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Abstract

Preterm birth is the leading cause of perinatal morbidity and mortality worldwide.
Despite considerable efforts, prediction and prevention of preterm birth continues to
remain a challenge for obstetricians globally. Early identification of pregnancies at
highest risk of preterm birth may enable the implementation of therapeutic strategies

aiming to prevent preterm birth and/or the morbidities associated with early delivery.

Screening for spontaneous preterm birth is made more complex due to the
heterogeneity of this condition, which has a variety of underlying aetiologies and risk
factors. Even though spontaneous preterm birth is caused by several aetiologies, there
appears to be a final common pathway leading to the onset of labour. There may
therefore be value either in developing screening tools that screen for multiple
aetiological pathways or alternatively that identify common features that develop
before women become symptomatic with the onset of spontaneous labour. Paper |
reviews recent research findings related to first trimester prediction and prevention of

adverse pregnancy outcomes.

This thesis reports a body of work related to the development of a predictive
test for spontaneous preterm labour. Paper 11 is focussed on the challenges of using
current proteomic strategies to identify and quantify novel protein markers of disease
in serum. | carried out various optimisation strategies to resolve protein species in
maternal serum using a refined top-down two-dimensional gel electrophoresis method
coupled with mass spectrometry. In addition to this, a process of deep imaging using
third separation gel electrophoresis was adapted to effectively resolve protein species
and isoforms that would not be recognised by traditional proteomic techniques as they

would be masked by co-migrating protein species of higher abundance.

These techniques were applied in Paper 111 where they were used to identify
protein species and post translationally modified proteoforms (phosphorylation and
glycosylation) in first trimester maternal serum banked from cohorts of women who
delivered spontaneously before 37 weeks’ gestation. These findings were compared to
serum collected from a cohort of women who delivered at term (> 37 weeks’

gestation).
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Paper IV utilised a western blot approach to determine serum concentrations
of a select group of candidate protein species and proteoforms that were significantly
altered in Paper Il in a larger cohort of women that had delivered after spontaneous
preterm labour (<37 weeks) compared to matched term (>37 weeks) controls. A
variant of Vitamin D-binding protein was found to be significantly decreased in

women who delivered < 37 weeks spontaneously.

This work has shown that there is evidence of change in protein abundance as
early as 11-13 weeks of gestation in women who continue on to deliver preterm after
the spontaneous onset of labour. Further work is needed to determine the strength of
these findings in predicting risk of preterm birth. Further work should also examine
how novel biomarkers can be combined with established screening tools in larger
diverse patient cohorts to validate their potential use as candidates for prediction of
spontaneous preterm birth.
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Thesis Structure

The work presented in this thesis describes an investigation into first trimester maternal

serum biomarkers predictive of spontaneous preterm birth.

These studies are provided as a series of papers (listed below). The papers are either

published (Paper I, Il, I11) or submitted to journals for peer-review (Paper 1V).

l. D'Silva A, Fyfe R, Hyett J. First trimester prediction and prevention of
adverse pregnancy outcomes related to poor placentation. Current Opinion
in Obstetrics & Gynaecology. 2017; 29(6): 367-74.

Il. D'Silva AM, Hyett JA, Coorssen JR. A Routine "Top-Down' Approach to
Analysis of the Human Serum Proteome. Proteomes. 2017;5(2).

M. D'Silva AM, Hyett JA, Coorssen JR. Proteomic analysis of first trimester
maternal serum to identify candidate biomarkers potentially predictive of
spontaneous preterm birth. Journal of Proteomics. 2018.

IV.  Validation of protein biomarkers for risk of spontaneous preterm birth.
(Submitted to Fetal Diagnosis and Therapy).
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1.1 Background

1.1.1 Definition of preterm birth

The World Health Organization defines preterm birth as a livebirth that occurs before
37 completed weeks of pregnancy (Howson, 2012). Preterm birth can be further sub-
categorised on the basis of gestational age as extremely preterm (less than 28
completed weeks of gestation), very preterm (28 to 32 completed weeks of gestation)
and moderate to late preterm (32 to 36 completed weeks of gestation) (Quinn et al.,
2016).

1.1.2 Characterisation of preterm birth

There are three broad clinical categories that describe preterm birth: Preterm birth may
be medically indicated (iatrogenic), occur after preterm premature rupture of
membranes (PPRoM) or after the spontaneous (idiopathic) onset of labour (Savitz et
al., 1991, Meis et al., 1987). Whilst iatrogenic preterm birth is easy to identify, it is
sometimes harder to discriminate between spontaneous preterm birth (SPTB) and
labour that occurs secondary to PPRoM. Typically, PPRoM is defined in
circumstances where spontaneous rupture of membranes occurs at least one hour prior

to the onset of contractions, at less than 37 weeks’ gestation (2018) .

1.1.3 Worldwide incidence and associated morbidity and mortality

Preterm birth is the single largest direct cause of perinatal morbidity and mortality in
the developed world and has long-term adverse consequences for health (Blencowe et
al., 2013). Preterm neonates have higher rates of cerebral palsy, sensory deficits,
respiratory illnesses and learning disabilities as well as long term health complications
resulting in enormous physical and economic costs to healthcare systems as well as
emotional and financial distress to affected families (Wu and Colford, 2000, Tronnes
et al., 2014, Wickremasinghe et al., 2013, Kwinta and Pietrzyk, 2010, Harris et al.,
2013, Khan et al., 2015).

Worldwide, an estimated 15 million babies are born preterm each year
(Blencowe et al., 2012) (Figure 1.1). Preterm birth accounts for 28% of all neonatal

deaths globally (Lawn et al., 2006b). The rate of preterm birth has been reported to
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range from 5% - 9% of live births in some developed countries and is estimated to be
significantly higher in developing countries (Lawn et al., 2006a). Global rates of
preterm birth have increased over the past two decades (Davidoff et al., 2006,
Blencowe et al., 2012, Ananth et al., 2005, MacDorman et al., 2010).

About 30-35% of all preterm births are attributed to medically indicated
preterm birth that occurs in the absence of PPRoM or spontaneous preterm labour
(Ananth et al., 2005, Ananth and Vintzileos, 2006a). Medical indications relate to
maternal complications (gestational diabetes, preeclampsia), fetal complications
(growth restriction, multiple pregnancies, congenital anomalies, threatened fetal well-
being) and placental complications (Xue et al., 2016, Ananth and Vintzileos, 2006b).
Cases of iatrogenic prematurity are rare and occur in instances when a baby is
compromised and suddenly stops moving or when a woman is induced <37 weeks due

to incorrect dating (Moutquin, 2003).

Premature preterm rupture of membranes, usually followed by preterm
delivery, accounts for another 30% of all preterm births (Caughey et al., 2008).
Women of African-American race and those from lower socioeconomic populations
are more prone to PPRoM (Shen et al., 2008). There is overwhelming evidence
suggesting infection as the primary cause of labour in women affected by PPRoM
(Menon and Fortunato, 2007, Goldenberg et al., 2000a, Al Riyami et al., 2013).

About 40% of all preterm births are spontaneous or ‘idiopathic’ and are more
common in women without any recognized risk factors (Goldenberg et al., 2008).
Early spontaneous preterm birth (<32 weeks' gestation) is linked to increased perinatal
mortality (Costeloe et al., 2012, Vohr et al., 2000, Ancel, 2015). Although the risk
factors associated with sSPTB vary according to gestational age and are dependent on
various social and environmental factors, the exact cause(s) and mechanism(s)
associated with this condition remain unknown in more than 50% of the cases
(Menon, 2008).
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Figure 1.1: Worldwide rates of preterm birth. Estimated preterm birth rates and
total number of preterm births by Millennium Development Goal region. Graphical
representation of A) 10 countries with the highest rates of preterm birth per 100 live
births, B) 10 countries with the greatest number of preterm births. Adapted from
Blencowe, H. et al., 2012.
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1.1.4 Preterm birth in Australia

There are 25,000 infants born prematurely in Australia each year — 8.7% of
all births - seventy each day — more than one every half hour (AIHW, 2011). Almost
15% of all preterm babies need an increased level of care at birth (AIHW, 2016). Most
of these preterm births (81%) belong to the late preterm birth category, followed by
11% born extremely preterm and 10% born very preterm (AIHW, 2016).

In the most recent published data, the average gestational age for all preterm
birth was 33.3 weeks. The highest proportion (10.6%) of preterm births was reported
in the Northern Territory while New South Wales had the lowest, at 7.4% of all births
(AIHW, 2016). Among infants of Aboriginal and Torres Strait Islander mothers,
preterm birth is a significant contributor to neonatal morbidity and mortality (AIHW,
2016). Preterm babies need continuous high-level support and care. Therefore, they
are more likely to be admitted to a neonatal intensive care unit (72%) compared to
babies delivered at term (10%) or post-term (13%) (AIHW, 2016).

Several maternal risk factors have been identified that are associated with
preterm birth. In 2015, 14% of babies born to Aboriginal and Torres Strait Islander
mothers were preterm, in contrast to 8.0% babies born to mothers of non-Indigenous
origin (AIHW, 2016). 13% babies were born preterm to mothers who smoked during
pregnancy in comparison to 8% of babies whose mothers did not smoke (AIHW,
2016). Around 64% of twins and all other multiples were born preterm in 2015 in
comparison to 7% of singleton babies (AIHW, 2016). 11% and 12% of preterm babies
were born to younger (< 20) and older (> 40) mothers compared with 8% of babies
with mothers aged 20-39 (AIHW, 2016).
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1.2 Pathophysiology of preterm birth

1.2.1 Causes and risk factors

Preterm labour, as described by Romero, is a ‘syndrome initiated by multiple
mechanisms, including infection or inflammation, uteroplacental ischaemia or
haemorrhage, uterine overdistension, stress, and other immune mediated processes’
(Romero et al., 2006) (Figure 1.2). The exact causative mechanism is typically not
recognized in most individual cases; but risk factors, based on maternal characteristics
and medical history, associated with these aetiologies can be elucidated and are often
used as a basis to explain preterm labour. These risk factors are often associated with
an increase in systemic inflammation involved in the common pathway to SPTB (Boyle
et al., 2017). Identification of these risk factors may also be of value in predicting a

population at increased risk of preterm birth.

1.2.1.1 Maternal Risk Factors

The risk of preterm birth can be directly correlated to maternal characteristics, varies
between racial and ethnic groups and increases with advanced maternal age. The
occurrence of preterm birth in African-American women (16-18%) is higher than that
in Caucasian women (5-9%) in the United Kingdom and this is even more noticeable
in the United States (MacDorman, 2011, Mohamed et al., 2014). When compared to
women of other ethnic backgrounds, African-American women are three to four times
more likely to have a very early preterm birth (Martin et al., 2006, Burris et al., 2011).
The rate of preterm birth is typically low in women of East Asian and Hispanic origin
and has not significantly increased in women from South Asia including the Indian
subcontinent (Goldenberg and Culhane, 2007). The mechanism for these disparities is
poorly understood, and the disparities persist even after socioeconomic factors are

taken into consideration.
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Maternal risk factors
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Uterine distention

[ Maternal characteristics J

e age, ethnicity, BMI, drug and
alcohol abuse, smoking,
socioeconomic status

Pregnancy characteristics J

* previous preterm birth,
multiple gestation, ART,
abortion

Prostaglandin
/ MMPs

Cervical
ripening

Decidual
activation

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

Figure 1.2: Risk factors and pathological pathways associated with preterm birth.

Various maternal risk factors and proposed pathways of infection, cervical disorders

and uterine distention that result in preterm birth.
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1.2.1.2 Socioeconomic status

A significant socioeconomic risk factor for preterm birth is maternal smoking. Women
who smoke cigarettes are twice as likely to deliver before 32 weeks’ gestation as non-
smoking mothers (Wisborg et al., 1996, Kyrklund-Blomberg et al., 2005).
Programmes aimed at creating awareness to cease smoking during pregnancy have
been found to be valuable in lowering the rate of preterm birth (Lumley et al., 2004).
Preterm birth is strongly linked to lower levels of education, lower family income,
access to prenatal care services and adverse neighbourhood conditions (Jansen et al.,
2009, Silveira et al., 2018, Giurgescu et al., 2012). Population based studies suggest
an increased risk of preterm and induced preterm birth in women with low BMI prior
to pregnancy as well as in women who are overweight and obese (Han et al., 2011,
Cnattingius et al., 2013) (Figure 1.3). Furthermore, alcohol and drug abuse, nutritional
status, chronic diseases (such as hypertension, diabetes mellitus), and endocrinological
disorders have been correlated with an elevated risk of preterm birth (Velez et al.,
2008b, Xinxo et al., 2013, Catov et al., 2008, Yanit et al., 2012, Sheehan et al., 2015).

1.2.1.3 Psychosocial factors

Mothers encountering mental or social pressures during pregnancy are at a 2-fold
increased risk of preterm birth (Lilliecreutz et al., 2016). Several investigations have
associated stress and anxiety related to housing instability or marital hardships with
risk of preterm delivery (El-Sayed et al., 2012). Although there is no known
mechanism to explain the correlation of stress and risk of preterm birth, recent studies
have suggested elevated levels of corticotrophin-releasing hormone (CRH) associated
with stress and subsequently leading to preterm birth (Ruiz et al., 2016). During the
third trimester of pregnancy, CRH is synthesized by the placenta and released in
significant amounts in the maternal circulations (Sandman and Glynn, 2009). It has
been labelled as a ‘master stress hormone’ crucial to maintain pregnancy and fetal
development (Ellman et al., 2008). Similarly, high levels of C-reactive protein (CRP),
an indicator of inflammation, involved in the innate immune response has been
reported in women exposed to stressful conditions (Sproston and Ashworth, 2018).
Together, these findings suggest possible roles of these stress related molecules in

systemic inflammation pathways leading to preterm birth.
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Figure 1.3: Forest plot showing studies reporting the odds ratio for preterm birth

related to obesity.
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1.2.1.4 Pregnancy characteristics

Pregnancy characteristics such as previous abortion, and pregnancies resulting from
assisted reproductive treatment (ART) are important factors that predispose a woman
to preterm birth (Freak-Poli et al., 2009, Ancel et al., 2004, Cavoretto et al., 2018)
(Figure 1.4). Likewise, studies have shown a greater risk of preterm delivery
(spontaneous and induced) in women undergoing invasive diagnostic procedures such

as genetic amniocentesis (Medda et al., 2003).

Preterm birth is highly prevalent in multiple gestations, accounting for 15-20%
of preterm births (Fuchs and Senat, 2016). Almost 60% of twins are born premature
(Fuchs and Senat, 2016, National Collaborating Centre for and Children's, 2011).
Nearly 40% of twins will be delivered spontaneously or their pregnancies will be
interrupted by PPRoM <37 weeks’ gestation, with others having an indicated preterm
delivery due to maternal or fetal complications. A report from the Australian Institute
of Health and Welfare states that twins and multiple gestations comprise 64% of
preterm births as of 2015 (AIHW, 2017).

Women with pregnancy intervals of less than six months are at a two-fold
greater risk of delivering prematurely in their following pregnancy (Smith et al., 2003).
There is consistent evidence that having a previous SPTB is a strong predicting factor
for recurrence in consequent pregnancies (lams et al., 1998, Ekwo and Moawad, 1998,
Kristensen et al., 1995). There is insufficient research to explain the underlying
mechanism(s); a potential theory is that the uterus and uterine environment requires
time to return to its quiescence state (Kota et al., 2013). Another possible theory is that
a short pregnancy interval does not allow enough time to replenish essential vitamins

and minerals that are depleted during the previous pregnancy (Gernand et al., 2016).

1.2.1.5 Obstetric complications

Uterine over-distension appears to play a significant role in initiating preterm labour
in women with multiple gestations, polyhydramnios, and macrosomia, but the
pathophysiology is yet not clearly understood (Many et al., 1996, Adams Waldorf et
al., 2015) . An increased risk of preterm birth is often associated with vaginal bleeding
due to placental abruption or praevia (Erez et al., 2012). However, bleeding

independent of either placental abruption or praevia has also been linked with
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consequent preterm birth. Women with cervical disorders such as cervical
intraepithelial neoplasia have a greater risk for prematurity (Danhof et al., 2015,
Kyrgiou et al., 2017). Additionally, local cervical treatment (e.g. large loop excision
of transformation zone procedure) and maternal abdominal surgery predispose women
to preterm delivery (Sadler et al., 2004, Jin et al., 2014) (Figure 1.5).
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Figure 1.4: Forest plot showing studies reporting the odds ratio for preterm birth

related to use of assisted reproductive technologies.
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Figure 1.5: Forest plot showing studies reporting risk ratio for preterm birth in women
treated with large loop excision of transformation zone versus untreated women

(Kyrgiou et al., 2016).
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1.2.1.6 Cervical insufficiency

During a normal pregnancy, the cervix remains firm, long and closed (Myers et al.,
2015). The cervix shortens, softens and dilates as labour approaches (Gravett et al.,
2010). Cervical insufficiency occurs when the cervix shortens and dilates before term
either due to a short cervix or when there is increasing pressure on the cervix due to
increasing weight of the baby as the pregnancy advances (Vink and Feltovich, 2016).
Ultrasound assessments of the cervix have confirmed cervical shortening as a risk
factor for preterm delivery, proving to be a valued clinical tool in asymptomatic
women and in those presenting with contractions. A cervical length of less than 25 mm
during the second trimester of pregnancy is used clinically as a reliable predictor of
preterm birth in the asymptomatic population (Mclintosh et al., 2016, Celik et al.,
2008). A short cervix is directly proportional to higher risk of preterm birth (Figure
1.6). Some preterm births are caused due to cervical insufficiency related to genetic
cervical weakness or trauma (Anum et al., 2009). However, there is no proven method
to identify cervical insufficiency from cervical shortening due to other causes, and the

exact involvement in preterm birth is not known.

1.2.1.7 Intrauterine infection

Intrauterine infection is a significant contributor to preterm birth and involves
activation of the innate immune system (Keelan, 2018). Toll-like receptors (TLRs) are
cell-surface proteins responsible for recognition of patterns of microorganisms (Akira
et al., 2006). TLRs initiate the inflammatory cascade by the release of various
inflammatory mediators including cytokines and chemokines (Mogensen, 2009). The
release of these proinflammatory mediators results in production of prostaglandins that
ultimately promote uterine contractility (Institute of Medicine Committee on

Understanding Premature and Assuring Healthy, 2007).

Even though these risk factors are well recognised, a significant proportion of
sPTB occurs without any apparent cause. Whilst preterm birth is seemingly multi-
factorial, many of these risk factors appear to share aetiological mechanisms. A better
understanding of these aetiological factors that operate through multiple
pathophysiologic pathways may improve our ability to prevent spontaneous preterm
birth.
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Figure 1.6: Proportion of women delivering preterm at various gestational age cut-
offs according to the mid-trimester cervical length indicating that cervical length is the
strongest predictor of preterm birth (Glover and Manuck, 2018).



1.2.2 Preterm birth: an inflammatory disorder

Conventionally, whether labour and delivery have occurred at term or preterm, they
have been regarded to be driven by the same underlying pathophysiology, a process
marked by production of a range of inflammatory mediators (Institute of Medicine
Committee on Understanding Premature and Assuring Healthy, 2007). Labour is
characterised by uterine contractility, rupture of fetal membranes and cervical
remodelling (Timmons et al., 2010). This process is regulated by an increased
circulation of cytokines and leukocyte activation that facilitates the transition from an
inactive to a pro-inflammatory environment (Yuan et al., 2009). In normal term
pregnancies, there is a withdrawal of active suppression of the decidua inducing
inflammation accompanied by the release of various biologically active mediators
inducing labour (Norwitz et al., 2015). Preterm birth can occur if there is dysregulation
of this process earlier in gestation or if other exogenous factors activate the
inflammatory cascade. This may occur, for example, if there is placental abruption or

infection.

1.2.2.1 Infection and Inflammation

Infection is a significant contributor to preterm birth (Klein and Gibbs, 2005). The
mechanism by which an infectious insult activates the immune system to cause
inflammation remains unknown but likely involves innate immune pattern recognition
receptors and their regulators. An intrauterine infection can be restricted to the decidua,
spread to the amniotic sac and eventually to the fetus (DiGiulio et al., 2010) (Figure
1.7). As described above, microorganisms are recognised by the cells of the maternal-
fetal interface through TLRs and nod-like receptors and activate the immuno-
inflammatory cascade. These cascades may be activated by mechanisms that are not
primarily caused by an infectious insult but are associated with an inflammatory

response.

Although the amniotic cavity is thought to be largely sterile, accumulating
evidence suggests that intra-amniotic infection can be caused by genital Mycoplasmas
(Kim et al., 2015a). Microorganisms invade the amniotic cavity by various
mechanisms (Goncalves et al., 2002, Goldenberg et al., 2008, Goldenberg et al.,

2000Db). These are by way of ascending infection, where organisms from the vagina
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penetrate the cervix / cervical mucus barrier, blood borne infection — penetrating the
placenta, iatrogenic infection — through an invasive procedure (e.g. amniocentesis) or
spread of an intra-abdominal / peritoneal infection entering the uterus through the
fallopian tubes. Most infections are attributed to the ascending (vaginal / cervical) path
(Romero et al., 2014); although there is a consensus that ascent occurs during
pregnancy (Koren et al., 2012), the precise timing is unknown. Infection likely
precedes the onset of spontaneous labour and may therefore be detectable at an early

stage of pregnancy.

1.2.2.2 Chorioamnionitis

Chorioamnionitis is responsible for 40% of all preterm births worldwide (Lamont,
2003). This rate is even higher in extreme sPTB as suggested by a study that reported
a positive test for an infectious insult in 79% of patients who laboured spontaneously
<28 weeks (Onderdonk et al., 2008, Watts et al., 1992). Chorioamnionitis involves
inflammation of the amnion and chorion and is primarily caused by bacterial infection
(Leviton et al., 1999, Hagberg et al., 2002). Multiple types of vaginal bacteria such as
Ureaplasma urealyticum, Gardnerella vaginalis, Chlamydia trachomatis, Neisseria
gonorrhoea, Mycoplasma hominis, Group B Streptococcus, and Trichomonas
vaginalis are associated with inducing preterm labour (Nelson et al., 2009, Martius et
al., 1988, Hillier et al., 1995).

The inflammatory process is generally observed as a continuum. The initial
stages of the inflammatory response involve neutrophils of maternal origin migrating
from the decidual vessels while the later stages involve neutrophils from fetal origin
migrating from the umbilical cord (Kim et al., 2015a). Placental inflammation can be
broadly classified as: (1) the maternal inflammatory response (MIR), inflammation
infiltrating into the chorion, amnion or decidua (Redline et al., 2003); and (2) the fetal
inflammatory response (FIR), inflammation extending to the chorionic plate, umbilical
cord, and fetal vessels (Gomez et al., 1998). Both types of inflammation are associated
with preterm birth and several neonatal complications including cerebral palsy, lung
disorders, necrotizing enterocolitis, and intraventricular haemorrhage (Strunk et al.,
2014, Claud, 2009, Ballabh, 2010).

Systemic involvement including hematologic abnormalities are found to be

linked to fetuses that have a FIR (Romero et al., 2011). Histologic chorioamnionitis
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(HCA) is linked with microbial invasion in the amniotic cavity and is considered as an
indicator of maternal inflammation of the placenta, whereas funisitis, or inflammation
of the umbilical cord, is a marker of fetal inflammation. Reports have suggested that
33% of neonates born prematurely have HCA (Menon et al., 2010, Thomas and Speer,
2011, Kim et al., 2015b, Bersani et al., 2012).

Clinically, intrauterine infection is diagnosed by examining the amniotic fluid
and/or the placenta (Tita and Andrews, 2010). This presents a problem as this
diagnosis is most easily made after delivery (allowing examination of the placenta) or
requires an invasive test (amniocentesis) that carries its own risks to mother and fetus.
If amniotic fluid is available, then this can be used to measure leuko-attractants,
glucose concentration, white blood cell count and interleukin-6 (IL-6) and perform a
gram-stain. Combinations of these tests have high sensitivity and specificity in
identifying pregnancies that are infected (Romero et al., 1993, Gomez et al., 1994). In
most clinical units, an amniocentesis in not routinely performed for all women
attending with threatened preterm labour — in addition to the risks of invasive testing,
this requires a skill set that is not readily available on most labour wards.

Histologic examination of the placenta, that allows accurate diagnosis of HCA,
is regarded as the gold standard method for identifying infection — but is only possible
post-delivery and cannot, therefore, be used to guide obstetric management. In recent
years, several research groups have made attempts to develop non-invasive and rapid
prenatal tests for diagnosing intrauterine inflammation by examining maternal blood.
These tests include measuring maternal levels of CRP and other interleukins (ILs) to
diagnose HCA (Le Ray et al., 2015, Samejima and Takechi, 2017, Oh et al., 2011).
CRP is an acute phase reactant synthesized by the liver in response to inflammatory
stimuli (Pepys and Baltz, 1983). CRP is essentially used when an obstetrician needs to
monitor various inflammatory disorders including chorioamnionitis (Aggarwal and
Pahwa, 2018). Several groups have confirmed increased CRP levels in maternal serum
and plasma to be associated with HCA (Hvilsom et al., 2002, Pitiphat et al., 2005,
Vogel et al., 2005). However, due to its low sensitivity, its application in a diagnostic
setting is questionable (Stepan et al., 2016, Amirabi et al., 2012, Smith et al., 2012).
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1.2.2.3 Vaginal microbiome

Several studies have found that preterm birth is associated with bacterial vaginosis
(Manns-James, 2011, Subtil et al., 2002). Lactobacillus species dominate the vaginal
microbiome in non-pregnant women (Nasioudis et al., 2017). Low abundance of
lactobacilli and consistent presence of anaerobic bacteria (Gardnerella vaginalis,
Mycoplasma hominis, Parvimonas micra, Aerococcus christensenii) are associated
with preterm delivery (Stafford et al., 2017, Donders et al., 2009). While there is a
significant body of literature describing a local inflammatory response in women with
vaginitis due to trichomonas and candida, the same cannot be said for bacterial
vaginosis despite the presence of extensive microbial growth (Rasti et al., 2014, Hosny
et al., 2017). A recent study carried out DNA sequencing of the vaginal microbiome
in an African-American women cohort (Stout et al., 2017). The researchers
demonstrated that there was a decrease in the amounts and diversity of microbes in
women who delivered preterm compared to those who delivered at term. The decrease
was observed earlier in gestation suggesting that this period is crucial for determining

subsequent term and preterm events.

Although there is convincing evidence of a causal association between
intrauterine infection and sPTB, the impact of antibiotics for prevention of preterm
birth has been disappointing (Nygren et al., 2008, Guise et al., 2001, Kekki et al.,
2001b, Carey et al., 2000). There are several possible explanations for this, one is that
preterm birth is a syndrome that involves multiple aetiological pathways and infection
represents only one potential cause. Another is that clinical trials have not focused on
antibiotics appropriate for the specific microbial population or the antibiotics have not

been administered at an appropriate time to treat the infection.

1.2.2.4 Placental microbiome

In recent years, research has shown that the placenta, originally thought to be a sterile
organ, harbors its own microbiome (Nuriel-Ohayon et al., 2016). Sequencing studies
suggest temporal alterations during pregnancy are accompanied by remodelling of this
microbiome (DiGiulio et al., 2015). However, the precise mechanisms by which
microbes inhabit the placenta and cause the remodelling are far from understood.
Aagaard et al. suggest that there are differences in the abundance of microbes such as

Burkholderia, Actinomycetales, Alphaproteobacteria, Paenibacilli and Escherichia
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coli in placentas obtained from term and preterm women (Aagaard et al., 2014). It is
not, however, completely clear whether the alterations in microbial patterns are purely
characteristic of gestational age or indicative of different pathophysiological stages of

placental and/or fetal development.

Interestingly, a study has documented increased expression of human
leukocyte antigen (HLA) in preterm placenta compared to term placenta (Stout et al.,
2015). The findings of this study suggest that maternal factors contribute to the
aetiology of preterm birth as these HLASs are involved in maternal tolerance of the
fetus and regulation of maternal immune system. However, the mechanism by which

levels of HLA influence the placental microbiome remains unknown.

To summarize, all pregnant women carry multiple species of bacteria within
their genital tract. The interaction between their microbiota and / or with other infective
pathogens can lead to an inflammatory response and this appears to play a central role
in determining the timing of labour. The process may be further complicated by
changes in maternal immunity that either have a genetic base or may be induced by
pregnancy. Whilst most of the work attempting to define the presence of a FIR has
been performed in patients who are symptomatic for preterm birth, there is potential

to define changes associated with this pathway at an earlier stage of pregnancy.
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Figure 1.7: Routes of infection associated with preterm birth. Microorganisms can
gain access to the amniotic cavity by: A) ascending from the vagina and the cervix;
(B) haematogenous dissemination through the placenta; (C) accidental introduction at
the time of invasive procedures; and (D) by retrograde spread through the fallopian
tube (Goldenberg et al., 2008).
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1.2.3 Circulating factors in preterm birth in various biological systems

Several infection-related markers including cytokines have been linked to preterm
birth. A variety of bio-specimens including maternal and fetal blood, amniotic fluid,
urine, cervicovaginal secretions, and placental tissue have been used to examine the
role of cytokines in preterm birth. Cytokines mediate inflammation and exhibit
autocrine, paracrine and endocrine functions (Zhang and An, 2007). They are involved
in complex networks involved in establishment and maintenance of pregnancy
(Mathialagan and Roberts, 1994).

There is overwhelming evidence confirming correlations between increased
levels of circulating pro-inflammatory cytokines and preterm birth (EI-Shazly et al.,
2004, Fortunato et al., 2002a, Gucer et al., 2001, Nadeau-Vallee et al., 2016, Ruiz et
al., 2012). The release of pro-inflammatory cytokines is followed by leucocytosis
which results in apoptosis, premature rupture of membranes along with cervical
remodelling and onset of premature labour. Several publications have appeared in
recent years implicating Interleukin-1 (IL-1), tumor necrosis factor (TNF), and IL-6 in
the onset of preterm birth (Gervasi et al., 2012). Furthermore, polymorphisms in pro-
and anti-inflammatory genes have been associated with preterm birth (Romero et al.,
2007, Keelan, 2011).

The inflammation cascade initiating preterm birth is mediated by several pro-
inflammatory factors. Interleukin-1p (IL-1B), a major player in the inflammation
process, promotes prostaglandin production when bound to TNF-a (Nadeau-Vallee et
al., 2016). There is a vast body of evidence implicating TNF-a in preterm birth
associated with infection (Fortunato et al., 2002b, Liang et al., 2010, Chen et al., 2003).
TNF-a is produced by human decidua in response to microbial colonization (Casey et
al., 1989). Furthermore, elevated levels of TNF-a have been reported in the amniotic
fluid of women affected by intrauterine infection (Puchner et al., 2012). It has also
been reported that there is an increased risk of preterm birth in patients with an
abnormal vaginal flora who are genetically predisposed to produce an excess of TNF-
a (Srinivasan et al., 2009). IL-6 and IL-8 are another two factors that are involved in
the inflammation process associated with preterm birth (Wu et al., 2013, Romero et
al., 1990, Velez et al., 2008a, Lee et al., 2015). IL-6 is linked to prostaglandin synthesis
via the production of acute phase proteins that accompany inflammatory disease while

IL-8 plays a vital role in cervical ripening (Young et al., 2002).
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Whilst most ILs promote inflammation, others, such as Interleukin-10 (IL-10)
help control the inflammatory response and limit associated tissue damage (Couper et
al., 2008). 1L-10 is highly expressed in the uterus and placenta during pregnancy and
a reduction in expression has been implicated in pregnancy complications linked to
inflammation (Thaxton and Sharma, 2010). IL-10 is thought to inhibit IL-1 synthesis,
by which it keeps the immune response in check (Mobini et al., 2016). Transforming
Growth Factor B (TGF — B) is another anti-inflammatory factor which assists in

regulating progesterone, a vital hormone to maintain pregnancy (Ni and Li, 2017).

Maintaining an equilibrium of pro-inflammatory and anti-inflammatory
cytokines is critical for implantation, development of the fetus and maintenance of
pregnancy (Liang et al., 2015). The inflammatory response normally builds up over a
period of time, reaching a point at which it triggers parturition. It may be possible to
recognise this process weeks or months prior to the onset of labour — providing an

opportunity to intervene and change the outcome of the pregnancy.
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1.3 Current screening strategies

Clinically, women fall into one of three categories when screening for preterm birth.
Some women are defined as being high-risk at the time of presentation, this is typically
the case if they have a history of previous preterm birth, are known to have a short
cervix (due to an operative procedure) or have a multiple gestation. Other women, who
are also asymptomatic at the time of initial presentation, would be considered low-risk
(generally women with singleton pregnancies without a history of a previous preterm
birth or of a risk factor for cervical incompetence). The final group are women who
are symptomatic for preterm birth. These women, who attend with abdominal pain and
or vaginal bleeding are typically seen at a slightly later point in pregnancy. The first
two categories allow screening with a view to prediction of an event that will occur
sometime in the future. In contrast, symptomatic women are screened to determine

whether they are at immediate risk of developing spontaneous preterm labour.

1.3.1 Screening women who are high risk but asymptomatic for preterm birth
As discussed previously (Section 1.2.1), several risk factors for preterm birth are
recognised and at the time of the first clinical visit in pregnancy, maternal
characteristics and previous obstetric history can be used to define women as high or
low risk for preterm birth. The strongest historical risk factor for subsequent preterm
birth is a previous preterm birth — and the risk is highest for women who laboured the
earliest in gestation (Carr-Hill and Hall, 1985, Ekwo et al., 1993, Mercer et al., 1999,
Ekwo and Moawad, 1998, Adams et al., 2000). Other women who are recognised as
high risk for preterm birth are those that have had previous cervical surgery (large loop
excision of the transformation zone or cone biopsy) and these women are also typically
considered to be high risk (Chandiramani et al., 2011, Poon et al., 2012).

Use of this binary form of risk assessment (in which women either have these
risks factors or they do not) is not a very sensitive screening tool; for instance, 50% of
the population will not have a prior pregnancy history. This screening strategy is
however typically used to inform models of care —and women at risk of preterm birth
will often be placed in a high-risk, medicalised model. The accuracy of this historical
form of assessment could be checked using a number of investigative tools which have

higher screening efficacy — and which can be applied to this high-risk population. The
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findings of these investigations may then be used to define the most appropriate

management pathway.

If a woman is deemed high risk, then it is possible to immediately assess the
length of the cervix with ultrasound. Cervical length is known to be a good predictor
of risk of preterm delivery. If a woman who has a high-risk - on the basis of previous
preterm delivery — has a short cervix (< 25mm) — then this will increase the risk of
subsequent preterm delivery even further — and will often lead the clinician to instigate
some preventative treatment — such as provision of vaginal progesterone therapy or
cervical cerclage (Romero et al., 2018, Althuisius et al., 2000, Alfirevic et al., 2017).

Fetal fibronectin (fFN) is another valuable tool to define the risk of SPTB in a
high-risk asymptomatic group (Lockwood et al., 1991). fFN is an adhesive protein,
found at the maternal-fetal interface and acts like a glue between the amniotic fluid
and the inner lining of the uterus. The release of this glycoprotein in the vaginal
discharge is an indicator of inflammation caused by placental/membrane damage
(Zhang et al., 2014). Typically, in a normal pregnancy fFN is very low (<50 ng/mL)
in cervico-vaginal secretions (Lockwood et al., 1991). Levels of fFN are found to be
elevated before 22 weeks and after 35 weeks’ gestation (Kiefer and Vintzileos, 2008).
A concentration of >50 ng/mL at >22 weeks’ gestation is associated with a greater risk
of sSPTB (Levine etal., 2018). Interestingly, fFN has been found to be most informative
when the result is negative. Subsequently, several systematic reviews and meta-
analyses have indicated a negative fFN to identify women who are unlikely to deliver
within seven to ten days, and do not require intervention in the form of antenatal

corticosteroids or tocolytic agents (Revah et al., 1998, Honest et al., 2002).

In reality, only 5% of pregnant women will have had a prior preterm birth and
a surveillance program that is based purely on identifying this high-risk cohort will not
detect >60% of preterm births that are actually seen in a ‘low risk’ cohort (Greco et
al., 2012). The only way that these cases can be successfully identified is to change
the screening strategy so that all women are offered assessment using either ultrasound
(cervical length assessment) or fFN testing — so that the high-risk group can be

determined using this assessment tool rather than history alone.

41



1.3.2 Screening low risk women who are asymptomatic of preterm birth

95% of women who have their first clinic visit during pregnancy are low-risk
for preterm birth based on their previous obstetric history. Several studies have shown
that cervical length is a predictive tool for preterm birth in low-risk as well as high-
risk patients (lams et al., 1996, Taipale and Hiilesmaa, 1998, Heath et al., 1998).
Furthermore, there is good evidence that risk of preterm birth can be reduced by
treating these women with progesterone (Romero et al., 2012). fFN is not routinely
used to screen low-risk asymptomatic women due to lack of evidence for improved
perinatal outcomes.

There is evidence of an elevated risk of spontaneous preterm delivery in
women that have a short cervix (<25mm) (lams et al., 1996), and this is supported by
the fact that sonographic measurement of cervical length at 23 weeks is highly
reproducible (Heath et al., 1998); a mean cervical length of 38 mm was reported, that
was comparable to other studies that assessed low-risk populations by measuring
cervical length at 20-24 weeks. A number of other groups have made similar
observations and these data were collated in a meta-analysis that reported transvaginal
cervical sonography as an effective tool to identify women at an increased risk of SPTB
(Honest et al., 2002).

Good normative ranges for cervical length have been established across
gestational age (Salomon et al., 2009). If assessment is made at 18 - 23 weeks, the
shorter the cervix is, the more likely it will be associated with early delivery (Celik et
al., 2008). Rather than using these likelihood ratios to give individualised risks of
preterm birth, most groups consider a fixed cut-off (25 mm) to be associated with an
increased risk of preterm birth. Screening using this cut-off will identify ~3% of
women to be at risk and this cohort will include 80% of women that deliver

spontaneously before 34 weeks (Salomon et al., 2009, Celik et al., 2008).

Women that have a short cervix can be offered progesterone, cerclage or a
cervical pessary (Alfirevic et al., 2013). A meta-analysis reporting the impact of
progesterone showed a 45% reduction in rates of SPTB in women that were identified
as being at risk and given treatment (Hassan et al., 2011). The data to support use of a
suture or pessary in this situation appears to be slightly weaker. According to a meta-
analysis that included three studies, the application of cervical pessary has not proven

to be effective in lowering the risk of SPTB (risk ratio, 0.71; 95% confidence interval,
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0.21-2.43; p = 0.59) (Conde-Agudelo et al., 2013). Furthermore, there is no evidence
that identifies whether a combination of these treatments is more useful than one

intervention alone.

Cervical assessment is traditionally performed at 18-23 weeks and there will,
therefore, be a small cohort of pregnancies that are identified too late to prevent
spontaneous preterm labour occurring. There is no data currently available in the
literature that proves cervical length to be effective in improving outcomes in
asymptomatic women who are screened after 24 weeks’ gestation. If it were possible
to identify women earlier, then preventative strategies may be more effective. The
development of a simple blood test for screening would also negate the need for
transvaginal cervical assessment in all pregnancies — a procedure that requires
expensive ultrasound equipment, trained staff, image interpretation, and is

inconvenient for women.
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1.3.3 Screening women symptomatic of preterm birth

This cohort is different as women typically attend with symptoms of preterm birth later
in pregnancy rather than at the time of their antenatal booking appointment or their 20-
week scan. The purpose of screening to define a high-risk cohort is also different: If
women are defined as being at high-risk in early pregnancy then it is possible to
provide a prophylactic intervention that will prevent progression and clinical
development of the disorder. If women are identified after they have become
symptomatic, then the focus of care is on ensuring they are in an appropriate
environment of delivery, have appropriate neonatal support available and are given
drugs (steroids and magnesium sulphate) that will reduce mortality and morbidity for

the infant.

Cervical examination through routine ultrasound is not associated with a
significant reduction of sPTB (lams et al., 1996, Heath et al., 1998, Honest et al.,
2003). Digital cervical evaluation using the Bishop Score is an effective parameter for
the prediction of preterm birth (Newman et al., 2008). A high Bishop score is
predictive of greater risk of preterm birth. It is not possible to recommend the use of a
tool more than another (e.g. cervix ultrasound versus vaginal examination) in women

experiencing preterm labour.

Screening for fFN in the genital tract of patients with preterm labour has an
excellent negative predictive value for sPTB at 48 hours and 7 days (Goldenberg et
al., 1996, Honest et al., 2002, Peaceman et al., 1997). Nevertheless, its use in
symptomatic women is not associated with a reduction of preterm birth rate and is
therefore not recommended. However, the rationale for screening women with
symptoms of preterm labour is different from that of primary prediction and prevention

and is not the focus of the current work.

1.3.4 Current predictive tests for spontaneous preterm birth

1.3.4.1 Ultrasonographic assessment of cervical length

Typically, risk assessments for predicting preterm birth include examining the cervix,
maternal demographics, obstetric history and biochemical tests (Table 1.1). Currently,
a short cervical length in mid-trimester, irrespective of prior pregnancy history is one

of the strongest indicators of spontaneous preterm birth. As noted in the above



sections, previous studies have documented that the risk of sPTB is inversely
proportional to cervical length. Transvaginal ultrasound measurement is regarded as
the ‘gold standard’ for cervical length as it is a reliable, safe and highly reproducible
method when performed by trained providers (Mcintosh et al., 2016). A threshold
range of 20 to 30 mm is regarded as “short” for cervical length depending on the
gestational age and the study population (Lim et al., 2011). Various studies across
different populations show similar results. Typically, a cervical length less than 30 mm
is regarded as “short” in the mid-trimester, as this corresponds to the 10th percentile
for this gestational age (Hibbard et al., 2000). Additionally, there is a higher risk of
SPTB if the cervix is found to be short at 18 weeks’ gestation compared to 22 weeks

(Owen et al., 2004).

1.3.4.2 Fetal fibronectin

The quantitative fFN (QfFN) assay, on the other hand, is in use in several countries for
screening women to predict sSPTB. Many studies have confirmed improved clinical
performance for SPTB screening when fFN is combined with other risk factors such as
cervical length (Hincz et al., 2002, Gomez et al., 2005, Schmitz et al., 2006, Ness et
al., 2007). Nonetheless, additional research is still required to determine the accuracy
of the QfFN assay, in combination with other screening modalities, in optimising
neonatal outcomes for women at risk of sPTB, regardless of previous history of

preterm birth.

Table 1.1: An overview of risk assessment approaches for preterm birth. Adapted from
Haque et al., 2016.

Risk scoring Physical examination Biochemical tests

Medical history Cervical length Pregnancy Associated Placental
Protein (PAPP-A), serum Alpha-
fetoprotein

Demographic Fetal crown rump Placental protein 13

factors length

Psychological and Uterine artery Cervicovaginal IL-6/8, phIGFBPI1,

lifestyle factors pulsatility index fFN
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1.3.5 Current preventive measures / intervention strategies for spontaneous
preterm birth

In the last few years there has been growing interest in treating low risk women with
a short cervix in mid-trimester with progesterone or cervical cerclage. Progesterone is
the most widely studied medications for prevention of preterm birth in women with a
prior history of preterm birth. Several randomized clinical trials have documented a
significant decrease in the rate of SPTB in women with a prior history of preterm birth
who received vaginal progesterone commencing in the mid-trimester to 37 weeks’
gestation (Karbasian et al., 2016, El-refaie et al., 2016). These findings have further
been confirmed in systematic reviews and a meta-analysis of asymptomatic women
with a short cervix and multiple gestation in the mid-trimester (Romero et al., 2018).
Moreover, administration of vaginal progesterone has proven to be effective in
decreasing the risk of SPTB even in those women without a prior history of preterm
birth who are incidentally found to have a short cervix (Norwitz and Caughey, 2011).
Progesterone has anti-inflammatory properties and thus an important role in
maintaining pregnancy by decreasing the production of prostaglandins and
subsequently limiting uterine contractility and cervical dilation and effacement;
however, its exact mechanism of action in preventing sPTB is not known (Siiteri et al.,
1977).

Cervical cerclage is a well know surgical technique employed to prevent
recurrent SPTB in women known to have cervical insufficiency (Wang et al., 2016).
The cervix acts as a physical barrier and protects the uterus and growing fetus from
bacterial infections ascending from the vaginal canal (Myers et al., 2015). A cerclage
is thought to be beneficial in high-risk women as it provides structural support to the
cervix (Nott et al., 2016). Nevertheless, some women fail treatment and still deliver a
very preterm infant. In current clinical practice, women with a prior SPTB <34 weeks
may be offered the option of prophylactic cerclage - normally performed after the 11-
13-week scan has demonstrated normal fetal anatomy - or cervical length screening
with serial transvaginal scans through the second trimester. If serial transvaginal
ultrasound assessments indicate shortening of the cervix without symptoms of preterm

labour, cerclage placement may be considered.

Prescription of vaginal progesterone or cervical cerclage have been reported to

be equally effective in preventing preterm birth in women with a history of previous
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preterm birth and a short cervix at 16-20 weeks (Conde-Agudelo et al., 2018). In the
absence of clear benefit of cerclage over vaginal progesterone in otherwise low risk
women with a short cervix, progesterone is generally the preferred treatment due to

the lower risk of surgical complications.
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1.4 Identification of specific proteins associated with preterm birth using -Omics
approaches

Currently, there is a substantial gap in the knowledge base concerning molecular
mechanisms underlying spontaneous preterm birth. Exploring and defining the
proteome (i.e. the entire set of proteins expressed in an organism, cell or tissue
including all isoforms and posttranslational modifications (PTMs)) of the first
trimester maternal serum in women who have delivered preterm spontaneously should
allow improved insight into the evolution and progression of this devastating condition
(Wilkins et al., 1996, Blakeley et al., 2010). Proteomics is thus likely to provide new
targets for more effective medical management and potentially a novel method of
minimally-invasively providing a prognosis and/or tracking paradigm for women
suffering from this complex and debilitating condition. One of the primary goals of
clinical functional proteomics is to characterise the cross-talk within biological
samples, such as serum, through the various molecular pathways and interactions (e.g.
cell signalling, apoptosis, angiogenesis, cellular proliferation, oxidative stress, etc.) in
healthy and diseased states (Wu et al., 2014).

Notably, PTMs have been recognised to play crucial roles in signalling
mechanisms as they regulate the activity, localization and interaction of proteins with
one another and with other molecules (Beltrao et al., 2013). Identifying consistent
changes in the proteome, and specific PTMs to proteins (e.g. phosphorylation and
glycosylation) is likely to provide avenues for early intervention and prediction of
SPTB at an earlier stage of pregnancy. This should improve research outcomes with

progressively wider realization that proteomes are composed of proteoforms.

1.4.1 Post translational modifications

Alterations to proteoforms may indicate different biological activities (Godovac-
Zimmermann et al., 2005). These proteoforms may include PTMs by phosphorylation,
acetylation, methylation, or glycosylation (Duan and Walther, 2015). Protein PTMs

contribute to the complexity that arises from the genome to the proteome level.

Depending on the nature and type, PTMs can be reversible/irreversible and can
occur at any stage in the "life cycle" of a protein (Boyer, 2006). For instance, some

proteins are modified shortly after the process of translation to either facilitate protein
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folding, maintain protein integrity or to help the protein traverse to the nucleus or
membrane (Jenkins et al., 2008). Other proteins are modified after the completion of

folding to stimulate catalytic/biological activity of the protein. (Boyer, 2006).

Although only 5% of the proteome comprises enzymes, more than 200 types
of PTMs are due to specific enzymatic activities (Duan and Walther, 2015). These
enzymes modify proteins by catalysing the addition or removal of functional groups
therefore altering protein activity and biological function. For example, kinases that
add phosphate groups to proteins and proteases which cleave peptide bonds and

therefore remove a specific sequence from a protein (Knorre et al., 2009).

The investigation of proteoforms is particularly significant in understanding
the molecular basis of preterm birth. Identification of consistent changes in specific
PTMs (e.g. phosphorylation, glycosylation) defining select proteoforms is likely to
provide better understanding of protein-protein interactions, signalling pathways, and
ultimately provide opportunities for intervention and prediction of preterm birth at an
earlier stage of pregnancy. My focus in the current research, is on PTM such as
phosphorylation and glycosylation and their potential role in defining early biomarkers

predictive of preterm birth.

1.4.1.1 Role of protein phosphorylation in preterm birth

Phosphorylation plays fundamental roles in the regulation of cell function, apoptosis
and signalling cascades (Ardito et al., 2017). In recent years, research on role of protein
phosphorylation in the pathogenesis of various disease states has gained attention
(Harsha and Pandey, 2010, Hanahan and Weinberg, 2011, Javidi-Sharifi et al., 2015,
Zhu et al., 2015). One rapid test involves the detection of a post-translationally
modified species of insulin-like growth factor binding protein-1 (IGFBP-1) in cervical
secretions in women who are already symptomatic for preterm birth (i.e. in 2nd
trimester) (Kekki et al., 2001a). The phosphorylated species of this protein i.e.
phIGFBP-1 is mainly synthesized in the decidual tissues during pregnancy (Akercan
et al., 2004, Lembet et al., 2002). The presence of phIGFBP-1 in cervical secretions
may be an indicator of tissue damage at the choriodecidual interface. The fetal
membrane begins to separate from the decidua in the earlier stages of labour. At this
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stage, the presence of phIGFBP-1 in cervicovaginal secretions has been suggested as
a predictor of preterm delivery but no testing has been done during the first trimester

of pregnancy.

1.4.1.2 Role of protein glycosylation in preterm birth

Glycosylation is recognised as one of the most common and major PTMs responsible
for regulation of anti-inflammatory immune responses (Caramelo and Parodi, 2007,
Helenius and Aebi, 2004, Lowe and Marth, 2003). Glycosylation describes the process
whereby sugar-moieties attach to the primary protein. A diverse group of sugar
complexes and protein species may be involved; ranging from simple monosaccharide
to highly complex polysaccharide modifications (Stowell et al., 2015). Abnormal
glycosylation states have been associated with pathological conditions related to
human implantation (Clark, 2015). Previous studies indicate alterations in
glycosylated serum proteins such as IgG and al-antitrypsin during pregnancy (Bondt
et al., 2013, Ruhaak et al., 2014). Increased levels of pregnancy associated anti-
inflammatory 1gG Fc-linked N-glycan galactosylation and sialylation has also been
demonstrated by several groups (Bondt et al., 2013, Raju and Lang, 2014, van de Geijn
et al., 2009).

Due to a high amount of glycoconjugates in the human uterus, not only the
sperm, the implanting fetus and embryo can bind effectively, but also any pathogen
that may gain entry to the uterus (Jones and Aplin, 2009, Carson, 2002). During the
luteal phase of the menstrual cycle, secretions of the endometrial glands increase
markedly (Jones et al., 2001). These secretions are supplemented with nutrients and
growth factors that maintain the implantation of the embryo and the subsequent
development of a viable fetus (Clark, 2015). It is still unknown whether there is a link
between defective placental or uterine glycosylation and adverse obstetric outcomes
including preeclampsia, intrauterine growth restriction and preterm birth. Furthermore,
the role of glycans linked to uterine and trophoblast glycoconjugates also remains

unknown.

Recent studies, however, have reported the presence of altered glycosylation
in trophoblasts obtained from patients that develop preeclampsia and preterm birth

(Marini etal., 2011). Alterations in the pattern of B1 integrin glycosylation in placentas
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obtained from women that had early spontaneous miscarriage relative to matched
controls have also been identified (Zhang et al., 2015). The functional significance of
shifts in glycosylation and its potential role in the development of preterm birth is yet

not well-defined.
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1.4.2 Omic approaches

Until now, most of the research focussed in the field of molecular biology is related to
DNA (genomics) analysis and thus on the message (i.e. mMRNA or transcriptomics)
rather than the translation product of this message (i.e. the protein or proteomics). The
rapidly expanding knowledge relating to altered cellular molecular processes in
diseased states has brought about a “systems biology” approach and combined the use
of the various complementary “-omics” (€.g. genomics, transcriptomics, proteomics,

metabolomics, lipidomics) methods.

To date, most of the research focused on understanding the pathophysiology of
preterm birth has involved the assessment of potential genetic markers. However,
application of these as clinical markers, targets for drug intervention, or for the
development of therapeutic agents is likely to be limited. Genomic data will provide a
basis on which protein studies may be built. However, genomics alone will not provide
the functional and biochemical information on messenger or protein abundance or
speciation as the genome is relatively static when compared to the proteome that
evolves in response to myriad intra- and extracellular environmental signals (Graves
and Haystead, 2002).

Transcriptomic analyses, on the other hand, focus on identifying critical
MRNAs as they are directly coded by the genome (Han et al., 2015). Proteomic
investigation offers molecular and cellular information relating to protein abundance
and the diversity of proteoforms present (Larochelle, 2016). Identifying changes in
copy numbers or altered levels of DNA or RNA respectively does not necessarily
identify changes at the protein level and therefore might not be directly relevant to the
biological nature of a physiological state. In contrast, systems biology approaches,
including proteomics and lipidomics provide direct information concerning a given
state, and thus opportunities for study of both healthy and adverse pregnancy outcomes

such as preterm birth.

Omics strategies offer much in terms of biomarker discovery, as multiple
molecules can be assessed simultaneously. There has been an increasing trend in the
use of omics approaches in reproductive medicine. In the last decade, omics
(genomics, transcriptomics or proteomics) research related to preterm birth has
attracted much attention. (McPherson and Manuck, 2016, Sheikh et al., 2016, Paquette
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etal., 2018, Bukowski et al., 2017, Law et al., 2015, Bradford et al., 2017, Horgan and
Kenny, 2011). However, most of this research has focussed on single omics
approaches and have failed to be translated into clinical practice mainly due to lack of

reproducibility.

1.4.3 Proteomics

As defined above, the proteome comprises of all protein species including splice
variants and PTMs present in an organism at a given point in time and proteomics
refers to the large scale study of protein species and the applications of technologies
for their identification and quantification (Aslam et al., 2017, Aebersold and Mann,
2016). Understanding the proteome is crucial for biomarker discovery because protein
species are most likely to be impacted by the disease or disease response (Kavallaris
and Marshall, 2005).

The impact of proteomic research within the last decade in attempting to
understand the molecular biology of reproductive medicine and gynaecological
diseases has been enormous (Kolialexi et al., 2008, Kosteria et al., 2017, De Rose et
al., 2018, Hernandez-Nufiez and Valdés-Yong, 2015, Butt et al., 2006). Specifically,
in preterm birth, the application of proteomics has not only attempted to define the
aetiology, great emphasis has also been placed on the search for discriminatory
biomarkers during the early phases of pregnancy (Kacerovsky et al., 2014, Law et al.,
2015, Buhimschi et al., 2008, Bujold et al., 2008, Bradford et al., 2017).

However, there continues to be a substantial gap in the knowledgebase
concerning molecular mechanisms underlying preterm birth. Exploring, defining and
understanding the maternal serum proteome should allow improved insight into the
evolution and progression of this disease in women from various ethnic backgrounds.
Proteomics may also provide new targets for more effective medical management and
potentially a novel method for rapid, cost-effective prognosis and/or diagnostic

tracking of women suffering from this condition (Figure 1.8).

The following sections will describe the predominant techniques for
comparative proteomics employed in the current research and the bioinformatics

methods used to extract significant quantitative information from these techniques.
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Proteins Are Critical to Understanding Disease
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Figure 1.8: The role of proteins and post translational modification in understanding

disease. Adapted from Bernstein, 2014.
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1.4.4 Proteomics methods

One of the two major approaches for profiling protein species and peptides is “Bottom-
up” proteomics Which refers to the identification of amino acid sequences by analysis
of peptides in proteolytic digests, and the assessment of these to determine which
proteins are potentially present in a sample (Figure 1.9). The term bottom-up thus
indicates that evidence about the potential constituent proteins is reassembled from
individually identified fragment peptides (Wolters et al., 2001, Yates, 2004, Link et
al., 1999). The major drawback of this approach is that only a small fraction of the
total peptide population of a protein can be identified so there is low percentage
sequence coverage (Tuli and Ressom, 2009). This poses a major problem in identifying
all proteins of interest. The “top-down” approach enables separation of intact
proteoforms and their subsequent identification and is therefore considered to be
superior to the bottom up approach (Kelleher, 2004, Smith et al., 2013). Two-
dimensional gel electrophoresis (2DE) has been one of the mostly commonly used

approaches to resolve proteoforms (Oliveira et al., 2014a) (Figure 1.9).

A top-down proteomic approach utilizing 2DE coupled with liquid
chromatography mass spectrometry/mass spectrometry (LC/MS/MS) was used in the
current study to investigate first trimester serum protein species from women
delivering spontaneously prior to 37 weeks’ gestation. This method of serum protein
analysis was chosen because it is the only electrophoretic technique that can be
routinely applied to quantitative expression profiling of large sets of complex protein
mixtures such as serum. Additionally, 2DE facilitates a more complete total profiling
including intact proteoforms reflecting the changes in abundance of the protein species
present and thus retaining this critical biological/molecular information (Gorg et al.,
2000, Corbett et al., 1994, Oliveira et al., 2014b, Coorssen and Yergey, 2015).

The technique of 2DE involves the separation of proteins from complex
samples in accordance with two unique protein properties, namely iso-electric point
(pl) and size (i.e. molecular weight; MW). The first dimension of separation is
isoelectric focusing (IEF), which involves separation of proteins according to their pl
on an immobilised pH gradient gel (O'Farrell, 1975). First dimension IEF is then
coupled with second dimension sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), to separate proteins by their MW resulting in the

creation of a 2D proteome reference map of the proteoforms present (Laemmli, 1970).
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After staining with colloidal Coomassie Brilliant Blue (cCBB) for total protein
detection, the individual protein spots can be quantified and further analysed by MS

(Gauci et al., 2013).
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Figure 1.9: Schematic representation of top-down and bottom-up proteomic
approaches. Adapted from Switzart et al.,201 3.
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PTMs such as phosphorylation and glycosylation are identified using the
fluorescent stains Pro-Q Diamond and Pro-Q Emerald, respectively (Orsatti et al.,
2009, Hart et al., 2003). Pro-Q Diamond and Pro-Q Emerald use a novel fluorophore
to generate fluorescent signals by reacting with the phosphate and periodate-oxidized
carbohydrate groups respectively. N-linked and O-linked processes represent the two
major types of protein glycosylation. Reversible phosphorylation of serine, threonine
or tyrosine residues, represents one of the most well-studied mechanisms of PTM
(Lodish H, 2000, Humphrey et al., 2015).

There is consistent evidence in the literature supporting the critical roles of
glycoproteins in biological mechanisms and cellular processes (Stadlmann et al., 2017,
Chen et al., 2013). Characterization of the glycome and glycoproteome can be
challenging due to their complex nature (Jensen et al., 2012). Furthermore, the
glycosylation machinery is sensitive to disease manifestations; this has, for example
led to several groups suggesting that changes in glycan assembly could be promising
candidate biomarkers (Ruhaak et al., 2013, Zhu et al., 2017, Thaysen-Andersen et al.,
2016). Even subtle changes in sugar structure such as a N-glycan core substitution by
a single sugar moiety can have adverse functional consequences and be of potential
value from a clinical perspective (Shah et al., 2015, Zhang et al., 2016, Haakensen et
al., 2016, Brown et al., 2018).

1.4.4.1 Deep imaging and third-dimension electrophoresis (3DE)

Third dimension separation (3DE; ‘postfractionation’) is used to further resolve co-
migrating proteins that appear as hyper-abundant spots after initial resolution by 2DE,
using a gradient gel customized to provide optimal resolution within the target
molecular weight range (Butt and Coorssen, 2005, Wright et al., 2014b, D'Silva et al.,
2017). Deep imaging involves excising saturating spots/regions and re-imaging the gel
at a higher photon-multiplier tube setting of 750 V, thus enabling detection of lower
abundance proteins, that were originally below the level of detection (Wright et al.,
2014b, Wright et al., 2014a, Partridge et al., 2016, D'Silva et al., 2017).
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1.4.4.2 Mass spectrometry

Protein species of interest are excised from cCBB stained 2D gels and subjected to
proteolytic cleavage with trypsin to generate peptides in solution. Peptides are ionized
within a mass spectrometer to produce a measurement of their masses. A number of
ionization methods are used; peptides can be co-crystallized with a matrix for matrix
assisted laser desorption/ionization (MALDI) (Duncan et al., 2008), or the liquid
peptide mixture can be subjected to electrospray ionization (ESI) (Liuni and Wilson,
2011). After ionization, peptides are detected within the spectrometer using time-of-
flight (TOF), quadrupole, ion trap, or fourier transform ion cyclotron resonance mass
analysers (Signor and Boeri Erba, 2013). Mass spectrometers are designated by their
combination of ionization method and mass analysers. MS/MS methods refer to
multiple peptide fragmentation steps occurring within the mass spectrometer,
generally within a single run, and provide a greater level of detail about peptide amino
acid sequence not available from single fragmentation approaches like MALDI-TOF
(Wysocki et al., 2005). This sequence information can be key in identifying the

specific protein isoform of interest (Henzel et al., 2003).

1.4.4.3 Quantitative image analysis

The most important objective of proteomics is to identify differences in protein
abundances (increase or decrease as assessed by spot intensity) between control and
test samples. Once these protein spots have been identified using spot analysis
software, the proteins of interest can be excised for identification using MS.
Specialized software packages such as PDQuest (Bio-Rad), Melanie (GenBio),
Delta2D (Decodon), Decyder 2D (GE Health) are used to analyse and quantify the
changes in abundance of every protein spot by defining spot area boundaries and
matching spots between gel images, and then comparing spot densities (i.e. via

fluorescence or densitometry) (Rosengren et al., 2003, Kang et al., 2009).

The image analysis for this study was performed using Delta2D V4.0
(DECODON Gmbh, Greifswald, Germany), which is an alignment-based approach
matching all preterm cases and control samples between the different gels (Millioni et
al., 2010). Delta2D generates normalised average protein abundance levels for each
individual spot from a warped gel image. Spots were deemed differentially abundant
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and significant (one-way analysis of variance; ANOVA), when a > 1.5-fold change in

abundance was detected with a significance of p < 0.05.

1.4.4.4 Bioinformatics
Bioinformatics is the application of analytics and computational databases — for
proteomics or any of the complementary omics - to assess and understand biological
processes (Kumar and Mann, 2009). The most common protein database resources
available to researchers for protein identification from MS data include the United
Protein Database (UniProt, http://www.uniprot.org), which centralises three existing
protein sequencing databases - SwissProt, Translational European Molecular Biology
Laboratory (TrEMBL) and the Protein Information Resource - into one global
resource. Other key protein database and analysis resources include the Mascot
Daemon search algorithm. AIll these resources are aimed to provide free and
unrestricted access to the most comprehensive and non-redundant information
regarding protein structure and function. However, limitations of these latter resources
must be considered when interpreting the results relative to the proteins experimentally
identified. One such instance is the possibility of one spot containing 40-60 proteins
and the ability of databases to identify the top-most hit i.e. protein of high abundance
(Zhan et al., 2018). However, it is possible that apparent changes in protein abundance
may be related to changes in other, lower abundance proteins associated with that spot.
Additionally, pathway analysis software such as PANTHER (Protein Analysis
Through Evolutionary Relationships) classification system, Reactome Pathway
Database, STRING (Search Tool for the Retrieval of Interacting Genes/Proteins)
database and DAVID (the database for annotation, visualization and integrated
discovery) enable at least an initial, provisional functional interpretation of large
protein datasets, providing some first-pass guidance as to their biological context,
involvement in various physiological pathways and association with disease

pathophysiology.
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1.4.5 The dynamic range challenge of serum

Human serum proteins serve as a rich source of biomarkers as they reflect various
physiological conditions at a given time point (Anderson et al., 2004). However, one
of the greatest challenges in analysing the serum proteome is its complexity and wide
dynamic range of concentration of individual proteins that extends from several
milligrams to less than one pictogram per millilitre (Chandramouli and Qian, 2009).
Furthermore, the high-abundance of certain protein species tends to mask proteins of
lower abundance, some of which might potentially be relevant to disease states
(Millioni et al., 2011).

Amongst the other highly abundant proteins, human serum albumin alone
constitutes approximately 60% of the total serum proteome causing an overwhelming
signal in detection assays (Guizado, 2014). Because of its high abundance, it plays a
vital role in facilitating drug delivery (Larsen et al., 2016, Elsadek and Kratz, 2012).
Human serum albumin can also undergo PTMs including glycation, S-guanylation and
dehydroalanine conversion — the nature of the PTMs affects the ability of aloumin to
interact with drugs (Lee and Wu, 2015). Current research aims to utilize human serum
albumin to improve efficiency of drug delivery and subsequent treatment of diseases
(Lomis et al., 2016, Qi et al., 2016, Quan et al., 2011).

Past research has focused on strategies to deplete human serum albumin for
discovery of potential biomarkers that are often found in low abundance (Gianazza et
al., 2016). However, studies have noted the presence of interesting molecules such as
cytokines in the albumin depleted fractions (Granger et al., 2005). In general, the
albumin-binding peptides and proteins are collectively called the alouminome (Liu et
al., 2017). The albuminome has been suggested to be of value in identifying disease
biomarkers when combined with other protein components (Lowenthal et al., 2005,
Camaggi et al., 2010).

Besides albumin, human serum also contains other highly abundant protein
species: 1gG, IgA, transferrin, haptoglobin, and antitrypsin. Collectively, these six
abundant proteins constitute over 85% of the human serum proteome (Echan et al.,
2005). Depletion methods for highly abundant proteins have been widely investigated
and a number of these have become commercially available (Polaskova et al., 2010,

Bjorhall et al., 2005). These techniques include use of classical methods (Cibracon
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Blue and protein A/G chromatography methods), immuno-affinity subtraction
chromatography as well as various affinity spin tube filter, resins, and columns. The
depletion strategies, however, are disadvantageous for two reasons: a) removal of the
initially most abundant proteins merely exposes a second cohort that is highly
abundant in comparison to other species; and b) these depletion methods lead to the

concomitant removal of non-targeted protein species of interest (Bellei et al., 2011).

Several critical assessments and refinements to better enable the resolution and
comparison of serum proteomes were carried out as part of the research described in
this thesis. The methods were then applied to identify first trimester maternal serum
proteoforms between women who delivered spontaneously and those who delivered at

term.

61



1.5 Previous attempts to identify protein biomarkers for preterm birth using
proteomic approaches

To date, many studies have documented the use of various proteomic approaches to
predict preterm birth. Several biospecimens including cervico-vaginal fluid (CVF),
amniotic fluid, saliva, plasma and placenta have been investigated to identify markers
for preterm birth. However, none of the identified markers were found to be clinically

effective for prediction of preterm delivery.

A study examined the CVF to identify markers for preterm birth by using a gel
based fluorescence 2D differential gel electrophoresis approach as well as a bottom-
up technigque (Multidimensional Protein Identification Technology (MudPIT)) (Pereira
et al., 2007). Among the identified protein species, calgranulins, annexins, S100
calcium-binding protein A7, and epidermal fatty acid binding protein were
differentially abundant in sPTB and control samples. Interestingly, the group identified
serum proteins (R-1-antitrypsin, R1-acid glycoprotein, haptoglobin, serotransferrin,

and vitamin D binding protein) that were also differentially abundant in the CVF.

The same group employed mass spectrometry and ELISA techniques to
identify biomarkers of recurrent preterm birth in a larger cohort of at-risk women who
underwent serial CVF sampling (Lo et al., 2014). The group identified 784 proteins in
total, of which four proteins (Cysteine-rich secretory protein 3, Heat Shock Protein
Beta-1, Protein S100-A7 and Alpha Enolase-1) were involved in the inflammatory
cascade. However, ELISA analysis was unable to confirm the apparent altered

expression of the candidate proteins.

Another study cultured human columnar epithelial endocervical-1 and vaginal
cells and utilized stable isotope labelling technology to generate labelled CVF
proteomes in vitro (n = 5 preterm birth and n = 5 controls). The labelled secreted
proteins from both cell lines were combined and characterized by LC/MS/MS. The
group identified 1211 proteins in total and shortlisted 15 candidate proteins as potential
preterm birth biomarkers previously linked to mechanisms underlying preterm birth.
Furthermore, the group quantified 15 candidate proteins by employing multiple
reaction monitoring (MRM) MS assay and demonstrated significantly increased levels
of three proteins (desmoplakin isoform 1, stratifin, and thrombospondin 1 precursor)

in women who delivered preterm (Shah et al., 2009).
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An Australian group used 2D DIGE and MS to analyse the CVF proteome in
symptomatic women who delivered preterm spontaneously and identified 12 proteins.
Based on fold change and previous observations relating to human parturition, four
proteins (albumin, IL-1ra, thioredoxin and VDBP) were validated in a larger
independent cohort of symptomatic women. ELISA analysis revealed significantly
altered levels of albumin and VDBP in women who delivered preterm compared to
term controls. When compared to fFN, a combined model of albumin/VVDBP was
found to be more effective to predict sSPTB in symptomatic women within 7 days
(Liong et al., 2015).

Inflammatory biomarkers characteristic to HCA and funisitis (neutrophil
defensins 2 and 1 and calgranulins C and A) have been identified in amniotic fluid
using a proteomics approach (Buhimschi et al., 2009). Based on these findings,
researchers sought to determine the relationship between identified inflammation
associated biomarkers and cord blood IL-6 to assess the likelihood and severity of
developing FIR. A direct correlation was seen between the AF and cord blood IL-6
levels; however, severity of infection could not be used to measure the intensity of
FIR.

The results obtained by Romero at al. suggest that mass spectrometric
signatures of the amniotic fluid can be used to distinguish women delivering preterm
due to intrauterine infection from women delivering without inflammation/infection at
term (Romero et al., 2008). Another study used amniotic fluid in the mid-trimester of
pregnancy to identify biomarkers via an LC/MS/MS approach in the exploratory
phase. They identified six dysregulated proteins and suggested CRP as a marker to
predict SPTB at 14-19 weeks’ gestation. However, the group was not able to validate
their findings through ELISA (Hallingstrom et al., 2016).

In recent years, research into microparticles has attracted much attention.
Microparticles are a group of small bioactive vesicles released into the circulation due
to stress, cellular damage or infection (Herring et al., 2013). Pregnancy associated
microparticles are involved in cross-talk between maternal and fetal tissues and play
crucial roles in wvarious immune related pathways. Analysis of circulating
microparticles in first trimester plasma samples identified several clinically significant

protein mediators involved in the complement system and associated inflammatory
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pathways (Cantonwine et al., 2016). Another study examined circulating
microparticles in second trimester maternal serum and identified proteins associated

with inflammation and cell injury to be predictive of SPTB (Ezrin et al., 2015).

It has been hypothesized that even prior to the onset of clinical signs, there are
differences in the maternal serum proteomic profile in women destined to deliver a
premature baby (Esplin, 2014). A study utilizing an Electrospray-ionization, time-of-
flight mass spectrometry (EOI-TOFMS) technique to assess serum identified three
peptides arising from inter-alpha-trypsin inhibitor heavy chain 4 protein to be
significantly decreased in asymptomatic women at 24-28 weeks having subsequent
sPTB. Nonetheless, the results do not allow for any confident differentiation of the
three proposed biomarkers according to a potential aetiology for SPTB (Esplin et al.,
2011).

Another study, employing shotgun proteomic approache, indicated that
elevated levels of serpin B7 in maternal serum can be used as a predictive marker for
sPTB in symptomatic women (Parry et al., 2014). A panel of 31 proteins were found
to be in low abundance and only serpin B7 was found to be increased in serum samples
from women who delivered preterm compared to women who delivered at term. The
role of serpin B7 in the context of SPTB has not yet been studied. Consequently,
validation studies in asymptomatic women to understand the mechanism of serpin B7
in SPTB are warranted.
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1.6 Hypothesis and Aims

Hypothesis

Differences in the serum proteomes of preterm or term pregnancies are present as early
as 11-13"® weeks’ gestation. These differences can be identified through proteomics
and will likely prove to be of substantial value in predicting risk of spontaneous
preterm birth, thus enabling early interventions that reduce or eliminate this risk in the

future.

Aims and Objectives

» To test and refine methods for characterization of maternal serum protein

profile using a top-down proteomic approach.

» To characterise differential protein profiles and post translational
modifications of the first trimester maternal serum proteome using a highly
refined top-down proteomic approach based on 2DE coupled with mass

spectrometry.

» To validate candidate protein biomarkers by use of a western blot approach in
a larger cohort of affected pregnancies and therefore identify protein markers

that will be of value in the prediction of preterm labour.
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Abstract: Serum provides a rich source of potential biomarker proteoforms. One of the major
obstacles in analysing serum proteomes is detecting lower abundance proteins owing to the presence
of hyper-abundant species (e.g., serum albumin and immunoglobulins). Although depletion
methods have been used to address this, these can lead to the concomitant removal of non-targeted
protein species, and thus raise issues of specificity, reproducibility, and the capacity for meaningful
quantitative analyses. Altering the native stoichiometry of the proteome components may thus
yield a more complex series of issues than dealing directly with the inherent complexity of the
sample. Hence, here we targeted method refinements so as to ensure optimum resolution of serum
proteomes via a top down two-dimensional gel electrophoresis (2DE) approach that enables the
routine assessment of proteoforms and is fully compatible with subsequent mass spectrometric
analyses. Testing included various fractionation and non-fractionation approaches. The data show
that resolving 500 g protein on 17 cm 3-10 non-linear immobilised pH gradient strips in the first
dimension followed by second dimension resolution on 7-20% gradient gels with a combination
of lithium dodecyl sulfate (LDS) and sodium dodecyl sulfate (SDS) detergents markedly improves
the resolution and detection of proteoforms in serum. In addition, well established third dimension
electrophoretic separations in combination with deep imaging further contributed to the best available
resolution, detection, and thus quantitative top-down analysis of serum proteomes.

Keywords: deep Imaging; Lithium Dodecyl Sulfate; prefractionation; postfractionation; proteomics;
proteoforms; three-dimensional gel electrophoresis; two-dimensional gel electrophoresis

1. Introduction

Detailed analyses of the serum proteome are important as they provide a source of diagnostic
or prognostic biomarkers as well as insight into the mechanisms underlying disease development
and progression [1,2]. Due to the heterogeneity of disease, single protein markers are frequently
not sufficiently predictive of a condition to be of significant clinical value. A panel of candidate
biomarkers is typically needed to improve diagnostic efficacy [3,4]. Although fitness-for-purpose
must be considered in deciding between the use of bottom-up or top-down proteomic approaches [5],
quantification of disease-associated alterations is often best achieved by the latter, in which intact
proteoforms (i.e., protein species) are resolved from complex biological samples using techniques
such as 2-dimensional gel electrophoresis (2DE) coupled with mass spectrometry (MS) [6]. 2DE is
the only available proteomic technique that can simultaneously resolve hundreds-to-thousands of
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proteoforms in a single analytical run, while also enabling multiple parallel analyses. As the only such
routine top-down analytical protocol, it is thus the only available approach that enables quantitative
profiling of large sets of complex protein mixtures; that is, as part of the routine analytical protocol, this
approach resolves protein isoforms, splice variants, and the vast range of post-translationally modified
protein species that define biological functionality.

Serum contains one of the most complex proteomes that has thus far been researched. The dynamic
range of protein characteristics (e.g., isoelectric point, mass, hydrophobicity, concentration, and post-
translational modifications) makes effective coverage of the serum proteome very challenging as it
is difficult to resolve such a diverse range of macromolecules [7]. High-abundance proteins tend to
mask those of lower abundance and have typically been removed to allow better resolution of other
species [8]. However, removal of this fraction risks removal of non-targeted proteins that may impact
on our understanding of the mechanisms underlying disease as well as on discovery and quantification
of novel biomarkers [9]. In addition, removal of the most abundant proteins merely exposes a second
cohort that is highly abundant in comparison to other species—so this intervention fails to resolve the
fundamental problem of dynamic range and largely obviates the objective of quantitative analysis [5].

As with other complex samples, methods used to reduce the complexity of the serum proteome
are based on the physicochemical and structural characteristics of the constituent proteins, including
solubility, hydrophobicity, molecular weight and isoelectric point. Ultracentrifugation provides
a simple approach for the separation of high molecular weight proteins but is non-selective and thus
also does not address the issue of protein-protein binding and non-specific losses [10,11]. Similarly
trichloroacetic acid (TCA) has been used to precipitate high abundance proteins such as albumin by
forming a TCA-albumin complex [12]. Phase separation of detergents such as Triton X-114 (TX-114)
distinguishes between proteins on the basis of hydrophobicity and is relatively cheap and versatile but
the partitioning behaviour depends on the properties of the proteins being resolved (e.g., molecular
weight and surface exposure of different amino acid residues) and may still not fully address the issue
of non-specific protein losses to one fraction or the other [13]. Other methods are mainly used to target
the removal of hyper-abundant proteins and are based on affinity phases, ion-exchange and antigenic
activity [14]; these processes are similarly compromised by a lack of specificity and/or by the potential
of complex protein-protein interactions leading to the unintended removal of (lower abundance)
species bound to the highly abundant fraction. Whilst these techniques facilitate identification of
some less abundant proteins there is a risk that others will not be recognised and that any attempts at
quantification do not in fact represent the native state of the proteome.

In preparation for assessment of the serum proteomes of pregnant women who laboured preterm,
we have developed an analytic technique that does not remove protein species but nonetheless
enables improved differentiation of both high and low abundance proteoforms, of both high and
low molecular weight. As the whole serum proteome is conserved, the technique also allows
quantification of species, and for further future improvements as detection methods continue to
improve in sensitivity and selectivity [15-19]. In addition to the various techniques discussed and
tested in order to optimize efficient resolution of the native serum proteome, we have also combined
arobust and well-established 2DE protocol [20,21] with (i) a new, high sensitivity staining and detection
protocol [15,17,18]; (ii) postfrationation or third dimension electrophoresis (3DE) [22,23]; and (iii) Deep
Imaging [23-25]—as well as selective staining to assess phospo- and glycoprotein subproteomes
(i.e., proteoforms) in order to extract as much information as possible from each gel [9,24] (Figure 1).
3DE is used to further resolve co-migrating proteins that appear as hyper-abundant spots after initial
resolution by 2DE, using a gradient gel customized to provide optimal resolution within the target
molecular weight range [22,23]. Deep imaging involves excising saturating spots/regions and imaging
the gel at 750 V, thus enabling detection of lower abundance proteins [23-25]. We thus report the
development of an efficient, sensitive and reproducible technique that substantially improves the
quantitative protein profiling of native human serum, and that should prove widely applicable to
a range of comparable sample types including plasma and urine.
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Figure 1. A simplified flow chart of various phases used during optimization of serum two-dimensional
gel electrophoresis (2DE).

2. Materials and Methods

Banked serum samples were analysed from a cohort of women attending for combined first
trimester screening, a screening test for Down syndrome at 11-13*6 weeks’ gestation. Samples were
collected between 28 June 2011 and 15 April 2013, and were initially centrifuged for 10 min at 2000x g
in a NATA approved clinical laboratory within four hours of collection. These samples were used to
determine serum PaPP-A and free BhCG levels, while the residual serum was immediately stored at
—80 °C. The subsequent pregnancy outcomes have been recorded and the samples selected for this
work were from uncomplicated pregnancies. Sample use was approved by the Royal Prince Alfred
Hospital ethics committee (X11-0305/HREC/11/RPAH/472). A reference proteome was created using
serum pooled from three samples.

2.1. Protein Assay

Protein estimation was performed using the EZQ Protein Quantitation Kit with BSA standards
according to the manufacturer’s instructions (Molecular Probes, Eugene, OR, USA). A baseline
native serum profile was prepared by solubilising crude serum in 2DE buffer containing 8 M urea,
2 M thiourea, 4% (w/v) CHAPS and a cocktail of protease, kinase and phosphatase inhibitors
(referred to as PI) at a ratio of 1x conc of PI (initial conc of 500 ): 2 mL of serum [26].
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2.1.1. 2-Dimensional Gel Electrophoresis (2DE)

Proteins were resolved using a well-established protocol and further detail is provided in the
supplementary methods section [24]. Several methods of sample preparation prior to the first dimension
(termed phase I) and at the 2DE stage (termed phase II) were tested for potential improvements in
resolution whilst ensuring minimal loss of low abundant species and preservation of proteoform integrity
for quantitative assessment.

Phase I: Testing of fractionation techniques involved use of Ultracentrifugation, Trichloroacetic acid
(TCA) precipitation, Triton X-114 phase separation, Size exclusion filters, and the Aurum Affi-Gel Blue
column prior to the first dimension of resolution (Figure 1).

2.1.2. Ultracentrifugation

Considering the previously identified complement of membranous material and membrane
protein in serum and plasma [27,28], ultracentrifugation was carried out according to Churchward
et al., (2005) (supplementary methods) [29]. 2 mL of thawed serum with an added 1x conc of PI
was centrifuged at 146,542 x g for three hours at 4 °C using a Beckman Coulter Optima L-100 XP
ultracentrifuge; the separate supernatant and pellet fractions were collected.

2.1.3. Trichloroacetic Acid (TCA) Precipitation

500 pL TCA (100% (w/v)) was added to 500 pL of crude serum and incubated at —30 °C overnight
(supplementary methods) [12]. The sample was centrifuged at 15,000 g for 30 min at 4 °C.

2.1.4. Triton X-114: Hydrophobic-Hydrophilic Phase Separation

TX-114 phase separation was carried out using a modification of the Bordier protocol [30]. In brief,
a cushion of 2000 uL of 6% (w/v) sucrose, 10 mM Tris-HCI (pH 7.4), 150 mM NaCl and 0.5% TX-114
was placed at the bottom of a Falcon 15 mL conical centrifuge tube. 500 puL of crude serum sample
with 1 x PI was then overlaid on this cushion and the tube was incubated for 3 min at 30 °C to effect
condensation. The tube was centrifuged at RT for 3 min at 300 g to effect phase separation, yielding
a clear, viscous lower detergent phase (DP) and an upper aqueous phase (AP). After phase separation,
the DP and AP were analysed separately as described in the supplementary material.

2.1.5. Size Exclusion Filters

100 kDa and 50 kDa Amicon ultra-centrifugal low protein binding filter units (Merck Millipore,
Billerica, MA, USA) were briefly rinsed with 200 pL of 0.9% NaCl before use. 2 mL of crude serum
was mixed with an equal volume of saline containing 1x PI, and centrifuged in two stages (using the
100 kDa and 50 kDa filters, respectively) to produce three fractions of nominally > 100 kDa (fraction A),
50-100 kDa (fraction B) and < 50 kDa (fraction C); both centrifugation steps were carried out at 1008 x g
for 20 min at 4 °C. Desalting and the estimation of protein concentration (both as above) were carried
out and all three fractions were then analysed by 2DE.

2.1.6. Aurum Affi-Gel Blue Column

The effect of albumin removal on analysis of the serum proteome was also tested using Aurum
affi-gel blue mini columns (Bio-Rad, Hercules, CA, USA). This protocol has been explained in the
supplementary material.

Phase II: Optimisation of ‘non-fractionation” approaches involved using serum in the native form
for the first dimension while replacing or supplementing SDS with LDS for the second dimension
(Figure 1).
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2.1.7. Lithium Dodecyl Sulfate (LDS) vs. Sodium Dodecyl Sulfate (SDS)

We explored an alternative strategy to improving the resolution of protein species by resolving
native serum on large (i.e., 20 cm x 20 cm) 7-20% gradient acrylamide gels which enabled a larger
amount of protein to be resolved. LDS alone as well as a combination of LDS and SDS were tested by
first resolving native serum without any fractionation on 2D gels. LDS was added in the equilibration
buffer (6 M Urea, 20% glycerol, 375 mM Tris; pH 8.8, 0.1% LDS or a combination of 0.1% LDS and
0.1% SDS) when reducing and alkylating the IPG strip after IEF, as well as in the gel matrix (7% and
20% acrylamide, 375 mM Tris, 0.1% LDS or a combination of 0.1% LDS and 0.1% SDS) used in the
second resolving dimension (see supplementary material).

Phase III: Deep imaging and third-dimension electrophoresis (3DE).

Here, 2DE was combined with 3DE (a postfractionation approach) and integrated with
a well-established ‘deep imaging’ protocol [23-25]. For each 2DE analysis, 500 ug of protein
was resolved on 17 cm, 3-10 NL IPG strips, as described above; areas of near-saturating signal
(i.e., hyper-abundant proteins) were manually excised from the cCBB stained gels using a scalpel.
Imaging was repeated at 750 V for higher sensitivity protein detection. All excised spots were further
resolved using a standardized 3DE protocol. Briefly, those gels designated for 3DE were initially
stained using the reversible zinc-imidazole protocol [24], and saturating spots/regions were excised,
the zinc fixation reversed on both the main gel and the excised regions, and the latter were turned
90° relative to the initial path of resolution and then subjected to a third round of electrophoresis,
on narrow gradient gels customized to the corresponding molecular weight region; 10-15% for
heavy cut spots corresponding to 60-200 kDa and 15-18% for light cut spots corresponding to
10-50 kDa. Once electrophoresis was completed, gels were stained with cCBB, destained, and imaged
as described above.

2.2. Phospho and Glyco Staining

Pro-Q Diamond and Pro-Q Emerald stains were used to identify post translation modifications
(PTM), specifically, phosphorylation and glycosylation, respectively. Pro-Q Emerald 488 Glycoprotein
and Pro-Q Diamond Phosphoprotein stains were obtained from Life Technologies (Carlsbad, CA, USA).
Following 2DE, phospho- and glyco- staining was carried out on control serum sample according to
manufacturer’s protocols.

2.3. Image and Statistical Analyses

The resulting resolved protein spots from all 2DE and 3DE gels were quantitatively analysed
using automated spot detection in Delta 2D (version 4.08; DECODON GmbH, Greifswald, Germany).
For fractionation techniques, all images of replicate gels of both fractions were fused to create
a representative image. When serum was resolved, without any fractionation, mean spot counts
have been reported. Only protein species consistently and reproducibly detected across a given set
of replicate gels were considered for the spot count. These spot counts were obtained excluding
the gel edges and the protein ladder [24]. In order to examine the variation in protein spot numbers
following fractionation and alternate methods, the analysis of variance (ANOVA) with Tukey’s Multiple
Comparison Test was carried out.

3. Results

The mean spot count for the preliminary reference proteomes of native serum was 367 % 2 for mini
gels and 709 =+ 15 for large gels (Tables 1 and 2); this is ‘standard” SDS-PAGE (2% SDS in equilibration
buffer and 0.1% SDS in resolving gel matrix) in the second dimension [29]. As well established in the
literature, larger gels with larger protein loads resulted in better resolution of proteoforms (p < 0.001).
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Table 1. Total protein species resolved by 2DE after various methods of fractionation.

Protein  Protein Species

0,
Methods Type of Gel Gel % Conc. Detected
Native serum (Baseline for statistical comparison) 12.5% 100 pg t367 +£2
Ultra3 h 12.5% 100 pg 424 +21
Trichloroacetic acid (TCA) 12.5% 100 pug 358+ 6
Tx-114 Mini 12.5% 100 pg 415+3
Frac A and Frac B (7-10%
Size exclusion filters rac E rzlch (;;C—ZOE’/O) ) 100 pg t392 4+ 24
Aurum Affi-Gel Blue column 12.5% 100 pg 285+ 7
Tx-114 Large 7-20% 500 pg t779 £51*

Values given are average for total spot counts; all mean values were derived from combining fractions; n = 6 gels,
except T 1 = 4, Statistical significance indicated as * p < 0.001; One way analysis of variance (ANOVA), Tukey’s
multiple comparison test.

Table 2. A comparison of the total number of protein species resolved using different 2DE and deep
imaging techniques.

Protein Number of Protein

Method Typeof Gel - Gel % Concentration  Species Identified

Sodium dodecyl sulfate (SDS) (0.1%)

No gradient (Baseline for statistical comparison) 12.5% 500 ug 709 £15
SDS (0.1%) 7-20% 500 pg 864 +11*

Lithium dodecyl sulfate (LDS) (0.1%) Large gel 7-20% 500 pg 870 £ 12*

SDS (0.1%) + LDS (0.1%) 7-20% 500 pg 919 £15*%

Deep imaging 7-20% 500 ug 942 + 7%

SDS (0.1%) + LDS (0.1%)

Values given are mean + SEM for total spot counts; all mean values were derived from three technical replicates.
Statistical significance indicated as * p < 0.001; One way ANOVA, Tukey’s multiple comparison test.

For the purpose of presentation, total protein species detected using each approach are given as
mean + SEM (standard error of the mean) of the technical replicates. Individual mean + SEM for
every fraction type are reported as supplementary data.

The spot counts and representative 2DE gels for the different methods of fractionation carried
out in phase I optimisation are shown in Table 1 and Figures 2-6, respectively. All fractionation
methodologies showed poor protein separation in terms of the molecular properties being targeted.
That is, there was considerable overlap in the distribution of protein species between fractions that
would have been expected to be far more distinct or defined based on the fractionation technique
used. The overlap between the fractions has been represented in the form of fusion images in the
supplementary material section. Ultracentrifugation (either 3 h or 16 h) was used to pellet a denser
protein fraction. The resolved 2DE gels indicated that a substantial portion of albumin was found in
the pellet fraction but most protein species were distributed across both the soluble and pellet fractions
(Figure 2). Following TCA /acetone precipitation of serum, the resulting 2DE gels of the pellet fraction
were better resolved to a certain extent; there was less streaking and a lower background than seen
after ultracentrifugation (Figure 3) and some less abundant species previously masked by albumin
were better resolved. However, the total number of protein species detected was reduced compared
to the native serum proteome (Table 1), and gels of the organic supernatant fraction suggested that
substantial amounts of proteins and charge variants other than albumin were lost using this protocol.
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Figure 2. Representative gel images of supernatant and pellet fractions obtained after 3 h (A), 16 h (B)
ultracentrifugation respectively. 100 ug of supernatant and pellet fractions was loaded onto a 7 cm
3-10 NL IPG strip, following 2DE on 12.5% acrylamide gel.
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Figure 3. Representative gel images following TCA /acetone precipitation: Shown are the pellet and
supernatant fractions resolved on 12.5% acrylamide gels using 100 pug of fractionated serum.
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In TX-114 phase separation, the AP did not provide effective separation of proteins, apparently
due to residual TX-114 (Figure 4). Incorporating multiple wash steps of the AP helped to remove
remaining TX-114 (Figure 4). The number of proteins resolved in AP and DP using TX-114 phase
separation was found to be significantly increased (p < 0.001) compared to native serum (Table 1).
Though size exclusion filters performed well in promoting the overall resolution of proteins species
relative to the native serum gel, they did not appear to enable effective separation of protein species
of different size ranges, nor in limiting albumin to a single fraction. There was thus also substantial
evidence that low molecular weight proteins were retained in the high MW (>100 kda) fraction
(Figure 5). The commercial affinity columns also proved to be poor discriminators, removing a large
number of non-specifically bound proteins together with albumin (Figure 6). Overall, for these initial
12.5% mini gel tests, 3 h ultracentrifugation and TX-114 precipitation resulted in a significant increase
in protein species detected compared to native serum. Moreover, when resolved on a large gradient
gel of 7-20%, prior TX-114 phase separation resulted in the subsequent detection of 779 + 51 spots in
comparison to 709 & 15 (p < 0.001) detected when analysing unfractionated native serum (Table 1).

A 3 pl 10 3 pl 10
250 250
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g 50 20 . .
= 37 ; 37 - B a— )
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25 25 .
15 15 .
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3 pl 10 3 pl 10
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Figure 4. TX-114: Representative images of gels of the detergent phase (DP) and aqueous phase (AP)
(A), 500 ug fractionated serum resolved on large 7-20% gradient gels after multiple wash steps to
ensure removal of TX-114 detergent (B).
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Figure 6. Representative gel images of bound and unbound fractions collected following use of the

Bio-Rad Affi-Gel kit. Following manufacturer’s instructions, 100 ug of both bound and unbound

fractions were resolved on 12.5% acrylamide gels after undergoing isoelectric focusing on a 3-10 NL

IPG strip.

In this early stage of optimisation (i.e., phase I), most of the 2DE was carried out on mini gels.
However, there was a significant increase in detectable protein species resolved on 7-20% gradient
gels rather than 12.5% gels in the second dimension (Tables 1 and 2, and Figure 7). Hence phase II
optimisation was carried out on large, 7-20% gradient gels. Phase II optimisation involved resolving
native serum without any fractionation step. Table 2 documents a significant increase in the number
of protein spots resolved by using a combination of SDS (0.1%) and LDS (0.1%) as compared to the
classical SDS (0.1%) in the second dimension (Figure 7). Furthermore, deep imaging of the 0.1% SDS +
0.1% LDS gels resulted in a greater than 2-fold increase of resolved protein species compared to the
standard SDS alone (p < 0.001) (Table 2, Figure 8). Third dimension separation of hyper-abundant
protein spots (particularly those known to correspond to albumin, immunoglobin heavy and light
chains, and serotransferrin) from serum proteomes initially resolved by 2DE enabled resolution of
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additional protein species from these more abundant co-migrating proteins (Figure 9). When fully
resolved by 3DE separation, the largest 2DE ‘spot” (i.e., more of an irregular shaped, saturating
‘blotch’) was found to consist of more than one protein, clearly signifying that multiple species are
present in large and/or poorly resolved ‘spots’ (i.e., those not relatively small and tightly circular;

Figure 9) [22,24].
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Figure 7. Representative gel images showing the effect of various detergents on the resolution of

unfractionated serum: 500 pg total protein, 17 cm, 3-10 NL IPG, and 7-20% second dimension gradient
gel using 0.1% SDS (A), 0.1% LDS (B) and 0.1% SDS + 0.1% LDS (C).
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Figure 8. Deep imaged serum proteome after excision of high abundance proteins (i.e., saturating

spots). 500 pg total protein, 17 cm, 3-10 NL IPG, and 7-20% second dimension gradient gel using

0.1% SDS + 0.1% LDS.
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Figure 9. Third-dimension separations of high-density (i.e., hyper-abundant) protein regions excised
from serum proteomes resolved by 2DE; red circles indicate protein species resolved from co-migrating
hyper-abundant proteins. Designations A-F refer to excised gel regions (see Figure 8), and in each
case the associated numbers refer to specific subsections of those excised gel pieces (i.e., A1-A3 means
excised region A was subdivided into three approximately equal sized gel pieces that were then
resolved in parallel on third gels (see Materials and Methods).

In addition to the general optimisation of serum analyses, we were also interested in PTM.
For confirmation at this stage, we thus also trialled the use of phospho- and glyco- staining as a first
analysis of select proteoforms (Figure 10).
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Figure 10. Phospho- and Glyco- proteome assessment: Control serum proteomes resolved by 2DE,
stained for phosphoproteins (A) and glycoproteins (B) respectively followed by total staining by
cCBB. In A and B, orange represents phosphoproteins and glycoproteins identified by Pro-Q Diamond
Phosphoprotein and Pro-Q Emerald 488 Glycoprotein stains, blue represents total proteins identified by
¢CBB and black represents the overlap of phosphoproteins and glyco proteins with the total proteins.

4. Discussion

A variety of prefractionation methods have been developed to remove albumin and other high
abundance proteins from serum samples prior to proteomic analysis thereby presumably enhancing the
detection of lower abundance species of potential interest. However, this approach could lead to the
concomitant removal of some non-targeted proteins of potential scientific and clinical interest. We have
developed a routine technique for analysing the proteome of crude serum samples that does not
involve fractionation and therefore retains the native complement and stochiometry of protein species,
and fully enables quantitative analysis. Through systematic comparison of a variety of techniques,
we have shown that relatively heavy loading with 500 pug total serum protein on 17 cm 3-10 NL
IPG strips in the first dimension followed by second dimension resolution on 7-20% gradient gels
with a combination of LDS and SDS detergents provides the optimal current top-down methodology
to resolve the human serum proteome. Our optimisation process was carried out in three phases
(Figure 1). Phase I optimisation (fractionation) was carried out to reduce the complexity of serum
by restricting highly abundant proteins to one fraction. All of the commonly used prefractionation
techniques (phase I) that we tested showed substantial overlap in terms of protein content in the
separate fractions. This overlap indicates insufficient resolving power of these methods and increases
concerns that quantitative analysis using any of these methods is unlikely to yield satisfactory outcomes.
In phase II, we were able to obtain significantly increased numbers of resolved protein species by using
crude serum itself (Table 2 and Figure 7); this involved optimising 2DE without any fractionation and
hence no loss of proteins, in order to facilitate subsequent quantitative assessment. In addition to using
standard 2DE techniques for analysis we found that phase III, 3DE of highly abundant proteins, enabled
further resolution of co-migrating proteoforms, and Deep Imaging enabled further detection of lower
abundance species (Table 2, Figures 8 and 9) [17,23,24]. Use of selective phospho- and glycoprotein
stains confirmed the well-established ability of 2DE to routinely resolve proteoforms (Figure 10).

Whilst serum markers play an important role in medical screening, many have seemingly been
discovered somewhat serendipitously rather than through a systematic process of biomarker discovery.
The subsequent translation of biomarkers from discovery to clinical practice involves multiple stages
with many potential pitfalls. One major challenge is the inherent biological complexity of the serum
proteome [7]. To date, the majority of research directed to identifying serum biomarkers through
a top-down 2DE approach has involved the use of depletion columns to remove the most abundant
proteins. The traditional depletion strategy involves the use of a hydrophobic dye, Cibacron blue,
which has a high affinity for albumin. This strategy for removing albumin is frequently used in
proteomic analyses of serum because of its relatively low cost [31]. The use of immunoaffinity media,
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which consist of matrices with covalently attached antibodies to the most abundant proteins has also
become commonplace [32,33]. Antibody-based affinity chromatography techniques to remove albumin
have been established to isolate and investigate albumin-bound proteins [34]. Immunoglobulins G
represent the second most abundant protein species in serum and some methods have been established
to remove not only albumin, but also this class of proteins [35,36]. Methodologies based on the
depletion of high abundance proteins followed by liquid chromatography-mass spectrometry have
been used as well [37,38]. Combinatorial hexapeptide ligand libraries have also been used to enable
detection of low abundance proteins of interest [39,40]. This approach also works on the principle
of affinity chromatography and has been coupled with antibody based depletion methods to treat
human serum and other complex biological extracts [32,33,41,42]. However, a major a disadvantage
of this method is that in spite of the large number of ligands, if none has affinity for a given protein,
the latter will not be captured [39]. Furthermore, quantitative removal of any given species is not
ensured, and nonselective loss of proteins has also been documented, indicating similar selectivity
issues and concerns for later quantitative analyses as noted for other affinity-based fractionation
approaches [8,43,44]. Overall, the methods above are based on depletion of proteins to ‘reduce’ the
complexity of the serum proteome, usually with the aim of qualitatively detecting more proteins rather
than quantitatively identifying and confirming any given species as a biomarker.

However, these depletion strategies can lead to the concomitant non-specific removal of proteins
that may be of potential interest [8]. As a transport protein, albumin binds to various compounds
including hormones, lipids and amino acids so the loss of low-abundance peptides or small proteins
of interest, such as cytokines, is inevitable [45]. Stempfer et al., (2008) quantified the effectiveness of
human high-abundance serum and plasma protein depletion using 2DE and bottom-up shotgun MS
(i.e., 2D capillary chromatography with MS/MS). The data indicate that some low-abundance proteins
were still identified following the depletion protocol; nevertheless, on resolving the depleted fractions,
several proteins were found to adhere to the depletion matrix and were thus completely lost to
analysis [46]. In brief, these methods have a clear shortcoming in terms of the loss of potentially critical
protein species that could be of translational significance in a clinical setting and /or to understanding
disease mechanisms, and thus also hamper or even obviate the quantitative analyses necessary to
establish the importance of such disease markers or effectors.

Sample preparation is a critical step in the proteomics workflow as the quality and reproducibility
of protein extraction and handling significantly impact coverage and quantitative analysis of the
native proteome. Minimising sample preparation avoids proteoform degradation and modification.
Most of the prefractionation methods we assessed involved several steps and resulted in unexplained
variations in analyses of the same samples, including substantial overlap of protein species (i.e., poor
separation) between fractions (Figures 2-6). In contrast, starting with 500 pg serum protein on
3-10 NL IPG strips in the first dimension followed by second dimension resolution on a large 7-20%
gradient gel by SDS/LDS PAGE improved the resolution and detection of protein species (Table 2).
Little is known about the mechanism by which LDS and SDS in combination contribute to protein
resolution, although it is well documented that LDS promotes the solubilization and resolution of
certain hydrophobic proteins, particularly under the temperature conditions used in our established
protocol (i.e., 4°C) [47-49]. In this study, in particular, low molecular mass protein species were
strongly enriched using a combination of SDS and LDS confirming what has been previously noted
in the literature [50]. Furthermore, adding LDS pre- and post-second dimension of electrophoresis
(i.e., in the equilibrating buffer, the gel matrix, and the 2D buffer system) enabled resolution of certain
proteins not detectable when using SDS or LDS alone (Table 2). We also confirm the resolution of
proteoforms using selective staining for phospho- and glycoproteins (Figure 10).

5. Conclusions

When selecting a prefractionation method to assist in sample preparation, it is imperative to assess
the potential for loss of low abundance proteins; the possibility of carrier protein interactions with
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critical low molecular weight biomarkers is likely a serious issue hampering further advances. Most
studies that have investigated the serum proteome in various disease conditions have not been able
to successfully characterize potential biomarkers nor validate their results in a larger cohort. Simply,
altering the native stoichiometry of the proteome components may yield a more complex series of
issues than dealing directly with the inherent complexity of the sample. This is the fundamental basis
for our focus on top-down proteomic analyses of native samples.

In terms of the current investigation, maternal serum samples were pooled from three individual
patients in order to evaluate methods and develop an analytical process. The method developed
in this study is now being routinely applied to clinical samples. We will be applying the approach
defined here to further characterize and quantify protein species in a larger cohort of subjects to
provide a better understanding of the maternal serum proteome. One of the potential limitations of
the results presented here was the need to ‘over’-load the gel with 500 pg protein in order to assess
lower abundance species (although this only amounts to an average of ~10 pL of serum). While this
would not be an issue for several standard clinical samples (e.g., plasma, urine, saliva), it may not be
feasible with regard to other health complications [5]. Importantly, the advantages of the approach
defined here cannot be overstated: quantitative analysis of protein species in their native melieu
(i.e., without exposure to fractionation and other chemical manipulations). It is expected that this
represents an opportunity for broader use of this critical top-down approach to proteomic analyses
of serum and other important clinical samples. We anticipate that this top-down 2DE approach will
prove to be a powerful tool for quantitative, reproducible and thorough analyses of proteoforms,
and thus imperative to assessing health, disease state and progression, as well as the identification of
critical biomarkers.

Supplementary Materials: Supplementary Materials are available online.
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Abstract

Spontaneous preterm birth is the leading cause of perinatal morbidity and mortality worldwide
and continues to present a major clinical dilemma. We previously reported that a number of
protein species were dysregulated in maternal serum collected at 11-13"° weeks’ gestation
from pregnancies that continued to labour spontaneously and deliver preterm. In this study,
we aimed to validate changes seen in four candidate protein species: Alpha-1-antitrypsin,
Vitamin D-binding protein, Alpha-1 beta-glycoprotein and Apolipoprotein A-1 in a larger cohort
of women using a western blot approach. Serum levels of all four proteins were reduced in
women who laboured spontaneously and delivered preterm. This reduction was significant for
Vitamin D-binding protein (p=0.04), which has been shown to be involved in a plethora of
essential biological functions, including actin scavenging, fatty acid transport, macrophage
activation and chemotaxis. The decrease in select proteoforms of Vitamin D-binding protein
may result in an imbalance in the optimal intrauterine environment for the developing fetus as
well as to a successful uncomplicated pregnancy. Thus, certain (phosphorylated) species of
Vitamin D-binding protein may be of value in developing a targeted approach to the early
prediction of spontaneous preterm labour. Importantly, this study raises the importance of a
focus on proteoforms and the need for any biomarker validation process to most effectively
take these into account rather than the more widespread practice of simply focussing on the

primary amino acid sequence of a protein.



Introduction

Spontaneous preterm birth (sPTB), defined as spontaneous birth before 37 weeks’ gestation,
is the most significant problem affecting contemporary obstetric practice and is recognised as
a major health concern worldwide (1-4). 15 million babies are born preterm each year and
prematurity is described as the cause of death in 10% of stillbirths and 40% of neonatal deaths
(5). Preterm infants are >20 times more likely to require neonatal admission than term babies
and these infants suffer significant short and long term morbidity (6). Despite considerable
effort, the incidence of preterm birth is still rising (7). Given the complex and poorly
characterized pathophysiological pathways associated with preterm birth, its prediction has
been a challenge. As a result, almost every preterm event is an emergency, adding further

stress to mother and fetus, as well as healthcare systems.

Current strategies for prediction and prevention of preterm birth focus on identification of, and
intervention in, a high-risk cohort in the second or third trimester of pregnancy (8-10).
Screening tools such as ultrasound assessment of cervical length require significant capital
investment and the availability of trained staff but have modest screening efficacy (11).
Women deemed to be at high-risk of spontaneous preterm birth may be prescribed
preventative therapies such as progesterone, but this does not prevent all cases of prematurity
and there is some controversy about the impact of preventative interventions at this relatively
late stage (12, 13). There are far fewer data describing first trimester models for risk prediction
and these are currently less effective than second / third trimester counterparts (14). Cervical
length is often used in these models but is harder to assess earlier in gestation due to apparent
continuity with the lower uterine segment. Multivariate algorithms that involve combinations of
maternal history and other investigational tools have shown only moderate levels of efficacy
in screening for sPTB (15, 16). Given that current screening strategies have not made a
significant impact on preterm delivery rates, there is an urgent need to improve our
understanding of the molecular mechanisms underlying preterm birth and to identify and
develop other biomarkers that can be assessed early in pregnancy, enabling more timely and

effective preventative action.

Current proteomic approaches enable comprehensive surveys of low- and high-abundance
proteins in tissues and various biological fluids. Notably, as protein species or proteoforms
(i.e. isoforms, splice variants, and post-translationally modified forms) are generally the
effectors of biological mechanisms, it is critical to employ an analytical approach that can
effectively resolve proteomes without loss of the important information embodied by this

diverse group of molecules (17-19). Thus, in order to identify protein species that may be of
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value in identifying pregnancies at risk of preterm birth, we used a refined top-down proteomic
approach  coupling two-dimensional gel electrophoresis (2DE) and liquid
chromatography/tandem mass spectrometry (LC/MS/MS) to characterise differential
proteoform profiles in first trimester maternal serum (20, 21). In contrast to other analytical
approaches, the 2DE/LC/MS/MS approach can simultaneously resolve hundreds-to-
thousands of proteoforms in a single analytical run and enables identification of species
undergoing changes in abundance. In an initial analysis of serum (20), thirty proteoforms were
found to be significantly altered at 12 weeks of gestation in a group of women who
subsequently experienced sPTB relative to a matched group who experienced normal term
delivery. The distinguishing proteoforms included Alpha-1-antitrypsin (A1AT), Vitamin D-
binding protein (VDBP), Alpha-1lbeta-glycoprotein (A1BG) and Apolipoprotein A-1 (ApoAl)
that had previously been described in pathways associated with preterm birth. In the current
targeted analysis, we sought to validate whether these protein species were similarly altered
in a second, larger cohort of patients that subsequently delivered preterm after spontaneous

onset of labour.

Materials and methods

Study design

Proteomic analyses were carried out on a cohort of maternal serum samples prospectively
collected and stored during first trimester screening at 11-13* weeks’ gestation. The samples
were collected between 2011 and 2014 and serum was separated within four hours of
collection. Aliquots of residual serum, available after measurement of free BhCG and PaPP-
A, were stored immediately at -80°C. Details of pregnancy outcome were collated at the end
of pregnancy allowing identification of a cohort of women who laboured spontaneously and
delivered before 37 weeks’ gestation (n = 44). These were matched (one to one) to a cohort
of women who laboured spontaneously and delivered at term (>37 weeks’ gestation) (n = 44).
Note, this total cohort also included serum samples from the original 10 sPTB and 10 term
delivery cases analysed using 2DE/LC/MS/MS (20). Control samples were matched by
maternal age, gestational age, BMI, parity, smoking status, sex of the fetus and sample
storage time. Samples were excluded if preterm delivery was elective, had occurred after
spontaneous rupture of membranes or involved a multiple pregnancy or a pregnancy affected
by chromosomal or structural abnormality. The study was approved by the local hospital
Human Ethics Committee (Protocol No: X11-0305).

Differences in abundance of select serum proteins identified in an earlier initial quantitative

proteomic analysis (20) were validated further using a well-established, high sensitivity
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western blotting approach. Selection of the proteins for validation was based on fold-changes
in abundance (from the original 2DE assessments) and possible functional association of the
proteins with PTB as documented in the literature (20). Western blot analyses of four
differentially expressed target proteins — Alpha 1-antitrypsin, Vitamin D-binding protein,
Alpha-1beta-glycoprotein and Apolipoprotein A-1 — were carried out on serum samples from
the 44 sPTB patients and 44 matched term controls described above.

Antibodies

Primary antibodies: Monoclonal rabbit [EPR17087-50] to Alpha-1l-antitrypsin (ab207303),
monoclonal rabbit [EP2923Y] to Vitamin D-binding protein (ab81307) and monoclonal rabbit
[EPR9830(B)] to Alpha-1beta-glycoprotein (ab156009) were purchased from Abcam Australia
Pty Ltd, Melbourne, Australia. Monoclonal mouse Apolipoprotein A-1 (B-10) (SC-376818) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). These antibodies are
hereafter referred to as ab207303, ab81307, ab156009 and SC-376818, respectively.

Secondary Antibodies: Goat Anti-Rabbit IgG heavy and light (H&L) conjugated to Horseradish
Peroxidase (HRP) (ab97051) was purchased from Abcam Australia and was used to detect
ab207303, ab81307 and ab156009. Mouse IgG kappa binding protein (m-lgGk BP)
conjugated to HRP (SC-516102) was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA) and was used to detect SC-376818. All antibodies were stored and handled

according to the manufacturer’s instructions.

1-Dimensional gel electrophoresis (1D SDS-PAGE)

Crude maternal serum with added protease, kinase and phosphatase inhibitors (21) at a ratio
of 1 x conc of inhibitors (initial conc of 500 x) : 2 mL of serum was diluted in 1 x Phosphate
buffered saline (PBS) and solubilized in 2 x sample buffer (Laemmli 2 x concentrate (Tris 0.5
M, pH 6.8, Glycerol 20% (v/v), EGTA 6 mM (w/v), SDS 4% (w/v), bromophenol blue 0.001%
(wiv), B-mercaptoethanol 0.2% (v/v), added 1:1 just prior to use)) and heated at 100°C for 5
min. The total protein concentration of each sample was determined using the EZQ Protein
Quantitation Kit with BSA standards according to the manufacturer’s instructions (Molecular
Probes, Oregon, USA). A final concentration of 5 ug total protein in 20 pL was loaded onto
each lane of 8 — 16 % SDS polyacrylamide mini electrophoresis gels (10 x 8 cm SDS-PAGE)
for Alpha-1-antitrypsin; 10 % mini SDS-PAGE was used to resolve Vitamin D-binding protein,
Alpha-1beta-glycoprotein and Apolipoprotein A-1, respectively. The samples were also

randomized to ensure that replicates of any given sample were not resolved on the same gel.
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The gels were resolved at 100 V in SDS running buffer at 4°C. All gels and thus subsequent

immunoblots were replicated at least in triplicate.

Western blot

Western blotting was carried out essentially as previously described (22). Briefly, after
completion of SDS-PAGE, proteins were electrophorectically wet-transferred using 1 X
transfer buffer (Glycine 192 mM, Tris 25 mM, methanol 20%) at 100V to a 0.2 um pore size
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA) for 2 hrs at 4°C,
thereby immobilizing the separated proteins. Post transfer, the PVDF membrane was blocked
in TBST buffer (Tris 10 mM pH 7.4, NaCl 150 mM, 0.1% Tween 20) containing 5% skim milk
powder (Woolworths brand) and 1% polyvinylpyrrolidone (PVP-40) for 1 hr at room
temperature (RT) on a shaker, and subsequently washed with TBST 3 x 15 min. Primary
antibodies [(ab207303 1:5000 dilution), (ab81307 1: 5000 dilution), (ab156009 1:5000), (SC-
376818 1: 500 dilution)] were applied to the blots and incubated overnight at 4°C (~16 hrs).
The following day, blots were washed with TBST buffer 3 x 5 min and incubated with HRP
conjugated secondary antibodies [(ab97051 1: 25,000 dilution), (SC-516102 1: 1000 dilution)]
for one hour at RT on a shaker. After secondary incubation, the blots were washed with TBST
3 x 10 min followed by TBS for 10 min and protein bands were developed using the Enhanced
chemiluminescence (ECL) Plus detection kit (GE Healthcare). The immunoblots were
scanned and florescence signals measured using the LAS 4000 Biomolecular Imager, and the
integrated pixels was quantified using Multi Gauge software v3.0 (FUJIFILM, Tokyo, Japan).
Images were captured using high resolution sensitivity and 5 s ‘precision’ exposure, at tray
positions TP 1 — 4, for ab207303, ab81307, ab156009 and 2 s exposures for SC-376818, at

tray positions 1 — 4.

Each patient sample was resolved in triplicate for every antibody. All western blots were
imaged individually. A series of prior optimizations were carried out for each antibody. This
included optimizing protein load (i.e. ensuring that signal did not saturate and thus changes in
signal intensity (i.e. protein abundance) could be readily and consistently detected),
percentage of acrylamide gel, transfer time, primary and secondary antibody dilutions and
incubation time for probing with the primary antibodies (Figure 1). Additionally, secondary
antibody controls were carried out in parallel for each antibody and, after electrophoretic
blotting, SDS-PAGE gels were stained and assessed using a protocol providing low-to-sub-
femtomole detection of proteins (Figure 2) (23, 24); relative to identical control gels that had

not undergone blotting, these confirmed a consistent transfer efficiency of ~95% for each of


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies

the target proteins (Figure 3). Total lane scans of random control gels (i.e. not blotted) also

confirmed consistency of total protein load per lane and thus overall normalization of loading.
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Figure 1: Representative immunoblot images of full lanes of Alpha 1-antitrypsin, Vitamin D-binding

protein, Alpha-1beta-glycoprotein and Apolipoprotein A-1 to indicate selectivity of bands.
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Image analysis

Multi Gauge software was used for densitometric analyses of western blots. A rectangular box
was created for each band of interest using the ‘rectangular select tool’. Per band, background
measurements of equivalent total area were taken from ‘clear’ or ‘blank’ regions of the blot,
beneath the band of interest. Resulting raw data were analysed in Excel (Microsoft office,

2016) to obtain background subtracted final values for every protein.

Statistical analysis

Comparisons between the term and preterm groups were made in Graph Pad Prism v7.03
using Paired t-tests. A value of p<0.05 (*) was considered statistically significant, and
p <0.01 (**) was considered highly statistically significant. Data are presented as the mean
+ standard error mean (SEM). Each result represents data from three independent western
blots for each sample. The groups were tested for normal distribution using Wilcoxon’s
signed ranked test. Pairwise comparisons were carried out using SPSS statistics software

v24.0 after adjusting for maternal age, BMI, ethnicity and parity.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/western-blot

Results

88 first trimester serum samples (44 from pregnancies that delivered after the spontaneous
onset of labour <37 weeks gestation and 44 from pregnancies that delivered >37 weeks
gestation) were analysed here using a high sensitivity western blot approach. This included
the 10 sPTB and 10 terms samples used in our discovery phase (20). Demographic and
clinical characteristics of these samples are presented in Table 1. The only significant
difference between sPTB cases and controls were the gestational age at delivery (p=0.0001)

and birthweight (p=0.0001), as was the case in the initial biomarker discovery study (20).

Table 1: Baseline characteristics of original and validation cohorts; SPTB vs term control pregnancies.

sPTB Controls Significance
Demographic feature
(= 37 wks.) (p value)
(n =44) (n =44)
Maternal
characteristics
Age (years) 3145056 3257 +£043 0.06
Gestational age at 32.66 = 0.51 3948 £0.15 0.0001*
delivery (weeks)
Parity: =0 43% 45%
=0 56% 54% NA
Ethnicity: White 40% 40%
East Asian 43% 43% NA
South east asian 11% 11%
Black 4% 4%
BMI (kg/m?2) 2453 +£075 2371 £ 066 0.07
Smoking status: Yes - -
No 44 44 NA
Outcome
characteristics
Birth weight (g) 2236 £ 927 3514 £63.3 0.0001*
Sex: Male 65% 61%
Female 34% 38% NA

Values have been represented as mean + SEM or %, statistical analysis involved an unpaired t test. * Denotes

statistical significance



Representative western blot images for Alpha-1-antitrypsin, Vitamin D-binding protein, Alpha-
1beta-glycoprotein and Apolipoprotein A-1 immuno-reactive bands are shown in Figure 4.

Statistical analyses of these data indicated a significant reduction in levels of Vitamin D-

binding protein in the sSPTB cohort compared to the term controls (27.8 £+ 1.7 vs. 30.8 £ 2; p =
0.04 (Table 2; Figures 4 and 5). There were no significant differences in the serum

concentrations of the remaining three candidate proteins (Table 2; Figures 4 and 5).

Table 2: Western blot analyses of selected proteins in women who subsequently had a sPTB vs. full

term birth controls

sPTB Controls Significance
n=44 n=44
(p value)
80.3+29 809+28 0.81
Alpha 1
antitrypsin
492 +4 484 +49 0.87
ApoAi
307+20 321+22 0.25
A1BG
2718+17 308=+2 0.04
VDBP

Intensities (arbitrary units) of immuno-blot bands; (mean + SEM)

Alpha 1-antitrypsin

Vitamin D-binding protein

Alpha-1beta-glycoprotein

Apolipoprotein A-1

Cont sPTB Cont sPTB Cont sPTB Cont sPTB

Cont sPTB Cont sPTB Cont sPTB Cont sPTB

B G - Oy o e D =—

Cont sPTB Cont sPTB Cont sPTB Cont sPTB
Cont sPTB Cont sPTB Cont sPTB Cont sPTB

Figure 4: Representative immunoblot images of Alpha 1-antitrypsin, Vitamin D-binding protein, Alpha-

1beta-glycoprotein and Apolipoprotein A-1 in control and sPTB. 5 pg of total protein was loaded per

lane.
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Figure 5: Representative graphs showing levels of Alpha 1-antitrypsin, Vitamin D-binding protein,

Alpha-1beta-glycoprotein and Apolipoprotein A-1 in serum from sPTB and matched controls.
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Further analysis of the data, allowing for differences in maternal age, BMI, parity, ethnicity and
sex of fetus did not reveal any significant differences in protein levels between preterm cases
and controls (Table 3). Statistical analysis accounting for maternal factors identified significant
differences of Alpha-1-antitrypsin relative to ethnicity (Table 3). Women of South East Asian
background had the highest levels of Alpha-1-antitrypsin, followed by Caucasians and East
Asians (Table 3). Levels of Vitamin D-binding protein were significantly different comparing
Caucasian and East Asian women (p=0.017); Caucasians had a 33% higher level. Maternal
age appeared to be inversley correlated with Apolipoprotein A-1, but this did not reach
significance (p = 0.056). Serum concentrations of Alpha-1beta-glycoprotein were reduced in
nulliparous women (p=0.058) and there was an inverse relationship between Alpha-lbeta-
glycoprotein and BMI (Table 3; p=0.044). Assessment of combinations of protein species after
adjusting for maternal age, BMI, parity and ethnicity, did not identify any significant differences

in protein levels between sPTB cases and matched term controls (Table 4).

Table 3: Parameter estimates of Alpha-1-antitrypsin, Vitamin D-binding protein, Alpha-1beta-

glycoprotein and Apolipoprotein A-1 in relation to maternal characteristics

Parameter Mean difference Significance

) ) Ethnicity: Caucasian 276 0.005

Alpha 1-antitrypsin East Asian 22.0 0.024

South East Asian 30.3 0.006

) ) Maternal age -44.83 0.056
Apolipoprotein A-1

Alpha-1beta-glycoprotein Parity -.203 0.058

BMI -.023 0.044

Vitamin D-binding protein Ethnicity: Caucasian -2.85 0.017

East Asian 2.85 0.017

*For the purpose of this presentation, only findings that reached significance or close to significance are reported.
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Table 4: The effect of case status on combined protein expression, while adjusting for maternal age,

BMI, parity and ethnicity

Combination of protein species coef_for_case_status pv_for_case_status
Alpha.l.antitrypsin+VDBP -983276 0.067
Alpha.l.antitrypsin+ApoAl -1046846 0.234
Alpha.l.antitrypsin+tA1BG -841040 0.214
VDBP+ApoAl -792428 0.289
VDBP+A1BG -586622 0.154
ApoAl+Al1BG -650192 0.384
Alpha.l.antitrypsin+VDBP+ApoAl1+A1BG -1633468 0.106

pv = p-value, coef = the effect of being a case on the sum of given proteins

Discussion

We carried out a larger-scale validation study concerning previous findings identifying altered
abundance of four protein species that appeared to be strong candidates as first trimester
serum biomarkers for subsequent spontaneous preterm labour. Only one of these four
proteins, Vitamin D-binding protein, showed a significant change in abundance in this
validation cohort. Interestingly, this involved a decrease in the abundance of Vitamin D-binding
protein whereas our smaller discovery data set had suggested an increase in the amount of
some proteoforms and a decrease in a phosphorylated species. The broader implications of

these findings to biomarker identification and validation studies are discussed.

Vitamin D-binding protein, a 56-58 kDa plasma alpha-globulin, binds vitamin D and promotes
actin clearance during tissue remodelling following the augmentation of the pro-inflammatory
response (25). Serum concentrations of both vitamin D and Vitamin D-binding protein are
typically increased in pregnancy (26). Dysregulation of both total serum Vitamin D levels and
of Vitamin D-binding protein have been associated with adverse preghancy outcomes such
as pre-eclampsia, intrauterine growth restriction, gestational diabetes and preterm birth (27-
31).

Evidence regarding associations between plasma concentrations of Vitamin D-binding protein

and pregnancy complications is conflicting. Kolialexi et al. (2017) analysed first trimester
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maternal plasma using 2DE and MALDI-TOF-TOF MS/MS to identify biomarkers for early
onset preeclampsia (ePET). They identified 12 differentially expressed proteins, including
Vitamin D-binding protein, which showed 3.4 fold up-regulation (32). In contrast, Tannetta et
al. (2014) who investigated the actin scavenging system in pre-eclampsia, showed that plasma
levels of actin-free Vitamin D-binding protein (measured using an ELISA immunoassay)
tended to be lower in ePET pregnancies (33). The authors suggested that these findings were
associated with depleted actin clearance and could be associated as a cause or a
consequence of preeclampsia pathophysiology. A third study, by Powe et al. (2010), showed
no significant difference in first trimester concentrations of Vitamin D-binding protein

(measured using ELISA) between preeclamptic and control cohorts (29).

Although there are no studies reporting changes in Vitamin D-binding protein concentrations
in maternal blood specifically related to preterm labour, analysis of the proteome of cervical
secretions has shown an increase in Vitamin D-binding protein in women that deliver preterm
(34). In a second study, Liong et al. (2013) concluded that assessment of cervical swabs for
Vitamin D-binding protein could be a useful predictor in women presenting with threatened
preterm labour with sensitivity and specificity of 58.5% and 98.6% respectively (35). As
Vitamin D-binding protein protects against vascular dysfunction and modulates the
inflammatory response it is not unreasonable to anticipate that it will be altered in pregnancies
that deliver preterm. The precise nature of the metabolic effect(s) mediated by VDBP require
further elucidation and there needs to be more work to identify its importance in this field.

There are several reasons why we may not have been able to validate apparent changes in
protein abundance associated with subsequent onset of sPTB in the remaining three proteins
examined in this study, and why the validation of VDBP does not fully correlate with our
previous findings. The cohort of women included in this study delivered a mean of three weeks
later than those included in the original cohort. Similarly, this cohort included women from a
wider range of ethnic backgrounds than the original cohort. There is also increasing evidence
indicating that 2DE gel spots do not necessarily contain a single protein species; more
sensitive mass spectrometry may identify 40-60 proteins from one spot (36). The proteins
assessed in this paper were originally identified through a 2DE/LC/MS/MS approach which
included the criteria of high mascot scores, unique peptides and acceptable sequence
coverage. It is however possible that apparent changes in protein abundance may have been
related to changes in other, lower abundance proteins associated with that spot. Alternatively,
like perhaps all previous studies in this and other areas, the immunodetection analysis used
(e.g. western blot here; ELISA in many other studies) may have failed to adequately identify

critical proteoforms (e.g. specific post-translationally modified species) as the antibodies used
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in these assays may or may not differentiate between species and/or may be differentially
selective depending on the type and location of different modifications (e.g. phosphorylated or

glycosylated moieties).

Thus, using VDBP as an example, the antibody used here clearly detects a prominent band
on 1D gels at a MW consistent with the amino acid sequence of the protein. Small chemical
modifications such as phosphorylation will not significantly change the MW of the protein as it
resolves on a 1D gel (although will shift the pl on a 2D gel and will be particularly detectable
if there is more than one phosphate group attached); potentially larger PTM such as large
sugar moieties may however also result in detectable shifts in MW on 1D gels. However,
depending on the location of any particular PTM (and likely its size as well), these may interfere
with antibody binding. It is thus noteworthy that in our original study, VDBP was identified from
three separate spots following high resolution 2DE (20). In the first instance VDBP was
detected based on total protein staining, but this species was substantially more acidic than
what is theoretically expected based on the amino acid sequence alone, implying substantial
PTM such as multiple phosphorylations (20). Indeed, there are multiple phosphorylation sites
as well as other PTM associated with VDBP, including a known glycosylation, and at least two
isoforms of VDBP are produced by alternative splicing. Thus, it is not surprising that our high
resolution 2DE protocol also identified both phosphorylated and glycosylated proteoforms of
VDBP and found changes associated with sPTB: while the glycosylated proteoform and those
detected with total protein staining were found to increase in sPTB cases, at least one (or
more) phosphorylated species was found to decrease significantly in the first trimester serum

of women who subsequently experienced a case of sSPTB (20).

Taking all this information into consideration, it would seem that at least some phosphorylated
proteoforms of VDBP (which would be unlikely to resolve as separate bands on a 1D gel) are
already sufficiently decreased in abundance in the first trimester serum of women who
subsequently experience sPTB to yield detectable differences in the high sensitivity western
blot assay used here. That is, these phosphorylated proteoforms are of sufficient abundance
that their detection outweighs the detection of other, unphosphorylated VDBP species that
undoubtedly also resolve in the same gel band. This suggests the existence of one or more
phosphorylated VDBP species that may well prove to be highly sensitive and selective early
serum biomarkers for sPTB. This also raises the concern that lack of validation of the other
three potential biomarker proteins assessed in this study may well rest with the antibodies and

choice of assay used (i.e. lower resolution 1D gels). Are some proteoforms that are not
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selectively associated with sPTB simply of higher abundance than some that are, and the
result in an overall ‘average’ 1D western blot signal that is not significantly different between
the control and sPTB study cohorts? The same result would also occur using commercial
ELISA assays since most commercial antibodies are selected for their ability to detect a
protein of interest rather than a specific proteoform (although there are of course exceptions,
including antibodies to specific phosphorylated variants of proteins). Would an antibody
selective for a PTM modified species of these proteins and/or the use of higher resolution 2DE
rather than 1DE have resulted in confirmation of another potential biomarker or at least clear-
cut data eliminating a candidate? These are specific directions that will be addressed in future

studies.

Importantly, for this and any other biomarker studies in any field, these findings raise critical
issues regarding the quality of up-front (i.e. initial) analyses and thus detection of meaningful
molecular species, as well as the need for rigour in the validation process, with far more
stringent attention to potentially critical proteoforms rather than simply the amino acid
sequence of a protein in a database. Post-translational modifications may well hold the key to
more successful identification and validation of critical biomarkers. Thus, spontaneous
preterm birth continues to be a significant public health problem and the development of a first
trimester predictive test that allows modification of pregnancy outcome remains a research
priority. The abundance of different proteoforms of Vitamin D-binding protein, in particular
phosphorylated species, appear to be significantly altered in these pregnancies and these
may prove to be a valuable biomarker for the prediction of spontaneous preterm birth. Further
identification and validation studies to define critical proteoforms across different ethnic groups
are needed to most fully investigate the regulatory and immune functions of Vitamin D-binding
protein species and which could serve as sensitive and selective early biomarkers for

spontaneous preterm birth.
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Summary of this work

Preterm birth is the commonest adverse pregnancy outcome, affecting 8% of
Australian pregnancies (Li Z, 2013). It is associated with increased rates of fetal
mortality and morbidity. Rates of preterm birth have not reduced significantly over the
last 20-30 years. In some countries rates have, in fact, increased (Blencowe et al., 2012,
Liu et al., 2016). One approach to reducing the prevalence of preterm birth involves
early prediction of high-risk pregnancies that would potentially benefit from
preventative intervention. Such a process, involving screening at 12 weeks’ gestation,
has been successful in predicting and preventing other pregnancy complications such
as preeclampsia (Anderson et al., 2015, Poon and Nicolaides, 2014, Rolnik et al.,
Rolnik et al., 2017b). The primary aim of this thesis was to identify biomarkers that
may be of value in screening for sSPTB — measured at a similar early gestational age.

Whilst there may be multiple aetiological pathways that lead to spontaneous
preterm birth, these pathways appear to converge such that there is a final common
process triggering labour. Given that these aetiological processes are often chronic, we
hypothesised that it would be possible to identify alterations in protein abundance as
early as 11-13*% weeks’ gestation in pregnancies that go on to labour spontaneously.
We therefore conducted a series of experiments designed to identify candidate protein

markers and to validate the findings of these proteomic studies.

The initial focus of this work was the development of a sensitive quantitative
top-down analytical technique that would allow detailed assessment of the first
trimester maternal serum proteome. The process needed a large dynamic range to be
able to resolve both high and low abundance proteoforms (D'Silva et al., 2017). This
approach was needed as traditional proteomic techniques remove high abundant
proteins to resolve less abundant counterparts (Echan et al., 2005, Gong et al., 20086,
Bellei et al., 2011). This traditional approach may remove other important species,
which are bound to more highly abundant proteins such as albumin; this can therefore

prevent accurate quantification of serum proteoforms.

The methods used to resolve the serum proteome in this study were based on
the physicochemical and structural characteristics of the constituent proteins,
including solubility, hydrophobicity, molecular weight and isoelectric point. A series

of optimisation techniques followed by comparative analyses were undertaken to
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determine the most efficient and optimal method of sample handling/prefractionation,
resolution and identification of native protein species. | was able to thus, establish a
2DE/LC/MS/MS approach to resolve and identify native protein species from first
trimester maternal serum (D'Silva et al., 2017).

In addition to the various techniques tested to optimize efficient resolution of
the native serum proteome, we also combined the top-down 2DE protocol with a
highly sensitive staining and detection protocol, third dimension electrophoresis and
deep imaging - as well as selective staining to assess phospho- and glycoprotein sub
proteomes (i.e. proteoforms) (Gauci et al., 2013, Wright et al., 2014b, Wright et al.,
2014a). This enabled me to maximise extraction of data from each gel. In summary, |
have developed a technique that can be routinely used for analysing the proteome of
crude serum samples, that does not involve fractionation and therefore retains the
native complement and stoichiometry of protein species, and fully enables quantitative
analysis (D'Silva et al., 2017).

Optimisation of this 2DE/LC/MS/MS method for examining the first trimester
maternal serum proteome enabled further investigation and comparison of first
trimester maternal protein profiles from pregnancies that subsequently delivered
preterm (spontaneously) and those that delivered at term. In our second paper, we
identified 30 proteoforms that were altered in the sSPTB group in comparison to the
full-term cohort. This included 9 phosphoproteins and 11 glycoproteins. Notably, key
findings of this manuscript included identification of serum albumin, Vitamin D-
binding protein and Apolipoprotein A-1 across three different assessments: namely
total protein profiles, as well as in the phosphoproteome and the glycoproteome
(D'Silva et al., 2018).

Several of the identified proteins were present in the 2DE gels as more than
one proteoform, with MW and/or pl differing from the theoretical values that are based
only on amino acid sequences. It is interesting to note that amongst the differentially
abundant protein species, three (i.e. Alpha-1-antitrypsin, Vitamin D-binding protein,
Apolipoprotein A-1) were found to be both phosphorylated and glycosylated.
Complement C4-A was identified across total protein profiles and phospho analyses
whilst Ig gamma-1 chain C region and Complement C3 were identified across total
protein profiles and glyco analyses.

Notably, this study included a heterogeneous group of women with diverse

ethnic backgrounds and pregnancy characteristics. Most identified proteins were
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involved in clinically relevant biological processes, including interrelated biological
networks linked to regulation of the complement cascade and coagulation pathways,

immune modulation, metabolic processes and cell signalling (D'Silva et al., 2018).

To the best of our knowledge, this is the first study to investigate PTMs as early
as the first trimester of pregnancy (D'Silva et al., 2018). The findings from this study
suggested that these proteins had potential as important early biomarkers of sSPTB and
possible disease mediators. Extending to validation of the proteomic analyses, we
selected four proteins of interest to be assessed in a larger cohort of patients. The four
proteins (Alpha-1-antitrypsin, Vitamin D-binding protein, Alpha-1 beta-glycoprotein
and Apolipoprotein A-1) were selected due to substantial changes in their abundance
in the SPTB group when compared to the term cohort, as well as their association with
other pregnancy complications including preterm birth (Madar et al., 2013, Sorensen
etal., 2016, Feng et al., 2012, Timur et al., 2016).

Western blot analysis confirmed increased abundance of Alpha-1-antitrypsin
and Vitamin D-binding protein in SPTB cohort of the original sample set (n=10) and
generally, the overall pattern of expression did reflect the observations from the initial
2DE observations. Quantitative immunoblot analyses of the selected candidate
proteins were also carried out to determine their expression levels in a larger
independent cohort of women. The analysis determined that Vitamin D-binding
protein decreased (p = 0.04) in the sPTB cohort when compared to the control. The
reason for this shift in the trend of abundance and why the validation of Vitamin D-
binding protein does not fully correlate with our previous 2DE findings may well be
because Vitamin D-binding protein was identified by total protein staining but also as
clearly separate phospho- and glyco-proteoforms. Vitamin D-binding protein contains
multiple phosphorylation sites as well as other PTM. It is likely that a one-dimensional
immunodetection analysis, such as the western blotting protocol used here (Paper 3),

would not have adequately resolved nor thus identified these critical proteoforms.

However, analyses of the other three proteins did not demonstrate sufficient
sensitivity or specificity to offer promise as screening tools for SPTB but may well
require further testing in a larger population cohort, particularly with regard to specific
proteoforms as opposed to (presumably) assessing the total complement of a given

protein rather than specific species (i.e. using immunodetection methods such as
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western and ELISA, without species-selective antibodies). There are several reasons
why we may not have been able to validate apparent changes in protein abundance
associated with subsequent onset of SPTB in the remaining three proteins examined in
this study. This has been discussed in some detail in Paper IV. Thus, the predictive
usefulness of the current potential biomarkers to detect subtypes of sPTB as well as
other gestational disorders (e.g. preeclampsia) also warrants more detailed study.

A strength of the 2DE technique employed throughout this thesis is its
resolution of proteoforms. This led to one of the key results of this research: the
detection of two differentially glycosylated isoforms - Vitamin D-binding protein and
Alpha-1beta-glycoprotein whose abundance levels changed between women with
SsPTB and healthy pregnant women. Glycosylation is one of the most common and
vital PTM involved in modifying protein function (Apweiler et al., 1999). It is
therefore not surprising that so many proteins identified in this thesis research are
glycoproteins. Amongst the identified glycosylated proteins were Complement C3 and
Antithrombin-111 in sSPTB (D'Silva et al., 2018). Complement C3 has been extensively
studied in the literature for its role in the innate immune response while Antithrombin-
I11 has been associated with the coagulation cascade (Regal et al., 2015, Ramalakshmi
etal., 1995). Although traditionally viewed as separate entities, studies have suggested
that functional relationships exist between coagulation and innate immunity and that
exploration of these integrated systems may further develop our understanding of
responses to tissue injury and subsequent inflammation (Delvaeye and Conway, 20009,
Opal and Esmon, 2002). Despite its critical role in several disease mechanisms, the
application of glycoproteomics to the discovery of biomarkers is still in its infancy.
Significant improvements in technology will certainly advance this field rapidly in the

coming years.

Review of additional / recent research findings

Since the inception of this project and completing the initial literature review that
facilitated study design, a few additional research papers have been published which

are relevant to this work.
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Additional work on the inflammatory cascade/inflammation and infection

Previous research has documented that obesity is related to chronic inflammation
(Djelantik et al., 2012, Wise et al., 2010). To understand the effect of obesity on
preterm birth, a study examined second trimester serum samples from obese women
who delivered prematurely and obese women who delivered at term using regression
tree techniques. The study found that soluble vascular endothelial growth factor
receptor-3, soluble interleukin-2 (IL-2) receptor alpha-chain, and soluble tumour
necrosis factor receptor 1 were associated to preterm birth in obese women
(Wallenstein et al., 2016). The finding of these inflammatory biomarkers in this pilot
study is generally consistent with previous work that implicates inflammatory

mediators in the common pathways of preterm birth and obesity.

Additional studies for single biomarkers

Much research on the utility of single biomarkers such as alpha-fetoprotein, fFN, C-
reactive protein, IL-6 in the prediction of preterm birth has been done (Table 1.2).
Increased levels of IL-6, but not pIGFBP1 in second trimester cervical secretions has
been linked with threatened preterm labour and intact membranes (Brik et al., 2014).
In another study, IL-6 and fFN in CVF have been suggested to be effective in the
prediction of preterm delivery in symptomatic patients (Hadzi-Lega et al., 2015).
Using an IL-6 cut-off of 1305 pg/mL performed best in prediction of preterm delivery
with sensitivity of 69.4% and specificity of 68.2%. A positive fFN test had an OR of
6.4 (95% CI: 2.0 - 20.8) to deliver prematurely. The combination of both tests
performed better than the individual tests.

The same group conducted another study to determine the relationship between
cervical length, fFN, phIGFBP-1, cytokines (IL-6, IL-2 receptor and TNF-o) and SPTB
(which may have occurred up to 14 days from the point of sampling). The biochemical
markers assessed were only moderately successful in the prediction of preterm
delivery (Hadzi-Lega et al., 2015). Another study suggested alternative risk thresholds
(less than 10 ng/mL and greater than 200 ng/mL) to improve the accuracy of fFN to

define risk of sPTB for asymptomatic women with a short cervix (Abbott et al., 2015).
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Table 1.2: Predictive accuracy for the different biomarkers of preterm birth (Lucaroni

etal., 2017)
Key Author Results
proteins
fFN Boots et al, Delivery within 48 h: Sensitivity: 62% (43—-68);
2014 specificity: 81% (74-86); LR+3.3 (95%CI 2.1-5);
Sanchez-Ramos LR 0.47 (95%CI10.29-0.76); DOR 7 (95%CI 3—17)
et al., 2009 Delivery within 7 days: Sensitivity: 79% (69-80);
specificity: 79% (76—83); LR+3.6 (95%CI 3.1-4.3)
LR 0.31 (95%CI 0.25-0.39) DOR 11.5 (95%CI 8—
16)
Delivery within 7 days: Sensitivity: 76% (69-82);
specificity: 82% (79-84); LR+4.2 (95%CI 3.5-5)
LR 0.29 (95%CI 0.22-0.38); DOR: 14.4 (95%CI
9.7-21.3)
TNF- o Liu, 2015 OR : 0.84 (95%CI1 0.65-1.07)
Conde- LR+: 3.9 (2.6-5.9); LR: 0.2 (0.1-0.4) (amniotic
Agudelo, 2011 fluid)
IL-1 Hee, 2011 LR+: 2.3 (0.8-5.7); LR: 0.6 (0.3—1.3) (amniotic
IL-6 Wu, 2013 fluid)
IL-8 Hee, 2011 OR : 0.98 (95%C10.72—-1.33)
IL-18 Hee, 2011 LR+: 9.7 (3.2-29); LR: 0.2 (0.1-0.4) (amniotic
IFN -y Liu, 2015 fluid)
LR+: 4.4 (1.4-15); LR: 0.7 (0.6-0.9) (serum)
OR : 1.14 (95%CI 1.11-1.73)
CRP Hee, 2011 LR+: 2.8 (1.5-5.4); LR: 0.6 (0.4-0.8)
Wei, 2010 OR 1.53 (95%CI 1.22-1.90) (plasma) OR 7.85
(95%CI 3.88-15.87) (amniotic fluid)
MMP -8 Conde- LR+: 40.0 (5.3-301.4); LR: 0.6 (0.4-0.9)
MMP -9 Agudelo, 2011 LR+: 6.0 (0.9-41); LR: 0.8 (0.6—-1.1) (urine) LR+:
Hee, 2011 7.3 (1.1-50); LR: 0.4 (0.1-0.9) (plasma)
phIGFBP-1  Conde- Sensitivity: 38 (32-44); specificity: 77 (76-78);
Agudelo, 2015 LR+: 1.6(1.3-2.0); LR: 0.8 (0.7-0.9)
Hee, 2011 (cervicovaginal fluid)
Conde- LR+: 5.7 (2.3-14); LR: 0.3 (0.1-0.9)
Agudelo, 2011 Sensitivity: 38 (31-45); specificity: 58 (56-61);
LR+: 0.9 (0.8-1.1); LR: 1.1 (1.0-1.2) (blood)
PAPP-A Conde- Sensitivity: 11 (10-12); specificity: 93 (93-93);
Agudelo, 2011 LR+: 1.6 (1.4-1.8); LR: 1.0 (0.9-1.0) (blood)
Placental Conde- Sensitivity: 28 (17-43); specificity: 90 (86-93);
protein 13 Agudelo, 2011 LR+: 2.8 (1.6-5.0); LR: 0.8 (0.6-1.0) (blood)

*LR: likelihood ratio, OR: odds ratio
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Additional studies using multivariate models

Various groups have made attempts to establish models for accurate prediction of
preterm birth. These models, however, have only been effective in the symptomatic
and high-risk asymptomatic populations. One such example is a model combining fFN
and previous sPTB/PPRoM to predict SPTB in symptomatic women (Kuhrt et al.,
2016a). Another study by the same group has proposed combining fFN, cervical length
and past obstetric history to predict SPTB in asymptomatic high-risk women (Kuhrt et
al., 2016b). These models have been incorporated into an App (QUIPP) to determine

a woman's risk of sSPTB that is freely available online.

In a more recent study, the QUIPP App was used to identify those at risk of
SPTB, relative to a treat-all strategy in symptomatic women at 24 to 29" weeks'
gestation. The study showed that the QUiIPP App can accurately guide management at
risk thresholds for sSPTB of 1%, 5% and 10%. While this study provides useful insight,
this approach may not be practical in all situations as the model assumes that every
clinician and patient accept the findings of the App. Furthermore, data from only a
minority of women was included to develop the App and this needs to be tested in an
external dataset to test its utility (Watson et al., 2017)

Another European group constructed two modified prediction models for
assessment of individualized risk and accurate prediction of preterm birth (within the
next 48hr, and before a 32 completed weeks of gestation) (Mailath-Pokorny et al.,
2015). The models incorporated the presence of PPRoM and/or vaginal bleeding,
cervical length, gestational age, fFN, and serum CRP. Development of such models
can be used to counsel patients and might help to individualize patient care.
Nevertheless, future studies are necessary to investigate the external validity of the

models and whether additional validated markers should be incorporated.

Nomograms are models designed to help clinical decision making when
assessing patient risk and outcome (Dabi et al., 2017, Kattan et al., 2004). A nomogram
with a high positive predictive value and low false-negative rate was developed for
preterm delivery (Allouche et al., 2011). Prospective validation of the model was
carried out by another group to demonstrate the efficiency of the model in predicting
individual risk of preterm delivery. The tested nomogram assessed the probability of

delivery within 48 hours and the probability of delivery before 32 weeks of gestation.
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Several parameters including number of fetuses, cervical length was used to calculate
individual scores for the risk of delivery. The authors conclude that a threshold set at
15% would help minimize the risk of preterm deliveries in singleton pregnancies and

should reduce unnecessary, costly and stressful in utero transfer (Dabi et al., 2017).

Additional work about post-translational modifications

As noted previously, elevated levels of phIGFBP-1 in mid-trimester cervical secretions
have been reported to be a good predictor of preterm birth in symptomatic women
(Kekki et al., 2001, Kurkinen-Raty et al., 2001). Several other groups have confirmed
these findings and have shown phlGFBP-1 to be advantageous when compared to
cervicovaginal fFN (Goyal et al., 2016, Tripathi et al., 2016). A recent systematic
review and meta-analysis has demonstrated the ability of cervical phlIGFBP-1 to
identify patients with an episode of preterm labour who will not deliver within 48 hours
(Conde-Agudelo and Romero, 2016). Currently, many countries including Canada,
United Kingdom, Germany, France, Italy, Australia and New Zealand are using
cervical phlIGFBP-1 test for predicting predict preterm birth in the symptomatic cohort.
Nevertheless, the overall predictive value of cervical phIGFBP-1 for identification of
preterm birth has been challenged in some reports.

Common findings

A large-scale bottom-up proteomic analysis was carried out to identify biomarkers
associated with preterm birth using first trimester plasma samples (Lynch et al., 2016).
The study identified complement factors B and H and the coagulation factors 1X and
IX ab as the highest-ranking proteins distinguishing cases of preterm birth from term
controls. The top three pathways associated with preterm birth were the complement
cascade, the immune system, and the clotting cascade. As shown in Paper Ill, the
results are consistent with previous investigations suggesting that inflammatory and
immune related events in early pregnancy are part of the pathogenic mechanisms of
sPTB. Our study demonstrated elevated levels of complement factors B and H in the
SsPTB cohort when compared to the full-term cohort (D'Silva et al., 2018). These
complement factors are likely elevated as part of an effort to self-regulate in response
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to inflammatory events originating in the placenta in early pregnancy (D'Silva et al.,
2018). My study identified proteins associated with the complement and clotting
pathways in women that had no signs of intra-amniotic infection and delivered
spontaneously preterm, implying that activation of these pathways individually or in a
combined manner in the first trimester is prompted by inflammatory events that may

not necessarily be infectious in origin.

First trimester prediction and prevention of preterm birth

The first trimester of pregnancy provides a valuable opportunity for screening and
preventative intervention, enabling critical, earlier streamlining of care. It is equally
important to identify women at low risk for adverse pregnancy outcomes — as these
women can be offered simpler forms of supervision through pregnancy without over-
medicalization of their care. Despite the vast amount of knowledge available, the
clinical utility of biomarkers and risk assessments for accurate prediction of adverse

pregnancy outcomes is questionable.

Nonetheless, in the last decade, first trimester tests to identify women at risk of
developing adverse pregnancy complications including preeclampsia, gestational
diabetes and fetal growth restriction has attracted much attention from research teams.
Most of the research directed toward screening high-risk women relied upon the
hypothesis that adverse pregnancy outcome was related to poor placentation. One of
the strongest examples that illustrates the success of first trimester screening is the
ASPRE trail; >90% of preeclampsia cases leading to delivery <34 weeks were
predicted through a multivariate 11-13*6"*% screening test. Prophylactic prescription
of aspirin then prevented 80% of disease affecting this cohort (Rolnik et al., 2017a).

Current screening algorithms have poor predictive efficacy for preterm birth,
particularly for nulliparous women. For several years, great effort has been devoted to
study several proteins including PAPP-A, placental growth factor and CRP. Although
reduced PAPP-A levels have been observed in women who deliver <34 weeks
spontaneously, its predictive capacity is no greater than maternal characteristics. In an
unselected population, the situation is even poorer, with no predictive capacity for a

variety of proposed first trimester biomarkers and ultrasound measurements. Hence,
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there is a need for large prospective studies to ascertain the combination of different

biochemical markers for improvement of this condition.

Difficulties of using proteomics to investigate / identify novel serum markers for
T1 screening
MS-based proteomic analysis is a powerful tool for identifying disease specific

proteins in sera and to aid in understanding complex molecular networks and
pathways. Many studies have successfully utilised various proteomic methods in order
to determine some aspects of the underlying molecular and functional pathways
associated with preterm birth. However, there are many discrepancies in the reported
results. A major reason for these possible discrepancies in protein data relates to the
proteomic technology selected. Even in studies utilising similar methodologies,
different research groups and laboratories have also found variations in the identified
proteins or peptides of interest.

These differences could be due to variabilities introduced during sample
collection and processing (time and temperature), sample storage and number of freeze
thaw cycles introduced (McLerran et al., 2008, Lygirou et al., 2015). In order to reduce
experimental variability, it is essential for all case and control samples to be handled
in the exact same manner throughout the study (Timms et al., 2007). Even minor
differences in specimen handling could impact the stability of protein species and
eventually affect reproducibility of the experiment (Enroth et al., 2016, Tuck et al.,
2009, Guest and Rahmoune, 2017). There is a need for stringent standard operating
procedures specimen collection and handling to facilitate proteomic work for
biomarker discovery and subsequent validation. One of the advantages of our work
was that all samples had been managed through a formal clinical quality assurance

process and both subjects and controls were managed in the same way.

Traditional 2DE techniques do not allow precise analysis of co-migrating
spots; other validation techniques must be applied to confirm the presence of and
quantitative changes in protein species of interest. Specific immuno-detection in
western blot analysis provides a semi-quantitative assessment of changes in protein
species. Multiple Reaction Monitoring (MRM), a promising new MS quantitation
technique, uses triple quadrupole mass spectrometers to target and quantify proteins
of interest, (Anderson and Hunter, 2006). This approach enables some degree of

enhanced specificity and does not suffer from the same extent of issues related to cross-
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reactivity with other molecules, and hence may likely replace some immunoassay

measurements in the near future.

Nevertheless, MRM-MS presents its own challenges. One major issue with
conducting MRM-MS is its sensitivity. The MS signal produced by a peptide or protein
is negatively affected by the complexity of the sample. To overcome this, complex
samples such as serum would require steps such as fractionation to reduce its
complexity or enrichment for targeting specific proteins prior to MRM-MS analysis
(Mehaffy et al., 2017). This step introduces experimental variability and further
decreases throughput. The results of MRM-MS are dependent on effective coverage
i.e. the more chosen peptides, the better the coverage. Typically, three peptides unique
to the full target protein is preferred, adding to the costs of the assay (Liebler and
Zimmerman, 2013). MRM-MS is also limited to the analysis of one sample at a time,
and the only way of substantially increasing throughput is to install multiple mass

spectrometers, which represents a major capital expense (Parker and Borchers, 2014).

Multiple proteins were identified from each of the 2D gel spots examined in
this study. Until quite recently, it has been common to assume in 2DE analysis that
only a single proteoform is present (or identifiable) within a single gel spot. If multiple
proteoforms are present, and differential regulation of at least one species result in
apparent changes on gel images, which species is responsible? The phenomenon of
protein co-migration, where multiple proteins are present and identified within a single
gel spot, has not been well discussed in the older 2DE literature. Our study employed
refinement approaches (3DE and deep imaging) to further resolve highly abundant and
associated species as an approach to address the issue of co-migration. The large
amount of protein data derived from MS analysis of each gel spot in the current study
required its own dataset filtering method, similar to the large volume of 2D gel data

initially leading to those spots.

Although conveniently available, human serum is one of the most challenging
biospecimens to work with. The valuable information obtainable from serum probably
closely reflects the specific and changing physiological and pathological states of the
whole human body. Nevertheless, the two major complications in discovery

proteomics of serum is that the dynamic range of proteins complicates the
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identification of candidate proteoforms. Another important question concerns sample
size and the associated biological disparity within any cohort.

Most serum proteome studies are carried out by comparing protein profiles in
pooled sample sets from healthy and diseased individuals. This approach has two
major disadvantages: a) it does not account for individual variation and b) it can lead
to false positive and false negative results as some biomarkers display low inter-
individual variation while others exhibit high inter-individual variation. It is therefore
imperative to take biological variation into account at, preferentially, an early point in
the biomarker discovery pipeline. For this very reason, the proteomic and
immunoassay methods employed in this thesis involved analysis of individual samples

in technical replicates (minimum of triplicates).

Only a limited number of studies rely on the quantitative proteomic analysis of
a number of individual samples, which gives some insight into biological variation,
and also insight into how the scientific method is bypassed in many studies that seek
high throughput over high quality data. In any case, follow-up studies, for
quantification of potential candidates by well-designed orthogonal methods (e.g.
immuno assays or multiplexed MRM) are necessary to ensure that selected candidate
biomarker proteins can be fully validated. For effective biomarker discovery,
collection and storage of high-quality samples is critical. Furthermore, various
environmental influences may affect the serum proteome due to which accurate
disease-specific factors are difficult to identify by simply comparing different
individuals. Therefore, using proteomic methods to identify sensitive biomarkers
specific to preterm birth has been challenging. To screen for preterm birth-related
proteins, in this study we obtained paired sera from patients that delivered
spontaneously <37 weeks’ gestation and those that delivered at full-term >37 weeks’

gestation.

Although the sample size in our initial study was small, we were able to obtain
high quality well characterised sPTB samples after applying stringent inclusion and
exclusion criteria. To date, many studies have investigated the serum proteome,
attempting to characterise the protein expression within this complex biological fluid
using a variety of proteomic methodologies. However, the choice of methods
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employed to address this complex dynamic sample has not proven to be effective in
reproducing the results across different populations.

Traditionally, analyses using 2DE posed challenges including low dynamic
range of proteins and the visualization of faint protein spots (i.e. of low abundance)
resolved on 2DE gels (Magdeldin et al., 2014). To overcome these issues, my study
capitalized on further refinement of an established sensitive 2DE method that was not
only able to resolve native serum proteins but was able to further resolve proteoforms
by a 3DE approach enabling detection of co-migrating species. Furthermore, a deep
imaging protocol developed for serum involved excision of a range of selected highly
abundant proteins after an initial round of imaging, to enable the visualisation of lower
abundance proteins. | was thus able to develop an efficient, sensitive and reproducible
technique that substantially improved the quantitative protein profiling of native
human serum, and that should prove widely applicable to a range of comparable

sample types including plasma and urine.

Difficulties in assessing PTMs

Due to its complex and diverse nature, PTM identification continues to remain a
challenge in the field of proteomics. To date, more than 300 PTMs known to occur
physiologically in humans have been identified (Liddy et al., 2013, Witze et al., 2007).
Typically, PTM analysis is based on single peptide species. PTM identification is
further complicated as they generate complex fragmentation patterns in tandem mass
spectrometry (Wang et al., 2014). Several groups have made attempts to develop
methods for identification of common protein PTMs (phosphorylation and
acetylation); however, identification of the uncommon protein PTMs (glypiation,
sumoylation, cholesteroylation) continues to remain a challenge and these methods

cannot be automated (Basak et al., 2016).

Furthermore, for the methods that can be automated, prior enrichment such as
immunoprecipitation is necessary. Affinity based enrichment techniques are typically
employed for low abundance PTMs. However, affinity based enrichment methods are
only applicable for known well-characterised protein targets and, furthermore can
cause concomitant removal of non-targeted protein species (Xie et al., 2009). The

enriched proteins are then analysed by downstream methods like western blot with a
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target PTM antibody (after being separated by SDS-PAGE) or by mass spectrometry
to determine if a protein of interest is post-translationally modified (Farley and Link,
2009, Young et al., 2010).

Choosing an appropriate method is critical to study low abundance PTM
modifications. PTM site determination is very dependent on the particular peptide
sequence (Parker CE, 2010). A further challenge in PTMs is not only to accurately
identify them but also to validate them due to lack of commercially available PTM
specific antibodies (Tyther and Jenkins, 2011). Additionally, previous research has
shown that PTM modifications may block the antibody binding site on the protein of

interest, generating false negative results (Hattori and Koide, 2018).

One of the most common methods for identifying PTM is tandem mass
spectrometry combined with searching a protein sequence database (Guthals and
Bandeira, 2012). This method has several drawbacks, as the user needs to specify all
anticipated modifications before the search engine feeds this information considering
various combinations of these modifications for all peptide sequences. If several
potential modifications are considered, the search can take much longer than the data
acquisition, creating a bottleneck in high-throughput analysis (Savitski and Savitski,
2010).

Various targeted approaches employing selected reaction monitoring/multiple
reaction monitoring (SRM/MRM) have been employed for the study of several
enzymatic and non-enzymatic PTMs in cardiac proteomic research (Holman et al.,
2013, Gianazza and Banfi, 2018). Further research on development of techniques to
accurately identify and quantify PTM for preterm birth in clinical samples would help
to determine whether a pathway is critically modulated in the disease state and how
this activity is affected by treatment/intervention. Currently the community is still at
the stage of proof of principle investigations of these concepts (Lima et al., 2018).

My study applied MS-based proteomics after resolving the serum proteome
using highly sensitive phosphor- and glycol-staining approaches as an initial screen to
identify globally altered proteoforms in the maternal serum (as discussed in paper 2).
Though advantageous as a screening approach, bottom-up MS-based proteomics
provide tens of thousands of sites, raising the question of their biological relevance,
and imposing the challenge of how to select a very small number of relevant sites from

the vast number of hits generated, and how to perform functional follow-up on these.
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At a minimum, data collected through this approach requires validation by orthogonal
methods before any statement about their validity can be made. Obvious prioritization
criteria used in this thesis include high identification and quantification accuracy
(based on mascot scores, unique peptides and sequence coverage).

In this thesis, a western blot approach was used as a validation tool to quantify
candidate proteins - namely Alpha-1-antitrypsin, Vitamin D-binding protein, Alpha-1
beta-glycoprotein and Apolipoprotein A-1 in a larger independent cohort of women.
The candidate proteins were found to be present as phosphorylated and glycosylated
proteoforms. However, most antibodies used in classical immunodetection approaches
such as western blot do not account for specific proteoforms (i.e. phosphorylation and

glycosylation).

Although the sample size in our validation study was small (i.e. 44 sPTB and
44 matched controls), the western blot results obtained after extensive optimisation
were highly reproducible. As emerging evidence suggests a role for combinations of
PTMs in the identification of disease markers, (Gajjala et al., 2015, Duan and Walther,
2015) it likely would be valuable to investigate other phosphorylated and glycosylated
proteoforms from the original list of identified proteins (Table 4, paper 3). For
example, phosphorylated vitronectin was found to be significantly increased in the
SPTB cohort by 2-fold (D'Silva et al., 2018).

Vitronectin is involved in immune defence and enhances the inflammatory
process during infection (Hadders et al., 2012). Previous studies have shown a
correlation between vitronectin and preeclampsia demonstrating an increase in the
level of vitronectin in placenta and plasma of patients with preeclampsia, consistent
with my findings (Shen et al., 2013, Blumenstein et al., 2009, Balci Ekmekci et al.,
2015). As both preterm birth and preeclampsia are apparently related via
inflammation, it would be worthwhile examining whether phosphorylated vitronectin

is involved in the mechanistic pathway associated with preterm delivery.

As PTMs are so diverse and serve different purposes in cellular processes,
studies must focus their attention on identifying different combination patterns of
PTMs in order to understand their roles in disease mechanisms and biological
outcomes. Further research into developing monoclonal antibodies that recognize

biologically important PTMs is desirable.
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It is impractical to hope that established immunoassays (based on antibodies
primarily targeting canonical proteoforms) can validate more than a small fraction of
the proteoforms / PTM sites being identified. Whilst MS-based proteomic techniques
such as SRM/MRM have proven to be successful in identifying and measuring specific
post-translationally modified proteoforms, the limitation associated with these
methods should be carefully considered (Percy et al., 2013). It is, however, important
to recognise that these techniques have enormous potential to revolutionize biomarker

measurement techniques (Ozcan et al., 2017, Cordeiro et al., 2017).
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Future Directions

The most immediate aim of future investigation is to quantitatively validate other ’hits’
arising from this first trimester maternal serum proteome investigation. A
multidisciplinary approach to preterm birth research should be considered, as the
molecular pathophysiology, aetiology and symptomatology are highly complex and
poorly understood. Combining an omics-based Systems Biology approach to the
investigation of pathophysiological process underlying diseased states will bring about
more personalised, predictive and preventive medical care.

Considerable effort is being made to integrate the large datasets generated from
each of the complementary omic methods (i.e. genomics, transcriptomics, proteomics,
epigenetics, metabolomics, glycomics) to understand disease mechanisms. Due to the
multifactorial nature of preterm birth, it is very likely that a combination of markers
will be necessary to effectively detect this condition. To look for such “fingerprints”
of preterm birth and understand its pathophysiology, will require not only in-depth
proteomic profiling, but also linkage of the proteomic data to its genomic expression
and sophisticated bioinformatics tools for complex data analysis and pattern

recognition.

Furthermore, it would be interesting to study the epigenetic modifications
(DNA methylation and histone modifications etc.) associated with preterm birth.
Epigenetic modifications and genetic mechanisms work hand in hand to regulate
transcriptional activity. These epigenetic changes can precede disease pathology and
thus could prove to be prognostic indicators for risk of preterm birth and may also
serve as indicators of disease progression. This may provide the potential for

developing a minimally-invasive prognostic or screening tool for preterm birth.

More specifically, one of the challenges | encountered in this study included
finding commercially available monoclonal antibodies that were tested in serum. In
order to test other candidate proteins, it would be worthwhile investing resources to
raise in-house antibodies (with high specificity and sensitivity) against a select group
of candidate proteins. An ideal candidate would not only show a change in protein
abundance but would also have a small standard deviation — allowing more effective

discrimination between control and preterm groups.
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As my study identified significantly altered levels of VDBP, future work
should include use of a target-based approach (such as MRM) to validate this finding
in a larger independent cohort. Ideally this would be tested in a population-based
sample so that relative distributions in control and preterm cases can be calculated,
which will allow the development of likelihood ratios to describe the risk of preterm
delivery. This type of population would also allow the efficacy of this screening tool
(in terms of sensitivity and specificity) to be assessed. As most of the proteoforms
identified in my study were linked to the inflammation cascade, it would be worthwhile
reviewing whether these markers are also significantly altered in women who have
PPRoM later in their pregnancy. There are very few identified biomarkers for this
condition — which causes significant morbidity.

While this study only focussed on first trimester samples and did not include
serial evaluation of markers, the identification of inflammatory biomarkers as early as
the first trimester of pregnancy suggests that serial sampling could be beneficial for
two reasons. First, to follow subjects with symptoms of preterm labour and determine
when interventions such as antenatal steroids should be administered and second to

determine mechanisms by which these biomarkers impact outcomes.

There are challenges in establishing a reliable minimally-invasive diagnostic
method. Ideal requirements include high sensitivity and specificity, satisfactory
positive and negative predictive values for detecting SPTB, and for the test to be cost
effective and readily available. Additional considerations when developing a reliable
and valid diagnostic or screening tool include the need to account for natural individual
variations within the population. Nevertheless, rapid advances in proteomic
technology will build upon the knowledge currently available to understand the
molecular events and pathways that lead to the initial implantation and consequent
development of disease. The introduction of advanced protein analysis platforms into
clinical trial usage for generating biomarker profiles will offer improved diagnostic

and prognostic efficacy.

Without a doubt, proteomic technologies are providing valuable information to
further understand the molecular biochemistry behind the initiation of preterm labour,
as evidenced by the steadily expanding body of literature. There is an urgent need for
improved clinically well-characterised samples (both biological tissues and fluids) and
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joint collaborations with obstetricians and scientists to appropriately characterise
different subtypes of preterm birth.

The proteins identified from amniotic fluid, serum, plasma, urine and CVF are
all contributing significant information to the pathway puzzles that are the biology of
preterm birth. It is evident that with advancement of proteomic technologies, new
molecules will continually be found to have specific associations with aspects of

functional networks underlying preterm birth.
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Summary

In summary, the proteomic methodology utilised in this thesis has enabled
identification of dysregulated protein species and post translational modifications that
may have future application in the diagnosis of preterm birth. Finding differences in
key molecular processes has pointed toward the likely disruption of pathways
associated with the complement cascade, immune modulation, metabolic processes
and cell signalling all being able to play roles in the pathogenesis of spontaneous

preterm birth.

There are still so many uncertainties about our knowledge of prematurity that
this will remain a critical field for research for many years to come. A multidisciplinary
approach that not only involves clinicians and scientific researchers, but also brings
together complementary omic-based methods will be critical to understanding these
underlying disease processes. Our ultimate aim should be to devise a more
personalised, predictive, preventive and effective healthcare model for this challenging

disease.

145



References

146



References

2018. ACOG Practice Bulletin No. 188: Prelabor Rupture of Membranes. Obstet
Gynecol, 131, el-el4.

AAGAARD, K., MA, J, ANTONY, K. M., GANU, R., PETROSINO, J. &
VERSALOVIC, J. 2014. The placenta harbors a unique microbiome. Sci
Transl Med, 6, 237ra65.

ABBOTT, D. S., HEZELGRAVE, N. L., SEED, P. T., NORMAN, J. E., DAVID, A.
L., BENNETT, P. R., GIRLING, J. C., CHANDIRIMANI, M., STOCK, S. J.,
CARTER, J., CATE, R., KURTZMAN, J., TRIBE, R. M. & SHENNAN, A.
H. 2015. Quantitative fetal fibronectin to predict preterm birth in asymptomatic
women at high risk. Obstet Gynecol, 125, 1168-76.

ADAMS, M. M., ELAM-EVANS, L. D., WILSON, H. G. & GILBERTZ, D. A. 2000.
Rates of and factors associated with recurrence of preterm delivery. Jama, 283,
1591-6.

ADAMS WALDOREF, K. M., SINGH, N., MOHAN, A.R., YOUNG, R. C., NGO, L.,
DAS, A, TSAI J., BANSAL, A., PAOLELLA, L., HERBERT, B. R,
SOORANNA, S. R.,, GOUGH, G. M., ASTLEY, C., VOGEL, K,
BALDESSARI, A. E.,, BAMMLER, T. K., MACDONALD, J., GRAVETT,
M. G., RAJAGOPAL, L. & JOHNSON, M. R. 2015. Uterine overdistention
induces preterm labor mediated by inflammation: observations in pregnant
women and nonhuman primates. Am J Obstet Gynecol, 213, 830.e1-830.€19.

AEBERSOLD, R. & MANN, M. 2016. Mass-spectrometric exploration of proteome
structure and function. Nature, 537, 347.

AGGARWAL, A. & PAHWA, S. 2018. Evaluation of the role of CRP as an early
predictor of chorioamnionitis in PPROM. 2018, 7, 6.

AIHW 2011. 2010 National drug strategy household survey report. . Canberra.

ATHW 2016. Australia’s mothers and babies 2014—in brief. Perinatal statistics series
no. 32.

AIHW 2017. Australia’s mothers and babies 2015—in brief. In: STATISTICS, P.
(ed.). Canberra.

AKERCAN, F., KAZANDI, M., SENDAG, F., CIRPAN, T., MGOYI, L., TEREK,
M. C. & SAGOL, S. 2004. Value of cervical phosphorylated insulinlike growth

147



factor binding protein-1 in the prediction of preterm labor. J Reprod Med, 49,
368-72.

AKIRA, S., UEMATSU, S. & TAKEUCH]I, 0. 2006. Pathogen recognition and innate
immunity. Cell, 124, 783-801.

AL RIYAMI, N., AL-RUHEILI, 1., AL-SHEZAW, F. & AL-KHABORI, M. 2013.
Extreme preterm premature rupture of membranes: risk factors and feto
maternal outcomes. Oman Med J, 28, 108-11.

ALFIREVIC, Z., OWEN, J.,, CARRERAS MORATONAS, E., SHARP, A. N.,
SZYCHOWSKI, J. M. & GOYA, M. 2013. Vaginal progesterone, cerclage or
cervical pessary for preventing preterm birth in asymptomatic singleton
pregnant women with a history of preterm birth and a sonographic short cervix.
Ultrasound in Obstetrics & Gynecology, 41, 146-151.

ALFIREVIC, Z.,, STAMPALIA, T. & MEDLEY, N. 2017. Cervical stitch (cerclage)
for preventing preterm birth in singleton pregnancy. Cochrane Database of
Systematic Reviews.

ALLOUCHE, M., HUISSOUD, C., GUYARD-BOILEAU, B., ROUZIER, R. &
PARANT, O. 2011. Development and validation of nomograms for predicting
preterm delivery. Am J Obstet Gynecol, 204, 242.e1-8.

ALTHUISIUS, S. M., DEKKER, G. A., VAN GEUN, H. P., BEKEDAM, D. J. &
HUMMEL, P. 2000. Cervical incompetence prevention randomized cerclage
trial (CIPRACT): study design and preliminary results. Am J Obstet Gynecol,
183, 823-9.

AMIRABI, A., NAJI, S., YEKTA, Z. & SADEGHI, Y. 2012. Chorioamnionitis and
diagnostic value of C-reactive protein, erythrocyte sedimentation rate and
white blood cell count in its diagnosis among pregnant women with premature
rupture of membranes. Pak J Biol Sci, 15, 454-8.

ANANTH, C. V., JOSEPH, K. S., OYELESE, Y., DEMISSIE, K. & VINTZILEQS,
A. M. 2005. Trends in preterm birth and perinatal mortality among singletons:
United States, 1989 through 2000. Obstet Gynecol, 105, 1084-91.

ANANTH, C. V. & VINTZILEQOS, A. M. 2006a. Epidemiology of preterm birth and
its clinical subtypes. J Matern Fetal Neonatal Med, 19, 773-82.

ANANTH, C. V. & VINTZILEOS, A. M. 2006b. Maternal-fetal conditions
necessitating a medical intervention resulting in preterm birth. Am J Obstet
Gynecol, 195, 1557-63.

148



ANCEL, P. Y., LELONG, N., PAPIERNIK, E., SAUREL-CUBIZOLLES, M. J. &
KAMINSKI, M. 2004. History of induced abortion as a risk factor for preterm
birth in European countries: results of the EUROPOP survey. Hum Reprod, 19,
734-40.

ANCEL, P. Y. E. A. 2015. Survival and morbidity of preterm children born at 22
through 34 weeks' gestation in France in 2011: results of the EPIPAGE-2
cohort study. JAMA Pediatr, 169, 230-8.

ANDERSON, L. & HUNTER, C. L. 2006. Quantitative mass spectrometric multiple
reaction monitoring assays for major plasma proteins. Mol Cell Proteomics, 5,
573-88.

ANDERSON, N. L., POLANSKI, M., PIEPER, R., GATLIN, T., TIRUMALAI, R.
S., CONRADS, T. P., VEENSTRA, T. D., ADKINS, J. N., POUNDS, J. G.,
FAGAN, R. & LOBLEY, A. 2004. The human plasma proteome: a
nonredundant list developed by combination of four separate sources. Mol Cell
Proteomics, 3, 311-26.

ANDERSON, U. D., GRAM, M., AKERSTROM, B. & HANSSON, S. R. 2015. First
trimester prediction of preeclampsia. Curr Hypertens Rep, 17, 584.

ANUM, E. A, HILL, L. D., PANDYA, A. & STRAUSS, J. F. 2009. Connective
Tissue and Related Disorders and Preterm Birth: Clues to Genes Contributing
to Prematurity. Placenta, 30, 207-215.

APWEILER, R., HERMJAKOB, H. & SHARON, N. 1999. On the frequency of
protein glycosylation, as deduced from analysis of the SWISS-PROT database.
Biochim Biophys Acta, 1473, 4-8.

ARDITO, F., GIULIANI, M., PERRONE, D., TROIANO, G. & MUZIO, L. L. 2017.
The crucial role of protein phosphorylation in cell signaling and its use as
targeted therapy (Review). International Journal of Molecular Medicine, 40,
271-280.

ASLAM, B., BASIT, M., NISAR, M. A., KHURSHID, M. & RASOOL, M. H. 2017.
Proteomics:  Technologies and Their  Applications. Journal of
Chromatographic Science, 55, 182-196.

BALCI EKMEKCI, O., EKMEKCI, H., GUNGOR, Z., TUTEN, A., TOPRAK, M. S,,
KORKMAZ, M., ONCUL, M., CALISKAN, O., KUCUR, M., DONMA, O.,
MADAZLI, R. & SONMEZ, H. 2015. Evaluation of Lp-PLA2 mass,

149



vitronectin and PAI-1 activity levels in patients with preeclampsia. Arch
Gynecol Obstet, 292, 53-8.

BALLABH, P. 2010. Intraventricular Hemorrhage in Premature Infants: Mechanism
of Disease. Pediatric research, 67, 1-8.

BASAK, S., LU, C. & BASAK, A. 2016. Post-Translational Protein Modifications of
Rare and Unconventional Types: Implications in Functions and Diseases. Curr
Med Chem, 23, 714-45.

BELLEI, E., BERGAMINI, S., MONARI, E., FANTONI, L. I., CUOGHI, A,
OZBEN, T. & TOMASI, A. 2011. High-abundance proteins depletion for
serum proteomic analysis: concomitant removal of non-targeted proteins.
Amino Acids, 40, 145-56.

BELTRAO, P., BORK, P., KROGAN, N. J. & VAN NOORT, V. 2013. Evolution and
functional cross-talk of protein post-translational modifications. Molecular
Systems Biology, 9, 714.

BERNSTEIN, L. H. 2014. Proteomics — The Pathway to Understanding and Decision-
making in Medicine [Online]. Available:

https://pharmaceuticalintelligence.com/2014/06/22/Proteomics — The Pathway

to Understanding and Decision-making in Medicine [Accessed].

BERSANI, I., THOMAS, W. & SPEER, C. P. 2012. Chorioamnionitis--the good or
the evil for neonatal outcome? J Matern Fetal Neonatal Med, 25 Suppl 1, 12-
6.

BJORHALL, K., MILIOTIS, T. & DAVIDSSON, P. 2005. Comparison of different
depletion strategies for improved resolution in proteomic analysis of human
serum samples. Proteomics, 5, 307-17.

BLAKELEY, P., SIEPEN, J. A, LAWLESS, C. & HUBBARD, S. J. 2010.
Investigating protein isoforms via proteomics: a feasibility study. Proteomics,
10, 1127-1140.

BLENCOWE, H., COUSENS, S., CHOU, D., OESTERGAARD, M., SAY, L.,
MOLLER, A.-B., KINNEY, M. & LAWN, J. 2013. Born Too Soon: The global
epidemiology of 15 million preterm births. Reproductive Health, 10, S2-S2.

BLENCOWE, H., COUSENS, S., OESTERGAARD, M. Z., CHOU, D., MOLLER,
A.B., NARWAL, R., ADLER, A., VERA GARCIA, C.,ROHDE, S., SAY, L.
& LAWN, J. E. 2012. National, regional, and worldwide estimates of preterm

150


https://pharmaceuticalintelligence.com/2014/06/22/Proteomics

birth rates in the year 2010 with time trends since 1990 for selected countries:
a systematic analysis and implications. Lancet, 379, 2162-72.

BLUMENSTEIN, M., PRAKASH, R., COOPER, G. J. & NORTH, R. A. 2009.
Aberrant processing of plasma vitronectin and high-molecular-weight
kininogen precedes the onset of preeclampsia. Reprod Sci, 16, 1144-52.

BONDT, A., SELMAN, M. H., DEELDER, A. M., HAZES, J. M., WILLEMSEN, S.
P., WUHRER, M. & DOLHAIN, R. J. 2013. Association between
galactosylation of immunoglobulin G and improvement of rheumatoid arthritis
during pregnancy is independent of sialylation. J Proteome Res, 12, 4522-31.

BOYER, R. 2006. Posttranslational modification of proteins: Expanding nature's
inventory. Christopher T. Walsh, Roberts & Company Publishers, Greenwood
Village, CO, 2005, 576 pp., ISBN 0-9747077-3-2, $98.00. Biochemistry and
Molecular Biology Education, 34, 461-462.

BOYLE, A. K., RINALDI, S. F.,, NORMAN, J. E. & STOCK, S. J. 2017. Preterm
birth: Inflammation, fetal injury and treatment strategies. Journal of
Reproductive Immunology, 119, 62-66.

BRADFORD, C., SEVERINSEN, R., PUGMIRE, T., RASMUSSEN, M.,
STODDARD, K., UEMURA, Y., WHEELWRIGHT, S., MENTINOVA, M.,
CHELSKY, D., HUNSUCKER, S. W., KEARNEY, P., HICKOK, D.,
FLEISCHER, T.C., ICHETOVKIN, I., BONIFACE, J. J., CRITCHFIELD, G.
C. & PELTIER, J. M. 2017. Analytical validation of protein biomarkers for
risk of spontaneous preterm birth. Clinical Mass Spectrometry, 3, 25-38.

BRIK, M., AGUAR, M., VALIENTE, A. & PERALES, A. 2014. Cervical IL-6 and
pIGFBP-1 and the prediction of neonatal outcome in symptomatic preterm
labour. J Matern Fetal Neonatal Med, 27, 1241-7.

BROWN, H., GREEN, E., TAN, T., GONZALEZ, M., RUMBOLD, A., HULL, M.
L., NORMAN, R., PACKER, N., ROBERTSON, S. & THOMPSON, J. 2018.
Periconception onset diabetes is associated with embryopathy and fetal growth
retardation, reproductive tract hyperglycosylation and impaired immune
adaptation to pregnancy. Sci Rep, 8, 2114-2114.

BUHIMSCHI, C. S., DULAY, A. T., ABDEL-RAZEQ, S., ZHAO, G., LEE, S,,
HODGSON, E. J.,, BHANDARI, V. & BUHIMSCHI, I. A. 2009. Fetal

Inflammatory Response in Women with Proteomic Biomarkers Characteristic

151



of Intra-Amniotic Inflammation and Preterm Birth. BJOG : an international
journal of obstetrics and gynaecology, 116, 257-267.

BUHIMSCHI, I. A., ZHAO, G., ROSENBERG, V. A., ABDEL-RAZEQ, S., THUNG,
S. & BUHIMSCHI, C. S. 2008. Multidimensional proteomics analysis of
amniotic fluid to provide insight into the mechanisms of idiopathic preterm
birth. PLoS One, 3, e2049.

BUJOLD, E., ROMERO, R., KUSANOVIC, J. P., EREZ, O., GOTSCH, F.,
CHAIWORAPONGSA, T., GOMEZ, R., ESPINOZA, J., VAISBUCH, E.,
MEE KIM, Y., EDWIN, S., PISANO, M., ALLEN, B., PODUST, V. N,,
DALMASSO, E. A, RUTHERFORD, J., ROGERS, W., MOSER, A., YOON,
B. H. & BARDER, T. 2008. Proteomic profiling of amniotic fluid in preterm
labor using two-dimensional liquid separation and mass spectrometry. J
Matern Fetal Neonatal Med, 21, 697-713.

BUKOWSKI, R., SADOVSKY, Y., GOODARZI, H., ZHANG, H., BIGGIO, J. R,
VARNER, M., PARRY, S., XIAO, F., ESPLIN, S. M., ANDREWS, W.,
SAADE, G. R., ILEKIS, J. V., REDDY, U. M. & BALDWIN, D. A. 2017.
Onset of human preterm and term birth is related to unique inflammatory
transcriptome profiles at the maternal fetal interface. PeerJ, 5, e3685-€3685.

BURRIS, H. H., COLLINS, J. W. & WRIGHT, R. O. 2011. Racial/ethnic disparities
in preterm birth: clues from environmental exposures. Current opinion in
pediatrics, 23, 227-232.

BUTT, R. H. & COORSSEN, J. R. 2005. Postfractionation for enhanced proteomic
analyses: routine electrophoretic methods increase the resolution of standard
2D-PAGE. J Proteome Res, 4, 982-91.

BUTT, R. H., LEE, M. W,, PIRSHAHID, S. A., BACKLUND, P. S., WOOD, S. &
COORSSEN, J. R. 2006. An initial proteomic analysis of human preterm labor:
placental membranes. J Proteome Res, 5, 3161-72.

CAMAGGI, C. M., ZAVATTO, E., GRAMANTIERI, L., CAMAGGI, V.
STROCCHI, E., RIGHINI, R., MERINA, L., CHIECO, P. & BOLONDI, L.
2010. Serum albumin-bound proteomic signature for early detection and
staging of hepatocarcinoma: sample variability and data classification. Clin
Chem Lab Med, 48, 1319-26.

CANTONWINE, D. E., ZHANG, Z., ROSENBLATT, K., GOUDY, K. S., DOSS, R.
C., EZRIN, A. M., PAGE, G., BROHMAN, B. & MCELRATH, T. F. 2016.

152



Evaluation of proteomic biomarkers associated with circulating microparticles
as an effective means to stratify the risk of spontaneous preterm birth.
American journal of obstetrics and gynecology, 214, 631.e1-631.e11.

CARAMELDO, J.J. & PARODI, A. J. 2007. How sugars convey information on protein
conformation in the endoplasmic reticulum. Semin Cell Dev Biol, 18, 732-42.

CAREY, J. C., KLEBANOFF, M. A., HAUTH, J. C., HILLIER, S. L., THOM, E. A.,
ERNEST, J. M., HEINE, R. P.,, NUGENT, R. P., FISCHER, M. L., LEVENO,
K. J.,, WAPNER, R. & VARNER, M. 2000. Metronidazole to prevent preterm
delivery in pregnant women with asymptomatic bacterial vaginosis. National
Institute of Child Health and Human Development Network of Maternal-Fetal
Medicine Units. N Engl J Med, 342, 534-40.

CARR-HILL, R. A. & HALL, M. H. 1985. The repetition of spontaneous preterm
labour. Br J Obstet Gynaecol, 92, 921-8.

CARSON, D. D. 2002. The glycobiology of implantation. Front Biosci, 7, d1535-44.

CASEY, M. L., COX, S. M., BEUTLER, B., MILEWICH, L. & MACDONALD, P.
C. 1989. Cachectin/tumor necrosis factor-alpha formation in human decidua.
Potential role of cytokines in infection-induced preterm labor. Journal of
Clinical Investigation, 83, 430-436.

CATOV, J. M., NOHR, E. A., OLSEN, J. & NESS, R. B. 2008. Chronic Hypertension
Related to Risk for Preterm and Term Small-for-Gestational-Age Births.
Obstetrics and gynecology, 112, 290-296.

CAUGHEY, A. B., ROBINSON, J. N. & NORWITZ, E. R. 2008. Contemporary
diagnosis and management of preterm premature rupture of membranes. Rev
Obstet Gynecol, 1, 11-22.

CAVORETTO, P., CANDIANI, M., GIORGIONE, V., INVERSETTI, A., ABU-
SABA, M. M., TIBERIO, F., SIGISMONDI, C. & FARINA, A. 2018. Risk of
spontaneous preterm birth in singleton pregnancies conceived after IVF/ICSI
treatment: meta-analysis of cohort studies. Ultrasound Obstet Gynecol, 51, 43-
53.

CELIK, E., TO, M., GAJEWSKA, K., SMITH, G. C. & NICOLAIDES, K. H. 2008.
Cervical length and obstetric history predict spontaneous preterm birth:
development and validation of a model to provide individualized risk

assessment. Ultrasound Obstet Gynecol, 31, 549-54.

153



CHANDIRAMANI, M., CARRENO, M., KYRGIOU, M., REYAD, M. & RASLAN,
F. 2011. Large loop excision of the transformation zone (LLETZ) and risk of
preterm birth. Archives of Disease in Childhood - Fetal and Neonatal Edition,
96, Fa2-Fa2.

CHANDRAMOULL, K. & QIAN, P.-Y. 2009. Proteomics: challenges, techniques and
possibilities to overcome biological sample complexity. Human genomics and
proteomics : HGP, 2009, 239204.

CHEN, D., HU, Y., WU, B., CHEN, L., FANG, Z., YANG, F. & WANG, L. 2003.
Tumor necrosis factor-alpha gene G308A polymorphism is associated with the
risk of preterm delivery. Beijing Da Xue Xue Bao Yi Xue Ban, 35, 377-81.

CHEN, J., XI, J., TIAN, Y., BOVA, G. S. & ZHANG, H. 2013. Identification,
prioritization, and evaluation of glycoproteins for aggressive prostate cancer
using quantitative glycoproteomics and antibody-based assays on tissue
specimens. Proteomics, 13, 2268-77.

CLARK, G. F. 2015. Functional glycosylation in the human and mammalian uterus.
Fertility Research and Practice, 1, 17.

CLAUD, E. C. 2009. Neonatal Necrotizing Enterocolitis —Inflammation and Intestinal
Immaturity. Anti-inflammatory & anti-allergy agents in medicinal chemistry,
8, 248-259.

CNATTINGIUS, S., VILLAMOR, E., JOHANSSON, S., EDSTEDT BONAMY, A.
K., PERSSON, M., WIKSTROM, A. K. & GRANATH, F. 2013. Maternal
obesity and risk of preterm delivery. Jama, 309, 2362-70.

CONDE-AGUDELO, A. & ROMERO, R. 2016. Cervical phosphorylated insulin-like
growth factor binding protein-1 test for the prediction of preterm birth: a
systematic review and metaanalysis. Am J Obstet Gynecol, 214, 57-73.

CONDE-AGUDELO, A., ROMERO, R., DA FONSECA, E., O'BRIEN, J. M.,
CETINGOZ, E., CREASY, G. W., HASSAN, S. S., EREZ, O., PACORA, P.
& NICOLAIDES, K. H. 2018. Vaginal progesterone is as effective as cervical
cerclage to prevent preterm birth in women with a singleton gestation, previous
spontaneous preterm birth, and a short cervix: updated indirect comparison
meta-analysis. Am J Obstet Gynecol, 219, 10-25.

CONDE-AGUDELO, A., ROMERO, R., NICOLAIDES, K., CHAIWORAPONGSA,
T., OBRIEN, J. M., CETINGOZ, E., DA FONSECA, E., CREASY, G,
SOMA-PILLAY, P., FUSEY, S., CAM, C., ALFIREVIC, Z. & HASSAN, S.

154



S. 2013. Vaginal progesterone vs. cervical cerclage for the prevention of
preterm birth in women with a sonographic short cervix, previous preterm
birth, and singleton gestation: a systematic review and indirect comparison
metaanalysis. Am J Obstet Gynecol, 208, 42.e1-42.e18.

COORSSEN, J. R. & YERGEY, A. L. 2015. Proteomics Is Analytical Chemistry:
Fitness-for-Purpose in the Application of Top-Down and Bottom-Up Analyses.
Proteomes, 3, 440-453.

CORBETT, J. M., DUNN, M. J.,, POSCH, A. & GORG, A. 1994. Positional
reproducibility of protein spots in two-dimensional polyacrylamide gel
electrophoresis using immobilised pH gradient isoelectric focusing in the first
dimension: an interlaboratory comparison. Electrophoresis, 15, 1205-11.

CORDEIRO, F. B., FERREIRA, C. R., SOBREIRA, T. J. P., YANNELL, K. E.,
JARMUSCH, A. K., CEDENHO, A. P., LO TURCO, E. G. & COOKS, R. G.
2017. Multiple reaction monitoring (MRM)-profiling for biomarker discovery
applied to human polycystic ovarian syndrome. Rapid Commun Mass
Spectrom, 31, 1462-1470.

COSTELOE, K. L., HENNESSY, E. M., HAIDER, S., STACEY, F., MARLOW, N.
& DRAPER, E. S. 2012. Short term outcomes after extreme preterm birth in
England: comparison of two birth cohorts in 1995 and 2006 (the EPICure
studies). Bmj, 345, e7976.

COUPER, K. N., BLOUNT, D. G. & RILEY, E. M. 2008. IL-10: The Master
Regulator of Immunity to Infection. The Journal of Immunology, 180, 5771-
5777.

D'SILVA, A. M., HYETT, J. A. & COORSSEN, J. R. 2017. A Routine 'Top-Down'
Approach to Analysis of the Human Serum Proteome. Proteomes, 5.

D'SILVA, A. M., HYETT, J. A. & COORSSEN, J. R. 2018. Proteomic analysis of
first trimester maternal serum to identify candidate biomarkers potentially
predictive of spontaneous preterm birth. Journal of Proteomics.

DABI, Y., NEDELLEC, S., BONNEAU, C., TROUCHARD, B., ROUZIER, R. &
BENACHI, A. 2017. Clinical validation of a model predicting the risk of
preterm delivery. PLOS ONE, 12, e0171801.

DANHOF, N. A., KAMPHUIS, E. I., LIMPENS, J., VAN LONKHUIJZEN, L. R.,
PAJKRT, E. & MOL, B. W. 2015. The risk of preterm birth of treated versus

155



untreated cervical intraepithelial neoplasia (CIN): a systematic review and
meta-analysis. Eur J Obstet Gynecol Reprod Biol, 188, 24-33.

DAVIDOFF, M. J.,, DIAS, T., DAMUS, K., RUSSELL, R., BETTEGOWDA, V. R,
DOLAN, S., SCHWARZ, R. H., GREEN, N. S. & PETRINI, J. 2006. Changes
in the gestational age distribution among U.S. singleton births: impact on rates
of late preterm birth, 1992 to 2002. Semin Perinatol, 30, 8-15.

DE JONGH, B. E., PAUL, D. A, HOFFMAN, M. & LOCKE, R. 2014. Effects of pre-
pregnancy obesity, race/ethnicity and prematurity. Matern Child Health J, 18,
511-7.

DE ROSE, M. B., PICCOLOMINI, M. M., SOARES BELO, A. S., BORGES, E., JR.
& FILHO, F. F. 2018. Proteomics in Human Reproduction. Protein Pept Lett,
25, 420-423.

DELVAEYE, M. & CONWAY, E. M. 2009. Coagulation and innate immune
responses: can we view them separately? Blood, 114, 2367-74.

DIGIULIO, D. B., CALLAHAN, B. J.,, MCMURDIE, P. J.,, COSTELLO, E. K,
LYELL, D. J.,, ROBACZEWSKA, A., SUN, C. L., GOLTSMAN, D. S. A,,
WONG, R. J.,, SHAW, G., STEVENSON, D. K., HOLMES, S. P. &
RELMAN, D. A. 2015. Temporal and spatial variation of the human
microbiota during pregnancy. Proceedings of the National Academy of
Sciences of the United States of America, 112, 11060-11065.

DIGIULIO, D. B., ROMERO, R., KUSANOVIC, J. P., GOMEZ, R., KIM, C. J,
SEOK, K., GOTSCH, F., MAZAKI-TOVI, S., VAISBUCH, E., SANDERS,
K., BIK, E. M., CHAIWORAPONGSA, T., OYARZUN, E. & RELMAN, D.
A. 2010. Prevalence and Diversity of Microbes in the Amniotic Fluid, the Fetal
Inflammatory Response, and Pregnancy Outcome in Women with Preterm
Prelabor Rupture of Membranes. American journal of reproductive
immunology (New York, N.Y. : 1989), 64, 38-57.

DJELANTIK, A. A., KUNST, A. E., VAN DER WAL, M. F., SMIT, H. A. &
VRIJKOTTE, T. G. 2012. Contribution of overweight and obesity to the
occurrence of adverse pregnancy outcomes in a multi-ethnic cohort: population
attributive fractions for Amsterdam. Bjog, 119, 283-90.

DONDERS, G., VAN CALSTEREN, K., BELLEN, G., REYBROUCK, R., VAN
DEN BOSCH, T., RIPHAGEN, I. & VAN LIERDE, S. 2009. Predictive value

for preterm birth of abnormal vaginal flora, bacterial vaginosis and aerobic

156



vaginitis during the first trimester of pregnancy. BJOG: An International
Journal of Obstetrics & Gynaecology, 116, 1315-1324.

DUAN, G. & WALTHER, D. 2015. The Roles of Post-translational Modifications in
the Context of Protein Interaction Networks. PLoS Computational Biology, 11,
€1004049.

DUNCAN, M. W., RODER, H. & HUNSUCKER, S. W. 2008. Quantitative matrix-
assisted laser desorption/ionization mass spectrometry. Briefings in Functional
Genomics and Proteomics, 7, 355-370.

ECHAN, L. A, TANG, H. Y., ALI-KHAN, N., LEE, K. & SPEICHER, D. W. 2005.
Depletion of multiple high-abundance proteins improves protein profiling
capacities of human serum and plasma. Proteomics, 5, 3292-303.

EKWO, E. & MOAWAD, A. 1998. The risk for recurrence of premature births to
African-American and white women. J Assoc Acad Minor Phys, 9, 16-21.

EKWO, E. E., GOSSELINK, C. A. & MOAWAD, A. 1993. Previous pregnancy
outcomes and subsequent risk of preterm rupture of amniotic sac membranes.
Br J Obstet Gynaecol, 100, 536-41.

EL-REFAIE, W., ABDELHAFEZ, M. S. & BADAWY, A. 2016. Vaginal
progesterone for prevention of preterm labor in asymptomatic twin pregnancies
with sonographic short cervix: a randomized clinical trial of efficacy and
safety. Arch Gynecol Obstet, 293, 61-7.

EL-SAYED, A. M., TRACY, M. & GALEA, S. 2012. Life course variation in the
relation between maternal marital status and preterm birth. Annals of
Epidemiology, 22, 168-174.

EL-SHAZLY, S., MAKHSEED, M., AZIZIEH, F. & RAGHUPATHY, R. 2004.
Increased expression of pro-inflammatory cytokines in placentas of women
undergoing spontaneous preterm delivery or premature rupture of membranes.
Am J Reprod Immunol, 52, 45-52.

ELLMAN, L. M., SCHETTER, C. D., HOBEL, C. J., CHICZ-DEMET, A., GLYNN,
L. M. & SANDMAN, C. A. 2008. Timing of fetal exposure to stress hormones:
effects on newborn physical and neuromuscular maturation. Developmental
psychobiology, 50, 232-241.

ELSADEK, B. & KRATZ, F. 2012. Impact of aloumin on drug delivery — New

applications on the horizon. Journal of Controlled Release, 157, 4-28.

157



ENROTH, S., HALLMANS, G., GRANKVIST, K. & GYLLENSTEN, U. 2016.
Effects of Long-Term Storage Time and Original Sampling Month on Biobank
Plasma Protein Concentrations. EBioMedicine, 12, 309-314.

EREZ, O., NOVACK, L., KLAITMAN, V., EREZ-WEISS, |., BEER-WEISEL, R.,
DUKLER, D. & MAZOR, M. 2012. Early preterm delivery due to placenta
previa is an independent risk factor for a subsequent spontaneous preterm birth.
BMC Pregnancy and Childbirth, 12, 82-82.

ESPLIN, M. S. 2014. Overview of spontaneous preterm birth: a complex and
multifactorial phenotype. Clin Obstet Gynecol, 57, 518-30.

ESPLIN, M. S.,, MERRELL, K., GOLDENBERG, R., LAI Y., IAMS, J. D,
MERCER, B., SPONG, C. Y., MIODOVNIK, M., SIMHAN, H. N., VAN
DORSTEN, P., DOMBROWSKI, M., EUNICE KENNEDY SHRIVER
NATIONAL INSTITUTE OF CHILD, H. & HUMAN DEVELOPMENT
MATERNAL-FETAL MEDICINE UNITS, N. 2011. Proteomic identification
of serum peptides predicting subsequent spontaneous preterm birth. American
journal of obstetrics and gynecology, 204, 391.e1-391.e3918.

EZRIN, A. M., BROHMAN, B., WILLMOT, J., BAXTER, S., MOORE, K.,
LUTHER, M., FANNON, M. R. & SIBAI, B. 2015. Circulating serum-derived
microparticles provide novel proteomic biomarkers of spontaneous preterm
birth. Am J Perinatol, 32, 605-14.

FARLEY, A. R. & LINK, A. J. 2009. Identification and quantification of protein
posttranslational modifications. Methods Enzymol, 463, 725-63.

FENG, Y. L., ZHOU, C. J., LI, X. M. & LIANG, X. Q. 2012. Alpha-1-Antitrypsin
Acts as a Preeclampsia-Related Protein: A Proteomic Study. Gynecologic and
Obstetric Investigation, 73, 252-259.

FORTUNATO, S.J.,, MENON, R. & LOMBARDI, S. J. 2002a. Role of tumor necrosis
factor-&#x3b1; in the premature rupture of membranes and preterm labor
pathways. American Journal of Obstetrics & Gynecology, 187, 1159-1162.

FORTUNATO, S.J., MENON, R. & LOMBARDI, S. J. 2002b. Role of tumor necrosis
factor-alpha in the premature rupture of membranes and preterm labor
pathways. Am J Obstet Gynecol, 187, 1159-62.

FREAK-POLI, R., CHAN, A., TUCKER, G. & STREET, J. 2009. Previous abortion
and risk of pre-term birth: a population study. J Matern Fetal Neonatal Med,
22, 1-7.

158



FUCHS, F. & SENAT, M. V. 2016. Multiple gestations and preterm birth. Semin Fetal
Neonatal Med, 21, 113-20.

GAJJALA, P. R, FLISER, D., SPEER, T., JANKOWSK]I, V. & JANKOWSK]I, J.
2015. Emerging role of post-translational modifications in chronic kidney
disease and cardiovascular disease. Nephrol Dial Transplant, 30, 1814-24.

GAUCI, V. J., PADULA, M. P. & COORSSEN, J. R. 2013. Coomassie blue staining
for high sensitivity gel-based proteomics. Journal of Proteomics, 90, 96-106.

GERNAND, A. D., SCHULZE, K. J., STEWART, C. P.,, WEST, K. P,, JR. &
CHRISTIAN, P. 2016. Micronutrient deficiencies in pregnancy worldwide:
health effects and prevention. Nature reviews. Endocrinology, 12, 274-2809.

GERVASI, M.-T., ROMERO, R., BRACALENTE, G., EREZ, O., DONG, Z,
HASSAN, S. S, YEO, L., YOON, B. H. & CHAIWORAPONGSA, T. 2012.
Midtrimester amniotic fluid concentrations of interleukin-6 and interferon-
gamma-inducible protein-10: evidence for heterogeneity of intra-amniotic
inflammation and associations with spontaneous early (< 32 weeks) and late (>
32 weeks) preterm delivery. Journal of perinatal medicine, 40, 329-343.

GIANAZZA, E. & BANFI, C. 2018. Post-translational quantitation by SRM/MRM:
applications in cardiology. Expert Review of Proteomics, 15, 477-502.

GIANAZZA, E., MILLER, I., PALAZZOLO, L., PARRAVICINI, C. & EBERINI, I.
2016. With or without you - Proteomics with or without major plasma/serum
proteins. J Proteomics, 140, 62-80.

GIURGESCU, C., ZENK, S. N., DANCY, B. L., PARK, C. G., DIEBER, W. &
BLOCK, R. 2012. Relationships among neighborhood environment, racial
discrimination, psychological distress, and preterm birth in African American
women. J Obstet Gynecol Neonatal Nurs, 41, E51-61.

GLOVER, A. V. & MANUCK, T. A. 2018. Screening for spontaneous preterm birth
and resultant therapies to reduce neonatal morbidity and mortality: A review.
Seminars in Fetal and Neonatal Medicine, 23, 126-132.

GODOVAC-ZIMMERMANN, J., KLEINER, O., BROWN, L. R. & DRUKIER, A.
K. 2005. Perspectives in spicing up proteomics with splicing. Proteomics, 5,
699-709.

GOLDENBERG, R. L. & CULHANE, J. F. 2007. Low birth weight in the United
States. Am J Clin Nutr, 85, 584s-590s.

159



GOLDENBERG, R. L., CULHANE, J. F., IAMS, J. D. & ROMERO, R. 2008.
Epidemiology and causes of preterm birth. Lancet, 371, 75-84.

GOLDENBERG, R. L., HAUTH, J. C. & ANDREWS, W. W. 2000a. Intrauterine
infection and preterm delivery. N Engl J Med, 342, 1500-7.

GOLDENBERG, R. L., HAUTH, J. C. & ANDREWS, W. W. 2000b. Intrauterine
Infection and Preterm Delivery. New England Journal of Medicine, 342, 1500-
1507.

GOLDENBERG, R. L., MERCER, B. M., MEIS, P. J., COPPER, R. L., DAS, A. &
MCNELLIS, D. 1996. The preterm prediction study: fetal fibronectin testing
and spontaneous preterm birth. NICHD Maternal Fetal Medicine Units
Network. Obstet Gynecol, 87, 643-8.

GOMEZ, R., ROMERO, R., GALASSO, M., BEHNKE, E., INSUNZA, A. &
COTTON, D. B. 1994. The value of amniotic fluid interleukin-6, white blood
cell count, and gram stain in the diagnosis of microbial invasion of the amniotic
cavity in patients at term. Am J Reprod Immunol, 32, 200-10.

GOMEZ, R., ROMERO, R., GHEZZI, F., YOON, B. H., MAZOR, M. & BERRY, S.
M. 1998. The fetal inflammatory response syndrome. Am J Obstet Gynecol,
179, 194-202.

GONCALVES, L. F.,, CHAIWORAPONGSA, T. & ROMERO, R. 2002. Intrauterine
infection and prematurity. Ment Retard Dev Disabil Res Rev, 8, 3-13.

GONG, VY., LI, X.,, YANG, B., YING, W, LI, D., ZHANG, Y., DAI, S., CAl, Y.,
WANG, J., HE, F. & QIAN, X. 2006. Different Immunoaffinity Fractionation
Strategies to Characterize the Human Plasma Proteome. Journal of Proteome
Research, 5, 1379-1387.

GORG, A., OBERMAIER, C., BOGUTH, G., HARDER, A., SCHEIBE, B.,
WILDGRUBER, R. & WEISS, W. 2000. The current state of two-dimensional
electrophoresis with immobilized pH gradients. Electrophoresis, 21, 1037-53.

GOYAL, M., KRIPLANI, A., KACHHAWA, G. & BADIGER, S. 2016. Prediction
of preterm labor by a rapid bedside test detecting phosphorylated insulin-like
growth factor-binding protein 1 in cervical secretions. Int J Gynaecol Obstet,
134, 165-8.

GRANGER, J., SIDDIQUI, J., COPELAND, S. & REMICK, D. 2005. Albumin
depletion of human plasma also removes low abundance proteins including the
cytokines. Proteomics, 5, 4713-8.

160



GRAVES, P. R. & HAYSTEAD, T. A. J. 2002. Molecular Biologist's Guide to
Proteomics. Microbiology and Molecular Biology Reviews, 66, 39-63.
GRAVETT, M. G., RUBENS, C. E., NUNES, T. M. & GROUP, T. G. R. 2010. Global
report on preterm birth and stillbirth (2 of 7): discovery science. BMC

Pregnancy and Childbirth, 10, S2.

GRECO, E., GUPTA, R., SYNGELAKI, A., POON, L. C. & NICOLAIDES, K. H.
2012. First-trimester screening for spontaneous preterm delivery with maternal
characteristics and cervical length. Fetal Diagn Ther, 31, 154-61.

GUCER, F., BALKANLI-KAPLAN, P., YUKSEL, M., YUCE, M. A,, TURE, M. &
YARDIM, T. 2001. Maternal serum tumor necrosis factor-alpha in patients
with preterm labor. J Reprod Med, 46, 232-6.

GUEST, P. C. & RAHMOUNE, H. 2017. Blood Sampling and Preparation Procedures
for Proteomic Biomarker Studies of Psychiatric Disorders. Adv Exp Med Biol,
974, 141-147.

GUISE, J. M., MAHON, S. M., AICKIN, M., HELFAND, M., PEIPERT, J. F. &
WESTHOFF, C. 2001. Screening for bacterial vaginosis in pregnancy. Am J
Prev Med, 20, 62-72.

GUIZADO, T. R. C. 2014. Analysis of the structure and dynamics of human serum
albumin. Journal of Molecular Modeling, 20, 2450.

GUTHALS, A. & BANDEIRA, N. 2012. Peptide identification by tandem mass
spectrometry with alternate fragmentation modes. Molecular & cellular
proteomics : MCP, 11, 550-557.

HAAKENSEN, V. D., STEINFELD, I., SALDOVA, R., SHEHNI, A. A., KIFER, I.,
NAUME, B., RUDD, P. M., BARRESEN-DALE, A.-L. & YAKHINI, Z.
2016. Serum N-glycan analysis in breast cancer patients — Relation to tumour
biology and clinical outcome. Molecular Oncology, 10, 59-72.

HADDERS, M. A., BUBECK, D., ROVERSI, P., HAKOBYAN, S., FORNERIS, F.,
MORGAN, B. P., PANGBURN, M. K., LLORCA, O., LEA, S. M. & GROS,
P. 2012. Assembly and regulation of the membrane attack complex based on
structures of C5b6 and sC5hb9. Cell reports, 1, 200-207.

HADZI-LEGA, M., MARKOVA, A. D., STEFANOVIC, M. & TANTUROVSKI, M.
2015. Correlation of cervical length, fetal fibronectin, phlIGFBP-1, and
cytokines in spontaneous preterm birth up to 14 days from sampling. J Perinat
Med, 43, 545-51.

161



HADZI-LEGA, M., MARKOVA, A. D., STEFANOVIC, M. & TANTUROVSKI, M.
2015. Interleukin 6 and fetal fibronectin as a predictors of preterm delivery in
symptomatic patients. Bosnian Journal of Basic Medical Sciences, 15, 51-56.

HAGBERG, H., WENNERHOLM, U. B. & SAVMAN, K. 2002. Sequelae of
chorioamnionitis. Curr Opin Infect Dis, 15, 301-6.

HALLINGSTROM, M., LENCO, J., VAIRYCHOVA, M., LINK, M., TAMBOR, V.,
LIMAN, V., BULLARBO, M., NILSSON, S., TSIARTAS, P., COBO, T,
KACEROVSKY, M. & JACOBSSON, B. 2016. Proteomic Analysis of Early
Mid-Trimester Amniotic Fluid Does Not Predict Spontaneous Preterm
Delivery. PLoS One, 11, e0155164.

HAN, Y., GAO, S., MUEGGE, K., ZHANG, W. & ZHOU, B. 2015. Advanced
Applications of RNA Sequencing and Challenges. Bioinformatics and Biology
Insights, 9, 29-46.

HAN, Z., MULLA, S., BEYENE, J,, LIAO, G. & MCDONALD, S. D. 2011. Maternal
underweight and the risk of preterm birth and low birth weight: a systematic
review and meta-analyses. Int J Epidemiol, 40, 65-101.

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next
generation. Cell, 144, 646-74.

HARRIS, M. N., VOIGT, R. G., BARBARESI, W. J., VOGE, G. A., KILLIAN, J. M.,
WEAVER, A. L., COLBY, C. E.,, CAREY, W. A. & KATUSIC, S. K. 2013.
ADHD and learning disabilities in former late preterm infants: a population-
based birth cohort. Pediatrics, 132, e630-6.

HARSHA, H. C. & PANDEY, A. 2010. Phosphoproteomics in cancer. Mol Oncol, 4,
482-95.

HART, C., SCHULENBERG, B., STEINBERG, T. H., LEUNG, W. Y. & PATTON,
W. F. 2003. Detection of glycoproteins in polyacrylamide gels and on
electroblots using Pro-Q Emerald 488 dye, a fluorescent periodate Schiff-base
stain. Electrophoresis, 24, 588-98.

HASSAN, S. S., ROMERO, R., VIDYADHARI, D., FUSEY, S., BAXTER, J. K,,
KHANDELWAL, M., VIJAYARAGHAVAN, J.,, TRIVEDI, Y., SOMA-
PILLAY, P., SAMBAREY, P., DAYAL, A., POTAPQV, V., O'BRIEN, J.,
ASTAKHOQV, V., YUZKO, 0., KINZLER, W., DATTEL, B., SEHDEV, H.,
MAZHEIKA, L., MANCHULENKO, D., GERVASI, M. T., SULLIVAN, L.,
CONDE-AGUDELO, A., PHILLIPS, J. A. & CREASY, G. W. 2011. Vaginal

162



progesterone reduces the rate of preterm birth in women with a sonographic
short cervix: a multicenter, randomized, double-blind, placebo-controlled trial.
Ultrasound Obstet Gynecol, 38, 18-31.

HATTORI, T. & KOIDE, S. 2018. Next-generation antibodies for post-translational
modifications. Current Opinion in Structural Biology, 51, 141-148.

HEATH, V. C., SOUTHALL, T. R.,, SOUKA, A. P., ELISSEOU, A. &
NICOLAIDES, K. H. 1998. Cervical length at 23 weeks of gestation:
prediction of spontaneous preterm delivery. Ultrasound Obstet Gynecol, 12,
312-7.

HELENIUS, A. & AEBI, M. 2004. Roles of N-linked glycans in the endoplasmic
reticulum. Annu Rev Biochem, 73, 1019-49.

HENZEL, W. J.,, WATANABE, C. & STULTS, J. T. 2003. Protein identification: the
origins of peptide mass fingerprinting. Journal of the American Society for
Mass Spectrometry, 14, 931-942.

HERNANDEZ-NUNEZ, J. & VALDES-YONG, M. 2015. Utility of proteomics in
obstetric disorders: a review. International Journal of Women's Health, 7, 385-
391.

HERRING, J. M., MCMICHAEL, M. A. & SMITH, S. A. 2013. Microparticles in
health and disease. J Vet Intern Med, 27, 1020-33.

HIBBARD, J. U., TART, M. & MOAWAD, A. H. 2000. Cervical length at 16-22
weeks' gestation and risk for preterm delivery. Obstet Gynecol, 96, 972-8.

HILLIER, S. L., NUGENT, R. P.,, ESCHENBACH, D. A., KROHN, M. A,, GIBBS,
R. S., MARTIN, D. H.,, COTCH, M. F., EDELMAN, R., PASTOREK, J. G.,
RAO, A. V., MCNELLIS, D.,,REGAN, J. A., CAREY, J. C. & KLEBANOFF,
M. A. 1995. Association between Bacterial VVaginosis and Preterm Delivery of
a Low-Birth-Weight Infant. New England Journal of Medicine, 333, 1737-
1742.

HOLMAN, J. D., DASARI, S. & TABB, D. L. 2013. Informatics of protein and
posttranslational modification detection via shotgun proteomics. Methods Mol
Biol, 1002, 167-79.

HONEST, H., BACHMANN, L. M., COOMARASAMY, A., GUPTA, J. K,
KLEIINEN, J. & KHAN, K. S. 2003. Accuracy of cervical transvaginal
sonography in predicting preterm birth: a systematic review. Ultrasound
Obstet Gynecol, 22, 305-22.

163



HONEST, H., BACHMANN, L. M., GUPTA, J. K., KLEIJNEN, J. & KHAN, K. S.
2002. Accuracy of cervicovaginal fetal fibronectin test in predicting risk of
spontaneous preterm birth: systematic review. Bmj, 325, 301.

HORGAN, R. P. & KENNY, L. C. 2011. ‘Omic’ technologies: genomics,
transcriptomics, proteomics and metabolomics. The Obstetrician &
Gynaecologist, 13, 189-195.

HOSNY, A. E.-D. M. S., EL-KHAYAT, W., KASHEF, M. T. & FAKHRY, M. N.
2017. Association between preterm labor and genitourinary tract infections
caused by Trichomonas vaginalis, Mycoplasma hominis, Gram-negative
bacilli, and coryneforms. Journal of the Chinese Medical Association, 80, 575-
581.

HOWSON, M. K., JE LAWN 2012. WHO. Born Too Soon: The Global Action Report
on Preterm Birth. . Geneva: March of Dimes, PMNCH, Save the Children,
WHO.

HUMPHREY, S. J., JAMES, D. E. & MANN, M. 2015. Protein Phosphorylation: A
Major Switch Mechanism for Metabolic Regulation. Trends Endocrinol
Metab, 26, 676-687.

HVILSOM, G. B., THORSEN, P., JEUNE, B. & BAKKETEIG, L. S. 2002. C-reactive
protein: a serological marker for preterm delivery? Acta Obstet Gynecol Scand,
81, 424-9.

IAMS, J. D., GOLDENBERG, R. L., MEIS, P. J.,, MERCER, B. M., MOAWAD, A,
DAS, A., THOM, E., MCNELLIS, D., COPPER, R. L., JOHNSON, F. &
ROBERTS, J. M. 1996. The length of the cervix and the risk of spontaneous
premature delivery. National Institute of Child Health and Human
Development Maternal Fetal Medicine Unit Network. N Engl J Med, 334, 567-
72.

IAMS, J. D., GOLDENBERG, R. L., MERCER, B. M., MOAWAD, A., THOM, E.,
MEIS, P.J., MCNELLIS, D., CARITIS, S. N., MIODOVNIK, M., MENARD,
M. K., THURNAU, G. R., BOTTOMS, S. E. & ROBERTS, J. M. 1998. The
Preterm Prediction Study: recurrence risk of spontaneous preterm birth.
National Institute of Child Health and Human Development Maternal-Fetal
Medicine Units Network. Am J Obstet Gynecol, 178, 1035-40.

INSTITUTE OF MEDICINE COMMITTEE ON UNDERSTANDING
PREMATURE, B. & ASSURING HEALTHY, O. 2007. The National

164



Academies Collection: Reports funded by National Institutes of Health. In:
BEHRMAN, R. E. & BUTLER, A. S. (eds.) Preterm Birth: Causes,
Consequences, and Prevention. Washington (DC): National Academies Press
(US)

National Academy of Sciences.

JANSEN, P. W., TIEMEIER, H., JADDOE, V. W., HOFMAN, A., STEEGERS, E.
A., VERHULST, F. C., MACKENBACH, J. P. & RAAT, H. 2009. Explaining
educational inequalities in preterm birth: the generation r study. Arch Dis Child
Fetal Neonatal Ed, 94, F28-34.

JAVIDI-SHARIFI, N., TRAER, E., MARTINEZ, J., GUPTA, A., TAGUCHI, T.,
DUNLAP, J., HEINRICH, M. C., CORLESS, C. L., RUBIN, B. P., DRUKER,
B. J. & TYNER, J. W. 2015. Crosstalk between KIT and FGFR3 Promotes
Gastrointestinal Stromal Tumor Cell Growth and Drug Resistance. Cancer
Res, 75, 880-91.

JENKINS, N., MURPHY, L. & TYTHER, R. 2008. Post-translational modifications
of recombinant proteins: significance for biopharmaceuticals. Mol Biotechnol,
39, 113-8.

JENSEN, P. H., KARLSSON, N. G., KOLARICH, D. & PACKER, N. H. 2012.
Structural analysis of N- and O-glycans released from glycoproteins. Nat
Protoc, 7, 1299-310.

JIN, G., LANLAN, Z., LI, C. & DAN, Z. 2014. Pregnancy outcome following loop
electrosurgical excision procedure (LEEP) a systematic review and meta-
analysis. Arch Gynecol Obstet, 289, 85-99.

JONES, C. J. & APLIN, J. D. 2009. Glycosylation at the fetomaternal interface: does
the glycocode play a critical role in implantation? Glycoconj J, 26, 359-66.

JONES, C. J., ORTIZ, M. E., CROXATTO, H. B.,, MANZUR, A., SLEVIN, G. &
APLIN, J. D. 2001. Mucl and glycan expression in the oviduct and
endometrium of a New World monkey, Cebus apella. Biol Reprod, 64, 1535-
44,

KACEROVSKY, M., LENCO, J., MUSILOVA, |., TAMBOR, V., LAMONT, R,
TORLONI, M. R. & MENON, R. 2014. Proteomic biomarkers for spontaneous
preterm birth: a systematic review of the literature. Reprod Sci, 21, 283-95.

165



KANG, Y., TECHANUKUL, T., MANTALARIS, A. & NAGY, J. M. 2009.
Comparison of three commercially available DIGE analysis software
packages: minimal user intervention in gel-based proteomics. J Proteome Res,
8, 1077-84.

KARBASIAN, N., SHEIKH, M., PIRJANI, R.,, HAZRATI, S., TARA, F. &
HANTOUSHZADEH, S. 2016. Combined treatment with cervical pessary and
vaginal progesterone for the prevention of preterm birth: A randomized clinical
trial. J Obstet Gynaecol Res, 42, 1673-1679.

KATTAN, M. W., GIRI, D., PANAGEAS, K. S., HUMMER, A., CRANOR, M.,
VAN ZEE, K. J., HUDIS, C. A,, NORTON, L., BORGEN, P. I. & TAN, L. K.
2004. A tool for predicting breast carcinoma mortality in women who do not
receive adjuvant therapy. Cancer, 101, 2509-15.

KAVALLARIS, M. & MARSHALL, G. M. 2005. Proteomics and disease:
opportunities and challenges. Med J Aust, 182, 575-9.

KEELAN, J. A. 2011. Pharmacological inhibition of inflammatory pathways for the
prevention of preterm birth. J Reprod Immunol, 88, 176-84.

KEELAN, J. A. 2018. Intrauterine inflammatory activation, functional progesterone
withdrawal, and the timing of term and preterm birth. J Reprod Immunol, 125,
89-99.

KEKKI, M., KURKI, T., KARKKAINEN, T., HIILESMAA, V., PAAVONEN, J. &
RUTANEN, E. M. 2001a. Insulin-like growth factor-binding protein-1 in
cervical secretion as a predictor of preterm delivery. Acta Obstet Gynecol
Scand, 80, 546-51.

KEKKI, M., KURKI, T., PELKONEN, J., KURKINEN-RATY, M., CACCIATORE,
B. & PAAVONEN, J. 2001b. Vaginal clindamycin in preventing preterm birth
and peripartal infections in asymptomatic women with bacterial vaginosis: a
randomized, controlled trial. Obstet Gynecol, 97, 643-8.

KELLEHER, N. L. 2004. Top-down proteomics. Anal Chem, 76, 197a-203a.

KHAN, K. A., PETROU, S., DRITSAKI, M., JOHNSON, S. J., MANKTELOW, B.,
DRAPER, E. S., SMITH, L. K., SEATON, S. E., MARLOW, N., DORLING,
J., FIELD, D. J. & BOYLE, E. M. 2015. Economic costs associated with
moderate and late preterm birth: a prospective population-based study. Bjog,
122, 1495-505.

166



KIEFER, D. G. & VINTZILEOS, A. M. 2008. The Utility of Fetal Fibronectin in the
Prediction and Prevention of Spontaneous Preterm Birth. Reviews in Obstetrics
and Gynecology, 1, 106-112.

KIM, C. J.,, ROMERO, R., CHAEMSAITHONG, P., CHAIYASIT, N., YOON, B. H.
& KIM, Y. M. 2015a. Acute chorioamnionitis and funisitis: definition,
pathologic features, and clinical significance. Am J Obstet Gynecol, 213, S29-
52.

KIM, C. J.,, ROMERO, R., CHAEMSAITHONG, P., CHAIYASIT, N., YOON, B. H.
& KIM, Y. M. 2015b. Acute Chorioamnionitis and Funisitis: Definition,
Pathologic Features, and Clinical Significance. American journal of obstetrics
and gynecology, 213, S29-S52.

KLEIN, L. L. & GIBBS, R. S. 2005. Infection and preterm birth. Obstet Gynecol Clin
North Am, 32, 397-410.

KNORRE, D. G., KUDRYASHOVA, N. V. & GODOVIKOVA, T. S. 2009. Chemical
and Functional Aspects of Posttranslational Modification of Proteins. Acta
Naturae, 1, 29-51.

KOLIALEXI, A., MAVROU, A., SPYROU, G. & TSANGARIS, G. T. 2008. Mass
spectrometry-based proteomics in reproductive medicine. Mass Spectrom Rev,
27, 624-34.

KOREN, O., GOODRICH, J. K., CULLENDER, T. C., SPOR, A., LAITINEN, K.,
BACKHED, H. K., GONZALEZ, A., WERNER, J. J.,, ANGENENT, L. T.,
KNIGHT, R., BACKHED, F., ISOLAURI, E., SALMINEN, S. & LEY, R. E.
2012. Host remodeling of the gut microbiome and metabolic changes during
pregnancy. Cell, 150, 470-80.

KOSTERIA, 1., ANAGNOSTOPOULOQS, A. K., KANAKA-GANTENBEIN, C.,
CHROUSOS, G. P. & TSANGARIS, G. T. 2017. The Use of Proteomics in
Assisted Reproduction. In Vivo, 31, 267-283.

KOTA, S. K., GAYATRI, K., JAMMULA, S., KOTA, S. K., KRISHNA, S. V. S,,
MEHER, L. K. & MODI, K. D. 2013. Endocrinology of parturition. Indian
journal of endocrinology and metabolism, 17, 50-59.

KRISTENSEN, J.,, LANGHOFF-ROOS, J. & KRISTENSEN, F. B. 1995.
Implications of idiopathic preterm delivery for previous and subsequent

pregnancies. Obstet Gynecol, 86, 800-4.

167



KUHRT, K., HEZELGRAVE, N., FOSTER, C., SEED, P. T. & SHENNAN, A. H.
2016a. Development and validation of a tool incorporating quantitative fetal
fibronectin to predict spontaneous preterm birth in symptomatic women.
Ultrasound Obstet Gynecol, 47, 210-6.

KUHRT, K., SMOUT, E., HEZELGRAVE, N., SEED, P. T., CARTER, J. &
SHENNAN, A. H. 2016b. Development and validation of a tool incorporating
cervical length and quantitative fetal fibronectin to predict spontaneous
preterm birth in asymptomatic high-risk women. Ultrasound Obstet Gynecol,
47, 104-9.

KUMAR, C. & MANN, M. 2009. Bioinformatics analysis of mass spectrometry-based
proteomics data sets. FEBS Letters, 583, 1703-1712.

KURKINEN-RATY, M., RUOKONEN, A., VUOPALA, S., KOSKELA, M.,
RUTANEN, E. M., KARKKAINEN, T. & JOUPPILA, P. 2001. Combination
of cervical interleukin-6 and -8, phosphorylated insulin-like growth factor-
binding protein-1 and transvaginal cervical ultrasonography in assessment of
the risk of preterm birth. Bjog, 108, 875-81.

KWINTA, P. & PIETRZYK, J. J. 2010. Preterm birth and respiratory disease in later
life. Expert Rev Respir Med, 4, 593-604.

KYRGIOU, M., ATHANASIOU, A., KALLIALA, I. E. J.,, PARASKEVAIDI, M.,
MITRA, A., MARTIN-HIRSCH, P. P., ARBYN, M., BENNETT, P. &
PARASKEVAIDIS, E. 2017. Obstetric outcomes after conservative treatment
for cervical intraepithelial lesions and early invasive disease. Cochrane
Database Syst Rev, 11, Cd012847.

KYRGIOU, M., ATHANASIOU, A. PARASKEVAIDI, M., MITRA, A,
KALLIALA, I, MARTIN-HIRSCH, P., ARBYN, M., BENNETT, P. &
PARASKEVAIDIS, E. 2016. Adverse obstetric outcomes after local treatment
for cervical preinvasive and early invasive disease according to cone depth:
systematic review and meta-analysis. BMJ, 354.

KYRKLUND-BLOMBERG, N. B., GRANATH, F. & CNATTINGIUS, S. 2005.
Maternal smoking and causes of very preterm birth. Acta Obstet Gynecol
Scand, 84, 572-7.

LAEMMLI, U. K. 1970. Cleavage of Structural Proteins during the Assembly of the
Head of Bacteriophage T4. Nature, 227, 680.

168



LAMONT, R. F. 2003. Infection in the prediction and antibiotics in the prevention of
spontaneous preterm labour and preterm birth. Bjog, 110 Suppl 20, 71-5.

LAROCHELLE, S. 2016. Protein isoforms: more than meets the eye. Nature Methods,
13, 291.

LARSEN, M. T., KUHLMANN, M., HVAM, M. L. & HOWARD, K. A. 2016.
Albumin-based drug delivery: harnessing nature to cure disease. Molecular
and Cellular Therapies, 4, 3.

LAW, K. P., HAN, T.-L., TONG, C. & BAKER, P. N. 2015. Mass Spectrometry-
Based Proteomics for Pre-Eclampsia and Preterm Birth. International Journal
of Molecular Sciences, 16, 10952-10985.

LAWN, J. E.,, COUSENS, S. N., DARMSTADT, G. L., BHUTTA, Z. A,
MARTINES, J., PAUL, V., KNIPPENBERG, R. & FOGSTAD, H. 2006a. 1
year after The Lancet Neonatal Survival Series--was the call for action heard?
Lancet, 367, 1541-7.

LAWN, J. E., WILCZYNSKA-KETENDE, K. & COUSENS, S. N. 2006b. Estimating
the causes of 4 million neonatal deaths in the year 2000. Int J Epidemiol, 35,
706-18.

LE RAY, I, MACE, G., SEDIKI, M., LIRUSSI, F., RIETHMULLER, D., LENTZ,
N., RAMANAH, R., HOYEK, T., SPAGNOLO, G., LAURENT, N,
GOIRAND, F., SAGOT, P. & BARDOU, M. 2015. Changes in maternal blood
inflammatory markers as a predictor of chorioamnionitis: a prospective
multicenter study. Am J Reprod Immunol, 73, 79-90.

LEE, P. & WU, X. 2015. Review: Modifications of Human Serum Albumin and Their
Binding Effect. Current pharmaceutical design, 21, 1862-1865.

LEE, S. M., PARK, J. S., NORWITZ, E.R., OH, S., KIM, E. J,, KIM, S. M., LEE, J.,
KIM, B. J,, PARK, C. W. & JUN, J. K. 2015. Mid-trimester amniotic fluid pro-
inflammatory biomarkers predict the risk of spontaneous preterm delivery in
twins: a retrospective cohort study. Journal Of Perinatology, 35, 542.

LEMBET, A., EROGLU, D., ERGIN, T., KUSCU, E., ZEYNELOGLU, H.,
BATIOGLU, S. & HABERAL, A. 2002. New rapid bed-side test to predict
preterm delivery: phosphorylated insulin-like growth factor binding protein-1
in cervical secretions. Acta Obstet Gynecol Scand, 81, 706-12.

LEVINE, L. D., DOWNES, K. L., ROMERO, J. A., PAPPAS, H. & ELOVITZ, M.
A. 2018. Quantitative fetal fibronectin and cervical length in symptomatic

169



women: results from a prospective blinded cohort study. The Journal of
Maternal-Fetal & Neonatal Medicine, 1-9.

LEVITON, A., PANETH, N., REUSS, M. L., SUSSER, M., ALLRED, E. N,
DAMMANN, O., KUBAN, K., VAN MARTER, L. J., PAGANO, M.,
HEGYI, T., HIATT, M., SANOCKA, U., SHAHRIVAR, F., ABIRI, M.,
DISALVO, D., DOUBILET, P., KAIRAM, R., KAZAM, E., KIRPEKAR, M.,
ROSENFELD, D., SCHONFELD, S., SHARE, J., COLLINS, M., GENEST,
D., SHEN-SCHWARZ, S. & ET AL. 1999. Maternal infection, fetal
inflammatory response, and brain damage in very low birth weight infants.
Developmental Epidemiology Network Investigators. Pediatr Res, 46, 566-75.

LIZ,Z.R.,,HILDER L & SULLIVAN EA 2013. Australia’s mothers and babies 2011.
Perinatal statistics

LIANG, M., WANG, X., LI, J., YANG, F., FANG, Z., WANG, L., HU, Y. & CHEN,
D. 2010. Association of combined maternal-fetal TNF-alpha gene G308A
genotypes with preterm delivery: a gene-gene interaction study. J Biomed
Biotechnol, 2010, 396184.

LIANG, P.-Y., DIAO, L.-H., HUANG, C.-Y., LIAN, R.-C., CHEN, X, LI, G.-G,,
ZHAO, J., L1, Y.-Y., HE, X.-B. & ZENG, Y. 2015. The pro-inflammatory and
anti-inflammatory cytokine profile in peripheral blood of women with
recurrent implantation failure. Reproductive BioMedicine Online, 31, 823-826.

LIDDY, K. A., WHITE, M. Y. & CORDWELL, S. J. 2013. Functional decorations:
post-translational modifications and heart disease delineated by targeted
proteomics. Genome Med, 5, 20.

LIEBLER, D. C. & ZIMMERMAN, L. J. 2013. Targeted quantitation of proteins by
mass spectrometry. Biochemistry, 52, 3797-3806.

LILLIECREUTZ, C., LAREN, J., SYDSJO, G. & JOSEFSSON, A. 2016. Effect of
maternal stress during pregnancy on the risk for preterm birth. BMC Pregnancy
and Childbirth, 16, 5.

LIM, A. C., HEGEMAN, M. A., HUIS IN ‘T VELD, M. A., OPMEER, B. C.,
BRUINSE, H. W. & MOL, B. W. J. 2011. Cervical length measurement for
the prediction of preterm birth in multiple pregnancies: a systematic review and
bivariate meta-analysis. Ultrasound in Obstetrics & Gynecology, 38, 10-17.

LIMA, V. V., DELAJUSTINA, V., DOSPASSOS, R.R., VOLPATO, G. T., SOUTO,
P.C.S.,, SAN MARTIN, S. & GIACHINI, F. R. 2018. O-GIcNAc Modification

170



During Pregnancy: Focus on Placental Environment. Frontiers in Physiology,
9.

LINK, A.J., ENG, J., SCHIELTZ, D. M., CARMACK, E., MIZE, G. J., MORRIS, D.
R., GARVIK, B. M. & YATES, J. R., 3RD 1999. Direct analysis of protein
complexes using mass spectrometry. Nat Biotechnol, 17, 676-82.

LIONG, S., DI QUINZIO, M. K., FLEMING, G., PERMEZEL, M., RICE, G. E. &
GEORGIOU, H. M. 2015. New biomarkers for the prediction of spontaneous
preterm labour in symptomatic pregnant women: a comparison with fetal
fibronectin. Bjog, 122, 370-9.

LIU, L., OZA, S.,, HOGAN, D., CHU, Y., PERIN, J., ZHU, J., LAWN, J. E,,
COUSENS, S., MATHERS, C. & BLACK, R. E. 2016. Global, regional, and
national causes of under-5 mortality in 2000-15: an updated systematic
analysis with implications for the Sustainable Development Goals. Lancet
(London, England), 388, 3027-3035.

LIU, Z, LI, S., WANG, H., TANG, M., ZHOU, M., YU, J., BAI, S,, LI, P., ZHOU, J.
& XIE, P. 2017. Proteomic and network analysis of human serum albuminome
by integrated use of quick crosslinking and two-step precipitation. Scientific
Reports, 7, 9856.

LIUNI, P. & WILSON, D. J. 2011. Understanding and optimizing electrospray
ionization techniques for proteomic analysis. Expert Rev Proteomics, 8, 197-
2009.

LO, J. O, REDDY, A. P., WILMARTH, P. A., ROBERTS, V. H., KINHNARATH,
A., SNYDER, J., RINCON, M. P, GRAVETT, M. G., NAGALLA, S.R. &
PEREIRA, L. M. 2014. Proteomic analysis of cervical vaginal fluid proteins
among women in recurrent preterm labor. J Matern Fetal Neonatal Med, 27,
1183-8.

LOCKWOOD, C. J., SENYEI, A. E., DISCHE, M. R., CASAL, D., SHAH, K. D.,
THUNG, S. N., JONES, L., DELIGDISCH, L. & GARITE, T. J. 1991. Fetal
fibronectin in cervical and vaginal secretions as a predictor of preterm delivery.
N Engl J Med, 325, 669-74.

LODISH H, B. A, ZIPURSKY SL, ET AL. 2000. Protein Glycosylation in the ER
and Golgi Complex., New York, W. H. Freeman.

LOMIS, N., WESTFALL, S., FARAHDEL, L., MALHOTRA, M., SHUM-TIM, D.
& PRAKASH, S. 2016. Human Serum Albumin Nanoparticles for Use in

171



Cancer Drug Delivery: Process Optimization and In Vitro Characterization.
Nanomaterials, 6, 116.

LOWE, J. B. & MARTH, J. D. 2003. A genetic approach to Mammalian glycan
function. Annu Rev Biochem, 72, 643-91.

LOWENTHAL, M. S., MEHTA, A. |, FROGALE, K., BANDLE, R. W., ARAUJO,
R. P.,, HOOD, B. L., VEENSTRA, T. D., CONRADS, T. P., GOLDSMITH,
P., FISHMAN, D., PETRICOIN, E. F., 3RD & LIOTTA, L. A. 2005. Analysis
of albumin-associated peptides and proteins from ovarian cancer patients. Clin
Chem, 51, 1933-45.

LUMLEY, J., OLIVER, S. S., CHAMBERLAIN, C. & OAKLEY, L. 2004.
Interventions for promoting smoking cessation during pregnancy. Cochrane
Database Syst Rev, Cd001055.

LYGIROU, V., MAKRIDAKIS, M. & VLAHOU, A. 2015. Biological sample
collection for clinical proteomics: existing SOPs. Methods Mol Biol, 1243, 3-
27.

LYNCH, A. M., WAGNER, B. D., DETERDING, R. R., GICLAS, P. C., GIBBS, R.
S., JANOFF, E. N., HOLERS, V. M. & SANTORO, N. F. 2016. The
relationship of circulating proteins in early pregnancy with preterm birth. Am
J Obstet Gynecol, 214, 517.e1-517.€8.

MACDORMAN, M. F. 2011. Race and ethnic disparities in fetal mortality, preterm
birth, and infant mortality in the United States: an overview. Semin Perinatol,
35, 200-8.

MACDORMAN, M. F., DECLERCQ, E. & ZHANG, J. 2010. Obstetrical intervention
and the singleton preterm birth rate in the United States from 1991-2006. Am J
Public Health, 100, 2241-7.

MADAN, J., CHEN, M., GOODMAN, E., DAVIS, J., ALLAN, W. & DAMMANN,
0. 2010. Maternal obesity, gestational hypertension, and preterm delivery. The
Journal of Maternal-Fetal & Neonatal Medicine, 23, 82-88.

MADAR, T., SHAHAF, G., SHEINER, E., BRAZG, J., LEVINSON, J., YANIV
SALEM, S., TWINA, G., BARON, J., MAZOR, M., HOLCBERG, G. &
LEWIS, E. C. 2013. Low levels of circulating alpha-1 antitrypsin are
associated with spontaneous abortions. J Matern Fetal Neonatal Med, 26,
1782-7.

172



MAGDELDIN, S., ENANY, S., YOSHIDA, Y., XU, B., ZHANG, Y., ZUREENA,
Z., LOKAMANI, 1., YAOITA, E. & YAMAMOTO, T. 2014. Basics and
recent advances of two dimensional- polyacrylamide gel electrophoresis.
Clinical proteomics, 11, 16-16.

MAILATH-POKORNY, M., POLTERAUER, S., KOHL, M., KUERONYAI, V.,
WORDA, K., HEINZE, G. & LANGER, M. 2015. Individualized assessment
of preterm birth risk using two modified prediction models. Eur J Obstet
Gynecol Reprod Biol, 186, 42-8.

MANNS-JAMES, L. 2011. Bacterial vaginosis and preterm birth. J Midwifery
Womens Health, 56, 575-83.

MANY, A., LAZEBNIK, N. & HILL, L. M. 1996. The underlying cause of
polyhydramnios determines prematurity. Prenat Diagn, 16, 55-7.

MARINI, M., BONACCINI, L., THYRION, G. D., VICHI, D., PARRETTI, E. &
SGAMBATI, E. 2011. Distribution of sugar residues in human placentas from
pregnancies complicated by hypertensive disorders. Acta Histochem, 113, 815-
25.

MARTIN, J. A, HAMILTON, B. E., SUTTON, P. D., VENTURA, S. J,
MENACKER, F. & KIRMEYER, S. 2006. Births: final data for 2004. Natl
Vital Stat Rep, 55, 1-101.

MARTIUS, J., KROHN, M. A., HILLIER, S. L., STAMM, W. E., HOLMES, K. K.
& ESCHENBACH, D. A. 1988. Relationships of vaginal Lactobacillus
species, cervical Chlamydia trachomatis, and bacterial vaginosis to preterm
birth. Obstetrics and gynecology, 71, 89-95.

MATHIALAGAN, N. & ROBERTS, R. M. 1994. A role for cytokines in early
pregnancy. Indian J Physiol Pharmacol, 38, 153-62.

MCINTOSH, J., FELTOVICH, H., BERGHELLA, V. & MANUCK, T. 2016. The
role of routine cervical length screening in selected high- and low-risk women
for preterm birth prevention. Am J Obstet Gynecol, 215, B2-7.

MCLERRAN, D., GRIZZLE, W. E., FENG, Z., BIGBEE, W. L., BANEZ, L. L.,
CAZARES, L. H., CHAN, D. W., DIAZ, J., IZBICKA, E., KAGAN, J.,,
MALEHORN, D. E., MALIK, G., OELSCHLAGER, D., PARTIN, A.,
RANDOLPH, T., ROSENZWEIG, N., SRIVASTAVA, S., SRIVASTAVA,
S., THOMPSON, I. M., THORNQUIST, M., TROYER, D., YASUI, Y.,
ZHANG, Z., ZHU, L. & SEMMES, O. J. 2008. Analytical validation of serum

173



proteomic profiling for diagnosis of prostate cancer: sources of sample bias.
Clin Chem, 54, 44-52.

MCPHERSON, J. A. & MANUCK, T. A. 2016. Genomics of Preterm Birth--Evidence
of Association and Evolving Investigations. Am J Perinatol, 33, 222-8.
MEDDA, E., DONATI, S., SPINELLI, A. & DI RENZO, G. C. 2003. Genetic
amniocentesis: a risk factor for preterm delivery? Eur J Obstet Gynecol Reprod

Biol, 110, 153-8.

MEHAFFY, C., DOBOS, K. M., NAHID, P. & KRUH-GARCIA, N. A. 2017. Second
generation multiple reaction monitoring assays for enhanced detection of ultra-
low abundance Mycobacterium tuberculosis peptides in human serum. Clin
Proteomics, 14, 21.

MEIS, P. J., ERNEST, J. M. & MOORE, M. L. 1987. Causes of low birth weight births
in public and private patients. Am J Obstet Gynecol, 156, 1165-8.

MENON, R. 2008. Spontaneous preterm birth, a clinical dilemma: etiologic,
pathophysiologic and genetic heterogeneities and racial disparity. Acta Obstet
Gynecol Scand, 87, 590-600.

MENON, R. & FORTUNATO, S. J. 2007. Infection and the role of inflammation in
preterm premature rupture of the membranes. Best Pract Res Clin Obstet
Gynaecol, 21, 467-78.

MENON, R., TAYLOR, R. N. & FORTUNATO, S. J. 2010. Chorioamnionitis--a
complex pathophysiologic syndrome. Placenta, 31, 113-20.

MERCER, B. M., GOLDENBERG, R. L., MOAWAD, A. H., MEIS, P. J., IAMS, J.
D., DAS, A. F., CARITIS, S. N., MIODOVNIK, M., MENARD, M. K,
THURNAU, G. R., DOMBROWSKI, M. P., ROBERTS, J. M. & MCNELLIS,
D. 1999. The preterm prediction study: effect of gestational age and cause of
preterm birth on subsequent obstetric outcome. National Institute of Child
Health and Human Development Maternal-Fetal Medicine Units Network. Am
J Obstet Gynecol, 181, 1216-21.

MILLIONI, R., MIUZZO, M., SBRIGNADELLO, S., MURPHY, E., PURICELLI,
L., TURA, A, BERTACCO, E., RATTAZZI, M., IORI, E. & TESSARI, P.
2010. Delta2D and Proteomweaver: Performance evaluation of two different
approaches for 2-DE analysis. Electrophoresis, 31, 1311-7.

MILLIONI, R., TOLIN, S., PURICELLLI, L., SBRIGNADELLO, S., FADINI, G. P.,
TESSARI, P. & ARRIGONI, G. 2011. High Abundance Proteins Depletion vs

174



Low Abundance Proteins Enrichment: Comparison of Methods to Reduce the
Plasma Proteome Complexity. PLOS ONE, 6, e19603.

MOBINI, M., MORTAZAVI, M., NADI, S., ZARE-BIDAKI, M., POURTALEBI, S.
& ARABABADI, M. K. 2016. Significant roles played by interleukin-10 in
outcome of pregnancy. Iranian Journal of Basic Medical Sciences, 19, 119-
124.

MOGENSEN, T. H. 2009. Pathogen Recognition and Inflammatory Signaling in
Innate Immune Defenses. Clinical Microbiology Reviews, 22, 240-273.
MOHAMED, S. A., THOTA, C., BROWNE, P. C., DIAMOND, M. P. & AL-
HENDY, A. 2014. Why is Preterm Birth Stubbornly Higher in African-

Americans? Obstetrics & gynecology international journal, 1, 00019.

MOUTQUIN, J. M. 2003. Classification and heterogeneity of preterm birth. Bjog, 110
Suppl 20, 30-3.

MYERS, K. M., FELTOVICH, H., MAZZA, E., VINK, J., BAJKA, M., WAPNER,
R.J., HALL, T. J. & HOUSE, M. 2015. The mechanical role of the cervix in
pregnancy. Journal of Biomechanics, 48, 1511-1523.

NADEAU-VALLEE, M., OBARI, D., QUINIOU, C., LUBELL, W. D., OLSON, D.
M., GIRARD, S. & CHEMTOB, S. 2016. A critical role of interleukin-1 in
preterm labor. Cytokine Growth Factor Rev, 28, 37-51.

NASIOUDIS, D., FORNEY, L. J., SCHNEIDER, G. M., GLINIEWICZ, K,
FRANCE, M., BOESTER, A., SAWAI, M., SCHOLL, J. & WITKIN, S. S.
2017. Influence of Pregnancy History on the Vaginal Microbiome of Pregnant
Women in their First Trimester. Scientific Reports, 7, 10201.

NATIONAL COLLABORATING CENTRE FOR, W. S. & CHILDREN'S, H. 2011.
National Institute for Health and Clinical Excellence: Guidance. Multiple
Pregnancy: The Management of Twin and Triplet Pregnancies in the Antenatal
Period. London: RCOG Press

National Collaborating Centre for Women's and Children's Health.

NELSON, D. B., HANLON, A., HASSAN, S., BRITTO, J., GEIFMAN-
HOLTZMAN, O., HAGGERTY, C. & FREDRICKS, D. N. 2009. Preterm
labor and bacterial vaginosis-associated bacteria among urban women. Journal
of perinatal medicine, 37, 130-134.

175



NEWMAN, R. B., GOLDENBERG, R. L., IAMS, J. D., MEIS, P. J., MERCER, B.
M., MOAWAD, A. H., THOM, E., MIODOVNIK, M., CARITIS, S. N,
DOMBROWSKI, M. & THURNAU, G. R. 2008. Preterm Prediction Study:
Comparison of the Cervical Score and Bishop Score for Prediction of
Spontaneous Preterm Delivery. Obstetrics and gynecology, 112, 508-515.

NI, N. & LI, Q. 2017. TGFp superfamily signaling and uterine decidualization.
Reproductive Biology and Endocrinology, 15, 84.

NORWITZ, E. R., BONNEY, E. A., SNEGOVSKIKH, V. V., WILLIAMS, M. A,
PHILLIPPE, M., PARK, J. S. & ABRAHAMS, V. M. 2015. Molecular
Regulation of Parturition: The Role of the Decidual Clock. Cold Spring Harbor
perspectives in medicine, 5, 10.1101/cshperspect.a023143 a023143.

NORWITZ, E. R. & CAUGHEY, A. B. 2011. Progesterone Supplementation and the
Prevention of Preterm Birth. Reviews in Obstetrics and Gynecology, 4, 60-72.

NOTT, J. P.,, BONNEY, E. A., PICKERING, J. D. & SIMPSON, N. A. B. 2016. The
structure and function of the cervix during pregnancy. Translational Research
in Anatomy, 2, 1-7.

NURIEL-OHAYON, M., NEUMAN, H. & KOREN, O. 2016. Microbial Changes
during Pregnancy, Birth, and Infancy. Frontiers in Microbiology, 7, 1031.

NYGREN, P., FU, R., FREEMAN, M., BOUGATSOS, C., KLEBANOFF, M. &
GUISE, J. M. 2008. Evidence on the benefits and harms of screening and
treating pregnant women who are asymptomatic for bacterial vaginosis: an
update review for the U.S. Preventive Services Task Force. Ann Intern Med,
148, 220-33.

O'FARRELL, P. H. 1975. High resolution two-dimensional electrophoresis of
proteins. J Biol Chem, 250, 4007-21.

OH, K. J,,PARK, K. H., KIM, S. N., JEONG, E. H., LEE,S. Y. & YOON, H. Y. 2011.
Predictive value of intra-amniotic and serum markers for inflammatory lesions
of preterm placenta. Placenta, 32, 732-6.

OLIVEIRA, B. M., COORSSEN, J. R. & MARTINS-DE-SOUZA, D. 2014a. 2DE:
The Phoenix of Proteomics. Journal of Proteomics, 104, 140-150.

OLIVEIRA, B. M., COORSSEN, J. R. & MARTINS-DE-SOUZA, D. 2014b. 2DE:
the phoenix of proteomics. J Proteomics, 104, 140-50.

ONDERDONK, A. B., HECHT, J. L., MCELRATH, T. F., DELANEY, M. L.,
ALLRED, E. N. & LEVITON, A. 2008. Colonization of second-trimester

176



placenta parenchyma. American Journal of Obstetrics & Gynecology, 199,
52.e1-52.e10.

OPAL, S. M. & ESMON, C. T. 2002. Bench-to-bedside review: Functional
relationships between coagulation and the innate immune response and their
respective roles in the pathogenesis of sepsis. Critical Care, 7, 23.

ORSATTI, L., FORTE, E., TOMEI, L., CATERINO, M., PESSI, A. & TALAMO, F.
2009. 2-D Difference in gel electrophoresis combined with Pro-Q Diamond
staining: a successful approach for the identification of kinase/phosphatase
targets. Electrophoresis, 30, 2469-76.

OWEN, J., YOST, N., BERGHELLA, V., MACPHERSON, C., SWAIN, M., DILDY,
G. A, 3RD, MIODOVNIK, M., LANGER, O. & SIBAI, B. 2004. Can
shortened midtrimester cervical length predict very early spontaneous preterm
birth? Am J Obstet Gynecol, 191, 298-303.

OZCAN, S., COOPER, J. D., LAGO, S. G., KENNY, D., RUSTOGI, N., STOCKI, P.
& BAHN, S. 2017. Towards reproducible MRM based biomarker discovery
using dried blood spots. Scientific Reports, 7, 45178.

PAQUETTE, A. G., BROCKWAY, H. M., PRICE, N. D. & MUGLIA, L. J. 2018.
Comparative transcriptomic analysis of human placentae at term and preterm
delivery. Biol Reprod, 98, 89-101.

PARKER, C. E. & BORCHERS, C. H. 2014. Mass spectrometry based biomarker
discovery, verification, and validation--quality assurance and control of protein
biomarker assays. Mol Oncol, 8, 840-58.

PARKER CE, M. V., MOCANU M, ET AL. 2010. Mass Spectrometry for Post-
Translational Modifications. . In: O, A. (ed.) Neuroproteomics.

PARRY, S., ZHANG, H., BIGGIO, J.,, BUKOWSKI, R., VARNER, M., XU, Y.,
ANDREWS, W. W., SAADE, G. R., ESPLIN, M. S, LEITE, R., ILEKIS, J.,
REDDY, U. M., SADOVSKY, Y., BLAIR, I. A., THE EUNICE KENNEDY
SHRIVER NATIONAL INSTITUTE OF CHILD, H., HUMAN
DEVELOPMENT, G., PROTEOMIC NETWORK FOR PRETERM BIRTH
RESEARCH . ALL AUTHORS CONTRIBUTED SUBSTANTIALLY TO
THE DESIGN, I. D. A., PREPARATION & REVIEW OF THE, M. 2014.
Maternal Serum Serpin B7 Is Associated With Early Spontaneous Preterm

Birth. American journal of obstetrics and gynecology, 211, 678.e1-678.e12.

177



PARTRIDGE, M. A., GOPINATH, S., MYERS, S. J. & COORSSEN, J. R. 2016. An
initial top-down proteomic analysis of the standard cuprizone mouse model of
multiple sclerosis. Journal of Chemical Biology, 9, 9-18.

PEACEMAN, A. M., ANDREWS, W. W., THORP, J. M., CLIVER, S. P., LUKES,
A., IAMS, J. D., COULTRIP, L., ERIKSEN, N., HOLBROOK, R. H.,,
ELLIOTT, J., INGARDIA, C. & PIETRANTONI, M. 1997. Fetal fibronectin
as a predictor of preterm birth in patients with symptoms: a multicenter trial.
Am J Obstet Gynecol, 177, 13-8.

PEPYS, M. B. & BALTZ, M. L. 1983. Acute phase proteins with special reference to
C-reactive protein and related proteins (pentaxins) and serum amyloid A
protein. Adv Immunol, 34, 141-212.

PERCY, A.J., CHAMBERS, A. G., YANG, J., JACKSON, A. M., DOMANSKI, D.,
BURKHART, J., SICKMANN, A. & BORCHERS, C. H. 2013. Method and
platform standardization in MRM-based quantitative plasma proteomics. J
Proteomics, 95, 66-76.

PEREIRA, L., REDDY, A. P., JACOB, T., THOMAS, A., SCHNEIDER, K. A,
DASARI, S., LAPIDUS, J. A,, LU, X., RODLAND, M., ROBERTS, C. T.,
JR., GRAVETT, M. G. & NAGALLA, S. R. 2007. Identification of novel
protein biomarkers of preterm birth in human cervical-vaginal fluid. J
Proteome Res, 6, 1269-76.

PITIPHAT, W., GILLMAN, M. W., JOSHIPURA, K. J.,, WILLIAMS, P. L.,
DOUGLASS, C. W. & RICH-EDWARDS, J. W. 2005. Plasma C-Reactive
Protein in Early Pregnancy and Preterm Delivery. American journal of
epidemiology, 162, 1108-1113.

POLASKOVA, V., KAPUR, A., KHAN, A., MOLLOY, M. P. & BAKER, M. S.
2010. High-abundance protein depletion: Comparison of methods for human
plasma biomarker discovery. ELECTROPHORESIS, 31, 471-482.

POON, L. C. & NICOLAIDES, K. H. 2014. Early prediction of preeclampsia.
Obstetrics and gynecology international, 2014, 297397-297397.

POON, L. C., SAVVAS, M., ZAMBLERA, D., SKYFTA, E. & NICOLAIDES, K. H.
2012. Large loop excision of transformation zone and cervical length in the
prediction of spontaneous preterm delivery. Bjog, 119, 692-8.

PUCHNER, K., IAVAZZO, C., GOURGIOTIS, D., BOUTSIKOU, M., BAKA, S.,
HASSIAKQOS, D., KOUSKOUNI, E., ECONOMOU, E., MALAMITSI-

178



PUCHNER, A. & CREATSAS, G. 2012. The implication of second-trimester
amniotic fluid TNF-alpha, cytochrome C and cell death nucleosomes in the
prediction of preterm labor and/or premature rupture of membranes. Arch
Gynecol Obstet, 285, 37-43.

Ql, J., ZHANG, Y., GOU, Y., LEE, P.,, WANG, J., CHEN, S., ZHOU, Z., WU, X.,
YANG, F. & LIANG, H. 2016. Multidrug Delivery Systems Based on Human
Serum Albumin for Combination Therapy with Three Anticancer Agents.
Molecular Pharmaceutics, 13, 3098-3105.

QUAN, Q., XIE, J., GAO, H., YANG, M., ZHANG, F., LIU, G., LIN, X., WANG, A.,
EDEN, H. S., LEE, S., ZHANG, G. & CHEN, X. 2011. HSA Coated Iron
Oxide Nanoparticles as Drug Delivery Vehicles for Cancer Therapy.
Molecular Pharmaceutics, 8, 1669-1676.

QUINN, J.-A., MUNOZ, F. M., GONIK, B., FRAU, L., CUTLAND, C., MALLETT-
MOORE, T., KISSOU, A., WITTKE, F., DAS, M., NUNES, T., PYE, S,,
WATSON, W., RAMOS, A.-M. A., CORDERO, J. F., HUANG, W.-T.,
KOCHHAR, S., BUTTERY, J. & THE BRIGHTON COLLABORATION
PRETERM BIRTH WORKING, G. 2016. Preterm birth: Case definition &
guidelines for data collection, analysis, and presentation of immunisation
safety data. Vaccine, 34, 6047-6056.

RAJU, T. S. & LANG, S. E. 2014. Diversity in structure and functions of antibody
sialylation in the Fc. Curr Opin Biotechnol, 30, 147-52.

RAMALAKSHMI, B. A., RAJU, L. A. & RAMAN, L. 1995. Antithrombin Il1 levels
in pregnancy induced hypertension. Natl Med J India, 8, 61-2.

RASTI, S., ASADI, M. A,, TAGHRIRI, A., BEHRASHI, M. & MOUSAVIE, G.
2014. Vaginal Candidiasis Complications on Pregnant Women. Jundishapur
Journal of Microbiology, 7, e10078.

REDLINE, R. W., FAYE-PETERSEN, O., HELLER, D., QURESHI, F., SAVELL,
V. & VOGLER, C. 2003. Amniotic infection syndrome: nosology and
reproducibility of placental reaction patterns. Pediatr Dev Pathol, 6, 435-48.

REGAL, J. F., GILBERT, J. S. & BURWICK, R. M. 2015. The Complement System
and Adverse Pregnancy Outcomes. Molecular immunology, 67, 56-70.

REVAH, A.,, HANNAH, M. E. & SUE, A. Q. A. K. 1998. Fetal fibronectin as a

predictor of preterm birth: an overview. Am J Perinatol, 15, 613-21.

179



ROLNIK, D. L., WRIGHT, D., POON, L. C., O'GORMAN, N., SYNGELAKI, A.,
DE PACO MATALLANA, C., AKOLEKAR, R., CICERO, S., JANGA, D.,
SINGH, M., MOLINA, F. S., PERSICO, N., JANI, J. C., PLASENCIA, W.,
PAPAIOANNOU, G., TENENBAUM-GAVISH, K., MEIRI, H,
GIZURARSON, S., MACLAGAN, K. & NICOLAIDES, K. H. Aspirin versus
Placebo in Pregnancies at High Risk for Preterm Preeclampsia. New England
Journal of Medicine, 0, null.

ROLNIK, D. L., WRIGHT, D., POON, L. C., OGORMAN, N., SYNGELAKI, A.,
DE PACO MATALLANA, C., AKOLEKAR, R., CICERO, S., JANGA, D.,
SINGH, M., MOLINA, F. S., PERSICO, N., JANI, J. C., PLASENCIA, W.,
PAPAIOANNOU, G., TENENBAUM-GAVISH, K. MEIRI, H,
GIZURARSON, S., MACLAGAN, K. & NICOLAIDES, K. H. 2017a. Aspirin
versus Placebo in Pregnancies at High Risk for Preterm Preeclampsia. New
England Journal of Medicine, 377, 613-622.

ROLNIK, D. L., WRIGHT, D., POON, L. C. Y., SYNGELAKI, A., O'GORMAN, N.,
DE PACO MATALLANA, C., AKOLEKAR, R., CICERO, S., JANGA, D.,
SINGH, M., MOLINA, F. S., PERSICO, N., JANI, J. C., PLASENCIA, W.,
PAPAIOANNOU, G., TENENBAUM-GAVISH, K. & NICOLAIDES, K. H.
2017b. ASPRE trial: performance of screening for preterm pre-eclampsia.
Ultrasound Obstet Gynecol, 50, 492-495.

ROMERO, R., ALPAY SAVASAN, Z., CHAIWORAPONGSA, T., BERRY, S. M.,
KUSANOVIC, J. P.,, HASSAN, S. S., YOON, B. H., EDWIN, S. & MAZOR,
M. 2011. The Hematologic Profile of the Fetus with Systemic Inflammatory
Response Syndrome. Journal of Perinatal Medicine, 40, 19-32.

ROMERO, R., AVILA, C., SANTHANAM, U. & SEHGAL, P. B. 1990. Amniotic
fluid interleukin 6 in preterm labor. Association with infection. Journal of
Clinical Investigation, 85, 1392-1400.

ROMERO, R., CONDE-AGUDELO, A., DA FONSECA, E., O'BRIEN, J. M.,
CETINGOZ, E., CREASY, G. W., HASSAN, S. S. & NICOLAIDES, K. H.
2018. Vaginal progesterone for preventing preterm birth and adverse perinatal
outcomes in singleton gestations with a short cervix: a meta-analysis of
individual patient data. Am J Obstet Gynecol, 218, 161-180.

ROMERO, R., DEY, S. K. & FISHER, S. J. 2014. Preterm Labor: One Syndrome,
Many Causes. Science (New York, N.Y.), 345, 760-765.

180



ROMERO, R., ESPINOZA, J., GONCALVES, L. F., KUSANOVIC, J. P., FRIEL, L.
& HASSAN, S. 2007. The role of inflammation and infection in preterm birth.
Semin Reprod Med, 25, 21-39.

ROMERO, R., ESPINOZA, J., KUSANOVIC, J. P., GOTSCH, F., HASSAN, S.,
EREZ, O., CHAIWORAPONGSA, T. & MAZOR, M. 2006. The preterm
parturition syndrome. Bjog, 113 Suppl 3, 17-42.

ROMERO, R., ESPINOZA, J., ROGERS, W. T., MOSER, A., NIEN, J. K,
KUSANOVIC, J. P., GOTSCH, F., EREZ, O., GOMEZ, R., EDWIN, S. &
HASSAN, S. S. 2008. Proteomic analysis of amniotic fluid to identify women
with preterm labor and intra-amniotic inflammation/infection: the use of a
novel computational method to analyze mass spectrometric profiling. J Matern
Fetal Neonatal Med, 21, 367-88.

ROMERO, R., NICOLAIDES, K., CONDE-AGUDELDO, A., TABOR, A., OBRIEN,
J. M., CETINGOZ, E., DA FONSECA, E., CREASY, G. W., KLEIN, K.,
RODE, L., SOMA-PILLAY, P., FUSEY, S., CAM, C., ALFIREVIC, Z. &
HASSAN, S. S. 2012. Vaginal progesterone in women with an asymptomatic
sonographic short cervix in the midtrimester decreases preterm delivery and
neonatal morbidity: a systematic review and metaanalysis of individual patient
data. Am J Obstet Gynecol, 206, 124.e1-19.

ROMERO, R., YOON, B. H., MAZOR, M., GOMEZ, R., GONZALEZ, R.,
DIAMOND, M. P., BAUMANN, P., ARANEDA, H., KENNEY, J. S,
COTTON, D. B. & ET AL. 1993. A comparative study of the diagnostic
performance of amniotic fluid glucose, white blood cell count, interleukin-6,
and gram stain in the detection of microbial invasion in patients with preterm
premature rupture of membranes. Am J Obstet Gynecol, 169, 839-51.

ROSENGREN, A. T., SALMI, J. M., AITTOKALLIO, T., WESTERHOLM, J.,
LAHESMAA, R.,,NYMAN, T. A. & NEVALAINEN, O. S. 2003. Comparison
of PDQuest and Progenesis software packages in the analysis of two-
dimensional electrophoresis gels. Proteomics, 3, 1936-46.

RUHAAK, L. R., MIYAMOTO, S. & LEBRILLA, C. B. 2013. Developments in the
identification of glycan biomarkers for the detection of cancer. Mol Cell
Proteomics, 12, 846-55.

181



RUHAAK, L. R., UH, H. W., DEELDER, A. M., DOLHAIN, R. E. & WUHRER, M.
2014. Total plasma N-glycome changes during pregnancy. J Proteome Res, 13,
1657-68.

RUIZ, R. J., GENNARO, S., O’CONNOR, C., DWIVEDI, A., GIBEAU, A.,
KESHINOVER, T. & WELSH, T. 2016. CRH as a Predictor of Preterm Birth
in Minority Women. Biological research for nursing, 18, 316-321.

RUIZ, R. J., JALLO, N., MURPHEY, C., MARTI, C. N., GODBOLD, E. &
PICKLER, R. H. 2012. Second trimester maternal plasma levels of cytokines
IL-1Ra, 1I-6 and IL-10 and preterm birth. Journal of Perinatology, 32, 483-
490.

SADLER, L., SAFTLAS, A., WANG, W., EXETER, M., WHITTAKER, J. &
MCCOWAN, L. 2004. Treatment for cervical intraepithelial neoplasia and risk
of preterm delivery. Jama, 291, 2100-6.

SALOMON, L. J., DIAZ-GARCIA, C., BERNARD, J. P. & VILLE, Y. 2009.
Reference range for cervical length throughout pregnancy: non-parametric
LMS-based model applied to a large sample. Ultrasound Obstet Gynecol, 33,
459-64.

SAMEJIMA, T. & TAKECHI, K. 2017. Elevated C-reactive protein levels in
histological chorioamnionitis at term: impact of funisitis on term neonates. The
Journal of Maternal-Fetal & Neonatal Medicine, 30, 1428-1433.

SANDMAN, C. A. & GLYNN, L. M. 2009. Corticotropin-Releasing Hormone (CRH)
Programs the Fetal and Maternal Brain. Future neurology, 4, 257-261.

SAVITSKI, M. F. & SAVITSKI, M. M. 2010. Unbiased detection of posttranslational
modifications using mass spectrometry. Methods Mol Biol, 673, 203-10.

SAVITZ, D. A, BLACKMORE, C. A. & THORP, J. M. 1991. Epidemiologic
characteristics of preterm delivery: etiologic heterogeneity. Am J Obstet
Gynecol, 164, 467-71.

SHAH, P.,, WANG, X., YANG, W., TOGHI ESHGHI, S., SUN, S., HOTI, N., CHEN,
L., YANG, S., PASAY, J, RUBIN, A. & ZHANG, H. 2015. Integrated
Proteomic and Glycoproteomic Analyses of Prostate Cancer Cells Reveal
Glycoprotein Alteration in Protein Abundance and Glycosylation. Mol Cell
Proteomics, 14, 2753-63.

SHAH, S. J., YU, K. H,, SANGAR, V., PARRY, S. I. & BLAIR, I. A. 2009.

Identification and quantification of preterm birth biomarkers in human

182



cervicovaginal fluid by liquid chromatography/tandem mass spectrometry. J
Proteome Res, 8, 2407-17.

SHEEHAN, P. M., NANKERVIS, A., ARAUJO JUNIOR, E. & DA SILVA COSTA,
F. 2015. Maternal Thyroid Disease and Preterm Birth: Systematic Review and
Meta-Analysis. J Clin Endocrinol Metab, 100, 4325-31.

SHEIKH, I. A.,, AHMAD, E., JAMAL, M. S., REHAN, M., ASSIDI, M., TAYUBI, I.
A., ALBASRI, S. F., BAJOUH, O. S., TURKI, R. F., ABUZENADAH, A. M.,
DAMANHOURI, G. A, BEG, M. A. & AL-QAHTANI, M. 2016.
Spontaneous preterm birth and single nucleotide gene polymorphisms: a recent
update. BMC Genomics, 17, 759.

SHEN, J., MA, X,, YI, F., RASUL, A., CUI, M. & MA, T. 2013. Increased expression
levels of vitronectin in the maternalfetal interface of placenta in early-onset
severe preeclampsia. Mol Med Rep, 7, 53-8.

SHEN, T. T., DEFRANCO, E. A., STAMILIO, D. M., CHANG, J. J. & MUGLIA, L.
J. 2008. A population-based study of race-specific risk for preterm premature
rupture of membranes. Am J Obstet Gynecol, 199, 373.e1-7.

SIGNOR, L. & BOERI ERBA, E. 2013. Matrix-assisted Laser Desorption/lonization
Time of Flight (MALDI-TOF) Mass Spectrometric Analysis of Intact Proteins
Larger than 100 kDa. Journal of Visualized Experiments : JOVE, 50635.

SHTERI, P. K., FEBRES, F., CLEMENS, L. E., CHANG, R. J., GONDOS, B. &
STITES, D. 1977. PROGESTERONE AND MAINTENANCE OF

PREGNANCY: IS PROGESTERONE NATURE'S
IMMUNOSUPPRESSANT?*. Annals of the New York Academy of Sciences,
286, 384-397.

SILVEIRA, M. F., VICTORA, C. G.,, HORTA, B. L., DA SILVA, B. G. C,
MATIJASEVICH, A. & BARROS, F. C. 2018. Low birthweight and preterm
birth: trends and inequalities in four population-based birth cohorts in Pelotas,
Brazil, 1982-2015. Int J Epidemiol.

SMITH, E. J.,, MULLER, C. L., SARTORIUS, J. A.,, WHITE, D. R. & MASLOW, A.
S. 2012. C-reactive protein as a predictor of chorioamnionitis. J Am Osteopath
Assoc, 112, 660-4.

SMITH, G. C. S., PELL, J. P. & DOBBIE, R. 2003. Interpregnancy interval and risk
of preterm birth and neonatal death: retrospective cohort study. BMJ : British
Medical Journal, 327, 313-313.

183



SMITH, L. M., KELLEHER, N. L. & THE CONSORTIUM FOR TOP DOWN, P.
2013. Proteoform: a single term describing protein complexity. Nature
methods, 10, 186-187.

SORENSEN, I. M., JONER, G., JENUM, P. A., ESKILD, A., BRUNBORG, C.,
TORJESEN, P. A. & STENE, L. C. 2016. Vitamin D-binding protein and 25-
hydroxyvitamin D during pregnancy in mothers whose children later
developed type 1 diabetes. Diabetes Metab Res Rev, 32, 883-890.

SPROSTON, N. R. & ASHWORTH, J. J. 2018. Role of C-Reactive Protein at Sites of
Inflammation and Infection. Frontiers in immunology, 9, 754-754.

SRINIVASAN, U., MISRA, D., MARAZITA, M. L. & FOXMAN, B. 2009. Vaginal
and Oral Microbes, Host Genotype and Preterm Birth. Medical hypotheses, 73,
963-975.

STADLMANN, J., TAUBENSCHMID, J., WENZEL, D., GATTINGER, A,
DURNBERGER, G., DUSBERGER, F. ELLING, U. MACH, L.
MECHTLER, K. & PENNINGER, J. M. 2017. Comparative glycoproteomics
of stem cells identifies new players in ricin toxicity. Nature, 549, 538.

STAFFORD, G. P., PARKER, J. L., AMABEBE, E., KISTLER, J.,, REYNOLDS, S.,
STERN, V., PALEY, M. & ANUMBA, D. O. C. 2017. Spontaneous Preterm
Birth Is Associated with Differential Expression of Vaginal Metabolites by
Lactobacilli-Dominated Microflora. Frontiers in Physiology, 8, 615.

STEPAN, M., COBO, T., MUSILOVA, |., HORNYCHOVA, H., JACOBSSON, B.
& KACEROVSKY, M. 2016. Maternal Serum C-Reactive Protein in Women
with Preterm Prelabor Rupture of Membranes. PLoS ONE, 11, e0150217.

STOUT, M. J.,, CAO, B., LANDEAU, M., FRENCH, J., MACONES, G. A. &
MYSOREKAR, 1. U. 2015. Increased Human Leukocyte Antigen-G
Expression At The Maternal-Fetal Interface Is Associated With Preterm Birth.
The journal of maternal-fetal & neonatal medicine : the official journal of the
European Association of Perinatal Medicine, the Federation of Asia and
Oceania Perinatal Societies, the International Society of Perinatal
Obstetricians, 28, 454-459.

STOUT, M. J.,, ZHOU, Y., WYLIE, K. M., TARR, P. I., MACONES, G. A. & TUULLI,
M. G. 2017. Early pregnancy vaginal microbiome trends and preterm birth. Am
J Obstet Gynecol, 217, 356.e1-356.e18.

184



STOWELL, S. R., JU, T. & CUMMINGS, R. D. 2015. Protein Glycosylation in
Cancer. Annual review of pathology, 10, 473-510.

STRUNK, T., INDER, T., WANG, X., BURGNER, D., MALLARD, C. & LEVY, O.
2014. Infection-induced Inflammation and Cerebral Injury in Preterm Infants.
The Lancet infectious diseases, 14, 751-762.

SUBTIL, D., DENOIT, V., GOUEFF, F. L., HUSSON, M.-O., TRIVIER, D. &
PUECH, F. 2002. The role of bacterial vaginosis in preterm labor and preterm
birth: a case-control study. European Journal of Obstetrics & Gynecology and
Reproductive Biology, 101, 41-46.

SWITZAR, L., GIERA, M. & NIESSEN, W. M. A. 2013. Protein Digestion: An
Overview of the Available Techniques and Recent Developments. Journal of
Proteome Research, 12, 1067-1077.

TAIPALE, P. & HIILESMAA, V. 1998. Sonographic measurement of uterine cervix
at 18-22 weeks' gestation and the risk of preterm delivery. Obstet Gynecol, 92,
902-7.

THAXTON, J. E. & SHARMA, S. 2010. Interleukin-10: a multi-faceted agent of
pregnancy. Am J Reprod Immunol, 63, 482-91.

THAYSEN-ANDERSEN, M., PACKER, N. H. & SCHULZ, B. L. 2016. Maturing
Glycoproteomics Technologies Provide Unique Structural Insights into the N-
glycoproteome and Its Regulation in Health and Disease. Mol Cell Proteomics,
15, 1773-90.

THOMAS, W. & SPEER, C. P. 2011. Chorioamnionitis: important risk factor or
innocent bystander for neonatal outcome? Neonatology, 99, 177-87.

TIMMONS, B., AKINS, M. & MAHENDROO, M. 2010. Cervical Remodeling
during Pregnancy and Parturition. Trends in endocrinology and metabolism:
TEM, 21, 353-361.

TIMMS, J. F., ARSLAN-LOW, E., GENTRY-MAHARAJ, A. LUO, Z,
T'JAMPENS, D., PODUST, V. N., FORD, J., FUNG, E. T., GAMMERMAN,
A.,JACOBS, I. & MENON, U. 2007. Preanalytic influence of sample handling
on SELDI-TOF serum protein profiles. Clin Chem, 53, 645-56.

TIMUR, H., DAGLAR, H. K., KARA, O., KIRBAS, A., INAL, H. A., TURKMEN,
G.G,, YILMAZ, Z., ELMAS, B. & UYGUR, D. 2016. A study of serum Apo
A-1and Apo B-100 levels in women with preeclampsia. Pregnancy Hypertens,
6, 121-5.

185



TITA, A. T. N. & ANDREWS, W. W. 2010. Diagnosis and Management of Clinical
Chorioamnionitis. Clinics in perinatology, 37, 339-354.

TRIPATHI, R., TYAGI, S., MALA, Y. M., SINGH, N., PANDEY, N. B. & YADAV,
P. 2016. Comparison of rapid bedside tests for phosphorylated insulin-like
growth factor-binding protein 1 and fetal fibronectin to predict preterm birth.
Int J Gynaecol Obstet, 135, 47-50.

TRONNES, H., WILCOX, A.J., LIE,R. T., MARKESTAD, T. & MOSTER, D. 2014.
Risk of cerebral palsy in relation to pregnancy disorders and preterm birth: a
national cohort study. Dev Med Child Neurol, 56, 779-85.

TUCK, M. K., CHAN, D. W., CHIA, D., GODWIN, A. K., GRIZZLE, W. E.,
KRUEGER, K. E., ROM, W., SANDA, M., SORBARA, L., STASS, S.,
WANG, W. & BRENNER, D. E. 2009. Standard operating procedures for
serum and plasma collection: early detection research network consensus
statement standard operating procedure integration working group. J Proteome
Res, 8, 113-7.

TULI, L. & RESSOM, H. W. 2009. LC-MS Based Detection of Differential Protein
Expression. Journal of proteomics & bioinformatics, 2, 416-438.

TYTHER, R. & JENKINS, N. 2011. Quality Issues Arising from Post-translational
Modification of Recombinant Antibodies. In: AL-RUBEAI, M. (ed.) Antibody
Expression and Production. Dordrecht: Springer Netherlands.

VAN DE GEWN, F. E., WUHRER, M., SELMAN, M. H., WILLEMSEN, S. P., DE
MAN, Y. A.,, DEELDER, A. M., HAZES, J. M. & DOLHAIN, R. J. 2009.
Immunoglobulin G galactosylation and sialylation are associated with
pregnancy-induced improvement of rheumatoid arthritis and the postpartum
flare: results from a large prospective cohort study. Arthritis Res Ther, 11,
R193.

VELEZ, D. R., FORTUNATO, S. J, MORGAN, N., EDWARDS, T. L,
LOMBARDI, S. J., WILLIAMS, S. M. & MENON, R. 2008a. Patterns of
cytokine profiles differ with pregnancy outcome and ethnicity. Hum Reprod,
23, 1902-9.

VELEZ, N. M., GARCIA, I. E., GARCIA, L. & VALCARCEL, M. 2008b. The use
of illicit drugs during pregnancy among mothers of premature infants. P R
Health Sci J, 27, 209-12.

186



VINK, J. & FELTOVICH, H. 2016. Cervical etiology of spontaneous preterm birth.
Seminars in fetal & neonatal medicine, 21, 106-112.

VOGEL, I., GROVE, J.,, THORSEN, P., MOESTRUP, S. K., ULDBJERG, N. &
MOLLER, H. J. 2005. Preterm delivery predicted by soluble CD163 and CRP
in women with symptoms of preterm delivery. Bjog, 112, 737-42.

VOHR, B. R.,, WRIGHT, L. L., DUSICK, A. M., MELE, L., VERTER, J,
STEICHEN, J. J., SIMON, N. P., WILSON, D. C., BROYLES, S., BAUER,
C.R.,DELANEY-BLACK, V., YOLTON, K. A., FLEISHER, B. E., PAPILE,
L. A. & KAPLAN, M. D. 2000. Neurodevelopmental and functional outcomes
of extremely low birth weight infants in the National Institute of Child Health
and Human Development Neonatal Research Network, 1993-1994. Pediatrics,
105, 1216-26.

WALLENSTEIN, M. B., JELLIFFE-PAWLOWSKI, L. L., YANG, W,
CARMICHAEL, S. L., STEVENSON, D. K., RYCKMAN, K. K. & SHAW,
G. M. 2016. Inflammatory Biomarkers and Spontaneous Preterm Birth Among
Obese Women. The journal of maternal-fetal & neonatal medicine : the official
journal of the European Association of Perinatal Medicine, the Federation of
Asia and Oceania Perinatal Societies, the International Society of Perinatal
Obstetricians, 29, 3317-3322.

WANG, J., ANANIA, V. G., KNOTT, J.,, RUSH, J,, LILL, J. R., BOURNE, P. E. &
BANDEIRA, N. 2014. A turn-key approach for large-scale identification of
complex posttranslational modifications. Journal of proteome research, 13,
1190-1199.

WANG, S. W., MA, L. L., HUANG, S., LIANG, L. & ZHANG, J. R. 2016. Role of
Cervical Cerclage and Vaginal Progesterone in the Treatment of Cervical
Incompetence with/without Preterm Birth History. Chin Med J (Engl), 129,
2670-2675.

WATSON, H. A., CARTER, J., SEED, P. T., TRIBE, R. M. & SHENNAN, A. H.
2017. The QUIPP App: a safe alternative to a treat-all strategy for threatened
preterm labor. Ultrasound Obstet Gynecol, 50, 342-346.

WATTS, D. H., KROHN, M. A, HILLIER, S. L. & ESCHENBACH, D. A. 1992. The
association of occult amniotic fluid infection with gestational age and neonatal

outcome among women in preterm labor. Obstet Gynecol, 79, 351-7.

187



WICKREMASINGHE, A. C., ROGERS, E. E., JOHNSON, B. C., SHEN, A,
BARKOVICH, A. J. & MARCO, E. J. 2013. Children born prematurely have
atypical sensory profiles. J Perinatol, 33, 631-5.

WILKINS, M. R., PASQUALLI, C., APPEL, R. D., OU, K., GOLAZ, O., SANCHEZ,
J.C., YAN, J. X., GOOLEY, A. A., HUGHES, G., HUMPHERY-SMITH, 1.,
WILLIAMS, K. L. & HOCHSTRASSER, D. F. 1996. From proteins to
proteomes: large scale protein identification by two-dimensional
electrophoresis and amino acid analysis. Biotechnology (N Y), 14, 61-5.

WISBORG, K., HENRIKSEN, T. B., HEDEGAARD, M. & SECHER, N. J. 1996.
Smoking during pregnancy and preterm birth. Br J Obstet Gynaecol, 103, 800-
5.

WISE, L. A.,, PALMER, J. R.,, HEFFNER, L. J. & ROSENBERG, L. 2010.
Prepregnancy body size, gestational weight gain, and risk of preterm birth in
African-American women. Epidemiology, 21, 243-52.

WITZE, E. S., OLD, W. M., RESING, K. A. & AHN, N. G. 2007. Mapping protein
post-translational modifications with mass spectrometry. Nat Methods, 4, 798-
806.

WOLTERS, D. A., WASHBURN, M. P. & YATES, J. R., 3RD 2001. An automated
multidimensional protein identification technology for shotgun proteomics.
Anal Chem, 73, 5683-90.

WRIGHT, E. P., PARTRIDGE, M. A., PADULA, M. P., GAUCI, V. J.,, MALLADI,
C. S. & COORSSEN, J. R. 2014a. Top-down proteomics: enhancing 2D gel
electrophoresis from tissue processing to high-sensitivity protein detection.
Proteomics, 14, 872-89.

WRIGHT, E. P., PRASAD, K. A. G., PADULA, M. P. & COORSSEN, J. R. 2014b.
Deep Imaging: How Much of the Proteome Does Current Top-Down
Technology Already Resolve? PLoS ONE, 9, e86058.

WU, W,, CLARK, E. A. S., STODDARD, G. J., WATKINS, W. S., ESPLIN, M. S,
MANUCK, T. A., XING, J., VARNER, M. W. & JORDE, L. B. 2013. Effect
of interleukin-6 polymorphism on risk of preterm birth within population
strata: a meta-analysis. BMC Genetics, 14, 30-30.

WU, X., HASAN, M. A. & CHEN, J. Y. 2014. Pathway and Network Analysis in

Proteomics. Journal of theoretical biology, 0, 44-52.

188



WU, Y. W. & COLFORD, J. M., JR. 2000. Chorioamnionitis as a risk factor for
cerebral palsy: A meta-analysis. Jama, 284, 1417-24.

WYSOCKI, V. H., RESING, K. A., ZHANG, Q. & CHENG, G. 2005. Mass
spectrometry of peptides and proteins. Methods, 35, 211-222.

XIE, S., MOYA, C., BILGIN, B., JAYARAMAN, A. & WALTON, S. P. 2009.
Emerging affinity-based techniques in proteomics. Expert review of
proteomics, 6, 573-583.

XINXO, S., BIMBASHI, A, E, Z. K. & ZAIMI, E. 2013. Association between
maternal nutritional status of pre pregnancy, gestational weight gain and
preterm birth. Mater Sociomed, 25, 6-8.

XU, X. K., WANG, Y. A, LI, Z, LUI, K. & SULLIVAN, E. A. 2014. Risk factors
associated with preterm birth among singletons following assisted reproductive
technology in Australia 2007—2009—-a population-based retrospective study.
BMC Pregnancy and Childbirth, 14, 406.

XUE, Q., SHEN, F., GAO, Y., TONG, M., ZHAO, M. & CHEN, Q. 2016. An analysis
of the medical indications for preterm birth in an obstetrics and gynaecology
teaching hospital in Shanghai, China. Midwifery, 35, 17-21.

YANIT, K. E.,, SNOWDEN, J. M., CHENG, Y. W. & CAUGHEY, A. B. 2012. The
impact of chronic hypertension and pregestational diabetes on pregnancy
outcomes. American journal of obstetrics and gynecology, 207, 333.e1-333.€6.

YATES, J. R., 3RD 2004. Mass spectral analysis in proteomics. Annu Rev Biophys
Biomol Struct, 33, 297-316.

YOUNG, A., THOMSON, A. J., LEDINGHAM, M., JORDAN, F., GREER, I. A. &
NORMAN, J. E. 2002. Immunolocalization of proinflammatory cytokines in
myometrium, cervix, and fetal membranes during human parturition at term.
Biol Reprod, 66, 445-9.

YOUNG, N. L., PLAZAS-MAYORCA, M. D. & GARCIA, B. A. 2010. Systems-wide
proteomic characterization of combinatorial post-translational modification
patterns. Expert Rev Proteomics, 7, 79-92.

YUAN, M., JORDAN, F., MCINNES, I. B., HARNETT, M. M. & NORMAN, J. E.
2009. Leukocytes are primed in peripheral blood for activation during term and
preterm labour. Molecular Human Reproduction, 15, 713-724.

ZHAN, X., YANG, H., PENG, F., LI, J., MU, Y., LONG, Y., CHENG, T., HUANG,
Y., Ll, Z, LU, M., LI, N,, LI, M,, LIU, J. & JUNGBLUT, P. R. 2018. How

189



many proteins can be identified in a 2DE gel spot within an analysis of a
complex human cancer tissue proteome? Electrophoresis, 39, 965-980.
ZHANG, J.-M. & AN, J. 2007. Cytokines, Inflammation and Pain. International

anesthesiology clinics, 45, 27-37.

ZHANG, M., WANG, M., GAO, R., LIU, X., CHEN, X., GENG, Y., DING, Y.,
WANG, Y. & HE, J. 2015. Altered betal,6-GIcNAc and bisecting GIcNAc-
branched N-glycan on integrin betal are associated with early spontaneous
miscarriage in humans. Hum Reprod, 30, 2064-75.

ZHANG, P., WOEN, S., WANG, T., LIAU, B., ZHAQO, S., CHEN, C., YANG, Y.,
SONG, Z., WORMALD, M. R., YU, C. & RUDD, P. M. 2016. Challenges of
glycosylation analysis and control: an integrated approach to producing
optimal and consistent therapeutic drugs. Drug Discovery Today, 21, 740-765.

ZHANG, S., FU, S, LIU, Y., CHEN, L., ZHU, L., TAN, J., CHEN, H. & ZHANG, J.
2014. Predictive value of fetal fibronectin on the embryonic loss of patients
with recurrent spontaneous abortion in early pregnancy. Clin Exp Obstet
Gynecol, 41, 380-3.

ZHU, N., XIAO, H., WANG, L. M., FU, S., ZHAO, C. & HUANG, H. 2015.
Mutations in tyrosine kinase and tyrosine phosphatase and their relevance to
the target therapy in hematologic malignancies. Future Oncol, 11, 659-73.

ZHU, R., SONG, E., HUSSEIN, A., KOBEISSY, F. H. & MECHREF, Y. 2017.
Glycoproteins Enrichment and LC-MS/MS Glycoproteomics in Central
Nervous System Applications. Methods in molecular biology (Clifton, N.J.),
1598, 213-227.

190



	Part 1
	Part 2
	Part 3
	Part 5
	Part 7
	Part 8
	Part 9
	Part 10



