. The dotted 
lines mark the range of the standard curve for the assays. Statistical analysis was by Wilcoxon matched-pairs 
signed rank test, * p<0.05, NS = non-significant. N=40 paired samples. 
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The concentrations of immunoglobulins IgG1-4, IgA and IgM in cervico-vaginal fluid did not alter 

significantly following cervical cerclage insertion (p>0.05), Figure 4.28. 

 

 

Figure 4.28 Cervico-vaginal fluid immunoglobulins pre and post cervical cerclage 
There was no significant change in IgG1-4, IgA and IgM following cervical cerclage. The dotted lines mark the 
range of the standard curve for the assays. Statistical analysis was by Wilcoxon matched-pairs signed rank test, 
NS = non-significant. N=40 paired samples. 
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The local immune response according to the indication of cervical cerclage  

With the only detectable local immune response to cervical cerclage being an increase in C5a and MBL 

pre and post cervical cerclage, further interrogation was performed as follows. To test if there was a 

different local immune response depending upon whether the cervical cerclage was performed due 

to a previous history of cervical insufficiency, or ultrasound indicated (shortened cervical length in the 

current pregnancy), the fold change in cervico-vaginal fluid analytes before and after cervical cerclage 

were compared, Figure 4.29. There were 19 history indicated cervical cerclages and 21 ultrasound 

indicated cerclages. The median gestation at delivery for women who had a history and women who 

had an ultrasound indicated cerclage were 38+0 and 38+1 weeks respectively, with no significant 

difference between the two. There were equal proportions of women in each group who had 

Mersilene (braided) and Nylon (monofilament) material used for the cerclages. 

The mean fold change of all cytokines, complement and immunoglobulin analytes increased following 

cervical cerclage. There was non-significant increase in the fold change IL-8, IL-10 and TNF-α in women 

who had ultrasound indicated cerclages, for cervical shortening ≤25mm, compared women who had 

history indicated cerclages (p>0.05), Figure 4.29 A.  

There were no significant differences in the mean fold change of complement analytes, C5, C5a, MBL 

or C3b based upon the indication for the cervical cerclage (p>0.05), Figure 4.29 B.  

There were no significant differences in the mean fold change of immunoglobulins following cervical 

cerclage in women who had history indicated compared to ultrasound indicated cerclages (p>0.05), 

Figure 4.29 C.  
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Figure 4.29 Local immune response pre and post cervical cerclage based on indication for cervical cerclage 
There was no significant difference mean fold change in cervico-vaginal fluid cytokines, complement and 
immunoglobulins analytes, pre and post cervical cerclage comparing history and ultrasound indicated cerclages. 
Statistical analysis was by Mann-Whitney test. History indicated cerclages N=19 and ultrasound indicated 
cerclages N=21. 
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The local immune response according to of cervical cerclage material, independent of pregnancy 

outcome  

To test if there was a different local immune response depending upon whether the cervical cerclage 

was performed using Mersilene (braided) or Nylon (monofilament) suture material, the fold change 

in cervico-vaginal fluid analytes before and after cervical cerclage according to cerclage material were 

compared. 14 cervical cerclages which were performed with Mersilene (braided) material and 25 were 

performed with Nylon (monofilament) material, with vaginal swab samples collected before and after 

the clinical procedure. The median gestation of delivery for women who had a Mersilene cerclage was 

36+0 weeks, whilst it was 38+1 for women who had a Nylon cerclage. Of women who received Mersilene 

N=14), the preterm birth rate was 50%, and of women who received Nylon (N=25), the preterm birth 

rate was 24%, which was statistically significant, (Fisher’s exact test p<0.05). 

There was a significant increase in the mean fold change of IL-6 (p=0.007), IL-1β (p<0.0001) and IL-8 

(p=0.04) from pre to post Mersilene cerclage compared to Nylon cerclage, Figure 4.30 A. Following a 

similar pattern, there was a non-significant increase for IL-2 for Mersilene compared to Nylon 

cerclages. There were minimal differences for the remaining cytokines, GM-CSF, TNF-α, IFN-γ, IL-5, IL-

18, IL-4 and IL-10 (p>0.05).  

All the complement analytes analysed, C5 (p=0.009), C5a (p=0.002), MBL (p=0.005) and C3b (p=0.02) 

showed a significant increase in the mean fold change from pre to post Mersilene cerclage compared 

to Nylon cerclage, Figure 4.30 B.  

All the immunoglobulins analysed, IgG1 (p=0.003), IgG3 (p=0.005), IgA (p=0.002), IgM (p=0.005), IgG2 

(p=0.03) and IgG4 (p=0.04) also showed a significant increase in the fold change from before to after 

Mersilene cerclage, compared to Nylon cerclage, Figure 4.30 C.  

Mersilene cerclage induced both an innate and adaptive local immune response. 
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Figure 4.30 Local immune response pre and post cervical cerclage based on cerclage material 
The mean fold increase in IL-6, IL-1β and IL-8 (A), C3b, MBL, C5a, C5 (B) and IgE, IgM, IgA, IgG1-4 (C) was 
significantly greater from pre to post cervical cerclage when comparing Mersilene and Nylon cerclages. Statistical 
analysis was by Mann-Whitney test, * p<0.05, ** p<0.01, NS = non-significant. Mersilene cerclages N=14 and 
Nylon cerclages N=25. 
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The local immune response according to of cervical cerclage material, in women who delivery 

preterm  

There are existing studies exploring the difference between cervical cerclage material and their effect 

on the local immune response. The braided Mersilene has been found to be induce a pro-

inflammatory immune response, compared to the monofilament Nylon. To explore if this was driving 

the pro-inflammatory shift seen in between the two sampling time points of 12+0 - 16+6 and 20+0 - 24+6 

weeks in the women that deliver preterm, the cohort of N=34 were divided into those women who 

had a Mersilene cerclage inserted between the two timepoints, Nylon cerclage inserted between the 

two timepoints, and no cervical cerclage. In the women who had preterm deliveries, there were 15 of 

who had cervical cerclages between the sampling time points, 12+0 - 16+6 and 20+0 - 24+6 weeks. 10 

were performed with Mersilene and 7 with Nylon; the remaining 17 did not have a cervical cerclage 

between the two sampling timepoints. Table 4.9 describes the clinical characteristics of women in 

these 3 comparison groups. 

There were no differences in the gestational age at delivery, maternal age, maternal BMI, maternal 

ethnicity or parity between the three groups (p>0.05). Between the two cerclage groups, there were 

almost equal numbers of history and ultrasound indicated cerclages. There was also no significant 

difference in the risk factors for preterm delivery between the groups.  
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Table 4.9 Study participants with preterm deliveries, with or without cervical cerclage between sampling 
timepoints 12-16 and 20-24 weeks gestation N=34  

 A B C  

 Preterm  
Mersilene 
cerclage 

Preterm 
Nylon 
cerclage 

Preterm 
No cerclage 

p value (A vs B 
vs C) 

N (%) 10 7 17  

Gestation at delivery 
(weeks) median and IQ 
range 

32+3 
(29+0 - 35+2) 

36+0 
(29+3 - 36+3) 

33+3 
(32+6 - 35+3) 
 

One-way 
ANOVA 
p=0.26 
 
(A vs B) 
Unpaired t-
test p=0.15 

Early preterm </=33+6 7 (70%) 3 (50%) 9 (53%) χ2 =0.39 

Late preterm >/=34+0 3 (30%) 3 (50%) 8 (47%) 

Age median and IQ range 30 (26-37) 33 (30-42) 33 (30-39) One-way 
ANOVA 
p=0.51 

BMI median and IQ range 
(kg/m2) 

25 (23-31) 23 (22-27) 22 (21-27) One-way 
ANOVA 
p=0.35 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
4 (40%) 
4 (40%) 
2 (10%) 

 
3 (43%) 
3 (43%) 
1 (14%) 

 
10 (59%) 
1 (6%) 
6 (35%) 

χ2 =0.19 

Parity 
Nulliparous 
Multiparous 

 
2 (20%) 
8 (80%) 

 
5 (71%) 
2 (29%) 

 
4 (24%) 
13 (76%) 

 

Cervical cerclage inserted 
between 12-24 weeks 

10 (100%) 7 (100%) 0 (0%)  

History indicated cervical 
cerclage  

4 (40%) 
  

3 (43%) NA  

USS indicated cervical 
cerclage  

6 (60%) 
 

4 (57%) NA  

Risk factor for PTB: (by pt) 
Cervical treatment 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 

 
1 
0 
3 
2 
1 
3 

 
2 
1 
0 
3 
0 
1 

 
3 
0 
4 
2 
0 
8 

 

Risk factor for PTB (a) 
Cervical treatment 
Previous PTB 
Previous MTL 

 
4 (40%) 
7 (70%) 
3 (30%) 

 
3 (43%) 
1 (14%) 
4 (57%) 

 
7 (41%) 
12 (71%) 
2 (11%) 

χ2 p=0.12 

BMI=body mass index, USS=ultrasound, PTB=preterm birth, MTL=mid trimester loss, misc=miscarriage. Data presented as median 
(interquartile range (IQ)) or number (%). P values: One way ANOVA for multiple comparisons or Chi squared for proportional data. 
(a)Some study participants will have more than one risk factor for PTB. 
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In women who delivered preterm, with regards to the cervico-vaginal fluid cytokines, IL-8, IL-1β and 

IL-6 increased between sampling timepoints 12+0 - 16+6 weeks and 20+0 - 24+6 weeks in the group who 

had a Mersilene cerclage (p=0.003, p=0.001 and p=0.001 respectively), Figure 4.31 A, B and D. IL-6 

also increased in the group who did not have a cerclage at all (p=0.03), in women who delivered 

preterm. In women who had a Nylon cerclage, there was no increase in the local pro-inflammatory 

cytokine immune response (p>0.05), Figure 4.31. There was no change in the anti-inflammatory 

cytokine IL-10 (p>0.05), Figure 4.31 C. There was also no change in the less detectable cytokines in the 

CVF: IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α or GM-CSF (p>0.05) (data not shown).  

Women who had a Mersilene compared to a Nylon cerclage was significantly more likely to have a rise 

in IL-8 and IL-1β (both p=0.003), Figure 4.31 A and B. 
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Figure 4.31 Early to mid-gestation cervico-vaginal fluid cytokines in women with preterm deliveries according to the insertion of a cervical cerclage 
There was a significant increase in IL-8, IL-1β and IL-6 between 12-16 weeks and 20-24 weeks gestation in women who had a Mersilene cerclage. There was also a significant 
increase in IL-6 in women who did not have a cervical cerclage. There was no significant change in IL-8, IL-1β, IL-6 or IL-10 in women who had a Nylon cerclage (A). IL-8 and 
IL-1β were significantly more likely to increase in women who had a Mersilene cerclage. Statistical analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact 
test *p<0.05, **p<0.01.  Mersilene cerclage N=10, nylon cerclage N=7 and no cerclage N=14.
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Similarly complement analytes C5a and C3b increased significantly in the group who had a Mersilene 

cerclage and the group which did not have a cerclage, (p=0.003 and p=0.05), Figure 4.32 B and D, and 

MBL increased following a Mersilene cerclage (p=0.05), Figure 4.32 C, whilst women who had a Nylon 

cerclage did not exhibit this local pro-inflammatory complement response, (p>0.05) Figure 4.32. There 

was no significant difference in C5 pre and post Mersilene or Nylon cerclage, or in those without a 

cervical cerclage (p>0.05), Figure 4.32 A. 

Women who had a Mersilene cerclage was significantly more likely to have a rise in C5a and C3b 

compared to women who had a Nylon cerclage, (both p=0.05), Figure 4.32 B and D.  
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Figure 4.32 Early to mid-gestation cervico-vaginal fluid complement analytes in women with preterm deliveries according to the insertion of a cervical cerclage 
There was a significant increase in C5a, MBL and C3b between 12-16 weeks and 20-24 weeks gestation in women who had a Mersilene cerclage. There was also a significant 
increase in C5a and C3b in women who did not have a cervical cerclage. There was no significant change in C5a, MBL or C3b in women who had a Nylon cerclage (A). There 
was no significant difference in C5 pre and post Mersilene or Nylon cerclage, or in those without a cervical cerclage.C5a and C3b were significantly more likely to increase in 
women who had a Mersilene cerclage, and there was non-significant trend for MBL to increase too. Statistical analysis was by Wilcoxon matched-pairs signed rank test and 
Fisher’s exact test *p<0.05, **p<0.01. Mersilene cerclage N=10, nylon cerclage N=7 and no cerclage N=14.
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There was no statistically significant augmentation of the adaptive immune response in women who 

had a Mersilene or Nylon cerclage between early and mid-pregnancy (p>0.05), Figure 4.33 and 4.34. 

However, there was a tendency for some women to show an increase in IgG1-4, IgA and IgM following 

Mersilene cerclage, and a tendency for some women to show a decrease following Nylon cerclage, 

regardless of preterm or term delivery.  

The concentration of IgG1 increased significantly in women who did not have a cervical cerclage 

(p<0.001), Figure 4.33 A.  

The concentrations of IgG1-4, IgA and IgM were no more likely to change whether a Mersilene or 

Nylon cerclage were inserted (p>0.05), Figure 4.33 and 4.34. 

Overall, in the women who delivered preterm, Mersilene augmented the innate immune response, 

demonstrated in the changes to IL-8, IL-1β, IL-6, C5a, C3b and MBL, whilst Nylon was immunologically 

inert.  
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Figure 4.33 Early to mid-gestation cervico-vaginal fluid IgG1-IgG4 in women with preterm deliveries according to the insertion of a cervical cerclage 
There was no significant change in IgG1, IgG2, IgG3 or IgG4 following the insertion of a Mersilene or a Nylon cerclage between 12-16 and 20-24 weeks gestation. There was 
a significant increase in IgG1 in the women who did not have a cervical cerclage (p<0.001), but no change in IgG2-4 in this group. The concentrations of IgG1-4 were no more 
likely to change based on receiving a Mersilene or a Nylon cerclage. Statistical analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact test ***p<0.001. 
Mersilene cerclage N=10, nylon cerclage N=7 and no cerclage N=14. 
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Figure 4.34 Early to mid-gestation cervico-vaginal fluid IgA or IgM in women with preterm deliveries according to the insertion of a cervical cerclage  
There was no significant change in IgA or IgM following the insertion of a Mersilene or a Nylon cerclage, or in gestation matched women who did not receive a cerclage 
between 12-16 and 20-24 weeks gestation. The concentrations of IgA and IgM were no more likely to change based on receiving a Mersilene or a Nylon cerclage. Statistical 
analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact test ***p<0.001. Mersilene cerclage N=10, nylon cerclage N=7 and no cerclage N=14.
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The inflammatory response to cervical cerclage material in women who deliver at term 

CVF cytokines at 12+0 - 16+6 and 20+0 - 24+6 weeks following Mersilene cerclage, Nylon cerclage or no 

cervical cerclage were also compared in women who had term deliveries. 5 women received a 

Mersilene cerclage and 14 women received a Nylon cerclage between the two sampling timepoints, 

whilst 53 women did not receive a cervical cerclage. Clinical and demographical details for the three 

groups are provided in Table 4.10. There was no difference in age, BMI, ethnicity or parity, and no 

difference in the indication for cerclage.  

 

Table 4.10 Study participants with term deliveries, with or without cervical cerclage between sampling 
timepoints 12-16 and 20-24 weeks gestation N=71 

 A B C  

 Term  
Mersilene 
cerclage 

Term 
Nylon 
cerclage 

Term 
No cerclage 

p value (A vs B 
vs C) 

N (%) 5 14 53  

Gestation at delivery 
(weeks) median and IQ 
range 

39+0 
(40+0 - 38+0) 

38+2 
(38+0 - 39+0) 

39+5 
(39+0 - 39+5) 
 

One-way 
ANOVA 
p=0.10 
 
(A vs B) 
Unpaired t-
test p=0.18 

Age median and IQ range 36 (32-39) 33 (27-35) 33 (29-37) One-way 
ANOVA 
p=0.14 

BMI median and IQ range 
(kg/m2) 

25 (22-34) 24 (22-31) 23 (20-27) One-way 
ANOVA 
p=0.22 

Ethnicity 
White N (%) 
Black N (%) 
Other N (%) 

 
4 (80%) 
1 (20%) 
0 (10%) 

 
5 (36%) 
5 (36%) 
4 (28%) 

 
38 (72%) 
7 (13%) 
8 (15%) 

χ2 =0.11 

Parity 
Nulliparous 
Multiparous 

 
2 (40%) 
3 (60%) 

 
1 (7%) 
13 (93%) 

 
29 (55%) 
24 (45%) 

 

Cervical cerclage inserted 
between 12-24 weeks 

5 (100%) 14 (100%) 0 (0%)  

History indicated cervical 
cerclage  

3 (60%) 
  

10 (71%) NA χ2 p=0.52 

USS indicated cervical 
cerclage  

2 (40%) 
 

4 (29%) NA 

Risk factor for PTB: (by pt) 
Cervical treatment 
Cervical treatment + MTL 
Cervical treatment + PTB 
MTL 
MTL + PTB 
PTB 

 
2 
1 
0 
2 
0 
0 

 
2 
0 
0 
3 
4 
5 

 
33 
0 
2 
5 
2 
11 

 

Risk factor for PTB (a) 
Cervical treatment 
Previous PTB 
Previous MTL 

 
3 (60%) 
3 (60%) 
0 (0%) 

 
2 (43%) 
7 (14%) 
9 (57%) 

 
34 (64%) 
7 (13%) 
15 (28%) 

χ2 p<0.01 ** 
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Despite the pro-inflammatory changes seen in IL-8, IL-1β and IL-6 women with preterm deliveries 

following Mersilene cerclage in Figure 4.31, the expression of IL-8, IL-1β and IL-6 did not change 

significantly post Mersilene cerclage in women who delivered at term gestation (p>0.05), Figure 4.35 

A-C. What is apparent is the potential protective effect in a trend for a reduction in IL-1β and IL-6 with 

the Nylon cerclage in this group of women who delivered at term gestation, Figure 4.35 B and C. IL-10 

concentrations did not alter significantly post Mersilene or Nylon cerclage insertion (p>0.05), Figure 

4.35 D. There was no change in IL-8, IL-1β, IL-10 or IL-6 in the women who did not receive a cervical 

cerclage (p>0.05). 
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Figure 4.35 Early to mid-gestation cervico-vaginal fluid cytokines in women with term deliveries according to the insertion of a cervical cerclage 
There was no change in IL-8, IL-1β, IL-10 and IL-6 between 12-16 weeks and 20-24 weeks gestation in women who had a Mersilene cerclage, Nylon cerclage or no cervical 
cerclage. Statistical analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact test, NS = non-significant. Mersilene cerclage N=5, nylon cerclage N=14 and 
no cerclage N=53. 
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There was a significant increase in C5a and a non-significant increase in MBL post Mersilene cerclage 

in this group of women who delivered at term, (p=0.05 and p<0.06 respectively), Figure 4.36 B and C. 

There was no change in C5 or C3b post Mersilene or Nylon cerclage (p>0.05), Figure 4.36 A and D. This 

is in contrast to the results presented in Figure 4.32 for women who delivered preterm, who had 

significantly higher concentrations of C5a, MBL and C3 following Mersilene cerclage insertion. There 

was no change in C5, C5a, MBL or C3b in the women who did not receive a cervical cerclage (p>0.05). 

 

There was no significant difference in cervico-vaginal fluid IgG1-4, IgA or IgM in women who received 

a Mersilene or Nylon cerclage, or no cerclage between 12+0 - 16+6 and 20+0 - 24+6 weeks (p>0.05), Figure 

5.37 A-D and Figure 5.38 A-B. This is similar to the results for women who had preterm deliveries, 

presented in Figure 5.33 and 5.34.  However, there was a tendency for an increase in immunoglobulins 

following Mersilene cerclage and a decrease following Nylon cerclage. 
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Figure 4.36 Early to mid-gestation cervico-vaginal fluid complement in women with term deliveries according to the insertion of a cervical cerclage 
There was a significant increase in C5a and a non-significant increase in MBL in those who received a Mersilene cerclage. There was no change in C5, C5a, MBL or C3b in the 
women who had a Nylon cerclage or those who did not receive a cerclage between 12-16 weeks and 20-24 weeks gestation. Statistical analysis was by Wilcoxon matched-
pairs signed rank test and Fisher’s exact test, NS = non-significant. Mersilene cerclage N=5, nylon cerclage N=14 and no cerclage N=53. 
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Figure 4.37 Early to mid-gestation cervico-vaginal fluid IgG1-4 in women with term deliveries according to the insertion of a cervical cerclage 
There was no change in IgG1-4 between 12-16 weeks and 20-24 weeks gestation in women who had a Mersilene cerclage, Nylon cerclage or no cervical cerclage. Statistical 
analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact test, NS = non-significant. Mersilene cerclage N=5, nylon cerclage N=14 and no cerclage N=53. 
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Figure 4.38 Early to mid-gestation cervico-vaginal fluid IgA and IgM in women with term deliveries according to the insertion of a cervical cerclage 
There was no change in IgA or IgM between 12-16 weeks and 20-24 weeks gestation in women who had a Mersilene cerclage, Nylon cerclage or no cervical cerclage. Statistical 
analysis was by Wilcoxon matched-pairs signed rank test and Fisher’s exact test, NS = non-significant. Mersilene cerclage N=5, nylon cerclage N=14 and no cerclage N=53. 
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Effect of progesterone  

Progesterone can be prescribed following a cervical cerclage, but clinical practice can vary according 

to the clinician. In some study participants, it was administered vaginally as a pessary once a day. It 

can be used as an alternative treatment for cervical shortening to prevent preterm birth in those who 

choose not to have a cervical cerclage or where a cervical cerclage may be contraindicated.  

 

In this study, of the 40 women who were sampled pre and post cervical cerclage, 21 women (52.5%) 

were prescribed progesterone following cervical cerclage, and the remaining 19 did not receive it 

(47.5%). For the women who received progesterone, 8 had a Mersilene cerclage (40%) and 12 had a 

Nylon cerclage (60%). For the women who did not receive progesterone, 6 (32%) had a Mersilene 

cerclage and 13 (68%) had a Nylon cerclage. The cerclage material was not recorded for one woman 

who received progesterone. There was no significant difference in the proportion of women who had 

a Mersilene or Nylon cerclage, who then received progesterone supplementation or not, Fisher’s exact 

test p=0.42. This allowed the effect of progesterone on the local immune response to be assessed.  

 

The mean fold change in local cytokines (IL-8, IL-1β, IL-10, IL-6, IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and 

GM-CSF), Figure 4.39 A, complement (C5, C5a, MBL and C3b), Figure 4.39 B and immunoglobulins 

(IgG1-4, IgA and IgM), Figure 4.39 C were not significantly different in women who did or did not 

receive progesterone pessaries following the insertion of a cervical cerclage (p>0.05). The expected 

increase in anti-inflammatory IL-10 in women who received progesterone was not evident.  

 

There was insufficient power to test if progesterone would mitigate the inflammatory response to the 

Mersilene cerclage, as only 8 women with a Mersilene cerclage received progesterone and 5 women 

with a Mersilene cerclage who did not receive progesterone.  
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Figure 4.39 Local immune response to progesterone supplementation following cervical cerclage 

There was no significant change in the concentrations of cytokines IL-8, IL-1β, IL-10, IL-6, IL-4, IL-18, IL-5, IL-2, 

IFN-γ, TNF-α, GM-CSF; complement C5, C5a, MBL C3b; or immunoglobulins, IgG1-4, IgA, IgM in women who 

received and women who did not receive progesterone supplementation following cervical cerclage. Statistical 

analysis was by Mann-Whitney test. Progesterone supplementation N=19, No progesterone supplementation 

N=21. 
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4.6 Discussion  
 

The key findings in this study are that in healthy term pregnancy, the local innate and adaptive immune 

responses as measured by cervico-vaginal fluid cytokines, complement and immunoglobulins were 

stable between 12+0 to 34+6 weeks. Women with a prior history of previous MTL and/or PTB showed 

a tendency for a primed immune response in early pregnancy compared to women with previous 

excisional cervical treatment. Cervical shortening and preterm delivery were independently 

associated with local immune activation. Although Nylon appears immunologically inert, Mersilene 

augmented the innate and adaptive immune response, and led to a dysregulated cascade of cytokine 

production and complement activation in women who subsequently delivered preterm.  

 

The cervico-vaginal milieu in healthy pregnancy 

This was a large cohort study evaluating mucosal immunity longitudinally during pregnancy. In healthy 

term pregnancy, without cervical shortening or cervical cerclage, the cytokine, complement and 

immunoglobulin profiles were stable across pregnancy. Blastocyst implantation is complete by the 

first sampling timepoint of 12+0 -16+6 weeks and labour did not commence for most of the women for 

another ten weeks explaining the absence of local inflammation. The stable mucosal immune 

response represents a good balance between appropriate immune modulation and a highly regulated 

immune system ready to manage any pathogenic insults, without collateral damage. 

 

The cervico-vaginal milieu in women who deliver preterm 

In contrast in women who delivered preterm, there was an increased local inflammatory response 

early to mid-gestation. Longitudinal profiling showed a gestational increase in IL-8, IL-1β, IL-6, IL-2, 

C5a, MBL, C3b, IgG1 and IgG3 between 12+0 - 16+6 and 20+0 -24+6 weeks. There appeared to be primed 

inflammatory immune response in women who deliver preterm with significantly higher cytokines, IL-

8, IL-6, IL-2 and IFN-γ, complement C3b and MBL and IgM in cervico-vaginal fluid, compared to women 

who deliver at term. 

 

Increased pro-inflammatory cervico-vaginal fluid cytokines have previously been shown to be 

associated with preterm delivery and chorioamnionitis, e.g IL-8 (348), IL-1β (349), IL-6 (350, 351) and TNF-α 

(348). What is unique about this study is the ability to correlate local inflammation with cytokines, 

complement activation and immunoglobulins with cervical shortening and the background risk for 

preterm delivery in a longitudinally sampled cohort.  

 

Chapter 4 



 
 

230 
 

There is a basal level of complement activity to protect against pathogens and there are regulatory 

mechanisms in place to prevent uncontrolled complement activation. A dysregulated complement 

response either by excessive activation or insufficient regulation will overcome a pathogenic insult but 

can also cause tissue injury. Tissue injury itself can also stimulate complement activation. The 

mechanism driving the increasing complement activity early to mid-gestation in women who deliver 

preterm therefore could arise from a combination of pathogenic stimulation, tissue injury or internal 

immune dysregulation. It is plausible that the presence of a combination of these is sufficient to trigger 

preterm birth (352). The early to mid-gestation increase in IgG1 and IgG3 in women who delivery 

preterm may again be related to increased complement activity as both are potent activators of the 

classical pathway. 

 

The cervico-vaginal milieu depending on the risk factor for preterm birth 

The primed inflammatory immune response in women who deliver preterm has been shown to have 

an association with the underlying risk factor for preterm birth. Mid-trimester loss is miscarriage that 

occurs between 14 and 23 weeks gestation. It has the same clinical manifestations as preterm birth, 

and similar underlying pathophysiological processes and some  consider it to be a manifestation of 

extreme prematurity (14). Grouping together the risk factors for previous preterm birth and previous 

mid-trimester miscarriage and comparing this to the other leading risk factor for preterm birth, 

excisional cervical treatment showed that independent of cervical shortening and cervical cerclage, 

these two groups of women have differing immune phenotypes, representing different aetiologies of 

preterm birth.  

 

The increased local inflammation observed in women who had a history of previous MTL and/or PTB 

compared to previous excisional cervical treatment may relate to inflammation driven preterm birth 

in the former group, and mechanical cervical insufficiency driven preterm birth in the latter group. 

This study demonstrates that these two aetiologies have different immune manifestations. It is also 

plausible that there is a microbial influence on the local inflammatory response seen in women with 

previous MTL and/or PTB, which is explored in Chapter 5. 

 

Increased IL-8, IL-1β and reduced IL-18 in those with previous MTL/PTB may point towards differences 

in the neutrophil: macrophage ratio in this extremely high-risk group. Studying local innate cell 

populations and their activation would from part of the next line of investigation.  
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The cervico-vaginal milieu in women who undergo cervical shortening 

Supporting our existing knowledge concerning the pathways involved in cervical shortening, key 

cytokines IL-6 and IL-1β were found to be significantly increased in women with cervical shortening 

compared to those with normal cervical length (225). This study was limited by the number of women 

who had cervical shortening but were sampled prior to the insertion of a cervical cerclage. This is a 

potentially why the increase in IL-8 was not significantly increased. IL-8 is a strong neutrophil 

attractant and C3b receptors are highly abundant on neutrophils and are involved in leukocyte 

adhesion. Therefore, an alternative explanation is that the absence of a significant increase in IL-8 and 

C3b in women with cervical shortening may be due to local inflammation driven by mediators from 

cervico-epithelial cells as opposed to an influx of neutrophils.  

 

The novel finding is a role for complement activation in cervical shortening, with significantly increased 

C5, C5a and MBL concentrations in cervicovaginal fluid. Complement activation is typically known for 

its role in immune surveillance and inflammation, but in the context of cervical shortening, 

complement activation may be required for tissue repair (353). Anaphylatoxins, C3a and C5a induce 

vasodilation and increase vascular permeability (354). Receptors to C3a and C5a are not limited to 

immune cells, and have been detected on smooth muscle cells and endothelial cells (355, 356). Gonzalez 

et al have described a possible role for complement activation in myometrial contractions in a murine 

study, with higher concentrations of C5a in the myometrium of mice with preterm labour when 

administered lipopolysaccharide (210). A role for increased complement activity in cervical shortening 

has been described by Kim et al. C3a in amniotic fluid was found in significantly highly concentrations 

in women with subclinical intra-amniotic infection and cervical shortening (357). 

 

IgG1 and IgM were significantly increased in women with cervical shortening, compared to those with 

normal cervical length. There was no significant difference with the other IgG subtypes, IgG2, IgG3 

and IgG4. This is likely to represent differing effector functions of the immunoglobulins. As mentioned 

earlier IgG1, IgG3 as well as IgM are more potent activators of the classical complement pathway. IgG2 

is the strongest responder to bacterial polysaccharides and IgG4 is the primary responder to allergens 

(188).  

 

Inflammation can be cause or effect of cervical shortening. It poses the question if the local 

inflammation is microbial driven as cervical shortening provides an easier route for ascending bacteria 

from the vagina towards gestational tissues, or if activation of inflammatory pathways precedes 

cervical shortening. It was difficult to determine when local inflammation occurs relative to cervical 
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shortening in this study. To exclude the bias introduced by the insertion of a cervical cerclage, the 

number of paired samples before and at the point of cervical shortening was only nine. Therefore, 

there was insufficient power to demonstrate an inflammatory immune response as cervical shortening 

occurs.  

 

The cervico-vaginal milieu in women following cervical cerclage 

Without distinguishing between the type of cerclage material, the comparison of the local immune 

response pre and post cervical cerclage did not draw out any significant differences in cytokine, 

complement and immunoglobulin concentrations in cervico-vaginal fluid. One explanation is that the 

median number of days sampling occurred following cervical cerclage was 50 days, by which time the 

local inflammation that would likely have occurred as a result of the surgical intervention would likely 

be balanced by an immune tolerant response. However, when comparing the cerclage material, the 

braided Mersilene cerclage induced widespread innate and adaptive immune activation with 

significantly increased local cytokines, complement and immunoglobulin. This builds upon the findings 

reported by Kindinger et al regarding the local cytokine response that results following the insertion 

of a braided Mersilene cerclage (49).  

 

Monsanto et al presented cervico-vaginal fluid cytokine concentrations in 28 women who underwent 

cervical cerclage for cervical insufficiency (358). Compared to 19 gestation matched controls with 

normal cervical length, IL-1β, IL-6 and TNF-α were significantly higher in the women with cervical 

insufficiency before the insertion of a cervical cerclage. However, sampling one month post cerclage 

there was a reduction in all pro-inflammatory cytokines, and all cerclages were performed with a 

monofilament Prolene material which is similar to monofilament Nylon, supporting our findings that 

monofilament cerclage material is immunologically inert. 

 

Evaluating the differences in Mersilene and Nylon cerclage in women who delivered preterm only, an 

augmentation in the innate rather than an adaptive immune response was observed. Mersilene 

cerclage resulted in increased local IL-1β, IL-8, IL-6, C5a, C3b and MBL, and increased local IgG1-4, IgA 

and IgM in some women but not all. This is plausible that this may be due to foreign material 

stimulating a non-specific innate immune response. In contrast, there was a tendency for the local 

immune mediators to decrease following Nylon cerclage.  

 

The large majority of study participants with cervical shortening received a cervical cerclage, rather 

than progesterone treatment alone, therefore it was not possible to assess the local immune response 
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to progesterone treatment alone. Although this study can report that the known anti-inflammatory 

properties of progesterone following Mersilene cerclage does not sufficiently counteract the local 

inflammation resulting from Mersilene cerclage insertion. The results of the C-Stitch trial randomised 

controlled trial are highly anticipated, however findings here support the increasing evidence to 

recommend the use of Nylon suture in preference over Mersilene.  

 

Study strengths and limitations 

The key strength to this study is that the study population is very well characterised. The metadata 

obtained is very detailed and each study participants pregnancy journey is well described. Identifying 

the exact timeline of events to include the timing of cervical shortening and cervical cerclage allows 

immune phenotyping according to pathophysiological events, pregnancy interventions and 

environmental exposures.  

 

Study recruitment was multicentered allowing for the recruitment of a diverse study population which 

confers a degree of generalisability to the study findings. A challenge to multicenter recruitment was 

ensuring the standardised procedure for sample collection and data recording was strictly followed, 

allowing for robust data analysis and correct comparisons. For example, strict exclusion criteria to not 

collect a cervico-vaginal fluid swab if there had been unprotected sexual intercourse or vaginal 

bleeding in the preceding 48 hours.  

 

Using a combination of multiple Luminex® assay plates allowed the study of 20 cervico-vaginal fluid 

analytes from a single swab to form a comprehensive immune proteomic study. The separation of 

cervico-vaginal fluid into multiple tubes minimised the freeze/thaw cycles when performing the 

multiple assays at different times, which could have introduced bias by protein degradation.   

 

There are many strengths to this study, but the findings need to be considered in the context of the 

study limitations. The practicality and costs involved in multiple timepoint sampling across pregnancy 

limited sampling to three timepoints during pregnancy. In the context of recruiting study participants 

from the preterm birth prevention clinic, for most women, their first study visit was from 12 weeks 

gestation onwards, and the first sampling timepoint covered 12+0 - 16+6 weeks gestation, and not at 

an earlier gestation. An advantage of recruiting women from all antenatal settings would mean 

sampling from an earlier timepoint and recruiting a truly low-risk study population. One-third of the 

study participants in the term cohort had previous MTL/PTB, therefore despite having an 

uncomplicated pregnancy, despite their normal pregnancy outcome at term, the local immune profile 
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may differ from a cohort with no significant past medical history or previous obstetric complications. 

It also seems appropriate at this time to recall that only 10% of women who deliver preterm have a 

prior history of preterm birth (359).     

In order to characterise when local inflammation occurs relative to cervical shortening, the sampling 

timepoints would need to be individualised for each study participant. Ideally sample collection should 

take place before cervical shortening and at the point of cervical shortening, before a cervical cerclage 

is inserted.  

 

Concluding remarks 

Women with a prior history of previous MTL and/or PTB, and those who are destined to deliver 

preterm appear to have a primed local inflammatory immune response, compared to women with 

previous excisional cervical treatment. Later in pregnancy, the local immune response can be further 

potentiated by cervical shortening and the insertion of a Mersilene cervical cerclage, whilst a Nylon 

cerclage appears to be immunologically inert. The preterm birth rate in this study was higher in those 

who received a Mersilene cerclage. The additive effect of previous MTL and/or PTB, cervical 

shortening and Mersilene cerclage insertion resulting in excessive local inflammation may together be 

potent drivers for preterm birth. How these inflammatory responses are influenced by vaginal 

microbial communities will be explored in the next chapter. 
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CHAPTER 5: MICROBIAL-HOST IMMUNE 

RESPONSES IN HEALTHY PREGNANCY AND IN 

WOMEN WHO DELIVER PRETERM  
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5.1 Chapter summary  
 

Hypothesis 

• The local host immune milieu is influenced by the vaginal microbial composition.  

• Dysregulated microbial driven immune activation leads to spontaneous preterm birth. 

 

Aims 

• To describe the vaginal microbial composition in the study population.  

• To describe the local immune milieu in relation to the vaginal microbial composition.  

• To describe the vaginal microbial composition and immune milieu according to the risk factor for 

preterm delivery. 

• To describe the vaginal microbial composition and immune milieu in relation to cervical 

shortening. 

• To describe the vaginal microbial composition following cervical cerclage.  

• To describe the local immune response to vaginal microbial composition in women who deliver 

preterm and at term.  

• To correlate the peripheral immune response with the vaginal microbial composition. 

 

Methods 

As described in Chapter 4, cervico-vaginal fluid (CVF) was sampled by a swab of the posterior fornix of 

the cervix using a Liquid Amies swab (BBL™ CultureSwab™, Becton, Dickinson and Company) from 

study participants at three timepoints during pregnancy: 12+0 - 16+6 , 20+0 - 24+6 and 30+0  - 34+6  weeks. 

Following delivery, study participants were divided into 3 pregnancy outcome groups: preterm 

pregnancy, term pregnancy without intervention, and term pregnancy with intervention (cervical 

cerclage and/or progesterone). Bacterial DNA was extracted from vaginal swabs and next generation 

sequencing of the 16S rRNA gene amplicons was performed to assess the vaginal microbial 

composition. This was correlated with the results of CVF cytokines, complement and immunoglobulins 

from the same samples presented in Chapter 4. Cross-sectional analysis of matched PBMC and plasma 

samples with vaginal microbial composition are also presented. Statistical differences between groups 

were analysed using the t-test or one-way ANOVA test if data was parametric, or Mann Whitney U 

test or Kruskal-Wallis test for non-parametric data, with Dunnett’s or Dunn’s multiple comparisons 

test. Statistical correlations were performed using Spearman rank correlation.  For all tests, the level 

of statistical significance was taken as a p value ≤0.5. 
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Results  

The vaginal microbial composition of the study population was categorised in two ways, at genera 

level into Lactobacillus spp. dominant and Lactobacillus spp. deplete, and at species level into six 

vaginal microbial groups, VMG 1 L. crispatus, VMG 2 L. gasseri, VMG 3 L. iners, VMG 4 Diverse species, 

VMG 5 L. jensenii and VMG 6 Bifidobacterium species. Independent of the gestation of sampling, 

Lactobacillus depletion was associated with a local pro-inflammatory signature compared to 

Lactobacillus dominance. VMG 3 L. iners was associated with significantly higher concentrations of 

local IL-8, IL1-β, IgG2, IgG3, IgG4 and IgM (p<0.05) compared to VMG 1 L. crispatus. VMG 4 Diverse 

species was associated with significantly higher concentrations of local IL-8, IL-1β, IL-6, C5, MBL, C3b, 

IgG1-4 and IgM (p<0.05) compared to VMG 1 L. crispatus.  

 

VMG 3 L. iners in early pregnancy was associated with cervical shortening. In the presence of VMG 3 

L. iners, IgM, C3b, C5, and C5a were significantly higher in women with cervical shortening, compared 

to those with normal cervical length (p<0.05). This resulted in an exaggerated local cytokine response 

with significantly higher concentrations of IL-8, IL-1β and IL-6 (p<0.05). 

 

Preterm birth in the presence of VMG 3 L. iners and VMG 4 Diverse species was associated with 

increased microbial recognition by IgM and MBL, leading to dysregulated activation of the 

complement cascade via the classical and lectin pathways, which resulted in amplified cytokine 

production through chemotaxis of local immune cells. In contrast, preterm birth in the presence of 

VMG 1 L. crispatus was not associated with activation of the innate or adaptive immune response, 

suggesting a non-microbial immune mediated mechanism for preterm birth.  

 

Conclusions 

Microbial-driven inflammation involves a complex interplay between the innate and adaptive immune 

response, but if regulated, results in term delivery. Microbial-driven dysregulated complement 

activation leads to local immune cell infiltration and cytokine production and preterm birth.  
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5.2 Introduction 
 

The leading cause of spontaneous preterm birth is infection and inflammation. Ascending bacteria 

from the cervix to gestational tissues is widely believed to be the pathophysiological mechanism by 

which this occurs (5). Healthy pregnancy is associated with stable low diversity, Lactobacillus dominant 

vaginal microbiota (145, 146). The vaginal microbiota is influenced by multiple factors including ethnicity, 

smoking status and hygiene practices, for example douching. Women of African descent are more 

likely to exhibit increased vaginal microbial diversity (145, 151, 360). Independent of ethnicity, Lactobacillus 

crispatus has consistently been found to be protective against preterm delivery, whilst Lactobacillus 

iners, and bacteria associated with bacterial vaginosis, Prevotella, Snethia, and Gardnerella have been 

found in higher abundance in women who deliver preterm (147, 155-158).  

 

Local inflammation is increased in Lactobacillus depletion (156, 244) but how this correlates with 

pregnancy outcome, term versus preterm delivery is not well understood. The host immune-microbial 

interactions are highly complex and may be population specific. Our knowledge so far concerning 

mucosal immunity and the microbiome is largely in the context of HIV infection. A dysbiotic vaginal 

microbial environment confers a greater susceptibility to HIV infection, with an augmented local 

immune response (243, 244). Understanding host-microbial signatures characteristic of preterm and term 

birth will develop our knowledge of infection induced preterm birth and there is the potential to find 

population specific therapeutic targets.  

 

In Chapter 4, I described local inflammation involving innate and adaptive pathways in mid-gestation 

in preterm delivery, in association with previous mid-trimester loss/previous preterm birth, cervical 

shortening and the insertion of a braided Mersilene cervical cerclage. This Chapter explores if there is 

a microbial driven element to local host inflammation. 

 

Matched plasma cytokine, plasma complement, and peripheral blood mononuclear cell phenotyping 

was performed for a cross-section of the study population to also study the effect of the vaginal 

microbial composition on the host peripheral immune response.  
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5.3 Study design 
 

To study the local cervico-vaginal immune changes and the vaginal microbiota in women with preterm 

and term pregnancies, women with risk factors for preterm birth were prospectively recruited from 

the preterm prevention clinics at Queen Charlotte’s and Chelsea Hospital, St Mary’s Hospital, Chelsea 

and Westminster Hospital, University College Hospital and Royal Infirmary of Edinburgh. Exclusion 

criteria were multiple pregnancies, women who had sexual activity within 72 hours of sampling, 

vaginal bleeding and women who were HIV or hepatitis B or C positive. 

 

Women were followed up longitudinally through pregnancy. Swabs were taken to sample the cervico-

vaginal fluid (CVF) in the posterior fornix at three timepoints, 12+0 - 16+6 weeks, 20+0 - 24+6 weeks and 

30+0 - 34+6 weeks. The cervical length was obtained by a transvaginal ultrasound at the same 

timepoints on the same day as CVF sampling. Detailed metadata was collected from all study 

participants from the hospital notes and the electronic patient database, Cerner Millennium 

Powerchart®.  

 

Bacterial DNA was extracted from the vaginal swabs and 16S rRNA gene sequencing was performed 

on the V1-V2 hypervariable regions. Supernatant from the same vaginal swab were used to measure 

CVF cytokines, complement and immunoglobulins by magnetic Luminex® assays as described in 

Chapter 4. 
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5.4 Statistical analysis 
 

Examination of statistical differences between vaginal microbiota was performed at bacterial genera 

and species levels using the Statistical Analysis of Metagenomic Profiles software package (STAMP). 

Hierarchical clustering analysis using Ward linkage of species sequence data was used with a clustering 

density threshold of 0.75 with the 20 most abundant bacterial species displayed. Samples were 

classified into 6 vaginal microbial groups (VMG) according to Ward hierarchical clustering. Measures 

of microbial diversity: inverse Simpson index, Shannon index and richness (species observed) were 

calculated with Mothur and R using the Vegan package.  

 

Statistical analysis was performed using Graphpad Prism 8.4.1. Differences between two groups were 

analysed using the t-test, or the Mann Whitney test depending upon the distribution of the data. 

Differences between three groups were analysed using the one-way ANOVA or the Kruskal-Wallis test 

depending on the distribution of the data. The appropriate post hoc comparisons test was used, 

Dunnett’s or Dunn’s. The Fisher’s exact or Chi square test were used to test for proportional 

differences. Spearman correlation was used to correlate different CVF analytes. For all tests, the level 

of statistical significance was taken as a p value ≤0.5.   
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5.5 Results 
 

5.5.1 Study population characteristics 
 

The same cohort of 133 women from Chapter 4 are studied in this chapter. Their clinical and 

demographical characteristics are described in Chapter 4, Table 4.1. As per the previous chapter, the 

study participants were divided into 3 groups, women who had a preterm delivery before 37 weeks 

gestation N=37 (28%), women who delivered at term not requiring any intervention to prevent 

preterm birth N=56 (42%), and the third group were women who delivered at term but required an 

intervention to prevent preterm birth (cervical cerclage +/- progesterone) N=40 (30%).  

 

5.5.2 Vaginal microbial composition, diversity and richness in the study population 
 

385 vaginal swabs were analysed providing 15,597,988 high quality reads with an average read count 

of 29,209 per sample. After removing rare operational taxonomic units (OTUs) (<10 reads per sample), 

235 taxa were identified in the samples. Read counts were subsampled down to 1333 which was the 

lowest read count obtained by sample. The coverage was 98%, demonstrating that subsampling did 

not alter the composition data. 385 vaginal swabs were extracted and sequenced on three runs at 

different time points during the study. This reflected the time taken to recruit study participants and 

follow them throughout their pregnancies. The laboratory work to extract DNA from the vaginal swab 

samples occurred in batches during the period of study recruitment and follow up. Run to run variation 

was accounted for by sequencing eight samples on both run 1 and 2, five samples on run 2 and 3 and 

five samples on run 1 and 3. Bacterial species abundance for paired samples were very similar between 

samples analysed across different runs, Figure 5.1, and the coefficient of variance (CV) approached 1 

for all paired samples. 
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Figure 5.1 Accounting for variability between vaginal swab samples analysed on 3 separate 16S rRNA 
sequencing runs  
Eight samples were analysed on run 1 and 2, five samples were analysed on run 2 and 3 and five samples were 
analysed on run 1 and 3. Bacterial species abundance for paired samples are compared (A). The co-efficient of 
variation (CV) approached 1 when comparing between runs (B), indicating that there was negligible difference 
across the three sequencing runs.  
 

There were 385 vaginal swabs sampling the cervicovaginal fluid in 133 women longitudinally through 

pregnancy at three timepoints, 12+0 - 16+6 weeks, 20+0 - 24+6 weeks and 30+0 - 34+6 weeks. 16S rRNA 

sequencing was performed to species taxonomic level. At genera level, Lactobacillus dominant 

samples accounted for 76% of all samples (>75% Lactobacillus species), with the remaining 24% 

classified as Lactobacillus deplete (<75% Lactobacillus species), Figure 5.3 A. Using Ward hierarchical 

clustering analysis of 16S rRNA sequencing data, samples were classified into vaginal microbial groups 

(VMG): VMG 1 Lactobacillus crispatus, VMG 2 Lactobacillus gasseri, VMG 3 Lactobacillus iners, VMG 4 

Diverse species, VMG 5 Lactobacillus jensenii and VMG 6 Bifidobacterium species, Figure 5.2. VMG 4 

consisted largely of bacteria typical of bacterial vaginosis including Gardnerella vaginalis, Atopobium 

vaginae and Prevotella species and was deplete of Lactobacillus species. The most common VMG was 

VMG 1 L. crispatus (N=158, 41%), followed by VMG 2 L. gasseri (N=40, 10%), VMG 3 L. iners (N=99, 

26%), VMG 4 Diverse species (N=48, 15%), VMG 5 L. jenseii (N=16, 4%) and lastly VMG 6 

Bifidobacterium species (N=14, 4%), Figure 5.3B.  
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Figure 5.2 Bacterial species diversity of 385 vaginal swab samples 

Ward hierarchical clustering analysis of the species sequence data identified 6 major clusters of samples which 

were classified into 6 vaginal microbial groups (VMG), VMG 1 (L. crispatus dominant), VMG 2 (L. gasseri 

dominant), VMG 3 (L. iners dominant), VMG 4 (Diverse species), VMG 5 (L. jensenii dominant) and VMG 6 

(Bifidobacterium species). PT=preterm, T=term, TI=term with intervention. 
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Figure 5.3 The frequency of Lactobacillus dominant or Lactobacillus deplete samples and assigned vaginal 
microbial groups as classified by Ward hierarchical clustering analysis and in 385 samples from 133 women in 
pregnancy 
Lactobacillus dominant samples accounted for 76% of all samples (>75% Lactobacillus species), with the 
remaining 24% classified as Lactobacillus deplete (<75% Lactobacillus species) (A). In descending frequency, 
VMG 1 L. crispatus dominant accounted for the most samples (41%), followed by VMG 3 L. iners dominant (26%), 
VMG 4 Diverse species (15%), VMG 2 L. gasseri dominant (10%), VMG 5 L. jensenii dominant (4%) and lastly VMG 
6 Bifidobacterium species (4%).  
 

Lactobacillus deplete samples had significantly higher alpha diversity as measured by the mean inverse 

Simpson index and significantly higher richness as measured by the species observed compared to 

Lactobacillus dominant samples, Figure 5.4 A and B. Vaginal samples from VMG 1 L. crispatus showed 

the lowest diversity and richness, whilst the opposite was true for VMG 4 Diverse species, Table 5.1 

and Figure 5.4 C and D. For the four most common VMGs, from low to high diversity, the vaginal 

microbial groups were, VMG 1 L. crispatus, VMG 3 L. iners, VMG 2 L. gasseri, and the most diverse was 

VMG 4 Diverse species.  
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The alpha diversity as measured by the inverse Simpson index was significantly higher in VMG 2 L. 

gasseri, VMG 3 L. iners and VMG 4 Diverse species compared to VMG 1 L. crispatus (p<0.05). The 

inverse Simpson index was significantly higher in VMG 4 Diverse species compared to both VMG 2 L. 

gasseri and VMG 3 L. iners (p<0.01). The richness was significantly higher in VMG 4 Diverse species 

compared to VMG 1 L. crispatus, VMG 2 L. gasseri and VMG 3 L. iners (p<0.05). Additionally, the 

richness was significantly higher in VMG 2 compared to VMG 1 (p<0.05). The average abundance of 

Lactobacillus spp. was lowest in VMG 4 Diverse species (19%) and VMG 6 Bifidobacterium species (8%). 

 

There were 3 samples from the same individual who by the Ward hierarchical clustering algorithm 

were classified as VMG 1 L. crispatus but the abundance of Lactobacillus spp. was 61%, 61% and 60%, 

respectively at the three sampling timepoints. 

 

 

Table 5.1 Bacterial diversity, richness and Lactobacillus spp. abundance for vaginal microbial groups 

VMG No. of 
samples 

Sobs Inverse 
Simpson 
Index 

Shannon Index Dominant 
Lactobacillus spp. 

Average 
abundance of 
Lactobacillus spp. 
(%) 

1 158 7 (1-62) 1.11 (1-2.4) 0.17 (0-1.58) L. crispatus 98 (60-100) 

2 40 12 (2-41) 1.6 (1-2.2) 0.6 (0.02-1.52) L. gasseri 85 (47-99) 

3 99 9 (1-57) 1.4 (1-3.4) 0.44 (0-1.99) L. iners 95 (53-110) 

4 58 17 (1-55) 2.4 (1-8.1) 1.03 (0-2.5) NA 19 (0-54) 

5 16 8 (4-22) 1.5 (1-2.3) 0.49 (0.03-0.97) L. jensenii 99 (96-100) 

6 14 11 (3-27) 1.7 (1-3.5) 0.6 (0.08-1.5) NA 8 (0-35) 
Sobs, Species Observed. Mean (range) 
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Figure 5.4 The diversity and species richness by vaginal microbial composition 
Samples classified as Lactobacillus deplete displayed higher diversity as measured by the inverse Simpson index 
(A), and greater richness as measured by the species observed compared to Lactobacillus dominant samples (B). 
Samples classified as VMG 1 L. crispatus displayed the lowest alpha diversity, whilst VMG 4 Diverse species 
showed the highest diversity (C). The alpha diversity of VMG 4 was significantly greater than VMG 1, 2 and 3. 
Additionally the diversity of VMG 2 and 3 were significantly greater than VMG 1. VMG 4 Diverse species had the 
greatest richness as measured by the number of species observed (D). The richness of VMG 4 was significantly 
greater than VMG 1, VMG 2 and VMG 3. Statistical analysis was by Mann-Whitney U test, one-way ANOVA and 
Tukey’s multiple comparisons test. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). The results are expressed 
as mean and one standard deviation. VMG 1 N=158, VMG 2 N=40, VMG 3 N=49, VMG 4 N=58, VMG 5 N=16 and 
V<G 6 N=14. 
 

There were 385 samples collected in total.  Where possible women were sampled at three timepoints 

during their pregnancy, 12+0 - 16+6 weeks, 20+0 - 24+6 weeks and 30+0 - 34+6 weeks. 126 samples were 

collected between 12+0 - 16+6 weeks, 133 samples were collected between 20+0 - 24+6 weeks and 126 

samples were collected between 30+0 - 34+6 weeks.  
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5.5.3 Cervico-vaginal immune response and the vaginal microbial composition  
 

The local cervico-vaginal immune response as measured by cytokines, complement and 

immunoglobulins in cervico-vaginal fluid were correlated with vaginal microbial diversity and richness 

as defined by the inverse Shannon index and the species observed. There was a significant positive 

correlation between vaginal microbial diversity and IL-8, IL-1β, C5, C5a, MBL, C3b, IgG1-4, IgA and IgM 

(p<0.01). IL-10 correlated negatively with vaginal microbial diversity, supporting its anti-inflammatory 

activity (p<0.01). There was a significant positive correlation between richness and IL-8, IL-1β, IL4, 

MBL, C3b, IgG2-4, IgA and IgM (p<0.05), (Table 5.2). 

 

 
Table 5.2 Correlation between the cervico-vaginal immune response and vaginal microbial diversity and 
richness 
Positive correlations with statistical significance are coloured in pink. Negative correlations with statistical 
significance are coloured in blue. 
 

 Inverse Simpson Sobs 

Analyte Spearman r p Spearman r p 

Cytokines 

IL-8 0.16 <0.01 ** 0.13 <0.01 ** 

IL-1β 0.38 <0.0001 **** 0.32 <0.0001 **** 

IL-10 -0.14 <0.01 ** -0.06 0.27 

IL-6 0.04 0.41 0.04 0.43 

IL-4 0.07 0.16 0.10 <0.05 * 

IL-18 -0.008 0.87 0.0004 0.99 

IL-5 -0.02 0.68 0.008 0.87 

IL-2 0.007 0.90 0.03 0.50 

IFN-γ -0.04 0.45 0.01 0.78 

TNF-α 0.008 0.88 0.03 0.57 

GM-CSF -0.01 0.78 -0.03 0.56 

Complement 

C5 0.14 <0.01 ** 0.07 0.14 

C5a 0.06 0.21 0.07 0.16 

MBL 0.15 <0.01 ** 0.12 <0.05 * 

C3b 0.32 <0.0001 **** 0.26 <0.0001 **** 

Immunoglobulins 

IgG1 0.20 <0.0001 **** 0.02 0.72 

IgG2 0.31 <0.0001 **** 0.24 <0.0001 **** 

IgG3 0.34 <0.0001 **** 0.32 <0.0001 **** 

IgG4 0.24 <0.0001 **** 0.19 <0.0001 **** 

IgA 0.07 0.16 0.07 0.19 

IgM 0.28 <0.0001 **** 0.23 <0.0001 **** 
Sobs = species observed. 

 

 

 

Chapter 5 



 
 

248 
 

Vaginal microbial composition and the local immune milieu at genera level 

The association between the cervico-vaginal local immune response and vaginal composition was 

explored, firstly at genera level. Of the total 385 samples, 293 (76%) were Lactobacillus dominant and 

92 (24%) were Lactobacillus deplete N=92. The classification into the two groups was based upon the 

percentage of Lactobacillus species in the sample: in Lactobacillus dominant samples, more than 75% 

species were Lactobacillus, and in Lactobacillus deplete samples, less than 75% species were 

Lactobacillus.  

The four most detectable cytokines in cervico-vaginal fluid were IL-8, IL-6, IL-1β and IL-10. Independent 

of gestation, Lactobacillus depletion was associated was significantly higher concentrations of IL-8, IL-

1β, IL-6 (p=0.04, p<0.0001 and p=0.0009 respectively), Figure 5.5 A-C, and significantly lower 

concentrations of IL-10 compared to Lactobacillus dominance (p=0.01), Figure 5.5D.  

 

 

Figure 5.5 Cervico-vaginal cytokines, IL-8, IL-1β, IL-6 and IL-10 according to genera microbial classification, 
Lactobacillus dominance and Lactobacillus depletion, in all samples 
Lactobacillus depletion was associated with significantly increased IL-8, IL-1β and IL-6 (A-C). IL-10 expression was 
increased in Lactobacillus dominant samples (D). Statistical analysis was by Mann Whitney U test, (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001). Abbreviations: L. dom = Lactobacillus dominant, L. deplete = 
Lactobacillus deplete. Dotted lines mark the concentrations of the highest and lowest standard on the assay. 
The results are expressed as median and interquartile range. L. dominant N=294 and L. deplete N=92. 
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Independent of the gestation of sampling, concentrations of the less abundant cytokines: IL-4, IL-18, 

IL-5, IL-2, IFN-γ, TNF-α, GM-CSF in cervico-vaginal fluid were similar in Lactobacillus dominant and 

Lactobacillus deplete samples, (p>0.05) Figure 5.6. 

 

 

Figure 5.6 Cervico-vaginal cytokines according to genera microbial classification, Lactobacillus dominance and 
Lactobacillus depletion in all samples 
There was no significant difference in IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α or GM-CSF concentrations in 
Lactobacillus dominant and Lactobacillus deplete samples. Statistical analysis was by Mann Whitney U test. 
Abbreviations: L. dom = Lactobacillus dominant, L. deplete = Lactobacillus deplete, NS = non-significant. Dotted 
lines mark the concentrations of the highest and lowest standard on the assay. The results are expressed as 
median and interquartile range. L. dominant N=294 and L. deplete N=92. 
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Grouping samples collected at all sampling timepoints, cervico-vaginal fluid C5, MBL and C3b 

concentrations were significantly higher in Lactobacillus deplete compared to Lactobacillus dominant 

samples, (p=0.001, p<0.0001 and p<0.0001 respectively), Figure 5.7 A, C and D. There was a non-

significant increase in C5a in Lactobacillus deplete samples (p=0.07), Figure 5.7 B. 

 

 

Figure 5.7 Cervico-vaginal complement according to genera microbial classification, Lactobacillus dominance 
and Lactobacillus depletion in all samples 
Lactobacillus depletion was associated with significantly increased C5, MBL and C3b expression (A, C and D). 
There was non-significant increase in C5a expression according in Lactobacillus deplete samples (B). Statistical 
analysis was by Mann Whitney U test, (** p<0.01, **** p<0.0001). Abbreviations: L. dom = Lactobacillus 
dominant, L. deplete = Lactobacillus deplete). Dotted lines mark the concentrations of the highest and lowest 
standard on the assay. The results are expressed as median and interquartile range. L. dominant N=294 and L. 
deplete N=92. 
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All immunoglobulins, IgG1, IgG2, IgG3, IgG4, IgA and IgM were detected in significantly higher 

concentrations in Lactobacillus deplete compared to Lactobacillus dominant samples, (p<0.001, 

p<0.0001, p<0.0001, p<0.0001, p<0.05 and p<0.0001 respectively), Figure 5.8 A-F. 

 

 

Figure 5.8 Cervico-vaginal immunoglobulins according to genera microbial classification, Lactobacillus 
dominance and Lactobacillus depletion in all samples 
Lactobacillus depletion was associated with increased IgG1-IgG4, IgA and IgM expression Statistical analysis was 
by Mann Whitney I test, (* p<0.05, *** p<0.001, **** p<0.0001). Abbreviations: L. dom = Lactobacillus 
dominant, L. deplete = Lactobacillus deplete. Dotted lines mark the concentrations of the highest and lowest 
standard on the assay. The results are expressed as median and interquartile range. L. dominant N=294 and L. 
deplete N=92. 
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Vaginal microbial composition and the local immune milieu at species level 

Ward hierarchial clustering analysis of the species sequence data identified 6 major clusters of samples 

which were classified into six vaginal microbial groups, Figure 5.2.  The 385 samples were classified 

into the following: VMG 1 L. crispatus N=158 (41%), VMG 2 L. gasseri N=40 (10%), VMG 3 L. iners N=99 

(26%), VMG 4 Diverse species N=58 (15%), VMG 5 L. jensenii N=16 (4%) and VMG 6 Bifidobacterium 

spp N=14 (4%). Comparisons were made for each individual cytokine, complement and 

immunoglobulin analyte across the four most common vaginal microbial groups, VMG 1-4.  

 

The most abundant pro-inflammatory CVF cytokines, IL-8, IL-1β and IL-6 were significantly higher in 

VMG 4 Diverse species compared to VMG 1 L. crispatus (p=0.02, p<0.0001 and p=0.01 respectively), 

Figure 5.9 A-C. IL-8 and IL-1β were also significantly higher in VMG 3 L. iners compared to VMG 1 L. 

crispatus (both p=0.003). Anti-inflammatory IL-10 was significantly higher in VMG 1 L. crispatus 

compared to both VMG 3 L. iners and VMG 4 Diverse species (both p=0.05), Figure 5.9 D.  

 

Figure 5.9 Significant differences in cervico-vaginal cytokines according to vaginal microbial groups 
VMG 3 L. iners and VMG 4 Diverse species were associated with significantly increased IL-8 and IL-1β expression 
compared to VMG 1 L. crispatus, whilst VMG 1 L. crispatus was associated with significantly increased anti-
inflammatory IL-10 compared to both VMG 3 L. iners and VMG 4 Diverse species. IL-6 was significantly higher in 
VMG 4 Diverse species compared to VMG 1 L. crispatus. Statistical analysis was by the Kruskal-Wallis test with 
Dunn’s multiple comparisons test. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). The results are expressed 
as median and interquartile range. VMG 1 N=158, VMG 2 N=40, VMG 3 N=99, VMG 4=58. 
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For the less abundant CVF cytokines: IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF, there were no 

differences in their expression according to the four most common vaginal microbial groups (p>0.05), 

Figure 5.10. 

 

Figure 5.10 Cervico-vaginal cytokines according to vaginal microbial groups 
IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF did not show any differences in expression between the four main 
vaginal microbial groups. Statistical analysis was by the Kruskal-Wallis test with Dunn’s multiple comparisons 
test. NS = non=significant. The results are expressed as median and interquartile range. VMG 1 N=158, VMG 2 
N=40, VMG 3 N=99, VMG 4=58. 
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Regarding the complement analytes, VMG 4 Diverse species was associated with significantly higher 

local expression of C5, MBL and C3b compared to VMG 1 L. crispatus (p=0.004, p=0.002 and p<0.0001 

respecitvely). There was no significant difference in C5a expression between VMG 1 and VMG 4 

(p>0.05). C3b was also significantly lower in VMG 1 L. crispatus compared to VMG 2 L. gasseri 

(p<0.0001). Concentrations of C5, C5a, MBL or C3b were similar in VMG 1 L. crispatus and VMG 3 L. 

iners, (p>0.05) Figure 5.11.  

 

Figure 5.11 Cervico-vaginal complement according to vaginal microbial groups 
C5, MBL and C3b expression were significantly increased in VMG 4 Diverse species compared to VMG 1 L. 
crispatus. Additionally, C3b was significantly lower in VMG 1 L. crispatus compared to VMG 2 L. gasseri. There 
was no difference in C5a across the four most common vaginal microbial groups. Statistical analysis was by the 
Kruskal-Wallis test with Dunn’s multiple comparisons test. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
The results are expressed as median and interquartile range. VMG 1 N=158, VMG 2 N=40, VMG 3 N=99, VMG 
4=58. 
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Following the same pattern for an increased local inflammatory response seen with the dysbiotic 

vaginal microbial groups with CVF cytokines and complement analytes, IgG1, IgG2, IgG3, IgG4 and IgM 

concentrations were significantly higher in VMG 4 Diverse species compared to VMG 1 L. crispatus 

(p=0.01 for IgG1, p<0.0001 for IgG2-4 and IgM). VMG 3 L. iners and VMG 2 L. gasseri concentrations 

were also significantly higher in IgG2, IgG3, IgG4 and IgM compared to VMG 1 L. crispatus (p<0.05), 

Figure 5.12.  

 

Figure 5.12 Cervico-vaginal immunoglobulins according to vaginal microbial groups 
Independent of the gestation of sampling, the expression of IgG1, IgG2, IgG3, IgG4 and IgM were significantly 
higher in VMG 4 Diverse species compared to VMG 1 L. crispatus. IgG2, IgG3, IgG4 and IgM were significantly 
higher in VMG 3 L. iners and VMG 2 L. gasseri compared to VMG 1 L. crispatus. There was no difference in IgA 
expression across the four most common vaginal microbial groups. Statistical analysis was by the Kruskal-Wallis 
test with Dunn’s multiple comparisons test. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, NS=non-
significant). The results are expressed as median and interquartile range. VMG 1 N=158, VMG 2 N=40, VMG 3 
N=99, VMG 4=58. 
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Vaginal microbial composition local immune milieu at genera level by gestation of sampling 

As mentioned earlier, samples were collected at three sampling timepoints, 12+0 - 16+6, 20+0 - 24+6 and 

30+0 - 34+-6 weeks. The relationship between the cytokines, complement and immunoglobulins with 

Lactobacillus dominance and Lactobacillus depletion was compared at each sampling timepoint.  

 

IL-8 was present in significantly higher concentrations at the second and third sampling timepoints in 

Lactobacillus deplete compared to Lactobacillus dominant samples, (p=0.007 and p=0.03), and it was 

also non-significantly higher at the first sampling timepoint in Lactobacillus deplete samples. Figure 

5.13 A. IL-1β was significantly higher in Lactobacillus deplete compared to Lactobacillus dominant 

samples at all three sampling timepoints, (p<0.0001), Figure 5.13 B. IL-6 was significantly higher in 

Lactobacillus deplete compared to Lactobacillus dominant samples at the first and second sampling 

timepoints, (p=0.04 and p=0.02), Figure 5.13 C. Anti-inflammatory IL-10 was significantly higher in 

Lactobacillus dominant compared to Lactobacillus deplete samples at the second sampling timepoint 

only, (p=0.004), Figure 5.13 D. 

 

 

Chapter 5 



 
 

257 
 

 

Figure 5.13 Cervico-vaginal cytokines according to genera microbial classification, Lactobacillus dominance 
and Lactobacillus depletion across pregnancy 

Lactobacillus depletion was associated with increased IL-8, IL-1β and IL6 expression throughout pregnancy, at 
all three sampling timepoints, 12-16, 20-24 and 30-34 weeks gestation. IL-10 expression was increased in 
Lactobacillus dominant samples at the second sampling timepoint. Statistical analysis was by Mann Whitney U 
test, (* p<0.05, ** p<0.01,**** p<0.0001). Abbreviations: L. dom = Lactobacillus dominant, L. deplete = 
Lactobacillus deplete, w = weeks. L. dom at 12-16 weeks N=95, L. deplete at 12-16 weeks N=31, L. dom at 20-24 
weeks N=104, L. deplete at 20-24 weeks N=29, L. dom at 30-34 weeks N=94, L deplete at 30-34 weeks N=32. The 
results are expressed as median and interquartile range. 
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IL-4 was significantly higher in Lactobacillus deplete compared to Lactobacillus dominant samples at 

30+0 - 34+6 weeks, (p=0.04), Figure 5.14 A and GM-CSF was significantly higher in Lactobacillus deplete 

compared to Lactobacillus dominant samples at 20+0 - 24+6 weeks, (p=0.04), Figure 5.14 G. Consistent 

with the results independent of the gestation of sampling, there were no significant differences in the 

concentrations of IL-18, IL-5, IL-2, IFN-γ and TNF-α in Lactobacillus dominant and Lactobacillus 

depletion samples at each of the three sampling timepoints, 12+0 - 16+6, 20+0 - 24+6 and 30+0 - 34+6 

weeks, (p>0.05) Figure 5.14 B-F. 
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Figure 5.14 Cervico-vaginal cytokines according to genera microbial classification, Lactobacillus dominance 
and Lactobacillus depletion across pregnancy 

Lactobacillus depletion was associated with increased IL-4 at the 30-34 weeks, and increased GM-CSF at 20-24 
weeks. However, overall the Lactobacillus dominance and depletion had little effect on the expression on IL-18, 
IL-5, IL-2, IFN-γ and TNF-α. These were all the least detectable cytokines in cervico-vaginal fluid. Statistical 
analysis was by Mann Whitney U test, (* p<0.05, ** p<0.01,**** p<0.0001). Abbreviations: L. dom = 
Lactobacillus dominant, L. deplete = Lactobacillus deplete, w = weeks. L. dom at 12-16 weeks N=95, L. deplete 
at 12-16 weeks N=31, L. dom at 20-24 weeks N=104, L. deplete at 20-24 weeks N=29, L. dom at 30-34 weeks 
N=94, L deplete at 30-34 weeks N=32. The results are expressed as median and interquartile range. 
 

 

 

Chapter 5 



 
 

260 
 

Assessing the complement analytes in cervico-vaginal fluid, there was a highly significant pro-

inflammatory response associated with Lactobacillus depletion compared to Lactobacillus dominance. 

C5 concentrations were significantly higher in Lactobacillus deplete compared to Lactobacillus 

dominant samples at 12+0 - 16+6 and 20+0 - 24+6 weeks (p=0.05 and p=0.001 respectively), with a non-

significant increase at the 30+0 - 34+6 weeks (p=0.36), Figure 5.15 A. MBL and C3b concentrations were 

significantly higher across all sampling timepoints during pregnancy in Lactobacillus deplete samples 

(p<0.05 for MBL and p<0.0001 for C3b), Figure 5.15 C and D. There was no significant difference in C5a 

in Lactobacillus deplete compared to Lactobacillus dominant samples across pregnancy, (p>0.05) 

Figure 5.15 B. 

 

Figure 5.15 Cervico-vaginal complement according to genera microbial classification, Lactobacillus dominance 
and Lactobacillus depletion across pregnancy 
Lactobacillus depletion was associated with increased C5, MBL and C3b expression at all three pregnancy 
sampling timepoints, 12-16, 20-24 and 30-34 weeks gestation. There was non-significant increase in C5a 
expression according by Lactobacillus dominance or depletion. Statistical analysis was by Mann Whitney U test, 
(* p<0.05, ** p<0.01,**** p<0.0001). Abbreviations: L. dom = Lactobacillus dominant, L. deplete = Lactobacillus 
deplete, w = weeks. L. dom at 12-16 weeks N=95, L. deplete at 12-16 weeks N=31, L. dom at 20-24 weeks N=104, 
L. deplete at 20-24 weeks N=29, L. dom at 30-34 weeks N=94, L deplete at 30-34 weeks N=32. The results are 
expressed as median and interquartile range. 
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For the immunoglobulins, IgG1 was significantly higher in Lactobacillus deplete compared to 

Lactobacillus dominant samples at the first two sampling timepoints (p=0.02 and p=0.01), with a non-

significant increase at the third sampling timepoint, (p=0.10) Figure 5.16 A. IgG2, IgG3, IgG4 and IgM 

were significantly higher in Lactobacillus deplete compared to Lactobacillus dominant samples at all 

three sampling timepoint, (p<0.01, p<0.0001, p<0.05, p<0.001 respectively), Figure 5.16 B-D and F. IgA 

was significantly higher in Lactobacillus deplete compared to Lactobacillus dominant samples, but just 

at the 20+0 - 24+6 week timepoint, (p=0.01), with non-significant increases at the first and third 

sampling timepoints, (p>0.05) Figure 5.16 E.  

 

Figure 5.16 Cervico-vaginal immunoglobulins according to genera microbial classification, Lactobacillus 
dominance and Lactobacillus depletion across pregnancy 
Lactobacillus depletion was associated with increased IgG1-IgG4 and IgM expression at all three pregnancy 
sampling timepoints, 12-16, 20-24 and 30-34 weeks gestation. Lactobacillus depletion was associated with 
increased IgA expression at the second sampling timepoint. Statistical analysis was by Mann Whitney U test, (* 
p<0.05, ** p<0.01,*** p<0.001, **** p<0.0001). Abbreviations: L. dom = Lactobacillus dominant, L. deplete = 
Lactobacillus deplete, w = weeks. L. dom at 12-16 weeks N=95, L. deplete at 12-16 weeks N=31, L. dom at 20-24 
weeks N=104, L. deplete at 20-24 weeks N=29, L. dom at 30-34 weeks N=94, L deplete at 30-34 weeks N=32. The 
results are expressed as median and interquartile range. 
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Vaginal microbial composition at species level according to gestation of sampling 

As previously described, the four main vaginal microbial groups were VMG 1 L. crispatus, VMG 2 L. 

gasseri, VMG 3 L. iners and VMG 4 Diverse species. Samples which were VMG 4 Diverse species 

showed significantly higher concentrations of IL-8 at 20+0 - 24+6 weeks (p=0.01), IL-1β at 12+0 - 16+6, 

20+0 - 24+6 and 30+0 - 34+6 weeks (p=0.002, p<0.0001 and p<0.0001 respectively), IL-6 at 12+0 - 16+6 and 

20+0 - 24+6 weeks (both p=0.05), compared to VMG 1 L. crispatus, Figure 5.17. Samples which were 

VMG 3 L. iners showed significantly higher concentrations of IL-8 at 20+0 - 24+6 weeks (p=0.002) and IL-

1β at 20+0 - 24+6 (p=0.01), compared to VMG 1 L. crispatus, Figure 5.17. There were no significant 

differences between IL-8, IL-1β, IL-6 and IL-10 in VMG 2 L. gasseri and VMG 1 L. crispatus samples, 

(p>0.05) Figure 5.17. 

 

Figure 5.17 Cervico-vaginal cytokines according to vaginal microbial groups by gestation of sampling 
IL-8 was significantly higher in VMG 4 compared to VMG 1, and significantly higher in VMG 3 compared to VMG 
1 at 20-24 weeks (A). There were non-significant increases in VMG 4 and VMG 3 at 12-16 and 30-34 weeks. IL-
1β was significantly higher in VMG 4 compared to VMG 1 at all three sampling timepoints. IL-1β was also 
significantly higher in VMG 3 compared to VMG I at 20-24 weeks (B). There was a non-significant increase in IL-
6 in VMG IV compared to VMG I (C). There was a non-significant increase in IL-10 in VMG I compared to VMG IV 
(D). Statistical analysis was by the Kruskal-Wallis test with Dunn’s multiple comparisons test. (* p<0.05, ** 
p<0.01, **** p<0.0001, NS = non-significant). VMG = vaginal microbial group. The results are expressed as 
median and interquartile range. At 12-16 weeks: VMG 1 N=51, VMG 2 N=15, VMG 3 N=35, VMG 4 N=19. At 20-
24 weeks: VMG 1 N=54, VMG 2 N=15, VMG 3 N=35, VMG 4 N=19. At 30-34 weeks: VMG 1 N=53, VMG 2 N=10, 
VMG 3 N=33, VMG 4 N=19. 
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Concentrations of IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α and GM-CSF did not show any significant 

differences between VMG 1, 2, 3 and 4 across the three sampling timepoints, (p>0.05) Figure 5.18 A-

G. 

 

Figure 5.18 Cervico-vaginal cytokines according to vaginal microbial groups by gestation of sampling  
There were no significant differences in IL-4, IL-18, IL-5, IL-2, IFN-γ, TNF-α or GM-CSF according to VMG 1, 2, 3 
and 4, at any of the three sampling timepoints of 12-16, 20-24 and 30-34 weeks. Statistical analysis was by the 
Kruskal-Wallis with Dunn’s multiple comparisons test, (NS = non-significant). VMG = vaginal microbial group. The 
results are expressed as median and interquartile range. At 12-16 weeks: VMG 1 N=51, VMG 2 N=15, VMG 3 
N=35, VMG 4 N=19. At 20-24 weeks: VMG 1 N=54, VMG 2 N=15, VMG 3 N=35, VMG 4 N=19. At 30-34 weeks: 
VMG 1 N=53, VMG 2 N=10, VMG 3 N=33, VMG 4 N=19. 
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VMG 4 Diverse species was associated with significantly higher concentrations of C3b at all three 

sampling timepoints (p<0.0001, p<0.0001 and p<0.004) and C5 at the first two sampling timepoints 

(p=0.008 and p=0.02) compared to VMG 1 L. crispatus, Figure 5.19 A and D. VMG 2 L. gasseri was 

associated with significantly higher concentrations of C3b at the latter two sampling timepoints 

compared to VMG 1 L. crispatus (p=0.001 and p=0.007), Figure 5.19 C. C5a was significantly higher in 

VMG 2 L. gasseri compared to VMG 1 L. crispatus at the third sampling timepoint (p=0.007), but no 

other differences were observed at the other sampling timepoints. There were no differences in C5, 

C5a, MBL or C3b concentrations between VMG 3 L. iners and VMG 1 L. crispatus, (p>0.05) Figure 5.19 

A-D.  

 

 
Figure 5.19 Cervico-vaginal complement according to vaginal microbial groups by gestation of sampling 
C5 was significantly increased in VMG 5 compared to VMG 1 at 12-16 and 20-24 weeks gestation (A). C5a was 
significantly greater in VMG 2 compared to VMG 1 at 30-34 weeks gestation (B). There was a non-significant 
increase in MBL in VMG 4 compared to VMG 1, and VMG 3 compared to VMG 3 across all three timepoints (C). 
C3b was significantly increased in VMG 4 compared to VMG 1 at all three sampling timepoints. C3b was also 
significantly lower in VMG 1 compared to VMG 2 at 20-24 and 30-34 weeks gestation (D). Statistical analysis was 
by the Kruskal-Wallis with Dunn’s multiple comparisons test. (* p<0.05, ** p<0.01, **** p<0.0001, NS = non-
significant).  VMG = vaginal microbial group. The results are expressed as median and interquartile range. At 12-
16 weeks: VMG 1 N=51, VMG 2 N=15, VMG 3 N=35, VMG 4 N=19. At 20-24 weeks: VMG 1 N=54, VMG 2 N=15, 
VMG 3 N=35, VMG 4 N=19. At 30-34 weeks: VMG 1 N=53, VMG 2 N=10, VMG 3 N=33, VMG 4 N=19. 
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VMG 4 Diverse species was associated with significantly higher IgG2 at all three timepoints compared 

to VMG 1 L. crispatus (p=0.01, p=0.0002, p=0.001 respectively), Figure 5.20 B. VMG 4 Diverse species 

was also associated with significantly higher IgG3 at all three timepoints compared to VMG 1 L. 

crispatus (p=0.001, p<0.0001, p<0.001 respectively), Figure 5.20 C. VMG 4 Diverse species was 

associated with significantly higher IgG4 compared to VMG 1 L. crispatus at the latter two timepoints, 

(p<0.01 and p<0.05 respectively), Figure 5.20 D.  VMG 4 Diverse species was associated with 

significantly higher IgM compared to VMG 1 L. crispatus at all three sampling timepoints, (p=0.0003, 

p=0.0002 and p=0.01), Figure 5.20 F.  

 

In Figure 5.12 there was a significant adaptive immune response with significantly higher IgG2, IgG3, 

IgG3 and IgM in VMG 3 L. iners compared to VMG 1 L. crispatus, reflecting a true effect. However, 

there was a lack of statistical power to demonstrate this when the analysis was performed at each of 

the three sampling timepoints, (p>0.05) Figure 5.20.  

 

Interestingly, VMG 1 L. gasseri was associated with significantly higher IgG2 compared to VMG 1 L. 

crispatus at all three timepoints of sampling, (p=0.001, p=0.007 and p=0.02 respectively), Figure 5.20 

B. VMG 2 L. gasseri was associated with significantly higher IgG3 compared to VMG 1 L. crispatus again 

across all timepoints, (p=0.0005, p=0.0002 and p<0.0001 respectively), Figure 5.20 C. 

 

In Figures 5.17-5.20, VMG IV Diverse species resulted in activation of the innate and adaptive immune 

responses and the bridging complement response. VMG 3 L. iners did not appear to significantly 

activate complement, therefore is likely to stimulate cytokine production independently of the 

complement cascade, perhaps via adhesion to epithelial cells rather than innate immune cells . VMG 

2 L. gasseri was associated with activation of the adaptive immune response and the complement 

system, without downstream effects on cytokine production.  
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Figure 5.20 Cervico-vaginal immunoglobulins according to vaginal microbial groups by gestation of sampling 
There was a non-significant increase in IgG1 in VMG 2, 3 and 4 compared to VMG 1 (A). IgG2 and IgG3 were 
significantly increased in VMG 4 compared to VMG 1 at all three sampling timepoints, and also significantly 
increased in VMG 2 compared to VMG 1 (B and C).  IgG4 was significantly higher in VMG 4 compared to VMG 1 
at 20-24 and 30-34 weeks, and significantly higher in VMG 2 compared to VMG 1 at 12-16 and 20-24 weeks (D). 
IgA was significantly higher in VMG 4 compared to VMG 1 at 20-24 weeks (E). IgM was significantly higher in 
VMG 4 compared to VMG 1 at all three sampling timepoints (F). Statistical analysis was by the Kruskal-Wallis 
test with Dunn’s multiple comparisons test. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). VMG = vaginal 
microbial group. The results are expressed as median and interquartile range. At 12-16 weeks: VMG 1 N=51, 
VMG 2 N=15, VMG 3 N=35, VMG 4 N=19. At 20-24 weeks: VMG 1 N=54, VMG 2 N=15, VMG 3 N=35, VMG 4 
N=19. At 30-34 weeks: VMG 1 N=53, VMG 2 N=10, VMG 3 N=33, VMG 4 N=19. 
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5.5.4 Vaginal microbial composition, diversity and richness according to risk factor 

for preterm delivery 
 

In section 4.5.5 of Chapter 4, local immune profiles according to the risk factor for preterm delivery 

were explored. Study participants were divided into two main groups according to the reason why 

they were referred to the preterm birth prevention clinics. The first group consisted of women who 

had excisional cervical treatment but no other risk factors. The second group consisted of women who 

had previously had a mid-trimester loss and/or a preterm birth. As described in the previous chapter, 

there was a pro-inflammatory signature in women with previous MTL and/or PTB, compared to 

women with previous excisional cervical treatment. To see if this could be microbial driven, the vaginal 

microbial composition, diversity and richness were compared between 40 women with previous 

excisional cervical treatment and 56 women with previous MTL/PTB, at the 12-16 week sampling 

timepoint, before any cervical shortening and before the insertion of a cervical cerclage where 

applicable. 

 

The microbial composition according to Lactobacillus dominance and depletion was similar in the 

group with previous cervical treatment and previous MTL and/or PTB, Figure 5.21 A. Comparing 

microbial composition according to the 4 most common vaginal microbial groups VMG 1-4 showed a 

higher proportion of women with VMG 1 L. crispatus in the previous cervical treatment group, and a 

higher proportion of women with VMG 3 L. iners in the previous MTL and/or PTB group, however this 

did not reach statistical significance Figure 5.21 B. The species diversity as measured by the inverse 

Simpson index was significantly higher in the previous MTL and/or PTB group (p<0.05), Figure 5.21 C, 

yet there was no difference in species richness (p=0.14) Figure 5.21 D.  
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Figure 5.21 Vaginal microbial composition according to the risk factor for preterm birth 
In samples collected at the 12-16 week timepoint, there was no difference in the percentage of Lactobacillus 
dominant or Lactobacillus deplete samples according to the risk factor of previous excisional cervical treatment 
(N=40) or previous MTL and/or PTB (N=60) (A). There was a greater proportion of women with VMG 1 L. crispatus 
in the group with previous excisional cervical treatment (N=38), and a greater proportion of women with VMG 
3 L. iners in the group with previous mid-trimester miscarriage +/or preterm birth (N=53), however this did not 
reach statistical significance (B). The alpha diversity was significantly higher in the group with previous mid-
trimester miscarriage +/or preterm birth (C). There was no significant increase in richness, as defined by the 
species observed, in the group with previous mid-trimester miscarriage +/or preterm birth (D). Statistical 
analysis was by Fisher’s exact test for proportional data and Mann Whitney test for comparison between two 
groups. The results are expressed as mean and standard deviation (C and D). Cx Rx (N=40) and MTL/PTB (N=60), 
(C and D). 
Abbreviations: Cx Rx = cervical treatment, MTL = mid trimester loss, PTB = preterm birth. L. deplete = 
Lactobacillus deplete, L. dominant = Lactobacillus dominant. Sobs = species observed. 
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Cytokines, complement and immunoglobulins in cervico-vaginal fluid were compared in Lactobacillus 

dominant and deplete samples in women grouped according to previous cervical treatment and 

women with previous MTL and/or PTB. This was performed in order to determine if the dysbiosis in 

women with previous MTL and/or PTB was associated with local inflammation. 

 

Microbial driven inflammation in Lactobacillus deplete compared to Lactobacillus dominant samples 

could be demonstrated by increased IL-1β in all women (p<0.05), Figure 5.22 B, and a significant 

increase in IL-6 in Lactobacillus deplete compared to Lactobacillus dominant samples in women with 

previous MTL and/or PTB, (p=0.01), Figure 5.22 D. Women with previous MTL and/or PTB with 

Lactobacillus dominance also had significantly higher concentrations of pro-inflammatory IL-8, 

compared to women with previous excisional cervical treatment, (p=0.006), Figure 5.22 A. IL-10 

concentrations were similar in Lactobacillus deplete and Lactobacillus dominant samples, or according 

to the risk factor for preterm delivery, Figure 5.22 C. 
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Figure 5.22 Vaginal microbial composition and the local cytokines according to the risk factor for preterm birth 
At the 12-16 week timepoint, IL-1β was significantly higher in Lactobacillus depletion irrespective of the risk 
factor for preterm birth (B). IL-6 was significantly higher in Lactobacillus depletion in women with previous 
MTL/PTB (D). IL-8 and IL-1β were significantly higher in previous MTB/PTB compared to previous cervical 
treatment in the Lactobacillus dominant group (A and B). However there was no significant difference in IL-8, IL-
1β, IL-6 or IL-10 in Lactobacillus depletion according to the risk factor for PTB (A-D). Statistical analysis was by 
Mann Whitney U test for comparison between two groups, *p<0.05, **p<0.01, N = non-significant. 
Abbreviations: Cx Rx = cervical treatment, MTL = mid trimester loss, PTB = preterm birth. L. deplete = 
Lactobacillus deplete, L. dominant = Lactobacillus dominant. The results are expressed as median and 
interquartile range. Previous Cx Rx L. dominant N=30, previous Cx Rx L. deplete N=10, previous MTL/PTB L. 
dominant N=44, previous MTL/PTB L. deplete N=12. 
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Similarly, for cervico-vaginal fluid complement, microbial driven inflammation could be demonstrated 

for C5, with increased concentrations demonstrated in Lactobacillus deplete compared to 

Lactobacillus dominance in the women with previous MTL and/or PTB, (p=0.05), Figure 5.23 A. C3b 

concentrations were significantly higher in Lactobacillus deplete compared to Lactobacillus 

dominance in all women (p=0.02 if previous MTL and/or PTB and p<0.0001 if previous cervical 

treatment), Figure 5.23 D. At the first sampling timepoint of 12+0 - 16+6 weeks concentrations of C5, 

C5a, MBL or C3b were similar in women with either risk factor for preterm delivery, for both 

Lactobacillus dominant and Lactobacillus deplete samples, (p>0.05) Figure 5.23 A-D.  

 

 
 
Figure 5.23 Vaginal microbial composition and the local complement according to the risk factor for preterm 
birth 
At the 12-16 week timepoint, C5 and C3b were significantly higher in Lactobacillus deplete samples compared 
to Lactobacillus dominant in women with a risk for of previous PTB/MTL, (A and D). C3b was also significantly 
higher in Lactobacillus deplete samples in women with a risk factor of previous cervical treatment (D). However 
there was no significant difference in C5, C5a, MBL or C3b in Lactobacillus depletion according to the risk factor 
for PTB (A-D). 
Statistical analysis was by Mann Whitney U test for comparison between two groups, *p<0.05, ****p<0.0001, 
NS = non-significant. Abbreviations: Cx Rx = cervical treatment, MTL = mid trimester loss, PTB = preterm birth. 
L. deplete = Lactobacillus deplete, L. dominant = Lactobacillus dominant. The results are expressed as median 
and interquartile range. Previous Cx Rx L. dominant N=30, previous Cx Rx L. deplete N=10, previous MTL/PTB L. 
dominant N=44, previous MTL/PTB L. deplete N=12. 
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In samples collected at 12+0 -16+6 weeks, IgG1 concentrations were no different in women with 

Lactobacillus depletion compared to Lactobacillus dominance, (p>0.05) Figure 5.24 A. However, IgG2 

and IgG4 were significantly increased in Lactobacillus deplete compared to Lactobacillus dominant 

samples in the group with previous cervical treatment (p<0.00001 and p<0.0001 respectively), but not 

in women with a history of previous MTL/PTB, (p>0.05) Figure 5.24 B and D. This is likely due to L. iners 

having a subtle effect on IgG2 and IgG4. IgG3 and IgM were significantly increased in Lactobacillus 

deplete compared to Lactobacillus dominant samples in all women (p<0.05), Figure 5.24 C and F. IgA 

concentrations were similar in Lactobacillus deplete and dominant samples in women with either risk 

factor for preterm delivery, (p>0.05) Figure 5.24 E.  

 

IgG4 showed a differential local immune response in women with Lactobacillus dominance, with 

significantly increased concentrations in women with previous MTL and/or PTB compared to women 

with previous cervical treatment (p=0.04), Figure 5.24 D. This pattern was also observed in IgG2, 

although the difference was not statistically significant, (p=0.09) Figure 5.24 B.  

 

To summarise, women with previous MTL and/or PTB were been found to have dysregulated innate 

and adaptive immune responses, compared to women with previous excisional cervical treatment in 

early pregnancy. There is a synergistic effect with the vaginal microbial composition, and IL-8, IL-1β 

and IgG4 have been found to be present in higher concentrations in the presence of Lactobacillus 

dominance in women with previous MTL and/or PTB compared to previous excisional cervical 

treatment.  
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Figure 5.24 Vaginal microbial composition and IgG1-4 according to the risk factor for preterm birth 
At the 12-16 week timepoint, IgG2, IgG3 and IgG4 were significantly higher in Lactobacillus deplete compared 
to Lactobacillus dominant samples in women with previous cervical treatment (B-D). IgG3 was also significantly 
higher in Lactobacillus deplete in women with previous MTL/PTB. IgG4 was significantly higher in women with 
previous MTL/PTB compared to previous cervical treatment if they were Lactobacillus dominant (D). However, 
there was no significant difference in IgG1-4 in Lactobacillus depletion according to the risk factor for PTB (A-D). 
IgA concentrations were no different in Lactobacillus dominant or deplete samples (E). IgM was significantly 
higher in Lactobacillus deplete compared to Lactobacillus dominant samples in both risk factors for preterm 
birth, previous cervical treatment and previous MTL/PTB (F). There was no significant difference in IgA or IgM 
concentrations in Lactobacillus deplete samples according to the risk factor for preterm birth. Statistical analysis 
was by Mann Whitney U test for comparison between two groups, *p<0.05, ***p<0.001, ****p<0.0001, NS = 
non-significant. Abbreviations: Cx Rx = cervical treatment, MTL = mid trimester loss, PTB = preterm birth. L. 
deplete = Lactobacillus deplete, L. dominant = Lactobacillus dominant. The results are expressed as median and 
interquartile range. Previous Cx Rx L. dominant N=30, previous Cx Rx L. deplete N=10, previous MTL/PTB L. 
dominant N=44, previous MTL/PTB L. deplete N=12.
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5.5.5 Vaginal microbial composition and cervical shortening 
 

Study participants had cervical length measurements performed at the same clinical visit when the 

cervico-vaginal fluid was sampled to determine the vaginal microbial composition. A cervical length of 

≤25mm is widely used to identify a shortened cervix at transvaginal ultrasound before 24 weeks 

gestation and confers a high risk of preterm delivery (23).  

 

At the first timepoint of sampling, 12+0 - 16+6 weeks, there were 15 women with a cervical length of 

≤25mm. Their vaginal microbial composition was compared to 96 women who had a cervical length 

>25mm. None of the 96 women with a normal cervical length had a cervical cerclage in situ at the time 

of assessment. The gestation at delivery was significantly earlier in the group with cervical shortening 

(p<0.01), median gestation 38+1 weeks with cervical shortening, vs 38+6 weeks with normal cervical 

length. There was a higher proportion of preterm deliveries in the group with cervical shortening, 

however this did not reach statistical significance (p<0.09) (Table 5.3). There was a higher proportion 

of early preterm births <34 weeks (71%) compared to late preterm births >34 weeks (53%) in the 

group with cervical shortening, although this was not statistically significant (p=0.37). 

 

At the second timepoint of sampling, 20+0 - 24+6 weeks, there were 18 women with a cervical length 

of ≤25mm. Their vaginal microbial composition was compared to 71 women who had a cervical length 

of >25mm. None of the 71 women with a normal cervical length had a cervical cerclage in situ at the 

time of assessment. The gestation at delivery was significantly earlier in the group with cervical 

shortening, median gestation 37+2 weeks with cervical shortening, vs 39+2 weeks with normal cervical 

length (p<0.00001) (Table 5.3). 
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Table 5.3 Clinical and demographical characteristics of study participants with cervical shortening and with 
normal cervical length, sampled at 12-16 and 20-24 weeks gestation 

 12-16 weeks 

 Cervical shortening 
≤25mm  

Normal cervical length 
>25mm 

p value  

N (%) 15 (14%) 96 (86%)  

Gestation of sampling (weeks) 
median and IQ range 

14+3  
(13+4 - 15+0) 

14+6 
(13+4 - 15+3) 

p=0.14 

Gestation at delivery (weeks) 
median and IQ range 

38+1 
(31+0 - 39+0) 

38+6 
(36+5 - 40+1) 

p<0.01 ** 

Early preterm </=33+6 weeks 6 (40%) 13 (13%) Preterm vs Term  
p<0.09  Late preterm >/=34+0 weeks 1 (7%) 12 (13%) 

Term >37 weeks 8 (53%) 71 (74%) 

Cervical length mm (median and IQ 
range) 

23 (19-25) 34 (31-39) p<0.0001 **** 

 20-24 weeks 

 Cervical shortening 
≤25mm  

Normal cervical length 
>25mm 

p value  

N (%) 18 (20%) 71 (80%)  

Gestation of sampling (weeks) 
median and IQ range 

21+3 (20+3 - 22+1) 21+2 (20+2 - 22+5) p=0.45 

Gestation at delivery (weeks) 
median and IQ range 

37+2 (30+2 - 38+3) 39+2 (37+3 - 40+3) p<0.0001 *** 

Early preterm </=33+6 weeks 5 (28%) 8 (11%) Preterm vs Term  
p<0.11 Late preterm >/=34+0 weeks 2 (11%) 7 (10%) 

Term >37 weeks 11 (61%) 56 (79%) 

Cervical length mm (median and IQ 
range) 

21 (19-25) 35 (32-37) p<0.0001 **** 

Data presented as median (interquartile range (IQ)) or number (%). P values: Mann Whitney U test for comparisons between two groups 
or Fisher’s exact test for proportional data. 

 

 

At 12+0 - 16+6 weeks and 20+0 - 24+6 weeks, there was no overall difference in the proportion of samples 

that were Lactobacillus dominant or Lactobacillus deplete according to cervical shortening ≤25mm, 

and normal cervical length >25mm, Figure 5.25 A and D. However, there was an over-representation 

of VMG 3 L. iners in the women with cervical shortening, whilst the most common VMG in women 

with a normal cervical length was VMG 1 L. crispatus at both sampling timepoints, Figure 5.25 B and 

E. Comparing the mean proportion of sequence reads with L. iners in cervico-vaginal swabs showed a 

significantly higher proportion in women with cervical length ≤25mm when sampling was performed 

at 12+0 - 16+6 weeks. The mean proportion of sequence reads with L. iners was 42% in those with 

cervical shortening and 21% in those with normal cervical length (p<0.05), Figure 5.25 C. At 20+0 - 24+6, 

the mean proportion of sequence reads with L. iners was 34% in those with cervical shortening and 

21% in those with normal cervical length (p=0.08). 
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Figure 5.25 Vaginal microbial composition according to cervical length at 12-16 weeks and 20-24 weeks 
Lactobacillus iners was associated with cervical shortening at 12-16 weeks gestation (A-C). There was a non-
statistical increase in the proportion of Lactobacillus iners sequences with cervical shortening at 20-24 weeks 
(D-F). Statistical analyses were by Fisher’s exact test and unpaired t-test, * p<0.05. The results are expressed as 
mean and standard deviation. At 12-16 weeks: ≤25mm N=15, >25mm N=96. At 20-24 weeks: ≤25mm N=18, 
>25mm N=71. 
 
 

 

The local immune milieu in VMG 3 L. iners and VMG 1 L. crispatus samples in women with cervical 

shortening (≤25mm) and normal cervical length (>25mm) were compared independent of the 

sampling timepoint. 
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There was no difference in IL-8, IL-1β, IL-6 and IL-10 in women with VMG 1 L. crispatus with cervical 

shortening or normal cervical length, suggesting an alternative mechanism to microbial driven 

inflammation in cervical shortening in women with VMG 1 L. crispatus. In women with normal cervical 

length >25mm, there was significantly higher IL-8 in VMG 3 L. iners compared to VMG 1 L. crispatus 

(p=0.009), Figure 5.26 A. This possibly reflects a degree of regulated inflammation, without the 

collateral tissue injury seen in cervical remodelling and shortening. In women with cervical shortening, 

≤25mm, there was also significantly higher IL-8 in VMG 3 L. iners compared to VMG 1 L. crispatus 

(p=0.004), Figure 5.26 A. In women with VMG 3 L. iners, IL-8, IL-6 and IL-1β were all significantly higher 

in women with cervical shortening, compared to women with normal cervical length, (p=0.009, p=0.04 

and p=0.04 respectively), Figure 5.26 A – C. This may reflect a dysregulated inflammatory response 

leading to cervical remodelling and cervical shortening.  

 

 
 
Figure 5.26 Cervico-vaginal fluid cytokines in VMG 1 L. crispatus and VMG 3 L. iners in women with and without 
cervical shortening 
In women with and without cervical shortening, IL-8 concentrations were significantly higher in VMG 3 L. iners 
compared to VMG 1 L. crispatus (A). There was a non-significant trend for higher IL-1β in those with VMG 3 L. 
iners in both cervical shortening and normal cervical length (B). IL-6 concentrations were similar in VMG 3 L. 
iners and VMG 1 L. crispatus, irrespective of cervical length (C). IL-8, IL-1β and IL-6 concentrations were also 
significantly higher in VMG 3 L. iners in those with cervical shortening, compared to those with normal cervical 
length, whilst IL-10 was significantly lower. Statistical analysis was by Mann Whitney U test, *p<0.05, **p<0.01, 
NS = non-significant. CL=cervical length. The results are expressed as median and interquartile range. CL ≤25mm 
VMG 1 N=11, CL ≤25mm VMG 3 N=13, CL >25mm VMG 1 N=73, CL >25mm VMG 3 N=39. 
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There was no difference in C5, C5a, C3b and MBL in women with VMG 1 L. crispatus with cervical 

shortening or normal cervical length, suggesting that non-microbial driven, non-inflammation driven  

cervical shortening occurs in women with VMG 1 L. crispatus. In women with a normal cervical length, 

C5, C5a, C3b and MBL were similar in VMG 3 L. iners and VMG 1 L. crispatus, Figure 5.27 A – D. In 

women with cervical shortening, C3b was significantly higher in VMG 3 L. iners compared to VMG 1 L. 

crispatus (p=0.04), Figure 5.27 C. In women with VMG 3 L. iners, women with cervical shortening had 

significantly higher C5, C5a and C3b compared to women with normal cervical length (p=0.02, p=0.01 

and p=0.004 respectively), Figure 5.26 A - C. This may also reflect a dysregulated inflammatory 

response leading to cervical remodelling and cervical shortening. 

 

 
 
Figure 5.27 Cervico-vaginal fluid complement in VMG 1 L. crispatus and VMG 3 L. iners in women with and 
without cervical shortening 
In women with and without cervical shortening concentrations of C5, C5a and MBL were similar in women with 
VMG 1 L. crispatus and VMG 3 L. iners (A, B and D). Only C3b concentrations were significantly higher in VMG 3 
L. iners compared to VMG 1 L. crispatus, but only in the women with cervical shortening (C). In women with 
cervical shortening with VMG 3 L. iners, C5, C5a and C3b concentrations were significantly higher than women 
with normal cervical length with VMG 3 L. iners (A-C). Statistical analysis was by Mann Whitney U test, *p<0.05, 
**p<0.01, NS = non-significant. CL=cervical length. The results are expressed as median and interquartile range. 
CL ≤25mm VMG 1 N=11, CL ≤25mm VMG 3 N=13, CL >25mm VMG 1 N=73, CL >25mm VMG 3 N=39. 
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There was no difference in IgG1-4, IgA and IgM in women with VMG 1 L. crispatus with cervical 

shortening or normal cervical length, suggesting non-microbial driven inflammation is seen with 

cervical shortening in women with VMG 1 L. crispatus. In women with normal cervical length, IgG3, 

IgA and IgM were significantly higher in women with VMG 3 L. iners compared to VMG 1 L. crispatus 

(p=0.02, p=0.04 and p=0.01 respectively), Figure 5.28 C, E and F. This may reflect regulated 

inflammatory response which does not result in cervical remodelling and shortening. In women with 

cervical shortening, IgM was significantly higher in women with VMG 3 L. iners compared to VMG 1 L. 

crispatus (p=0.004), Figure 5.28 F.  In women with VMG 3 L. iners, IgG2, IgG4 and IgM were significantly 

higher in women with cervical shortening, compared to normal cervical length, (p=0.04, p=0.05 and 

p=0.007 respectively), Figure 5.28 B, D and F. It is likely that IgG2, IgG4 and IgM binding to L. iners is 

driving the classical pathway of complement activation and inflammation.  
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Figure 5.28 Cervico-vaginal fluid immunoglobulins in VMG 1 L. crispatus and VMG 3 L. iners in women with 
and without cervical shortening 
In women with and without cervical shortening concentrations of IgG1, IgG2 and IgG4 were similar in women 
with VMG 1 L. crispatus and VMG 3 L. iners (A, B and D). However IgG3, IgA and IgM concentrations were 
significantly higher in VMG 3 L. iners compared to L. crispatus, but only in those with normal cervical length (C, 
E and F). Concentrations of IgG2, Ig4 and IgM were significantly higher in women with VMG 3 L. iners with cervical 
shortening, compared to women with VMG 3 L. iners with normal cervical length (B, D and F).  Statistical analysis 
was by Mann Whitney U test, *p<0.05, **p<0.01, NS = non-significant. CL=cervical length. The results are 
expressed as median and interquartile range. CL ≤25mm VMG 1 N=11, CL ≤25mm VMG 3 N=13, CL >25mm VMG 
1 N=73, CL >25mm VMG 3 N=39. 
 
 
 
 
 
 
 
 
 
 

Chapter 5 



 
 

281 
 

5.5.6 Vaginal microbial composition, diversity and richness pre and post cerclage  
 

Of the 133 women in the study population, 59 (44%) had a cervical cerclage during their pregnancy. 

19 (32%) were excluded from the following analysis because 17 did not have a vaginal swab collected 

prior to cervical cerclage insertion and 2 did not have a vaginal swab collected after cervical cerclage 

insertion.  

 

There were 40 women who had vaginal swabs collected pre and post cervical cerclage allowing the 

comparison of vaginal microbial composition, diversity and richness before and after the clinical 

intervention. Clinical and demographical information for this cohort is provided in Chapter 4, Table 

4.8.  

 

There was a greater proportion of multiparous compared to nulliparous women (65% vs 35%). 

Sampling was performed on average 7 days prior to cervical cerclage and 50 days following cervical 

cerclage. The majority of women delivered at term gestation N=26 (65%), whilst the remaining 14 

delivered preterm (35%). The number of history and ultrasound indicated cerclages were roughly 

similar, 19 and 21 respectively. 25 women received the monofilament Nylon cerclage, 14 received the 

braided Mersilene cerclage and there was one study participant where the cerclage material was not 

recorded. There was no difference in the cerclage material according to the indication for the cervical 

cerclage, (Fisher’s test p=0.58). 

 

The median gestation of delivery for women who had a Mersilene cerclage was 36+0 weeks, whilst it 

was 38+1 for women who had a Nylon cerclage. Of women who received Mersilene (N=14), the 

preterm birth rate was 50%, and of women who received Nylon (N=25), the preterm birth rate was 

24%, which was statistically significant, (Fisher’s exact test p<0.05). 
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There was a significant increase in the vaginal microbial diversity as measured by the inverse Simpson 

index following cervical cerclage, (median pre cerclage 1.03, vs median post cerclage 1.13), (p=0.02), 

but no significant difference in the species richness (p>0.05), Figure 5.29 A and B. The microbial 

composition according to the proportion of Lactobacillus dominant and Lactobacillus deplete samples 

and by vaginal microbial groups did not show any significant changes pre and post cervical cerclage, 

Figure 5.29 C and D. 

 

Figure 5.29 The vaginal microbial composition, diversity and richness pre and post cervical cerclage 
The inverse Simpson index increased significantly after cervical cerclage (A). Overall, there was no significant 
change in species observed following cervical cerclage (B). The microbial composition by vaginal microbial 
groups was stable pre and post cervical cerclage (C and D). Statistical analysis was by Wilcoxon matched-pairs 
signed rank test comparing diversity and richness. Statistical analysis was by Fisher’s exact test to compare 
microbial composition. N=40 matched samples pre and post cervical cerclage. 
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In this group of study participants who were sampled before and after cervical cerclage, the microbial 

composition before and after Mersilene and Nylon cerclage were compared. There was no difference 

in the alpha diversity and species richness according to the cerclage material. In section 4.5.7 in 

Chapter 4, there was an augmented local innate and adaptive immune response following Mersilene 

compared to Nylon cerclage. In women who had a Mersilene cerclage and who delivered preterm, 

there was further augmentation of the innate immune response, supporting a dysregulated 

amplification of complement activation and cytokine production. However, there was no significant 

change in microbial composition post Mersilene or Nylon cerclage, Figure 5.30. Notably, due to the 

study design with three sampling timepoints across pregnancy, the median number of days following 

cervical cerclage was 50 days. 

 

Figure 5.30 The vaginal microbial composition was largely stable pre and post Mersilene or Nylon cerclage 
The overall vaginal microbial composition by Lactobacillus dominance and Lactobacillus depletion (A) and by 
vaginal microbial groups (B) was unchanged following Mersilene and Nylon cerclage (B) Statistical analysis was 
by Fisher’s exact test. Mersilene cerclage N=14 and Nylon cerclage N=25. 
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5.5.7 Cervico-vaginal immune response and the vaginal microbial composition in 

women who deliver preterm and at term  
 

The vaginal microbial composition was compared between women who had early (<34+0 weeks) and 

late preterm (34+1 - 36+6 weeks) deliveries with women who had uncomplicated term deliveries. At the 

12+0 - 16+6 week timepoint of sampling, dominance of Lactobacillus species, (defined as >75% 

Lactobacillus species), occurred in similar proportions of women experiencing early preterm delivery 

(15/20, 75%), late preterm delivery (10/15, 67%) or uncomplicated term delivery (33/52, 75%). The 

same pattern was observed at the 20+0 - 24+6 and 30+0 - 34+6 week sampling timepoints, Figure 5.31 A-

C.  

 

By vaginal microbial groups, there a greater proportion of women with VMG 3 L. iners in the early 

preterm birth group, compared to the late preterm birth group, although this did not reach statistical 

significance. Additionally, the vaginal microbial composition was not significantly different in women 

who subsequently delivered at term Figure 5.31 D-F.   
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Figure 5.31 Vaginal microbial composition of early preterm, late preterm and term deliveries 
Comparison of vaginal microbial composition by Lactobacillus dominance and Lactobacillus depletion (A-C) and vaginal microbial groups (VMG) (D-F) according to early 
preterm delivery (<34 weeks gestation), late preterm delivery (34-36+6 weeks gestation) and term delivery (>37 weeks gestation) did not show any significant differences, 
the three sampling time points 12-16, 20-24 and 30-34 weeks. Statistical analysis was by Fisher’s exact test. According to Lactobacillus dominance and Lactobacillus depletion, 
at 12-16 weeks: early preterm birth N=20, late preterm birth N=15, term birth N=52, at 20-24 weeks:  early preterm birth N=20, late preterm birth N=16, term birth N=57, 
and at 30-34 weeks: early preterm birth N=13, late preterm birth N=15, term birth N=57 (A-C).  According to vaginal microbial group classification, at 12-16 weeks: early 
preterm birth N=20, late preterm birth N=14, term birth N=49, at 20-24 weeks:  early preterm birth N=20, late preterm birth N=15, term birth N=50, and at 30-34 weeks: 
early preterm birth N=13, late preterm birth N=15, term birth N=51 (D-F).
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So far, I have presented evidence to support microbial driven activation of the innate and adaptive 

immune response. However, we recognise that not all women who are Lactobacillus deplete, or have 

a predominance of VMG 3 L. iners and VMG 4 Diverse species, deliver preterm, and not all women 

who are classified as VMG 1 L. crispatus deliver at term. Elements of the local immune response to 

the microbial environment will be compared between women who deliver at preterm and  those who 

deliver at term with the aim of increasing our understanding of the role of the immune response in 

microbial driven preterm birth. 

Analysis of microbial-immune driven preterm birth at genera level  

As demonstrated earlier, IL-8, IL-1β, IL-6, MBL, C3b, C5, IgM, and IgG1-4, expression were significantly 

increased in a Lactobacillus deplete environment. This next section explores if there are any 

distinguishing features in the immune response to Lactobacillus depletion in women who deliver at 

preterm and term gestations. 

At the 12+0 - 16+6 week sampling timepoint, there was subtle increase in IL-8, IL-1β and IL-6 in 

Lactobacillus depletion compared to Lactobacillus dominance in both preterm and term deliveries, 

Figure 5.33 A, C, E. However, by the 20+0 - 24+6 week sampling point IL-8, IL-1β and IL-6 were 

significantly higher in Lactobacillus depletion compared to Lactobacillus dominance in women who 

delivered preterm (p=0.04, p=0.0002 and p=0.03 respectively), Figure 5.32 B, D and F. IL-1β was also 

significantly higher in Lactobacillus depletion compared to Lactobacillus dominance in term deliveries 

(p=0.004) at 20+0 - 24+6 weeks. Furthermore, median concentrations of IL-6 (p=0.02) and IL-1β (p=0.03), 

were higher in women who were Lactobacillus deplete and delivered preterm compared to women 

who were Lactobacillus deplete and delivered at term, supporting a dysregulated innate immune 

response in the preterm group, Figure 5.32 D, F. There were no significant differences in IL-8, IL-1β or 

IL-6 in Lactobacillus dominance in preterm compared to Lactobacillus dominance in term deliveries 

(p>0.05).  
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Figure 5.32 Cervico-vaginal fluid cytokines in relation to Lactobacillus dominance and depletion in preterm 
and term deliveries 
IL-8, IL-1β and IL-6 concentrations were significantly higher in Lactobacillus deplete samples from women who 
deliver preterm, at 20-24 weeks of sampling (B, D, F). There was a non-significant increase at 12-16 weeks of 
sampling. (A, C, E). Lactobacillus depletion in women who had preterm deliveries was associated with 
significantly higher IL-6 and IL-1β compared to Lactobacillus depletion in women who had term deliveries (D and 
F). There was no significant difference in IL-8, IL-1β or IL-6 in Lactobacillus dominance in preterm compared to 
term deliveries. Statistical analysis comparing concentrations in Lactobacillus dominance and Lactobacillus 
depletion (*) and comparing concentrations in preterm and term Lactobacillus depletion (#) was by the Mann 
Whitney test. *p<0.05, # p<0.05, NS = non significant. The results are expressed as median and interquartile 
range. At 12-16 weeks, PT L. dominant N=25, PT L. deplete N=10, Term L. dominant N=39 and Term L. deplete 
N=13. At 20-24 weeks, PT L. dominant N=27, PT L. deplete N=9, Term L. dominant N=44 and Term L. deplete 
N=13.  
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A greater inflammatory response to Lactobacillus depletion could be seen at the later 20+0 - 24+6 week 

timepoint, rather than the 12+0 -16+6 week timepoint when assessing the complement analytes. At the 

12+0 -16+6 week sampling timepoint, there was an increase in the median concentration of C5, C5a 

MBL and C3b in Lactobacillus depletion compared to Lactobacillus dominance in both preterm and 

term deliveries, although this did not reach statistical significance (p>0.05), Figure 5.33 A, C, E, G. 

However, at the 20+0 - 24+6 week timepoint, C5, MBL and C3b were significantly higher in Lactobacillus 

depletion compared to Lactobacillus dominance in the women who had preterm deliveries, (p<0.0001, 

p=0.04 and p<0.0001 respectively), Figure 5.33 B, F, H, but not in the term groups, apart from C3b 

(p<0.0001). Highest levels of C5, C5a, MBL and C3b were seen in women who delivered preterm and 

who were Lactobacillus deplete, Figure 5.33 B, D F, H. C5, MBL, and C3b concentrations where 

significantly higher, in women who were Lactobacillus deplete and delivered preterm compared to 

term (p=0.002, p=0.02 and p=0.01 respectively), supporting the concept that there is  dysregulated 

complement activation in women who deliver preterm. 
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IgG2 and IgG3 concentrations were significantly higher in Lactobacillus depletion compared to 

Lactobacillus dominance at the later timepoint of 20+0 - 24+6 weeks in both women who had preterm 

and term deliveries (p<0.05), Figure 5.34 D and F. 

There were no significant differences in IgG1 or IgG4 concentrations between women with 

Lactobacillus depletion and  Lactobacillus dominance in women who had preterm or term deliveries 

at 12+0 -16+6 and 20+0 - 24+6 weeks, (p>0.05) Figure 5.34 A and B, G and H.  

There were no significant differences in the concentrations of IgG1-4 in women who had Lactobacillus 

deplete samples between those who delivered preterm compared to at term, implying that the 

concentration of IgG subtypes do not independently alter outcome.   
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IgA concentrations were similar in Lactobacillus dominant and Lactobacillus deplete samples when 

comparing women who delivered at preterm and term gestations. The concentrations of IgA were also 

similar when comparing Lactobacillus depletion in preterm compared to term deliveries, (p>0.05) 

Figure 5.35 A and B. 

In contrast, IgM concentrations were significantly higher in Lactobacillus depletion compared to 

Lactobacillus dominance in women who had preterm and term deliveries when sampling occurred at 

12+0 - 16+6 (p<0.05), Figure 5.35 C, but only in the women who had preterm deliveries when sampling 

occurred at 20+0 - 24+6 weeks (p<0.01), Figure 5.35 D. Furthermore, the IgM response distinguished 

between Lactobacillus depletion in preterm and term deliveries, with significantly higher 

concentrations in Lactobacillus depletion in preterm compared to term deliveries, (p<0.01), Figure 

5.35 D, supporting its role in determining outcome. 
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Figure 5.35 Cervico-vaginal fluid IgA and IgM in relation to Lactobacillus dominance and depletion in preterm 
and term deliveries 
IgA concentrations were similar in Lactobacillus dominance and depletion at 12-6 and 20-24 weeks in preterm 
and term deliveries (A and B). IgM concentrations were significantly higher in Lactobacillus depletion compared 
to Lactobacillus dominance in women who had preterm and term deliveries at both sampling timepoints (C and 
D). At 20-24 weeks, IgM was also significantly higher in Lactobacillus deplete samples in women who had 
preterm compared to term deliveries (D).  There was no difference in IgA or IgM when comparing their 
concentrations in Lactobacillus dominant samples in women who had preterm and term deliveries. Statistical 
analysis comparing concentrations in Lactobacillus dominance and Lactobacillus depletion (*) and comparing 
concentrations in preterm and term Lactobacillus depletion (#) was by the Mann Whitney test. *p<0.05, # 
p<0.05, NS = non significant. The results are presented as median and interquartile range. At 12-16 weeks, PT L. 
dominant N=25, PT L. deplete N=10, Term L. dominant N=39 and Term L. deplete N=13. At 20-24 weeks, PT L. 
dominant N=27, PT L. deplete N=9, Term L. dominant N=44 and Term L. deplete N=13.  
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Analysis of microbial-immune driven preterm birth at species level  

IL-6, IL-1β, C5, C3b, MBL and IgM have been shown to be present in higher concentrations in 

Lactobacillus depletion in women who deliver preterm compared to women who deliver at term 

gestations. It is plausible that IgM and MBL play a role in microbe recognition, leading to activation of 

the complement cascade via the classical and lectin pathways, which ultimately lead to C5 and C3b 

production, immune cell recruitment and thus leading to dysregulated cytokine production.  Therefore 

analyses at the species level was performed in order to distinguish if the immune response differed 

between women who deliver preterm and at term.  

Concentrations of key inflammatory cytokines IL-8, IL-1β and IL-6 were compared in women who had 

preterm and term deliveries according to the three major vaginal microbial groups in this study 

population, VMG 1 L. crispatus, VMG 3 L. iners and VMG 4 Diverse species.  

The inflammatory response as measured by IL-8, IL-1β and IL-6 to VMG 1 L. crispatus in women who 

had preterm and term deliveries were similar at both sampling timepoints, 12+0 - 16+6 and 20+0 - 24+6 

weeks, Figure 5.36 A-F, possibly reflecting preterm birth secondary to non-microbial/non-immune 

mediated pathology.  

At 12+0 - 16+6 weeks there were significantly higher concentrations of IL-8 and IL-1β in women with 

preterm deliveries with VMG 3 L. iners compared to women with term deliveries with VMG 3 L. iners 

(p=0.04 and p=0.05), Figure 5.36 A and E. At 20+0 - 24+6 weeks, there were significantly higher 

concentrations of IL-1β and IL-6 in women with preterm deliveries with VMG 3 L. iners compared to 

women with term deliveries with VMG 3 L. iners (p=0.01 and p=0.008 respectively), Figure 5.36 D and 

F.  

At the 20+0 - 24+6 weeks, IL-8, IL-1β and IL-6 were significantly higher in women with preterm deliveries 

with VMG 4 Diverse species compared to women with term deliveries with VMG 4 Diverse species 

(p=0.05, p=0.05 and p=0.01 respectively), Figure 5.36 B, D and F.  
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Figure 5.36 Cervico-vaginal fluid cytokines in relation to vaginal microbial groups 1, 3 and 4 in preterm and 

term deliveries 

At the 12-16 week timepoint for VMG 3 L. iners, IL-8 and IL-1β were significantly higher in the preterm compared 

to term group (p<0.05) (A and E). At the 20-24 week timepoint for VMG 3 L. iners, IL-1β and IL-6 were significantly 

higher in the preterm compared to the term group (p<0.05 and p<0.01 respectively) (D and F).  At the 20-24 

week timepoint for VMG 4 Diverse species, IL-8, IL-1β and IL-6 were significantly higher in the preterm compared 

to the term group (p<0.05) (B, D and F), but no significant difference was observed at the 12-16 week timepoint 

(A, C and E). There were no differences in the expression of IL-8, IL-1β and IL-6 for VMG 1 L. crispatus according 

to preterm and term delivery at either 12-16 weeks or 20-24 weeks (A-F). Statistical analysis comparing 

concentrations in VMG 1 L. crispatus, VMG 3 L. iners and VMG 4 Diverse species in preterm and term deliveries 

was by the Mann Whitney U test. *p<0.05, **p<0.01, NS non-significant. The results are presented as median 

and interquartile range. At 12-16 weeks, Preterm VMG 1 N=15, Term VMG 1 N=23, Preterm VMG 3 N=7, Term 

VMG 3 N=12, Preterm VMG 4 N=7 and Term VMG 4 N=7. At 20-24 weeks, Preterm VMG 1 N=14, Term VMG 1 

N=24, Preterm VMG 3 N=9, Term VMG 3 N=14, Preterm VMG 4 N=6 and Term VMG 4 N=8. 
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The complement response as measured by C5, C5a, MBL and C3b to VMG 1 L. crispatus in women who 

had preterm and term deliveries were similar at both sampling timepoints, 12+0 - 16+6 and 20+0 - 24+6 

weeks, Figure 5.37 A-H.  

At 20+0 - 24+6 weeks there were significantly higher concentrations of MBL and C3b in women with 

preterm deliveries with VMG 3 L. iners compared to women with term deliveries with VMG 3 L. iners 

(p=0.05), Figure 5.37 G and H, with no significant differences for C5 or C5a (p>0.05), Figure 5.37 E and 

F.  

At 20+0 - 24+6 weeks, there were significantly higher concentrations of C5, MBL and C3b in women with 

preterm deliveries with VMG 4 Diverse species compared to women with term deliveries with VMG 4 

Diverse species (p=0.0007, p=0.03 and p=0.004 respectively), Figure 5.38 E, G and H, with no 

significant difference for C5a (p>0.05), Figure 5.37 F. 

There were no differences in the expression of C5, C5a, MBL or C3b for VMG 3 L. iners or VMG 4 

Diverse species according to preterm and term delivery at the first sampling timepoint, 12+0 - 16+6 

weeks, (p>0.05) Figure 5.37 A-D. 
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Figure 5.37 Cervico-vaginal fluid complement in relation to vaginal microbial groups 1, 3 and 4 in preterm and term deliveries  
At the 20-24 week timepoint for VMG 3 L. iners, MBL and C3b were significantly higher in the preterm compared to the term group (p<0.05), (G and H), with no significant 
difference in C5 or C5a. At the 20-24 week timepoint for VMG 4 Diverse species, C5, MBL and C3b were significantly higher in the preterm compared to the term group 
(p<0.001, p<0.05 and p<0.01 respectively), (E, G and H), with no significant difference in C5a. There were no differences in the expression of C5, C5a, MBL or C3b for VMG 1 
L. crispatus, VMG 3 L. iners or VMG 4 Diverse species according to preterm and term delivery at 12-16 weeks (A-D). Statistical analysis comparing concentrations in VMG 1 L. 
crispatus, VMG 3 L. iners and VMG 4 Diverse species in preterm and term deliveries was by the Mann Whitney U test. *p<0.05, **p<0.01, ***p<0.001, NS non-significant. 
The results are presented as median and interquartile range. At 12-16 weeks, Preterm VMG 1 N=15, Term VMG 1 N=23, Preterm VMG 3 N=7, Term VMG 3 N=12, Preterm 
VMG 4 N=7 and Term VMG 4 N=7. At 20-24 weeks, Preterm VMG 1 N=14, Term VMG 1 N=24, Preterm VMG 3 N=9, Term VMG 3 N=14, Preterm VMG 4 N=6 and Term VMG 
4 N=8.
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IgG1-4 concentrations in VMG 1 L. crispatus in women who had preterm and term deliveries were 

similar at both sampling timepoints, 12+0 - 16+6 and 20+0 - 24+6 weeks, Figure 5.38 A-H.  

There were no differences in the concentrations of IgG1-4 for VMG 3 L. iners according to preterm and 

term delivery at the first sampling timepoint, 12+0 - 16+6 weeks, however by 20+0 - 24+6 weeks there 

were significantly higher concentrations of IgG2, IgG3 and IgG4 in women with preterm deliveries with 

VMG 3 L. iners compared to women with term deliveries with VMG 3 L. iners (p=0.02, p=0.03 and 

p=0.03 respectively), Figure 5.38 F-H. 

At both 12+0 - 16+6 and 20+0 - 24+6 weeks, there were no significant differences in the concentrations 

of IgG1-4 in women with preterm deliveries with VMG 4 Diverse species compared to women with 

term deliveries with VMG 4 Diverse species, (p>0.05) Figure 5.38 A-H. Median concentrations of IgG2 

and IgG4 were higher in those with VMG 4 Diverse species, but they did not discriminate between 

preterm and term delivery, Figure 3.38 F and H.  
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Figure 5.38 Cervico-vaginal fluid IgG1-4 in relation to vaginal microbial groups 1, 3 and 4 in preterm and term deliveries 
At the 20-24 week timepoint for VMG 3 L. iners, IgG2, IgG3 and IgG4 were significantly higher in the preterm compared to the term group (p<0.05), (F and H), with no 
differences at the 12-16 week timepoint. There were no differences for IgG1-4 for VMG 4 Diverse species according to preterm and term delivery at the 12-16 or 20-24 week 
timepoints. There were no differences for IgG1-4 for VMG 1 L. crispatus according to preterm and term delivery at the 12-16 or 20-24 week timepoints (A-H). 
Statistical analysis comparing concentrations in VMG 1 L. crispatus, VMG 3 L. iners and VMG 4 Diverse species in preterm and term deliveries was by the Mann Whitney U 
test. *p<0.05, **p<0.01, ***p<0.001, NS non-significant. The results are presented as median and interquartile range. At 12-16 weeks, Preterm VMG 1 N=15, Term VMG 1 
N=23, Preterm VMG 3 N=7, Term VMG 3 N=12, Preterm VMG 4 N=7 and Term VMG 4 N=7. At 20-24 weeks, Preterm VMG 1 N=14, Term VMG 1 N=24, Preterm VMG 3 N=9, 
Term VMG 3 N=14, Preterm VMG 4 N=6 and Term VMG 4 N=8.
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IgA and IgM concentrations in VMG 1 L. crispatus in women who had preterm and term deliveries 

were similar at both sampling timepoints, 12+0 - 16+6 and 20+0 - 24+6 weeks, Figure 5.39 A-H.  

At 20+0 - 24+6 weeks there were significantly higher concentrations of IgM in women with preterm 

deliveries with VMG 3 L. iners compared to women with term deliveries with VMG 3 L. iners (p=0.005), 

Figure 5.39 D, with a non-significant increase observed at 12+0 - 16+6 weeks, (p=0.48) Figure 5.39 B. IgA 

concentrations were similar in women with preterm deliveries with VMG 3 L. iners compared to 

women with term deliveries with VMG 3 L. iners at both sampling timepoints, Figure 5.39 A and C. 

At 20+0 - 24+6 weeks there were significantly higher concentrations of IgM in women with preterm 

deliveries with VMG 4 Diverse species compared to women with term deliveries with VMG 4 Diverse 

species (p=0.0007), Figure 5.39 D, with a non-significant increase observed at 12+0 - 16+6 weeks 

(p=0.16), Figure 5.39 B. IgA concentrations were similar in women with preterm deliveries with VMG 

4 Diverse species compared to women with term deliveries with VMG 4 Diverse species at both 

sampling timepoints, (p>0.05) Figure 5.39 A and C. 
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Figure 5.39 Cervico-vaginal fluid IgA and IgM in relation to vaginal microbial groups 1, 3 and 4 in preterm and 
term deliveries 
At the 12-16 and 20-24 week timepoint IgA concentrations were similar for VMG 1 L. crispatus, VMG 3 L. iners 
and VMG 4 Diverse species for preterm and term deliveries (A and C). At the 20-24 week timepoint IgM 
expression was significantly higher for VMG 3 L. iners and VMG 4 Diverse species in the women who delivered 
preterm compared to at term, (p<0.01 and (p<0.001 respectively), (D), with no difference at the 12-16 week 
timepoint (B). IgA and IgM concentrations were no different in preterm and term deliveries for VMG I L. crispatus 
at either timepoints (A-D). 
Statistical analysis comparing concentrations in VMG 1 L. crispatus, VMG 3 L. iners and VMG 4 Diverse species 
in preterm and term deliveries was by the Mann Whitney U test. **p<0.01, ***p<0.001, NS non-significant. The 
results are presented as median and interquartile range. At 12-16 weeks, Preterm VMG 1 N=15, Term VMG 1 
N=23, Preterm VMG 3 N=7, Term VMG 3 N=12, Preterm VMG 4 N=7 and Term VMG 4 N=7. At 20-24 weeks, 
Preterm VMG 1 N=14, Term VMG 1 N=24, Preterm VMG 3 N=9, Term VMG 3 N=14, Preterm VMG 4 N=6 and 
Term VMG 4 N=8. 
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The previous section demonstrated that in women who have a dysbiotic vaginal microbiota, 

expression of cervico-vaginal fluid IL-1β, IL-8, IL-6, C3b, MBL, IgG and IgM are significantly increased 

in women who deliver preterm compared to women who deliver at term.  

 

Microbial-immune interactions with activation of the classical pathway of the complement cascade 

via IgM and IgG, or via MBL and the mannose-binding lectin pathway of the complement cascade, 

results in the cleavage of C3 to C3a and C3b subunits. C3b opsonises pathogens targeting them for 

immune clearance by phagocytosis. C3a and C5a enhance phagocyte recruitment. The final lytic 

pathway of the complement cascade involves activation of C5, and C5b combines with C6 C7, C8 and 

C9 to form the membrane attack complex, inducing bacterial cell lysis. IL-8 and IL-1β are produced by 

neutrophils and macrophages with phagocytic activity. Together with MMPs and prostaglandins, they 

are known to be key inflammatory mediators of cervical remodelling, membrane rupture and uterine 

contractions, key processes in labour.  

 

In women with Lactobacillus depletion who delivered preterm, IgM correlated positively with C3b, C5, 

C5a, IL-8 and IL-1β, Figure 5.40, supporting IgM mediated activation of the classical complement 

pathway leading to cytokine production. Similarly, MBL correlated positively with C3b, C5, C5a, IL-8 

and IL-1β, Figure 5.41, supporting activation of the lectin complement pathway leading to cytokine 

production. Furthermore, the chemoattractant C5a correlated positively with downstream 

inflammatory cytokines IL-8 and IL-1β, whilst C3b correlated positively with IL-1β, Figure 5.42. This 

demonstrates that in some women, dysregulated activation of complement pathways and subsequent 

cytokine production as a result of a dysbiotic vaginal microbial environment may be a mechanism for 

infection/inflammation mediated preterm delivery.  
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Figure 5.40 Activation of the classical complement pathway in women with preterm deliveries with 
Lactobacillus depletion 
IgM correlated positively with C3b, C5, C5a, IL-8 and IL-1β. Log transformation of non-parametric data, 
Y=Log(Y)+2 and X=Log(X)+2. Statistical analysis was by Spearman’s correlation, *p<0.05, **p<0.01, ***p<0.001. 
N=29 Lactobacillus deplete samples. N=29. 
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Figure 5.41 Correlation of MBL with the complement cascade and the innate immune cytokines in women 
with preterm deliveries with Lactobacillus depletion 
MBL correlated positively with C3b, C5, C5a, IL-8 and IL-1β. Log transformation of non-parametric data, 
Y=Log(Y)+2 and X=Log(X)+2. Statistical analysis was by Spearman’s correlation, *p<0.05, **p<0.01, ***p<0.001. 
N=29 Lactobacillus deplete samples. N=29. 
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Figure 5.42 Correlation of chemoattractants C5a and C3b with IL-8 and IL-1β in women with preterm deliveries 
with Lactobacillus depletion  
C5a correlated positively with IL-8 and IL-1β, and C3b correlated positively with IL-1β. IL-8 and IL-1β also 
correlated positively with each other. Log transformation of non-parametric data, Y=Log(Y)+2 and X=Log(X)+2. 
Statistical analysis was by Spearman’s correlation, *p<0.05, **p<0.01, ***p<0.001. N=29 Lactobacillus deplete 
samples. N=29. 
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5.5.8 Correlation between the vaginal microbial composition and the peripheral 

immune response 
 

The host microbial-local immune interactions have been shown to be complex during pregnancy. In 

order to study if there is a relationship between the peripheral immune response and the vaginal 

microbial composition, 78 study participants were identified who had data for their PBMC subsets and 

their effector markers and vaginal microbial composition and 31 study participants were identified 

who had data for their plasma cytokines and complement and vaginal microbial composition. This 

allowed a cross-sectional analysis of the peripheral immune response to Lactobacillus dominant or 

Lactobacillus deplete vaginal microbial environment. Analysis was performed individually at the three 

sampling timepoints, 12-16 weeks, 20-24 weeks and 30-34 weeks. 

 

The proportions of peripheral mononuclear cells subsets and their markers of cell activity were 

compared in matched L. dominant and L. deplete vaginal microbial samples across pregnancy. There 

were no differences in the proportions of the PBMC subsets according to Lactobacillus dominant or 

Lactobacillus deplete vaginal microbial environments, lymphocytes, monocytes, CD4+ T cells, CD8+ T 

cells, Treg cells, CD4+ NK T cells, CD8+ NK T cells, B cells, NK cells, γδ T cells and monocytes (or subsets 

classical, intermediate and non-classical), (p>0.05) Table 5.4. There were also no differences in the cell 

effector markers as measured by the median fluorescence intensity of CD4+ CD25, CD4+ CD38, CD4+ 

HLA-DR, CD4+ PD-1, CD8+ CD25, CD8+ CD38, CD8+ HLA-DR, CD8+ PD-1, Treg CD25, Treg HLA-DR, 

monocytes HLA-DR, B cells IgD and NK CD38, (p>0.05) Table 5.4. The vaginal microbial composition 

did not have a significant influence on the PBMC subsets or their markers of cell activity. 

 

The concentrations of plasma IL-18, IFN-γ, IL-2, IL-4, IL-8, TNF-α, GM-CSF, IL-5, IL-1β, IL-6, C5, C5a, or 

MBL were similar in Lactobacillus dominant and Lactobacillus deplete microbial environments (Table 

5.5). C3b did appear to demonstrate an increased response to a L. deplete vaginal microbial 

environment at 12+0 - 16+6 weeks, however there was no significant difference by mid and late 

pregnancy.  
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Table 5.4 Peripheral blood mononuclear cell proportions and cell effector status in matched Lactobacillus dominant and Lactobacillus deplete vaginal microbial 
environments 

 12-16 weeks 20-24 weeks 30-34 weeks 

Mean percentage % (standard 
deviation) 

L. dominant 
N=41 

L. deplete 
N=18 

p-value L. dominant 
N=49 

L. deplete 
N=20 

p-value L. dominant 
N=57 

L. deplete 
N=19 

p-value 

Lymphocytes 90.5 (6.5) 90.7 (5.3) 0.40 91.6 (6.4) 92.4 (5.5) 0.59 91.3 (5.7) 89.4 (7.8) 0.56 

CD3+ lymphocytes 77.1 (6.6) 80.2 (7.6) 0.11 77.6 (5.7) 76.8 (7.7) 0.28 76.5 (7.5) 75.6 (8.3) 0.64 

CD4+ T cells 64.9 (7.4) 63.7 (6.9) 0.28 65.5 (7.2) 63.4 (7.5) 0.27 65.8 (8.2) 63.8 (6.8) 0.35 

CD8+ T cells 30.7 (6.6) 31.8 (6.5) 0.28 30.3 (6.6) 31.9 (6.8) 0.37 30.0 (7.4) 31.7 (6.4) 0.40 

Treg 6.9 (2.1) 8.0 (2.7) 0.06 7.2 (2.7) 7.8 (3.5) 0.94 7.6 (2.9) 8.2 (2.7) 0.30 

CD4+ NK T cells 0.7 (1.1) 0.4 (0.3) 0.25 0.6 (1.4) 0.7 (1.1) 0.36 0.6 (1.2) 0.5 (0.6) 0.84 

CD8+ NK T cells 9.8 (7.3) 7.1 (5.7) 0.08 9.0 (6.7) 8.5 (7.9) 0.96 7.5 (6.1) 9.0 (6.9) 0.45 

B cells 47.3 (12.6) 42.7 (16.4) 0.12 47.5 (15.1) 48.8 (13.5) 0.74 46.9 (14.2) 48.32 (16.4) 0.71 

NK cells 26.5 (10.9) 27.4 (14.3) 0.40 23.9 (13.5) 23.6 (11.6) 0.92 20.1 (11.7) 20.7 (11.1) 0.85 

γδ T cells 2.4 (2.2) 2.8 (2.9) 0.43 2.4 (2.1) 2.1 (1.4) 0.99 2.3 (2.0) 2.4 (2.4) 0.89 

Monocytes 9.5 (6.5) 9.3 (5.3) 0.40 8.4 (6.5) 7.2 (5.7) 0.40 8.7 (5.7) 10.3 (8.1) 0.72 

Classical monocytes 83.7 (4.6) 83.3 (3.2) 0.35 83 (4.3) 84.7 (5.2) 0.16 83.2 (3.9) 83.9 (3.9) 0.49 

Intermediate monocytes 1.8 (1.7) 0.7 (5.5) 0.11 1.3 (1.4) 1.3 (1.2) 0.72 1.6 (2.0) 0.8 (0.7) 0.20 

Non-classical monocytes 6.6 (4.1) 5.1 (4.5) 0.07 5.4 (3.5) 5.2 (3.3) 0.94 6.0 (4.2) 5.3 (4.6) 0.30 

Mean of median fluorescence 
intensity (standard deviation) 

         

CD4+ CD25  2248 (741) 2315 (811) 0.38 2268 (691) 2227 (1075) 0.26 2319 (736) 2240 (800) 0.73 

CD4+ CD38 8574 (5721) 10203 (3825) 0.14 9826 (5652) 1117 (4055) 0.36 10350 (5795) 10437 (3236) 0.95 

CD4+ HLA-DR 8489 (1776) 8710 (2145) 0.68 9107 (2736) 8036 (2222) 0.54 9428 (2688) 9280 (2143) 0.83 

CD4+ PD-1 1786 (382) 1847 (292) 0.54 1783 (384) 1731 (345) 0.60 1761 (354) 1712 (322) 0.60 

CD8+ CD25 1344 (568) 1570 (597) 0.09 1357 (502) 1234 (668) 0.41 1412 (574) 1496 (664) 0.60 

CD8+ CD38 5244 (2775) 6805 (3206) 0.06 6055 (2466) 8153 (2589) 0.07 7454 (2893) 8562 (3580) 0.18 

CD8+ HLA-DR 10507 (3248) 11530 (4810) 0.28 10887 (3795) 10108 (2115) 0.71 10070 (3559) 10634 (2165) 0.07 

CD8+ PD-1 1874 (419) 1916 (445) 0.73 1871 (449) 1680 (338) 0.09 1828 (451) 1754 (400) 0.53 

Treg CD25 11427 (2744) 11379 (2672) 0.48 10658 (2434) 10694 (2704) 0.96 10758 (2637) 10517 (2504) 0.73 

Treg HLA-DR 5510 (1273) 5723 (903) 0.52 5267 (1234) 5526 (1551) 0.88 5319 (1336) 5611 (1376) 0.42 

Monocytes HLA-DR 66181 (18871) 69967 (18871) 0.24 64125 (22891) 69479 (21313) 0.37 60485 (21139) 68314 (23396) 0.18 

B cells IgD 50178 (22473) 47398 (21367) 0.33 51789 (24381) 47906 (20449) 0.53 54363 (20855) 53363 (23641) 0.86 

NK CD38 95815 (44069) 91394 (28796) 0.70 107468 (4611) 116160 (41137) 0.47 130917 (44943) 131051 (39588) 0.99 

Statistical analysis was by unpaired t-test or Mann Whitney test. L. dominant = Lactobacillus dominant. L. deplete = Lactobacillus deplete. 
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Table 5.5 Plasma cytokines and complement concentrations in matched Lactobacillus dominant and Lactobacillus deplete vaginal microbial environments 
 12-16 weeks 20-24 weeks 30-34 weeks 

Plasma analytes 
Mean 
concentration 
(standard 
deviation) 

L. dominant 
N=20 

L. deplete 
N=9 

p-value L. dominant 
N=22 

L. deplete 
N=10 

p-value L. dominant 
N=23 

L. deplete 
N=16 

p-value 

IL-18 pg/ml 79.6 (54.4) 86.5 (61.3) 0.75 101 (58.4) 115 (74.5) 0.80 113.8 (74.8) 142.5 (105.1) 0.61 

IFN-γ pg/ml 67.4 (95) 163 (295) 0.63 62 (89) 134 (178) 0.29 74.6 (109) 140.1 (143.1) 0.28 

IL-2 pg/ml 51.9 (102) 5.9 (0.08) 0.23 35.2 (83.7) 32.1 (62.6) 0.44 42.0 (87.9) 26.1 (51.8) 0.57 

IL-4 pg/ml 15.1 (25.6) 14.9 (28.1) 0.30 13.8 (24.3) 17.8 (27.3) 0.57 17.0 (28.3) 15.6 (24.2) 0.82 

IL-8 pg/ml 4.9 (11.8) 2.7 (6.1) 0.48 3.0 (6.7) 6.9 (15.9) 0.91 5.0 (11.7) 2.8 (5.3) 0.94 

TNF-α pg/ml 3.6 (9.0) 2.2 (6.1) 0.35 2.6 (6.5) 4.6 (10.3) 0.58 3.9 (9.0) 2.4 (5.5) 0.77 

GM-CSF pg/ml 3.6 (8.7) 2.9 (7.0) 0.53 2.2 (6.7) 4.7 (9.6) 0.94 3.4 (8.7) 2.8 (5.8) 0.85 

IL-5 pg/ml 1.2 (1.9) 0.77 (0.77) 0.52 0.92 (0.89) 1.5 (2.6) 0.75 1.2 (1.8) 0.50 (0.004) 0.44 

IL-1β pg/ml 1.7 (3.0) 1.3 (0.9) 0.99 2.5 (4.9) 1.1 (0.3) 0.99 1.7 (3.5) 1 (1.1) 0.99 

IL-6 pg/ml 0.26 (0.7) 0.3 (0.5) 0.47 0.3 (0.7) 0.3 (0.30) 0.41 0.3 (0.9) 0.5 (0.8) 0.07 

C5 ng/ml 13827 (3181) 13156 (6052) 0.87 13928 (3650) 16867 (3268) 0.15 14489 (5371) 13057 (2752) 0.74 

C5a pg/ml 341 (553) 339 (458) 0.89 316 (579) 522 (412) 0.22 393 (501) 358 (424) 0.84 

MBL ng/ml 5476 (4415) 5425 (4580) 0.86 5030 (4428) 6801 (4445) 0.31 5786 (6434) 7009 (5072) 0.36 

C3b ng/ml 76393 (44479) 122618 (55287) <0.05 * 77710 (42922) 114888 (68511) 0.09 82143  
(51272) 

117000  
(78128) 

0.11 

Statistical analysis was by Mann Whitney test * p<0.05. L. dominant = Lactobacillus dominant. L. deplete = Lactobacillus deplete. 
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5.6 Discussion 
 

Key findings  

In this Chapter I have shown that vaginal dysbiosis is associated with increased activation of the local 

innate and adaptive immune response. L. crispatus is immunologically inert and it is likely that preterm 

birth seen with L. crispatus is neither microbial nor inflammation driven. The presence of L. iners is 

associated with an increase in cytokines and immunoglobulins. However, complement activation is 

only seen when L. iners is associated with cervical shortening, or with subsequent preterm delivery, 

which implies that the complement cascade plays a significant role in the pathophysiology of preterm 

birth. VMG 4 Diverse species increases cytokines, complement and immunoglobulins regardless of 

outcome, however the response is greater in those who deliver preterm. This raises the possibility 

that a degree of immune regulation occurs in women who deliver at term, and in contrast, 

dysregulation leads to preterm labour.  Data presented supports a mechanism for microbial-immune 

driven preterm birth with VMG 3 L. iners and VMG 4 Diverse species, however it is not clear what 

determines a regulated response, and what factors lead to a dysregulated response.  

 

Both VMG 3 L. iners and VMG 4 Diverse species were associated with higher IgM and MBL 

concentrations in women who delivered preterm compared to at term. Figure 5.43 and figure 5.44 

summarise a proposed  mechanistic pathway for microbial induced inflammation and preterm birth 

to VMG 3. L.iners and VMG 4 Diverse species. IgM is a potent trigger of the classical pathway, followed 

by IgG3 > IgG1 > IgG2. The classical pathway is activated by antibody-antigen complexes binding to C1. 

The mannose-binding lectin pathway is activated by the binding of MBL to mannose particles on the 

pathogen. They converge on to C3, which by C3 convertase divides into two components C3a and C3b. 

C3b is significantly higher in the presence of VMG 3 L. iners and VMG 4 Diverse species in women who 

deliver preterm compared to term. The final common pathway occurs when C5 is activated. The 

membrane attack complex then induces bacterial cell lysis. Complement fragments C3a and C5a are 

anaphylatoxins and chemoatttractants which promote further local inflammation and immune cell 

recruitment. Although C3a was not measured, we can hypothesise that it did increase given that there 

was a significant increase in C3b. The median concentration of C5a was higher in women who 

delivered preterm, although, narrowly missed out on statistical significance. It is plausible that this 

increase in C5a leads to neutrophil recruitment, explaining the increase in IL-8, lL-1β and IL-6.  

Amplification of this cascade is likely to ensue, as IL-8 has the ability to chemoattract more immune 

cells (361).  Furthermore, neutrophils may then contribute to an environment rich in prelabour 

mediators, as they release prostaglandins, and matrix metalloproteinases (326, 328). Laudisi et al  have 
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described that complement can induce the secretion of IL-1β via the nucleotide-binding 

oligomerisation domain and leucine-rich repeat-containing receptors,  NLRP3 inflammasome (362). IL-

1β stimulates adhesion molecules, CD54 and vascular cell adhesion molecule 1 (VCAM-1) to recruit 

leukocytes to the sites of inflammation, and induces chemokines including MCP-1 (363).  

 

Cervical remodelling involves several pro-inflammatory pathways. There is an influx of immune cells 

including neutrophils, macrophages and T cells into the extracellular matrix of the cervix with a marked 

increase in local pro-inflammatory cytokines such as IL-8, IL-1β, IL-6 and TNF-α (221, 327, 364). Also 

contributing to cervical remodelling are MMPs and prostaglandins. The proposed mechanism for 

dysregulated complement activation in response to a dysbiotic vaginal microbiome for infection 

mediated preterm birth therefore incorporates elements of the pro-inflammatory pathways known 

to be activated during cervical remodelling.  
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Figure 5.43 Dysregulated local complement activation to VMG 3 Lactobacillus iners occurs in cervical shortening and preterm birth 
In women who deliver preterm (A), VMG 3 L. iners  can activate the classical complement pathway via antibody-antigen complexes (1), or by the mannose binding lectin 
pathway (2). C3 convertase hydrolyses C3 to C3a and C3b, with amplification of the complement cascade (3). C3a and C5a enhance phagocyte recruitment (4). C5a was non-
significantly increased in women who delivered preterm with VMG 3 L. iners (C5a*).  C3b attaches to the surface of bacteria, thereby opsonising pathogens. The common 
final lytic pathway occurs when C5 is activated. C6, C7, C8 and C9 combine with C5b and the resulting membrane attack complex (MAC) induces bacterial cell lysis (5). IL-8 
and IL-1β are secreted for phagocytes and IL-8 recruits further neutrophils (6). IL-8, IL-1β, IL-6, matrix metalloproteinases (MMPs) and prostaglandins (PGs) are key effectors 
involved in preterm labour and cervical shortening (7). In women who deliver at term (B), VMG 3 L. iners is recognised by IgM and IgG (1), and by MBL (2), but concentrations 
were significantly lower compared to the women who deliver preterm. C3 convertase hydrolyses C3 to C3a and C3b, but this step of the complement cascade is likely to be 
regulated by complement inhibitors, possibly involving, CD46, CD35, Factor H and Factor I (4 and 5), with no change in the concentrations of local cytokines IL8, IL-6 and IL-
1β (6). 
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Figure 5.44 Dysregulated local complement activation to VMG 4 Diverse species occurs in cervical shortening and preterm birth 
In women who deliver preterm (A), bacteria classified as VMG 4 Diverse species can activate the classical complement pathway via antibody-antigen complexes (1), or by the 
mannose binding lectin pathway (2). C3 convertase hydrolyses C3 to C3a and C3b, with amplification of the complement cascade (3). C3a and C5a enhance phagocyte 
recruitment (4). C3b attaches to the surface of bacteria, thereby opsonising pathogens. The common final lytic pathway occurs when C5 is activated. C6, C7, C8 and C9 
combine with C5b and the resulting membrane attack complex (MAC) induces bacterial cell lysis (5). IL-8 and IL-1β are secreted for phagocytes and IL-8 recruits further 
neutrophils (6). IL-8, IL-1β, IL-6, matrix metalloproteinases (MMPs) and prostaglandins (PGs) are key effectors involved in cervical shortening and preterm labour (7).  
In women who deliver at term (B) , bacteria classified as VMG 4 Diverse species  were recognised by IgG, IgM (1) and MBL (2), but local concentrations may have not been 
sufficiently high enough for the antibodies to neutralise or opsonise the microbes. There was regulated complement activation (3-5), C3 convertase hydrolyses C3 to C3a and 
C3b, but this step of the complement cascade is likely to be regulated by complement inhibitors, possibly involving, CD46, CD35, Factor H and Factor I (4 and 5). There was 
minimal downstream inflammation with no change in IL-8 and IL-6, and a minimal increase in IL-1β , likely representing a residual inflammatory response (6).

Chapter 5 



313 
 

The cervico-vaginal immune response and the vaginal microbial composition  

Associations between the vaginal microbial composition and cervico-vaginal immune milieu were 

explored in this Chapter. Vaginal dysbiosis characterised by Lactobacillus species depletion has been 

shown in multiple studies to be associated with spontaneous preterm labour and PPROM, whilst 

Lactobacillus crispatus confers a degree of protection (147, 150, 155-158, 161, 365). Some groups have shown 

that a mechanism of action by which this may occur is by an exaggerated local immune response 

associated with vaginal dysbiosis, however only cytokines which are downstream effectors of 

inflammation have been explored so far.  

 

Kindinger et al have previously demonstrated that vaginal dysbiosis is associated with a local 

inflammation with increased expression of pro-inflammatory mediators in cervico-vaginal fluid: ICAM-

1, IL-1β, IL-6, MMP-1, MCP-1, TNF-α, GM-CSF and IFN-γ (49). In a South African population, Manhanzva 

et al also detected higher concentrations of local pro-inflammatory cytokines in Lactobacillus deplete 

individuals (366). These cytokines were IL-8, IL-6, IL-1α, IL-1β, MIP-1α/β. In this chapter, the findings of 

increased pro-inflammatory IL-8, IL-1β and IL-6 in cervico-vaginal fluid in Lactobacillus depletion 

compared to Lactobacillus dominance are therefore consistent with this.  

 

This Chapter explored the immune response from the point at which microbes are recognised by 

immunoglobulins and complement analytes, as well as by downstream cytokines. At genera level, I 

was able to demonstrate a significant increase in local complement activation involving the classical 

pathway with increased concentrations of IgG1-3 and IgM in Lactobacillus depletion compared to 

Lactobacillus dominance, and also the lectin pathway with increased concentrations of MBL. 

Converging the two pathways, C3b was also significantly higher in Lactobacillus depletion, and then 

following on from this also C5. C3b opsonises bacteria, and C3a and C5a are chemoattractants for 

phagocytes. As a consequence, inflammatory mediators IL-8, IL-6 and IL-1β were also significantly 

increased in Lactobacillus depletion compared to Lactobacillus dominance. 

 

Further analysis performed at species level revealed additional differences in the local immune 

response to the vaginal microbiota. The majority of samples classified as VMG 3 L. iners, were 

categorised as Lactobacillus species dominant. Therefore, it was pertinent to report that when analysis 

was performed at species level cervico-vaginal fluid concentrations of IL-8 and IL-1β were also 

significantly higher in VMG 3 L. iners compared to VMG 1 L. crispatus, thus adding weight to the 

argument that Lactobacillus iners has more pathogenic than commensal characteristics (367). 

Compared to other Lactobacillus species, Lactobacillus iners has a much smaller genome which is 
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typical of bacteria that usually exists in a symbiotic state with other bacteria. The genome of 

Lactobacillus iners encodes inerolysin, a pore forming toxin which is related to the vaginal pathobiont 

Gardnerella vaginalis (368).  

 

Samples classified as VMG 4 Diverse species had significantly higher concentrations of IL-8, IL-1β, IL-6, 

C5, MBL, C3b, IgG1-4 and IgM compared to VMG 1 L. crispatus. However, whilst VMG 3 L. iners was 

associated with significantly higher concentrations of IL-8, IL-1β, IgG2-4 and IgM compared to VMG 1 

L. crispatus, there were no differences when comparing the complement analytes. Therefore 

Lactobacillus iners may represent an intermediate state of dysbiosis. Supporting the notion that 

Lactobacillus crispatus is protective, cervico-vaginal fluid concentrations of anti-inflammatory IL-10 

were significantly higher in VMG 1 L. crispatus compared to both VMG 3 L. iners and VMG 4 Diverse 

species.  

 

Another notable difference in the local immune response to bacterial species was an increase in C3b, 

IgG2-4 and IgM in VMG 2 L. gasseri compared to VMG 1 L. crispatus. Alpha diversity and species 

richness were significantly higher in VMG 2 L. gasseri samples compared to VMG 1 L. crispatus. The 

immune modulatory activity of L. crispatus is believed to be exerted by lactic acid, and the balance 

between the L- and D- isomers. L. crispatus and L. gasseri are phylogenetically similar, but there may 

still be subtle differences in the amount of lactic acid isomers produced which may explain the 

different local immune responses. Lactic acid maintains a pH below 4.5 in the female genital tract 

projecting against the colonisation of pathogenic bacteria (369). Verstraelen et al also describe that L. 

crispatus promotes are more stable vaginal microbial composition compared to L. gasseri and L. 

iners(370), whilst the latter two confer less resistance to colonisation by pathobionts.  

 

The vaginal microbial composition and risk factors for preterm birth 

In Chapter 4, I explored the hypothesis that women with a previous history of MTL and/or PTB were 

more likely to have inflammation driven preterm birth whilst the women with a previous history of 

excisional cervical treatment were more likely to have mechanical cervical insufficiency as the 

aetiology for preterm birth. The immune profiles for these two groups of women did show subtle 

differences and in this Chapter I was able to demonstrate that there were differences in the vaginal 

microbial composition between the two groups of women consistent with microbial driven 

inflammation priming the immune response in early pregnancy in women with a previous history of 

MTL and/or PTB. There may already be a degree of microbial-driven inflammation and cervical 

remodelling in those with a previous history of MTL and/or PTB. There are important implications for 
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the clinical translation of these findings. If vaginally administered probiotics can be shown to colonise 

the vagina they are likely to benefit those women with microbial-driven inflammation rather than 

those with primary mechanical cervical insufficiency. Additionally, cervical cerclage may have worse 

outcomes for those with an existing primed pro-inflammatory immune response.     

 

The vaginal microbial composition in cervical shortening 

The impact of cervical shortening on the vaginal microbial composition was explored in this Chapter. 

A cervical length less than 25mm in the second trimester is a recognised risk factor for preterm birth 

and is a clinically detectable manifestation of premature cervical remodelling.  Our group have 

previously explored the interaction between cervical shortening and the vaginal microbial 

composition. There was a significant association between Lactobacillus iners and cervical shortening 

at 16 weeks gestation (158). In comparison, a recent study by Gerson et al. reported women with CST 

IV were twice as likely to have cervical shortening compared to women with CST I, II and III (371). 

 

In this Chapter, consistent with the former study, I present that Lactobacillus iners was significantly 

more common in women with cervical shortening than women with normal cervical length when 

sampled at 12-16 weeks gestation. In women with a dominant Lactobacillus iners vaginal microbiota, 

cervical shortening was found to be associated with a strong local inflammatory immune response.  

 

Gerson et al describe a few explanations for the differences in the studies. The gestation of sampling 

in Gerson’s et al’s study was four weeks later than mine and Kindinger et al’s. There was a much 

greater proportion of study participants from African ancestry in Gerson’s et al’s study and it is 

recognised that CST IV is more common in women of black ethnicity. L. iners has been associated with 

microbial imbalance and increased susceptibility to bacterial vaginosis (372, 373). The concept of shifting 

between CST during pregnancy has been described with L. iners conferring an increased likelihood of 

shifting to CST IV (370). Gerson et al describe a possible explanation that some women in their study 

who were CST IV may have had a vaginal microbial composition dominated by Lactobacillus iners 

earlier in their pregnancy.  

 

In women who had cervical shortening, those with L. iners had significantly higher concentrations of 

IL-8, C3b, and IgM, and lower concentrations of IL-10 compared to those with L. crispatus. Increased 

local inflammation in women with normal cervical length with VMG 3 L. iners compared to VMG 1 L. 

crispatus may reflect regulated inflammation that does not result in cervical remodelling and 

shortening. However, the increased local inflammatory response in women with VMG 3 L. iners with 
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cervical shortening compared to normal cervical length reflects a dysregulated immune response that 

does result in collateral injury to the cervix and shortening. The difference to changes in local 

complement and immunoglobulins in cervical shortening are novel and offer a link between microbial 

recognition and activation of downstream inflammatory pathways known to be implicated in cervical 

shortening. It is important to note that cervical shortening can occur independently of vaginal 

dysbiosis, especially in those with primary mechanical cervical insufficiency, and not all women with 

L. iners have cervical shortening, therefore local inflammation that occurs with cervical shortening 

may only be microbial driven in some.  

 

The vaginal microbial composition following cervical cerclage 

Insertion of a cervical cerclage has been shown to induce local inflammatory processes, therefore this 

Chapter explored if there was an aspect of microbial induced inflammation. Although there was an 

overall increase in the alpha diversity post cervical cerclage, this was not related to the cerclage 

material. This study also did not demonstrate a significant change in vaginal microbial composition 

post cervical cerclage.  

 

Our research group have previously published on the impact of the a braided Mersilene cerclage 

compared to a monofilament Nylon cerclage on the vaginal microbiota. Kindinger et al reported a shift 

towards vaginal microbial dysbiosis with a reduction of Lactobacillus spp. with the braided Mersilene 

suture material with a local inflammatory response, whilst the monofilament Nylon cerclage had little 

impact on the vaginal microbiota or the local immune milieu (49).   

 

The study design was different from the one presented in this Chapter. In Kindinger et al’s study, forty-

nine study participants with cervical shortening were randomised to either Mersilene or Nylon 

cerclage material and the same Obstetrician performed the surgical procedure using the same 

technique. Study participants were sampled before the procedure, and longitudinally at 4, 8, 12 and 

16 weeks post cerclage insertion.  The greatest shift in dysbiosis was detected at the 4 week timepoint 

post cerclage insertion. Kindinger et al’s study was designed to specifically interrogate vaginal 

microbial changes according to the type of cervical cerclage material.  

 

The results in this thesis Chapter are not directly comparable for a number of reasons. This was a 

multi-centre study with variation in the surgeon and therefore the technique of cerclage insertion. 

Whether to use additional surgical knots to bury the cerclage material and to prescribe antibiotics in 

the post-operative period was at the surgeon’s discretion. Study participants were sampled at 
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different timepoints post cerclage insertion, and the median number of days at which sampling 

occurred post cerclage was 50 days. It is possible that the impact of a change in microbial composition 

may no longer be detectable when there is such a significant length of time until sampling occurred. 

However, what is clear is that there is an augmented lasting local immune response to a braided 

Mersilene cervical cerclage, and further augmentation occurred in those who delivered preterm. It is 

also plausible that the non-specific innate immune response seen with Mersilene cerclage was due to 

the material used, rather than the vaginal microbial composition. Additionally, in this Chapter, 

Mersilene was associated with more preterm births. Important to also note in the Kindinger et al study 

were the results for a retrospective multi-centre cohort of 678 women who received a cervical 

cerclage and braided cerclage was associated with a significant increase in preterm birth and 

intrauterine death. In other clinical settings braided Mersilene mesh or cerclage has also been 

associated with poorer clinical outcomes (374, 375).  

 

Microbial-immune interactions in preterm birth 

Some groups have also begun to explore how vaginal dysbiosis alters some aspects of the immune 

response and subsequently influences pregnancy outcome. Notably, Fettweis et al reported on 

longitudinal analyses of vaginal microbial composition, cytokine, metagenomic and 

metatranscriptomic profiles of 45 preterm and 90 term controls (156). They found that bacteria taxa 

found in higher abundances in women with preterm compared to term delivery included Sneathia 

species, Prevotella species, BVAB1 which positively correlated with pro-inflammatory immune 

mediators in cervico-vaginal fluid including interferon-γ-induced protein (IP)-10/chemokine ligand 

(CXCL)10, a strong pro-inflammatory chemokine (376). In a study with over 100 cases of spontaneous 

PTB, Elovitz et al detected significantly lower concentrations of anti-microbial β-defensin-2 in vaginal 

microbial communities dominated by Lactobacillus iners and anaerobic species in women who 

delivered preterm (246). Gomez-Lopez’s study of 18 preterm birth cases reported a negative correlation 

between CXCL10 and dysbiotic vaginal microbial communities (377).  

 

Study participants in Fettweis, Elotvitz and Gomez-Lopez’s studies were mostly of African ancestry. It 

is recognised that there are racial differences in vaginal microbial composition with a higher 

prevalence of Lactobacillus iners and bacterial species seen in bacterial vaginosis in women of black 

and Hispanic origin compared to Caucasian and Asian women (145, 151, 360). Therefore, large population 

studies with study participants from a variety of ethnic backgrounds are required to acquire more 

generalisable conclusions.  
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In this chapter I have described that the mucosal innate and adaptive immune response is similar in 

women with VMG 1 L. crispatus in preterm and term deliveries. Those women who delivered preterm 

and yet had a vaginal microbial composition of VMG 1 L. crispatus were likely to have a non-microbial 

driven aetiology. Women with VMG 3 L. iners who deliver preterm have a dysregulated local immune 

response compared to women who deliver at term with significantly higher concentrations of IL-1β, 

IL-6, MBL, C3b, IgG3, IgG4 and IgM. Women with VMG 4 Diverse species who deliver preterm have a 

dysregulated immune response compared to women who deliver at term with significantly higher 

concentrations of IL-8, IL-1β, IL-6, C5, C3b, MBL, and IgM in cervico-vaginal fluid. The difference in 

immune response to VMG 3 L. iners and VMG 4 Diverse species may represent slightly different 

mechanisms of action, with greater activation of complement in the latter. This could mean that 

complement inhibition is better targeted for those with VMG 4 Diverse species, rather than VMG 3 L. 

iners. Additionally, cytokine and immunoglobulin analytes were also higher in VMG 4 compared to 

VMG 3 L. iners, which implies a greater degree of immune dysregulation.  

 

A dysbiotic vaginal microbiota and activated immune response did not differentiate between all term 

and preterm deliveries. It is possible that some women will be able to mount a regulated immune 

response to a microbial insult resulting in a term delivery, whilst other women will have a dysregulated 

microbial driven immune result that culminates in preterm birth.  

 

There are other aspects of microbial-immune interactions that are beyond the scope of this Chapter. 

As well as ethnic variations in the vaginal microbial composition, there are highly likely to be ethnic 

variations in mucosal immunity to be considered and the hormonal influence on microbial-immune 

interactions (378). Susceptibility to infection and inflammatory conditions varies across the world. 

Specific to pregnancy and the innate immune response, Nguyen et al report different ethnic 

dependent polymorphisms in genes encoding IL-1ra IL-4 and MBL (379). 

 

A key influencer of microbial-immune interactions in the female reproductive tract is oestrogen. It is 

well recognised that high concentrations of oestrogen promotes the accumulation of glycogen in 

vaginal epithelial cells, which is then metabolised by amylase to maltose, maltotriose and α-dextrines, 

which in turn are metabolised to lactic acid by Lactobacillus spp. High oestrogen environments favours 

the proliferation of Lactobacilli to the detriment of other pathobionts. Although pregnancy is a 

hyperoestrogenic state and circulating oestrogens increases with gestational age (380), it is possible that 

individual variations can influence the vaginal microbiome composition, and this is an area that has 

not been explored in this Chapter.  
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Oestrogens also have an important role in parturition: increasing the number of prostaglandin and 

oxytocin receptors in the myometrium, upregulating enzymes required for muscle contraction, e.g. 

myosin light chain kinase and calmodulin (381), facilitating coordinated uterine contractions by 

increasing gap junction formation in the myometrium (382), and mediating the activity of collagenases 

and elastase involved in cervical ripening (383). Sex hormones interact with genetic and environmental 

factors to determine key aspects of immunity. TLR expression varies according to gender, with TLR2 

and TLR4 more highly expressed in males, and TLR3, 7 and 9 more highly expressed in females (384). 

With regards to the immune cell populations, women have lower NK cells and memory Treg cells 

compared to men (385). Women generate greater antibody responses, maintaining high immune 

reactivity following viral infections and have higher antibody levels following vaccination compared to 

men (386, 387). There is evidence that sex hormones can impact the microbial composition and the host 

immune response via secondary metabolites binding to oestrogen receptors and peroxisome 

proliferator-activated receptors (388).  For these reasons, there may be a degree of heterogeneity in 

the influences of sex hormones on microbial-immune interactions in a pregnant population.  

 

Study strengths and limitations 

This large, longitudinal study with a highly phenotyped population allowed a broad interrogation of 

microbial-host immune relationships. Microbial interactions at the level of microbial recognition by 

the local immune system with complement and immunoglobulins, and downstream effector 

cytokines, as well as the interaction between the vaginal microbial environment and the peripheral 

immune response were explored. The results presented offer a mechanism for microbial driven PTB 

in the form of local microbial recognition, complement activation, local innate immune cell 

recruitment and dysregulated cytokine production; all of which converge to result in cervical 

remodelling, fetal membrane activation and uterine contractions. The findings presented will 

contribute to developing more targeted, individualised care to the women who visit the preterm birth 

prevention clinics and to those who may be classified as low risk at booking. 

 

The number of study participants experiencing PTB in this study cohort is a key limiting factor. A 

greater number would have allowed further phenotyping to differentiate between those with and 

without PPROM, those who delivered preterm with and without cervical cerclage and/or 

progesterone, and allow comparisons of the role of microbial driven inflammation in early and late 

preterm births. Additionally, measuring the concentrations of additional analytes in cervico-vaginal 

fluid including C3a, and inhibitory Factors H and I, may strengthen the proposed mechanism of 

dysregulated complement activation in microbial driven PTB. 
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6.1 Summary discussion, future perspectives and translation into 

clinical practice 
 

Preterm birth is a worldwide health burden and remains the leading cause of neonatal morbidity and 

mortality (389). The incidence continues to rise and is estimated to be approximately 11% of all live 

births worldwide (390). The challenge to reduce its prevalence remains due to its complex 

pathophysiology as a result of multiple aetiologies. Without improving our knowledge on the aetiology 

and pathophysiology of preterm labour, prediction and prevention remain a challenge.  

 

In healthy pregnancy, the maternal immune system undergoes highly regulated temporal adaptions 

according to the different physiological stages of pregnancy whilst still being alert to respond 

appropriately to pathogens (175).  A dysregulated immune response has been implicated in the 

pathogenesis of preterm birth (391). A stable low diversity, Lactobacillus dominant vaginal microbiota 

is typical of healthy term pregnancy, whilst a dysbiotic vaginal microbiota which is Lactobacillus 

deplete is more common in women who deliver preterm (145, 147, 150). However not all women with a 

dysbiotic vaginal microbial composition deliver preterm, therefore the interactions between the 

vaginal microbiota and an individual’s host immune response has major implications for the pregnancy 

outcome. These concepts have underpinned the investigations in this thesis to explore the maternal 

immune responses in pregnancy and preterm birth and their interactions with the vaginal microbiota.  

 

In Chapter 3, I explored the trajectory of the peripheral immune response in pregnancy through the 

assessment of peripheral blood mononuclear cells, plasma cytokines and plasma complement. 

Temporal adaptions to the adaptive immune response were demonstrated with an increase in CD4+ 

T cells and their activity measured by CD25 MFI and a gestational increase in CD4+ CD38 MFI and CD8+ 

CD38 MFI. Concerning the innate immune response, NK cell activity as measured by CD38 MFI also 

increased with advancing gestation. These findings are consistent with the hypothesis of extravasation 

of immune cells from the periphery to gestation tissues as labour nears as CD38 potentiates the ability 

of lymphocytes to adhere to endothelial cells (217). These temporal changes support the theory of an 

immune clock in pregnancy, a chronology of well-timed immune adaptations. A key paper to make 

advancements with this theory was that by Aghaeepour et al who reported progressive increase in 

peripheral IL-2 production and activation of STAT1 in response to IFN-α stimulation in NK and dendritic 

cells, and an increase in STAT5a signally in CD4+ T cells (175).  

 

Chapter 6: Summary Discussion 



 
 

322 
 

In this thesis, there were no significant differentiating features in the peripheral immune response 

between women who had preterm and term deliveries. Furthermore, there were no immune 

signatures related to the risk factor for preterm birth, cervical shortening, or the insertion of a cervical 

cerclage. Therefore, immune targets for prediction and/or prevention of preterm labour are unlikely 

to be found in the periphery.  

  

In contrast, data presented in Chapter 4 revealed that a proportion of women who delivered preterm 

had evidence of local immune activation, compared to women who delivered at term. Women who 

were referred to the preterm birth prevention clinic because of a previous MTL and/or PTB were 

shown to have a subtle primed local immune response as early as 12-16 weeks, compared to women 

who had excisional cervical treatment. In Chapter 5, analysis of the vaginal microbial profiles of the 

two groups of women showed an increase in alpha diversity in the previous MTL and/or PTB group 

which supports a microbial driven increase in local inflammation. It is plausible that these early 

differences may reflect the two main pathophysiological mechanisms for early preterm labour: 

microbial driven inflammation/infection and mechanical cervical insufficiency. The impact of 

improving our understanding of different mechanisms for preterm birth in women depending on their 

underlying risk factor, can lead to earlier patient stratification and more targeted therapeutic 

strategies. 

 

Cervical shortening is a clinical manifestation that can be readily recognised sonographically in women 

who may be on a trajectory towards preterm birth. There was an innate and adaptive local immune 

response in the presence of cervical shortening. However, limited by numbers, it was not possible to 

confidently identify if local inflammation precedes cervical shortening, or is an effect of shortening. 

An important finding in the context of cervical shortening was that Lactobacillus iners was more 

commonly associated with cervical shortening compared to Lactobacillus crispatus, supporting 

previous findings by our research group (158). In addition, in this study, Lactobacillus iners was 

associated with greater local inflammation compared to Lactobacillus crispatus with increased 

concentrations of innate immune mediators IL-1β and IL-6, and activators of the complement pathway 

IgM and IgG. IL-1β, IL-6, IL-8 and TNF-α promote angiogenesis, vasodilation and increase vascular 

permeability encouraging further recruitment of more neutrophils and macrophages. MMPs and 

prostaglandins from neutrophils solubilise collagen fibres of the cervix leading to cervical remodelling, 

thus linking Lactobacillus iners with cervical shortening.  
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There was also a marked difference in local inflammation between a dysbiotic vaginal microbiota - 

VMG 4 or CST IV (Lactobacillus depletion) compared to Lactobacillus crispatus. Demonstrated in 

Chapter 5 was an increase in mediators that facilitate pathogen recognition, IgM, IgG and MBL which 

resulted in an increase in local C3b and C5a. With an associated increase in IL-8, IL-1β and IL-6, there 

was potentially an increase in local phagocytic activity, and a corresponding increase in MMPs and 

prostaglandins from neutrophils. Activation of the NF-κB transcription factor upregulates genes 

encoding IL-8, IL-1β and IL-6 increasing COX-2, prostaglandin production and MMPs which are known 

to play a key role in cervical remodelling, membrane activation and uterine contractions, thus linking 

microbial-driven inflammation with preterm birth. Complement inhibitors are already used in certain 

conditions, for example Eculizumab, a recombinant monoclonal antibody which inhibits complement 

activation of C5 in the treatment of paroxysmal nocturnal haemoglobinuria (392). The IL-1 receptor 

antagonist, Anakinra is used in the management of idiopathic recurrent pericarditis (393). 

Immunomodulators targeting complement inhibition and IL-1 receptor antagonists may be 

therapeutic targets to explore for infection mediated preterm birth.   

 

There were also more subtle but nevertheless important differences in local inflammation between 

Lactobacillus gasseri and Lactobacillus crispatus, with higher local concentrations of C3b, Ig2-4 and 

IgM in Lactobacillus gasseri compared to Lactobacillus crispatus. These points are clinically important 

from a pharmacological point of view in the selection of which strains of Lactobacillus species are used 

in the development of vaginally administered probiotics. Recent randomised controlled trials of 

vaginally administered Lactobacillus acidophilus, Lactobacillus rhamnosus and Lactobacillus crispatus 

have been shown to reduce recurrence of bacterial vaginosis (394, 395).  Our group are studying the ability 

of a Lactobacillus crispatus pessary to colonise the vagina and its influence on the local immune 

response in pregnancy.  

 

There is some controversy regarding the optimal type of suture material to perform a cervical cerclage. 

In Chapter 4, I presented evidence to support the activation of a strong innate and adaptive immune 

response following braided Mersilene cerclage insertion whilst monofilament Nylon in contrast was 

immunologically inert. Additionally, in this study population, the incidence of preterm birth was 

significantly higher following Mersilene versus Nylon cerclage. Our group have previously shown that 

Mersilene also induces a shift towards vaginal dysbiosis (49) and in Chapter 5, I have demonstrated that 

increased bacterial diversity especially in VMG 4 resulted in a marked local pro-inflammatory cytokine, 

complement and immunoglobulin response. These findings support the use of Nylon over Mersilene 

cerclage in order to prevent iatrogenic microbial-inflammation driven preterm birth.   
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Microbial-driven inflammation leads to activation of the innate and adaptive immune response with 

the complement cascade bridging the two. An augmented immune response is seen in women who 

deliver preterm suggesting a degree of dysregulation as opposed to a regulated response in women 

who deliver at term. What determines a differential immune response requires further exploration.   

 

Future work 

Future work will focus on how and why individuals have different immune responses to the different 

vaginal microbial communities. Beginning with components that activate the complement cascade, 

from this study high CVF concentrations of IgM, MBL and C3b were seen in women who were 

Lactobacillus deplete and who delivered preterm.  In collaboration with a group in Valencia  who use 

bacterial fluorescence cell sorting of IgA opsonised and IgA non-opsonised stool microbiota (396), we 

have optimised this technique to determine the percentage and median fluorescent intensity of IgA 

and IgG opsonised and non-opsonised vaginal microbiota. Work is currently underway in our research 

group to optimise assessing immune recognition of vaginal microbiota by IgM, MBL and C3b. This work 

together with 16S rRNA sequencing will increase our understanding of immune recognition of vaginal 

microbiota at the genera and species level and determine if this has any effect on local inflammation 

and pregnancy outcome.  

 

For the complement cascade itself, future work would be directed at interrogating the ability to inhibit 

the different activation pathways. C5a and C3a are key chemoattractants and targeting them is likely 

to significantly impact on the activity of local neutrophils and macrophages. Effector molecules in 

cervico-vaginal fluid and their relationship with the vaginal microbiota were comprehensively studied 

in this thesis. IL-8, IL-6 and IL-1β were consistently increased in response to VMG 3 Lactobacillus iners, 

VMG 4 Diverse species, preterm delivery and cervical shortening. It is not yet known if the source of 

these cytokines are predominantly from cervical/vaginal epithelial cells, or via neutrophils that would 

plausibly be attracted via C5a/C3a as a result of activation of the complement cascade. It is possible 

that neutrophil recognition of pathogens, aided by opsonisation with C3b, leads to neutrophil 

degranulation and dysregulated production of MMPs (328), prostaglandins (361, 397) and pro-

inflammatory cytokines (221, 326, 327, 398). As a result, this leads to cervical remodeling, fetal membrane 

rupture and uterine contractility, and ultimately preterm birth (364). With my expertise in the use of 

the Cytek™ Aurora, I have supported the research group in developing a technique to assess the 

activation status of cervical vaginal neutrophils to establish their role in microbial-inflammation driven 

preterm birth.  
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Another area of interest in the of study microbial-host interactions is the analysis of N- and O-

glycosylation of local immune cells through mass spectrometry techniques (399). Glycan-glycan 

interactions between those coating the surface of immune cells and those on activated endothelium 

is important for cell migration. Aberrant neutrophil glycan profiles have been found to correlate with 

some disease states (400), therefore mass spectrometry glycomic profiling would allow the structural 

characterisation of neutrophils during pregnancy and preterm birth. In collaboration with the 

Glycobiology and Glycosciences laboratory at Imperial College, future work aims to determine if there 

are differences in both the bacterial and immune cell-glycan profiles that determine the risk of 

preterm birth.  

6.2 Final conclusions 
 

• There is a peripheral immune signature consistent with an immune clock of healthy pregnancy.  

• There is no peripheral immune signature associated with preterm birth, therefore we are unlikely 

to find a peripheral biomarker for prediction or therapeutic intervention.  

• Cervical shortening and preterm labour is associated with early activation of the local innate and 

adaptive immune response.  

• Lactobacillus crispatus does not activate pro-inflammatory cytokines, complement or 

immunoglobulins and therefore holds promise as a probiotic to prevent preterm birth. 

• Lactobacillus iners and Lactobacillus depletion leads to activation of the innate and adaptive 

immune response and complement dysregulation occurs in women who deliver preterm and this 

could represent a group whereby complement inhibitors as pessaries could be effective.   

• Nylon is immunologically inert, whereas Mersilene leads to an augmented innate immune 

response and complement activation and is associated with higher rates of preterm birth so 

should not be used.   

 

The work presented in this thesis significantly enhances our understanding of the peripheral and local 

immune response in healthy pregnancy and in women who deliver preterm. The data presented 

provides novel insight into microbial-host immune interactions during healthy pregnancy and in 

pregnancies complicated by cervical shortening and preterm labour. This is the first study to describe 

a mechanistic pathway for microbial-inflammation driven preterm birth and involves a complex 

interplay between the innate and adaptive immune response, bridged by the complement cascade. 

The impact of such mechanistic insight is the ability to a) develop new therapies such as probiotics 

and immune modulators and b) improve patient stratification in order to prevent preterm labour and 

adverse neonatal outcomes.  
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CHAPTER 8: APPENDIX 

Appendix 1. Histograms of single stain versus multi-colour in flurochrome panel to stain PBMC  
Good detection of each fluorochrome could be demonstrated if the histogram in the single stain control matched the histogram obtained in the multi-colour 
sample. 
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Appendix 1 continued 
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Appendix 1 continued 
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Appendix 1 continued 
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Appendix 2. Proportions of PBMC across pregnancy  
The proportions of PBMC subsets compared across pregnancy in the three pregnancy outcome groups, preterm (PT), term with no intervention (T), term with intervention 

(TI), N=78. The three timepoints were 12+0 - 16+6 (A), 20+0 - 24+6 (B) and 30+0 - 34+6 (C). The one-way ANOVA was performed with the uncorrected Dunnett’s test and with the 

corrected Dunnett’s multiple comparisons test for normally distributed data. The Kruskal-Wallis test was performed with the uncorrected Dunn’s test and with the corrected 

Dunn’s multiple comparisons test for non-parametric data.  

 

 Uncorrected Dunnett’s or Dunn’s test Corrected Dunnett’s or Dunn’s multiple comparisons test 

Outcome PT PT T T TI TI PT PT T T TI TI 

Timepoint A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C 

PBMC             

Lymphocytes 0.09 0.61 0.48 0.66 0.90 0.51 0.18 0.99 0.98 0.99 0.99 0.99 

CD3+ lymphocytes 0.57 0.77 0.58 0.46 0.38 0.13 0.79 0.94 0.80 0.67 0.58 0.22 

B cells 0.51 0.99 0.46 0.57 0.34 0.32 0.73 0.99 0.67 0.79 0.52 0.50 

NK cells 0.31 0.46 0.52 0.15 0.72 0.08 0.48 0.68 0.73 0.25 0.91 0.13 

CD4+ T cells 0.97 0.91 0.28 0.16 0.35 0.58 0.99 0.99 0.44 0.27 0.45 0.64 

CD8+ T cells 0.93 0.99 0.35 0.23 0.36 0.52 0.99 0.99 0.53 0.36 0.55 0.74 

Treg  0.61 0.34 0.93 0.36 0.54 0.72 0.82 0.53 0.68 0.51 0.19 0.83 

γδ T cells 0.33 0.12 0.29 0.23 0.58 0.52 0.67 0.25 0.58 0.46 0.99 0.99 

CD4+ NK T 0.61 0.76 0.45 0.55 0.48 0.44 0.99 0.99 0.91 0.99 0.97 0.88 

CD8+ NK T 0.98 0.85 0.93 0.93 0.83 0.33 0.99 0.99 0.99 0.99 0.99 0.66 

Monocytes 0.09 0.60 0.37 0.66 0.90 0.51 0.18 0.99 0.75 0.99 0.99 0.99 

Classical monocytes 0.66 0.91 0.84 0.87 0.68 0.43 0.87 0.99 0.97 0.98 0.88 0.64 

Intermediate 
monocytes 

0.97 0.29 0.93 0.58 0.44 0.98 0.99 0.58 0.99 0.99 0.88 0.99 

Non-classical 
monocytes 

0.65 0.22 0.66 0.89 0.95 0.86 0.99 0.44 0.99 0.99 0.99 0.99 
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Appendix 3. PBMC effector markers across pregnancy  
The median fluorescence intensity of PBMC effector markers were compared across pregnancy in the three pregnancy outcome groups, preterm (PT), term with no 

intervention (T), term with intervention (TI), N=78. The three timepoints were 12+0 - 16+6 (A), 20+0 - 24+6 (B) and 30+0 - 34+6 (C). The one-way ANOVA was performed with the 

uncorrected Dunnett’s test and with the corrected Dunnett’s multiple comparisons test for normally distributed data. The Kruskal-Wallis test was performed with the 

uncorrected Dunn’s test and with the corrected Dunn’s multiple comparisons test for non-parametric data.  

 

 Uncorrected Dunnett’s or Dunn’s test Corrected Dunnett’s or Dunn’s multiple comparisons test 

Outcome PT PT T T TI TI PT PT T T TI TI 

Timepoint A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C 

Cell effectors             

CD4+ CD25 0.68 0.49 0.89 0.44 0.76 0.48 0.88 0.71 0.99 0.65 0.93 0.70 

CD4+ CD38 0.50 0.69 0.26 0.21 0.80 0.53 0.71 0.89 0.41 0.34 0.95 0.74 

CD4+ HLA-DR 0.49 0.97 0.40 0.08 0.95 0.41 0.98 0.99 0.80 0.17 0.99 0.82 

CD4+ PD-1 0.48 0.63 0.92 0.67 0.48 0.19 0.70 0.84 0.99 0.87 0.69 0.31 

CD8+ CD25 0.53 0.95 0.97 p<0.05 * 0.35 0.71 0.75 0.99 0.99 p<0.05 * 0.53 0.90 

CD8+ CD38 0.18 p<0.05 * 0.38 0.10 0.12  p<0.01 ** 0.30 p<0.05 * 0.57 0.17 0.22 p<0.01 ** 

CD8+ HLA-DR 0.65 0.52 0.85 0.99 0.87 0.40 0.99 0.99 0.99 0.99 0.99 0.81 

CD8+ PD-1 0.62 0.86 0.73 0.47 0.35 0.18 0.83 0.98 0.91 0.68 0.54 0.29 

Treg CD25 0.28 0.25 0.25 0.41 0.46 0.38 0.45 0.40 0.40 0.61 0.67 0.58 

Treg CD38 0.85 0.38 0.25 0.11 0.82 0.39 0.99 0.75 0.49 0.22 0.99 0.78 

Treg HLA-DR 0.49 0.73 0.87 0.43 0.08 p<0.05 * 0.71 0.91 0.98 0.63 0.13 p<0.05 * 

Monocyte HLA-DR 0.60 0.66 0.66 0.13 0.41 0.36 0.82 0.87 0.86 0.21 0.61 0.55 

Monocytes PD-1 0.31 0.21 0.95 0.35 0.30 0.13 0.49 0.34 0.99 0.54 0.47 0.22 

B cells IgD 0.59 0.87 0.64 0.21 0.75 0.63 0.81 0.98 0.84 0.34 0.92 0.84 

B cells PD-1 0.65 0.07 0.65 0.90 0.48 0.19 0.86 0.12 0.86 0.99 0.69 0.31 

NK cells CD38 0.47 p<0.01 
** 

0.08 p<0.0001 
*** 

0.31 p<0.05 * 0.69 p<0.05 * 0.14 p<0.05 * 0.48 0.09 
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Appendix 4. Cervico-vaginal fluid analytes across pregnancy 
The concentrations of cervico-vaginal fluid cytokines, complement and immunoglobulins were compared across pregnancy in the three pregnancy outcome groups, preterm 

(PT), term with no intervention (T), term with intervention (TI), N=133. The three timepoints were 12+0 - 16+6 (A), 20+0 - 24+6 (B) and 30+0 - 34+6 (C). The Kruskal-Wallis test was 

performed with the uncorrected Dunn’s test and with corrected Dunn’s multiple comparisons test.  

 

 Uncorrected Dunn’s test Corrected Dunn’s multiple comparisons test 

Outcome PT PT T T TI TI PT PT T T TI TI 

Timepoint A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C A vs B A vs C 

Cytokine             

IL-8 p<0.05 * 0.20 0.92 0.99 0.18 0.77 0.06 0.40 0.99 0.99 0.36 0.99 

IL-6 0.08 0.77 0.95 0.65 0.22 0.27 0.18 0.99 0.99 0.99 0.43 0.55 

IL-1β 0.20 0.23 0.96 0.89 0.31 0.26 0.41 0.47 0.99 0.99 0.62 0.47 

IL-10 0.73 0.66 0.99 0.15 0.28 0.93 0.99 0.99 0.99 0.31 0.56 0.99 

IL-4 0.32 0.96 0.40 0.55 0.57 0.23 0.63 0.99 0.79 0.99 0.99 0.47 

IL-18 0.33 0.73 0.96 0.65 0.88 0.33 0.67 0.99 0.99 0.99 0.99 0.66 

IL-5 0.23 0.29 0.45 0.56 0.95 0.75 0.47 0.58 0.89 0.99 0.99 0.99 

IL-2 0.21 0.68 0.82 0.63 0.52 0.54 0.42 0.99 0.99 0.99 0.99 0.99 

IFN-γ 0.30 0.42 0.67 0.77 0.05 p<0.01 ** 0.60 0.84 0.99 0.99 0.11 p<0.01 ** 

TNF-α 0.36 0.71 0.82 0.78 0.99 0.99 0.72 0.99 0.99 0.99 0.99 0.99 

GM-CSF 0.29 0.06 0.28 0.60 0.54 0.26 0.58 0.13 0.56 0.99 0.99 0.52 

C5 0.21 0.21 0.95 0.53 0.54 0.26 0.41 0.43 0.99 0.99 0.99 0.99 

C5a 0.17 0.51 0.50 0.29 0.63 0.78 0.34 0.99 0.99 0.57 0.99 0.99 

MBL 0.22 0.17 0.86 0.43 0.62 0.75 0.44 0.34 0.99 0.86 0.99 0.99 

C3b 0.17 0.28 0.93 0.75 0.94 0.82 0.35 0.57 0.99 0.99 0.99 0.99 

IgG1 0.07 0.11 0.56 0.81 0.71 0.65 0.16 0.22 0.99 0.99 0.99 0.99 

IgG2 0.19 0.24 0.76 0.68 0.58 0.61 0.38 0.49 0.99 0.99 0.99 0.99 

IgG3 0.14 0.18 0.99 0.37 0.79 0.99 0.28 0.36 0.99 0.74 0.99 0.99 

IgG4 0.13 0.17 0.71 0.72 0.65 0.60 0.27 0.35 0.99 0.99 0.99 0.99 

IgA 0.27 0.15 0.38 0.27 0.93 p<0.05 * 0.53 0.29 0.75 0.53 0.99 p<0.05 * 

IgM 0.40 0.26 0.75 0.77 0.36 0.27 0.81 0.51 0.99 0.99 0.72 0.53 

 


