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Abstract
Acute chorioamnionitis (aCA), a preterm birth (PTB) associated inflammatory condition,
can have adverse effects on the health of the baby. This condition is characterized by
inflammatory lesions in the fetal membranes and can also involve the chorionic plate in the
placenta. Histologic examination of the placenta is the gold standard for diagnosing aCA, but is
only possible after delivery; thus, this method is not suitable for prenatal diagnosis of aCA. This
necessitates the development of non-invasive biomarkers to allow effective management of the
disease and hence, reduce the incidence of PTB. Additionally, genetic variation in immunesystem genes may contribute to the placenta’s inflammatory responses, thus influencing
susceptibility to aCA.
The overarching objective of this dissertation is to understand how genetic, epigenetic,
and miRNA variation in the placenta is associated with the disruption of immune balance in
aCA. To achieve this, I first examined the association of single nucleotide polymorphisms
(SNPs) in innate immune system genes and aCA status. I observed that differences in IL6
(rs1800796) placental allele frequencies were associated with the presence of aCA. Further, I
showed the IL6 SNP may regulate IL6 gene expression and DNA methylation (DNAme) in the
placenta, and alter disease risk to aCA. Secondly, using the Illumina HumanMethylation850
BeadChip, I characterized epigenetic variation associated with aCA in placenta and fetal
membranes. Specifically, I observed that aCA-affected placentas showed a unique DNAme
profile that may reflect an increase in immune cell number as a response to inflammation and/or
represent activation of the innate immune response in the placenta. Lastly, I investigated whether
altered miRNA profiles were associated with aCA-affected placentas. Expression was quantified
for six inflammation-related miRNAs using quantitative real-time PCR. I observed that
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expression of miR-518b and miR-338-3p were differentially expressed in aCA-affected
placentas. I also showed that miR-518b expression in placenta was associated with IL6
(rs1800796) genotype, where carriers of the C allele exhibited decreased miR-518b expression
compared to the carriers of the G allele. In summary, this research uniquely investigated genetic
alterations, DNAme, and miRNA expression patterns in aCA-affected placentas, adding insights
into the processes likely impacting immune function during aCA.
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Lay Summary
Globally, 1 in 10 babies are born before 37 weeks of gestation and are classified as
“preterm births”. Babies born too early are at an increased risk of life-long health complications,
and long term developmental delay. One of the major causes of preterm birth is inflammation of
the placenta and associated membranes known as acute chorioamnionitis, estimated to be present
in 25-40% of preterm cases. The etiology of chorioamnionitis is rarely identified and diagnosis
of inflammation is generally not made prior to delivery. The goal of my dissertation is to
improve our understanding of inflammation related changes that occur during acute
chorioamnionitis. I compared the genetic, epigenetic and miRNA profiles in placentas from
preterm births with and without inflammation to identify characteristic changes. This information
may be used to identify candidate biomarkers that could be detected in maternal blood when the
inflammation is present for rapid prenatal detection of aCA.
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Preface
Data chapters in this dissertation (Chapters 3-5) are presented in manuscript format, as they are
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Chapter 1: Introduction
1.1 Preterm Birth
1.1.1 Definition, prevalence, and classification
Preterm birth (PTB), as defined by the World Health Organization, refers to all births
occurring prior to 37 weeks gestational age (GA) (1). PTB occurs 1 in 10 pregnancies
worldwide, although there is significant variability in the incidence of PTB on a per-country
basis. For example, in 2010, the PTB rate in Sub-Saharan Africa exceeded 12%, while several
European countries had PTB rates close to 5% (2). While these PTB rates were highest in lowincome countries, high PTB rates were also observed in countries such as U.S. (12%), which
alone accounted for 42% of all PTBs in the developed nations.
Based on GA at delivery, PTB is classified as: i) extreme preterm (delivery <28 weeks); ii)
very/severe preterm (delivery 28-<32 weeks); iii) moderate preterm (delivery 32-33 weeks); iv)
late preterm (delivery at 34-<37 weeks) (1-3). Late PTB accounts for approximately 60-70% of
all preterm deliveries. Clinically, PTB is categorized into spontaneous PTB (sPTB) or
medically-indicated/provider-initiated PTB (iatrogenic) (1). Iatrogenic PTB includes induced
labor or elective cesarean births indicated by maternal and/or fetal complications. Making up
40% of PTBs, sPTB is etiologically heterogeneous but is typically associated with infections and
dysregulation of inflammatory pathways (4-8). This often presents as acute chorioamnionitis
(aCA), defined by an infiltration of maternal neutrophils into the extraplacental fetal membranes,
the amnion and chorion (9, 10). The studies described in this dissertation focus on aCA;
therefore, this pregnancy complication is discussed in detail in sections 1.3-1.7.
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1.1.2 Health outcomes associated with preterm birth
PTB is the leading cause of neonatal mortality, and accounts for approximately 28% of
all neonatal deaths within the first seven days of life (11). As the immune system of newborns is
underdeveloped, one of the major complications affecting preterm newborns is infection,
accounting for 40% of all neonatal deaths (12). Group B Streptococcus and Escherichia coli are
responsible for the majority of infection cases in preterm newborns (13). Children born preterm
are also more likely to suffer from life-long health complications, including cerebral palsy,
sensory deficits, attention-deficit hyperactivity disorder, language and learning disabilities and
respiratory complications like asthma (14-17). However, attention has been given to
interventions for improving health, survival and long-term outcomes for preterm newborns. For
example, administration of antenatal corticosteroids have significantly reduced incidence of
respiratory distress syndrome, cerebral hemorrhage, and mortality among preterm infants (18).
1.2 Role of placental inflammation in preterm birth
1.2.1 Placental development and structure
Development of the placenta begins as soon as the human embryo reaches the blastocyst
stage and implants into the uterine wall (19). The blastocyst is composed of an inner cell mass
(ICM) and an outer trophectoderm layer. This outer trophectoderm layer differentiates into the
trophoblast lineage of the human placenta, whereas the fetal and remaining extraembryonic
tissues are ICM-derived. Specifically, the amniotic epithelium is likely derived primarily from
the epiblast just before primitive streak formation, while amniotic mesoderm is derived from
mesodermal cells of the primitive streak (20, 21). Origin of the chorion is less clear, but likely
includes trophoblast and/or extraembryonic mesoderm.
2

The human placenta is made up of 60-70 chorionic villus trees that grow throughout
development in a clonal manner (20). These tree-like structures consist of an outer layer of stemlike cytotrophoblasts (CTB), which fuse together to form the multi-nucleated syncytial
trophoblasts (STB). The outer STB layer, the syncytium, is in direct contact with the maternal
blood, a typical feature of a hemochorial placenta (22). The syncytium secretes placentalassociated hormones such as human chorionic gonadotropin, human placental lactogen, and
placental growth factor to support a successful pregnancy. In addition, a subset of the CTBs
differentiate into the extravillous trophoblasts that invade the maternal endometrium and remodel
the uterine spiral arteries to increase blood flow to the placenta. The inner mesenchymal core of
the chorionic villi is a mixture of immune cells such as Hofbauer cells (placental macrophages),
endothelial cells (fetal blood vessels), and fibroblast cells. Although the etiologies of many
pregnancy complications are associated with alteration of cell-specific placental processes, there
are significant gaps in our current understanding of placental cell populations. For example,
altered numbers of Hofbauer cells are found at sites of increased placental inflammation in
chorioamnionitis, but their developmental origin and their exact function in pregnancy
pathologies is unclear (23, 24).
1.2.2 Acute chorioamnionitis
Inflammation of the extraplacental membranes, often presenting as aCA, is typically
associated with PTB. aCA is characterized by an infiltration of maternal neutrophils through the
extraembryonic fetal membranes and into the amniotic space, often as a response to an ascending
microbial infection from the lower genital tract (10, 25). Apart from the female genital tract,
microorganisms can reach the amniotic cavity by other routes (26, 27) including across the
3

placental disc, as shown in Figure 1.1. Irrespective of the route, microbial invasion of the
amniotic cavity elicits a strong inflammatory response both in the mother and the fetus. Although
aCA is frequently associated with microbial invasion of the amniotic space, it can also occur in
the absence of detectable microorganisms and may be triggered by non-microbial “danger
signals” including cellular stress and cell death (28-30). Therefore, it can be concluded that aCA
is representative of intra-amniotic inflammation and may not necessarily always reflect intraamniotic infection.

Figure 1.1. Routes of microbial entry into the amniotic space (Adapted from Zhou et al.
(31)).
Although microbes commonly enter the amniotic space via the lower genital tract, alternate
routes of microbial entry have been identified: i) hematogenous dissemination through the
placenta; ii) accidental introduction during a medically invasive procedure such as
amniocentesis; iii) retrograde seeding from the peritoneal cavity through the fallopian tubes.
4

Inflammatory processes during aCA are not only limited to the chorioamniotic
membranes, but may also affect the chorionic villous trees (32), presenting as acute intervillositis
and villitis, which are seen with maternal sepsis (33) and fetal bacterial sepsis, respectively.
Further, acute inflammation is associated with an increased risk of fetal inflammatory response
syndrome (FIRS), mainly involving the umbilical cord (acute funisitis) and chorionic vessels
(chorionic vasculitis). Progression and severity of inflammatory processes in aCA will be
discussed in detail in section 1.3.1.
1.2.3 Other inflammatory lesions
Aside from aCA, other commonly occurring inflammatory lesions of the placenta include
chronic chorioamnionitis (cCA), chronic villitis, and villitis of unknown etiology (VUE). cCA is
characterized by an influx of lymphocytes into the chorioamniotic membranes. Unlike aCA,
which is most common in extreme PTB deliveries (<28 weeks), cCA is frequent in late PTB (34<37 weeks) (34). It is possible that cCA may be associated with microbial infection; however
careful examination for pathogens has shown no evidence of infectious agents in cCA cases (35).
In addition, cCA cases commonly occur with villitis of unknown etiology (VUE) (35, 36) and
studies have shown that VUE is a placental manifestation of maternal graft vs host-type response
to fetal antigens (37-40). Further, the concentration of intra-amniotic T-cell chemokines
(CXCL9, CXCL10 and CXCL11) is significantly elevated in cCA cases and in VUE cases (41).
Therefore, the frequent coexistence of cCA and VUE and their similar chemokine profile suggest
that these two pathological lesions likely have a similar non-infectious immunologic origin.
Chronic villitis, including VUE, is a histologic diagnosis. VUE encompasses all cases of
chronic villitis not associated with an identified pathogen and absence of any clinical signs of
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infection in either the mother or neonate (40, 42). Histologically, VUE is identified by the
presence of lymphohistiocytic infiltrate affecting the distal villous tree of the placenta.
Lymphocytes in VUE are predominantly CD8+ T-cells, and maternal in origin (43, 44).
Interestingly, VUE is observed frequently in term or late third trimester placentas, and is much
more common (50-150/1000 live births) than infectious chronic villitis (1-4/1000 live births).
VUE is also associated with intrauterine growth restriction (IUGR) (45), small for gestational
age (SGA) (46, 47), recurrent reproductive failure (47), and long-term neurodisability (48).
1.3 Acute chorioamnionitis: disease overview
1.3.1 Histologic staging of acute chorioamnionitis
A commonly used staging system to describe the severity of aCA-associated
inflammatory processes is recommended by the Amniotic Fluid Infection Nosology Committee
of the Perinatal Section of the Society for Pediatric Pathology in 2003 (9, 10). Placental
inflammatory lesions associated with aCA are classified as: maternal inflammatory responses
and fetal inflammatory responses. Stage 1 of the maternal inflammatory response is
characterized by the presence of neutrophils in the subchorionic plate fibrin and at the
membranous choriodecidual interface; Stage 2 is identified by the influx of neutrophils into the
chorionic plate or chorionic connective tissue and/or the amnion, and Stage 3/necrotizing
chorioamnionitis involves necrosis of the amniotic epithelium. On the other hand, fetal
inflammatory responses begins in the chorionic vessels and umbilical vein (Stage 1- chorionic
vasculitis/umbilical phlebitis), spreads to the umbilical arteries (Stage 2-umbilical vasculitis),
and, if prolonged results in localized tissue necrosis (Stage 3- necrotizing funisitis).
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1.3.2 Diagnosis of acute chorioamnionitis
Currently, histologic examination of the placenta is the gold standard for diagnosing
aCA; however it is only possible after delivery; thus, this method is not suitable for rapid
prenatal diagnosis of aCA. Clinically, aCA is diagnosed by assessment of non-specific clinical
signs of inflammation such as maternal fever, fetal tachycardia, maternal tachycardia, maternal
leukocytosis, uterine fundal tenderness, or abnormal vaginal discharge (49). However, studies
have reported that only a small percentage of women with aCA exhibit these clinical signs of
inflammation (50). Alternatively, amniotic fluid analysis by amniocentesis has been attempted
to diagnose intra-amniotic inflammation/infection associated with aCA. Amniotic fluid analysis
includes microbiologic culture tests for aerobic and anaerobic bacteria, Gram staining
examinations (51), measurement of glucose (52), cytokines (53, 54) and white blood cell (WBC)
counts (55). Although amniotic fluid cultures have been successful in diagnosing infection
associated with aCA, certain limitations might account for some of the discrepancies between
amniotic fluid culture results and histological findings, such as: the time needed for culture,
inadequate amniotic fluid culture conditions, microorganisms escaping detection with standard
microbiologic techniques, and amniotic fluid cultures failing to detect intra-amniotic
inflammation unrelated to microbial invasion of the amniotic cavity (56). As amniocentesis is an
invasive procedure with many accompanying risks, quantification of components in maternal
blood may be a useful less invasive approach for rapid diagnosis of aCA. However, to date,
maternal serum markers have not consistently been shown to have predictive value in aCA.
Thus, a more accurate test is needed for earlier detection of aCA, which in turn may improve
PTB associated outcomes.
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1.4 Biomarkers for acute chorioamnionitis
1.4.1 Amniotic fluid markers
Early diagnosis of aCA is important; however it is limited by the fact that histological
examination of the placenta is only possible after delivery, and therefore cannot be used for rapid
prenatal diagnosis of aCA. Measuring biomarkers of placental inflammation, such as levels of
amniotic fluid interleukin -6 (IL6), offer another potential diagnostic approach for detection of
aCA. Such an approach can show improved sensitivities compared to amniotic fluid culture and
often positively correlate with histologic evidence of chorioamnionitis (53, 57, 58). However, if
intrauterine infection has occurred recently, the host may not have yet mounted a strong cytokine
response and IL6 abundance may not reach detectable levels, whereas histologic changes of
inflammation in the placenta could occur during the time interval between amniocentesis and
delivery. Another study demonstrated that amniotic fluid MMP-8 levels correlate with the
histopathologic staging and grading of aCA-affected placentas (59); however the diagnostic
measures of accuracy including sensitivity, specificity, and likelihood ratios were not evaluated.
Supplementary Table 1.1 provides a summary of the studies assessing amniotic fluid biomarkers
for predicting aCA.
1.4.2 Maternal serum markers
There has been some promise in utilizing maternal serum biomarkers to predict aCA
including C-reactive protein (CRP) (60, 61), cytokines such as IL6 (62-64), and neutrophil to
lymphocyte ratio (65). Although studies in maternal serum suggested increased CRP levels as a
good predictor of aCA, there is no clear evidence from systematic reviews to support the utility
of CRP as a biomarker for aCA (66, 67). The authors of these reviews pointed out that studies
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often vary widely in the reported optimal cut-off thresholds of CRP. This variability may be
attributable to different laboratory techniques used to measure CRP. It is important to note that
the studies often reported low diagnostic accuracy with sensitivity of 50%-80% and a false
positive rate of 10-30%. Further, CRP is a non-specific marker, produced by the liver as an acute
phase protein (68), in response to inflammatory conditions that may be unrelated to intraamniotic inflammation and/or aCA. To my knowledge, no maternal serum marker has high
enough sensitivity or specificity to be utilized in the clinic for aCA prediction, as of the
publication of this dissertation. An overview of studies assessing maternal serum markers for
predicting aCA maternal serum markers is presented in Supplementary Table 1.1.
Overall, it is not clear i) whether these biomarkers apply to all cases of aCA and in all
populations, ii) whether the biomarkers can be used to predict the associated inflammatory
responses in the newborns as well, and iii) whether these biomarkers can be used for predicting
aCA in routine clinical settings as test performance metrics are not always and uniformly
assessed.

1.4.3 Placenta as a source of biomarkers
During pregnancy, placenta-derived nucleic acids can enter maternal circulation in a
number of ways: as a part of normal extravillous trophoblast invasion, release of deported
trophoblasts derived from syncytial trophoblast knots, breakdown of apoptotic/necrotic cells at
the placental surface, blebbing of microvesicles from trophoblast membrane, or through
mechanisms of active cell communication (69, 70). Because invasion of the maternal uterine
vasculature is a normal property of the extravillous trophoblasts, it would be expected to find
them in maternal circulation; however they are only found in low rates, typically a ratio of less
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than 1 fetal/placental cell to 100,000 maternal cells (71). Deported trophoblast structures are
found in the uterine vein blood of normal pregnancies (72), with higher levels in preeclamptic
women. These structures may be transcriptionally active in maternal blood and synthesize a
substantial proportion of placental mRNA and proteins (73). As a response to apoptotic and
activating signals, different types of syncytiotrophoblast microvesicles are released from the
placenta and circulate in the plasma of normal pregnant women. The amount of
syncytiotrophoblast microvesicles is known to increase during preeclampsia (PE), a condition
associated with increased trophoblast apoptosis (74). Active cell communication involves
exosomes, microvesicles and complexes of subcellular components. The concentration of
placental-derived exosomes is 50-fold greater in the plasma of pregnant women compared with
healthy non-pregnant women (75), and is significantly increased during pregnancy complications
such as gestational diabetes mellitus (76) Moreover, the specific syncytiotrophoblast protein,
syncytin-2, is markedly down-regulated in exosomes derived from preeclamptic placentas
compared to placentas from healthy control pregnancies (77). Although the roles of placentaderived extracellular vesicles remain to be fully elucidated, their profiles may be of diagnostic
utility for screening placental pathologies such as aCA prior to the onset of clinical symptoms.
In addition, subcellular fragments including cell free placental DNA (cfp-DNA) and
RNA have also been found in maternal circulation. cfp-DNA originates mainly from STBs (78,
79) and represents approximately 10% of total cell-free DNA relative to total maternal cell-free
DNA (80). Currently, cfp-DNA is used in clinical settings for screening of fetal aneuploidy (81,
82); however, the placental origin of this DNA suggests that false positive results can occur due
to confined placental mosaicism. While cfp-DNA may be increased in sPTB in the second
trimester (83-86), most studies have found no associations between first trimester cfp-DNA
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levels and sPTB (86-88). Similar to cfp-DNA, placental-specific transcripts are detectable in
maternal blood during pregnancy, and are rapidly cleared from plasma within a few hours postdelivery (89, 90). Although Tsui et al. (2000) identified a large panel of placenta-specific
transcripts in maternal plasma (91), few studies have investigated placental mRNAs for the
prediction of PTB (92-94). The main limitations to the use of placental mRNAs as biomarkers
are that mRNAs can degrade rapidly, they require stricter handling guidelines, and their
expression profiles are more likely to change with sample processing time. Trophoblast miRNAs
are attractive candidates for biomarkers as they are stable and relatively abundant in maternal
plasma (95). Studies investigating placental miRNAs associated with PTB are discussed in detail
in section 1.7.2.

1.5 Genetic predisposition to acute chorioamnionitis
While placental-derived biomarkers might be used for the diagnosis and early detection
of aCA, genetic variants in innate immune system genes may contribute to the placenta’s
inflammatory response, thus predisposing some pregnancies to aCA. Genetic susceptibility to
aCA can be hypothesized based on: i) evidence supporting familial segregation of PTB, ii)
association studies supporting genetic variation in immune-system genes related to PTB, iii)
association of placental histopathological inflammatory lesions with recurrent PTB, and iv)
ethnic disparities in PTB and aCA rates (discussed further below).
1.5.1 Familial nature of preterm birth
Twin studies have estimated high heritability for PTB, ranging from 15-30% (96, 97).
Women who have previously delivered a preterm baby (98), have sisters who had a preterm
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delivery (99), or were themselves born before 37 weeks of GA (100), are at an increased risk of
experiencing a PTB. Several mechanisms have been proposed to explain the recurrence risk of
PTB through the maternal line. For example, physical characteristics of mothers such as body
size and height alter their PTB risk, and can be inherited by daughters (101). Additionally,
mothers and their daughters are more likely to share lifestyle factors such as smoking (102),
which may themselves be the risk factors for PTB. Another possibility is that shared exposures
or genetics can influence susceptibility to microbial infections (103, 104), which is a well-known
cause of PTB, particularly aCA. Further, variation in mitochondrial genes may likely explain
some of the maternal lineage PTB effects as the mitochondrial genome is almost exclusively
transmitted by mothers (105, 106). While the importance of maternal genetic effects in PTB is
well-established (99, 107), significance of fetal-placental genetic factors cannot be ignored (108,
109), in fact fetal genetic effects explained 20% of the variation in PTB-related conditions such
as PE (110).
1.5.2 Candidate and genome-wide association studies in preterm birth
The placenta is genetically identical to the fetus and thus risk-conferring genetic variants
may influence the placenta and the fetus similarly during various pregnancy complications
including PTB. Furthermore, the placenta protects the developing fetus from inflammation
and/or infection in various ways (Figure 1.2). Risk for aCA may be increased if the placenta is
less effective at preventing and fighting infection due to structural or genetic variation altering
the mechanisms for response to inflammation or infection.
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Figure 1.2 Placental response against microbial infection.
Placenta employs various mechanisms to fight against the ascending microbes from the lower
genital tract. Placental trophoblasts, for example, express Toll-like receptors (TLRs) that behave
as “sensors” of the immediate surrounding environment, and respond to a wide range of
microbial pathogens by activating multiple inflammatory pathway (111, 112). Further, placental
trophoblasts are capable of mounting an innate immune response by secreting anti-microbial factors
including human beta defensins, secretory leukocyte protease inhibitors and cytokines such as IL6
and IL8. Hofbauer cells are another class of resident immune cells that protect the fetus from
inflammation by preventing the crossing of pathogens between mother and fetus. The KIR receptors
on uterine NK cells bind directly to the HLA-C molecules expressed on the trophoblasts and
these interactions have been shown to alter susceptibility towards infections and play an
important role in allocating resources between the fetus and the mother.
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Candidate gene studies have reported maternal and fetal (placental) genetic variation in
TLRs and cytokine genes associated with PTB (113-116). Allelic variation in TLRs, IL6 and
TNF-α has been associated with placental inflammation in aCA (116-119). A small number of
studies have examined the interaction between maternal and fetal genotypes (120, 121), and have
identified a compounded risk of PTB when the mother and the infant carried a specific
combination of SNPs. For example, presence of the IL1β “GG” genotype (rs16944) in mothers
and the IL6 “GC” genotype (rs1800795) in newborns in a South American population is
associated with increased PTB risk (OR 12.3, p<0.01); however no significant association with
PTB was observed when the SNPs were analyzed independently likely because both alleles were
only predisposing in individuals with European ancestry (121). Further, it has been shown that
the maternal KIR “AA” genotype in combination with a fetal HLA-C “C2” allele is associated
with an increased risk of adverse pregnancy outcomes including PE and recurrent miscarriage
(122, 123). The KIR receptors on uterine Natural Killer cells bind directly to the HLA-C
molecules expressed on placental trophoblasts and these interactions likely play an important
role in regulating the degree of invasion and allocating resources between the fetus and the
mother.
Genome-wide association studies (GWAS) have identified several genetic variants in
relation with sPTB (124-126), but there is little reproducibility across these studies. Recently, a
GWAS study investigating 43,568 women of European ancestry identified multiple genetic
variants associated with sPTB (127). Although they replicated three of the maternal genomic loci
(EBF1, EEFSEC, and AGTR2) in an independent cohort, none of the identified genetic variants
had been previously implicated in sPTB. The aforementioned work as well as other studies have
mainly focused on maternal genetic effects, but the contribution of fetal (placental) genetic
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variants remain significantly understudied. A risk variant in the fetal genome near FLT1 is one of
the few validated single gene variants found to be associated with increased susceptibility to PE
(128).
Many efforts have been made to identify specific risk variants in sPTB, and though the
scientific community has not been successful at identifying reproducible SNP associations
through genome-wide screens, common biological pathways underlying sPTB have been
recognized (16, 129). The infection-inflammation response network is the most consistent
pathway shown to be associated with sPTB (130, 131). Microbial invasion of the amniotic cavity
is a frequent pathological finding in sPTB cases. In fact, approximately 25% of sPTB cases with
intact membranes are associated with infection (6), which is also a well-known cause of aCA.
Microbial invasion of the amniotic cavity elicits a strong inflammatory response in the mother
and fetus, accompanied by an increase in the concentrations of proinflammatory cytokines
detected in the amniotic fluid (132, 133). In response to this chemotactic gradient, maternal
neutrophils and/or other immune cells normally residing in the maternal decidua and intervillous
space migrate towards the chorionic plate of the placenta. Neutrophil chemotaxis stimulates the
synthesis of metalloproteases, which in turn facilitates cervical ripening, and degrades the
chorioamniotic membranes, causing them to rupture prematurely. Placental trophoblasts respond
to microbial products by mounting a specific innate immune response (134-136).
Simultaneously, the fetal membranes also synthesize various inflammatory cytokines (137),
which, in turn, stimulate the release of prostaglandins, leading to premature uterine contractions,
and preterm delivery.
The maternal-fetal hypothalamic pituitary adrenal (HPA) axis activation is a second
pathway commonly occurring with sPTB (128). It has been proposed that increased production
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of placental corticotropin-releasing hormone (CRH), driven by the maternal HPA axis in
response to stress, stimulates the fetal secretion of cortisol (138), and thereby leads to preterm
delivery. Other mechanisms such as glucocorticoid receptor (GR) signaling have also been
implicated in PTB. Impairments in the GR signaling pathway due to stress and/or infection may
alter the inflammatory environment during pregnancy, and may lead to premature activation of
labor-initiating signals resulting in PTB (139). Recently, whole exome sequencing identified the
GR signaling pathway as the most significantly enriched pathway associated with recurrent
preterm deliveries (140). Specifically, within the GR pathway, damaging missense variants in
heat shock protein family A member 1 like (HSPA1L) were identified as risk factors for sPTB.
This gene was previously implicated in pregnancy complications including aCA (141), intraamniotic infection (141), and PE (142).
1.5.3 Recurrent placental inflammatory lesions in preterm birth
Regardless of the causative factor or the underlying pathway, histologic evidence of
inflammation in the placenta, fetal membranes, or umbilical cord is commonly observed in sPTB
cases (34, 143-148). Placental inflammatory lesions were frequently observed in pregnancies
complicated by sPTB, in fact a high recurrence risk for these lesions has been well-demonstrated
(149-151). While sPTB-associated placentas exhibited more acute inflammatory lesions such as
aCA compared to placentas from medically-indicated PTBs, chronic inflammatory lesions,
particularly diffuse decidual leukocytoclastic necrosis, were frequently detected in placentas
from medically-indicated PTBs (151). The incidence of acute infectious inflammatory lesions is
common in PTBs across GA, whereas placental maternal vascular malperfusion lesions are most
common in sPTBs and medically-indicated PTBs >28 weeks GA (152).
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1.5.4 Ancestry differences in preterm birth rates
Substantial differences in PTB rates were noticed among different ethnic subgroups
within a country (153) For example, in U.S., the PTB rates among “African Americans” were as
high as 17.8%, whereas rates for “white women” were 11.5% (16). Further, recurrent PTBs in
“black women” also occur at substantially higher rates than in “white women” (154). Several
studies have confirmed that rates of infections during pregnancy are significantly higher in
“black/African American women” including bacterial vaginosis, and lower genital tract
infections. (155-157). Accordingly, cases of aCA, and preterm premature rupture of membranes
(PPROM) are more common in “black women” (158, 159). In sPTBs before 35 weeks, 55% of
placentas from “black women” showed maternal inflammatory responses, whereas only 12% of
placentas from other ethnic origins exhibited histologic evidence of inflammatory response
(144). Similar findings in other studies confirm such ethnic disparities in the prevalence of aCA
(158, 160, 161). While factors that underpin these ethnic disparities are poorly understood,
socioeconomic status (SES), commonly measured in terms of occupational status, household
income, and parental educational attainment, can likely explain some of these ethnic
discrepancies in PTB (162). Lower SES is also independently associated with increased PTB
(163); however it is important to note that even after accounting for SES, ethnic disparities in
PTB have been observed (159, 164, 165). Some of these disparities may be attributed to
differences in frequencies of genetic variants associated with inflammatory responses, vaginal
microbiome, infections during pregnancy, stress, nutrition, and prenatal care (166, 167).
Extraplacental membranes exhibit ethnicity-specific cytokine profiles in response to an
infectious stimulus. Menon et al. (2006) observed higher concentrations of IL6 and IL10 after
lipopolysaccharide (LPS) stimulation in extraplacental membranes derived from “Caucasians” as
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compared to “African-Americans”, whereas IL1 concentration was increased in the “AfricanAmerican derived samples (168). Notably, IL10 has been shown to inhibit preterm uterine
contractions induced by IL1 (169). The same group also reported increased MMP9 concentration
in membranes from “African-Americans” after LPS stimulation (170), and MMP9 is involved in
premature rupturing of the membranes (171). In addition, multiple studies have confirmed ethnic
differences in amniotic fluid concentrations of inflammatory cytokines (172-174), suggesting
that pathophysiological processes related to sPTB vary across ethnicities. However, the
underlying cause of these differing physiologic responses to infection/inflammation remains
substantially undetermined, and maybe dependent on genetic and/or epigenetic factors, or
interactions of exposures with ethnicity.
For example, genetic variants in IL6 (rs1800796 and rs1800795) influence IL6
concentrations in sPTB (175). These SNPs have been shown to alter disease risk of various
inflammatory disorders including aCA (176-178), and are strongly correlated with ancestry.
Based on 1000 Genomes Project data, the C allele of rs1800795 is frequent in European ancestry
individuals (40-50%), and almost absent in individuals of East Asians. On the contrary, the C
allele of rs1800796 is common in individuals of East Asian (70-80%), and rare in individuals of
European ancestry (3-5%). (www.ncbi.nlm.nih.gov/variation/tools/1000genomes/)
Pathway enrichment analysis of genetic variants related to PTB suggested unique
biological pathways associated with ethnicity (179). Although PTB-associated genetic variants
were enriched in inflammatory processes in both self-reported “African-Americans” and
“Caucasians”, hematological diseases such as decidual hemorrhage and thrombosis were
prominent among the “Caucasian” group, and processes related to connective tissue disorders
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involving PTB-related genes such as MMP9, MMP2, MMP3 were identified in “African
American” mothers (179).
1.6 Epigenetic alterations associated with acute chorioamnionitis
1.6.1 Definition of epigenetics
The evolution of the term “epigenetics” has been previously reviewed in multiple
publications (180-183). The word “Epigenetics” stems from the word “epigenesis”, first used
by Aristotle to elucidate the development of specialized tissue structures from an
undifferentiated egg. Conrad Waddington described the phrase “epigenetic landscape” (184,
185), as a concept to illustrate how genes regulate cell differentiation during development.
Waddington portrayed the “epigenetic landscape” as a hillside with numerous bifurcating
canals. This can be compared to a ball, which represents a pluripotent cell, rolling down from
the top of a hill comprising of ridges and valleys. As the ball rolls down the hill, it encounters
different branching points or paths, which represent a series of cell differentiation fates or
“choices” made by the pluripotent cell before reaching its final differentiated state. Further, he
proposed that on this landscape, "the presence or absence of particular genes acts by determining
which path shall be followed from a certain point of divergence” (184), signifying the role of
genes in regulating regulate cellular differentiation.
Recently, Lappalainen and Greally (2017) have attempted to define “epigenetics”
based on cellular properties including cellular reprogramming and polycreodism (183).
Typically, cellular reprogramming events may lead to the emergence of a small, mosaic
population of altered cells from a canonical cell type, but this minor subset of cells will likely
retain the original identity of the canonical cell population. Alternatively, perturbations during
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development may affect cell fate decisions, resulting in variation in proportion of cell types
within a tissue and may be associated with potential phenotypic effects. Taken together,
epigenetic processes are defined as mitotically heritable chemical modifications to the DNA
molecule or its regulatory components that potentially influence cellular states (cellular
reprogramming) or fates (polycreodism), and occur in the absence of a change to the nucleotide
sequence (182, 183, 186, 187).
1.6.2 DNA methylation
DNA methylation (DNAme) is the most commonly interrogated epigenetic mark in
human population studies, as recent technological advancements have permitted for the
inexpensive high-throughput measurement of DNAme across the genome and the relationship
between DNAme and gene expression is relatively well demonstrated. DNAme is the addition of
a methyl group to the 5’carbon of the cytosine base, most typically at cytosine-phosphateguanosine (CpG) dinucleotides (188). Apart from methyl groups, other cytosine modifications
have been identified and thought to play a role in DNA demethylation. For example, 5hydroxymethylcytosine (5-hmC), an oxidized derivative of 5-methylcytosine (5-mC) may inhibit
the maintenance methylation reaction catalyzed by DNMT1 (189), resulting in passive
demethylation. Alternatively, 5-hmC may be involved in active demethylation through DNA
repair-associated mechanisms. Generally, 5-hmC tend to be low in most tissues including
placenta (190); however, 5-hmC is abundant in the human brain (191).
CpG dinucleotides are generally depleted in the genome, due to the tendency for
methylated cytosines to be spontaneously deaminated to thymines. Exceptions to this are CpG
islands (CGIs), which are high CpG density regions often associated with gene promoters (192).
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The University of California Santa Cruz (UCSC) Genome Browser defines a CpG island as a
region with length >200 bps, CG content >50%, obs/exp CpG ratio >0.60. Non-CpG DNAme
(CpH, where H includes A, C, and T) occurs primarily in mammalian pluripotent stem cells and
non-dividing cells such as neurons (193, 194). The term “DNAme” has been used in this
dissertation to refer to DNAme at CpG dinucleotides.
DNAme is a commonly interrogated epigenetic mark in human population studies, as it is
relatively easy to measure, and its relationship with gene expression has been extensively
studied. The relationship between DNAme and gene expression regulation is complex and tends
to be dependent on genomic context. For example, DNAme at gene promoters is generally
associated with transcriptional repression of the related gene; however, the relationship between
levels of gene-body DNAme and gene expression is highly variable (195). Further, other
epigenetic mechanisms such as histone modifications may work in tandem with DNAme to
influence gene expression (196, 197).
While DNAme may reflect changes to gene expression patterns in specific cell types, it
may also reflect altered cell composition. DNAme signatures differ strikingly between different
cell lineages, in fact, samples originating from the same tissue cluster together over samples
originating from the same individual (198, 199). This pattern highlights the role of DNAme in
tissue identity. DNAme is involved in hematopoietic cell lineage commitment (200-202), and
differences in DNAme between blood cell types is often located at sites of binding of
transcription factors involved in lineage specification (202). Not only is DNAme involved in cell
lineage commitment, it is also involved in immune cell activation. Infection of human dendritic
cells with a live virulent strain of Mycobacterium tuberculosis is associated with rapid
demethylation at several CpGs, and a majority of these loci were located in distal enhancer
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elements, including those that modulate the activation of key immune transcription factors (203).
The rapid loss in DNAme was accompanied by extensive epigenetic remodeling, including gain
of histone activation marks, and increased chromatin accessibility.
1.6.3 Methods for measuring DNA methylation
In a single diploid cell, at a single CpG site, DNAme can be denoted by one of three
numeric conditions: absent on both alleles (0), present on both alleles (1), or present on one of
the alleles (0.5). In a tissue sample of mixed cell population such as chorionic villi or blood,
DNAme measured is an average across a pool of cells (0-1), and a change in DNAme could
either reflect an average change in DNAme across all cell types in the sample, or an alteration in
the composition of different cell types.
Numerous techniques have been developed to assay DNAme. A widely-used method for
measuring genome-wide DNAme is the Illumina Infinium HumanMethylationEPIC BeadChip
(850K array), which interrogates DNAme at 866,895 CpGs across the genome (204). Illumina
microarrays will be discussed in more detail in Chapter 2. Although the 850K array provides a
somewhat genome-wide perspective of the methylome, such bisulfite conversion-dependent
methods cannot distinguish been the canonical 5-methylcytosine mark from its oxidized
derivative 5-hmc. However, additional bisulfite treatments such as oxidative bisulfite sequencing
have been developed to overcome this challenge. Studies, however suggest that 5-hmC values
tend to be low in most tissues, including the placenta (190). Alternative genome-wide techniques
like methylated DNA immunoprecipitation (MeDIP) can be utilized to immunoprecipitate DNA
with methylated CpG sites, and can be a cost-effective approach when single-base resolution is
not desired. However, MeDIP tends to exhibit biases associated with CpG density (205).
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Sequencing techniques such as whole genome bisulfite sequencing and reduced representation
bisulfite sequencing have also been used to assess DNAme. The major advantage of whole
genome bisulfite sequencing is its ability to quantify the DNAme levels of nearly every CpG site
in the genome, including low-CpG-density regions. On the other hand, reduced representation
bisulfite sequencing may exhibit a lack of coverage at intergenic and distal regulatory elements.
The selection of a method for quantifying DNAme mainly depends on the cost, amount of input
DNA required, and the experimental question. A summary of the existing techniques available
for profiling genome-wide DNAme is reviewed in Yong et al. (2016) (206).

1.6.4 Placental methylome
The DNAme profile of the placenta is unique as compared to somatic tissues. The major
component that makes up placental chorionic villi, the trophoblast, has a unique DNAme
landscape compared with maternal decidua, fetal membranes (chorion and amnion), and
embryonic tissues (brain, kidney, muscle, spinal cord) (207). Approximately 40% of the
placental genome comprises of large blocks (>100kb) of low to intermediate methylation, termed
“partially methylated domains” (PMDs) (208). PMDs are relatively gene-poor and are associated
with a relative increase in H3K9me3 and H3K27me3 marks. As opposed to the bimodal
distribution DNAme in somatic tissues (209), where most CpGs typically are either on average
0% methylated or 100% methylated, the presence of PMDs and imprinted genes in the placenta
results in a unique trimodal distribution of DNAme measures. Also contributing to the unique
landscape of placental DNAme are several families of retrotransposable elements that are
reported to be hypomethylated in the placenta (210). However, within these families, the
DNAme levels can be highly variable. The lower level of DNAme at several retrotransposable
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elements may contribute to placental-specific gene expression of endogenous retrovirus envelope
proteins including syncytin, which is involved in the fusion of pluripotent CTBs into
differentiated syncytiotrophoblasts (211).
1.6.5 Altered DNA methylation in placenta and preterm birth
DNAme signatures vary vastly between different cell lineages and change with i) GA
(212) and ii) placental pathology (207). In the context of sPTB, only a limited number of studies
have investigated differential DNAme in the placenta and extraplacental fetal membranes (213217). Using the Illumina Infinium HumanMethylation450 BeadChip (450K array), Tilley et al.
(2018) identified 250 differentially methylated CpG sites between sPTBs and medicallyindicated preterm deliveries from extreme PTBs (<28 weeks GA) (215). Although they found
that many genes associated with these CpGs were ontologically involved in neural development
processes, the 450K array is enriched for developmental pathways and cell differentiation gene
ontology terms (218). Further, Tilley et al. showed that placental DNAme levels at 17 of these
250 CpG sites were able to predict childhood cognitive impairment at ten years of age. Using
methylation-sensitive, restriction-enzyme-based Methyl PCR assays, another group focused on
autism spectrum disorder-specific genes found that hypermethylation of the OXTR promoter was
specific to sPTB-associated extraplacental membranes; however no difference in OXTR
expression was identified between sPTBs and uncomplicated term deliveries (216).
Identifying changes to the placenta specifically associated with sPTB is difficult as the
epigenetic profile of the placenta changes with GA (212), and hence term controls are not a
proper match for comparison. Furthermore, given that the etiology and presentation of sPTB is
heterogeneous (219), the associated features have not typically been defined in majority of the
epigenetic studies performed as yet. Additionally, iatrogenic cases (delivered because of PE or
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other indication) are sometimes included. Further, DNAme is prone to batch effects, and some
methodologies use to adjust for batch effects such as ComBat can introduce false biological
signal into the data (220). Despite this, epigenetic studies often do not provide a description of
the tools used to assess and adjust for batch effects. A systematic review of placental epigenetic
modifications associated with sPTB also highlighted the lack of standardized procedures for
tissue collection, case-control ascertainment, clinical data collection, quality control procedures,
and analytical approaches amongst previous publications (221). Additional high-quality studies
are needed before the extent of epigenetic changes associated with sPTB can be fully assessed.
1.7 Gene expression alterations in placenta and preterm birth
1.7.1 mRNA alterations
Transcriptomic studies investigating gene expression profiles in sPTB-associated
placentas are limited, in fact only 18% of PTB research has focused on sPTB (222). Using a
Benjamini-Hochberg adjusted p-value of <0.05 and a fold-change of >2.9, 426 differentially
expressed probes were identified between sPTBs and spontaneous term births in placenta, with a
panel of 36 sPTB-associated RNA transcripts potentially detectable in maternal plasma (223).
Among these, IL1RL1 showed the highest fold-change in the sPTB placentas compared with the
placentas from spontaneous term deliveries. Another study compared placental expression
profiles between sPTBs and term elective cesarean deliveries (94); however, this study did not
address or account for the fact that mode of delivery may influence placental gene expression
(224). Candidate studies have identified altered gene expression in immune-system genes such as
TLRs and CXCLs in placental inflammation associated with sPTBs (225-227). Because some of
these inflammation-related mRNA signatures were also observed during normal spontaneous
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labor (228), mRNA profiles identified in studies may not be specific to placental inflammation in
sPTB.

1.7.2 miRNA alterations
It is now well established that specific microRNAs produced by the human placenta are
found in maternal plasma (95, 229). Concentrations of placental specific microRNAs increase in
the maternal plasma as pregnancy progresses and return to normal levels after delivery (95, 230).
Numerous studies have shown altered miRNA expression in PE-associated placentas, though
there is little reproducibility across these studies (231, 232). This low reproducibility may be
attributable to incomplete understanding of placental miRNAs or insufficient study power. Few
studies have investigated placental-specific miRNAs in sPTBs (94, 233-235). Interestingly,
placental-specific imprinted C19MC microRNAs showed increased expression in sPTBs, but
decreased expression in PPROM pregnancies (233). Limited studies have investigated placentalspecific microRNA changes in aCA (235, 236). Recently, expression of mir-331 was reported to
be up-regulated in aCA-affected placentas and the expression of miR-331 correlated with the
severity of inflammation in aCA. Montenegro et al. (2007) showed increased expression of miR223 and miR-338 in aCA-affected chorioamniotic membranes (235); however, these miRNAs
were not followed-up in matched maternal plasma samples, and thus it remains to be seen if their
expression is reflected in maternal circulation.
1.8 Research Objectives and Hypothesis
Risk for aCA may be increased if the placenta or the extraplacental fetal membranes are
less effective at preventing and fighting infection due to structural, functional or genetic
variation. Genetic variants in innate immune genes may contribute to the placenta’s
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inflammatory response, thus predisposing some pregnancies to aCA. Genetic variants in
inflammatory genes may also modulate epigenetic processes such as DNAme, which is involved
in regulating gene expression, and in turn might affect susceptibility to aCA. In addition, changes
to placental and membrane cell composition and function occur in response to infection, a
common cause of aCA. Both predisposing and consequential changes to the placenta may cause
changes in DNAme and miRNA levels. I thus hypothesize that aCA is associated with unique
genetic, DNAme, and miRNA signatures that reflect both a susceptibility to and a response to
infection/inflammation.
The overarching objective of this dissertation is to understand how genetic, epigenetic, and
miRNA variation in the placenta are associated with the disruption of immune balance during
inflammation in aCA. To accomplish this, I undertook the following studies:
i.

Characterization of immune-system genetic variants in the placenta in association with
aCA.

ii.

Characterization of genome-wide DNAme signatures in aCA-associated placentas and
extraplacental fetal membranes.

iii.

Characterization of candidate miRNA changes in aCA-associated placentas.
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Chapter 2: Study cohort, sampling and techniques
2.1 Study population
The study cohort is based on an ongoing collection of samples for our Epigenetics in
Pregnancy study (EPIC). The past clinical coordinators of Robinson lab, K. Louie, and Dr. J.
Schuetz were responsible for recruiting study patients. Research assistants R. Jiang and D. Hui
collected placentas from pregnancies delivered at the B.C. Women’s Hospital and Health Centre,
Vancouver, Canada. Placentas were recruited in two main ways: 1) recruited by the Robinson lab
from high-risk patients or controls with written consent; these cases include (mostly) term and
preterm deliveries 2) samples obtained through the Anatomical Pathology lab at B.C. Women’s
Hospital and Health Centre and de-identified; these are more heavily biased to preterm
deliveries. Minimal clinical information was available for majority of the preterm samples
including GA at delivery, fetal sex, maternal age, mode of delivery, and birth weight. We
calculated birth weight defined by its’ standard deviation (SD) relative to normative values by
GA and fetal sex (237).
In PTB-related cases, known conditions such as – PE (Preeclampsia), IUGR (Intrauterine
Growth Restriction), PPROM (Preterm Premature Rupture of Membranes), incompetent cervix,
placental abruption, and aCA were recorded. Both PE and IUGR were defined according to the
Society of Obstetricians and Gynaecologists of Canada (SOGC) guidelines (237, 238).
Specifically, PE was diagnosed as gestational hypertension (BP > 140/90 mmHg) with one or
more of the following conditions: i) proteinuria after 20 weeks gestation (> 300 g/day), or ii)
adverse maternal symptoms, maternal organ dysfunction, abnormal maternal lab findings, or
fetal conditions. IUGR was defined as birth-weight <3rd percentile accounting for both fetal sex
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and gestational age, or birth-weight <10th percentile with additional clinical findings such as:
absent or reversed end diastolic velocity on Doppler ultrasound, uterine artery notching, or
oligohydramnios. aCA was diagnosed by pathological examination of associated fetal
membranes using consensus histological criteria, described in detail in section 1.3.1 (9). I
reviewed pathology reports for aCA cases to confirm the presence of neutrophils in the fetal
membranes, recorded evidence of placental inflammatory lesions such as intervillositis and
villitis associated with the cases. While the pathology reports indicated a microbial etiology for
majority of the aCA cases, this information was not available for all the cases. Further, chronic
chorioamnionitis cases were specifically excluded as these conditions are primarily suspected to
have a non-microbial immunologic origin, and unlike aCA, chronic cases are typically identified
by presence of lymphocytes in the extraplacental membranes. A subset of aCA cases recruited
from the Anatomical Pathology lab were ascertained in detail alongside Dr. Jefferson Terry,
Pediatric and Perinatal Pathologist, B.C. Women’s Hospital and Health Center. Figure 2.1 shows
the breakdown of samples used in the data chapters (Chapter 3-5); however selection of the aCA
cases and non-aCA cases is described explicitly in the data chapters.
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Figure 2.1 Schematic representation of the breakdown of samples utilized in the data chapters
presented in this dissertation
2.2 Placental sampling
Previous publications from Robinson lab have described placental sampling in detail (20,
239). Briefly, the fetal membranes (amnion and chorion) were teased apart with tweezers, and
washed thoroughly to minimize maternal blood contamination. Independent samples of chorionic
villi, approximately 2 cm3, were taken from 2-4 distinct locations from just below the fetal
surface of the placenta to avoid maternal decidua. Typically, at least one site was sampled near
the umbilical cord and one near the periphery of the placental disk. Other sites were sampled
approximately halfway between the cord and placental edge. Samples were thoroughly washed
with phosphate-buffered saline to avoid maternal blood contamination.
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DNA was extracted from chorionic villus and fetal membranes by a standard salting out
procedure, modified from Miller et al. (240). The salting out method involves the use of high
concentration of saturated NaCl solution to precipitate cellular proteins to the bottom of the
solution. The DNA within the supernatant is then extracted using ice-cold ethanol. A NanoDrop
1000 spectrophotometer (ThermoScientific, USA) was used to assess DNA purity and
concentration.

2.3 DNA methylation microarray
For this dissertation, genome-wide DNAme was assessed using the 850K array, which
quantifies DNAme at 866,895 CpG sites across the genome (204). The platform covers >90% of
the 450K array and includes 413,745 new CpG sites which were not previously targeted by the
450K array. The additional probes substantially improved the coverage of regulatory elements,
including enhancers identified by FANTOM5 (241) and the ENCODE project (242).
Illumina’s DNAme microarray technology is based on “quantitative genotyping of C/T
single nucleotide polymorphisms (SNPs) introduced following bisulfite conversion”, which
essentially converts unmodified cytosines to uracil, and leaves cytosines with DNA
modifications unaffected. Placental samples used in this dissertation were bisulfite converted
using the Zymo EZ DNA MethylationTM Kit (Zymo Research, USA). Bisulfite-converted
samples were whole-genome amplified before being hybridized to the microarray chip as per the
manufacturer’s protocol (204), and the 850k array chips were scanned by a HiScan 2000
(Illumina).
The 850k array is organized as a “chip”, on which eight samples can be loaded in
parallel, with the bisulfite converted DNA from each sample loaded onto one of the eight
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“arrays”. Since the maximum number of samples that can be analyzed in a single chip is eight,
this organization introduces two batch variables: chip and chip position (indicating the eight
spots on the chip the sample is loaded onto). Adding batch variables into statistical models or
removing batch signal using computational methods such as surrogate variable analysis (SVA)
and ComBat, are widely used approaches used to account for unwanted technical noise.
However, studies have shown that some batch-correction methods can introduce false biological
signal, if applied to an unbalanced study design (220, 243-245). In this dissertation, ComBat
(246) implemented in the R software environment, was used to correct for batch effects (Chapter
4); however, technical replicates and unadjusted p-value distributions were used as measures to
carefully monitor the data processing methods. Further, we used a stratified randomization study
design that distributed aCA cases and non-aCA cases equally across the chips, and thus create a
balanced study design.
The 850k array targets CpG sites with 50-mer oligo “probes” adhered to “beads”, which
are randomly arranged on the surface of each array. Similar to the previous version (247), the
850k array contains two different probes types, with different probe chemistries. For Type I
probes, methylated and unmethylated versions of the probe are designed and incorporated on
different beads, and thus, presence of a fluorescent signal indicates DNAme. Type II probes,
have only a single probe to measure DNAme, where the colour of fluorescence (Cy3Green/Cy5-Red) suggests whether the CpG site was methylated or unmethylated in the template
DNA. Specifically, methylation is inferred from the green signal and lack of methylation is
inferred from the red signal. Further, type I probes cover more CpG-dense regions than type II
probes (248). The intensity of fluorescence is translated into a level of DNAme for each targeted
CpG site - either as a β value, a number between 0 and 1 (0 = no methylation, 1 = fully
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methylated) or logit-transformed β values (M values), a less heteroscedastic value used for all
statistical analysis purpose (209).
A variety of normalization methods including functional normalization (249), subsetwithin array normalization (250), noob (251), and β-mixture quantile normalization (252) have
been developed to account for these probe type differences. In this dissertation, functional
normalization was used to account for probe bias. This method uses control probes and out-ofband probes to act as surrogates for unwanted technical variation, and has been shown to
outperform some existing normalization methods with respect to improving replication of results
across experiments, reducing technical variability, and accounting for batch variation.
2.4 Sequenom® iPlex® Gold platform for genotyping
Samples in Chapter 3 were genotyped using the Sequenom® iPlex® Gold platform at the
Génome Québec Innovation Centre (Montréal, Canada). This protocol is described in detail by
Gabriel et al. (2009) (253). Briefly, Sequenom® iPLEX® Gold genotyping is based on a robust
multiplexed polymerase chain reaction (PCR) followed by a template-directed single base
extension reaction in which oligonucleotide extension primers anneal directly adjacent to each
targeted SNP site, and are extended and terminated by a single complementary base into the
genotyping target site with mass-modified dideoxynucleotide terminators. The products are
detected by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF MS).
Incorporation of mass-modified terminators into the single base extension reaction provides
sufficient mass for allele separation and detection using MALDI-TOF MS. Finally, the
SpectroTYPER software automatically translates the mass of the observed extended primers into
a genotype for each reaction to identify the SNP alleles (homozygous or heterozygous).
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2.5 Quantitative reverse transcription PCR (RT-qPCR)
RNA was reverse transcribed using TaqMan™ miRNA Reverse Transcription Kit
(Thermo Fisher Scientific, Applied Biosystems™, CA, USA) and specific stem-loop primers
(Thermo Fisher Scientific, Applied Biosystems™, CA, USA), according to the manufacturer’s
protocol (https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_042167.pdf).
Quantification using these TaqMan™ miRNA assays is performed in two steps: a reversetranscription (RT) step and a PCR step. In the RT step, the cDNA is reverse transcribed from
total RNA using a stem-loop RT primer which is specific for the mature miRNA target. This is
followed by a PCR step where PCR products are amplified from the cDNA samples using a
separate specific TaqMan miRNA Assay. The TaqMan™ probes comprise of a reporter dye
attached to the 5’ end of the probe, a nonfluorescent quencher dye and a minor groove binder
linked to the 3’ end of the probe.
When the probe is intact, the close proximity of the quencher dye and the reporter dye
results in little to no fluorescence, typically by Förster-type energy transfer (254). However,
during the PCR step, the Taq DNA polymerase which has a 5′-exonuclease activity cleaves the
probe that hybridizes/anneals to the complementary target sequence. This cleavage releases the
reporter dye from the probe, which is now no longer in close proximity to the nonfluorescent
quencher, and thus results in increased fluorescence by the reporter dye. Increase in fluorescence
occurs only if the target sequence is complementary to the TaqMan probe.
2.6 Genetic ancestry
Association studies are prone to population stratification if case and control groups are
not matched by ancestry. Because ancestry was largely unknown in the study cohort, we selected
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55 ancestry informative marker (AIM) SNPs to genotype in our population. These AIM SNPs
were designed to differentiate between African, European, East Asian, and South Asian
ancestries (255-257). After initial quality control (removal of SNPs with call rate <90%), 50
AIM SNPs were used to infer ancestry in the placental villus DNA samples. Ancestry was
described using the top three coordinates derived from a multidimensional scaling (MDS)
analysis of AIM SNP genotypes of the placental villus samples and n=2,157 1000 Genomes
Project samples (n=661 African, n=504 East Asian, n=504 European, n=489 South Asian) used
as ancestry reference populations, as described in Del Gobbo et al. (2018) (258). Distributions of
the three ancestry MDS coordinates are compared between aCA and non-aCA groups to identify
any population stratification by ancestry.
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Chapter 3: Association of a placental Interleukin-6 genetic variant
(rs1800796) with DNA methylation, gene expression and risk of acute
chorioamnionitis
3.1 Background
PTB occurs in approximately 11% of live births worldwide, although there is substantial
variability in the incidence of PTB based on geographical regions (259). Children who are born
preterm are at a higher risk for long-term developmental delays and life-long health
complications (14, 260). sPTB, making up the majority of PTBs, often presents as aCA, which is
characterized by an infiltration of maternal neutrophils into the chorioamniotic membranes. This
acute placental inflammation can also be triggered by non-microbial "danger signals” including
cellular stress and/or cell death (28, 29).
Genetic susceptibility for aCA can be hypothesized based on: i) high heritability
estimates of PTB (15-30%) (97, 108), ii) evidence supporting familial segregation of PTB (99,
261), iii) association of placental histopathological inflammatory lesions with recurrent PTB
(150, 262), and iv) ethnic disparities in PTB (263-265) and chorioamnionitis rates (158).
Inherited differences in immune system genes also influence susceptibility to microbial infection
(266-269), which is a well-known cause of aCA. In addition, a strong genetic predisposition
underlies many infectious and inflammatory diseases, particularly in early childhood (270-272);
this may also hold true for in utero susceptibility for aCA.
Studies investigating candidate genes have reported that maternal and fetal genetic
variation in TLRs is associated with sPTB (113, 114, 273). Allelic variation in TLR genes has
been shown to modulate immune responses during parturition, and thus confer an altered risk of
preterm delivery (274). Genetic variants in cytokine genes such as IL6 have also been associated
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with intrauterine infection and/or inflammation in sPTB (115, 117, 275). Furthermore, elevated
concentration of IL6 in maternal serum, cervical secretions and amniotic fluid are associated with
sPTB (276-279). Recently, a genome-wide association study investigating >40,000 women of
European ancestry identified several genetic variants associated with sPTB (127). Although
variants in EBF1, EEFSEC, and AGTR2 genes were replicated in an independent cohort of
>8,000 women, none of the identified genes had been previously identified in sPTB or known to
have a direct role in inflammatory mechanisms (127). While these studies have provided some
insight on genetic variation linked to sPTB, rarely are the same loci reported with sPTB risk.
sPTB is heterogeneous in etiology (219), thus inconsistent phenotyping of sPTB cases and
differences in population structure may likely explain the discrepancies across these studies.
Genetic variants within coding regions may directly affect protein function, while those
in regulatory regions may affect molecular processes such as DNAme (280-282) that are
involved in regulating gene expression (283, 284). Alternatively, genetic variants can alter the
binding site of TFs and affect gene expression, which then influences DNAme levels, suggesting
DNAme as a consequence of gene regulation (285). Irrespective of the underlying mechanism,
these effects can in turn affect susceptibility to inflammatory diseases. For example, in
rheumatoid arthritis (RA), DNAme at an IL6-related CpG was altered in RA affected patients,
and a negative relationship between DNAme and IL6 mRNA levels was observed (286). While
increased serum levels of IL6 have been previously reported in aCA (62, 64, 287), these studies
did not take into account the genotype at the IL6 locus and/or the DNAme status of the IL6related CpGs. Furthermore, the maternal genotype is often investigated although the placental
genotype may be more relevant in terms of mediating pregnancy-related inflammation.
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Elucidating these complex relationships between genotype, DNAme and gene expression is
important to improve our understanding of the genetic regulation of placental inflammation.
In this study, we investigated the association between 16 candidate SNPs in 12 innate
immune system genes and the presence of aCA. These SNPs were chosen based on published
reports of an association with chorioamnionitis (288-290), placental inflammation (116, 119) or
neonatal sepsis/infection (176, 291, 292). We validated these associations in a population of 269
placentas, of which 72 were affected with aCA and 197 were unaffected (non-aCA). Further, we
investigated whether aCA-associated SNPs showed also a correlation with altered DNAme of the
associated gene, and determined whether DNAme levels correlated with gene expression.
3.2 Methods
3.2.1 Study cohort
The study cohort is based on an ongoing collection of samples for our EPIC study, and
overlaps with samples described in previous publications related to placental DNAme (213, 258,
293). Placentas from 72 aCA cases were selected based on a diagnosis of aCA determined by
pathological examination of the placenta and associated membranes using consensus histological
criteria (9). Another set of 197 non-aCA cases were identified from this same collection of
placentas. These consisted of 73 PTBs with no evidence of aCA and/or placental inflammation
including cases of spontaneous premature preterm rupture of the membranes, placental
abruption, fetal vascular malperfusion, acute hypoxic ischemic event, and preterm labor), in
addition to 124 term (> 37 weeks gestation) cases from healthy, uncomplicated pregnancies.
Criteria for exclusion were fetal and/or placental chromosomal abnormalities, fetal
malformations, congenital abnormalities, IUGR (237), PE (238), and hypertension.
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Demographic characteristics of the study cohort is presented in Table 3.1. Of the
variables investigated, GA at delivery was significantly different between the aCA cases and
non-aCA cases in our study cohort, as aCA cases are associated with PTB. Although male
fetuses are reported to be at an increased risk of adverse pregnancy outcomes including chronic
inflammation, neonatal sepsis, and and stillbirth; in our study, fetal sex was not significantly
different between aCA and non-aCA groups.
Further, the aCA cases and the non-aCA cases were sampled from a single urban
population (Vancouver) and delivered at a single centre, BC Children’s & Women’s Health
Centre, which is located in a high socio-economic status neighborhood. Of the documented
observations for maternal smoking status (80/269), almost all (79/80) identified themselves as
non-smokers. Additionally, the most reproducible finding between maternal smoking and altered
DNAme is observed at CpG sites linked with AHRR and CYP1A1. We therefore tested for
differences at these sites and did not observe altered DNAme associated with our pathology at
these sites in our study cohort.
Table 3.1 Identification of variables confounded with acute chorioamnionitis status
aCA
N

Non-aCA

p-value*

72

197

Maternal age (yrs); range (mean)

19.6 - 44.0 (32.0)

17.0 - 43.5 (33.0)

ns

GA at delivery (weeks); range
(mean)

20.0 - 40.0 (28.0)

19.4 - 41.9 (36.0)

4.32e-15

-3.10 - 3.05 (-0.14)

-3.13 - 3.23 (0.04)

ns

38/34

103/94

ns

Birth weight (SD); range (mean)
Sex; M/F

*p-values are calculated by comparison of aCA cases to non-aCA cases using Wilcoxon-MannWhitney rank sum test for continuous variables, Fisher’s exact test for fetal sex. ns = p > 0.05.
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3.2.2 Candidate Single Nucleotide Polymorphism selection
SNPs in 12 innate immune system genes were chosen based on published findings of an
association with any of the following: i) chorioamnionitis (288-290), ii) placental inflammation
(116, 119), or iii) neonatal sepsis/infection (176, 291, 292). The estimates of the minor allele
frequency for the 16 SNPs varied between >1-48% in the general population based on 1000
Genomes Project Phase III records (294). Table 3.2 provides a detailed description of the 16
candidate SNPs investigated in the study.
Table 3.2 Candidate SNP information for 16 SNPs in innate immune system genes
Genes

Gene name

Chromosome

SNPs*

Genomic location

MBL2
TLR2
TLR4

Mannose binding lectin 2
Toll-like receptor 2
Toll-like receptor 4

10
4
9

TLR5
TLR9
CD14
IL6R
IL6

Toll-like receptor 5
Toll-like receptor 9
Cluster of differentiation 14
Interleukin-6 receptor
Interleukin-6

1
3
5
1
7

IL1B
IL10

Interleukin-1 beta
Interleukin-10

2
1

IL8
MMP-16

Interleukin-8
Matrix metalloproteinase-16

4
8

rs1800450
rs3804099
rs1554973
rs4986790
rs2149356
rs5744105
rs352140
rs2569190
rs2228144
rs1800795
rs1800796
rs1143643
rs1800896
rs2222202
rs4073
rs2664349

Exon
Exon
3′ UTR
Exon
Intron
Intron
Exon
5′UTR
Exon
Promoter
Promoter
Intron
Promoter
Intron
Promoter
Intron

*This information is obtained from dbSNP: database from short genetic variations
(https://www.ncbi.nlm.nih.gov/snp/)
3.2.3 Genotyping
All samples were genotyped using the Sequenom iPlex Gold platform at the Génome
Québec Innovation Centre (Montréal, Canada). Primary quality control of the genotype data
comprised of the following steps i) removal of samples with call rate <90% (n=1), and ii)
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removal of SNPs with call rate <90% (n=1; rs4986790). After primary quality control, each gene
involving multiple SNPs was investigated for linkage disequilibrium (LD) to determine if the
SNPs were independent of one another. Strong evidence for LD was observed for two SNP pairs
(rs1800795–rs1800796 in IL6 and rs1800896–rs2222202 in IL10) with D'=0.99. Haplotype
analysis was performed for these two SNP pairs to investigate whether carriers of a specific
haplotype had increased susceptibility for aCA. The 15 SNPs were also tested for HardyWeinberg Equilibrium (HWE) to detect genotyping error and/or population stratification.
3.2.4 Inferring ancestry of the study population
See Chapter 2, section 2.6
3.2.5 Publicly available datasets
To investigate whether candidate SNPs were associated with altered DNAme, we used
our previously obtained DNAme microarray data that was available for a subset of placental
(chorionic villus) samples (n=67). Some of these (GSE100197 and GSE74738; n=25) were
assessed on the 450K array; 485,512 CpG sites) (295), while the remaining samples
(GSE115508; n=42) were assessed on the 850K array; 866,895 CpG sites) (204). Probes for
453,093 CpG sites were present on both arrays. Probe filtering was performed as described in
Wilson et al. 2018 (204). To account for type I- type II probe bias on the DNAme arrays,
normalization was performed using preprocessFunnorm function in the R minfi package (249).
Principal component analysis (PCA) was used to detect sources of variability in the DNAme
dataset. Known technical variation associated with array type was corrected with the function
ComBat in R sva package (246). DNA methylation values were reported as β values ranging
from 0 to 1 (0 = no methylation, 1 = fully methylated) and were used for biological
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interpretation. However, log-transformed β values, M values, were used for statistical analyses as
they are less heteroscedastic (209).
Further, we took advantage of publicly available datasets to determine whether DNAme
levels correlated with gene expression at the associated gene. Our group has previously
published gene expression data (GSE44711) (296) on a set of 16 chorionic villus samples that
were also run on the 450K array to measure DNAme (GSE44667) (296). Another set of 48
matched chorionic villus samples were also utilized to evaluate correlation between gene
expression and DNAme levels (GSE98224) (297). DNAme data was already normalized and
corrected for batch effects. Log2-transformed expression values were used for statistical
analysis.
3.2.6 Statistical analysis
All statistical analyses were performed using R version 3.4.1. p-values for Table 3.1 were
calculated by Wilcoxon-Mann-Whitney rank sum test for continuous variables and Fisher’s exact
test for categorical variables. Kolmogorov-Smirnov (KS) test was used to assess the differences
in distribution of ancestry MDS coordinate values between aCA cases and non-aCA cases.
Deviation from HWE in controls was assessed using an exact test for HWE. Statistical tests for
differences in allele frequencies between aCA cases and non-aCA cases were conducted with
Fisher's Exact tests. Haplotype analysis was performed using SNPStats
(https://www.snpstats.net/start.htm) (298). Comparison of DNAme levels between genotype
groups was carried out using the non-parametric Kruskal-Wallis test. Spearman’s correlations
were conducted to determine whether DNAme levels correlated with gene expression at the
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associated gene. Power was calculated using the Online Sample Size estimator, OSSE
(http://osse.bii.a-star.edu.sg/index.php)
3.3 Results
3.3.1 Characterization of population stratification in study population
It is important to determine whether pathology showed evidence of confounding with
ancestry, as frequencies of genetic variants and the incidence of chorioamnionitis often vary
between different ancestries (158). There were no significant differences in the distribution of the
three ancestry MDS coordinates between the 72 aCA cases and 197 non-aCA cases (Bonferronicorrected p>0.05, Figure 3.1). However, we observed that ancestry MDS coordinate 1, which
largely separates European and East Asians, shows the greatest variability while ancestry MDS
coordinate 3, which largely separates the Europeans and South East Asians, shows the least
variability.
Genotype frequencies did not conform to HWE expectations in three SNPs (rs1800795,
rs1800796, and rs1554973, p<0.01). Because rs1800796, rs1800795 and rs1554973 deviated
from HWE, we next investigated whether the frequencies of these genetic variants were
associated with ancestry. Significant differences in the distribution of the two ancestry MDS
coordinates between the SNP genotypes was observed (Supplementary Figure 3.1), confirming
that deviation from HWE at these loci was due to our heterogeneous study cohort. Additionally,
both rs1800795 and rs1800796 are in LD and do not conform to HWE, thus it is unlikely it is an
artefact of genotyping.
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Figure 3.1 Distribution of ancestry MDS coordinates in the study cohort.
The three ancestry MDS coordinates were not significantly different between the aCA cases and
non-aCA cases in the study cohort, suggesting pathology was not confounded by ancestry in our
study population. p-values were calculated by Kolmogorov-Smirnov test.
3.3.2 Association of candidate immune SNP allele frequencies with acute chorioamnionitis
To investigate whether placental (fetal) genetic variation may lead to an increased
susceptibility to developing aCA, we genotyped 16 SNPs within 12 innate immune system genes
among our study cohort samples (72 aCA, 197 non-aCA). We limited our analysis to SNPs
previously implicated in aCA or related phenomenon. Given our small sample size, we estimated
that our study had 50% power to detect differences in allele frequencies associated with aCA, at
a p-value <0.05, MAF >1%. Despite this limitation, we found that the minor C allele at
rs1800796 in IL6 was associated with aCA (Fisher’s exact test, p=0.044). (Supplementary Table
3.1). To explore this further we looked at the genotype distributions for rs1800796 and found
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that the CC genotype was associated with increased risk for aCA (Fisher’s exact test, p=0.02,
OR=3.1).
The IL6 rs1800796 SNP is known to be strongly correlated with ancestry. Based on 1000
Genomes Project data, the C allele is common in individuals of East Asian (70-80%), and rare in
individuals of European ancestry (3-5%)
(https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). We also found that the genotype
frequencies of this SNP varied between different ancestries in our study population
(Supplementary Figure 3.1). We thus sought to explore the association of rs1800796 with aCA
within more genetically homogeneous subpopulations. To select homogenous ancestry groups
from our placental chorionic villus samples, an unsupervised clustering method, k-means
clustering, with k=3, was used to cluster samples into three groups of common ancestry. The CC
genotype was absent in cluster 1, which was predominantly of European ancestry (Figure 3.2 and
Supplementary Table 3.2). Allele frequencies of rs1800796 were significantly associated with
aCA status only in cluster 3 samples (n=41) that were largely of East Asian ancestry (Fisher’s
exact test, p=0.041). Specifically, 8 of the 12 (67%) cases of aCA in cluster 3 had the “CC”
genotype as compared to 10 of 29 (34%) non-CA cases. In our study cohort, rs1800796 was in
nearly complete LD with rs1800795 (D’ = 0.99); however, unlike rs1800796, rs1800795 was
polymorphic in individuals of European ancestry and uninformative in the East Asian cluster 3
samples as the GG genotype was completely absent. Although allele frequencies in rs1800795
alone were not associated with aCA, there was an increased risk of aCA in carriers of the C-C
haplotype (p=0.02).
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Figure 3.2 rs1800796 genotype is associated with ancestry.
Based on the ancestry MDS coordinate values, three ancestry clusters were identified by k-means
clustering. Of the 22 cases with CC genotype, 11 (50%) were associated with aCA, while 22%
(60/246) of the CG/GG genotypes were linked to aCA. Samples are colored by IL6 rs1800796
genotype.
3.3.3 Association of IL6 rs1800796 genotype with IL6 DNA methylation
A few studies have investigated the relationship between genetic variants in IL6 and
DNAme of the CpGs in the promoter region of IL6 as a mechanism by which genetic variants
may modulate disease risk (299-301). As these studies had been done in blood, we sought to
examine whether the IL6 SNP rs1800796 was associated with differential DNAme in IL6-related
CpG sites (n=8 CpGs) in a subset chorionic villus samples for which DNAme microarray data
were available (n=67). Modest (r>0.5) to strong (r>0.7) correlations were observed between β
values across most of the CpG sites (Supplementary Figure 3.2). DNAme was significantly
associated with rs1800796 genotype at cg01770232 (upstream enhancer, Bonferonni-corrected
p<0.05), cg02335517 (intronic, Bonferonni-corrected p<0.05), cg07998387 (intronic,
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Bonferonni-corrected p<0.05), cg13104385 (intronic, Bonferonni-corrected p<0.05); and
cg0526589 (intronic, Bonferonni-corrected p<0.05), whereby homozygous C samples showed
significant hypermethylation compared to homozygous G samples (Figure 3.3). These sites have
been previously identified as linked to methylation quantitative trait loci (mQTL) in blood (302),
meaning CpGs where individual genotypes may result in different DNAme patterns (283). The
CG genotype was present in only four samples, therefore we did not include them in statistical
analysis, though as expected, the heterozygotes showed intermediate DNAme levels
(Supplementary Figure 3.3). Further, altered DNAme at cg01770232, cg7998387, and
cg02335517 were associated with aCA (p<0.05) (Supplementary Figure 3.4).

47

Bonferonni-corrected p<0.05

Figure 3.3 Differentially methylated IL6 CpGs in chorionic villi associated with IL6
rs1800786 genotype.
Unadjusted DNAme (β) values are plotted on the y-axis w.r.t the CpGs on the x-axis. Carriers of
CC genotype showed increased DNAme levels compared to carriers of GG genotype, suggesting
DNAme levels at these CpG sites are influenced by IL6 genotype. Position of the CpGs are
indicated below the boxplots relative to the transcription start site (TSS) (UCSC GRCh37/hg19).
3.3.4 Correlation of DNAme and gene expression for IL6
To evaluate whether DNAme is associated with altered gene transcription activity, we
investigated whether DNAme levels of the IL6 CpGs correlated with gene expression at the IL6
locus in chorionic villi. Using two independent publicly available datasets, we observed that the
DNAme level at cg01770232 was negatively correlated with IL6 expression (GSE44711;
GSE44667: r=-0.67, p<0.004; GSE98224: r=-0.56, p<2.937e-05) (Figure 3.4). Similar trends
were observed for cg02335517, cg07998387, and cg13104385 (Supplementary Figure 3.5).
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Figure 3.4. Placental DNAme at cg01770232 is associated with IL6 gene expression.
DNAme at the IL6 CpG site was negatively correlated with IL6 log2 transformed gene
expression in chorionic villi from a) GSE44711; GSE44667 (r=-0.67, Bonferonni-corrected
p<0.05), and b) GSE98224 (r=-0.56, Bonferonni-corrected p<0.05)
3.3.5 Association of IL6 expression and DNAme with GA, fetal sex or preeclampsia status
Using the GSE98224 dataset, we observed that IL6 expression in chorionic villus samples
was not associated with GA or fetal sex (Supplementary Figure 3.6). Although previous studies
found altered IL6 expression in placentas from preeclamptic pregnancies, there was no
significant difference in IL6 expression between PE and non-PE groups in this dataset
(Supplementary Figure 3.6). Using the same dataset, we also did not observe an association
between DNAme at the IL6-related CpGs and gestational age, fetal sex or PE status.
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3.4 Discussion
In this study, we sought to validate associations of SNPs in innate immune system genes
with aCA status in the placenta. As the placenta and fetus are genetically identical, riskconferring genetic variants in innate immune-system genes may impact inflammation-response
pathways in the placenta and fetus similarly. Additionally, the placenta employs a number of
mechanisms to protect the developing fetus from inflammation and/or infection (111, 303). Few
studies have reported an association between genetic variants in inflammatory genes, alterations
in immune function and risk for aCA. The majority of these studies suggest a genetic
predisposition of the mother to aCA (288, 289), but the contribution of fetal (placental) genetic
variants remain significantly understudied.
In our study sample, we were able to confirm that the C allele in the IL6 SNP rs1800796
was associated with aCA status (p=0.04). This allele was linked to increased DNAme, at both an
upstream regulatory region and within the gene body, and associated with decreased expression
of IL6. Interleukin-6 is a pleiotropic cytokine with a wide range of biological functions (304).
Primarily, IL6 facilitates neutrophil recruitment and their subsequent clearance from the sites of
inflammation (305). In addition to eliciting innate immune responses, IL6 also regulates adaptive
immunity by influencing proliferation and maturation of T cells and B cells (304). As such,
increased IL6 has been shown to be protective against bacterial infection (306). Therefore,
decreased expression observed in the placenta in association with rs1800796 may lead to
increased risk for inflammation and aCA.
The IL6 SNPs rs1800796 and rs1800795 were previously associated with increased
incidence of aCA and development of sepsis in children in a study undertaken in Finland (117).
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In the cases of rs1800796, the heterozygous “CG” genotype was found to be associated with
sepsis, and in fact the “CC” genotype was absent from their study population. These same
genetic variants have also been investigated in association with other inflammatory disorders
including chronic periodontitis, systemic onset juvenile chronic arthritis, and distal
interphalangeal osteoarthritis (177, 307-310); however, results from these studies are
conflicting. Inconsistencies across these studies may be explained by ancestry differences in
the study populations as the CC genotype at rs1800796 is common in East Asians and rare in
individuals of European ancestry (311, 312). Though a small sample, we also found no CC
genotypes in the placentas of individuals of European ancestry and the C allele was more
common individuals of East Asian ancestry (Figure 3.2). Further, we found that the allele
frequencies of rs1800796 were associated with aCA status only in individuals of East Asian
ancestry, possibly as there was a low power to detect an effect in Europeans as the CC genotype
was lacking and heterozygotes are expected to have less of an effect. Similarly, variants at the
PGR locus, specifically the PGR SNP rs11224580, that significantly modulates PGR expression
in the ovary has been shown to be common in East Asians compared to individuals of European
and African ancestry (313), but in this case the Asian-specific variant is linked with decreased
incidence of early sPTBs (313). Because polymorphisms such as rs1800796 (IL6) and
rs11224580 (PGR) exhibit extreme population-specific aleleic variation, these genomic loci are
likely to have undergone positive selection that is specific to Asian populations (313, 314).
In addition to genetic variation, circulating levels of IL6 in the serum and amniotic fluid
may influence the risk for aCA. Although placental trophoblasts have the capacity to
synthesize IL6 (315, 316), the source of elevated IL6 plasma levels observed in pregnancy
complications such as PE is primarily attributed to maternal leukocytes and/or endothelial cells
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(317). Elevated IL6 levels in the mother may occur as part of a pro-inflammatory response to
infection. In contrast, we found that the placental genotype (rs1800796) associated with aCA is
linked with decreased IL6 expression in the placenta. As IL6 mediated innate immune response
has been shown to exhibit a protective effect against microbial infections (306, 318-321),
reduced IL6 expression observed in the placenta may predispose an individual to infection, by
preventing an appropriate innate immune response to microbes.
Although the role of IL6 in modulating innate immune response has been well-elucidated,
molecular mechanisms such as DNAme underlying the genetic regulation of IL6 transcription
have rarely been investigated (322). To our knowledge, this is the first study to show the role of
IL6 genetic variants in modulating DNAme patterns in aCA-affected placentas. We identified
that carriers of the rs1800796 C allele had increased placental DNAme levels at multiple IL6related CpGs, most significantly at cg01770232, which is located at an upstream enhancer,
compared to individuals with IL6 G allele. Although this CpG has been described as linked to an
mQTL in blood, we showed that this relationship also exists in the placenta. Further, we
observed aCA cases were more methylated than the non-aCA cases at cg01770232, cg07998387,
and cg02335517 (Additional file 2: Figure S4).
The DNAme patterns in the placenta may imply a primary phenomenon where increased
DNAme at cg01770232 is associated with an increased risk of developing aCA in individuals
carrying the IL6 C allele. Alternatively, some of these subtle DNAme changes could be
secondary to the disease itself. Although we were not able to measure circulating levels of IL6,
using publicly available matched placental DNAme and gene expression data, we observed that
DNAme levels at cg01770232 negatively correlated with IL6 gene expression. Dandrea et al.
(2009) (322) demonstrated that IL6 repression in pancreatic adenocarcinoma cell lines is
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facilitated by binding of methyl-CpG-binding protein (MeCP2) to the methylated CpGs spanning
from positions -666 to -426 relative from the transcription start site of IL6. Interestingly,
rs1800796 and cg01770232 is located at position 572 and 662 respectively, and it is therefore
possible that rs1800796 alters the binding of MeCP2 to cg01770232, thereby affecting IL6
expression and DNAme, though this has not been tested in placental tissue. Further, the IL6
upstream region contains several (A/T)>4 motifs adjacent to the methylated CpGs including
cg01770232, shown to mediate high-affinity MeCP2 binding (323). Understanding these
mechanisms will provide insights into how genetic variation in IL6 may contribute towards
disease pathogenesis in aCA.
Overall, the present study has limitations. Our sample size was relatively small,
especially among the genetically homogenous subpopulations; therefore, the findings of this
study should be evaluated in larger subpopulations of different ancestries. In particular, the lack
of an association between the other genetic variants we investigated and aCA might be a result of
our small sample size. Although we utilized publicly available datasets to investigate functional
consequences of the IL6 rs1800796 polymorphism, and confirmed that DNAme changes
correlated with changes in IL6 gene expression, we could not examine whether IL6 protein levels
in maternal blood would reflect placental DNAme and expression. Further, potential
confounding factors for our study, such as socio-economic status, maternal smoking status,
maternal alcohol use, and PPROM status, were not documented for all the cases in our study
cohort and thus not accounted for in statistical analyses. Finally, our results only highlight the
biological significance of placental (fetal) genetic variants in aCA, but this does not exclude the
role of maternal genetic factors in altering disease risk to aCA, given that maternal genetic
effects have been shown as important contributors to PTB (99).
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Chapter 4: DNA methylation profiling of acute chorioamnionitis-associated
placentas and fetal membranes: insights into epigenetic variation in
spontaneous preterm births
4.1 Background
Preterm babies are at an increased risk of life-threatening infections in the first few weeks
of life, as well as long-term health complications (14, 259). PTBs are commonly associated with
inflammation of the placenta and fetal membranes (amnion and chorion) known as aCA (49,
324). aCA is also a risk factor for newborn complications, regardless of GA at birth (324-326)..
aCA is associated with other inflammatory lesions of the placenta including acute intervillositis
and villitis, which affect the chorionic villous trees (32, 326). Thus, characterizing these
molecular or cellular changes in the placenta can in turn improve our current understanding of
the full consequences of aCA.
Epigenetics may be a useful tool to characterize some of the molecular and cellular
processes involved in placental inflammation, yet its role in the context of aCA is substantially
understudied. DNAme, the addition of a methyl group to the 5’carbon of cytosine, most typically
at CpG dinucleotides, is a commonly interrogated epigenetic mark in human population studies.
The relationship between DNAme and gene expression regulation is complex and tends to be
dependent on genomic context (327). In the context of PTB, only a limited number of studies
have investigated DNAme changes in the placenta (217, 328). While these studies provided
some preliminary insights on DNAme patterns associated with PTB, rarely are the same CpG
candidates reported as differentially methylated (DM) between cases and controls. Additionally,
the definition of PTB pathology was ambiguous, which limits the utility of these studies in
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understanding the role of DNAme in aCA. A focus on a distinct pathology linked to PTB, such
as aCA, is needed to further research in this area.
While DNAme may reflect changes to gene expression in specific cell types, it may also
reflect altered cell composition. DNAme signatures differ strikingly between different cell
lineages, including those in extra-embryonic tissue. Chorionic villi have a unique DNAme
landscape compared with maternal decidua, fetal membranes (chorion and amnion), and
embryonic tissues (brain, kidney, muscle, spinal cord) (207). In whole placenta samples
(chorionic villi), DNAme patterns also change with GA (212), and in certain placental
pathologies (207). We hypothesize that the increase in the number of immune cells that occur
during placental inflammation will be reflected in changes to DNAme in whole placental
samples. Specifically, we sought to address three questions: (1) Are there genome-wide DNAme
changes associated with aCA in chorionic villi, chorion and amnion?; (2) Are there common
aCA-associated DNAme changes between chorionic villi, chorion, and amnion? ; (3) Can we use
DNAme signatures to characterize immune cell-types in aCA-associated placentas?
An overview of the study design is presented in Figure 4.1. We first compared genomewide DNAme profiles of aCA-associated pregnancy tissues (22 placental chorionic villi,
including 9 with matched chorion and amnion samples) to profiles of non-aCA preterm
pregnancy tissues (22 placental chorionic villi, including 7 with matched chorion and amnion
samples). Next, we identified overlapping aCA-associated DNAme changes across the three
tissue types, chorionic villi, chorion, and amnion. Differentially methylated CpG sites associated
with aCA in the “discovery cohort” were followed up in an independent set of samples (N= 42
aCA cases, 36 non-aCA cases) by a site-specific technique for measurement of DNAme
(pyrosequencing). Finally, we used unsupervised hierarchical clustering with neutrophil-specific
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CpG sites to segregate chorionic villus samples based on aCA status. Collectively, our genomewide array analysis of aCA placentas was able to capture some immunity-related changes, which
may be in part attributable to changes to immune cell type ratios and gene expression during
placental inflammation in aCA.
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Figure 4.1 Schematic representation of the study design and workflow
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4.2 Methods
4.2.1 Study cohort
Discovery cohort: Placentas from 44 PTBs, 22 with aCA and 22 without aCA were
collected from the deliveries at the BC Women’s Hospital. A subset of these samples have been
previously described in Wilson et al. (2018) (19). Diagnosis of aCA was performed using
validated histological criteria by clinical pathologists (9). Distribution of non-aCA preterm cases
was chosen to be of mixed etiology based on clinical history and placental examination and is as
follows: 11cases of spontaneous premature preterm rupture of the membranes, 6 cases of
placental abruption, 2 cases of placental previa, 1 case of preterm labor, 1 case of PE, and 1 case
of unexplained PTB. Exclusion criteria for samples were (i) chromosomal abnormalities either
diagnosed prenatally by amniocentesis or on the placenta postnatally after delivery as determined
by postnatal screening, (ii) fetal malformations, (iii) intrauterine growth restriction, and (iv)
multi-fetal pregnancies. Demographic and clinical characteristics of the discovery cohort are
presented in Table 4.1. Although the GA at delivery differed between the groups, the age range
was the same and GA was accounted for in statistical analyses.
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Table 4.1 Demographic and clinical characteristics of the discovery cohort
Variables

aCA (n=22)

Non-aCA (n=22)

p value

Maternal age, years (mean)

19.6-43.9 (33.41) 20.4-43.5 (32.08)

ns

GA at delivery, weeks (mean)

28-36 (30.74)

28-36.7 (32.28)

<0.01

Birth weight (SD)

-1.02-1.51

-1.36-0.73

ns

Fetal sex (M/total)

11/22

13/22

ns

*p-values are calculated by Wilcoxon-Mann-Whitney rank sum test for continuous variables,
Fisher’s exact test for fetal sex. ns = non-significant
Ancestry was inferred from AIM SNPs using MDS based on the method as described in
Del Gobbo et al. (2018) (258) (See Chapter 3, section 2.6). While overall similar, there were
significant differences in the distribution of ancestry MDS coordinates between aCA cases and
non-aCA cases as assessed by KS tests; therefore, ancestry was accounted for in statistical
analyses.
Validation cohort: Fresh frozen placental chorionic villi was obtained from the
Anatomical Pathology Laboratory at BC Children’s & Women’s Health Centre. Clinical
characteristics of the validation cohort are presented in Table 4.2. Both aCA cases and non-aCA
preterm cases were chosen using the same criteria as the discovery cohort. DNA was extracted
using the same protocol as described for the discovery cohort samples.
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Table 4.2 Demographic and clinical characteristics of the validation cohort
Variables

aCA (n=42)

Non-aCA (n=36)

p value

Maternal age, years (mean)

21-44 (32)

17-43 (29.27)

<0.03

GA at delivery, weeks (mean)

20-41 (26.83)

20-39 (29.2)

<0.02

Birth weight (SD)

-2.24-1.23

-3.13-1.67

ns

Fetal sex (M/total)

24/42

21/36

ns

*p-values are calculated by Wilcoxon-Mann-Whitney rank sum test for continuous variables,
Fisher’s exact test for fetal sex. ns = non-significant
4.2.2 Illumina Infinium HumanMethylationEPIC BeadChip quality control and preprocessing
Chorionic villi (n=44), amnion (n=16), and chorion (n=16) from the discovery cohort
samples were run on the 850K array, which quantifies DNAme at 866,895 CpG sites across the
genome (204). To minimize technical effects of sample processing, all samples were run in the
same batch and by the same operators, and 4 samples were run in duplicate to assess data
processing. See Supplementary Figure 4.1 to view distribution of samples across chips.
The discovery cohort genomic DNA was purified using DNeasy blood and tissue kit
(Qiagen, CA, USA) followed by bisulfite conversion of the purified DNA using the Zymo EZ
DNA MethylationTM Kit (Zymo Research, USA). Bisulfite converted DNA was then wholegenome amplified, enzymatically fragmented, and hybridized to the array as per the 850K array
protocol (204). Chips were scanned using an Illumina HiScan2000 and raw intensity was read
into GenomeStudio Software (Illumina). Within Genome Studio samples were background
normalized, after which data was read into R statistical software (version 3.4.1) with the
Bioconductor lumi (329) package to generate M values from the signal intensities.
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An initial sample quality control (QC) check was performed in GenomeStudio using
Illumina’s 636 control probes to assess technical parameters including array staining, extension,
hybridization, target removal, specificity, and bisulfite conversion. Clustering of samples based
on all probes confirmed tissue identity except for one amnion and one chorion sample which
were likely tissue label swaps as they were from the same placenta and clustered with the wrong
fetal membrane tissue group. The samples were reassigned labels and were kept in for the
remainder of the analysis. One amnion sample clustered further away from the amnion group as
seen in hierarchical clustering and PCA (Supplementary Figure 4.2a and 4.2b) and was removed
from the analysis as it is likely this is due to either poor DNA quality or a contaminated sample.
Sample quality was further assessed as in Price et al. (2016) (330) and no other sample was
excluded from the analysis.
After initial QC, 44 placental chorionic villi, 16 chorion, and 15 amnion samples were
identified for the aCA analysis. Further analysis was conducted independently for the three
tissues. Probe filtering was performed as shown in Table S3 in Additional file 1 (331-333). To
account for type I- type II probe differences on the 850K array, functional normalization (249)
was done. ComBat (246) was used to correct for known technical variation associated with
Sentrix_row (chip position) and Sentrix_Id (chip Id). Correlation of the technical replicates in
chorionic villi improved from the raw data to batch corrected cleaned data (Supplementary
Figure 4.3). Because there were no technical replicates for amnion and chorion, performance
metrics in R wateRmelon package (334) were used to monitor data preprocessing for the fetal
membranes.
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4.2.3 Differential methylation analysis of acute chorioamnionitis data
To identify differential methylation associated with aCA, we first used a candidate gene
approach. Genes of interest (n=12) were chosen based on publications reporting a genetic
association with chorioamnionitis (288-290), placental inflammation (116, 119), and neonatal
sepsis/infection (176, 291, 292). CpG sites from the 850K array that mapped to these genes were
then identified (195 CpG sites, Table S4 in Additional file 1). Using this set of biologicallyrelevant CpGs, we modelled DNAme as a function of aCA status with GA, fetal sex, and
ancestry were included as additive covariates. Subsequently, an epigenome-wide association
study (EWAS) was conducted using the batch corrected cleaned data (711789 CpG sites). To
account for multiple tests, the resulting p-values were adjusted using the Benjamini and
Hochberg (335) false detection rate (FDR) method. Group differences in DNAme (Δβ) were then
calculated by subtracting the average beta (β) of non-aCA cases from aCA cases on an individual
CpG site basis. Differentially methylated sites associated with aCA were identified based on
FDR and Δβ thresholds. Using similar thresholds, sites identified in the chorionic villi were also
examined in the chorion and amnion samples and the overlap of the chorionic villi sites in
chorion and/or amnion was confirmed by a random sampling function as described in Wilson et
al. (2018) (293). Finally, dmrFind function in the R charm package was used to find
differentially methylated regions (DMR) (336), as described in (330).
4.2.4 Pyrosequencing
We performed pyrosequencing (PyromarkTM Q96 MD pyrosequencer, Qiagen) for some
of the CpG sites identified as DM in the 850K array comparison of aCA cases and non-aCA
cases. Genomic DNA was bisulfite converted using the EZ DNA methylation Gold kit (Zymo,
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USA) as per manufacturer’s protocol. PyroMark Assay Design software version 2.0 was used to
design the forward, reverse, and sequencing primers. Primer sequences and reaction conditions
for all pyrosequencing assays are listed in Supplementary Figure 4.4. For quality control,
synthetic fully methylated and unmethylated samples (standard controls) were included on each
plate. PyroMark Q-CpG software (Qiagen) was used to generate quantitative methylation levels
of the targeted CpG of interest. Spearman’s rank order correlation was used to illustrate
agreement between the 850K array findings and pyrosequencing data. A linear model was fitted
for each follow up CpG site, with aCA status as main effect and GA, fetal sex, and ancestry as
covariates.
4.2.5 Correlation analysis and differential methylation analysis on matched tissue dataset
To address the overlap between differential methylation for different tissues, it is useful
to understand patterns of correlation across our three aCA-associated tissues (chorionic villi,
chorion, amnion). To do this, we utilized the strength of our matched sample cohort of 15
individuals. Data pre-processing of the matched tissue cohort was performed as described in
Supplementary Methods 4.1. Correlation of DNAme on a per CpG level was calculated between
chorionic villi and the fetal membranes independently using Spearman rank-order correlation on
M values. Adopting a similar approach from (333), we generated a null distribution of
correlations by shuffling the order of the chorionic villus samples and ran the correlations
calculations with each fetal membrane. Comparing against the null distribution allowed us to
confirm whether the correlated sites between chorionic villi and fetal membranes were
significantly more than what we would expect by chance.
To quantify the similarity between fetal membranes and placental chorionic villi,
differential DNAme analysis on a per CpG level was also performed between the tissue pairs
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(chorionic villi-chorion and chorionic villi-amnion) by applying a linear model to M values using
limma (337). This is described in detail in Supplementary Methods 4.2, and Supplementary
Table 4.1.
4.2.6 Immune cell-type analysis on the acute chorioamnionitis dataset
Because we hypothesized that altered DNAme exhibited by aCA-associated placentas
might reflect an increase in the number of immune cells, we anticipated that the aCA cases and
immune cell types might follow similar trends in DNAme for the DM sites identified in our
EWAS analysis. To test this, we first utilized a publicly available dataset assessing DNAme in
blood immune cell types isolated from six healthy adults (338). These samples had been run on
the 450K array, measuring DNAme at 485,512 CpG sites across the genome (295), 93.3% of
which overlap the 850K array used in the present study. Beta value distributions of DM sites
were compared across aCA cases and the blood immune cell types to identify concordance in
DNAme patterns.
To identify immune cell-type specific DNAme, we used the previously described
publicly available dataset (338), and also included 30 chorionic villi controls from two published
studies in our lab (293, 339). Similar site filtering criteria were adopted as described previously
in Supplementary Table 4.2. To identify neutrophil-specific CpG sites, we first performed
differential methylation analyses for the following comparisons: i) neutrophils - chorionic villi,
ii) neutrophils - eosinophils, iii) neutrophils - monocytes, and iv) neutrophils - lymphoid lineage
cells (T cell + B cells + Natural Killer cells), using linear modelling on filtered and normalized
data (442495 CpGs). We next identified overlapping DM CpG sites between the above
comparisons to determine neutrophil-specific CpG sites. This procedure was also used to identify
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eosinophil-specific CpG sites, monocyte-specific CpG sites, and lymphoid lineage-specific CpG
sites. Finally, these immune cell type-specific CpG sites were used to cluster the chorionic villus
samples in the discovery cohort. Stability of the resulting clusters was determined using the R
package pvclust (340) and the R sigClust2 package (341) was used to assess if the resulting
clusters were significantly different from one another, both using 1000 iterations.
4.3 Results
4.3.1 Characterization of unique aCA associated DNA methylation changes in chorionic
villi and fetal membranes
To investigate differences in DNAme between aCA cases and non-aCA cases, we fitted a
linear model testing for differential methylation in each of the three tissues in the discovery
cohort; chorionic villi (22 aCA, 22 non-aCA), amnion (8 aCA, 7 non-aCA), and chorion (9 aCA,
7 non-aCA). We first looked at DNAme in a subset of 12 genes that might be biologically
relevant to aCA (Supplementary Table 4.3). CpG sites from the DNAme array that mapped to
these candidate genes were not DM between aCA cases and non-aCA cases. Next, using an
epigenome-wide approach, no sites were identified as DM in amnion or chorion, but 66 sites
were DM in chorionic villi (FDR <0.15 and Δβ >0.05) (Figure 4.2). Detailed descriptions of
these sites are provided in Supplementary Table 4.4. We chose less stringent statistical cutoffs
here as our small sample size may limit our ability to detect significant DNAme differences at
individual CpG sites. Hierarchical clustering of chorionic villus samples using these 66 DM CpG
sites completely separated the aCA cases from the non-aCA cases (Supplementary Figure 4.5).
Although not significantly enriched for any gene ontology terms using ermineJ (342), some of
the DM sites were located within immune-relevant genes such as HLA-E, CXCL14, RAB27A,
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IRX2, and HSD11B2. Each of these DM CpG sites were located 200-1500 base pairs up-stream
of the transcription start site.
We also tested for differences in DNAme across regions (i.e., DMRs) to integrate
information across neighbouring CpGs. This reduces the number of statistical tests, potentially
increasing the power to detect a DNAme change. However, none of the DMRs withstood
correction for multiple tests in each of the three tissues (chorionic villi, chorion, and amnion).
Male fetuses are at an increased risk of PTB (343, 344) and are more likely to show
adverse outcomes including chronic inflammation, respiratory distress syndrome, neonatal
sepsis, infection, and stillbirth (345-348). To identify whether there may be sex-specific DNAme
changes associated with placental inflammation, we repeated the EWAS analysis on male and
female chorionic villus samples separately. We fitted a linear model testing for differential
methylation in the discovery cohort of chorionic villus samples, analyzing males (11 aCA, 13
non-aCA) and females (11 aCA, 9 non-aCA) separately. None of the 711,789 CpG sites was DM
between aCA cases and non-aCA cases in males or females (FDR <0.15 and Δβ >0.05)
(Supplementary Figure 4.6). However, our ability to characterize sex-specific significant
differences at individual CpGs is limited by the small sample sizes.
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Figure 4.2 Acute chorioamnionitis array-wide volcano plots.
For each probe, FDR corrected p-values from fitted linear models were plotted against group
differences in DNAme for each tissues. Sites at FDR <0.15 and adjusted Δβ >0.05 are
highlighted in red and blue. Sites highlighted in red are those that are hypermethylated in aCA
cases compared to non-aCA cases. Sites highlighted in blue are those that are hypomethylated
aCA cases compared to non-aCA cases. The flat volcano plots demonstrate a lack of differential
methylation associated with aCA in the fetal membranes after correction for multiple
comparisons.
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4.3.2 Pyrosequencing validation of aCA-associated differentially methylated sites
To verify our array-wide findings, we performed pyrosequencing on three of the DM
CpG sites (cg01276475, cg11340524, and cg21962324) in chorionic villi in the discovery cohort
(22 aCA cases, 22 non-aCA cases) and in an additional set of 42 aCA and 36 non-aCA cases
(i.e., validation cohort). One CpG site, cg01276475 (RIMS1) was chosen as it showed highest
magnitude of methylation difference (∆β >0.20) between the groups in the discovery cohort. The
other two sites (cg11340524, RAB27A; cg21962324, IRX2) were chosen to follow-up based on
functional relevance in immune system and inflammation, which may be of interest in aCA.
DNAme measured by pyrosequencing was significantly correlated with the 850K array data at
all three CpG sites (cg01276475, r=0.8 (p<2.2e-16); cg21962324, r=0.8 (p<2.2e-16);
cg11340524, r=0.7 (p<1.322e-07)) and was verified in the discovery cohort (p<0.003).
Furthermore, the differences at these three CpG sites also replicated in the validation cohort
(p<0.01) (Figure 4.3).
Next, we tested for differential methylation at the three selected CpG sites in males and
females separately, as correcting for a large number of CpG sites may have limited our power to
detect array-wide sex-specific DNAme differences between our study groups. The three DM
CpG sites showed a DNAme trend in the same direction in both males and females as observed
in the discovery cohort and validation cohort chorionic villus samples (Supplementary Figure
4.7). For these selected CpG sites, we also assessed variation in DNAme between fetal sexes
over gestation. Though we failed to observe a significant difference in DNAme between the
sexes, we did however, observe sex-specific trends in DNAme across gestation for cg21962324
(IRX2) and cg01276475 (RIMS1) (Supplementary Figure 4.8).

68

aCA

non-aCA

aCA

non-aCA

aCA

non-aCA

aCA non-aCA

aCA

non-aCA

aCA non-aCA

Figure 4.3 Pyrosequencing of cg11340524, cg21962324, and cg01276475 in chorionic villi.
Pyrosequencing was performed to follow up differential methylation at three CpG sites
(cg11340524, cg21962324, and cg01276475), identified in the chorionic villus samples in
discovery cohort. We confirmed significant differential DNAme in the discovery cohort (p
<0.003) and replicated in the independent set of samples (i.e, validation cohort) (p <0.01).
4.3.3 Characterization of common aCA-associated DNA methylation changes between
chorionic villi and fetal membranes
DNAme patterns vary widely by tissue type (198, 199). Because chorionic villi and
chorion are considered to partially share a similar trophectoderm-derived cell lineage (339), we
predicted that changes in response to inflammation specific to the trophoblast lineage might
create more overlap in aCA-associated DNAme changes between chorionic villi and chorion
than compared to amnion. We first confirmed that the genome-wide DNAme profile of chorionic
villi is more correlated to chorion than amnion (Supplementary Figure 4.9). Next, we compared
the DNAme landscapes of chorionic villi to the fetal membranes by a differential DNAme
analysis. To enrich for tissue-specific DNAme differences, we adopted strict statistical (FDR
<0.01) and biological thresholds (Δβ > 0.20); and identified more DM sites when comparing
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chorionic villi to amnion than when comparing chorionic villi to chorion (Supplementary Figure
4.10). We then used the 66 DM sites in chorionic villi, and fitted a linear model to test for
similar changes in DNAme at these sites in the chorion and/or amnion. At the same thresholds
(FDR <0.15 and Δβ >0.05), no sites were DM in amnion, while ~20% (13/66) of chorionic villi
sites were also DM in chorion, higher than expected by chance (p=0.0001).
4.3.4 Characterization of immune cell-types in aCA-associated placentas
We hypothesized that some of the aCA-associated DNAme changes captured by the
850K array could be attributable to an increase in immune cell number especially neutrophils,
during placental inflammation. Therefore, we expected the 66 DM sites associated with aCA in
chorionic villi may trend in the same direction as immune cell types. DNAme data for
neutrophils, eosinophils, monocytes, lymphoid cells and whole blood were obtained from GEO
(GSE35069). As this data was run on a previous version of the Illumina array, the 450K array,
only data for 36 of our 66 DM sites was available. We compared the β value distributions of
36/66 DM sites available in GSE35069 for each immune cell type to our data. Taking neutrophils
as an example, 24/36 (66.6%) DM sites showed a similar trend in DNAme to the aCA cases
versus non-aCA cases, which is higher than what we would expect by chance (p=0.00001). This
pattern was also observed across all the other immune cell types including whole blood,
suggesting that the DNAme profile of the aCA cases may be more shifted in the direction of
blood immune cell type than a non-aCA associated placenta (Figure 4.4).
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Figure 4.4. Differentially methylated CpG sites in the chorionic villi comparison of aCA
cases to non-aCA cases.
Box plots of DNAme for four representative CpGs sites that are either hypermethylated or
hypomethylated in the aCA cases compared to non-aCA cases in chorionic villi. These sites are
among 24/36 sites that showed similar trends in DNAme for the the multiple immune cell types
(eosinophil, neutrophil, monocytes, and lymphoid) as aCA chorionic villi cases. For example,
when aCA cases were hypomethylated compared to non-aCA cases, immune cells were also
hypomethylated compared to non-aCA.
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Next, we sought to detect if there was a specific immune cell-type more likely to be
linked to aCA-associated placentas. We identified immune cell type-specific CpG sites using this
same data by a differential methylation analysis (see Methods). Unsupervised hierarchical
clustering was performed in the discovery cohort of chorionic villus samples using these immune
cell-type specific CpGs. Neutrophil-specific sites (2069 CpGs) produced two stable and
significantly different clusters (Fisher’s test, p<0.005) which separated most aCA cases from the
non-aCA cases (Figure 4.5), while the same analysis using eosinophils, monocytes, lymphoid
lineage specific-sites did not yield stable clusters. No other differences were observed between
the two neutrophil-specific clusters based on the available clinical information (Table 4.3).
Neutrophil-specific cluster 1 was significantly enriched for aCA cases (p<0.005), suggestive of a
“placental inflammation-mediated” phenotype in this group. Neutrophil-specific cluster 2
consisted predominantly of non-aCA cases. Although two sub-clusters were observed in this
latter group; the sub-clusters were not stable as determined by multi-scale bootstrap resampling
(1,000 permutations).
Table 4.3. Clinical information on samples assigned to cluster 1 and cluster 2 obtained by
neutrophil-specific CpGs.
Neutrophil-specific

Cluster 1 (n=22)

Cluster 2 (n=20)

p value*

aCA status (aCA/total)

17/22

5/20

<0.005

Fetal sex (M/total)

15/24

9/20

ns

28.3-36

28-36.7

ns

21.2-43.9

20.4-43.5

ns

Gestational age, weeks
Maternal age, years

Fetal birth weight (SD)
-1.14-1.58
-2.46-0.73
ns
*p-values are calculated by Wilcoxon-Mann-Whitney rank sum test for continuous variables,
Fisher’s exact test for fetal sex and aCA status. ns = non-significant
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Because we did not observe an overlap of DM CpG sites between the 66 DM aCAassociated CpGs and the neutrophil-specific CpGs, the later may manifest as subtle changes that
do not meet our criteria of Δβ>0.05. It is also likely that some of the stronger aCA-associated
DNAme changes might reflect alterations in cell populations inherent to the placenta such as
Hofbauer cells, trophoblasts, and/or endothelial cells or to changes in gene expression, within
some of those cell types. However, it is important to note that the 66 DM CpGs were identified
using the 850K array whereas the neutrophil-specific CpGs were characterized using the 450K
array, and only 36/66 DM sites were common between the arrays. Additionally, different
statistical and biological thresholds were used to identify the 66 DM CpGs and the neutrophilspecific CpGs, which could explain the lack of an overlap between the CpG sites.
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Chorioamnionitis cluster (p<0.05) *

Figure 4.5. Sample clustering based on array-wide neutrophil-specific CpG sites.
Euclidean clustering of our chorionic villi DNA methylation data (n=44 samples) using 2069
neutrophil-specific CpG sites largely separated aCA cases from the non-aCA cases. * indicates
stable and significantly different clusters as determined by pvclust and sigclust2 packages. Blue
labels, aCA. Gray labels, non-aCA.
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4.4 Discussion
To our knowledge, this is the first study to investigate genome-wide aCA-associated
DNAme alterations in the placenta and fetal membranes. Our EWAS identified 66 DM CpG sites
(FDR <0.15 and Δβ >0.05) associated with aCA in chorionic villi. Amongst the 66 were a
number of CpGs located in inflammation-related genes including HLA-E, CXCL14, RAB27A,
IRX2, and HSD11B2. Expression of HLA-E molecules in extravillous trophoblast cells of the
placenta inhibits the cytotoxic activity of maternal natural killer cells, resulting in immune
tolerance to the fetus during pregnancy (349). CXCL14 is highly expressed in the placental
trophoblasts and shown to regulate trophoblast invasion during pregnancy (350). This chemokine
acts as a selective chemoattractant for dendritic cells, monocytes, NK cells, and neutrophils, and
facilitates leukocyte recruitment under different pathophysiological conditions (351, 352).
Furthermore, decreased expression of CXCL14 was reported in spontaneous PTB placentas
(223). RAB27A plays a vital role in the regulation of multiple neutrophil functions such as
chemotaxis, adhesion to activated surfaces, and exocytosis of granules with anti-microbial
properties (353). Transcription factor IRX2 has been shown to control chemokine expression in
breast cancer cells (354). HSD11B2, on the other hand, is regulated by pro-inflammatory
cytokines and may influence the inflammatory microenvironment (355). Additionally, decreased
expression of HSD11B2 in chorioamnionitis-affected placentas has been reported (356). Overall,
our DNAme EWAS study provides an improved understanding of epigenetic changes that occur
during placental inflammation, which is an important precursor for developing markers for
earlier clinical diagnosis of aCA.
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Currently, clinical examination is the routinely used method for diagnosing aCA, but
assessment of clinical signs is neither sensitive nor specific. Histologic examination of the
placenta is more sensitive and specific for identifying aCA but is only possible after delivery.
There has been some promise in utilizing maternal serum biomarkers to predict placental
inflammatory responses, including C-reactive protein and cytokines (357-359). However,
conflicting reviews on the clinical utility of these maternal serum markers raises concerns on
their reliability, sensitivity, and specificity (360-362). Limited studies have identified altered
gene expression in candidates such as TLRs, and CXCLs in chorioamnionitis-affected placentas
(225, 226, 236, 363). Some of these inflammation-related mRNA changes were also observed
during normal spontaneous labor (228), and therefore may not represent unique mRNA changes
in placental inflammation.
DNA methylation is associated with gene expression, but is relatively stable, and more
likely to retain a “memory” of earlier in utero exposures. In our study, we were successful in
confirming some of our array-wide DNAme findings by an alternate technology and validating
these DNAme results in an independent set of samples. These DNAme alterations may be useful
in the development of biomarkers for rapid prenatal detection of aCA if they are also detectable
in maternal blood (70), as has been shown for other conditions including cancer (364-367) and
PE (368, 369). However, the aCA-associated DNAme changes reported in this study were small
in magnitude and may require highly sensitive detection methods. On the other hand, a subset of
aCA-affected placentas may exhibit larger DNAme changes due to increased severity of the
inflammatory processes associated with aCA. It is also important to recognize that the
distribution of inflammatory lesions associated with aCA is heterogeneous across the placenta,

76

and depending on the sampling site, changes in DNAme will likely vary from subtle to large
effects.
In recent years, there has been increasing interest in DNAme EWAS studies about “cell
type correction”. Differences in DNAme identified using whole tissue samples, such as chorionic
villi may represent a change in DNAme limited to one cell type or suggest a difference in the
proportion of cell types between disease groups. These differences in cell type proportions are
often thought to be a confounding influence and thus variance due to altered cell type
proportions is removed using computational approaches (370). In some conditions, such as in
aCA, alterations in cell type proportions may be biologically relevant to the disease
pathogenesis, and therefore adjusting for cell composition will significantly reduce the variability
due to the pathology, as discussed by Lappalainen and Greally (2017) (183). Numerous studies
have documented aCA-associated cellular changes primarily in the context of a microbial
invasion that ascends from the lower genital tract. Invasion of the amniotic cavity stimulates a
strong inflammatory response in the mother and fetus, and an increase in the concentrations of
proinflammatory cytokines can be detected in the amniotic fluid (132, 133, 371). In response to
this chemotactic gradient, maternal neutrophils migrate towards the chorionic plate of the
placenta. Additionally, placental tissue from cases of aCA exhibit alterations in the number of
placental-specific macrophages called Hofbauer cells (23, 24). Placental trophoblasts also mount
a specific innate immune response in the presence of a microbial infection (93-95). In our study,
we identified DNAme changes associated with aCA which likely reflect an increase in immune
cell number such as neutrophils and/or represent changes in placental cell populations as a
response to inflammation, such as increased secretion of IL8 by placental trophoblasts reported
during chorioamnionitis (96). It is possible that some of the DNAme changes occurring in the
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placental trophoblasts could overlap with the neutrophil-specific changes as these are also a part
of the innate immune system. Further, we identified some common aCA-associated DNAme
changes between chorionic villi and chorion, and none of the DNAme changes overlapped
between chorionic villi and amnion. Because chorionic villi and chorion share a similar
trophectoderm-derived cell lineage, the overlapping DNAme changes in these two tissues may
reflect similar epigenetic response to aCA-associated inflammation. Further, shared changes
between chorionic villi and chorion could also result from a similar alteration in immune cell
ratios in chorionic villi and chorion.
We utilized a subset of our matched samples to gain a comprehensive understanding of
DNAme landscapes in the placenta and fetal membranes. Our group previously reported on
genome-wide tissue-specific DNAme patterns in the placenta, and fetal membranes (207).
However, the present study included a larger sample size and matched tissue samples. The
DNAme landscape of chorionic villi was more similar to chorion than amnion, possibly because
the ectodermal layer of chorion and the outer trophoblast layer of the chorionic villi are both
derived from the trophectoderm. In contrast, similarities between chorion and amnion may also
occur as the mesenchyme layers of both the chorion and amnion membranes have a common
origin from the epiblast.
Our findings should be interpreted within the context of a few inherent limitations. First,
our sample size was relatively small which limited power; hence the findings of this study should
be replicated in an independent population. It is also important to acknowledge that bisulfite
conversion-dependent techniques (850K array and pyrosequencing) cannot distinguish been the
canonical 5-methylcytosine mark from its oxidized derivative 5-hmc, though 5-hmC values tend
to be low in placenta (190). Although pathological examination confirms that the non-aCA
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preterm samples used in this study were not associated with aCA and/or placental inflammation,
it is rarely possible to obtain “normal” placentas from 21-37 weeks. Often other placental
findings were noted in our non-aCA cases, including placental abruption, spontaneous premature
rupture of the membranes, preterm labor, and placenta previa. Multiple etiologies in the non-aCA
preterm cases were included to obtain a heterogeneous control population and therefore reduce
the likelihood of an association with any given etiology in the non-aCA preterm cases. In
addition, though the range of GA overlapped between the aCA and the non-aCA cases, the aCA
cases were significantly lower in GA than the non-aCA cases. This is expected, as aCA is
associated with preterm birth and therefore the aCA cases were <37 weeks GA. Because GAdependent DNAme patterns are observed in the placenta (17), GA was included as an additive
covariate in our statistical models. Finally, though aCA is mainly characterized by neutrophil
infiltration into the chorioamniotic membranes (9), cellular changes in multiple other cell types
including but not limited to Hofbauer cells or trophoblasts, are also observed in aCA (10). To
fully understand the DNAme variation in aCA-affected placentas, it will be important to study
changes in these specific cell populations.
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Chapter 5: Altered expression levels of miR-338 and miR-518b is associated
with acute chorioamnionitis and IL6 genotype
5.1 Background
Histologic evidence of inflammation in the placenta, fetal membranes, and umbilical cord
is commonly observed in PTB cases (143, 145). This often presents as aCA, defined by an
infiltration of maternal neutrophils into the fetal membranes (9, 10), and can also involve the
chorionic villous trees (326). Quantification of markers circulating in maternal blood, such as
miRNAs, offer great promise as biomarkers for a number of pregnancy outcomes as they are
more stable than mRNA and are readily quantifiable in maternal circulation (372).
Small non-coding RNAs such as miRNAs are small ~22 nucleotide, single-stranded RNA
molecules which are largely involved in post-transcriptional gene regulation via repressive
interactions with their mRNA targets (373, 374). Evidence from various mammalian systems has
revealed that the expression patterns of certain miRNA families are highly dependent on tissue
type (375, 376). For example, the human placenta has a distinct miRNA profile, largely
originating from 2 large miRNA clusters on chromosomes 14 (C14MC), 19 (C19MC), and 2
relatively smaller miRNA clusters on chromosome 13 (miR-17-92) and 19 (miR-371-3) (377,
378). It is now well established that such specific miRNAs produced by the human placenta can
be detected in maternal plasma as a result of placental shedding and active secretion (379).
Concentrations of placental-specific miRNAs increase in the maternal plasma as pregnancy
progresses and return to normal levels after delivery (372).
Aberrant expression of several placental-derived miRNAs in PE-associated placentas has
been reported, though there is little reproducibility across these studies (380). The low rate of
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reproducibility may be attributed to a number of factors, such as lack of standardized procedures
for tissue sampling and case-control ascertainment, differences in study population structure,
variable gestational age cut-offs, and other potential confounding factors. While there is an
increasing interest in researching placental-specific miRNAs in PE, few investigators have
studied placental miRNA changes associated with pregnancies complicated by PTB (94, 233,
234, 236, 381, 382). Importantly, researchers often combine different PTB-linked conditions and
do not focus on a specific PTB-related complication such as aCA.
aCA may result from a combination of maternal health exposures, genetic susceptibility,
and/or in utero exposures to microbes (30, 383). In the context of a microbial infection,
alterations in immune cell populations have been reported in aCA (9, 24). Further, trophoblasts
in the placenta are capable of eliciting an immune response against a microbial infection (384).
Immune cell-type specific changes that occur during aCA may be reflected in altered miRNA
profiles, thus quantifying miRNAs in the placentas may be a useful approach to characterize
some of these cellular changes associated with inflammation in aCA-affected placentas. To
explore this, we sought to investigate the association of aCA with six inflammation-related
miRNAs in a population of 57 placentas (33 aCA, 24 non-aCA).
5.2 Methods
5.2.1 Study cohort
To investigate aCA specific miRNA changes in the placenta, a total of 57 placentas were
used. Of these, 33 aCA cases were selected based on a diagnosis of aCA determined by
histological examination of the placenta and fetal membranes (9) and 24 non-aCA cases were
selected to span the same GA and included 17 PTBs of mixed etiologies ( incompetent cervix,
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premature rupture of membranes, and placental abruption) and 7 term controls. Because this
cohort was utilized to investigate miRNA changes in aCA-affected placentas, we excluded
placentas with fetal and/or placental chromosomal abnormalities, fetal malformations, congenital
abnormalities, and placentas with other PTB-related conditions (PE, IUGR, and hypertension). A
subset of this study cohort (n=32) is also described in our recent publication on placental
DNAme in aCA (GSE115508) (213).
Demographic and clinical case characteristics of this cohort are presented in Table 5.1.
As expected, GA at delivery was significantly different between the groups, as aCA is associated
with preterm deliveries.
Table 5.1 Demographic and clinical characteristics of the discovery cohort
Variables

aCA (n=33)

Non-aCA (n=24)

p value

Maternal age, years (range)

19.6-43.9

19.6-43.9

ns

GA at delivery, weeks (range)

18-36

22.6-40.7

0.0009

Birth weight (SD) (range)

-0.89-3.49

-1.36-3.1

ns

Fetal sex (M/total)

16/33

13/24

ns

*p-values are calculated by Wilcoxon-Mann-Whitney rank sum test for continuous variables,
Fisher’s exact test for fetal sex. ns = non-significant.
Ancestry was described as a continuous measure using the top three coordinates derived
from a MDS analysis (See Chapter 2, Section 2.6). Ancestry MDS coordinate 1, which largely
separates Europeans and East Asians, was significantly different between aCA and non-aCA
groups (p<0.05). Distribution of the ancestry MDS coordinates were assesses by a KS test. As
the influence of such confounding factors on miRNA expression has been well-demonstrated
(385, 386), both GA and ancestry were accounted for in statistical analyses.
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5.2.2 miRNA candidate selection
In this study, six inflammation-related candidate miRNA species (miR-223, miR-338-3p,
miR-518b, miR-146a, miR-441, and miR-210) were investigated. miR-518b, a member of the
C19MC cluster, was chosen as it has been frequently associated with various reproductive
pathologies including PE, gestational hypertension, PPROM, and spontaneous PTB (233, 387389). miR-223 and miR-338 were selected based on published findings of an association with
aCA in chorioamniotic membranes (235). Increased expression of miR-223 was demonstrated in
aCA-affected fetal organs including lung, liver, and thymus (390). Immune cells, particularly
granulocytes exhibit higher expression of miR-223, and altered expression of miR-223 has been
reported in inflammatory disorders such as rheumatoid arthritis, obesity, and infection-mediated
conditions (391). In the context of inflammation, miR-338 has been shown to enhance immunespecific responses, specifically by promoting the secretion of interleukins such as IL-1a, and IL‐6
(392). Similarly, miR-210 regulates the production of proinflammatory cytokines (393), and
altered miR-210 expression levels are often associated with pathogen-mediated events (394,
395). Both miR-210 and miR-411 are also linked to PTB-related complications (234, 388),
particularly PE (16). In addition, miR-411 expression levels in immune cells such as
macrophages are altered upon inflammatory stimuli (396). Finally, the role of mir-146a in
inflammation-mediated responses is well-established in tissues other than the placenta (397-399),
making mir-146a an important candidate to investigate in our inflammation-associated aCA
placentas.
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5.2.3 RNA extraction
Total RNA was extracted from 50 mg of RNAlater fixed chorionic villi samples followed
by an enrichment procedure for small RNAs, using the mirVana™ miRNA Isolation Kit
(Ambion), as per manufacturer’s protocol. Briefly, the cell lysis and tissue disruption protocol
for frozen tissue was adopted, followed by the organic extraction step and the enrichment
procedure for small RNAs. Chorionic villi samples were eluted in 50ul of water at 95°C. An
exogenous plant-based spike-in control, ath-miR-159a, was added to all the samples to monitor
inter-sample technical variability. Concentration and quality of the extracted miRNA samples
were assessed using a Nanodrop 1000 spectrophotometer (ThermoScientific, USA). For relative
miRNA quantification, the extracted miRNA samples from chorionic villi were equalized to
10ng/ul.
5.2.4 Reverse transcription (RT) and quantitative real-time PCR (qPCR)
In the RT step, complementary DNA (cDNA) is reverse transcribed from total miRNA
using a stem-loop RT primer which is specific for the mature miRNA target. This is followed by
a qPCR step where PCR products are amplified from 15ul of cDNA samples using specific
TaqMan™ miRNA Assays.
In this study, RT and qPCR were performed simultaneously in two batches of samples.
The first batch comprised of the 57 chorionic villus samples (33 aCA, 24 non-aCA) selected to
investigate aCA-associated miRNA changes. cDNA was synthesized for the six candidate
miRNAs (miR-223, miR-338-3p, miR-518b, miR-146a, miR-441, and miR-210), two
endogenous controls (miR-92a, RNU48), and one exogenous control (ath-miR-159a), followed
by the qPCR step. While we evaluated multiple endogenous controls for this study, Normfinder
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(400) identified miR-92a as the optimal endogenous control for chorionic villus samples
(Supplementary Figure 5.1). A detailed description on the selection of an endogenous control is
provided in Supplementary Methods 5.1. Non-template negative controls were incorporated to
detect non-specific amplification. All qPCR reactions were performed in duplicate and run on the
ABI ViiA7 system (Applied Biosystems, Foster City, CA).
Data obtained from the ABI ViiA7 system was entered into the Expression Suite
Software (Version 1.1) to calculate the expression values for the individual miRNAs. Expression
was calculated from a Cq (quantification cycle) value which may be defined as the minimum
number of cycles needed to obtain a reliable fluorescent signal distinguishable from the
background. Relative expression of the miRNAs was then determined using the ∆∆C q method
(401) and was automatically calculated by the Expression Suite Software.
5.2.5 Target gene prediction and pathway analysis
To investigate the functional effects of the aCA-associated differentially expressed
miRNAs, we first sought to identify potential miRNA targets using two publicly available tools
(TargetScan (402) and miRDB (403)) and subsequently performed a gene set enrichment analysis
using the Molecular Signatures Database (MSigDB) (404) to reveal biological pathways and
molecular processes involved in aCA.
5.2.6 DNA methylation data and IL6 genotype data
To investigate whether miRNA-related CpGs were differentially methylated between
aCA cases and non-aCA cases, we used our previously obtained DNAme microarray data that
was available for a subset of the 57 chorionic villus samples (n=32/57) (GSE115508) (213). CpG
sites from the 850K array (204) that mapped to the specific miRNA candidates were identified
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using Illumina’s annotation, and subsequently tested to identify whether they were differentially
methylated between aCA cases (n=19) and non-aCA cases (n=13). Additionally, we used our IL6
genotype (rs1800796) data available for another subset of the chorionic villus samples (n=48/57)
to characterize genetic regulation of miRNA expression (Chapter 3).
5.2.7 Statistical analyses
All statistical analyses were performed using R version 3.4.1. A Shapiro-Wilk normality
test showed our miRNA expression data did not follow a normal distribution, and thus miRNA
levels were compared using a non-parametric test (Kruskal-Wallis test). Spearman’s correlations
were calculated to determine whether miRNA expression levels in chorionic villi correlated with
expression in matched maternal plasma.
5.3 Results
5.3.1 Expression of mir-518b is associated with fetal sex
We utilized our larger study cohort of 57 placentas to evaluate the effects of clinical and
demographic variables on miRNA expression. Expression of miR-518b across GA showed a
trend of increased expression in females compared to males (Kruskal-wallis test, p=0.05) (Figure
5.1). Although not significant, miR-518b also showed a trend towards the expected increased
expression as gestation progressed, as has been previously reported in maternal plasma (229),
while the remaining miRNAs (miR-146a, miR-223, miR-338-3p, and miR-411) except miR-210
, exhibited a teand of decreased expression with increasing GA (Supplementary Figure 5.2).

86

Neither maternal age nor genetic ancestry were significantly associated with expression in any of
the six candidate miRNAs.

Figure 5.1 Variation in expression of miR-518b between fetal sexes over gestational age.
Although not significant, females showed a trend of increased expression of miR-518b across
gestation compared to males (Kruskal-Wallis test, p=0.05). Expression measured by RT-qPCR is
on the y-axis and gestational age (weeks) is on the x-axis.
5.3.2 Expression of miR-338-3p and miR-518b is associated with aCA status in the placenta
Although the expression of miR-146a, miR-210, miR-223, and miR-411 were not
significantly associated with aCA status, the majority of the miRNAs trended in the expected
direction as has been reported in infection-mediated conditions (394, 395) (Supplementary
Figure 5.3). Increased expression of miR-338-3p was noted in aCA cases compared to non-aCA
cases, while expression of miR-518b was significantly decreased in aCA. Importantly, even after
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adjustment of confounding factors including GA at delivery, fetal sex and ancestry, expression of
miR-518b was significantly decreased in aCA-affected placentas (p=0.011) and miR-338-3p was
significantly increased in placentas with histologic evidence of aCA (p=0.001) (Figure 5.2).
Interestingly, both miR-338-3p and miR-518b were also associated with fetal inflammatory
responses (Figure 5.2), histologically identified by inflammation of the connective tissue of the
umbilical cord (funisitis) and/or umbilical blood vessels (vasculitis).
Male fetuses are at an increased risk of a preterm delivery and are more likely to
experience higher rates of postnatal inflammation, infection, and adverse outcomes (345, 348).
To determine whether there may be sex-specific miRNA changes linked with aCA, we
investigated the expression levels of the aCA-associated miRNAs on male and female placental
samples separately. For miR-338-3p, increased expression in aCA cases was observed for both
males (p=0.05) and females (p=0.02); however, expression of miR-518b was significantly
associated with aCA status in females only (p=0.009) (Supplementary Figure 5.4).
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Figure 5.2 Differential expression of miR-338-3p and miR-518b in placentas is associated
with aCA status.
Adjusted (for GA, sex and ancestry) expression values are plotted on the y-axis w.r.t study
groups on the x-axis. Even after adjustment for GA, fetal sex, and ancestry, altered expression
was observed between aCA cases and non-aCA cases. Based on our clinical records, it is unclear
why the three females in the non-aCA group showed higher miR-518b expression compared to
the remaining individuals within the non-aCA cases; however, we used the non-parametric
Kruskal-Wallis test, which is relatively robust to outliers, and thus the magnitude of the
difference in expression is less likely to drive the significance between aCA and non-aCA cases.

5.3.3 Predicted gene targets enriched in processes related to general and immune function
Because each miRNA may target multiple mRNA species, identifying the putative target
genes of miRNAs is difficult, and many bioinformatic tools have been developed for this
purpose (405). As the algorithms and parameters underlying each target prediction tool are
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unique, it is prudent to cross-reference the results of multiple target prediction algorithms and
use the subset of miRNA targets predicted by two (or more) tools to perform the pathway
analysis. Using TargetScan and miRDB, 27 and 110 gene targets were predicted for miR-518b
and miR-338-3p, respectively (Supplementary Figure 5.1). Gene ontology enrichment analysis
performed on the target list of mir-338-3p identified gene sets associated with general functions
including protein localization, cellular macromolecule localization, and cell projection, and
related to specific diseases such as luminal-like breast cancer, Alzheimer’s disease, and human
alveolar rhabdomyosarcoma (FDR <0.05). Although only 27 gene targets were identified for
miR-518b, gene sets were mainly related to immune-system cell types including B cells,
thymocytes, macrophages, and T progenitor cells.
5.3.4 Expression of miR-518b and miR-338-3p is not associated with DNA methylation
Because epigenetic modifications such as DNAme may be associated with miRNA
expression (406), we investigated whether the CpGs linked to miR-518b and miR-338-3p were
differentially methylated between the aCA cases and non-aCA cases. Using Illumina’s
annotation, we identified 3 CpG sites (cg06445981, cg11251554, and cg15993786) and 11 CpG
sites (cg06807993, cg06869212, cg11600078, cg18637486, cg21473782, cg23176214,
cg23295826, cg24085713, cg26068527, cg26766064, and cg06332842) from the 850k array
(204) that mapped to miR-518b and miR-338-3p respectively. The 3 CpG sites linked to miR518b did not overlap with any Illumina-annotated genes; however the 11 CpG sites linked to
miR-338-3p were associated with the AATK gene and were located 200-1500 base pairs
upstream of the transcription start site. The gene list used by Illumina was the RefSeq genes from
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UCSC (https://genome.ucsc.edu/). None of the CpGs showed differential methylation associated
with aCA in chorionic villi (Supplementary Figure 5.5).
5.3.5 Expression of mir-518b is associated with IL6 (rs1800796) genotype
We utilized our previously obtained IL6 genotype (rs1800796) data that was available for
a subset (n=48) of the 57 placental samples used to investigate whether expression of the aCAassociated miRNAs (miR-338-3p and miR-518b) was associated with an IL6 SNP, a genetic
polymorphism in placenta that may predisposes some pregnancies to aCA (Chapter 3). We
observed that expression of miR-518b was significantly associated with the rs1800796 genotype:
homozygous C individuals (n=7) showed significantly decreased miR-518b expression compared
to homozygous G individuals (n=35) (Kruskal-Wallis test, p=0.02) (Figure 5.3). As expected the
heterozygous CG (n=6) individuals showed intermediate levels of miR-518b expression
compared to CC and GG, though not significant at p<0.05 (Figure 5.3). Although, not
significant, expression patterns of miR-338-3p also displayed a trend were related to the IL6
genotype (Supplementary Figure 5.6).
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Figure 5.3. Expression of aCA-associated miR-518b in chorionic villi is influenced by IL6
rs1800786 genotype.
Adjusted (for GA, sex and ancestry) miR-518b expression values are plotted on the y-axis w.r.t
IL6 genotype groups (CC=7, CG=6, GG=35) on the x-axis. Individuals with the CC genotype
showed increased expression levels in the placenta compared to individuals of GG genotype
(p=0.02). Although not significant, heterozygous CG (n=6) individuals displayed intermediate
levels of expression compared to homozygous C (n=7) and G (n=35) individuals.

5.4 Discussion
The present study compared the expression of candidate miRNAs in placentas from
pregnancies complicated with aCA to non-aCA placenta by qPCR. Increased expression of miR338-3p and decreased expression of miR-518b was noted in aCA-affected placentas compared to
the non-aCA placentas, suggesting the plausible involvement of these miRNAs in aCA. In
alignment with our findings in chorionic villi, an independent study also identified that miR-3383p showed increased expression in chorioamniotic membranes affected with aCA relative to non92

aCA cases (235). Though the same study also identified miR-223 as differentially expressed
between aCA cases and non-aCA, our study did observe this association in the cohort of 57
chorionic villus samples. Differences may be attributed to small sample sizes, accounting for
confounding factors and/or reflect tissue-specific expression patterns. While down-regulation of
C19MC-specific miRNAs including miR-518b has been observed in PPROM pregnancies (233),
expression of miR-518b was significantly increased in spontaneous PTB pregnancies (233). Of
note, spontaneous PTB is heterogeneous in etiology (219), and thus it is important to emphasize
a specific pathology related to spontaneous PTB, such as aCA.
To characterize miRNA-mediated biological processes involved in aCA, putative gene
targets for miR-338-3p and miR-518b were determined using TargetScan and miRDB. Although
gene set enrichment analysis of the predicted targets did not reveal statistically significant
pathways related to aCA, our prediction algorithms identified gene targets broadly important for
maintenance of a successful pregnancy such as PLA2G3, ADAM17, and RAP1B. Placental
expression of the PLA2 enzymes has been implicated in a number of pregnancy complications
including preterm labor (407) and obesity (408). Further, inhibition of miR-338 expression in
decidual cells resulted in an increase in mRNA and protein expression of a PLA2 enzyme (409).
Both PLA2G3 and ADAM17 are predicted gene targets for miR-338-3p and are involved in
eliciting inflammatory responses, specifically PLA2G3 facilitates mast cell activation (410) and
ADAM17 mediates the production of TNF-α by placental trophoblasts (411).
Decreased placental expression of miR-518b has also been reported in placentas linked to
intrauterine growth restriction (412) and in complete hydatidiform moles (413). Although, the
exact role of miR-518b in placenta is not established, miR-518b has been shown to repress the
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expression of RAP1B (414), which was identified as a putative gene target for miR-518b in our
target prediction analysis. RAP1B regulates key cellular processes such as cell proliferation,
angiogenesis, and inflammation; in fact deficiency of RAP1B in mice resulted in increased
neutrophil recruitment and migration into sites of inflammation (415). Taken together, many of
the gene targets for miR-338-3p and miR-518b were involved in inflammation-mediated
responses, and therefore may represent potential candidates to understand the downstream effects
of the aCA-associated miRNAs orchestrating inflammatory responses in the placenta.
Although the regulatory mechanisms of miRNA expression in placenta have not been
extensively investigated, molecular processes such as DNAme and/or genetic alterations such as
single nucleotide polymorphisms have been shown to modulate miRNA expression levels in
other tissues. For example, Li et al. (2013) identified that CpG sites surrounding the promoter of
miR-338-3p, a miRNA also found to be associated with aCA in our study, were significantly
more methylated in gastric cancer tumor tissues compared to normal tissues (416). However, in
our study, CpG sites that mapped to miR-338-3p and miR-518b were not differentially
methylated between aCA cases and non-aCA cases, suggesting DNAme is less likely to
participate in regulation of the two aCA-associated miRNAs. Further, the role of genetic variants
in modulating miRNA expression levels in infection-mediated diseases have been previously
implicated (417); however this relationship is not extensively investigated in placental-mediated
complications. Our study demonstrated that placenta expression of miR-518b is associated with
IL6 (rs1800796) genotype, a placental polymorphism that may increase risk of aCA: individuals
with the C allele exhibited decreased placental expression of miR-518b compared to carriers of
the G allele, and we observed an association between reduced miR-518b expression and aCA
status. While IL6 was not a predicted mRNA target for miR-518b in our analysis with
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TargetScan and miRDB, it is associated with a broad spectrum of inflammatory and infectious
disorders and shown to alter immune responses against microbial infection (418), a wellcharacterized cause of aCA. However, we cannot rule out the possibility that the IL6 (rs1800796)
genotype may correlate with the genotype of another target gene, which may be a plausible
mRNA target for miR-518b.
Overall, we observed placental-specific miRNA changes in aCA-affected placentas and
attempted to characterize the processes that regulate expression of aCA-associated miRNAs. As
miR-338-3p and miR-518b are detectable in maternal circulation throughout gestation (419,
420), further studies into these miRNAs are warranted.
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Chapter 6: Discussion
6.1 Summary of dissertation
The work presented in this dissertation highlights the genetic, epigenetic, and miRNA
variation in aCA-affected placentas. First, I adopted a candidate approach and explored the
association of 16 innate immune-system SNPs with the presence of aCA in a population of 72
aCA-affected placentas and 197 non-aCA affected placentas. I observed that the C allele in IL6
promoter SNP (rs1800796) was associated with increased aCA risk. Interestingly, the same allele
was also linked with increased DNAme and decreased IL6 expression, demonstrating the role of
IL6 genetic variants in modulating molecular processes, and may likely influence disease
susceptibility. Next, I investigated DNAme patterns in aCA-affected placentas using the 850K
array in samples from 44 preterm placentas: 22 aCA cases and non-aCA cases. At less stringent
thresholds (FDR <0.15 and ∆β >0.05), this array analysis was capable of capturing some
DNAme changes in aCA-affected placentas reflecting an alteration in immune cell number
(mainly neutrophils) and/or activation of innate immune responses in placental cells as a
response to inflammation. Lastly, miRNA expression changes were investigated in 33 aCAaffected placentas and 24 non-aCA affected placentas, using RT-qPCR. miR-518b, a member of
the placental-specific C19MC cluster showed decreased expression in aCA cases, and
demonstrated a sex-specific expression profile. Further, miR-518b expression patterns in the
placenta were associated with the genotype distribution of the IL6 SNP (rs1800796), a
polymorphism that was previously implicated in aCA risk in the SNP analysis.
While genetic associations may predispose a placenta to aCA, the unique DNAme and miRNA
signatures may reflect immune cell infiltration and/or altered gene expression of specific
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placental cell types in response to inflammation. Overall, the findings reported in this
dissertation lays the groundwork for development of placenta-derived biomarkers for aCA,
although it is imperative to validate the results in larger, independent populations.
6.2 Significance of dissertation and future directions
6.2.1 Potential for development of ancestry-specific diagnostic biomarkers
As placental DNA is released into the maternal circulation during pregnancy, this
information may be used to identify candidate biomarkers that could be detected in maternal
blood for early detection of disease, prior to the onset of clinical symptoms. Nevertheless, signals
in maternal fluids that may be predictive of pathology could reflect either placental changes or
changes to the maternal immune system directly. In Chapter 4, my EWAS analyses of aCAaffected placentas identified 66 differentially methylated CpGs associated with aCA. Because
histologic examination of the placenta after delivery is the current gold standard for a
confirmatory diagnosis of aCA, these 66 CpGs may be useful in the development of diagnostic
biomarkers for aCA. Similarly, in Chapter 6, I investigated placental-specific miRNAs
associated with aCA, and identified miR-338-3p and miR-518b as potential candidates for
further exploration as maternal blood biomarkers to facilitate early identification of pregnancies
at risk for aCA, though it remains to be seen if these aCA-linked placental miRNAs alterations
and DNAme signatures are also detectable in maternal circulation.
Apart from examining aCA-specific placental signatures in maternal blood, it is also
important to acknowledge that the pathogenesis of aCA is heterogeneous. Of note, the etiological
and genetic heterogeneity in aCA have been rarely considered in studies that have focused on
identifying predictive biomarkers for aCA. For example, changes in cytokine concentrations or
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genetic variants in cytokines have been frequently associated with aCA; however, individuals are
often analyzed together regardless of their genetic background.
In the context of microbial infection, a commonly identified cause of aCA, ethnic
variation in chemokine production (CCL2, CCL11, CXCL8), cytokine production (IL1, IL6, IL8),
neutrophil count, antibody levels, and rate of microbe clearance have been well-established (421423). While our understanding of the factors that may account for this variation is limited,
population-specific genetic differences may explain some of the differential host immune
responses against pathogens (424). Drawing on the findings in Chapter 4, I found that presence
of aCA was associated with the minor C allele of an IL6 SNP, which was largely confined to
individuals of East Asian ancestry. It is likely that there are multiple additional immune-related
genetic variants specific to other ancestries which together may explain ancestry-related
differences in sPTB conditions such as aCA. For instance, the T allele of a promoter SNP in
SERPINH enriched in individuals of African ancestry was shown to be associated with an
increased risk of a sPTB condition (PPROM) in African Americans (425). Despite this genetic
heterogeneity, to date, majority of the disease-focused GWAS have been performed in
individuals of European ancestry (>80%), while populations including African American,
African, and Hispanic or Latin American merely account for ≤2% of these studies (426), thereby
limiting the relevance of the GWAS findings in diverse populations.
Furthermore, genetic polymorphisms that exhibit extreme allelic variation across
ancestries have likely undergone positive selection in specific populations (313, 314),
demonstrating the role of natural selection in driving population differences in host immune
responses. Given that there is significant variation in innate and adaptive immune responses
between different ethnic and/or ancestry populations (168, 421, 422, 427, 428), predictive
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biomarkers for an inflammatory condition such as aCA are not generalizable across populations,
and therefore should be developed and validated in aCA-affected ancestry-specific stratified
populations; doing so will also aid in accurately targeting therapeutic treatments.
Additionally, host immune responses may vary depending on the type of microbial
trigger. While bacterial species like Ureaplasma urealyticum, Mycoplasma hominis, Gardnerella
vaginalis, Escherichia coli, Fusobacterium nucleatum, and Group B Streptococcus, are
commonly identified causative agents in infection-driven aCA, fungi such as Candida albicans
and viruses such as adenovirus have also shown to be associated with aCA (429-431); however,
aCA-linked inflammatory responses associated with viruses and fungi have not been wellcharacterized. Furthermore, different species and strains within a microbial genus also exhibit
different immune responses suggesting there is no unique immune signature that represents a
microbial species/genus (421, 432). As such, future work is needed to understand the impact of
species/genus differences at molecular level and subsequently develop pathogen-specific
biomarkers.
6.2.2 Potential for identification of functionally-relevant genetic loci of interest
DNAme patterns in tissues including the placenta are under strong genetic control. These
genetic influences account for approximately 20-80% of DNAme variance within a tissue and
are termed methylation-quantitative trait loci (mQTL) (283, 433-436). To date, the vast majority
of mQTL studies have been performed in blood, with only one study focusing exclusively on the
human placenta (437). In a comprehensive study of 300 human placentas obtained from low risk
pregnant women, the authors identified 4342 placental mQTLs (437). They restricted their
analyses to SNP-CpG pairs within 75 kb. Although choosing this window is often arbitrary,
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previous mQTL analyses have reported that SNP-CpG associations are more likely to be causal
within a 5 kb window (285, 438), and that mQTLs are mostly positioned within 100 kb of SNP
loci in multiple tissues including placenta (434, 439).
Previous work in brain and blood have revealed that mQTLs are often enriched in
disease-associated GWAS variants facilitating prioritization of genetic candidates involved in
disease phenotypes (440, 441), and in turn improve our current understanding of mechanisms
underpinning complex diseases. Of note, the GWAS catalogue contains few studies that have
investigated the direct role of placental dysfunction in adverse reproductive outcomes, though it
is reasonable to assume that placental-specific mQTLs may be utilized to identify loci of interest
underlying genetic susceptibility in complex reproductive pathologies. While I did not have
genome-wide SNP data available to perform mQTL analyses in my study cohort, genotyping
data for IL6 candidate SNPs and matched DNAme data was available for a subset of my
samples. This enabled me to identify a placental mQTL (rs1800796) located in the enhancer
region of IL6, which was linked to changes in IL6 expression in the placenta and associated with
aCA in individuals of East Asian ancestry (Chapter 3). Because risk variants like the IL6 SNP
(rs1800796) often exhibit population-specific genetic variation (Figure 3.2, Chapter 3), it is
important to understand the impact of ancestry on placental DNAme. Ancestry-related DNAme
differences in other tissues have been shown to associate with genes involved in immune
regulation (442), and thus ancestry-specific mQTLs may be more relevant in identifying
predisposing risk factors for diseases with altered immune responses including aCA.
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6.2.3 Potential to refine existing classification of pathologies
Molecular profiling has the potential to refine existing clinically-defined groups for
heterogeneous pregnancy complications. For example, clustering placentas from diverse
outcomes using validated PE-associated DNAme sites, identified unique clusters that were
representative of homogeneous clinical groups of PE (293). A similar clustering pattern was also
observed using gene expression profiling of healthy and affected placentas of mixed etiologies
(297). Similarly, in Chapter 4, hierarchical clustering of placentas with aCA and non-aCA
etiologies, using the 2069 neutrophil-specific DNAme signatures, identified two distinct clusters:
i) a placental inflammation-mediated cluster predominantly of aCA cases, and ii) a cluster of
non-aCA mixed placental-mediated pregnancy pathologies. Additional studies with larger
sample sizes are required to validate the clusters, to clarify the key changes that drives the
formation of these clusters, and to characterize the predictive value of the possible
“inflammation” cluster. While our current understanding of epigenetic changes in the placenta is
still in its infancy, these findings provide evidence for the potential role of placental DNAme in
classifying and identifying subtypes of heterogeneous pregnancy complications such as aCA and
PE, as has been demonstrated for other conditions including cancer (443).
6.3 Considerations & limitations
6.3.1 Case-control ascertainment
Case-control study design is the most commonly used design in association studies,
involving comparisons between two well-characterized groups of unrelated individuals: cases
that are diagnosed with the disease of interest, and controls who are typically “healthy” and
known to be “unaffected” by the disease. Case-control classifications are often poorly defined,
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without well-defined inclusion and exclusion criteria, and relevant disease or clinical
characteristics are not always consistently recorded. In this dissertation, histological assessment
of extraplacental membranes was performed by clinical pathologists to confirm neutrophil
infiltration associated with aCA; however, because we obtained samples in a deidentified manner
without the full pathology report, information on severity of inflammatory processes related to
aCA was not available for all the cases. It is possible that only a subset of the highly severe
“Stage 3” aCA-affected placentas may exhibit larger DNAme and/or miRNA expression changes
compared to the non-aCA affected placentas, and therefore such effects may be diluted or
exaggerated when extreme aCA cases are combined with aCA cases that exhibit a moderate
inflammatory phenotype. Moreover, intra- and inter-observer variablity exists in the pathological
assessment of aCA severity, which may also add bias the observed relationship betwen aCA and
DNAme and/or miRNA expression changes.
Further, aCA may result from multiple factors including maternal health exposures,
genetic susceptibility, and/or in utero exposures to microbes. While microbial infection was
reported in a majority of the aCA cases included in this dissertation, etiology of aCA was not
investigated or documented in all the cases. It is important to note that aCA may also occur in a
non-infection mediated sterile intraamniotic inflammation setting, which may be caused by tissue
injury, hypoxia, or cell death. Additionally, it is challenging to obtain “unaffected/control”
placentas from <37 weeks to match the preterm aCA-affected placentas (cases). To address this,
I combined multiple placental pathologies to obtain a heterogeneous reference “control/nonaCA” group, which reduces the likelihood of identifying an association with any other pathology
in the “control/non-aCA” population. Finally, it is important that the cases and controls have
similar demographics including GA, sex, lifestyle, and genetic background, otherwise disease102

associated differences between the groups may actually reflect demographic differences, which
may or may not be related to disease. These factors are discussed in detail below.
6.3.2 Potential confounding factors
Confounding influences such as GA, fetal sex, and ancestry can influence DNAme and
expression patterns in the placenta (444-447). Some of the GA-dependent DNAme changes in
the placenta may be related to changes in cell composition and the differentiation of cells that
occurs as gestation progresses (212). Additionally, sex-specific differences in adverse fetal
outcomes such as neonatal sepsis, infection, and chronic inflammation have been observed. miR518b, as shown in Chapter 5, was associated with aCA status in females only, suggesting sexspecific expression of this miRNA species in aCA-affected placentas. In the placenta, sexdependent expression patterns of many immune-related genes are observed, specifically, male
placentas exhibit increased TLR, IL10, and TNFα expression in response to lipopolysaccharide
stimulation than the female placentas (448), which may, in part, explain the increased risk of
pregnancies carrying a male fetus to deliver prematurely.
Genetic background is another important factor to take into consideration. Association
studies are prone to population stratification if cases and controls are not either restricted to a
genetically homogeneous population or matched by ancestry. In these unbalanced ancestry
case/control situations, it is possible that the variation in allele frequencies, DNAme, and/or
expression patterns associated with disease may actually be explained by differences in ancestry
between the groups. For example, the IL6 rs1800796 SNP investigated in Chapter 3, is known to
be strongly correlated with ancestry. Based on 1000 Genomes Project data records, the C allele is
common in individuals of East Asian (70-80%), and rare in individuals of European ancestry (35%).
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While I used a panel of 55 AIM SNPs to infer ancestry of my study cohort, unaccounted
genetic differences in population structure may still be present as this panel may not be sufficient
to capture all ancestry-specific effects, but does provide a cost-effective and less computationally
intensive method to assess ancestry. While researchers have attempted to infer population
structure from DNAme data by relying on DNAme patterns affected by genetic variants, mQTLs
(449, 450), these methods have not been completely validated in different populations and
tissues including the placenta. Although such tools are valuable in assessing and correcting for
ancestry, they could also be utilized to identify genetically homogeneous sub-populations that
may be more ideal to capture disease-associated effects, as ancestry and other related
confounding influences may have been filtered out in such populations.
Further, it is important to acknowledge that in a tissue sample of mixed cell population
such as chorionic villi, the targeted tissue in this dissertation, DNAme/expression measured is an
average across a pool of cells, and thus a change in DNAme could either reflect an average
change across all cell types in the sample, or an alteration in the composition of different cell
types. Measuring DNAme or gene expression from purified cell types can help to address the
challenges in cellular heterogeneity; however isolating pure populations of single placental cell
types has practical challenges. As cell deconvolution approaches are eventually developed for
the placenta, they can be applied to i) estimate cell ratio variation and its contribution to
epigenetic/expression signal or ii) adjust for cell-type differences between samples of whole
tissue. Although cell-type variation is often adjusted in EWAS/expression analyses, in certain
inflammation-mediated sPTB conditions, such as aCA, changes in placental immune cell ratios
are observed, and thus changes in cell type proportions may actually be relevant to the disease
pathogenesis. For instance, as DNAme is cell-specific, some of the aCA-associated DNAme
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changes in the placenta may be indicative of changes to immune cell composition mainly
involving neutrophils, hofbauer cells, and cytokines. In such conditions, cell-specific DNAme
profiles could be used to quantify low levels of maternal infiltration, and may be utilized to
predict the severity of inflammatory responses in the newborn.
Aside from cell-type heterogeneity, maternal exposures including smoking status, alcohol
intake, body mass index, and medication use can influence placental DNAme/expression and
may be associated with reproductive pathologies. For example, regions of altered placental
DNAme at AHRR, RUNX, and CYP1A1 are consistently linked with maternal smoking (453,
454), and have been shown to be associated with preterm birth (<37 weeks GA) (455). I
therefore tested for DNAme differences at these CpG sites and did not observe altered DNAme
associated with aCA at these sites in my study population. Although I accounted for confounding
factors including GA, fetal sex and ancestry in statistical analyses, other potential confounding
influences, such as processing time, were not documented for all the cases in our cohorts, and
thus could not be accounted for in my analyses.
6.3.3 Methodological constraints
Although the work presented in this dissertation offers new molecular insights into aCA,
there are some methodological limitations that should be acknowledged. Given that my sample
size was rather small and incomplete pathology information was available for my samples, my
statistical power to detect significant associations was low. To work around this limitation, I
opted for a candidate gene approach in Chapter 3 and Chapter 5. However, the candidate gene
approach is limited to genes with a priori evidence suggesting a critical role of the candidates in
the disease pathogenesis. A major drawback of such studies is their inability to discover novel
105

associations beyond those selected as putative candidates. To fully understand the genetic and
transcriptomic variation in aCA-affected placentas, it will be important to implement agnostic
techniques such as whole-genome SNP arrays and RNA-sequencing; however, larger sample
sizes will be required to reduce the burden of multiple test correction. While the 850K array was
used to obtain DNAme profiles of aCA-affected placentas (Chapter 4), this array measures less
than 4% of the entire human methylome, and therefore it is possible that other aCA-associated
CpG sites exist beyond those interrogated by the array. Alternative genome-wide DNAme
techniques such as whole genome bisulfite sequencing is an attractive option as it offers a much
higher coverage of the methylome, although they are exorbitantly expensive compared to the
microarrays, require more amounts of starting material, and would require larger sample sizes
which limits their utility in epigenetic analyses.
6.3.4 Association versus causation
The findings described in this dissertation reflect an association of genetic, epigenetic,
and miRNA changes with aCA, and do not establish causal mechanisms linked with the
pathology, in fact I hypothesize that DNAme and miRNA expression changes may be a
consequence of changes in immune cell numbers that occur as a response to
inflammation/infection in aCA-affected placentas.
While DNAme has the potential to affect gene transcription, it is unclear if DNAme
regulates gene expression or vice-versa, making interpretation of DNAme/gene expression
findings extremely difficult. In Chapter 3, I identified a placental IL6 mQTL (rs1800796), which
was also associated with changes in IL6 expression. Although we did not perform experimental
studies to determine the directionality by which IL6 SNP affects DNAme and gene expression in
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placenta, previous work in pancreatic adenocarcinoma cell lines have suggested DNAme
dependent IL6 gene transcription via the MeCP2 protein. MeCP2 has been recognized as a
transcriptional repressor by targeting methylated CpGs, and recruiting co-repressors, histone
methytransferases, and chromatin remodeling complexes (451-453). Chromatin
immunoprecipitation assays confirmed that MeCP2 was only present in non-IL6 expressing cell
lines, and treatment of these cell lines with a DNA methyltransferase inhibitor resulted in the loss
of MeCP2, thereby inducing IL6 expression. Interestingly, the IL6 SNP rs1800796 was located at
position -572, and influenced DNAme patterns at cg01770232 which was located at position 662 relative to the transcription start site, and both (SNP-CpG) were positioned within the
MeCP2 binding region. Therefore, it may be reasonable to speculate that the IL6 SNP may affect
the binding of MeCP2 which subsequently alters IL6 transcription. It is likely that the
downstream DNAme changes observed at CpGs further away from MeCP2 binding region may
be a product of altered transcription of IL6. (Figure 3.3, Chapter 3).
6.4 Placenta, lest we forget
Although discarded at birth, the placenta is an extremely important organ to sustain a
healthy pregnancy, as the growth of the fetus is completely dependent on the placenta. This
organ is involved in nutrient delivery, immune protection, hormone regulation and secretion, and
protection of the baby from harmful exposures. Defects in placental development and function
underlie many pregnancy complications such as PE, PTB, miscarriage, and fetal growth
restriction (454). Specifically, these defects include shallow trophoblast invasion of the maternal
uterus, improper remodeling of maternal spiral arteries due to altered immune signaling at the
maternal-placental interface, and placental inflammation related to infectious and non-infectious
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triggers during pregnancy. Further, studies in knockout mice have demonstrated placental
malformations as one of the major causes of early embryonic lethality (455). For example,
placental endothelial defects result in thinning of ventricular walls, edema of the embryonic
blood vessels, and reduced vascular branching, that results in mid-gestational lethality (456).
Aside from its crucial role in impacting the outcome of a pregnancy, abnormal placental
findings have also been associated with health outcomes in the offspring. For example, autism
spectrum disorder is associated with acute and chronic placental inflammatory lesions (457),
suggesting that post-delivery assessment of placental health may shed light into the
pathophysiology of neurodevelopment disorders. More recently, risk-conferring genetic loci for
schizophrenia have been shown to be highly expressed in the placenta, and differentially
expressed in PE-affected placentas with/without IUGR compared to unaffected control placentas;
the exact mechanism is still unclear but the findings recognize altered placental functioning in
association with brain disorders (458). Accumulating evidence also suggests that placental
measurements including morphological characteristics and placenta-to-fetal weight ratio are
associated with coronary heart diseases and cardiovascular mortality (459-461). These examples
suggest that the placental phenotype is reflective of the intrauterine environment, and thus may
aid in identifying babies at risk for adverse health consequences, both immediate and long-term.
While articles like “The Placenta, an Afterthought No Longer” (12/3/2018), and “The
Mysterious Tree of a Newborn’s Life” (8/14/2014), published by New York Times have
appreciated the placenta as a critical organ impacting maternal and fetal health, a significant gap
exists in our understanding of the placental processes and the interactions at the maternalplacental interface that lead to adverse pregnancy outcomes. With the advent of 3D culture
techniques, recently, genetically stable human trophoblast organoids have been developed from
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first trimester placental tissues (462). These complex structures closely recapitulate the
organization, physiological and metabolic characteristics of chorionic villi, with the potential to
differentiate into syntiotrophoblast and HLA-G+ extravillous trophoblasts. Models such as
trophoblast organoids will become indispensable tools to investigate mechanisms underlying
aberrant placental development in various reproductive pathologies, and understand the
functional relevance of the placental-specific molecular alterations associated with pregnancy
complications.
The work presented in this dissertation is largely aimed at understanding molecular
processes involved in the pathophysiology of aCA. While it is important to first validate the
molecular signatures reported in this dissertation, and perform genome-wide screens to identify
genetic variants and transcriptomic changes linked with aCA, such candidate aCA-associated
molecular signatures may be helpful to identify risk profiles for early disease detection. For
example, polygenic risk scores defined as the weighted sum of SNPs associated with a disease
have been utilized for disease prediction, prevention, and therapeutic intervention (463).
Additionally, it is imperative to understand the functional effects of the molecular signatures on
placental physiology, if any, using an in vivo system such as trophoblast organoids and thereby
investigate the downstream effects of the molecular changes orchestrating inflammatory
responses in the placenta. Further, future work aimed at integrating diverse molecular data-types
will help to gain a comprehensive understanding of altered biological processes in aCA.
With the advent of advanced high-throughput technologies, it is now possible to obtain
multi-omics data by interrogating the genome, methylome, transcriptome, proteome and
metabolome. By capturing multiple dimensions of biological information, such datasets hold
tremendous power to establish interconnections between different molecular layers, and provide
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valuable insights into disease etiology. Generally, analysis of only one data type is restricted to
associations, whereas integration of diverse omics datatypes may identify causal regulatory
patterns relevant to the disease. For instance, module-based analysis that collapses highdimensional data into fewer modules of highly correlated genes/CpGs/miRNAs may be a useful
approach to identify conserved modules between datatypes (464, 465) , thereby identifying
common disease-associated dysregulated pathways or hub factors which can then be putative
candidates for further experimental validation.
Taken together, the field of placental genetics, epigenetics, and transcriptomics is still
young, and only recently the scientific community has started to appreciate the importance of
this fascinating organ. Resources like the Placental Atlas Tool (PAT) https:/pat.nichd.nih.gov/,
an NICHD (The National Institute of Child Health and Human Development) initiative, are
crucial to facilitate data-sharing, replication of associations, and to foster research collaborations
and perform integrative multi ‘omic analyses. PAT is a publicly available comprehensive
repository that assimilates placental data from various publications and public databases into a
single website. Further, large-scale initiatives by NIH such as the Roadmap Epigenomics
Consortium (466) have established a comprehensive catalog of reference epigenome profiles for
multiple human tissues including placenta, which will enable researchers to gain a deeper
understanding of the widespread variation in placental structure and cell composition, and
unravel mechanisms that alter placental development and function in numerous reproductive
pathologies.
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Supplementary tables

Supplementary Table 1.1 Studies assessing amniotic fluid markers and maternal serum markers
for predicting aCA
Tissue

Biomarker performance assessment

ROC curve reported low diagnostic accuracy
Maternal blood (area under the curve (AUC) - 0.56).
ROC curve with the largest AUC was for CRP
Maternal blood ( 0.70).
ROC curve with the largest AUC was for
NLR (0.80), and optimal NLR cut-off was
6.48mg/l for predicting HCA (sensitivity
Maternal blood 71.4%, specificity 77.9%).
Optimal IL-8 cut-off was 90pg/ml for
predicting aCA (sensitivity 64%, specificity
Maternal blood 81%) (AUC not reported).
ROC curve with largest AUC was for CRP
(0.56) and optimal CRP cut-off was >5 mg/dl
for predicting aCA(sensitivity 77%,
Maternal blood specificity 32%).
Maternal blood Sensitivities of 50–80% .
ROC curve couldn't be estimated due to
Maternal blood unreliable information.
ROC curve for CRP shows AUC of 0.62 and
optimal CRP cut-off was 5mg/dl for
predicting aCA (sensitivity 59%, specificity
Maternal blood 47%).
ROC curve with largest AUC was using
maternal characteristics and IL-6 (0.85). The
optimal IL-6 cut-off was 19.5 pg/dL for
predicting aCA (sensitivity 68%, specificity
Maternal blood 88%).
Maternal blood Not evaluated.
IL-6 showed higher odds ratio (9.78, 95%
Maternal blood confidence interval 1.50-63.82).

Citation
Le, Ray., et al. (2015)
Caloone, J., et al. (2016)

Kim, M. A., et al. (2014)

Shimoya, K., et al. (1997)

Smith, E. J., et al. (2012)
Trochez‐Martinez, R. D., et al.
(2007)
van de Laar, R., et al. (2009)

Popowski, T., et al. (2011)

Martinez-Portilla, R. J., et al.
(2018)
Sayed Ahmed, W. A., et al. (2016)
Maeda, K., et al. (1997)
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Tissue

Biomarker performance assessment
ROC curve with largest AUC was for ICAM1 (0.995). The optimal ICAM-1 cut-off was
106ng/ml for predicting aCA (sensitivity 98%,
Maternal blood specificity 93.8%).
Optimal IL-6 cut-off was > 8 pg ⁄ mL for
predicting infection (sensitivity 82.6% ,
Maternal blood specificity of 86.3%).
Sensitivity (100%) and specificity (50%) for
Amniotic fluid predicting aCA before 34 weeks.
The optimal AF glucose cut-off was
<20mg/dl for predicting aCA(specificity
Amniotic fluid >90%, sensitivity <20%). AUC not reported.

Citation

Amniotic fluid

Not evaluated.
Optimal IL-8 cut-off was 1561 ng/mL for
predicting aCA(sensitivity 67%, specificity
74%), AUC not reported.
Optimal IL-6 cut-off was > 17 ng/ml for
predicting aCA (sensitivity 79% , specificity
100%). AUC - 0.89.
Optimal cut-off IL-6 was >1000 pg/mL for
predicting aCA (sensitivity 60%, specificity
94%). AUC - 0.78.

Hillier, S. L., et al. (1993)

Not evaluated.
Optimal IL-6 cut-off was >3500 pg/ml for
predicting stage II/III aCA (sensitivity 87.5%,
specificity 89.5%). AUC not reported.
ROC curve with the largest AUC was for AF
IL-6 (0.74) and optimal AF IL-6 cut-off was
2.4ng/ml for predicting aCA (sensitivity 62%,
specificity 78%).
ROC curve with largest AUC was for AF
MMP-9 (0.78) and optimal AF MMP-9 cutoff was 15.0ng/ml for predicting aCA.
ROC curve with largest AUC was for AF IL-8
(0.76) and optimal AF IL-8 cut-off was for
≥9.9 ng/mL , ≥17.3 ng/mL, ≥55.9 ng/mL) for
predicting stage I,II,and III aCA respectively.

Kim, S. M., et al. (2015)

Amniotic fluid

Amniotic fluid

Amniotic fluid
Amniotic fluid

Amniotic fluid
Amniotic fluid
and maternal
blood
Amniotic fluid
and maternal
blood
Amniotic fluid
and maternal
blood

Steinborn, A.,et al. (2000)

Gulati, S., et al. (2012)
Romero, R., et al. (1991)

Odibo, A. O., et al. (1999)

Kacerovsky, M., et al. (2009)

Yoon, B. H., et al. (1995)

Kacerovsky, M., et al. (2014)

Tsuda, A., et al. (1998)

Kim, S. A.,et al. (2016)

Oh, K. J., et al. (2011)

Yoneda, S., et al. (2015)

Note: aCA was diagnosed based on histological assessement of the placenta. The studies mentioned
in this table often used the terminology histologic chorioamnionitis/acute histologic chorioamnionitis
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Appendix B Supplementary Material for Chapter 3
B.1

Supplementary figures

Supplementary Figure 3.1. Association of SNP genotypes (rs1800795, rs1800796, and
rs1554973) with ancestry in study cohort. Ancestry is described as a continuous measure using
the top three ancestry MDS coordinates. There were significant differences in the distribution of
the top two ancestry MDS coordinates between the genotypes; however, ancestry MDS
coordinate 3 was not significantly different between the genotypes for the three SNPs.
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Supplementary Figure 3.2. Correlation of β values across eight IL6-related CpGs. Using
Spearman’s correlation, modest (r>0.5) to strong (r>0.7) correlations were observed across most
of the IL6-related CpGs. Stronger correlations were observed among CpGs that were physically
closer to one another (bps).
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Supplementary Figure 3.3. Differential methylation of IL6-related CpGs based on IL6 genotype
status at rs1800796. In a subset of the study population (n=67), individuals with CC genotype
(n=9) showed increased DNAm levels compared to carriers of GG genotype (n=54) at five of the
tested CpGs (Bonferroni-corrected p<0.05). As expected, the four heterozygotes (CG) showed
intermediate DNAme levels.
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Supplementary Figure 3.4. Altered DNAm at IL6-related CpGs is associated with aCA status.
In a subset of the study population for which genotype and DNAme data was available (n=67),
aCA-a placentas showed increased DNAme compared to non-aCA associated placentas (p<0.05,
Kruskal-Wallis test).
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Supplementary Figure 3.5. Correlation between placental DNAme and gene expression at IL6
locus. A non-significant negative trend between DNAme and gene expression was observed in
both the publicly available datasets: GSE98224 (n=48 placentas); GSE44667 (n=16 placentas).
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Supplementary Figure 3.6. No association of IL6 expression with gestational age, fetal sex and
preeclampsia status. In each graph, IL6 gene expression, measured as log2 transformed, is
depicted on the y-axis in comparison to A) gestational age, B) fetal sex C) preeclampsia status
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Supplementary Table 3.1. Allele counts and frequencies for the SNPs used in
the study

Marker
rs1800450
rs3804099
rs1554973
rs2149356
rs5744105
rs2228144
rs1800796
rs1800795
rs1143643
rs1800896
rs2222202
rs4073
rs2664349
rs2569190
rs352140

Alleles
C
T
A
G
C
T
A
C
C
G
C
T
C
G
C
G
A
G
C
T
A
G
A
T
C
T
C
T
C
T

Count
aCA non-aCA
115 342
27
52
84
227
58
167
37
84
105 310
48
129
94
265
69
160
71
224
126 337
16
49
35
65
107 329
91
262
51
132
46
132
96
262
54
145
88
245
50
139
86
241
63
176
79
218
51
124
91
270
70
205
70
189
78
212
64
182

Frequency
aCA non-aCA
0.81 0.87
0.19 0.13
0.59 0.58
0.41 0.42
0.26 0.59
0.74 0.79
0.34 0.33
0.66 0.67
0.49 0.42
0.51 0.00
0.89 0.87
0.11 0.13
0.25 0.16
0.75 0.84
0.64 0.66
0.36 0.34
0.32 0.34
0.68 0.66
0.38 0.37
0.62 0.63
0.37 0.37
0.63 0.63
0.44 0.45
0.56 0.55
0.36 0.31
0.64 0.69
0.50 0.52
0.50 0.48
0.55 0.54
0.45 0.46

p-value

OR

0.10

0.65

0.77

1.06

0.24

1.30

0.84

1.05

0.14

1.36

0.77

1.14

0.04*

1.65

0.61

0.90

0.84

0.95

0.92

1.04

1.00

1.01

1.00

0.99

0.35

1.22

0.69

0.92

0.84

1.05
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Supplementary Table 3.2. Counts per genotype

rs1800796

rs1800795

Cluster 1

Cluster 2

Cluster 3

Cluster 1

Cluster 2

Cluster 3

nonGenotypes aCA aCA

nonaCA aCA

nonaCA aCA

nonaCA aCA

nonaCA aCA

nonaCA aCA

CC

0

0

3

1

8

10

14

46

8

21

11

28

CG

4

13

5

16

4

14

19

61

5

10

1

1

GG

42

122

5

16

0

5

13

28

0

2

0

0
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Supplementary figures

Supplementary Figure 4.1. Distribution of samples across the ten chips for the discovery
cohort. The study included 44 chorionic villous samples (4 run in duplicate for technical
controls: replicates), 16 matched amnion samples, and 16 matched chorion samples.
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4.2a

4.2b

Supplementary Figure 4.2a and 4.2b. Unsupervised hierarchical clustering and PCA on all
probes in the 850k array (866,895 CpGs). Samples clustered primarily by tissue type (chorionic
villi – blue, chorion – green, amnion – red). However, one amnion sample clustered further away
from the amnion group (as indicated by the arrow) suggesting it is not representative of its tissue
type and was therefore, removed from further analysis.
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Supplementary Figure 4.3. Distribution of M values was plotted for each pair of technical
replicate samples. The pairwise correlation of probes improved from raw data to batch corrected
cleaned data for the four replicates.

Supplementary Figure 4.4. Primer sequences and reaction conditions used for pyrosequencing
assays.
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Supplementary Figure 4.5. Hierarchical clustering on the 66 differentially methylated CpG
sites in chorionic villi. Samples clustered by acute chorioamnionitis status. Black labels, nonaCA; blue labels, aCA. * indicates stable and significantly different clusters as determined by
pvclust and sigclust2 packages
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Supplementary Figure 4.6. Sex-specific array-wide volcano plots in chorionic villi. For each
probe, FDR corrected p-values from fitted linear models were plotted against group differences
in DNAm, for males and females separately. The flat volcano plots demonstrate a lack of
differential methylation associated with aCA in either of the sexes, after correction for multiple
comparisons.
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Supplementary Figure 4.7. Differential methylation at the three candidate CpG sites in males
and females. In males, we confirmed significant differential DNAme in the discovery cohort and
validated in the independent set of samples for cg21962324 and cg11340524. In females, none of
the three CpG sites were differentially methylated in the validation cohort; however similar
DNAme trends were observed. % DNA methylation plotted on y-axis was measured by
pyrosequencing.
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Supplementary Figure 4.8. Variation in DNAme between fetal sexes over gestational age.
Though not significant, sex-specific trends in DNAme across gestation was observed for
cg21962324 (IRX2) and cg01276475 (RIMS1). % DNAme measured by pyrosequencing is on
the y-axis and gestational age (weeks) is on the x-axis.
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Supplementary Figure 4.9. Distributions of correlation coefficients (R) between DNAme in
chorionic villi and fetal membranes were compared against the null distribution (grey).
Chorionic villi is more similar to chorion than amnion as evident by skewing of the distribution
of correlation coefficient (R) towards stronger positive correlations. As expected, positive
skewing was most pronounced when correlations were run between the fetal membranes as both
chorion and amnion have a common inner cell mass origin.
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Supplementary Figure 4.10. Array-wide volcano plots of the differential methylation analysis
between the tissue pairs (chorionic villi and amnion; and chorionic villi and chorion). The x-axis
indicates a DNAme difference (Δβ) between the compared tissues. The y-axis represents FDR
corrected p-value. Points are colored to highlight CpGs sites that met biological (Δβ > 0.20) and
statistical thresholds (FDR < 0.01). Sites highlighted in red are those that are hypermethylated in
chorionic villi compared to amnion/chorion. Sites highlighted in blue are those that are
hypomethylated in chorionic villi compared to amnion/chorion.
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Supplementary Table 4.1. Probe filtering characteristics for chorionic villi, amnion and chorion
Criteria
SNP probes
Probes targeting sex chromosomes
Probes with evidence of cross hybridization
Probes with a SNP at the site of bp extension or at
the site of the CpG being measured
Poor quality probes (detection p value >0.01 in >20
% of samples or <3 bead replicates in >20 % of
samples)
Non variable probes

Chorionic villi

Chorion

Amnion

59
19,681
53,241

59
19,681
53,241

59
19,681
53,241

10,262

10,262

10,262

4386
67,429

2020
75,991

1573
79,969
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Supplementary Table 4.2. Probes investigated for biologically relevant candidate CpG site
analysis
Probe

Chromosome

UCSC_Refgene_Name

UCSC_Refgene_Group

cg02544380
cg02901679

1 IL10
1 IL10

TSS1500
TSS200

cg03239976
cg04321197
cg10978799
cg15096505
cg16247264
cg16284789
cg17067005
cg17744604
cg18442793
cg24274865
cg01290568
cg02596281
cg07250315
cg07935264
cg10486274
cg14117934
cg15218327
cg15836722
cg18773937
cg19890119
cg20983042
cg23149881
cg01770232
cg02335517
cg05265849
cg07998387
cg10140158
cg13104385
cg15703690
cg17067544
cg04392234
cg16468729
cg01592588
cg01793179
cg01962199

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
7
7
7
7
7
7
7
7
4
4
3
3
3

Body
1stExon
TSS200
Body
Body
Body
Body
TSS1500
TSS1500
TSS1500
5'UTR
TSS1500
Body
TSS200
Body
3'UTR
Body
Body
TSS1500
Body
TSS1500
TSS1500
TSS1500
Body
Body
Body
TSS1500
Body
Body
TSS1500
3'UTR
Body
Body
Body
Body

IL10
IL10
IL10
IL10
IL10
IL10
IL10
IL10
IL10
IL10
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL1B
IL6
IL6
IL6
IL6
IL6
IL6
IL6
IL6
IL8
IL8
IRAK2
IRAK2
IRAK2
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Probe
cg03215701
cg03886837
cg04455646
cg04733838
cg06391377
cg07463991
cg07631359
cg08110661
cg08424512
cg08819120
cg09386682
cg10106965
cg10317164
cg11753709
cg11851603
cg12204957
cg12484135
cg13302664
cg13419330
cg13933891
cg14433987
cg14527942
cg14784004
cg15292072
cg16286142
cg18007850
cg18091848
cg18527651
cg18716706
cg19275895
cg19518265
cg19553158
cg20854791
cg21387009
cg21393095
cg25458727
cg25503542
cg26060132
cg26592283
cg27032569
cg00524814

Chromosome
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
10

UCSC_Refgene_Name
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
IRAK2
MBL2

UCSC_Refgene_Group
TSS200
Body
TSS1500
TSS1500
Body
Body
Body
Body
Body
Body
Body
TSS1500
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
TSS200
Body
3'UTR
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
TSS1500
TSS200
170

Probe
cg05759948
cg08253748
cg08780887
cg09545806
cg13882988
cg14802408
cg18972123
cg27418851
cg02526439
cg05139829
cg05991513
cg06908058
cg10474091
cg10525327
cg10945860
cg11452992
cg13521251
cg14989234
cg15728672
cg16433873
cg16699632
cg18182787
cg23051059
cg26680202
cg00646813
cg02016764
cg03430998
cg08757862
cg08888038
cg09316306
cg11918910
cg14003984
cg20054786
cg22809983
cg22839308
cg00000884
cg01249659
cg01554777
cg03523945
cg03610073
cg06405222

Chromosome
10
10
10
10
10
10
10
10
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

UCSC_Refgene_Name
MBL2
MBL2
MBL2
MBL2
MBL2
MBL2
MBL2
MBL2
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
MMP16
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR1
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2

UCSC_Refgene_Group
TSS1500
TSS1500
TSS1500
1stExon
1stExon
Body
TSS1500
TSS200
3'UTR
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
Body
5'UTR
5'UTR
TSS1500
TSS1500
5'UTR
TSS1500
5'UTR
TSS1500
Body
5'UTR
TSS1500
5'UTR
TSS1500
5'UTR
5'UTR
TSS1500
TSS200
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Probe
cg06618866
cg12940473
cg14581949
cg15801357
cg15852258
cg16547110
cg18652319
cg19037167
cg24295442
cg00073181
cg00244959
cg01181681
cg02619544
cg04219417
cg05696109
cg05858079
cg06155710
cg07015886
cg11209549
cg12095594
cg14849237
cg15448366
cg15630422
cg16409474
cg16585333
cg17599809
cg18201671
cg20357670
cg20542622
cg23039250
cg23291900
cg23343408
cg24861436
cg00755496
cg01045723
cg01395047
cg05778154
cg08721301
cg09595853
cg11855705
cg13380109

Chromosome
4
4
4
4
4
4
4
4
4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
3
3
3
3
3
3

UCSC_Refgene_Name
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2
TLR2
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR5
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9

UCSC_Refgene_Group
TSS1500
5'UTR
TSS1500
TSS200
TSS200
TSS200
Body
5'UTR
TSS1500
5'UTR
5'UTR
TSS1500
TSS1500
TSS1500
TSS200
5'UTR
3'UTR
TSS1500
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
5'UTR
TSS1500
5'UTR
5'UTR
5'UTR
TSS1500
5'UTR
Body
Body
Body
TSS200
TSS1500
TSS200
Body
TSS200
Body
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Probe
cg14528193
cg16302310
cg17716965
cg17722393
cg18452449
cg22484793
cg23021329
cg23949087
cg26207095
cg01360627
cg01569083
cg02137984
cg03037030
cg04425624
cg04472685
cg06825478
cg08553327
cg08639424
cg10650821
cg10717214
cg11484872
cg12681001
cg15989608
cg17741993
cg19124225
cg19648923
cg19978379
cg20477259
cg21222743
cg21370522
cg21467614
cg23384708
cg24452282
cg26729380
cg26736341

Chromosome
3
3
3
3
3
3
3
3
3
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

UCSC_Refgene_Name
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TLR9
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF
TNF

UCSC_Refgene_Group
Body
TSS1500
TSS200
Body
TSS1500
TSS1500
Body
Body
TSS1500
Body
TSS200
3'UTR
TSS200
1stExon
3'UTR
3'UTR
1stExon
TSS1500
1stExon
1stExon
TSS200
1stExon
3'UTR
Body
3'UTR
TSS200
TSS1500
Body
1stExon
TSS200
1stExon
Body
TSS1500
1stExon
3'UTR
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Supplementary Table 4.3. Probe filtering characteristics for tissue-tissue comparison analysis.

Criteria
SNP probes
Probes targeting sex chromosomes
Probes with evidence of cross hybridization
Probes with a SNP at the site of bp extension or at
the site of the CpG being measured
Poor quality probes (detection p value >0.01 in >20
% of samples or <3 bead replicates in >20 % of
samples)

Number of probes eliminated
59
19,681
53,241
10,262

4386
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Supplementary Table 4.4. Probes identified as differentially methylated in the discovery cohort
(chorionic villi).
UCSC_Refgene_
Probe
Chromosome
Name
cg01276475
6 RIMS1
cg19696329
6 LTV1
cg16545496
16 HSD11B2
cg17444090
1 SIPA 1L2
cg24895142
7 ST7
cg18143564
11 RIC3
cg08627825
22 LINC00229
cg18624016
2 SNED1
cg19179332
17
cg11340524
15 RAB27A
cg26224223
19 TSHZ3
cg00715092
5
cg09140778
2 GBX2
cg04402021
19 POLR2E
cg15013171
22
cg14803324
12
cg20710266
15 NR2F2
cg03928041
8 ANGPT2
cg11862635
4
cg00539858
2
cg05293930
22 SUN2
cg18694418
7 AMZ1
cg01597130
11
cg09275023
6 HLA-E
cg14853341
1 KCNK1
cg21606707
19 RAB11B
cg01860944
13 AK097816
cg04498921
22
cg25313383
4
cg02782634
17 TMEM49
cg20437986
7
cg25139649
1 SKI
cg16241107
22
cg26525592
5 CXCL14
cg24244235
20
cg19788186
21 KCNJ15
cg18326021
10 SORCS3

UCSC_Refgene_
Group
TSS1500
Body
TSS1500
Body
Body
Body
TSS1500
TSS1500

Body

Body
Body

5'UTR
Body
TSS1500
Body
Body

Body
Body
TSS1500
5'UTR
1stExon

Adjusted
P-value
Δβ (Deltaβ)
0.08241
0.23988
0.08861
0.18219
0.05184
0.16503
0.12202
0.15335
0.12306
0.11496
0.09908
0.1108
0.12202
0.11042
0.09864
0.09479
0.1229
0.09118
0.12492
0.08996
0.09864
0.08963
0.09433
0.0864
0.09908
0.0828
0.12306
0.08102
0.08861
0.08056
0.12306
0.08008
0.02891
0.07896
0.13149
0.07653
0.0465
0.07569
0.04786
0.07513
0.0465
0.07261
0.09908
0.07175
0.09908
0.07158
0.09954
0.06711
0.12202
0.06649
0.08241
0.06542
0.09908
0.06375
0.08861
0.06362
0.14752
0.06356
0.12202
0.06294
0.08861
0.05831
0.14024
0.05666
0.1229
0.05583
0.1229
0.05519
0.08861
0.05324
0.09908
0.05049
0.04786
-0.0509
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UCSC_Refgene_
Name

Probe
Chromosome
cg01408508
20
cg03321020
1 KIAA2013
cg26852723
10 FAM171A1
cg15971243
1
cg17351418
2
cg17052497
18
cg09905635
7 TNS3
cg16008054
8 DLGAP2
cg21368375
7
cg02552292
2 GPR39
cg02540975
6
cg03073060
7 TNS3
cg26679964
7
cg12567780
4 ANK2
cg03547623
2 LRP1B
cg26922019
3 ZBTB20
cg11993043
13
cg23706187
4 MIR2054
cg22952895
2 TMEM18
cg03089016
9
cg24244500
13 AK05545
cg02332293
5 IRX1
cg19571721
8 DLGAP2
cg17611614
1
cg24975986
7 ZNF727
cg21962324
5 IRX2
cg21665850
2 TMEM18
cg12771935
2
cg24760768
6 DNAH8

UCSC_Refgene_
Group

Body

5'UTR

Body
5'UTR
Body
Body
TSS1500;5'UTR

5'UTR
TSS200

Body

Adjusted
P-value
Δβ (Deltaβ)
0.08861
-0.0526
0.12202
-0.0536
0.1229
-0.0573
0.12202
-0.061
0.09908
-0.0648
0.14129
-0.0661
0.1229
-0.0685
0.1229
-0.0686
0.14941
-0.072
0.1229
-0.0786
0.14752
-0.0794
0.09908
-0.083
0.1229
-0.087
0.12202
-0.0876
0.1229
-0.0883
0.09908
-0.0888
0.14656
-0.0905
0.09908
-0.0915
0.1229
-0.0936
0.07541
-0.0954
0.1229
-0.1019
0.1229
-0.1027
0.08277
-0.1142
0.12202
-0.1198
0.09908
-0.1206
0.12202
-0.1236
0.14024
-0.1518
0.1103
-0.1569
0.13933
-0.1719
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Supplementary methods

Supplementary Method 4.1. Data preprocessing of matched tissue cohort
15 samples with matched chorionic villi, amnion and chorion were identified for the matched
tissue comparison analysis. Functional normalization was used to account for type I- type II
probe bias on the 850K array. Because the primary objective of this study was to characterize
DNAme signatures between aCA cases and controls within a tissue, samples were not
randomized by tissue type. It is also important to acknowledge that some of the tissue-specific
DM sites may be associated with batch as each tissue type was run on separate 850k chips, but
we don’t expect this to affect the result for one comparison more than the other. Additionally, we
anticipate tissue-associated DNAm effects to be of larger magnitude than any other technical
batch effects.
Supplementary Method 4.2. Differential methylation analysis on matched tissue comparison
dataset
To quantify the similarity between fetal membranes and placental chorionic villi, differential
DNAm analysis on a per CpG level was performed between the tissue pairs (chorionic villichorion and chorionic villi-amnion) by applying a linear model to M values using limma. In
modeling DNAme, tissue type was considered as the main effect and GA, fetal sex, and ancestry
were included as covariates. Because each tissue type was collected from the same individuals it
is likely that DNAme may be influenced by inter-individual differences. To account for this, the
model included a within-individual consensus correlation value estimated by the
duplicateCorrelation( ) function in limma. Multiple test correction was done on the nominal p
values of each tissue pair comparison, using Benjamini and Hochberg false detection rate (FDR)
method. M values corrected for the additive covariates were logit-transformed to β values and
177

average DNAme for every CpG site was calculated by obtaining the mean β value for each of the
tissue type. Magnitude of DNAme differences (Δβ) between tissues was then calculated.
Differentially methylated sites were identified based on i) statistical significance (FDR <0.01);
and ii) biological significance (Δβ >0.2).
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Appendix D Supplementary Material for Chapter 5
D.1

Supplementary figures

Supplementary Figure 5.1. Expression measured as raw Cq values are plotted for the exogenous
control (ath-miR-159a), the two endogenous controls (miR-92a, RNU48) and the six candidate
miRNAs (miR-518b, miR-210, miR-338-3p, miR-411, and miR-146a). As expected the
expression of the exogenous control and the endogenous controls, particularly, miR-92a were
most stable across the 57 placental samples.
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Supplementary Figure 5.2. Placental expression of the six candidate miRNAs across
gestational age with respect to fetal sex is shown. Although not significant, miR-146a, miR-223,
miR-338, and miR-411 displayed a trend towards decreased expression with gestational age at
delivery.

180

Supplementary Figure 5.3. Expression of mir-146a, miR-210, miR-223, and miR-411 did not
exhibit a significant association with aCA status (Kruskal-Wallis test, p>0.05); however they
trended in the expected direction as observed in response to an infection.
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Supplementary Figure 5.4. For miR-338, significant association with aCA status was noted for
both males and females (Kruskal-Wallis test, p<0.05); however, for miR-518b expression was
significantly associated with aCA in female placentas only (Kruskal-Wallis test, p<0.05).
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Supplementary Figure 5.5. CpG sites linked to miR-518b (3 CpGs) and miR-338-3p (11 CpGs)
did not exhibit differential DNAme between aCA cases and non-aCA cases (Kruskal-Wallis test,
p>0.05). The CpG sites were identified from the 850K array using Ilumina’s annotation.
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Supplementary Figure 5.6. miR-338-3p expression levels were also related to Il6 genotype
(rs1800796), where homozygous C individuals showed higher expression than homozygous G
individuals, though not significant at p<0.05, Kruskal-Wallis test.

184

D.2

Supplementary tables

Supplementary Table 5.1. Gene targets identified by TargetScan and miRDB for miR-518b and
miR-338-3p
miR-518b

miR-338-3p

TSN

PVALB

DMRT2

ZBTB10

HCN1

ZNF282

DGKB

CBFB

ZDHHC18

PPP4R1

FBXO3

LGALSL

NOVA1

TTL

CCNT2

CPEB1

FKBP1A

PIP5KL1

CELSR2

ZBTB5

ZNF281

CHTOP

TAF1

HEXIM1

TSPYL4

TFE3

NTPCR

DCAF12

NOL4

MAPK1

ZNF608

C16orf87

WAPAL

HNF4G

SH3D19

RBM8A

ZBTB18

SEC61A2

SNX18

CPEB3

TEAD3

COPS4

MAFB

VAV3

TNRC6B

TP53INP1

WNK4

RAB14

YBX3

ZNF579

KCNK12

GNG12

ARPC1B

TBC1D8

C10orf54

RAP1B

THBS1

PTEN

PLA2G3

ARMCX3

NDUFA4

MTUS1

MAPK1IP1L

FRMD3

CNOT6

DPY19L1

SLC35G1

RNF114

AKAP12

SMTN

PLEKHH2

SLC30A9

NRP1

PCGF3

ADAM17

EGR1

SLC35F5

SLCO3A1

MECOM

KIAA1549L

HNRNPUL1

TRIM33

ESYT2

ATXN7L1

ZFHX4

TMEM71

RAB23

CHL1

SLK

ZADH2

ORC5

NNT

MYT1L

TBC1D15

SERINC5

LAPTM4B

ETS1

SEPT8

CDH1

SV2A

PRDX6

RAB30

CACNB4

TGOLN2

MAN2A1

SLCO4C1

VAMP3

B4GALT7

MSL2

RPH3A

TOLLIP

TERF2

KCND2

PPP1R16B

SRGAP3

LPIN1

KCNA4

FBXW7

C6orf222

SOX6

SYNRG

HMOX2

FAM120A

C1orf21

MYCBP2

HSPA12A

ARGLU1

MACROD2

C17orf75

LAMC1

C15orf54

LARP4

ATP10D

MAP2

TMEM255A
GPR124
TSR1
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Supplementary methods

Supplementary Method 5.1. Selection of an appropriate endogenous control
Use of endogenous and exogenous controls is important to monitor and account for
technical variation in relative expression analysis. Using a cohort of 57 placentas, we aimed to
characterize aCA-associated miRNA changes and thus sought to evaluate two endogenous
controls (miR92a, RNU48) that may be used to normalize our expression data. The six candidate
miRNAs, two endogenous controls, and the exogenous control ath-miR-159a were detectable in
the 57 placental samples; however their expression differed significantly with respect to their
Cq values, ranging from 16.5 to 36.8 between samples. We used NormFinder to identify the
optimal endogenous control, Normfinder is a bioinformatic tool that calculates stability as an
“M” value, where lower “M” values suggest higher expression stability, by taking into account
intra- and inter-group variability between user defined groups. NormFinder ranking showed that
miR-92a (M=0.84) was a more stable endogenous control than RNU98 (M=1.34) in the cohort of
57 chorionic villus samples, and accordingly samples were normalized to miR-92a prior to
downstream analysis.
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