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Abstract

Neonates have a uniquely structured immune system characterized by immunotolerance,
an unprimed adaptive immune system, and a heavy reliance on innate immune responses.
Although this prevents excessive hyperinflammatory responses during gestation and postnatal
microbial colonization of the neonate, it also confers vulnerability to infection. This risk is
heightened in those born preterm (prior to 37 weeks gestation), as development of their immune
system is interrupted by early birth.
Throughout gestation, the predominant hematopoietic organ shifts in a defined temporal
pattern. Each hematopoietic source produces different types of immune cells in different
proportions, to accommodate the needs of the developing fetus. One of the greatest differences
between these organs is the release of nucleated red blood cells (nRBCs) into circulation –
ranging from the yolk sac, which exclusively releases primitive nRBCs, to the bone marrow, in
which erythroid cells are enucleated before entering circulation. Although generally regarded as
a consequence of high erythropoietic demand in the fetus, recent functional studies have
indicated an immunosuppressive role for fetal nRBCs as well.
DNA methylation (DNAm) is the addition of a methyl group to a cytosine base, a
modification which does not change the underlying genetic sequence. DNAm mediates
hematopoietic lineage commitment and can be a useful marker for cell composition and immune
function in blood. Using the Illumina Infinium HumanMethylation450 BeadChip microarray,
this thesis establishes DNAm profiles for major cord blood hematopoietic cells in both term and
preterm births. In-depth examination of DNAm in term nRBCs revealed that epigenetic marks in
this enigmatic cell population are likely highly regulated. Comparisons between cord blood
ii

hematopoietic cells collected from term versus preterm births allowed for the identification of
both cell-specific and systemic prematurity-associated differential methylation. These findings
contribute to current understanding of the molecular mechanisms behind preterm birth and
highlight candidate genes for follow-up gene expression or functional analysis of preterm
hematopoietic cell populations, including CDC42EP1, CLIP2, FBXO31, the oncogene WWTR1,
and tumour suppressor genes STK10 and RARRES3.
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Chapter 1: Introduction
1.1

Overview
Preterm birth (PTB), or birth prior to 37 weeks gestational age (GA), occurs in

approximately 11% of live births1. PTB is the greatest direct cause of neonatal death and
increases the risk of neonatal infection. PTB is associated with a variety of short- and long-term
sequelae, including increased risk for respiratory illnesses and learning disabilities in childhood
as well as hypertension and heart disease in adulthood2.
Premature birth interrupts fetal immune development, resulting in an immune system
with distinct cell type composition and cell-specific limitations in immune responses. Epigenetic
marks, such as DNA methylation (DNAm), have been found to mediate changes in both immune
system structure and function3-6. The goal of my project is to characterize the DNAm profiles of
key immune cells in term and preterm neonates, to improve our understanding of immune system
regulation in these populations. Identifying epigenetic patterns unique to the preterm immune
system may reveal methods for early identification or treatment of neonatal infection in this
vulnerable group.
In the introduction of this thesis, hematopoietic processes that give rise to the immune
system will be discussed, focusing on how these processes develop over gestation. Ways in
which the neonatal immune system deviates from the adult immune system will then be
described, as well as how these differences are exaggerated in preterm infants. Finally, the role
of epigenetics in cell fate decisions and fetal development will be outlined.

1

1.2
1.2.1

Immune system composition
Hematopoiesis
Hematopoiesis is a popular system for studying stem cells and lineage commitment,

partially due to the simplicity of its original model. The classic model of hematopoiesis has a
hierarchical structure crowned by hematopoietic stem cells (HSCs), which have the potential to
differentiate into any blood cell lineage and are capable of self-renewal (Figure 1.1). As a first
step towards differentiation, HSCs become multipotent progenitors, which cannot self-renew but
maintain the potential to commit to any blood cell lineage7. Lineage commitment then progresses
into a series of bifurcating decisions, the first of which being between the common myeloid
progenitor and the common lymphoid progenitor8,9. The myeloid route can lead to the
granulocyte-monocyte lineage (with monocytes, macrophages, neutrophils, basophils,
eosinophils and mast cells as terminally-differentiated cells) and the megakaryocyte-erythroid
lineage, whereas the lymphoid route can branch into B cells, T cells, and natural killer (NK)
cells.

2

Figure 1.1 Classical model of hematopoiesis

Improvements in technology and study design have revealed that hematopoiesis is more
complex than the classical model indicates. Transcriptome profiling and cell surface marker
analyses have revealed an increasing number of intermediate cell populations, which blur the
boundaries of the traditional hematopoietic hierarchy10-13. Rather than abrupt pairwise decisions,
cell lineage commitment is more likely to be a progression towards a given cell fate, which is
inherently more flexible and sensitive to changes in gene expression and the microenvironment.
For example, one of the first studies to assess hematopoiesis by individual cell manipulation,
rather than by populations of cells, identified multilymphoid progenitors that could give rise to
not only all lymphoid cells but also monocytes, macrophages, and dendritic cells14. This revealed
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that the earliest cell fate decision is not necessarily a myeloid-lymphoid one, and is one of many
studies that have shifted our understanding of hematopoiesis.

1.2.2

Innate and adaptive immunity
The immune system can be divided into innate and adaptive immune responses, which

work in concert to protect against microorganisms. Adaptive immunity is mediated by
lymphocytes and involves an immunological “memory” for prior exposures. This memory is
used to produce pathogen-specific immune responses, conferring long-term protection to the
individual. Upon antigen recognition, adaptive immune cells operate to inactivate or directly kill
the invading target cell as well as initiate appropriate downstream immune responses15.
Innate immunity is a non-specific system that provides an immediate, short-term response
to pathogens. The innate immune system relies on phagocytic cells such as granulocytes,
macrophages and dendritic cells. These cells express various pattern recognition receptors
(PRRs), which recognize pathogen- and danger-associated molecular patterns (PAMPs and
DAMPs, respectively) and subsequently trigger an immune response cascade16,17. This
culminates in the release of antimicrobial proteins and peptides (APPs), and components of the
complement system. Both phagocytic cells and the soluble factors they produce work together to
identify, digest, and destroy invading microorganisms. Certain phagocytes link the innate and
adaptive immune systems by presenting antigenic peptides to lymphocytes, thus instructing
adaptive system development17,18. The innate immune system is also capable of developing its
own form of immunological memory, in a phenomenon called trained immunity19. This immune
“training” involves phenotypic and gene regulatory changes to innate immune cells that result in
their heightened activity in response to a secondary infection. Antigen-specific immune training
4

has been shown in invertebrates and plants, however only nonspecific responses have been
observed in vertebrates to date19.

1.2.3

Major hematopoietic immune cells
The myeloid lineage can be divided into two general cell types: granulocytes, and

monocyte-derived cells. Granulocytes, which include neutrophils, basophils, eosinophils, and
mast cells, are blood cells with multi-lobed nuclei and secretory granules in their cytoplasm.
Neutrophils are the most abundant white blood cell (WBC) (Table 1.1) and are key phagocytes
of the innate immune response. They are highly motile, and upon infection travel to the affected
site by chemotaxis. Neutrophils then combat the invading microorganism by phagocytosis,
release of antimicrobial granules, or formation of neutrophil extracellular traps (NETs)20.
Basophils, eosinophils, and mast cells are much rarer than granulocytes (Table 1.1). These cells
produce key cytokines, growth factors, and other signaling molecules like histamine and heparin
as part of inflammatory reactions to parasitic infections, allergies, and asthma20-22.
Monocytes and macrophages are major phagocytes in the immune system that are
recruited to sites of infection to attack the foreign microbe while also affecting downstream
immune responses. Macrophages additionally have constitutive phagocytic functions, clearing
dead cells and debris from tissues and circulation even in the absence of an immune response.
Resident macrophage populations are present in tissues throughout the body, derived from a
combination of yolk sac macrophages, fetal monocytes, and adult hematopoietic progenitors23.
Dendritic cells can be derived from both myeloid and lymphoid lineage commitment
pathways, and are an essential type of antigen-presenting cell (APC). Professional APCs – which
also include macrophages and B cells – display fragments of antigens from pathogens or
5

allergens bound to major histocompatibility complex II molecules on their membrane. These
APCs then inform and activate the adaptive immune system through interaction with B and T
lymphocytes20,24.
The lymphoid lineage is made up of B and T cells, and NK cells. NK cells have roles in
both innate and adaptive immune function. They are one of the first responders to infection,
releasing granules upon recruitment that perforate the foreign target’s cell membrane and induce
apoptosis20. However, NK cells also regulate adaptive immunity through cytokine production,
and can become “memory NK cells” that are primed to respond to previously-encountered
pathogens25.
B cells have two roles: establishing humoral immunity by producing antibodies, and
presenting antigens to T cells. The antibodies secreted by B cells, called immunoglobulins (Igs),
fall into 5 main categories: IgM, which is involved in complement activation; IgE, which
activates the allergic response; IgA, which is involved in mucosal immunity; IgD, which
activates basophils; and IgG, which has broad functions in complement activation, neutralization
of microbes, and opsonization20,24,26,27.
T cells are a diverse cell type, and are classified into subsets by their distinct cell-surface
markers and functions. CD8 T cells, called cytotoxic T cells, release cytotoxic proteins upon
antigen recognition that cause apoptosis in the target cell. CD4 T cells, termed T helper (Th)
cells, coordinate immune responses through the secretion of cytokines and other factors. There
are further subsets of both types of T cell, including a wide array of Th cells. Three of the most
studied Th cell subtypes are Th1 cells, which promote cell-mediated immunity and respond to
intracellular pathogens; Th2 cells, which promote humoral immunity and respond to extracellular
parasitic pathogens; and Th17 cells, which produce interleukin (IL)-17 and respond to
6

extracellular bacterial and fungal pathogens28-30. Another key T cell population is the regulatory
T cell (Treg), which is an immunomodulatory cell type that prevents immune hyperactivity20.
Although not considered immune cells, erythrocytes are the most abundant cells in blood,
present at around 1000 times the number of WBCs. In adults, nearly all red blood cells (RBCs)
are enucleate by the time they enter circulation. In contrast, many fetal circulating RBCs retain
their nucleus, with the proportion of nucleated red blood cells (nRBCs) in the fetus declining as
gestation progresses31 (Table 1.1).

Table 1.1 Absolute blood cell count ranges for adult peripheral blood, term cord blood, and preterm (<37
weeks GA) cord blood. All cell counts reported as x103 cells/µL.

Total
Neutrophils
Eosinophils
Basophils
Monocytes
Lymphocytes (total)
NK cells
B cells
T cells (total)
CD4 T cells
CD8 T cells
Erythroblasts

Adult peripheral blood
4.0 - 10.5 #
2.0 - 6.4 #
0.1 - 0.2 #
0 - 0.09 #
0.2 - 0.9 #
1.0 - 3.2 #
0.13 - 0.25○
0.16 - 0.27○
1.0 - 1.5○
0.60 - 0.98○
0.42 - 0.66○
0

Term cord blood
10 - 26●
5 - 13●
0.2 - 2.0●
0 - 1●
0.5-3●
3.5-8.5●
0.15-1.89 ^
0.35-1.17 ^
1.64-3.83 ^
1.07-2.56 ^
0.50-1.24 ^
0 –0.64*

Preterm cord blood
5 - 19●
2 - 9●
0.1 - 0.7●
0 - 1●
0.3 - 1●
2.5 - 6●
0.10 - 1.62 ^
0.09 - 2.29 ^
1.21 - 4.65 ^
0.91 - 3.23 ^
0.27 - 1.42 ^
0 – 1.67*

●

= reference ranges (5-95 percentiles), Milcic32; * = reference ranges (25-75 percentiles), Perrone et al.33; ○ =
reference ranges (25-75 percentiles), Hulstaert et al.34; # = reference ranges (lower-upper limit), Adeli et al.35; ^ =
reference ranges (lower-upper limit), Walker et al.36

1.3

Neonatal immunity
The prenatal period is a critical time in which the fetus’ immune system is preparing for

life outside of the sterile womb. However, the fetus is semi-allogeneic to the mother, sharing
7

only 50% of her DNA. Nucleated cells cross the placenta in both directions, so both the maternal
and fetal immune systems must be kept in check to avoid anti-fetal and anti-maternal immune
responses, respectively37. Excessive inflammation during pregnancy increases risk for
spontaneous abortion and preterm birth38. The fetal immune system changes markedly over
gestation to adapt to these shifting demands, as does the neonatal immune system in the period
immediately after birth.

1.3.1

Fetal hematopoiesis
Throughout gestation, hematopoiesis transitions between multiple locations in the fetus

and extraembryonic membranes in a defined temporal pattern (Figure 1.2). The blood cells
produced by each hematopoietic organ vary widely and reflect the changing demands of the fetus
with immune system development and increasing oxygenation.

Figure 1.2 Shifting hematopoietic sources throughout gestation. Adapted from Mikkola, 2005 and Dzierzak,
200939,40.

8

Hematopoiesis begins in the yolk sac, at day 16 of development41. Blood cells produced
by the yolk sac are largely of erythroid lineage, but early myeloid cells are also produced42,43.
Yolk sac erythrocytes are primitive: they are larger than definitive erythrocytes, retain their
nucleus in circulation, and express embryonic hemoglobins42. By 7 weeks gestation, yolk sac
hematopoietic progenitors are no longer detectable44,45.
As hematopoiesis in the yolk sac declines, the aorta-gonad-mesonephros (AGM) and the
placenta become dominant hematopoietic sources. The AGM, an embryonic structure consisting
of the dorsal aorta and urogenital ridges, displays de novo formation of HSCs from
approximately 32 days gestation, although these HSCs are relatively low in number39,46.
Placental hematopoietic activity has been suggested to occur from 8-17 weeks gestation47, but
HSCs are present in the placenta from 6 weeks gestation all the way to term48. Placental HSCs
associate closely with stromal cells thought to support the hematopoietic process, suggesting that
the placenta is not just a reservoir for HSCs but is actively contributing to fetal hematopoiesis41.
Erythroid maturation is also facilitated by the placenta early in gestation (from day 24 to 7
weeks), with primitive erythroblasts associating with placental macrophages (Hofbauer cells)
during the enucleation process49,50.
The fetal liver is the largest contributor to hematopoietic activity from 9 to 24 weeks’
gestation44. However, the liver does not generate HSCs de novo, and requires seeding from other
organs. When hematopoiesis is initiated in the fetal liver, the placental HSC pool is as much as
15 times greater than that of the AGM51. Thus, it has been suggested that the majority of liverseeding HSCs come from the placenta, with smaller contributions from the AGM and yolk sac39.
Throughout gestation, fetal liver hematopoiesis expands its repertoire from a mostly erythroidfocused process to also produce megakaryocytic cells, other myeloid cells, and B cells39. At
9

around 8-9 weeks gestation, the thymus and spleen are seeded from the liver and make moderate
contributions to lymphopoiesis (the thymus)52 and to the myeloid and erythroid lineages (the
spleen)24,53,54. At 24 weeks’ gestation, hematopoiesis in the liver declines to accommodate
hepatocyte proliferation24.
As hematopoiesis is reduced in the fetal liver, it increases in bone marrow. Although the
bone marrow does not become the predominant source of blood cells until gestational week 24,
HSCs (derived from the fetal liver) have been observed in the bone marrow as early as 10 weeks
gestation43,44. Early in bone marrow hematopoiesis, myeloid and erythroid cells are produced in
equal number, however the myeloid:erythroid ratio becomes similar to the adult level of 3:1 by
the time the bone marrow is the predominant hematopoietic organ44. The bone marrow remains
the main site of hematopoiesis after birth and throughout life.

1.3.2

Distinguishing the neonatal and adult immune systems
Infants are much more vulnerable to infection than adults, due to their relatively limited

immune response. Neonatal immunity is characterized by an unprimed adaptive immune system
and a consequently heavy reliance on innate immunity. This section will highlight some of the
cellular and molecular differences between neonatal and adult immune systems, and will also
describe the influence of maternal factors on fetal immune development.

1.3.2.1

Differences in cellular composition
Term cord blood shows higher overall WBC counts relative to adult blood, with high

numbers of neutrophils in neonates being one of the largest contributors to this difference (Table
1.1). This elevated neutrophil count is transient, with levels decreasing to a low at 72 hours after
10

birth, and stabilizing at roughly one-third of the number at birth by 120 hours of age55,56. Further
distinctive features of neonatal blood include: 1) a relative lack of memory T cells compared to
adult T cells24; 2) high numbers of Tregs57,58; 3) a higher ratio of CD4 Th cells to CD8 cytotoxic
T cells59; 4) a higher number of unconventional B-1 (CD54+) B cells60; 5) fewer circulating
dendritic cells, which may impair T cell memory development61; and 6) the frequent presence of
nRBCs, whereas RBCs in the healthy adult are enucleate. The development of nRBCs and their
potential impact on fetal and neonatal immunity are discussed in the next section.

1.3.2.2

Nucleated red blood cells
Early in gestation, the yolk sac produces primitive nRBCs, which are distinguished from

definitive RBCs in their large size, short maturation period and lifespan, and expression of
embryonic hemoglobin. Primitive nRBCs also generally retain their nucleus in circulation,
although there is evidence of primitive erythroblast enucleation in the placenta50. Erythropoiesis
is exclusively primitive from 3-6 weeks gestation, and primitive nRBCs have been observed
throughout the first trimester of gestation. At 6 weeks gestation, definitive erythropoiesis begins,
with erythroblasts enucleating in their site of origin – typically the liver or bone marrow50,62.
Erythropoiesis is a two-phase process: 1) erythroid progenitor proliferation, in which
HSCs commit to the erythroid lineage by proliferating and differentiating into burst forming
unit-erythroid and colony forming unit-erythroid; and 2) terminal erythroid differentiation, in
which the proerythroblast differentiates into enucleated reticulocytes63. Terminal erythroid
differentiation occurs with the proerythroblast progressing through the basophilic,
polychromatic, and orthochromatic erythroblast stages in 3 cell divisions. The orthochromatic
erythroblasts then enucleate to become reticulocytes, which mature in circulation to become
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RBCs. Each intermediate cell in the erythropoietic process is markedly distinct, reflecting the
large-scale changes in membrane composition, the cytoskeleton, and nuclear structure required
before the erythroblast is ready to expel its nuclei (Figure 1.3). Some of the many changes
occurring during terminal erythroid differentiation include decreasing cell size, increasing
chromatin condensation, increasing hemoglobin, decreasing levels of adhesion molecules, and
increasing levels of most major transmembrane and cytoskeletal proteins64. Once condensed, the
nucleus is polarized, and the erythroblast prepares to divide into the reticulocyte, the eventual
mature RBC, and the pyrenocyte, the membrane-surrounded nucleus that will likely be digested
by macrophages. This causes dramatic regional differences in the erythroblast, which are
mediated by protein sorting, membrane maturation, vesicle trafficking, and autophagy65. Another
key change in maturing erythroblasts is the progressive global demethylation of DNA, which has
been observed in both mouse and human erythropoiesis66,67.

Figure 1.3 Major steps of erythropoiesis. As the erythroid cell progresses through terminal differentiation: the
nucleus condenses; hemoglobin concentration increases; the cytoskeleton polarizes the nucleus and assembles a
contractile actin ring; and regional differences in membrane and cytosol composition develop, based on whether that
area will be incorporated into the pyrenocyte or the reticulocyte. Adapted from Ji, 2011 68.
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The proportion of nRBCs declines throughout gestation, but nRBCs are commonly seen
in term cord blood: 0-10/100 WBC is considered a healthy range, with 1-2/100 WBC being the
most common31,55,69. In absolute terms, 500 nRBC/µL has been suggested to be a “normal”
count31. After birth, nRBC counts drop rapidly: all nRBCs are cleared from the bloodstream
within 4 days of life in healthy term infants and within around 7 days in healthy preterms.
There is wide inter-individual variability in nRBC proportion, as it depends on both total
leukocyte count and rate of erythropoiesis and enucleation69. Levels of nRBCs above the typical
neonatal range of 0-10/100 WBC are associated with a variety of acute and chronic stimuli, such
as hypoxia, asphyxia, hemolysis, fetal anemia, and maternal smoking, as well as pregnancy
complications including intrauterine growth restriction, premature prolonged rupture of
membranes, gestational diabetes, and chorioamnionitis31,70-75. Since bone marrow architecture
does not allow nRBCs to enter circulation, it is thought that adverse events increase nRBC levels
either through activation of extramedullary erythropoiesis70 or through increased levels of
erythropoietin, which upregulates erythropoiesis and influences bone marrow structure and blood
flow31,76,77. However, a small proportion of observed elevated nRBC cases are idiopathic –
including observations of nRBC counts as extreme as >100/100 WBC69 – making nRBCs an
enigmatic cell population. High proportions of nRBCs are also associated with adverse postnatal
outcomes, including perinatal brain damage, cerebral palsy, early-onset sepsis, intraventricular
hemorrhage, and necrotizing enterocolitis78-83. The association between elevated nRBC count
and newborn morbidity and mortality is particularly strong when nRBCs persist after birth71.
The functional importance of nRBCs in humans, if one exists, is not well understood. In
non-mammalian vertebrates, the mature erythrocyte retains its nucleus and participates in
immune system processes. These mature nRBCs express PRRs, can recognize PAMPs, and
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produce cytokines in response to PRR activation84-86. Early studies of potential immune roles for
nucleated erythrocytes showed that nRBCs from mice had immunosuppressive effects in vivo,
which included dampening of antibody responses and limiting B cell proliferation87-89. More
recent studies have revealed other immunomodulatory interactions between RBCs and WBCs,
including regulation of T cell and neutrophil survival90-92 and immunosuppression of T and B
cells and dendritic cells93-96. Further evidence for a potential immune role for nRBCs came from
a series of experiments performed on mouse and human CD71+ erythroid cells which, among
other findings, showed that neonatal splenic CD71+ cells suppress production of innate immune
cytokines via arginine depletion93. This immunomodulatory effect was found to be specific to
neonatal CD71+ erythroid cells and not displayed in their adult counterparts, with neonatal cells
expressing higher levels of the arginine-depleting enzyme arginase-293. The immunosuppressive
effects of nRBCs have been suggested to occur by direct cell-cell interactions, nRBC-derived
cytokines, and other soluble factors87,97,98. However, it should be noted that a recent study could
not replicate the same specific effects of neonatal CD71+ splenocytes: for example, although
these cells did reduce adult dendritic cell cytokine production ex vivo, co-culturing with either
neonatal or adult bone marrow produced the same effect99. The lack of consensus about neonatal
nRBC function calls for further study of this unusual cell population.
The presence of nRBCs in fetal and neonatal circulation is generally considered a
consequence of high erythropoietic demand, so this cell population is relatively unstudied. Based
on their uniqueness to the fetus and neonate, documented association with other immune cells,
and relatively uncharacterized molecular composition and function, nRBCs may provide novel
insight into the differences between neonatal and adult immunity.
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1.3.2.3

Functional differences in neonatal immunity
Not only does immune cell composition differ in newborns, but the neonatal counterparts

of adult immune cells often display markedly distinct responses to pathogens and inflammatory
stimuli. These functional differences likely contribute to neonates’ increased susceptibility to
infection, as well as the limited effectiveness of vaccines early in life.
Adult naïve T cells require an initial infection and response event to establish
immunological memory, but the relatively sterile environment of the womb does not provide
fetal T cells with many opportunities to develop their adaptive immune system. That is not to say
that the fetus is completely isolated from antigens: the placenta has its own microbiome and
pathogens are present in the intrauterine environment100,101, plus maternal cells in fetal
circulation provide exposure to non-inherited maternal alloantigens37,58. Indeed, CD4 T cells
with an effector memory phenotype are present in cord blood at an abundance of 1-6%; although
this is far less than the adult abundance of approximately 50%, it is still indicative of T cell
activation in utero102. Another limitation of adaptive immune system development is the
immunotolerant profile of the fetus, which is necessary to prevent maternal-fetal rejection and
PTB. Maternal- and placental-mediated immunosuppression will be discussed in Section 1.3.2.4,
but the fetal immune system also plays a role. One of the fetal contributions to immunotolerance
is the “waves” of T and B cell production through gestation. Earlier populations of lymphocytes
are more prone to innate or tolerant responses than those produced later in gestation, which
behave in a more “adult-like” manner58,103,104. There are some exceptions to the limited neonatal
adaptive immune response, including observations of functional, adult-like cytotoxic T cells in
neonates who experienced in utero infection of human cytomegalovirus, and of Ascaris
reactivity in infants whose mothers were infected by the parasite during pregnancy105,106. In
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general, however, neonatal T and B cells are largely unprimed for immune responses
immediately following birth.
Despite this lack of immune education, neonatal naïve T cells perform important immune
functions by activating innate immune system responses. Recently, it has been shown that naïve
CD4 T cells from both preterm and term births can produce CXCL8 (or IL-8) upon
stimulation107. CXCL8 is a potent neutrophil activator that is typically associated with myeloid
and epithelial cells, and innate immune responses. The ability for naïve T cells to produce
cytokines without differentiation into a helper cell is unique to the neonate and likely essential
for rapid immune responses before immunological memory has been established.
Neonates have atypical responses following activation of Toll-like receptors (TLRs) and
other PRRs that result in skewing of T helper cells towards Th2-polarized responses, and away
from Th1- and Th17-polarized responses that target intracellular pathogens and extracellular
mucosal pathogens, respectively. In response to certain types of TLR activation, neonatal
dendritic cells and monocytes have been found to produce reduced amounts of pro-inflammatory
cytokines IL-1α, IL-1β, TNF-α, IL-18 and IL-12p70 compared to adults, but equal or greater
secretion of anti-inflammatory cytokines IL-6 and IL-10, as well as increased IL-4 production by
basophils108-112. These differences from adult cytokine production are not due to inadequate
expression of TLRs18,113, but limitations in cytokine production and secretion – for example,
neonatal immune cells do not show the same capacity to produce multiple cytokines
simultaneously as adult immune cells18. This unbalanced cytokine production biases the immune
system towards the extracellular pathogen defence systems of Th2 responses, but limits Th1
responses16,18. Additionally, the increased proportion and activity of Treg cells in the neonate
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promote a tolerogenic, anti-inflammatory immune profile57,58. Fetal Tregs are critical to inhibit
immune responses to the maternal cells that cross the placenta into the fetal blood stream37,104.
Neonatal T cell development is further impacted by altered dendritic cell function. In
addition to being less abundant in infant circulation than in adults, neonatal dendritic cells are
less responsive to TLR-related activation57,61. Specifically, neonatal dendritic cells produce less
IL-12p70 in response to TLR stimulation, which is an important cytokine for the Th1 pathway57.
This is partially caused by the increased basophilic IL-4 production, which limits IL-12p70
production in dendritic cells112. T cell polarization is further influenced by high IL-23 production
in neonatal dendritic cells that, in combination with increased production of IL-1β and IL-6,
promotes Th17 responses114.
Infants show differences in a variety of circulating molecules relative to adults, with
higher concentrations of immunosuppressive factors promoting 1) fetal tolerance of circulating
maternal cells and 2) anti-inflammatory responses to postnatal microbial colonization. For
example, high neonatal concentration of adenosine, a purine metabolite, is thought to inhibit the
production of pro-inflammatory cytokine TNF-α while maintaining production of IL-6, an antiinflammatory Th2-skewing cytokine113. This effect is amplified by neonatal immune cells’ high
sensitivity to adenosine. Neonatal plasma also has significantly lower amounts of various
APPs57,115 and decreased concentrations of various complement components relative to adults,
the latter of which is accompanied by decreased activity of both the classical and alternative
complement pathways44. Reduced levels of fibronectin in neonatal plasma and the extracellular
matrix may reduce attachment between phagocytes and invading microbes, further limiting
innate immune function44.
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Recruitment and functioning of first-response innate immune cells, such as phagocytes
and NK cells, are also impaired in neonates relative to adults. Neonatal neutrophils are slow to
mobilize and proliferate, and have reduced phagocytic abilities once recruited to the affected
site57,116,117. These cells also are less effective at forming NETs as well as releasing APPs and
reactive oxygen species to kill microbes115,118-120. Monocytes display normal antibody-dependent
cellular cytotoxicity in the neonate, but are limited in their chemotactic abilities and have
reduced phagocyte-induced cell death abilities44,121. NK cells show poor cytotoxic function in
neonates compared to adults, which manifests as reduced production of key cytokines and
impaired degranulation25,57.

1.3.2.4

Immunosuppression in fetal development
Diminished immune reactivity in infants was once attributed to a general immaturity of

the neonatal immune system, but now is thought to be actively maintained. This
immunosuppression is protective, reducing the risk of maternal-fetal rejection during pregnancy
and preventing excessive inflammation in the newborn during microbial colonization. Much of
this immunosuppression is mediated by the placenta. Maternal Tregs pass through the placenta
into fetal circulation57, and the placenta also secretes several factors that promote Th2-polarized
responses or inhibit Th1-polarized responses, such as IL-4, IL-10, prostaglandin E2, and
progesterone58,122,123. In addition to their influence on T cell polarization, these placental factors
promote decidual Treg development and M2 (alternative) macrophage production, although the
latter has only been demonstrated in mice to date124. Additionally, both newborns and pregnant
women contain high numbers of circulating myeloid-derived suppressor cells that may inhibit T
cell proliferation, promote regulatory T cell development, and limit T and NK cell cytotoxic
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activities through expression of modulatory factors like arginase-1, reactive oxygen species, and
nitric oxide synthase38. Finally, arginase-expressing cells (including CD71+ erythrocytes and
hepatocytes) reduce production of the antimicrobial nitric oxide, limit activation of TLR4 proinflammatory responses, and inhibit NK and T cell maturation93,125,126. However, it should be
noted that the suggested roles of myeloid-derived suppressor cells and CD71+ erythrocytes are
relatively new and contentious, and require further study.

1.3.3

Postnatal immune maturation
The neonate’s immune system undergoes drastic changes immediately after birth to

adjust to life beyond maternal control and protection. Two major events occur during parturition
that demand these immune system changes: release of placental control, and exposure to
microbes. As described in the previous section, the placenta is one of the major mediators of the
distinct fetal immune profile. It curbs fetal immune reactivity through release of antiinflammatory cytokines, prostaglandin E2, and progesterone, while also supplementing the fetal
immune system with key plasma factors from the mother, most notably IgG44. Following birth,
the neonatal immune system must adjust to the release of placental aid and control; this is
partially achieved through breast feeding, which confers WBCs and circulating factors such as
IgA, lysozyme, and lactoferrin to the newborn44,127,128. Additionally, a successful transition from
the relatively sterile womb to the external environment requires that the newborn accommodates
their developing skin and gut microbiome while curtailing infection and hyperinflammatory
responses. These two changes, in combination with the predominance of less immunotolerant T
cells arising from a later-gestation “wave” of lymphopoiesis, all contribute to the gradual
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upregulation of Th1-polarized responses over early infancy24,104. B cell maturation is also
upregulated as a result of microbial colonization129.

1.4
1.4.1

Preterm birth
Incidence and risk factors
PTB, defined as live birth prior to 37 weeks GA, is a global health concern. In 2010,

there were 14.9 million cases of PTB, representing 11.1% of total live births1. PTBs are
overrepresented in cases of neonatal morbidity and mortality, with prematurity being a risk factor
in over 50% of neonatal deaths1,17. Although rates are generally higher in low-income countries
(11.8%) versus high-income countries (9.3%), there is significant variability on a per-country
basis – for example, the 2011 PTB rate in the U.S. was 11.7%1,130. PTB and neonatal infections
also pose a considerable economic problem, with an estimated annual cost of $25 billion in the
U.S. alone131.
PTB has three main clinical etiologies: spontaneous labour with intact membranes (4045% of PTBs), preterm pre-labour rupture of membranes (25-30% of PTBs), and medically
indicated PTBs (30-35% of PTBs)132. Risk factors for PTB include male fetal sex, assisted
reproductive technologies, and maternal health conditions like renal disease, hypertension, and
obesity1,132,133. Although improved clinical care has increased the survival rates of PTB132, the
rates of PTB are still on the rise due to factors like increased obstetrical intervention and rising
maternal age1,131,132. Additionally, the heterogeneous etiology of PTBs has complicated our
attempts to understand the disorder.
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1.4.2

Health impact of preterm birth
One of the major complications associated with prematurity is infection, which causes

approximately 1.6 million neonatal deaths annually134. The incidence of infection is GA
dependent, progressing from 46% in infants born <25 weeks gestation to 29% at 25-28 weeks,
10% at 29-32 weeks, and 2% at >32 weeks135. GA is also a significant predictor of death in
infected neonates17. The major cause of increased infection susceptibility in preterm newborns is
likely their underdeveloped immune systems, described in the section below. However, a variety
of other physiological factors, such as underdeveloped organs, anemia, and increased oxidative
stress contribute to the poor health outcomes of PTB, which include bronchopulmonary
dysplasia and necrotizing enterocolitis17,136. The invasive medical treatments preterm infants
typically require, as well as the extended time they are exposed to microbes in the neonatal
intensive care unit, also contribute significantly to their increased risk of infection17,137.
The immediate health concerns the preterm neonate faces set the stage for a diseaseburdened life. In childhood, those who were born preterm are more likely to develop cerebral
palsy, sensory deficits, and respiratory complications like asthma138-140. Those born preterm are
more frequently hospitalized for infections during childhood141. PTB has also been associated
with atypical behaviour and cognition in childhood, including learning disabilities, attentiondeficit hypertension disorder, anorexia nervosa (in females), and mental illness (in males), as
well as decreased cognitive performance138,142-144. Prematurely-born adults are more prone to
chronic diseases such as type 2 diabetes, hypertension, coronary heart disease, and stroke2,145-147.
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1.4.3

The preterm immune system
Fetal hematopoietic development spans the entire gestational period, and PTB interrupts

this process. As a result, there is a variety of deficiencies in the preterm immune system, with the
greatest defects observed in immune signalling and antigen presentation rather than in pathogen
killing17.
Throughout late gestation, the mother transmits Igs (mostly IgG) to the fetus via the
placenta. Most of the IgG is transmitted after 32 weeks gestation, which limits the levels of IgG
present in preterm infant circulation at birth148,149. Preterm neonates also produce even lower
amounts of pro-inflammatory cytokines (such as IL-6 and TNF-α) relative to term infants, who
already produce low amounts of these cytokines relative to adults131,150-154. As described
previously, this anti-inflammatory cytokine profile biases the Th cell population against Th1and Th17-polarized responses in term neonates, and this skewing is even more exaggerated in
the preterm infant57. Impaired production of IL-12, IL-1β, and IL-23 in preterm dendritic cells
likely adds to this skewing, as these cytokines are key for commitment toward the Th1 (IL-12)
and Th17 (IL-1β and IL-23) cell pathways150,155. Reduced representation of the Th17 system may
contribute to the high susceptibility of preterm infants to mucosal infections caused by
Staphylococcus and Candida species156.
Both the complement system and APPs show GA-dependent maturation; thus, preterm
infants are deficient in both of these immune factors. This has implications for impaired
opsonisation processes, which mark pathogens for digestion, as well as TLR-induced immune
response pathways, which involve the release of APPs17,115. TLR responses display unbalanced
development, with certain TLR responses weaker than others in the preterm infant: TLR7/8
responses are the most mature in preterm infants and TLR5 responses are the most immature,
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with more heterogeneous TLR4 responses157. This asynchronous progression in TLR maturation
may influence what types of microbes are most likely to infect preterm infants.
Neutrophils are the last WBC population to appear in fetal circulation, so preterm infants
often have very low neutrophil counts relative to term infants55. Instead, lymphocytes are the
dominant WBC population in preterm blood158. Not only are neutrophils low in number, but they
are even more inefficient than neutrophils of term infants in terms of neutrophil rolling and
adhesion57. Ineffective opsonisation in preterm immunity, due to the limited complement factors
and Igs described above, also impairs neutrophil phagocytic activity17.
Finally, the preterm immune system is marked by an increased proportion of nRBCs31,55.
These nRBCs may be functionally different from the nRBCs of term neonates, since a larger
fraction of them are derived from the liver rather than the bone marrow159. Therefore, arginine
depletion by erythroid cells may also contribute to the preterm neonate’s increased
immunosuppressive profile87,125.

1.5

DNA methylation
Epigenetics refers to modifications to DNA or the proteins around which it is bound that

do not change the genetic sequence. These include DNAm and covalent histone modifications at
specific residues, such as acetylation, methylation, phosphorylation and ubiquitination.
Epigenetic marks can affect chromatin structure, thus influencing DNA-protein interactions and
the potential for gene expression.
DNAm is the covalent addition of a methyl group to a cytosine base, which generally
occurs in the context of one of the 28 million cytosine-guanine dinucleotides (CpGs) in the
human genome. Cytosines in non-CpGs can also be methylated, although these are significantly
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rarer160. CpGs are generally depleted in the genome, due to the tendency for methylated
cytosines to be deaminated to thymines. Exceptions to this are CpG islands (CGIs), high CpG
density regions often associated with gene promoters that tend to be unmethylated and thus less
prone to deamination161,162. DNAm is established de novo by DNA methyltransferases DNMT3A
and DNMT3B, and maintained by DNMT18.
In general, DNAm is mitotically heritable, with the methylation patterns in a parent cell
getting passed on to the daughter cells. However, there are two discrete periods of genome-wide
DNAm erasure: active demethylation in primordial germ cells, and passive loss in the preimplantation embryo. This loss of methylation removes epigenetic marks of differentiation,
producing pluripotent cells for embryonic development. Parent-of-origin-specific epigenetic
marks are also removed, with the exception of imprinted differentially methylated regions
(DMRs) that are established de novo in the germline or after fertilization and retained in the
embryo4,161.

1.5.1

Relationship with gene expression
By impacting chromatin structure and accessibility to transcription factors, DNAm can

influence a gene’s potential for expression. DNAm is classically thought of as a marker of
transcriptional repression at CGIs associated with gene promoters, with the methyl group of
modified cytosines extending into the major groove of DNA to both alter chromatin structure and
prevent transcription factor binding4. However, there is increasing evidence that the relationship
between DNAm and gene expression extends beyond classical CGI promoters. For example,
DNAm at the CpG shores that stretch 2 kb on either side of CGIs has been more strongly
associated with hematopoietic cell-specific gene expression and myeloid-lymphoid lineage
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decisions compared to DNAm at CGIs3. CpG shores show the greatest variation in DNAm
between cell types and in cancer8. Additionally, CpG sites within CpG shelves, which extend
another 2 kb beyond CpG shores, and the “open sea” are gaining more interest as potential distal
regulatory regions, particularly when they are also associated with enhancer activity8,163,164.
Epigenetic studies have also revealed the significance of intergenic DNAm, with a far
greater proportion of cell-specific DNAm occurring in gene bodies than in CGI promoters162,165167

. This intergenic DNAm has been postulated to regulate cell-specific alternative transcripts,

and limit transcriptional noise167-171. Exons are more densely methylated than introns, with the
exception of first exons, which are relatively unmethylated. This has led some to suggest that
DNAm closer to the transcription start site (TSS) (for example, in the first exon) blocks
transcription whereas DNAm in the gene body relates to the level of gene expression172.
The tentative current model of the impact of DNAm on gene expression is that, in CpGdense promoters, methylation represses transcription. In contrast, CpG-poor regions do not have
as clear of a relationship with DNAm, and genomic context needs to be considered to better
understand the influence of DNAm on gene expression at these sites173. Additionally,
differentially methylated regions (DMRs) often have a clearer function when considered in the
context of gene regulatory sites, such as transcription factor binding sites and enhancers, rather
than the genes themselves160,173.
Although DNAm is often associated with gene expression, distinguishing cause and
effect is difficult. That is, is it the presence of DNAm that blocks gene expression, or are genes
that are rarely expressed more likely to gain DNAm? Or does the binding of transcription factors
during active gene expression open the chromatin and facilitate DNAm loss? Regardless, DNAm
studies are useful to uncover markers of genes that may be differentially expressed in a condition
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of interest, and findings from these studies can highlight molecular pathways for further
investigation.

1.5.2

Hematopoietic lineage commitment
DNAm shows some of the greatest biological differences with cell and tissue type.

Through its influence on chromatin structure and gene expression, DNAm can mediate
development and maintenance of cell identity. Constitutive DNAm marks in HSCs that are
required for their self-renewal abilities have been identified174. As HSCs differentiate, their
unique DNAm profile is lost: genes associated with multipotency gain DNAm and lineagespecific genes are demethylated, presumably to activate genes associated with cell-specific
functions4. DNAm appears to play the biggest role in lineage commitment and gene expression
changes early in differentiation, particularly at intragenic CGIs169. On a global scale, it has been
found that DNAm generally increases with lymphoid commitment, but decreases with myeloid
commitment3,8.

1.5.3

Epigenetics and hematopoietic cell function
Not only are epigenetic marks involved in hematopoietic cell lineage commitment, but

they are also associated with hematopoietic cell function. For example, the regulation of lineagespecific transcription factors and effectors during Th cell differentiation is thought to be guided
by epigenetic marks. The best-studied of these are located in cytokine locus control regions
(LCRs), clusters of cytokine genes that are regulated in a coordinated fashion for Th-specific
expression. Once activated by T cell receptor binding, permissive histone marks – such as H3
and H4 acetylation and H3K4 trimethylation – accumulate in promoters and enhancers of the
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appropriate Th lineage-specific cytokine genes175. In cytokine genes associated with alternative
Th lineages, repressive marks – such as H3K27 trimethylation – are gained while low-level
permissive epigenetic marks of the naïve T cell state are lost175. In mice, decreases in DNAm
have been observed in lineage-specific genes during commitment to Th2 (IL-4), Th1 (Il18r1 and
Ifng), and Treg (foxp3) pathways176-179. The importance of epigenetic marks at these LCRs for Th
cell function is shown by the aberrant cytokine gene expression in Th cells treated with inhibitors
of DNAm and of histone deacetylation180,181. Although the majority of these studies were done in
mice, the Th cytokine LCRs are conserved across mammalian genomes; thus, similar epigenetic
processes likely also occur with human Th cell differentiation.
Another role of epigenetics in hematopoietic cell function is in the establishment and
maintenance of trained immunity. For example, after infection with cytomegalovirus, murine NK
cells become resident and display rapid expansion, degranulation, and cytokine release upon
reinfection182. These primed NK cells can also self-renew, maintaining their immunological
training for several months after the initial infection183. Since epigenetic marks allow infectioninduced gene regulation changes to be stably inherited to subsequent cell generations without the
need for reinfection, they are thought to be a key component of trained immunity. This is
supported by studies of histone mark changes in macrophages with trained immunity, which
identified de novo enhancers that develop after infection and likely allow for faster
transcriptional responses to subsequent activation184,185.
Direct connections between epigenetic marks and trained immunity have been shown in
monocytes. BCG vaccination in humans was found to induce a variety of expression changes in
monocytes that persisted for over 3 months after vaccination, including increased surface
expression of activation markers CD11b and TLR4 as well as elevated production of pro27

inflammatory cytokines TNF and IL-1β in response to a variety of bacterial and fungal
pathogens186. This monocyte priming occurred alongside significantly increased H3K4
trimethylation in the promoters of TNFα and IL6186. Treatment with a histone methyltransferase
inhibitor prevented BCG-induced training, suggesting that these histone modifications are key
for maintenance of innate immunological training186.
Studies on the epigenetic influence of immune cell activation have focused mostly on
histone modifications, since DNAm changes are not typically thought of as rapid. However, a
recent study evaluating DNAm in dendritic cells found active demethylation upon M.
tuberculosis infection187. Moreover, a significant proportion of these DNAm changes overlapped
with infection-induced changes in chromatin state, including transitions from heterochromatin to
de novo enhancers187. These findings suggest that both histone marks and DNAm reflect
functional immune changes caused by infection.

1.5.4

DNA methylation and gestational age
As the fetus develops, many distinct tissues and organs develop within a short time

frame. DNAm changes associated with GA have been identified that reflect both the histological
changes associated with tissue development as well as epigenetic changes occurring with cell
maturation4. This means that DNAm measurements from a fetus or neonate are influenced by
GA. Indeed, CpG sites that show GA-specific DNAm patterns have been identified in several
genome-wide methylome studies of cord blood and of placental tissue188-190. PTB-associated
methylation has also been identified in cord blood; some of these findings were associated with
GA, and others were independent of it190-192.
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1.5.5

Array-based measurements of DNA methylation
A widely-used method of measuring genome-wide DNAm is the Illumina Infinium

HumanMethylation450 BeadChip (450K array), which interrogates over 485,000 of the 28
million CpG sites in the genome. This array uses Illumina single nucleotide polymorphism
(SNP) genotyping on DNA treated with sodium bisulphite, which converts unmethylated
cytosines into thymines but leaves methylated cytosines unchanged. The 450K array is a popular
tool for epigenetic studies because it provides a global, albeit low-coverage, perspective of the
methylome while being relatively inexpensive in comparison to large-scale sequencing methods.
It also offers good reproducibility, with technical replicates showing β-value correlations of
0.992 within the 450K array and 0.95 with β-values measured by whole genome bisulphite
sequencing193. Although the 450K array’s coverage is genome-wide, it is not random: it was
designed with particular focus on Reference Sequence (RefSeq) genes (National Center for
Biotechnology Information, Bethesda, MD, USA) and CpG islands, of which it represents 99%
and 96%, respectively. There is also considerable representation of CpG shores (92%), which
flank CGIs, and CpG shelves (88%), which extend beyond CpG shores193.

1.5.5.1

Considerations for 450K array studies
As the 450K array increased in popularity, important findings on the biology of DNAm

as well as the technology itself highlighted the importance of careful study design in microarray
studies. Sex, ethnicity, genetic variability, and age (including GA) have associated DNAm
patterns, and thus have been identified as confounding variables in DNAm studies188-190.
However, an even greater concern is cell type, and the presence of many different cell types in
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heterogeneous tissue samples. Since each cell type has its own epigenetic signature, the
proportion of different cells influences overall DNAm measured in whole tissue194.
Ways to work around these confounding variables include matching samples by these
variables, including them as covariates during data analysis, or, in the case of cell composition,
by correcting for variability using deconvolution algorithms. The latter approach has become
very popular in studies of adult blood, and reference-free methods have been developed that
could, in theory, be used on any tissue type195-197.
There are also technical variables to consider when implementing a study using the 450K
array (Figure 1.4). The 450K array targets CpG sites with 50-base-long probes adhered to beads,
which are randomly arranged on the array. The array contains two different probe types, with
two different chemistries. Type I probes, which come from the 450K array’s predecessor, have
paired methylated and unmethylated probes, for which the presence of a fluorescent signal (but
not its colour) indicates methylation. Type II probes, which have a chemistry developed for the
450K array, have only a single probe, where methylation is inferred from the green signal and
lack of methylation is inferred from the red signal193,198,199. Not only do these probes differ in
signal interpretation, but they also have biological differences, with type I probes able to cover
more CpG-dense regions than type II198. A variety of normalization methods have been
developed to account for these probe type differences; however, there is no consensus on which
normalization method to use, nor any set rules on how to evaluate data processing methods199-202.
After the 450K array’s release, independent DNAm researchers identified probes with
design flaws such as SNPs at the targeted CpG site, or a tendency to cross-hybridize to other
regions of the genome203. At these poorly-designed probes, DNAm measurements may be
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influenced by the subject’s genotype or by DNAm at multiple CpG sites in the genome,
respectively. The conservative analytic approach is to filter these probes from the dataset.
The 450K array is organized as a chip, roughly the dimensions of a microscope slide, on
which twelve DNA samples can be loaded. Since the maximum number of chips that can be
analyzed at one time is eight, the maximum number of samples that can be analyzed in one
“batch” of the 450K array is ninety-six. This protocol introduces three technical variables: batch,
chip, and position (referring to which of the twelve spots on the chip the sample is loaded onto)
(Figure 1.4). Computational methods, including surrogate variable analysis (SVA) and ComBat,
have been developed to adjust for this technical variability in existing data204,205. However,
recent findings have shown that using batch correction methods can introduce false positives into
DNAm data, resulting in overestimation of the effect of interest206,207. Ultimately, the best way to
eliminate batch effects is careful consideration of the research question and data analysis before
collecting measurements, and designing 450K array preparation accordingly.
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Figure 1.4 Technical considerations for the Illumina 450K array. (A) The 450K array has two distinct probe
chemistries that target different regions of the genome and have different interpretation of fluorescent signals.
Adapted from Bibikova, 2011193. (B) Batch, chip, and position are technical variables in 450K array studies.
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1.6

Research objectives
The purpose of this thesis is to establish DNAm profiles of the major cord blood cell

populations from both term and preterm births. An epigenetic basis for altered neonatal immune
function will be evaluated by investigating how these DNAm profiles differ both between cell
types and across GA. I hypothesize that changes in DNAm observed across GA in cord blood are
due to a combination of (1) cell-specific DNAm and progressive changes in cell composition;
and (2) epigenetic maturation within cell populations. My thesis has three main objectives:
1. To evaluate the impact of nRBCs on standard fluorescence-activated cell sorting (FACS)
techniques to isolate WBCs from cord blood, and to modify the FACS protocol to
account for this unique cord blood cell population.
2. Establish a term nRBC DNAm profile by identifying how nRBC DNAm differs from
major WBC populations (granulocytes, monocytes, CD4 and CD8 T cells, B cells, and
NK cells) isolated from term cord blood.
3. Develop a cell-specific understanding of how DNAm in major cord blood cell
populations (granulocytes, monocytes, T cells and nRBCs) differs between preterm and
term birth.
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Chapter 2: Nucleated Red Blood Cell Contamination during FluorescenceActivated Cell Sorting Impacts Epigenetic and Gene Expression Analyses of
Cord Blood CellsA
2.1

Background
With the increased accessibility of high throughput technologies for epigenetic and gene

expression studies, genome-wide approaches have gained popularity in studies of hematopoietic
cell lineage relationships3,12,208,209. However, although genome-wide profiling of isolated blood
cells can provide a large amount of information, data interpretation is notoriously difficult in
mixed cell populations194,210,211. To address this issue, studies can be performed either on
homogeneous cell populations, or on mixed cell samples with deconvolution algorithms applied
to correct for differences in cell composition195,197. One concern with the former approach in
blood is that RBCs have been shown to engage in functional heterotopic interactions with other
hematopoietic cells90-93,96,212. If not formally excluded using lineage markers, these interactions
could impact whole genome studies of hematopoietic cells sorted by FACS, particularly in cord
blood which has a notable proportion of nRBCs.
The proportion of nRBCs in cord blood varies considerably between individuals.
Typically these cells represent only a few percent of the total nucleated cell count; however, they
can comprise up to 50% of all nucleated cells in some chronic hypoxic-ischemic-related
pregnancy situations31,69. nRBCs are generally resistant to lysis protocols and tend to sediment in

A

A version of this chapter has been published as: de Goede, O.M., Razzaghian, H.R., Price, E.M., Jones, M.J.,
Kobor, M.S., Robinson, W.P., and Lavoie, P.M. (2015) Nucleated red blood cells impact DNA methylation and
expression analyses of cord blood hematopoietic cells. Clinical Epigenetics. 7(1): 95. This article is distributed
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium.
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the mononuclear cell fraction during purification by density gradient centrifugation, further
complicating the isolation of pure hematopoietic cell populations213. Depending on their
proportion, the presence of nRBCs could complicate both epigenetic and gene expression
studies.
Under non-pathological conditions, DNAm shows great biological differences with tissue
and cell type. Clustering of adult blood cells based on their DNAm profiles is consistent with the
classical model of hematopoietic lineage relationships160,194,197. However, our initial analysis of
genome-wide DNAm in cord blood cell populations isolated by FACS suggested significant
cross-contamination between cell types. We observed low incidence WBC heterotopic
interactions with nRBCs that were undetected by traditional singlet FACS gating, due to the
small size of nRBCs. To obtain pure WBC populations, we developed and implemented a
stringent sorting protocol that excludes erythroid-specific surface markers. The DNAm profiles
of cell populations obtained by our stringent FACS method were used 1) to evaluate the impact
of nRBC contamination on the DNAm profiles of T cells and monocytes; and 2) to identify
nRBC-distinct DNAm markers to detect erythroid contamination in genome-wide DNAm
studies.

2.2
2.2.1

Methods
Sample collection and cell purification
Ethics approval for this study was obtained from the University of British Columbia

Children’s and Women’s Research Ethics Board (certificate numbers H07-02681 and H0470488). Written, informed parental consent to participate was obtained. Individual patient data is
not reported.
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Cord blood was collected from term neonates (38-40 weeks GA) delivered by elective
caesarean section in absence of labor at the Children’s and Women’s Health Centre of BC
(Vancouver, BC, Canada). B cells, T cells, monocytes, NK cells and nRBCs were purified by
FACS as described in Appendix Section A.1. Two sorting protocols were compared, which are
referred to as the “standard” and “stringent” protocols. The stringent method includes additional
negative gating steps, mainly for erythroid lineage-specific cell surface protein markers (Figure
2.1, Supplementary Table A.1).
For DNAm studies, cells were sorted from a total of 12 subjects as described in Appendix
Section A.1. Whole (CD3+) T cells, monocytes, and nRBCs were collected from 5 individuals
by the standard sorting method; B cells, CD4 T cells, CD8 T cells, granulocytes, monocytes, NK
cells, and nRBCs were collected from 7 individuals by the stringent sorting method.
Granulocytes were collected by hypotonic lysis as described in Appendix Section A.1. For
genome-wide gene expression analysis, naïve CD4 T cells were sorted from 12 additional
subjects. Naïve T cells were sorted according to the following parameters: CD3+/CD4+/CD25/CD45RO-/CCR7+ for the standard protocol, plus CD235- for the stringent protocol.
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Figure 2.1 Schematic representation of cell sorting strategies. (A) The standard cell sorting strategy used to
purify whole (CD3+) T cells, nRBCs, and monocytes by FACS. (B) The stringent cell sorting strategy used to purify
CD4 and CD8 T cells, B cells, nRBCs, monocytes, and NK cells by FACS.
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2.2.2

RNA extraction and genome-wide expression profiling
Total RNA was extracted from the samples using QIAshredder columns and RNeasy

Mini Kit (both Qiagen, MD, USA). RNA samples were cleaned using RNA Clean &
Concentrator kit (Cedarlane, ON, Canada). Their quantities were measured with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, DE, USA) and sample integrity was evaluated
using Agilent RNA 6000 Nano kit and Agilent 2100 Bioanalyzer (Agilent, CA, USA). The RNA
samples were then hybridized to the Illumina (CA, USA) HumanHT-12_v4_BeadChip array
following manufacturer’s protocols. The resulting data were transferred to GenomeStudio
(Illumina), then further processed and normalized using the lumi package214 in R software215.
Any gene probes with signal intensity <100 were considered background expression and
removed from analysis, for a final dataset of 20,876 probes. Average log2(expression) for each
gene in T cells collected by the standard sorting strategy was compared to average
log2(expression) for each gene in T cells collected by the stringent sorting strategy.

2.2.3

Illumina Infinium HumanMethylation450 BeadChip
DNA was extracted from isolated cell populations using standard protocols and purified

with the DNeasy Blood and Tissue kit (Qiagen). DNA was bisulphite-converted using the EZ
DNA Methylation Kit (Zymo Research, CA, USA) before amplification and hybridization to the
450K array (Illumina) following manufacturer’s protocols. 450K array chips were scanned with
a HiScan reader (Illumina).
Raw intensity data were background normalized in GenomeStudio (Illumina). Quality
control was performed using the 835 control probes included in the array. The intensity data
were then exported from GenomeStudio and converted into M values using the lumi
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package214in R software215. Sample identity and quality were evaluated and probe filtering was
performed as described in Appendix Section A.1, to identify and remove one NK cell sample as
an outlier and produce a final dataset of 440,315 CpG sites. Background intensity and red-green
color bias were corrected for using the lumi package, and the data were normalized by subset
within-array quantile normalization201.

2.2.4

DNA methylation data analysis
Since the stringent FACS strategy was designed based on results from the standard FACS

strategy, sample collection and 450K array runs for these two protocols were done separately. To
avoid confounding by batch effects, DNAm analyses were also performed separately for the data
from each FACS protocol. My analytic approach was to compare cell types sorted by the same
FACS protocol to each other, and then to evaluate whether a given cell type’s epigenetic
relationship with the other cell types changed between FACS methods. By making comparisons
between cell populations derived from the same set of individuals, I reduced DNAm differences
that can arise due to genetic effects.
For the standard sorting method, DNAm data were available for nRBCs, monocytes, and
T cells from 5 individuals at 440,315 sites after pre-processing. Unsupervised Euclidean
clustering of the samples based on DNAm β values was performed as an initial global analysis
step. Differential DNAm between each blood cell pairing was tested by linear modeling through
the R package limma216. SVA using the R package sva204 was performed to account for
unwanted variability in the linear modeling. Surrogate variables (SVs) were used as covariates in
the model, with cell type as the main effect. Resulting p-values were adjusted for multiple
comparisons by the Benjamini & Hochberg217 false discovery rate (FDR) method, and
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statistically significant sites were limited to those that passed an FDR <5%. SV-corrected data
was used for DNAm-based filtering of the statistically significant sites. At each site, a betweengroup difference in DNAm (Δβ) was calculated by subtracting mean DNAm for one cell type
from the other. Differentially methylated (DM) sites were considered as those having both an
FDR <5% and |Δβ|>0.20.
For the stringent sorting method, DNAm data were available for B cells, CD4 T cells,
CD8 T cells, granulocytes, monocytes, NK cells, and nRBCs from 7 individuals at 440,315 CpG
sites after pre-processing. To analyze the data in a comparable way to the standard FACS
protocol, only CD4 T cells, monocytes, and nRBCs were considered. The DNAm profiles of
these cell populations were analyzed as described for the standard sorting protocol.
To identify DNAm markers specific to nRBCs, data from the stringent sorting method for
all 7 cell types were used. DM sites between nRBCs and every other cell type were detected by
linear modeling with nRBCs as the reference cell type and SVs included as covariates.
Significantly DM sites were defined as those with a FDR <5% and a |Δβ|>0.50. Finally, to
evaluate the relationship between nRBC proportion in whole cord blood and DNAm of nRBCs,
the SV-corrected M values for the 7 nRBC samples collected by stringent FACS methods were
used. Linear modeling was performed with nRBC proportion (as measured by number of
nRBCs/100 WBCs in whole blood) as the main effect and no covariates.

2.3
2.3.1

Results and discussion
Heterotopic cell interactions impact genome-wide signatures of hematopoietic cells
Heterotopic cell interactions are a well-known occurrence that may confound cell-

specific studies. To avoid this problem, cell doublets are generally excluded during FACS by
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employing forward/side scatter-width singlet gatings. Despite applying these standard criteria,
we observed small proportions of double positive events co-expressing both T cell- (CD3) and
erythroid- (CD235) specific lineage markers. When analyzed by flow cytometry after sorting,
these double positive events were found to be distinct cell events expressing either erythroid or T
cell markers (Figure 2.2A). Examination of these sorted events under light microscopy
confirmed that they were T cell-RBC doublets. To a lesser extent, we also detected events
positive for expression of both erythroid (CD235) and monocyte (CD14) or B cell (CD19)
markers (not shown). These findings indicate that heterotopic RBC-to-WBC doublets can be
undetected by FACS using conventional singlet gating.
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Figure 2.2 DNAm profiles of cord blood cells isolated by the standard FACS strategy. (A) A CD14-/CD19/CD3+/CD235+ population isolated by FACS (left panel) is revealed to be T cell/RBC doublets by flow cytometry,
which identifies two distinct cell types after sorting (right panel). (B) Unsupervised Euclidean clustering of genomewide DNAm (440,315 CpG sites) between whole T cells (CD3T), nRBCs, and monocytes (Mo); numbers in the
sample labels indicate different cord blood donors. (C) Number of large magnitude DM sites (FDR <5%, |Δβ| >0.20)
between nRBCs and T cells, nRBCs and monocytes, and T cells and monocytes sorted using a standard approach.
(D) DNAm heat map of nRBCs, T cells, and monocytes at top nRBC-DM sites identified by the standard sorting
protocol (FDR <5%, |Δβ| >0.30; 457 CpG sites).

We assessed the impact of these rare heterotopic RBC-to-WBC interactions on genomewide DNAm and gene expression analyses of hematopoietic cord blood cells. First, DNAm data
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from T cells, monocytes, and nRBCs sorted without formal exclusion for an erythroid cell
lineage marker were evaluated. Unsupervised Euclidean clustering of array-wide DNAm showed
unexpected clustering of nRBCs with T cells, and monocytes as the most epigenetically distinct
population (Figure 2.2B). When these cell populations were compared to identify differentially
methylated (DM) sites (FDR<5%, |Δβ| >0.20), nRBCs versus T cells had fewer DM sites (3,538)
than either nRBCs versus monocytes (12,852) or T cells versus monocytes (18,738) (Figure
2.2C). Even at their largest-magnitude DM sites, nRBCs sorted by the standard FACS strategy
often displayed DNAm values intermediate to the DNAm of monocytes and T cells (Figure
2.2D). This is unusual, since exemplar cell-specific DM sites are typically either fully methylated
(β >0.80) or unmethylated (β <0.20), with comparison cells exhibit opposing levels of
DNAm194,218. Next, whole-genome expression data were compared between naïve CD4 T cells
sorted by the standard FACS method and naïve CD4 T cells sorted by the stringent FACS
method. We observed a high expression of hemoglobin genes in T cells sorted by the standard
protocol, but not in T cells sorted by the stringent protocol (Figure 2.3). Finally, we examined
gene expression datasets of hematopoietic cells publicly available in the Gene Expression
Omnibus. Expression of hemoglobin genes was high in the majority of cord blood hematopoietic
cell datasets, indicating contamination of these published datasets (Supplementary Figure A.1).
However, increased hemoglobin gene expression was not observed in hematopoietic cells
collected from adult blood. Together, these DNAm and gene expression findings suggest that
heterotopic cell interactions, though a rare occurrence, can significantly impact genome-wide
molecular signatures of cord blood hematopoietic cells from cord blood.
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Figure 2.3 Genome-wide transcriptomic profiles of naïve CD4 T cells sorted by either the standard or
stringent FACS strategy. Log2(expression) of 20,876 gene probes in naïve CD4 T cells sorted by either a standard
(no erythroid exclusion) or stringent (exclusion of erythroid-specific surface markers) FACS strategy.

2.3.2

Revised DNA methylation profiles of hematopoietic cells obtained by a more

stringent cell sorting strategy
When employing a stringent sorting strategy that formally excludes RBCs, the DNAm
relationships between cord blood T cells, monocytes and nRBCs were more consistent with
previous hematopoietic lineage studies3,4,174,219,220. Unsupervised Euclidean clustering by arraywide DNAm showed that nRBCs were epigenetically closer to the myeloid lineage (monocytes)
than to the lymphoid lineage (T cells) following this stringent sorting approach (Figure 2.4A).
Additionally, each hematpoietic population was more epigenetically distinct, as reflected by both
principal component analysis (PCA) (Supplementary Figure A.2) and the greater number of DM
sites for each cell type comparison following stringent sorting (24,263 for nRBCs versus T cells;
12,980 for nRBCs versus monocytes; 19,278 for T cells versus monocytes; Figure 2.4B)
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compared to standard sorting (Figure 2.2C). CD4 T cells and nRBCs sorted by the stringent
protocol showed a greater number of cell-specific DM sites than whole (CD3+) T cells and
nRBCs sorted by the standard protocol (Table 2.1). In contrast, monocytes sorted by the stringent
protocol showed fewer DM sites, likely due to the DNAm profile of nRBCs becoming more
similar to monocytes after stringent cell sorting (Figure 2.4A).
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Figure 2.4 DNAm profiles of cord blood cells isolated using the stringent FACS strategy. (A) Unsupervised
Euclidean clustering of genome-wide DNAm (440,315 CpG sites) in CD4 and CD8 T cells (CD4T and CD8T,
respectively), monocytes (Mo), and nRBCs isolated by a stringent FACS protocol; letters in the sample labels
indicate different cord blood donors. (B) Number of large magnitude DM sites (FDR <5%, |Δβ| >0.20) between
nRBCs and CD4 T cells, nRBCs and monocytes, and CD4 T cells and monocytes sorted using a stringent approach.
(C-E) Overlap of cell-specific DM sites (FDR <5%, |Δβ| >0.20) identified in the standard versus stringent sorting
protocols for (C) T cells, (D) monocytes, and (E) nRBCs.

Top DM sites for each cell type (FDR <5%, |Δβ| >0.20) were then compared between the
two sorting protocols. For T cells, the majority of DM sites (>98%) discovered by the standard
method overlapped with the DM sites identified by the stringent protocol (Figure 2.4C). A
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notable percentage (47%) of monocyte-DM sites found by the standard protocol were also
discovered by the stringent protocol (Figure 2.4D). For nRBCs, the DM sites identified by the
two protocols showed the least overlap (36%), with the stringent protocol identifying far more
nRBC-DM sites than the standard protocol (8,982 versus 2,338) (Figure 2.4E). Of the 8,982
stringent nRBC-DM sites, six were located in the hemoglobin genes we found to be highly
expressed in cord blood WBCs sorted by a standard protocol (and thus presumed to be
contaminated with RBCs) (Figure 2.3; Supplementary Table A.2). These genes were also
reported as highly expressed in publicly available datasets of cord blood WBCs, indicating
widespread erythroid contamination (Supplementary Figure A.1). The DNAm differences at
these loci were striking, with the mean nRBC DNAm up to 43 percentage points less than the
mean DNAm for all WBCs. Several of these CpG sites are located in either the body of the
associated hemoglobin gene or within 300 bases upstream of its transcriptional start site, and
may be associated with erythroid-specific gene expression.
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Table 2.1 Number of cell-specific DM CpG sites (FDR <5%) following the standard and stringent FACS
strategies.

Minimum
Standard
|Δβ|
FACS
NA
0.05
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80

61,405
38,295
11,848
2,338
457
17
0
0
0
0

nRBCs

Monocytes

T cells

Stringent
FACS

Standard
FACS

Stringent
FACS

Standard
FACS

Stringent
FACS

197,237
144,949
63,099
8,982
2,628
648
41
1
0
0

41,451
32,558
22,829
11,855
6,486
3,520
1,884
908
255
3

80,600
32,846
14,864
5,940
3,162
1,757
878
319
51
1

39,284
23,060
10,868
2,602
879
292
48
2
0
0

111,965
50,621
27,420
12,014
5,474
2,600
1,268
553
158
12

Cell-type comparisons were made between monocytes, whole (CD3+) T cells, and nRBCs sorted by the standard
FACS strategy; and between monocytes, CD4 T cells, and nRBCs sorted by the stringent FACS strategy.

The top DM sites from the stringent protocol represent sites with the strongest cellspecific DNAm patterns (8,982 nRBC-DM sites, 12,014 CD4 T cell-DM sites, and 5,940
monocyte-DM sites). Thus, I used these sites to confirm heterotopic cell interactions in the
standard protocol. The distributions of DNAm values for each cell type-by-protocol combination
show a defined shift in nRBC DNAm between sorting methods (Figure 2.5). When sorted by the
standard method, nRBC DNAm was more similar to the DNAm patterns of T cells. The
exclusion of other hematopoietic lineages in the stringent sorting of nRBCs dramatically
decreased nRBC DNAm, suggesting a cleaner population of these cells. In contrast, the impact
of sorting protocol on DNAm profiles of monocytes and T cells was modest.
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Figure 2.5 DNAm changes with FACS strategy in nRBCs, T cells and monocytes at their top DM sites. (A) 8,982 nRBC-DM sites. (B) 12,014 CD4 T cellDM sites. (C) 5,940 monocyte-DM sites. Solid lines represent group mean, dashed lines represent individual samples.
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To further evaluate how sorting strategy affected cell type epigenetic profiles, I looked at
discordant sites: sites that were DM in one sorting protocol, but not in the other. In nRBCs,
differential DNAm unique to the standard protocol was observed at 1,505 sites, while 8,149 sites
were uniquely-DM in the stringent protocol (Figure 2.4E). An example nRBC-discordant site is
provided in Figure 2.6A: a CpG site in BCL11B shows nRBC DNAm trending towards T cell
levels in the standard FACS protocol, but exhibiting DNAm similar to other non-T cells in the
stringent FACS protocol. In contrast to nRBCs, monocytes sorted by the stringent protocol had
few DM sites that were not also identified in the standard protocol (Figure 2.4D). Unlike nRBCdiscordant sites, there appeared to be multiple reasons for monocyte-discordant sites. At some of
these sites, absolute DNAm in monocytes did not change significantly between the two sorting
protocols, but the change in nRBC DNAm with stringent sorting impacted the detection of
differential DNAm when compared to monocytes (Figure 2.6B). For other sites, DNAm
differences were noted between protocols for all three cell types and may be attributable to
technical noise or genetic differences between the different set of subjects for each sorting
method. In fact, a few of discordant sites were clearly “epipolymorphisms”, in which changes in
DNAm levels were associated with individuals rather than cell types221; this resulted in highly
variable DNAm patterns within a cell type (Figure 2.6C).
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Figure 2.6 Selected discordant DM sites between the standard and stringent FACS protocols. At these
discordant CpG sites, a given cell type is DM only in one protocol, but not the other. (A) An example CpG site
illustrating contamination of nRBCs with T cells after sorting by standard FACS methods. The nRBCs trend toward
T cell DNAm in the standard method, but are hypermethylated (like all other non-T cells) after sorting by the
stringent method. (B) Example of a discordant site in monocytes due to heterotopic cell interactions. (C) Example of
a discordant site in monocytes due to a likely epipolymorphism. This was confirmed by comparing DNAm plotted
by cell type (left boxplots) to plotting by individual (right boxplots). DNAm in each individual shows one of three
distinct levels of DNAm, presumably depending on the individual’s genotype at the site influencing DNAm.
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Comparing the cell-specific DM sites discovered by each sorting protocol further
supports our hypothesis of heterotopic cell doublet contamination in the standard protocol. This
contamination appears to have a much greater effect on nRBC DNAm than on T cell or
monocyte DNAm. We attribute this to the relatively low proportion (~5-10%) of RBCs that was
nucleated in our samples (Figure 2.7). The impact of heterotopic contamination by WBCs on the
DNAm profile of sorted nRBCs is more obvious than the reverse, since all WBCs are nucleated.
However, since the proportion of nRBCs can be as high as 50% of all nucleated cells in cord
blood31,69, we expect that cross-contamination during FACS can have a major impact on the
DNAm profile of sorted WBCs in a subset of cases.
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Figure 2.7 Erythroid-WBC interactions during FACS affect DNAm based on the proportion of nRBCs. As
illustrated, only a fraction of erythroid cells are nucleated; therefore, contaminating nRBCs contribute less DNA
than contaminating WBCs. Consequently, heterotopic cell interactions during FACS have greater weight on the
DNAm profiles of erythroid cells than of WBCs (in this figure, T cells), which are all nucleated. This illustrates how
the relative impact of cross-contamination during FACS on DNAm can be much greater for nRBCs than for WBCs,
but WBC DNAm can also be strongly affected in a subset of cases where overall nRBC proportion is high.

2.3.3

Erythroid-specific differentially methylated sites
To provide a way of evaluating the impact of nRBCs on cord blood cell DNAm profiles,

I defined erythroid lineage-specific DNAm markers. DNAm of B cells, CD4 and CD8 T cells,
granulocytes, monocytes, and NK cells sorted using the stringent FACS strategy were compared
to stringently-sorted nRBCs. For each WBC population, over 210,000 of the 440,315 CpG sites
analyzed showed statistically significantly different DNAm from nRBCs (FDR <5%). Eight of
these DM sites, termed erythroid DNAm markers, were selected based on an average Δβ >0.50
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between nRBCs and every other cell type (Table 2.2; Supplementary Figure A.3). I did not
consider gene function in marker selection, as the intention is to use these erythroid DNAm
markers to quickly detect nRBC contamination in cell samples using targeted methylation
assays, such as pyrosequencing. At all eight CpG sites, nRBCs are less methylated than WBCs;
thus if a sample is significantly contaminated, DNAm should be notably lower than reference
WBC levels.

Table 2.2 Top eight CpG sites with nRBC-distinct DNAm from white blood cells in cord blood.

450K array
CpG identifier

CpG location:
chromosome,
closest gene

Location in gene

Mean nRBC β
(min., max.)

Mean nonerythroid cell β
(min., max.)

cg05012676

16, ZFPM1

Intron

0.421
(0.298, 0.508)

0.937
(0.896, 0.963)

cg06768361

12, TESC

Intron; enhancer*

0.336
(0.211, 0.426)

0.924
(0.825, 0.978)

cg10018933

2, HDAC4

Intron;
enhancer**

0.410
(0.346, 0.468)

0.922
(0.890, 0.953)

cg15974642

10, IFIT1B

TSS200

0.362
(0.234, 0.475)

0.939
(0.904, 0.957)

cg18168751

4, IDUA

TSS1500;
enhancer*

0.435
(0.356, 0.556)

0.951
(0.924, 0.969)

cg20555305

8, CPSF1

Intron

0.369
(0.277, 0.481)

0.878
(0.823, 0.917)

cg25105522

17, MAP3K14

Intron;
enhancer**

0.224
(0.126, 0.300)

0.872
(0.750, 0.962)

cg26876834

16, SNORA64 &
RPS2

SNORA64:
TSS1500
RPS2: Intron

0.369
(0.227, 0.440)

0.890
(0.839, 0.938)

*Based on UCSC Genome Browser: ENCODE Enhancer- and promoter-associated histone mark (H3K4Me1) in the
K562 cell line
**Based on Illumina 450K array annotation
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Some of these erythroid DNAm markers are associated with genes that have known
erythropoietic function, such as ZFPM1 and HDAC4. The zinc finger protein ZFPM1 acts as a
cofactor for GATA-1, a key transcription factor in erythroid differentiation222,223. HDACs
directly associate with GATA-1 and HDAC4 expression is specifically reduced during erythroid
maturation, likely being localized to the nucleus224. HDAC4 may be involved in the enucleation
process of nRBCs: histone deacetylation is essential for heterochromatin formation, and
condensed chromatin is a main requirement for enucleation and terminal erythroid
differentiation68. Interestingly, other erythroid DNAm markers are near genes involved in
immune functions, such as MAP3K14 and IFIT1B, consistent with the idea that nRBCs have an
immunoregulatory role in early life. MAP3K14 induces NF-kappa-B signaling, a major
inflammatory response pathway225. IFIT1 is typically silent in most cells, but becomes highly
expressed in response to interferons, viral infection, and certain molecular patterns, with IFIT
proteins having antiviral effects through binding and modulation of host and viral proteins and
RNA226. As these erythroid DNAm marker sites are located largely in enhancer regions, reduced
DNAm in nRBCs may reflect either specific upregulation of these genes in erythroid cells or a
more primitive permissive state that is actively shut off in differentiation of other cell types.
Although these erythroid DNAm markers are the top nRBC-DM sites, they display
notable inter-individual variability in nRBC DNAm, with β-value standard deviations ranging
from 0.048 to 0.091. I hypothesize that this variability in DNAm may be related to important
inter-individual differences in nRBC function or maturation, based on the negative Pearson
correlation observed between array-wide median nRBC DNAm and nRBC proportion (r =-0.86,
p =0.013) (Supplementary Figure A.4A). Linear modeling identified 5,935 CpG sites
significantly associated (FDR <5%) with nRBC proportion, including three of the eight CpG
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sites identified as erythroid DNAm markers (Supplementary Figure A.4B-C). These results
suggest that DNAm changes in cord blood nRBCs occur dynamically with nRBC production and
maturation, thereby revealing an additional level of functional complexity to consider in wholegenome DNAm analyses of nRBCs.

2.4

Conclusion
While nRBCs are generally absent or rare in adult blood, they are commonly present in

low proportion in cord blood, with a higher nRBC count associated with a variety of maternal
and fetal health factors. Our data show that nRBCs have a distinct DNAm profile, with an
association between nRBC DNAm and overall nRBC proportion in cord blood. The complex
DNAm profile of nRBCs has implications for epigenetic studies of whole cord blood and
mononuclear cells, in which nRBCs have a demonstrable effect on DNAm (M.J.J. et al.,
manuscript in preparation). Despite the variability in nRBC DNAm at our identified erythroid
DNAm markers, we believe that these sites will be sufficient to detect erythroid cells due to the
low variation within all WBCs at these sites, as well as the large magnitude of DNAm difference
between nRBCs and other cell types.
Heterotopic interactions between erythroid cells and WBCs are likely biologically
meaningful events, since RBCs have immune functions that require cell-to-cell contact with
WBCs87,90-93,96. Additionally, RBCs adhere to macrophages to form erythroblastic islands during
both fetal and adult RBC maturation227. Our data highlight the importance of formally excluding
these interactions in lineage studies of cord blood hematopoietic cells using flow cytometry. This
has major ramifications for the design of epigenetic, transcriptomic, and functional studies of
cord blood cells.
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Chapter 3: Characterizing the Hypomethylated DNA Methylation Profile of
Nucleated Red Blood Cells from Cord Blood
3.1

Background
In adults, nearly all RBCs are enucleate by the time they enter circulation; in contrast,

many fetal circulating RBCs retain their nucleus, with the proportion of nRBCs in the fetus
declining as gestation progresses31. nRBCs are often still present in low proportion in the
neonate, with 0-10/100 WBCs considered the typical range31. However, increased nRBC levels
have been associated with various pregnancy complications including infection, preeclampsia,
maternal smoking, maternal obesity and diabetes31,69,72-74,228,229. The presence of nRBCs in fetal
and neonatal circulation is often ascribed to high erythropoietic demand, but these cells may also
impact immune function. Experimental data on human and mouse nRBCs shows that they are
actively immunosuppressive93, and increased nRBC count is linked to increased risk of neonatal
sepsis and perinatal brain damage230,231.
Hematopoietic stem cells migrate to multiple anatomic locations during development.
The bone marrow becomes the predominant source during the end of the third trimester,
although other sites, including the placenta and liver, continue to serve as hematopoietic niches
throughout development24,40. Since nRBCs are typically too large and non-deformable to pass
through bone marrow fenestrations, their presence in fetal or adult circulation can be due to
either extramedullary hematopoiesis or erythropoietin-induced changes in bone marrow structure
and blood flow; both of these changes occur in response to hypoxia, infection, and other forms of
stress31,70,76,77.
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Under normal conditions, nRBCs disappear from circulation within 4 days in term infants
and 7 days in preterm infants55. The persistence of nRBCs after birth is highly predictive of
newborn morbidity and mortality71. Understanding the origin of nRBCs will be relevant to
evaluating the likelihood that they will persist in the neonate. For example, I would expect that
placental-derived nRBCs disappear more rapidly than those produced by a fetal organ, since
connection to the placenta is lost after birth.
DNAm has been well-studied in hematopoietic cell lineage commitment3,4,232. Generally,
as cells commit to a specific lineage, DNAm decreases in appropriate lineage-specific genes
while DNAm increases in genes associated with other blood cell lineages as well as the “stemlike” properties of self-renewal and multipotency4. nRBCs are an exception to this trend,
displaying global demethylation as erythropoiesis progresses in both human and mouse66,67. This
unusual epigenetic pattern may be because the enucleate RBC is the mature erythroid cell; thus,
DNAm is not relevant to the fully mature state and may not be as tightly regulated as in other
hematopoietic cells. However, DNAm may still be important for erythroid maturation.
After observing that nRBCs are a distinctly hypomethylated cell population in cord blood
(Section 2.3.2), I sought to establish a term nRBC methylome using the 450K array. DNAm in
nRBCs was compared to CD4 T cells, CD8 T cells, NK cells, B cells, monocytes, and
granulocytes. Low global DNAm has only been reported in gametes, early human embryos,
placenta, and cancer233-236, but not in normal somatic tissues. I therefore hypothesized that
hypomethylation of nRBCs could be due to: 1) retention of an early developmental signature, in
which case nRBCs may be epigenetically similar to the placenta; or 2) a passive loss of DNAm
during erythropoiesis. I compared patterns of DNAm between nRBCs and placenta to identify
the origin of nRBC hypomethylation. These comparisons were performed on a range of genomic
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regions including repetitive elements (REs), imprinted DMRs, and regions of high, intermediate,
and low CpG density. I also show that DNAm in term nRBCs is associated with their proportion
in cord blood, and may reflect shifting maturity or anatomic source of this cell population.

3.2
3.2.1

Methods
Sample collection and the Illumina Infinium HumanMethlyation450 BeadChip
The blood cell samples used for this Chapter are the same ones collected for Chapter 2.

Their collection is described as the “stringent sorting protocol” in Section 2.2.1 and Appendix
Section A.1.
Whole chorionic villi were sampled from placentas of 5 term births (3 female, 2 male)
delivered at the BC Women’s Hospital (Vancouver, Canada), for use in a previous study237. Villi
were sampled from four sites on the fetal side of the placenta and rinsed of maternal blood, with
the amniotic membrane and chorion removed.
DNA was extracted from all samples using standard protocols and purified with the
DNeasy Blood and Tissue kit (Qiagen). For the villi samples, DNA from the multiple sampling
sites of the same placenta were pooled in equal quantities to better represent the whole placenta.
DNA was bisulphite-converted using the EZ DNA Methylation Kit (Zymo Research) before
amplification and hybridization to the 450K array following manufacturer’s protocols (Illumina).
450K array chips were scanned with a HiScan reader (Illumina).

3.2.2

Combined blood cell and placental DNA methylation data analysis
Raw intensity data for all blood cells, blood cell mixtures and placental whole villi were

background normalized in GenomeStudio (Illumina). Quality control was performed using the
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835 control probes included in the array. The intensity data were then exported from
GenomeStudio and converted into M values using the lumi package214in R software215. Sample
identity and quality were evaluated as described in Appendix Section B.1, and one NK cell
sample was removed as an outlier. The 450K array targets 485,577 DNAm sites, but probe
filtering was performed as described in Appendix Section B.1 to produce a final dataset of
431,767 sites. Background intensity and red-green color bias were corrected for using the lumi
package214.
Unsupervised Euclidean clustering of the samples based on DNAm β values and PCA
based on DNAm M values were performed as exploratory global analysis steps. DNAm was then
evaluated at specific subsets of the 450K array, based on 1) CpG density; 2) location in REs; 3)
previous association with age-related DNAm changes238; or 4) overlap with hematopoietic
“source-DM sites” from Lessard et al.239, which display differential methylation between
erythroblasts derived from fetal liver (FL) and erythroblasts derived from adult bone marrow
(BM). The groups were as follows: 1) CpG sites in regions of high (142,380), intermediate-shore
(30,549), intermediate (101,579) or low (157,259) CpG density; 2) CpG sites overlapping with
long interspersed element 1 (LINE1) (7,591) or Alu (9,044) repetitive regions; 3) CpG sites
linked to age-related DNAm changes238, separated by whether they increased (1,036) or
decreased (1,803) with age; and 4) the top 100 CpG sites hypomethylated in adult BM
erythroblasts (“BM-hypomethylated sites”) or hypomethylated in FL erythroblasts (“FLhypomethylated sites”), based on Lessard et al.’s239 Δβ values. CpG sites located in known
somatic and placenta-specific imprinted DMRs were also assessed240. DNAm at these CpG site
groups were compared (as β-values) between all cell and tissue types using analysis of variance
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(ANOVA), followed by Tukey’s honest significant difference test, using a multiple comparisonadjusted p-value significance threshold of 0.0045.

3.2.3

Blood cell only DNA methylation data analysis
Raw intensity data for only the blood cell samples were prepared in GenomeStudio and

converted into M values in R software as described in Section 3.2.2. The identity and quality of
these samples had already been evaluated; the previously-identified outlier NK cell sample was
removed in this dataset, and the same 431,767 CpG sites selected in the blood and placenta
dataset were assessed. Background intensity and red-green color bias were corrected for using
the lumi package214, the data were normalized by subset within-array quantile normalization201,
and the technical variables of 450K array chip and row were adjusted for with ComBat205.
To assess if the relationship between nRBC proportion in whole cord blood (as measured
by number of nRBCs/100 WBCs) and DNAm was exclusive to nRBCs, I performed linear
modelling using the R package limma216. Cell type and the interaction term of cell type and
nRBC count were variables of interest, with sex included in the model as a covariate. Resulting
p-values were adjusted for multiple comparisons by the Benjamini & Hochberg217 FDR method,
and statistically significant sites were limited to those that passed an FDR <5%. Then, nRBC
DNAm β-values were evaluated as a function of nRBC proportion in whole cord blood at the
subsets of the genome described in Section 3.2.2.
I next looked for nRBC DMRs associated with nRBC count and with cell type using the
R package DMRcate241. The package reduced the dataset to 426,732 probes, filtering out any
probes with a SNP (minor allele frequency ≥0.05) within 2 nucleotides of the CpG site. The
model included cell type and the interaction term of cell type and nRBC count as variables of
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interest, with sex as a covariate. Since each cell type was collected from the same set of
individuals, DNAm measurements may be influenced by inter-individual differences. To adjust
for this, the model included a within-individual consensus correlation estimated using the
duplicateCorrelation() function in limma216. With this model, two types of DMRs were
identified: (1) nRBC-count DMRs, in which nRBC DNAm was significantly associated with
nRBC count; and (2) nRBC-WBC DMRs, or pairwise DMRs between nRBCs and each WBC
type. Resulting p-values were adjusted for multiple comparisons by the Benjamini & Hochberg
FDR method217, and statistically significant regions were limited to those that passed an FDR
<5%. The nRBC-WBC DMRs were further filtered such that the maximum β-fold change within
the DMR was ≥0.20.
All nRBC-WBC DMRs were inclusively overlapped to produce a set of “nRBC-specific
DMRs”, at which nRBCs were significantly DM from all WBCs. These DMRs were then
subdivided based on whether nRBC DNAm in these regions was also associated with nRBC
count. If an nRBC-specific DMR overlapped with an nRBC-count DMR, it was classified as a
“count-associated nRBC DMR”; if it did not, it was classified as a “cell-only nRBC DMR”.
ErmineJ was used to evaluate enrichment of gene ontology (GO) terms in genes associated with
the count-associated nRBC DMRs and cell-only nRBC DMRs242.

3.3
3.3.1

Results and discussion
Hypomethylation in nRBCs is distinct from placental hypomethylation
Analysis by array-wide Euclidean clustering and PCA reveal that nRBCs have the most

distinct genomic DNAm profile of the cord blood cells studied (Figure 3.1A; Supplementary
Figure B.1). The uniqueness of nRBC DNAm is reflected in its density distribution (Figure
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3.1B): although nRBCs and WBCs have similar distributions at unmethylated CpG sites, nRBCs
have notably decreased DNAm relative to WBCs at CpG sites that are typically highly
methylated. This results in an overall intermediate nRBC DNAm profile. nRBCs also have high
inter-individual variability, with higher array-wide median absolute deviation than WBCs and
less compact clustering when analyzed by PCA (Supplementary Figure B.1).
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Figure 3.1 nRBCs and placenta are both hypomethylated cell/tissue types. (A) Array-wide β value density distribution. Solid lines represent cell/tissue type
mean, dashed lines represent individual samples. (B) Array-wide Euclidean clustering. Numbers refer to different placental donors, letters refer to different cord
blood donors. WB = whole cord blood.
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Global hypomethylation is also observed in the placenta, as well as the early embryo and
some cancers233-236. I sought to compare the DNAm profile of nRBCs to that of placental whole
chorionic villi, which are largely composed of trophoblast cells as well as a range of villus core
cells including endothelial cells, fibroblasts, macrophages, and pericytes. On a global scale,
placenta appears to be less methylated than nRBCs, but displays more of a trimodal DNAm
distribution whereas nRBCs exhibit a bimodal distribution with a left-shifted “methylated” peak
(Figure 3.1A). In other words, despite overall lower DNAm, the placenta maintains high levels
of DNAm at more sites than nRBCs.
Although nRBCs and the placenta are both hypomethylated relative to WBCs, nRBCs
still cluster more closely with other blood cells than with villi (Figure 3.1B). This may be
attributable to different gene regulation requirements between the two tissues, or it may reflect
nRBCs’ origin from a precursor hematopoietic cell. To better understand the epigenetic
similarities and differences, I further evaluated tissue- and cell-type DNAm at specific subsets of
the array selected based on genomic context. This included surrounding CpG density, the
presence of REs and prior association with biological variables of interest, specifically age and
hematopoietic source. Detailed descriptions of the CpG site groups are provided in Section 3.2.2.
On an array-wide level, placenta and nRBCs were similarly significantly hypomethylated
compared to WBCs and blood cell mixtures (p <8.5e-05) (Figure 3.2A). LINE1 and Alu REs
showed similar hypomethylation in the two tissues (Figure 3.2B). In placenta, hypomethylation
of LINE1 and Alu elements was suggested to reflect their contribution to the organ’s distinct
invasive and proliferative properties243. In nRBCs, hypomethylation at LINE1 and Alu regions
may instead be due to loss of DNA methyltransferase (DNMT) activity as erythropoiesis
progresses. REs need cooperative action of both maintenance and de novo DNMTs to maintain
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DNAm244. DNMT3A and DNMT3B, which establish DNAm, are markedly downregulated during
erythropoiesis, likely contributing to RE hypomethylation66.

Figure 3.2 Cell-specific DNAm patterns differ at distinct subsets of the genome. (A) Array-wide. (B) Repetitive
elements: (i) Alu and (ii) LINE1. (C) Regions of (i) low, (ii) intermediate, (iii) intermediate shore-associated, and
(iv) high CpG density. (D) CpG sites found to (i) decrease with age or (ii) increase with age, and CpG sites
hypomethylated in nRBCs derived from (iii) adult bone marrow or (iv) fetal liver. Brackets indicate significantly
different pairs and are coloured relative to the comparison’s reference cell type (p <0.0045). WB = whole cord
blood.
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Both placenta and nRBCs displayed significant hypomethylation compared to WBCs in
regions of low and intermediate CpG density, however at the intermediate CpG density regions
placental DNAm was also significantly lower than nRBCs (Figure 3.2C). The genome is
generally CpG-poor and methylated, with the exception of CGIs, which are CpG-rich and
typically unmethylated. Regions of low and intermediate CpG density are widespread across the
genome and encompass biologically relevant regions such as distal gene regulatory elements and
REs161,163,168. Thus, hypomethylation in these regions in nRBCs could reflect a combination of
global demethylation and erythroid lineage-specific gene regulation.
In contrast, nRBCs were the only hypomethylated population at intermediate shoreassociated CpG density regions (Figure 3.2C). This nRBC-unique pattern could be due to the
role of DNAm at CpG island shores in hematopoietic cell differentiation and associated gene
expression3,8, with nRBC hypomethylation in these regions reflecting processes that distinguish
erythroid-specific gene regulation from the myeloid and lymphoid lineages. At high CpG density
regions, placenta was significantly more methylated, whereas nRBCs were unmethylated like all
other blood cell populations (Figure 3.2C). In villi, there is active protection of DNAm at
promoters of specific genes, including tumour suppressors, which are generally regions of high
CpG density245. The lack of increased DNAm at CpG-dense regions in nRBCs is consistent with
a passive demethylation process.
Over time, DNAm changes across the genome in a manner that is thought to be partially
stochastic and partially influenced by environmental exposures. These age-associated DNAm
changes result in epigenetic drift, in which inter-individual variability in DNAm increases with
age246-248. Looking at nRBC DNAm in sites previously associated with aging and epigenetic drift
may shed light on the specificity of nRBC demethylation. I selected previously-identified CpG
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sites where DNAm was significantly associated with age238 and grouped them by direction of
DNAm change with age (“age loss sites”, at which DNAm decreases with age, and “age gain
sites”, at which DNAm increases with age). Placental DNAm conforms to the age-associated
DNAm patterns (Figure 3.2D). In contrast, although nRBCs are significantly hypomethylated at
age loss sites, it is not as extreme as placental demethylation, and nRBCs have the same DNAm
levels as myeloid blood cells at age gain sites. This trend is likely attributable to overlap between
age-associated sites and CpG-rich regions, as 11% of age gain sites are in regions of high CpG
density compared to only 1% of age loss sites. In placenta, strong CpG islands and certain
promoter-associated CpG islands are specifically methylated243,245 (Figure 3.2C), which is
perhaps why placenta has elevated DNAm at the age gain sites. In contrast, nRBCs do not appear
to gain DNAm at any genomic regions, suggesting a passive demethylation process that is not as
tightly controlled as that of the placenta.
It is possible that the notably variable DNAm in nRBCs may reflect inter-individual
differences in contribution from different hematopoietic sources. In term infants, blood cells
generally come from the BM; however, extramedullary sources can be activated in response to
stressors like hypoxia or anemia76,77. A recent study comparing nRBCs derived ex vivo from
either adult BM HSCs or FL HSCs identified widespread differences in DNAm between the two
populations239. From this study’s findings, I created two groups of CpG sites: sites that were
hypomethylated in adult BM-derived nRBCs relative to FL-derived nRBCs (“BMhypomethylated sites”), and sites with the opposite pattern (“FL-hypomethylated sites”). By
looking at these sites in our data, I sought to evaluate whether DNAm in nRBCs from term cord
blood was more similar to cultured nRBCs of BM or FL origin. nRBCs are the most
hypomethylated tissue in BM-hypomethylated sites, but they do not differ significantly from all
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WBCs at the FL-hypomethylated sites (Figure 3.2D). Thus, it appears that term nRBC DNAm
conforms more to BM- rather than FL-specific DNAm patterns.
Intriguingly, nRBC DNAm is also more variable at these adult BM-hypomethylated sites,
which suggests that: 1) inter-individual variability at these sites reflects differences in maturity of
nRBCs, with all nRBCs derived from the BM; or 2) nRBCs are produced from other
hematopoietic sources, and inter-individual variability at BM-hypomethylated sites reflects
varying contribution of BM to the nRBC population (Figure 3.3). If the latter is the case, the lack
of variability in DNAm at FL-hypomethylated sites suggests that the alternative source of
nRBCs is not the liver, but perhaps the placenta or spleen70,76,77. Placenta was one of the most
highly methylated tissues at these source-DM sites. This may reflect their role as an alternative
hematopoietic source during fetal development47,48, suggesting that placental-derived
hematopoietic cells have their own set of hypomethylated sites and have increased DNAm at
signature CpG sites for FL- and BM-derived cells. However, it is important to acknowledge that
the placenta is a mixed-cell population consisting largely of trophoblast, with a very low
proportion of immune cells. Thus, these source-DM sites might not be as relevant to placental
biology as they are to nRBCs.
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Figure 3.3 Two types of nRBC mixtures could give rise to the variable nRBC DNAm profile. (A) A given
nRBC population’s DNAm levels are influenced by the overall maturity of the population: nRBCs are on a spectrum
of maturity and readiness for enucleation, reflected in their genome-wide DNAm. (B) A given nRBC population’s
DNAm levels are influenced by the proportion of nRBC source subtypes: nRBCs come from more than one
hematopoietic source, and each subtype has its own DNAm profile.

The distinctive trends in nRBC DNAm relative to placenta suggest that nRBC
hypomethylation, although global and partially attributable to stochastic loss, also has some
selectivity. This is further supported by the observation that nRBCs, like WBCs and villi,
maintain ~50% methylation in imprinted DMRs, but are unmethylated like WBCs at placentalspecific imprinted DMRs (Supplementary Figure B.2A-D), although this contrasts with a
previous report of demethylation in some germline imprinted DMRs during erythropoiesis66. The
finding that some of the most variable and hypomethylated CpG sites in nRBCs have been
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previously linked to age and hematopoietic source suggest that DNAm in nRBCs could reflect
the overall maturity of the population, or their site of production.
An interesting follow up to these findings would be to compare nRBC and placenta DNA
hydroxymethylation. Hydroxymethylation is the oxidation of 5-methylcytosine – the methylated
cytosine in DNAm – to 5-hydroxymethylcytosine (5hmC). This conversion was originally
thought to be an intermediate step in demethylation, however it has also been suggested that
5hmC has its own role in gene regulation249. Similar to the trends in DNAm, genome-wide 5hmC
levels are notably lower in placenta250, cancer cells250, and stem cells251 than in somatic cells.
5hmC typically increases with lineage commitment251; however, in erythropoiesis an initial spike
in 5hmC occurs with early erythroid lineage commitment but is followed by a steady decline in
5hmC during terminal erythroid differentiation252. Thus, a direct comparison of the lowhydroxymethylation profiles of nRBCs and placenta may provide insight on whether loss of
DNAm in these tissues serves to increase functional hydroxymethylation, or to completely erase
epigenetic marks.

3.3.2

nRBC DNA methylation is associated with nRBC proportion in cord blood
The observed variability in nRBC DNAm may be explained by 1) stochastic loss, or 2)

different proportions of nRBCs by either maturation or anatomical origin. Varying proportions of
nRBCs in each cord blood sample may also be related to the observed inter-individual
differences in nRBC DNAm (Supplementary Table B.1). To test this, I evaluated the relationship
between nRBC DNAm and nRBC count. Genome-wide median nRBC DNAm was significantly
negatively correlated with nRBC proportion (Pearson r =-0.928, p =0.003), with a rate of change
of -0.0080 Δβ per unit increase in nRBCs/100 WBCs (Figure 3.4A). This relationship was
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strongest in intermediate and low CpG density regions (-0.0078 Δβ/nRBC and -0.0110
Δβ/nRBC, respectively), and non-significant in high and intermediate shore CpG density regions
(Figure 3.4B). There was no significant correlation between nRBC DNAm and nRBC count at
CpG sites located in known imprinted DMRs, including placental-specific ones (Supplementary
Figure B.2E).
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Figure 3.4 nRBC DNAm is negatively correlated with nRBC proportion in cord blood. Asterisks in legend indicate significant Pearson correlation (p <0.05)
for that group of CpG sites. (A) Array-wide median DNAm. (B) Median DNAm in regions of low, intermediate (Int.), intermediate shore-associated (Int. shore),
and high CpG density. (C) Median DNAm at CpG sites in Alu and LINE1 repetitive elements. (D) Median DNAm of CpG sites where DNAm has been
previously associated with age, separated by direction of DNAm change with age. (E) Median DNAm of CpG sites previously found to vary in DNAm in nRBCs
based on hematopoietic source, either adult bone marrow or fetal liver.
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Significant negative correlations between median nRBC DNAm and nRBC count were
also observed in CpG sites overlapping with LINE1 and Alu REs (Pearson r =-0.929, p =0.003
and r =-0.889, p =0.007, respectively) (Figure 3.4C). At the age-associated sites, only the age
loss sites showed a significant correlation between median nRBC DNAm and nRBC count
(Pearson r =-0.948, p =0.001; Figure 3.4D). In contrast, median nRBC DNAm was the same
across all individuals at sites where DNAm increases with age. However, the lack of variability
at these age-gain sites is likely because of their high representation of CpG-dense regions, which
are generally unmethylated and not prone to changes in DNAm (Figure 3.2D).
Intriguing patterns emerged when the nRBC DNAm-count relationship was evaluated in
the source-DM sites (Figure 3.4D). My initial hypothesis was that increasing nRBC count may
reflect the activation and relative contribution of extramedullary hematopoietic sources, with a
greater proportion of circulating “alternative source” nRBCs as overall nRBC count
increases70,76,77. Were that the case, I anticipated seeing a high-magnitude decrease in nRBC
DNAm at the FL-hypomethylated sites as nRBC count increases, as that would reflect a greater
proportion of FL-derived nRBCs. Instead, the opposite trend emerged: as nRBC count increased,
nRBC DNAm became more similar to the adult BM-derived epigenetic signature, with no
significant change in the FL-hypomethylated sites. There was a significant negative correlation
between nRBC DNAm at BM-hypomethylated sites and nRBC count (Pearson r =-0.854, p
=0.015), with these sites showing the greatest magnitude of decline of all genomic regions
evaluated (-0.0144 Δβ/nRBC). In contrast, there was no significant correlation between nRBC
DNAm and nRBC count at the FL-hypomethylated sites (Pearson p =0.482). This suggests that,
although nRBC DNAm may reflect the contribution of BM to erythropoiesis, the liver is not an
alternative hematopoietic source that varies significantly in its contribution between term
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neonates. It may be that hematopoietic organs other than the fetal liver are being activated, such
as the placenta or the spleen.
It is important to consider not only the differing hematopoietic source, but also the
difference in age between the Lessard et al. samples from which the source-DM sites were
defined239. The BM-hypomethylated sites were originally identified in erythroblasts derived from
adult BM, whereas the FL-hypomethylated sites were identified in erythroblasts from the fetal
liver. Thus in my data, the demethylation in nRBCs at BM-hypomethylated sites with increasing
nRBC count in our data could reflect an increasingly “adult-like” quality in this cell population. I
suggest that, if this is the case, that fetal and adult erythroblasts may differ in the proportion of
different erythroblast stages, as depicted in Figure 3.3A. The original paper showed that their
fetal and adult erythroblasts had similar differentiation kinetics, based on expression of stem cell
marker CD34 and erythroid markers CD71 and CD235a239. However, recent work has shown
that further categorizing of erythroblasts with cell surface markers band-3 and α4-integrin
isolates more distinct erythroblast stages253. This means that the adult and fetal erythroblasts
studied by Lessard et al.239 may have been age-specific mixtures of erythroblast sub-populations.
Since global demethylation occurs during erythropoiesis66,67, the decrease in nRBC DNAm I
observed with increasing nRBC count could reflect higher proportions of developmentally
mature nRBCs in high-nRBC count populations (Figure 3.3A). If this is the case, a possible
reason for this trend could be low numbers of macrophages, which are key facilitators of
enucleation227. This would likely result in an increased number of nRBCs that are ready for
enucleation, but “stuck”. Another possible reason for more mature nRBCs in high-nRBC count
populations could be erythropoietin-mediated changes in bone marrow structure, which occurs in
response to hypoxic or inflammatory stressors. Increasing the size of bone marrow fenestrations
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would allow for the premature release of some nRBCs, but likely only the smaller, more mature
sub-populations.
The physiological changes reflected by nRBC count may also be associated with DNAm
changes in WBCs. Linear modelling performed between DNAm in each blood cell type and
nRBC count showed that all blood cells had some CpG sites significantly associated with nRBC
count (Table 3.1). As expected, the effect was most apparent in nRBCs themselves: 106,810
CpG sites showed nRBC DNAm significantly associated with count, with nearly all of these sites
(97%) decreasing in DNAm as nRBC count increases. In WBCs, a far smaller number of sites
showed changes in DNAm with nRBC count, ranging from 217 to 972. With the exception of
CD4 T cells, which had 79% of its count-DM sites displaying increasing DNAm with count,
none of the WBC count-DM sites showed an obvious trend towards increasing or decreasing
DNAm with count. This suggests that whatever nRBC count reflects also influences WBC
DNAm, albeit to a lesser extent than the relationship with nRBC DNAm. If it is a change in
nRBC maturity (Figure 3.3A), this may impact WBC populations by changing the immune
environment. Immature erythrocytes in fetal and neonatal circulation are thought to promote
immunosuppression by arginine depletion93. Maturation of the nRBC population towards
readiness for enucleation could make them less transcriptionally active, relieving
immunomodulatory pressures on fetal WBCs and potentially affecting DNAm. Alternatively, if
nRBC count reflects varying contributions from hematopoietic sources, the epigenetic change
likely reflects introduction of an nRBC subgroup with distinct DNAm patterns (Figure 3.3B).
The same process would likely also occur in WBCs, with the alternative hematopoietic organ
producing WBCs with a DNAm profile distinct from those produced in the BM.
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Table 3.1 Number of CpG sites in each blood cell population that show differential methylation (FDR <5%)
with the proportion of nRBCs in cord blood.

nRBCs

B cells

CD4
T cells

CD8
T cells

Gran.

Mono.

NK
cells

All
WBCs

Total DM
sites

106,810

478

972

217

711

397

435

57

Decreasing
DNAm with
nRBC count

103,005

249

203

101

406

178

158

20

Increasing
DNAm with
nRBC count

3,805

238

769

116

305

219

277

35

|Δβ > 0.02
/nRBC|

8,459

45

50

34

59

37

24

1

Gran. = granulocytes; Mono. = monocytes.

3.3.3

Differentially methylated regions distinguishing nRBCs from WBCs
After evaluating the nRBC DNAm profile by genomic region, I performed DMR analysis

to identify DM CpG sites most strongly associated with the erythroid lineage. DMRs were
identified between nRBCs and each WBC type (FDR <5%, |Δβ| >0.20) then overlapped to
produce a total of 2,965 nRBC-specific DMRs, at which nRBCs have distinct DNAm levels from
all WBC types. The majority of nRBC-specific DMRs (2,061, 69.5%) were hypomethylated
relative to WBCs at the CpG site with the largest DNAm difference. nRBCs were an
intermediately methylated cell population at 852 (28.7%) of nRBC-specific DMRs, and were
hypermethylated relative to all WBCs at only 54 (1.8%) of nRBC-specific DMRs.
Section 3.3.2 describes the association between nRBC DNAm and the proportion of
nRBCs in cord blood. To follow up on these findings, I assessed how many of the nRBC-specific
DMRs also show an epigenetic relationship with nRBC count. Of the 2,965 nRBC-specific
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DMRs, 2,515 overlapped with regions in which nRBC DNAm is significantly associated (FDR
<5%) with nRBC count (termed “count-associated nRBC DMRs”), whereas 450 did not (termed
“cell-only nRBC DMRs”) (Figure 3.5A). 2,350 (93.4%) of the count-associated nRBC DMRs
showed decreasing DNAm in nRBCs as their proportion in cord blood increased. Next, I wanted
to ask if count-associated nRBC DMRs over-represent certain gene regions compared to cellonly nRBC DMRs. A significantly larger proportion of cell-only DMRs are found in the gene
body (χ2=6.69, p=0.009) (Figure 3.5B).

Figure 3.5 Summary of nRBC DMRs. (A) Flowchart of nRBC-specific DMR identification and sub-groupings
based on association between nRBC DNAm and nRBC count. (B) Proportion of nRBC-specific DMRs covering
each type of gene region, *: p <0.05.
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GO analysis was then performed using ErmineJ on the nRBC-specific DMRs. The 450
cell-only nRBC DMRs were first evaluated. No GO terms were significantly enriched (FDR
<10%) for these DMRs, however many of the top-ranked terms were related to immune cell
processes such as growth of symbionts and bacteria, chemokine processes, and WBC migration
(Supplementary Table B.2). Since these DMRs are associated with nRBC-specific DNAm
regardless of nRBC count, their corresponding GO terms shed light on consistent epigenetic
differences between erythroid cells and other blood cells. The presence of immune functions in
the higher-ranked GO terms likely reflects that all of the cell populations being compared to
nRBCs are WBCs, which have epigenetic profiles suited for immune function.
The 2,515 count-associated nRBC DMRs were significantly enriched for 6 GO terms
(FDR <10%). These terms were related to activity of the Ras and Rho guanyl nucleotide
exchange factor, RNAi, the cytoskeleton, and the phosphatidylinositol 3-kinase cascade
(Supplementary Table B.3). These enriched terms may reflect the unique structural and
biochemical changes occurring in erythroblasts as they prepare for enucleation such as
alterations in plasma membrane composition, reorganization of the cytoskeleton, chromatin
condensation, and polarization of the nucleus65,68. For example, RNAi has been reported to be a
mediator of chromatin condensation during enucleation68.
Closer inspection of nRBC-specific DMRs illustrates that nRBCs do not follow the
traditional pattern of cell-specific DNAm, in which DM sites are either fully methylated (β>0.80)
or unmethylated (β<0.20), with comparison cells exhibiting opposing levels of DNAm. Instead,
the typical pattern I observed is intermediate absolute DNAm in nRBCs, which was often
sandwiched between opposite extremes in DNAm displayed by lymphoid and myeloid cell types
(Figure 3.6A-C). This may seem incongruous with the earlier statement that the majority of
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nRBC-specific DMRs were hypomethylated relative to WBCs; this is due to the nRBC-specific
DMRs being derived from multiple nRBC-WBC pairwise comparisons. A given DMR had to
meet the significance thresholds (FDR <5%, |Δβ| >0.20) for each nRBC-WBC pairwise
comparison to be classified as an nRBC-specific DMR. However, within the DMR, it may be a
different CpG site with the greatest DNAm difference between nRBCs and each WBC type.
Thus, the majority of nRBC-specific DMRs have a maximum Δβ that is negative (i.e. nRBCs are
hypomethylated), but this nRBC hypomethylation can occur at different CpG sites within the
DMR for different WBC populations. Some nRBC-specific DMRs showed “true” nRBC
hypomethylation, with all WBCs fully methylated; however, this hypomethylation was only
moderate and nRBC DNAm ranged from 0.20 to 0.50 (Figure 3.6D). Since our data and prior
studies have shown progressive demethylation in nRBCs with maturation, the lack of fully
methylated regions in nRBCs is not surprising.
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Figure 3.6 Examples of nRBC-specific DMRs. Top plot is all samples, coloured by cell type (legend at top right); bottom plot is individual nRBC samples,
coloured by nRBC count (legend at bottom right). (A) AZU1. (B) MAFG. (C) EPHB3. (D) PRKACA.
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Although the I did not put a |Δβ| threshold on the association between nRBC DNAm and
nRBC count, many count-associated nRBC-specific DMRs displayed striking DNAm changes of
>0.02 per unit increase in % WBC (Figure 3.7A). This is the equivalent of a ~0.20 β-value range
in nRBC DNAm from individuals with a very low nRBC count (e.g. 0% WBC) to individuals
with a higher (but not abnormal) nRBC count of 10% WBC. Several of the high-magnitude
count-associated nRBC DMRs were located within 200bp upstream of the TSS or in the 5’ UTR,
and thus may be impacting transcription of these genes (Figure 3.7B-D).

82

Figure 3.7 nRBC-specific DMRs with nRBC count-associated DNAm. (A) Distribution of count-associated nRBC-specific DMRs by DNAm change with
nRBC count (Δβ per unit increase in % WBCs). (B-D) Examples of count-associated nRBC-specific DMRs; top plot is all samples coloured by cell type (legend
at top right), bottom plot is individual nRBC samples coloured by nRBC count (legend at bottom right). (B) TPM4. (C) EPN1. (D) RFFL.
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3.4

Conclusion
nRBCs are a cell population that is given little thought in studies of neonatal immunity.

Although erythroid cells have been found to impact proliferation and immune function of T cells,
B cells and dendritic cells91-96, and fetal nRBCs display immunosuppressive effects not shown by
their adult counterparts93, an immune role for nRBCs in neonatal circulation is not yet widely
accepted. It has actually been further called into question by a recent study that was unable to
replicate these fetal erythroid-specific immune effects99. Following this limited understanding of
nRBCs, the implications of the global, passive demethylation during erythropoiesis may not be
meaningful in terms of cell function.
Our data suggests that the nRBC DNAm profile partially supports passive loss of DNAm
in this cell population, with tendency for demethylation at high-methylated regions that lack
obvious associations with gene expression, such as REs (Figure 3.2B). However, analysis of
nRBC DNAm at sites previously associated with age and hematopoietic source reveals
considerable heterogeneity in this population (Figure 3.2D, Figure 3.4D-E), and DMR analysis
suggests a link between nRBC-specific DNAm and erythropoietic processes (Supplementary
Tables B.2-B.3). As their proportion in cord blood increases, nRBCs conform more to the adult
BM DNAm profile. I suggest that this could reflect two possible changes in the nRBC
population. First, that individuals with high overall nRBC count may have a higher proportion of
mature nRBCs, which may be due to low abundance of macrophages to mediate that final
enucleation step. Second, these DNAm changes could reflect an increasing proportion of nRBCs
coming from the BM with increasing representation in cord blood. Since it’s unusual for BM to
allow erythroid cells to enter circulation prior to enucleation, this increasing leniency could
reflect some erythropoiesis-inducing stressor. It is also interesting to consider what the
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alternative hematopoietic source (which would decline in nRBC production with increasing
nRBC count) may be, since our data suggests that it is not the fetal liver (Figure 3.2D, Figure
3.4E). If this alternative source is the placenta, the relative contribution of these two organs to
the nRBC population in term births could reflect how quickly nRBC counts drop after birth:
nRBCs coming mostly from the placenta would be rapidly cleared after birth due to the lost
connection to this organ. In contrast, production of nRBCs from the BM could continue for some
time after birth. In that case, these DNAm changes could be useful to identify neonates likely to
have persistently elevated nRBC counts after birth, which is associated with an increased risk of
morbidity and mortality71. Ultimately, neonatal nRBCs are a complex population with unclear
function; further study is required to understand whether their distinctive epigenetic profile
reflects transience or functional processes.
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Chapter 4: Comparing Hematopoietic Cell DNA Methylation Profiles between
Preterm and Term Births
4.1

Background
PTB is a complex disorder involved in over 50% of neonatal deaths, either as a direct

cause or through prematurity-associated complications1. If a premature infant survives the
immediate postnatal period, they face increased risk of developing a variety of short- and longterm health conditions, including childhood infections, asthma, and cognitive disabilities, and
adult hypertension and heart disease2,139-141,145,147. This disease-burdened life is attributable to
systemic immaturity, as well as increased oxidative stress and altered metabolism as a result of
invasive medical procedures and parenteral nutrition in early life17,136,137.
The immune system is not spared from the effects of PTB. Blood cell composition and
functional capacity change throughout gestation; the interruption of this dynamic process results
in a preterm immune system that is unprepared for the microbe-ridden external environment. A
variety of general and cell-specific deficits in immune function have been identified in preterm
infants17,57,131, which increase the preterm neonate’s vulnerability to infection.
The association between DNAm and hematopoietic cell lineage commitment has been
well established3,4, and multiple studies have found differential methylation between preterm and
term infants190,191,254. However, these studies used whole cord blood for comparison, which is a
mixed-cell sample in which overall DNAm levels are influenced by cell composition194,210. As a
result, these studies cannot distinguish prematurity-associated DNAm patterns due to differences
in cell composition from DNAm patterns due to differences in immune function.
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The objective of this chapter is to identify DNAm changes with PTB in the major
immune cells of cord blood. I hypothesize that prematurity-associated DNAm patterns will
reflect both changes in hematopoietic source and cell-specific maturation processes. Using the
450K array, I compared the genome-wide DNAm profiles between term infants and very preterm
infants (<30 weeks GA) in granulocytes, monocytes, T cells, and nRBCs sorted from cord blood
by FACS.

4.2
4.2.1

Methods
Sample collection and cell purification
Ethics approval for this study was obtained from the University of British Columbia

Children’s and Women’s Research Ethics Board (certificate numbers H07-02681 and H0470488). Written, informed parental consent to participate was obtained. Individual patient data is
not reported.
Cord blood was collected from neonates delivered by elective caesarean section in
absence of labor at the Children’s and Women’s Health Centre of BC (Vancouver, Canada). A
total of 10 infants were involved in the study: 5 preterm (GA range 26-31 weeks) and 5 term
(GA range 38-40 weeks) (Table 4.1). Hematopoietic cell purification and sorting is described in
Appendix Section C.1. All cell populations (T cells, granulocytes, monocytes, and nRBCs) were
collected from all 5 term subjects; however, due to small sample volumes and variability in
blood cell counts, not all cell populations were collected from all preterm subjects (Table 4.1).
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Table 4.1 Subject characteristics and cell types collected from each subject

term_1
term_2
term_3
term_4
term_5
preterm_A
preterm_B
preterm_C
preterm_D
preterm_E**

Sex
M
M
F
M
M
M
F
M
F
M

GA, weeks
38-40*
38-40*
38-40*
38-40*
38-40*
26
29
30
30
30

T cells
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Granulocytes
Y
Y
Y
Y
Y
N
Y
Y
N
Y

Monocytes
Y
Y
Y
Y
Y
N
Y
Y
Y
Y

nRBCs
Y
Y
Y
Y
Y
Y
N
Y
Y
Y

* = exact GA of term infants not known
** = one of dichorionic/diamniotic twins

4.2.2

Illumina Infinium HumanMethylation450 BeadChip
DNA was extracted from all samples using standard protocols and purified with the

DNeasy Blood and Tissue kit (Qiagen). DNA was bisulphite-converted using the EZ DNA
Methylation Kit (Zymo Research) before amplification and hybridization to the 450K array
following manufacturer’s protocols (Illumina). 450K array chips were scanned with a HiScan
reader (Illumina).

4.2.3

DNA methylation data preparation and analysis
Raw intensity data for all blood cells and cell mixtures were background normalized in

GenomeStudio (Illumina). Quality control was performed using the 835 control probes included
in the array. The intensity data were then exported from GenomeStudio and converted into M
values using the lumi package214 in R software215. Sample identity and quality were evaluated as
described in Appendix Section C.1. The 450K array targets 485,577 DNAm sites, but probe
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filtering was performed as described in Appendix Section C.1 to produce a final dataset of
429,765 sites. Background intensity and red-green color bias were corrected for using the lumi
package, and the data were normalized by subset within-array quantile normalization201.
Unsupervised Euclidean clustering of the samples based on DNAm β values and PCA
based on DNAm M values were performed as exploratory global analysis steps. I then looked at
DNAm at specific subsets of the 450K array, based on 1) CpG density; 2) previous association
with age-related DNAm changes238; 3) previous association of cord blood DNAm with PTB191;
or 4) overlap with hematopoietic “source-DM sites”239, which display differential methylation
between erythroblasts derived from FL and erythroblasts derived from adult BM. The groups
were as follows: 1) CpG sites in regions of high (141,866), intermediate-shore (30,369),
intermediate (101,122) or low (156,408) CpG density; 2) CpG sites linked to age-related DNAm
changes238, separated by whether they increased (1,030) or decreased (1,797) with age; 3) CpG
sites hypomethylated in PTB (961) and hypermethylated in PTB (505)191; and 4) the top 100
CpG sites hypomethylated in adult BM erythroblasts (“BM-hypomethylated sites”) or
hypomethylated in FL erythroblasts (“FL-hypomethylated sites”), based on Lessard et al.’s239 Δβ
values. DNAm at these CpG site groups were compared (as β-values) between all cell and tissue
types using ANOVA followed by Tukey’s honest significant difference test, using a multiple
comparison-adjusted p-value threshold of 0.0045.
To assess GA-associated DNAm changes in each blood cell population, linear modelling
using the R package limma216 was performed, with the combination of cell type and birth group
(preterm or term) as a variable of interest and sex included in the model as a covariate. Since
each cell type was collected from the same set of individuals, DNAm may have been influenced
by inter-individual differences. To adjust for this, the model included a within-individual
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consensus correlation estimated using the duplicateCorrelation() function in limma216. Resulting
p-values were adjusted for multiple comparisons by the Benjamini & Hochberg217 FDR method,
and statistically significant sites (“prematurity-DM sites”) were limited to those with an FDR
<5% and a |Δβ| >0.10.
To identify cell-type specific DNAm in the preterm and term immune system, I
performed linear modelling using the R package limma216 with the same model described above.
Resulting p-values were adjusted for multiple comparisons by the Benjamini & Hochberg217
FDR method, and statistically significant sites (“cell-type DM sites”) were limited to those with
an FDR <5% and a |Δβ| >0.20. ErmineJ was used to evaluate enrichment of GO terms in genes
associated with the cell-type and prematurity-DM sites242.

4.3
4.3.1

Results and discussion
Comparing global DNA methylation of preterm and term immune cells
Cell type is the dominant influence when global DNAm profiles of term and preterm cell

populations are compared by array-wide Euclidean clustering (Figure 4.1A). Prematurity also
has an observable impact on epigenetic relationships between the samples, with some preterm
samples clustering on their own within each cell type. However, these GA subgroups are not
perfect, with some preterm samples clustering more closely with their term counterparts (Figure
4.1A). Evaluating genome-wide DNAm by β-value density distributions suggests that the effect
of prematurity may be largest in nRBCs: all of the WBCs show similar distributions between
term and preterm samples, whereas term nRBCs appear strongly hypomethylated relative to
preterm nRBCs (Figure 4.1B). Since global demethylation occurs with successive cell divisions
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during erythropoiesis66,67, this difference may reflect a greater proportion of more mature nRBCs
in the term nRBC populations.

Figure 4.1 Genome-wide DNAm comparisons between major hematopoietic cells in term and preterm births.
(A) 450K-array wide Euclidean clustering. Letters and numbers refer to different preterm and term cord blood
donors, respectively. (B) DNAm (β value) density distribution; dashed lines represent individual samples, solid lines
represent the mean of that GA/cell type group.

4.3.2

Prematurity-associated DNA methylation at biologically relevant subsets of the

genome
To identify genomic regions where the association between DNAm and prematurity are
strongest, specific subsets of the 450K array were evaluated. These groups were based on CpG
density, as well as prior associations between DNAm and hematopoietic source, age, or PTB, as
described in Section 4.2.3191,238,239.
None of the WBC populations differed in median genome-wide DNAm between preterm
and term infants, and although term nRBCs were notably hypomethylated compared to preterm
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nRBCs, this difference was not significant (Figure 4.2A). When the genome is divided by CpG
density, no significant differences were observed between preterm and term samples at regions
of high or shore-associated intermediate CpG density (Figure 4.2B). WBC populations also
displayed similar DNAm levels at intermediate and low CpG density regions, regardless of
prematurity (Figure 4.2B). This indicates that there are too few prematurity-associated DNAm
changes in WBCs to produce observable differential methylation on a large scale. In contrast,
term nRBCs displayed hypomethylation relative to their preterm counterparts in these regions;
however these differences did not pass the multiple-test corrected significance threshold (pvalues <0.05, but >0.0045). This trend is likely due to higher DNAm levels in intermediate and
low CpG density regions, which are also generally more dynamic than high and shore-associated
intermediate CpG density regions161,255.
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Figure 4.2 DNAm relationships between GA groups and cell types differ at different regions of the genome.
(A) Genome-wide. (B) CpG sites grouped by CpG density. (C) CpG sites hypomethylated in nRBCs derived from
adult bone marrow (top) or fetal liver (bottom). (D) CpG sites found to increase with age (top) or decrease with age
(bottom). (E) CpG sites found to be differentially methylated in cord blood between preterm and term births, either
hypomethylated in PTB (top) or hypomethylated at term (bottom). *: p<0.05; **: p <0.0045
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During fetal development, the shift of the predominant hematopoietic organ from FL to
BM occurs around 24 weeks gestation24. Thus, it is likely that the preterm samples, which range
from 26-30 weeks GA, have a greater proportion of FL-derived cells than the term samples. To
see if hematopoietic source is related to DNAm differences between preterm and term samples
for specific cell types, I analyzed candidate CpG sites identified in a previous study239. The
original study identified DNAm differences between nRBCs derived ex vivo from adult BM
HSCs and those derived from FL HSCs. From that work, I created two groups of CpG sites: sites
that were hypomethylated in adult BM-derived nRBCs relative to FL-derived nRBCs (“BMhypomethylated sites”), and sites with the opposite pattern (“FL-hypomethylated sites”). All cell
types showed the same patterns at these source-DM sites, with preterm samples hypomethylated
in FL-hypomethylated sites, and term samples hypomethylated in BM-hypomethylated sites
(Figure 4.2C). It is interesting that both WBCs and nRBCs show the same DNAm patterns,
despite these candidate sites being identified only using nRBCs. The consistent DNAm
differences at these source-DM sites suggest that hematopoietic sources have epigenetic
signatures that are conferred to all cell types derived from that source, regardless of lineage.
Another intriguing trend in this data is the finding that there are CpG sites where nRBCs gain
DNAm with GA, as the overwhelming trend is for nRBCs to become demethylated as the fetus
approaches term. This indicates that nRBC demethylation, although global and passive66,67, is
selective, with some CpG sites being protected from DNAm loss. These results are also an in
vivo verification of the original findings, which were performed on nRBCs ex vivo239.
It is important to note that the source-DM sites are comparisons of not only
hematopoietic source (liver versus BM), but also age (fetal versus adult). To evaluate whether
the term-preterm differences observed at these sites may instead be more reflective of age than
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hematopoietic source, these samples were next compared at a set of CpG sites previously
identified as DM between newborns and nonagenarians238. At sites where DNAm increases with
age, none of the cell types show significant DNAm differences between preterm and term
samples, and only nRBC DNAm decreases with GA at sites where DNAm decreases with age
(Figure 4.2D). Since these adult-neonate DM sites do not show the same trends observed at the
source-DM sites, this suggests that the source-DM sites are more a reflection of hematopoietic
source than of age-related differences. The hypomethylation of term nRBCs at sites where
DNAm decreases with age may be more reflective of the high DNAm levels at these sites, as
well as their increased representation of intermediate and low CpG dense regions (35% and 61%
relative to 24% and 36% in the 450K array, respectively), as these types of CpG sites are
generally more variably methylated and thus more likely to lose DNAm.
Finally, the samples were compared at CpG sites previously found to be DM in umbilical
cord blood between preterm (<31 weeks GA) and term births191. All cell types conformed to the
expected trend at sites originally hypomethylated in term cord blood, with term cell populations
significantly hypomethylated compared to their preterm counterparts (p <0.0045 for
granulocytes, monocytes, nRBCs; p <0.05 for T cells; Figure 4.2E). At sites originally
hypomethylated in preterm cord blood, only WBCs showed significant hypomethylation in the
preterm samples relative to term samples (all p <0.0045); nRBCs did not differ significantly
between preterm and term (Figure 4.2E). This is likely because these sites were selected based
on DNAm differences in whole cord blood, and are not specific to nRBCs. Unlike with the
source-DM sites, which were identified in pure erythroid populations, nRBC demethylation with
gestation may have been masked in these PTB-DM sites by DNAm changes in WBC
populations.
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Overall, these findings suggest that, rather than reflecting a gradual change in DNAm,
prematurity-associated DNAm likely reflects shifting proportions of distinct sub-populations of
each hematopoietic cell type, with each one derived from a different hematopoietic organ. The
exception to this trend is nRBCs, which are gradually demethylated with successive cell
divisions; however, even this unusual cell population still retains an epigenetic signature of
hematopoietic source (Figure 4.2C).

4.3.3

Prematurity-associated differentially methylated sites in hematopoietic cells
To follow up the large-scale evaluation of how DNAm changes in hematopoietic cells

with prematurity, I performed linear modelling within each cell type to identify cell-specific
prematurity-associated DM sites (FDR <5%, |Δβ| >0.10). nRBCs showed the greatest difference
between preterm and term samples, with 9,258 DM sites; granulocytes, monocytes, and T cells
had a total of 987, 692, and 273 prematurity-DM sites, respectively (Table 4.2). The direction of
DNAm change in these prematurity-DM sites followed known patterns of DNAm in terminally
differentiated blood cells. Lymphoid cells display increased DNAm with terminal differentiation
3,8

, which is mirrored by the higher proportion of T cell prematurity-DM sites (72%) with

increased DNAm in term samples. The majority of granulocyte and monocyte prematurity-DM
sites were less methylated in term samples (69% and 61%, respectively), in keeping with the
documented loss of DNAm in myeloid lineage commitment3,8. The vast majority of nRBC
prematurity-DM sites (94%) showed reduced DNAm in term samples. Considering the global
demethylation that occurs during erythropoiesis66,67, this suggests that the term nRBC population
is a more mature one, with a greater proportion of nRBCs further along in the erythropoietic
process. This could be a reflection of shifting hematopoietic sources in fetal development: since
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BM, the predominant hematopoietic organ at term, typically does not release nRBCs into
circulation, perhaps the few that are released are closer to enucleation than those released by the
liver or other hematopoietic organs, which are more lenient about releasing nRBCs into
circulation.

Table 4.2 Number of prematurity-DM sites for each cell type (FDR <5%, |Δβ| >0.10).

T cells
Total
273
DNAm decreases 76 (28%)
with GA

Granulocytes
987
679 (69%)

Monocytes
692
425 (61%)

nRBCs
9,258
8,731 (94%)

DNAm increases
with GA

308 (31%)

267 (39%)

527 (6%)

197 (72%)

The idea that prematurity-associated DNAm reflects differences in hematopoietic source
is supported by the overlap between prematurity-DM sites and Lessard et al.’s source-DM
sites239 (Table 4.3). CpG sites that decline in DNAm over gestation overlap almost exclusively
with BM-hypomethylated sites, whereas CpG sites increasing in DNAm over gestation overlap
almost exclusively with FL-hypomethylated sites. Thus, DNAm changes in the prematurity-DM
sites are consistent with a shift from liver to BM as the predominant hematopoietic source in late
gestation. The FL-hypomethylated CpG sites increase in DNAm over gestation in these data, as
the liver reduces hematopoietic cell production. In contrast, DNAm declines with GA in CpG
sites associated with the hypomethylated epigenetic signature of the BM, corresponding with this
organ becoming the primary source of blood cells.
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Table 4.3 Overlap between cell-specific prematurity-DM sites (FDR <5%, |Δβ| >0.10) and source-DM sites
from Lessard et al.239.

T cells
DNAm decreases with GA
Total
76
Overlap with
25 (32.9%)
BM-hypo. sites

Granulocytes

Monocytes

nRBCs

679
197 (29.0%)

425
213 (50.1%)

8,731
895 (10.3%)

Overlap with FL- 0 (0.0%)
hypo. sites

1 (0.1%)

0 (0.0%)

2 (0.0%)

308
0 (0.0%)

267
1 (0.4%)

527
1 (0.2%)

74 (24.0%)

70 (26.2%)

89 (16.9%)

DNAm increases with GA
Total
197
Overlap with
1 (0.5%)
BM-hypo. sites
Overlap with FL- 22 (11.2%)
hypo. sites

The number of prematurity-DM sites may also relate to the magnitude of phenotypic
differences between preterm and term cell populations. Deficits in innate immune function are
well-documented in preterm infants, many of which stem from reduced pro-inflammatory and
antiviral cytokine production by monocytes, dendritic cells, and macrophages131,150-154. In
contrast, fewer functional differences between preterm and term T cells have been
observed154,256. The greater number of prematurity-DM sites in monocytes compared to T cells
(692 versus 273) may reflect the more severe impact of PTB on monocyte development. In
granulocytes, differences with prematurity have not been as extensively studied, although some
reductions in neutrophil motility and function have been observed57,120,151,257. The high number
of granulocyte prematurity-DM sites (987) could mean that they show more dynamic maturation
across late gestation than both monocytes and T cells. Alternatively, these granulocyte DNAm
changes could be a reflection of cell composition. Although overwhelmingly represented by
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neutrophils in term cord blood (>95%; data not shown), granulocytes are a cell mixture that also
includes eosinophils, basophils, and mast cells. Since neutrophils are one of the last cell types to
be produced during fetal hematopoietic development55, they may be sufficiently
underrepresented in preterm granulocyte populations to impact the overall DNAm profile.
Regardless, these findings suggest that functional studies comparing preterm and term
granulocytes may provide new insight into limitations of the preterm immune system. Finally,
the drastic number of DNAm changes in nRBCs is likely associated with widespread structural
changes occurring in both the cell and its DNA as erythroid differentiation progresses66-68.
GO term enrichment analysis of the prematurity-DM sites revealed distinct sets of
significantly enriched terms for each cell type (Supplementary Table C.1). The two significant
GO terms in granulocytes (FDR <10%) related to negative regulation of the ERK1/2 cascades,
and Ras guanyl-nucleotide exchange factor activity. Both of these terms refer to the same
cascade, the Ras-Raf-MEK-ERK pathway. Defects in this pathway have been associated with
impaired neutrophil function in both oxidative responses and NET formation258,259; thus,
epigenetic differences in genes involved in this pathway may be related to preterm neutrophils’
observed deficiencies in respiratory burst and NET formation, as well as over-production of
superoxide120,257. The ERK1/2 pathways are also associated with immunotolerance, with
monocytes and macrophages displaying inhibited ERK1/2 activation in the presence of
immunosuppressive factors adenosine and prostaglandin E2260,261. This suggests that DNAm
changes in granulocytes could relate to changes in fetal immunotolerance as gestation
progresses. In T cells, the only significant GO term (FDR <5%) was embryonic placenta
development. This may reflect the link between T cells and placenta during fetal development,
which has been well documented both in terms of T cell function and the increased ratio of
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regulatory T/effector T cell ratio earlier in gestation24,58,104,124. Monocyte prematurity-DM sites
were associated with 8 significant GO terms (FDR <10%), all of which were related to epidermal
and hair growth and development. These unexpected processes may relate to the key role of
monocytes and monocyte-derived cells, such as dendritic cells and macrophages, in the
cutaneous innate immune system262. Evaluating the nRBC prematurity-DM sites revealed 152
significantly-enriched GO terms (FDR <10%); recurring themes in this list included Ras- and
Rho-related activity, the cytoskeleton, and terms related to renal, muscle, and neuronal
processes. The enrichment of these terms may be a reflection of the extensive structural changes
occurring in nRBCs throughout terminal erythroid differentiation, such as nuclear polarization,
protein sorting, regional changes in cell membrane composition, and development of an actin
contractile ring for enucleation65,68.
The prematurity-DM sites for each cell type have 25 CpG sites in common, 17 of which
increase in DNAm and 8 of which decrease in DNAm with GA (Table 4.4; Supplementary
Figure C.1). The genomic context of some of these common prematurity-DM sites, in
combination with the direction of DNAm change, suggests inhibition of growth and proliferative
processes in term immune cells. For example, two tumour suppressor genes have CpG sites in
this list: a site under 1500 bp upstream of the TSS of STK10 that increases in DNAm with GA,
and a site in an enhancer region within the RARRES3 gene body that decreases in DNAm with
GA. Additionally, the oncogene WWTR1 contains 2 common prematurity-DM sites, both of
which are located in an intergenic CpG island and increase in DNAm with GA.
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Table 4.4 Location and genomic context of the 25 prematurity-DM sites (FDR <5%, |Δβ| >0.10) common to T
cells, granulocytes, monocytes, and nRBCs.

Increasing DNAm with GA
450K array
Chromosome,
CpG identifier
location

Relation to CpG
island

UCSC-associated
gene, location

In an enhancer
region?

cg20593826
1, 59280370
cg08731696
1, 59280489
cg11254532
1, 61520399
cg17476910
1, 147806172
cg13051013
1, 149684418
cg15043384
3, 149374761
cg14557185
3, 149374763
cg08991643
3, 194014928
cg12155036
3, 194015171
cg18043514
5, 158531132
cg19873297
5, 171616388
cg15630458
8, 142986649
cg26542567
8, 142986670
cg14616234
9, 84305683
cg05135499
10, 21798698
cg22190721
16, 68269295
cg18284022
20, 2676474
Decreasing DNAm with GA
450K array
Chromosome,
CpG identifier
location

Island
Island
South shore
North shore
n/a
Island
Island
Island
South shore
North shore
South shore
South shore
South shelf
South shore
Island
Island
South shore

n/a
n/a
n/a
n/a
n/a
WWTR1, body
WWTR1, body
n/a
n/a
n/a
STK10, TSS1500
n/a
n/a
n/a
n/a
ESRP2, body
EBF4, body

Yes
Yes
No
No
No
No
No
Yes
Yes
No
No
Yes
Yes
No
No
No
No

Relation to CpG
island

UCSC-associated
gene, location

In an enhancer
region?

cg23062810
cg16356456
cg13687834
cg22980293
cg04999352
cg01787084
cg03008387
cg15035133

Island
Island
n/a
n/a
n/a
South shelf
North shelf
Island

CLIP2, 5’ UTR
CLIP2, 5’ UTR
n/a
LHPP, body
RARRES3, body
FBXO31, body
KCNQ2, body
CDC42EP1, body

Yes
Yes
Yes
No
Yes
No
No
No

7, 73720808
7, 73720870
10, 3514783
10, 126158010
11, 63304614
16, 87371097
20, 62089152
22, 37962637
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4.3.4

Cell-specific DNA methylation patterns differ between term and preterm births
After establishing that there are cell-specific DNAm differences between preterm and

term births, I next investigated whether prematurity affects cell-type differences in DNAm.
Linear modelling revealed that nRBCs were the most distinct cell type in term cell populations,
whereas T cells were the most epigenetically distinct of the preterm cell populations (Table 4.5).
The relatively low number of monocyte- and granulocyte-DM sites in both GA groups was likely
because these cell types are both of the myeloid lineage and thus epigenetically similar, in
contrast to T cells and nRBCs, which are the only representatives of their respective
hematopoietic lineages. In the WBC populations, the number of cell-specific DM sites does not
change drastically between preterm and term samples. Additionally, the majority of cell typeDM sites for WBCs are identified in both preterm and term samples (ranging from 63-87% of the
DM sites) (Table 4.5). In contrast, the number of nRBC-DM sites nearly tripled between the
preterm and term samples, increasing from 9,056 preterm nRBC-DM sites to 26,176 term nRBCDM sites. This large change coincides with earlier observations of increased hypomethylation in
term nRBCs relative to their preterm counterparts (Figure 4.1B), which made term nRBCs more
distinct from WBCs.

Table 4.5 Number of cell type-DM sites (FDR <5%, |Δβ| >0.20) within preterm samples, within term samples,
and in common between the two GA groups. Common percentages reported relative to number of preterm hits
first, then number of term hits.

Preterm
Term
Common

T cells
12,974
12,662
10,991
(85%, 87%)

Granulocytes
1,410
1,900
1,201
(85%, 63%)

Monocytes
1,665
1,508
1,221
(73%, 81%)

nRBCs
9,056
26,176
7,645
(84%, 29%)
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When these cell-type DM sites are compared between preterm and term samples based on
CpG density and the cell type of interest’s relative DNAm – that is, whether the unique cell
population has DNAm that is higher, lower, or in between the DNAm levels of the other cell
types – there appears to be very little difference in genomic representation or direction of DNAm
change, particularly within WBCs (Figure 4.3). In nRBCs, the dramatic increase in the number
of CpG sites hypomethylated relative to WBCs occurs largely in regions of low and intermediate
CpG density.

Figure 4.3 Cell type-DM sites (FDR <5%, |Δβ| >0.20) within all preterm samples (top row) and within all term
samples (bottom row), grouped by CpG density and DNAm relative to other cell types. Int. shore = shoreassociated regions of intermediate CpG density.
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4.3.5

Comparing nRBC DNA methylation changes in preterm birth to changes with

nRBC count
Analysis of the term nRBC methylome (Section 3.3) revealed an intriguing relationship
between nRBC DNAm and the proportion of nRBCs in cord blood, with DNAm decreasing as
proportion increased. I suggested that this could be due to either: 1) changes in nRBC maturity,
with a greater proportion of mature nRBCs with increasing overall nRBC count; or 2) an
increasing proportion of BM-derived nRBCs, reflecting some erythropoiesis-inducing stressor
like hypoxia or infection. Since preterm and term nRBCs also showed DNAm differences at
CpG sites associated with age and hematopoietic source, I compared the count-related DNAm
differences in term nRBCs to prematurity-DM sites to evaluate the epigenetic similarity between
these two biological processes.
As gestation progresses, the proportion of circulating nRBCs declines31. This is paralleled
by widespread reduction in nRBC DNAm between preterm and term samples (Figure 4.1; Table
4.2). However, in term nRBCs, an increasing proportion of nRBCs is associated with reduced
DNAm (Figure 3.4A), which contradicts how nRBC proportion changes through gestation relate
to DNAm between preterm and term births. This suggests that the nRBC DNAm-nRBC count
relationship in term samples is not the same as the epigenetic changes associated with
prematurity.
This is supported by the DNAm trends at hematopoietic source-DM sites. At FLhypomethylated sites there was no significant change in term nRBC DNAm with count, but
preterm nRBCs are significantly hypomethylated compared to term nRBCs at these sites (Figure
3.4D; Figure 4.2C). At BM-hypomethylated sites, DNAm decreases with gestation, suggesting
increased representation of BM-derived nRBCs relative to FL nRBCs as the fetus approaches
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term. This same trend in term nRBC DNAm is observed with nRBC count. Thus, it may be that
the proportion of BM-derived nRBCs in term infants increases with increasing nRBC count
relative to a hematopoietic source other than the FL, for example the placenta. This could have
implications for the persistence of nRBCs after birth. If the majority of nRBCs are produced by a
fetal organ, like the BM, they are more likely to keep being produced after birth and remain in
circulation. In contrast, if nRBCs are mostly produced by the placenta they would not be
expected to persist after birth, since the connection to that hematopoietic source is lost.
Understanding the source of elevated nRBC counts after birth could shed light on biological
mechanisms behind poor neonatal health outcomes, as persistently high nRBC counts are
associated with increased risk of neonatal morbidity and mortality71.
Comparing the GO analysis of nRBC prematurity-DM sites and nRBC count DMRs
indicates that they are related to similar processes, as both were significantly enriched for terms
related to the cytoskeleton, Ras and Rho signalling, and muscle and neuron function. It may be
that these two characteristics, GA and nRBC count at term, reflect two different types of
erythropoietic maturity and thus show different patterns of DNAm change in genes related to
similar processes. Specifically, increasing GA appears to be a measure of increased contribution
from a more mature hematopoietic source, whereas increasing term nRBC count may reflect a
more mature, inactive nRBC functional phenotype.

4.4

Conclusion
DNAm differences have previously been observed between preterm and term births in

cord blood190,191,254, but this is one of the first studies on the cell-specific epigenetic impact of
PTB. Trends in DNAm change for each hematopoietic cell type followed prior studies of
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terminally-differentiated hematopoietic cells, reflecting the progressive maturation of these cell
populations throughout gestation (Table 4.2). The relative number of prematurity-DM sites for
each cell population may reflect changes in that cell type’s functional capacity over gestation,
with the highly dynamic monocyte population displaying over twice the number of prematurityDM sites as the more stable T cells. nRBCs showed the most drastic changes in DNAm between
preterm and term samples, displaying widespread hypomethylation during gestation. Given that
terminal erythroid differentiation is associated with global demethylation66,67, this change likely
reflects an increasing proportion of mature erythroblasts in the nRBC population at term.
DNAm changes between preterm and term hematopoietic cells appear to reflect the shift
from FL to BM as the predominant hematopoietic source (Table 4.3, Figure 4.2C), and may also
relate to changes in epigenetic regulation of cell-specific functions (Supplementary Table C.1).
25 CpG sites showed consistent shifts in DNAm between preterm and term birth in all four cell
types, with many of these sites located in genes involved in growth and proliferation,
hematopoietic lineage commitment, and the cytoskeleton (Table 4.4). These results may have
important clinical implications, as they highlight gene regulatory mechanisms on both cellspecific and systemic levels that are involved in neonatal immune system maturity. From these
findings there are a variety of candidates to follow up with gene expression and functional
studies in preterm hematopoietic cells, to further clarify molecular mechanisms contributing to
the altered preterm immune system.
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Chapter 5: Conclusion
In this thesis, I established DNAm profiles of the main neonatal hematopoietic cells, and
identified epigenetic differences in these cell populations between infants born preterm versus
those born at term. I also documented the cord blood-specific phenomenon of nRBC-WBC
contamination during FACS, and demonstrated that this contamination can impact epigenetic and
gene expression studies if not eliminated by stringent cell-sorting strategies. The conclusion of
this thesis will summarize my findings and their significance, address the strengths and
limitations of the studies performed, and outline future directions to expand this research.

5.1

Summary of findings
In Chapter 2 of this thesis, I identify a previously unaddressed technical complication in

studying hematopoietic cell populations isolated from cord blood, namely the tendency for
erythroid-WBC interactions to produce contaminated cell samples. Cell composition is a wellknown confounding variable in epigenetic and gene expression studies of mixed cell
samples194,210,211. To work around this obstacle, one can either use a deconvolution algorithm to
correct for differences in cell composition195,197, or isolate and study one specific cell population.
FACS is the gold standard for cell isolation; however, the purity one can achieve by FACS is
only as good as the sorting strategy. In cord blood, heterotopic interactions between erythroid
cells and WBCs allow erythroid cells to “hitch-hike” into WBC populations during FACS if they
are not specifically excluded by negative gating for erythroid-specific markers.
This finding is of little concern for studies of adult blood, since adult circulating nRBCs
are enucleate and contain relatively low amounts of RNA263,264. However, I show that this crosscontamination can significantly impact both DNAm and gene expression measurements in
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hematopoietic cell populations isolated from cord blood. Although not evaluated in Chapter 2,
contamination of WBC samples with erythroid cells could also impact functional studies, as
RBCs have been shown to have a variety of effects on proliferation and function in T cells, B
cells, and dendritic cells93-96. These findings are of significance for any future studies of specific
cord blood cell populations, which should consider implementing an erythroid exclusion step in
sorting strategies. I also provide erythroid-specific DNAm markers (FDR <5%, |Δβ| from all
WBCs >0.50) as candidates for quick, targeted evaluation of nRBC contamination in WBC
populations by pyrosequencing.
In Chapter 3, I investigated the DNAm profile of nRBCs collected from term cord blood,
and found that this cell type has a distinct methylome from WBCs characterized by intermediate
DNAm in regions where other hematopoietic cells are generally methylated. Previous studies of
erythropoiesis in vitro from HSCs derived from murine fetal liver and adult bone marrow
observed global demethylation. Shearstone et al.66 asserted that the process was passive, and
were unable to associate changes in murine nRBC DNAm with gene expression. In contrast, Yu
et al.67 proposed that demethylation during adult human erythropoiesis is functional, and
correlated DNAm changes with gene expression changes in corresponding genes. Based on my
findings, I suggest nRBC demethylation is an intermediate of these two extremes, with global
loss of DNAm occurring passively as well as accelerated demethylation at biologically relevant
regions. By comparing patterns of nRBC hypomethylation to placental hypomethylation, nRBC
demethylation appears to be partially stochastic, occurring in areas that are less regulated and
more dynamic areas, such as REs and regions of low CpG density. However, the strongest
nRBC-specific DNAm loss was observed at CpG sites previously associated with hematopoietic
source and age, and DNAm was maintained at known imprinted DMRs. Coupled with the
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intriguing correlation between nRBC DNAm and nRBC proportion in cord blood, these findings
suggest that there is also specificity to nRBC demethylation.
Analysis of the relationship between nRBC DNAm and nRBC count revealed
demethylation with increasing nRBC count. Specifically, term neonatal nRBCs conformed more
to the DNAm profile of nRBCs derived from adult BM239 as their proportion in cord blood
increased. This indicates that there is heterogeneity within the nRBC population, which I
postulate could reflect two kinds of mixes: 1) by maturity, or 2) by hematopoietic source. If it is
the former, higher nRBC counts appear to be associated with a greater proportion of mature
nRBCs, based on both my analyses and prior findings of global demethylation with
erythropoiesis66,67. Alternatively, this trend in nRBC DNAm could reflect variation in
hematopoietic source, with a greater number of nRBCs derived from the BM as count increases.
Since BM fenestrations are typically too small to allow nRBCs to enter circulation, increased
contribution of nRBCs from this organ would likely be due to some erythropoiesis-inducing
stressor, like hypoxia or infection.
nRBC DNAm as a marker of hematopoietic source could also reflect the persistence of
nRBCs after birth: if the majority of nRBCs are produced by a fetal organ like the BM, they are
more likely to stay in circulation than nRBCs produced by the placenta, as the connection to that
hematopoietic organ is lost after parturition. Persistence of nRBCs after birth is linked to
increased risk of neonatal morbidity and mortality71; these results indicate that there may be
epigenetic markers of high-risk infants, which could be useful for early health care monitoring or
intervention.
DMR analysis of nRBCs showed that nRBC-specific DNAm associated with nRBC
count was significantly enriched for genes related to erythroid maturation and enucleation
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processes, such as cytoskeletal structure and RNAi. Whether these findings relate to differences
in maturity in nRBCs derived from the same source, or variability in hematopoietic sources with
different thresholds of nRBC maturity before release into circulation, remains to be seen.
However, these findings reveal that epigenetic marks in nRBCs are not random, and hint that
more sophisticated gene regulatory processes may be occurring in these cells.
In Chapter 4, I evaluated DNAm differences between term and preterm infants in the
major hematopoietic cells of the neonatal immune system: T cells, granulocytes, monocytes, and
nRBCs. The preterm immune system differs from that of the term neonate in both cell
composition and cell function, resulting in heightened vulnerability to infection in preterm
infants. Some of these deviations in immune cell function are mediated by epigenetic
mechanisms, such as the limited dendritic cell production of the p35 IL-12 subunit and p40 IL-23
subunit5,155 and reduced expression of TLR36. Thus I wanted to compare DNAm profiles of term
hematopoietic cells and their preterm counterparts, to identify other pathways displaying GAdependent epigenetic regulation and therefore likely deficient in preterm infants.
Previous DNAm studies using cord blood have identified significant differences between
preterm and term infants190,191,254; however, interpretation of these studies is limited by the
confounding factor of cord blood cell composition. This is the first evaluation of multiple
hematopoietic cell types isolated from the same individuals, which allowed for the identification
of cell-specific epigenetic changes with prematurity. Each cell type differed in the number of
prematurity-associated DNAm differences (Table 4.2), which I suggest could reflect how
premature birth impacts that cell population’s development. For example, preterm monocytes
display reduced pro-inflammatory and antiviral cytokine production131,150-154, whereas preterm T
cells do not show obvious functional differences from their term counterparts154,256; this is
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paralleled by a greater number of prematurity-DM sites in monocytes (692) than in T cells (273).
Since granulocytes were found to have 987 prematurity-DM sites, they are a strong candidate for
further functional study. Their relatively high degree of differential methylation suggests that
they undergo drastic phenotypic changes across late gestation. Alternatively, this differential
methylation could reflect a change in granulocyte cell composition, as neutrophils are one of the
last cell types produced in fetal hematopoietic development55.
My findings highlight pathways with potentially altered gene regulation that are unique to
each cell type. Some of these findings were enigmatic, such as the enrichment for DM sites in
genes associated with embryonic placental development in T cells and with hair and dermal
development in monocytes. However, in granulocytes, prematurity-DM sites were significantly
enriched for genes associated with the Ras-Raf-MEK-ERK cascade; changes in gene regulation
in this cascade has been associated with impaired NET formation and respiratory burst in
neutrophils258,259, both of which are also deficient in preterm birth. The prevalence of DM sites in
genes associated with these functions could reflect either reduced functional ability in preterm
neutrophils, or a low proportion of neutrophils within the preterm granulocyte population. In
nRBCs, prematurity-associated DNAm changes were widespread and similar in biological
association to those identified in the term nRBC DNAm-count relationship, including
significantly enriched terms related to the cytoskeleton, membrane composition and cell-cell
junctions, and motility. As with the term nRBCs, this may reflect a change in the predominant
hematopoietic source – although in this case, due to the natural shift from FL to BM that occurs
in late gestation – or it may reflect a change in the overall maturity of the nRBC population.
Additionally, prematurity-associated DNAm changes common to all cell types were identified.
With many of these changes occurring in genes related to growth and proliferation, lineage
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commitment, and the cytoskeleton, these common prematurity-DM sites may reflect root causes
of aberrant immune responses in preterm infants.
These findings eliminate the question of cell composition differences between cord blood
samples from preterm and term births and reveal that there are prematurity-associated DNAm
changes in each hematopoietic cell type. Some of these DNAm differences are shared and some
are unique to that cell population, suggesting that DNAm marks both systemic and cell-specific
differences in maturity, and thus may also relate to neonatal immune function.

5.2

Strengths and limitations
The main strength of this thesis is that DNAm analysis was performed on isolated

hematopoietic cell populations, rather than whole cord blood. DNAm is closely associated with
hematopoietic lineage commitment, and because of that cell composition is one of the greatest
confounding variables in epigenetic studies of blood. Although there are deconvolution
algorithms available to correct for differences in cell composition in adult blood195,197, these
algorithms do not perform as well in cord blood, which is likely largely attributable to the impact
of nRBCs on whole cord blood DNAm levels. Our cell-specific approach avoided this
confounding factor, plus allowed for the analysis of individual cell types.
Not only were isolated cell populations used, but they were obtained from the same
individuals for all term samples. Collecting “full sets” of the four cell populations was not
always possible in preterm cord blood samples, due to complications such as low blood volume
and variable cell composition. The main advantage of matched samples is that it limited the
impact of inter-individual variability. It also allowed for identification and removal of 450K
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array probes targeting epipolymorphisms, in which DNAm appears to be influenced by genetic
differences rather than the variable of interest.
Another strength of this study is the use of the 450K array for DNAm measurements.
This method provides a genome-wide look at DNAm, with high coverage of RefSeq genes and
CGIs (99% and 96%, respectively)193. The 450K array also covers enhancer regions and CpG
shores and shelves, all of which are gaining attention as more dynamically methylated regions
with greater epigenetic associations with lineage commitment3,8. Additionally, extended
annotation of the array allows for more informed probe filtering, including probes that crosshybridize with other regions or probes that contain single nucleotide polymorphisms at the target
CpG, as well as more extensive analysis of the genomic context of CpG sites, such as
relationship with the nearest gene203.
This thesis also was subject to several limitations, the greatest of which was small sample
size. Chapter 2 compared DNAm profiles in hematopoietic cells collected from 5 individuals by
a “standard” approach to those collected from 7 additional subjects by a “stringent” approach;
Chapter 3 used the data from the same 7 “stringent” subjects of Chapter 2; and Chapter 4
compared DNAm profiles in hematopoietic cells collected from 5 preterm subjects to those
isolated from 5 term subjects. This small sample size limits a given study’s power for detecting
differential methylation. In the case of cell-type differences (Chapter 3), epigenetic differences
are typically so great that this is not a major concern. However, differential methylation
associated with prematurity is on a smaller scale, and may have led to an underestimation of
prematurity-DM sites.
Unfortunately, we did not anticipate the relationship between nRBC DNAm and nRBC
count described in Chapter 3 and did not obtain complete blood counts for the samples collected
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in the preterm analysis of Chapter 4. Having blood count data for the preterm samples, as well as
the additional term samples, would have provided a way of directly comparing the prematurityassociated DNAm differences in nRBCs with the findings of the nRBC count analysis from
Chapter 3, rather than making speculative parallels.
It is also important to acknowledge that, although the 450K array does provide a genomewide perspective on DNAm, this is only one aspect of epigenetic regulation. Other changes, such
as histone marks, may yield more information about differences between hematopoietic cells and
changes with maturity. This may be especially important in nRBCs, as HDAC recruitment is key
for murine erythroid differentiation, and significant increases in histone H3(K9) demethylation
and decreases in histone H4(K12) acetylation have been observed in murine erythropoiesis68,265.
Finally, there is the complication of heterogeneity in PTB. PTB has three main etiologies:
spontaneous labour with intact membranes, preterm pre-labour rupture of membranes, and
medically indicated PTBs. We did not have this information for our preterm subjects, so we
could not use a specific etiology as inclusion criteria nor could I factor for it during analysis.
This potential variable in the preterm cases could impact DNAm, and thus may have limited our
ability to uncover prematurity-associated DNAm in Chapter 4.

5.3

Future directions
This thesis opens up multiple avenues for further study. I believe that two major routes of

interest are 1) clarifying how nRBC DNAm varies between fetal hematopoietic sources, and
applying those findings to both the putative immune role of fetal nRBCs and the likelihood that
nRBCs will persist after birth; and 2) functional follow-up studies of the differential methylation
observed in premature hematopoietic cell populations.
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To address the first point, identifying DNAm markers associated with distinct fetal
hematopoietic sources would reveal whether variability in term nRBC DNAm is influenced by
heterogeneity in hematopoietic source. This study could be done in a similar manner to that of
Lessard et al.239, in which CD34+ HSCs are collected from the organs of interest. The difference
would be that only fetal samples would be used, to avoid the confounding influence of age
introduced by collecting BM HSCs from adult. HSCs could be collected from the placenta,
spleen, liver, and BM. Identifying DNAm patterns specific to each of these sources may reveal
epigenetic markers for infants at high risk of persistently high nRBC count, which is itself
associated with increased risk of morbidity and mortality71. Since the nRBC preterm and term
DNAm trends observed at the source-DM sites were also exhibited by WBCs, CpG sites
identified in this study may also be applicable to WBCs. In addition to epigenetic studies of fetal
nRBCs isolated from different hematopoietic sources, functional studies would also be useful.
For example, one could follow the lead of Elahi et al.93 and co-culture adult immune cells with
these distinct fetal nRBC populations, then assess adult immune cell function. This may reveal
that nRBCs derived from certain hematopoietic organs are more immunosuppressive than others.
Since the placenta plays a variety of immunomodulatory roles throughout gestation, I predict that
placental-derived nRBCs are the most likely to have immunosuppressive function. As BM is the
most “mature” hematopoietic organ and continues to be the predominant source of hematopoietic
cells throughout adult life, this organ is the most likely to produce relatively inactive nRBCs.
It would also be informative to compare results from the ex vivo study described above to
DNAm analyses of nRBCs from infants with persistently high circulating nRBCs, versus control
infants that rapidly clear nRBCs from circulation. Collection of blood samples and complete
blood counts would be acquired both at birth (cord blood) and ~4 days after birth (peripheral
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blood), at which point nRBCs are typically no longer present in healthy term infants31. Samples
would be classified based on whether or not nRBC count declined in the 4-day period, and
DNAm would be measured in nRBCs collected from the cord blood. Not only could differential
methylation studies be performed between these two groups, but DNAm could also be compared
at the hematopoietic source signature sites defined by the previously-described study. This may
reveal whether “persistent nRBCs” can be linked back to a particular fetal hematopoietic organ,
furthering our understanding of nRBC development and their role in fetal and neonatal
circulation. Since the persistence of nRBCs in neonates is rare, this study would need to be
performed on either a large cohort or a high-risk cohort, such as infants born preterm.
To address the second point, gene expression and functional studies of preterm
hematopoietic cells should be performed as a follow up on the prematurity-DM sites identified in
this thesis. Primary focus should be on those most likely to relate to cell function; in my opinion,
these are the GO pathways associated with granulocyte prematurity-DM sites, and the genes
containing prematurity-DM sites common to all four cell populations. Although the nRBCspecific prematurity-DM sites also yielded interesting results, the hematopoietic source studies
described above may also explain some of the prematurity-associated DNAm patterns in nRBCs.
Specifically, granulocyte candidate genes related to the Ras-Raf-MAK-ERK pathway that
contained prematurity-DM sites, such as CSK, DAB2IP, and LYN, should be evaluated for
differential expression between preterm and term neutrophils. This should be coupled with
targeted DNAm measurements in these genes to verify the findings of this thesis. Preterm and
term neutrophils could additionally be compared by functional capacities related to this cascade,
including NET formation and respiratory burst258,259. Of the genes containing common
prematurity-DM sites, some of the most promising candidates for follow-up include tumour
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suppressors STK10, RARRES3, and FBXO31; the oncogene WWTR1; CDC42EP1, which
encodes a Rho GTPase; and CLIP2, which encodes a cytoplasmic linker protein. These genes
appear likely to impact hematopoietic cell growth, thus studies relating DNAm at these candidate
sites to the proliferative capacity of hematopoietic cells may be revealing. These analyses have
the potential to identify prematurity-associated functional differences affecting multiple
hematopoietic cell populations in neonatal immune system.

5.4

Conclusion
Neonates have a uniquely-structured immune system that increases their risk of infection.

These differences in immunity are exaggerated in infants born preterm, as is their vulnerability to
infection. As epigenetic marks are closely linked to hematopoietic lineage commitment and also
have been associated with gestational age, preterm birth, and fetal immune cell function, DNAm
patterns in key hematopoietic cells in neonates from term and preterm births may reveal
molecular mechanisms regulating their altered immune structure. This thesis contributes to
current understanding of the neonatal immune system by 1) revealing intriguing epigenetic
complexity in the nRBC population, suggestive of a regulated rather than stochastic DNAm
profile; and 2) identifying differential methylation associated with PTB in major hematopoietic
cell populations. Additionally, adjustments to cell sorting techniques are described to prevent
contamination of cell populations isolated from cord blood, to improve the quality of future
studies in the field.
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Appendices
Appendix A : Supplementary material for Chapter 2
A.1

Supplementary methods

Cord blood collection and hematopoietic cell sorting
Cord blood was collected from term neonates (38-40 weeks GA) delivered by elective
caesarean section in absence of labor at the Children’s and Women’s Health Centre of BC
(Vancouver, Canada). Cord blood was collected in sodium heparin anti-coagulated Vacutainers
(Becton Dickinson, ON, Canada). CBMCs were extracted using a Lymphoprep (StemCell
Technologies Inc., BC, Canada) density gradient centrifugation, washed and resuspended in
phosphate-buffered saline.
B cells, T cells, monocytes, NK cells and nRBCs were purified by FACS. The following
conjugated antibodies were used to sort these cells: anti-CD3 FITC (clone HIT3a; BD
Bioscience), anti-CD3 PE (clone UCHT1; BD Bioscience), anti-CD4 BV605 (clone OKT4;
BioLegend, CA, USA), anti-CD8 PerCP-eFluor710 (clone SK1; eBioscience, CA, USA), antiCD14 PE-Cy7 (clone 61D3; eBioscience), anti-CD19 Alexa Fluor 700 (clone HIB19;
eBioscience), anti-CD19 PE (clone HIB19; eBioscience), antiCD56 APC (clone MEM188;
eBioscience), anti-CD71 APC (clone OKT9; eBioscience) and anti-CD235 FITC (clone
10F7MN; eBioscience). The following additional antibodies were used for cell sorting of naïve
CD4 T cells for gene expression experiments: anti-CCR7 Alexa Fluor 647 (clone 3D12; BD
Bioscience), anti-CD25 PE-Cy7 (clone M-A251; BD Bioscience) and anti-CD45RO Alexa
Fluor700 (clone UCHL1; BioLegend).
For DNAm studies, cells were sorted from a total of 12 subjects: whole (CD3+) T cells,
monocytes, and nRBCs were collected from 5 individuals (2 female, 3 male) by the standard
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sorting method; B cells, CD4 T cells, CD8 T cells, granulocytes, monocytes, NK cells, and
nRBCs were collected from 7 individuals (5 female, 2 male) by the stringent sorting method.
Unstained, single-stain compensation and fluorescence-minus one (FMO) controls were prepared
for each sample run. Compensation for spectral overlaps between fluorophores was done before
cell acquisition. Cells were sorted on the FACSAria III flow cytometer using FACSDiva
Software (both Becton Dickinson). A summary of the sorting parameters for each cell type are
provided in Supplementary Table A.1. Data analysis was performed with Flowjo software
(TreeStar, Inc., OR, USA).
Granulocytes were obtained from the bottom fraction of the Lymphoprep gradient during
CBMC purification, mixed with 3% dextran/0.9% saline solution to allow separation of
granulocytes from erythrocytes by sedimentation, and followed by three steps of hypotonic lysis.
Hypotonic lysis was achieved by incubation of the granulocyte fraction with ice cold 0.2%
sodium chloride (NaCl) for 30 seconds to lyse remaining red blood cells. Following lysis,
isotonicity was restored by adding an equal volume of 1.6% NaCl solution at room temperature.

DNAm quality control and probe filtering
Sample identity and quality were evaluated in three ways: 1) clustering with the 65 SNP
probes provided on the array, with samples from the same individual grouping together; 2)
clustering with probes on the X and Y chromosomes, with samples grouping by known sex; 3)
clustering based on all probes, producing groups based on cell type. Based on these checks, one
NK cell sample was removed as an outlier. Probes were removed from analysis if they fell into
any of the following categories: 1) probes that target SNPs (n = 65); 2) probes that target or
cross-hybridize with sites on the sex chromosomes (n = 11,648 and 11,359, respectively); and 3)
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probes that target CpGs which may also contain SNPs (n = 19,271)203. Probes that had a
detection p-value >0.01 or under 3 bead replicates in more than one sample were also removed
(n = 2,919), for a final dataset of 440,315 CpG sites.
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A.2

Supplementary tables

Supplementary Table A.1 Summary of surface antigens targeted to sort each cord blood hematopoietic cell
type using the standard and stringent FACS protocols.

Standard-sorted cells
T cells
Monocytes
nRBCs
Stringent-sorted cells
B cells
CD4 T cells
CD8 T cells
Monocytes
NK cells
nRBCs

CD3
+
•
•

CD4
•
•
•

CD8
•
•
•

CD14
•
+
-

CD19
-

CD56
•
•
•

CD71
•
•
+

CD235
•
•
+

+
+
-

•
+
•
•
•

•
+
•
•
•

+
-

+
-

•
•
•
•
+
•

•
•
•
•
•
+

+

“+” and “-” symbols indicate positive and negative gating for a specific antigen, respectively. “•” indicates that the
antigen was not used to sort a given cell type.

Supplementary Table A.2 Six nRBC-DM sites (FDR <5%, |Δβ| >0.20) located in erythroid-specific
(hemoglobin) genes.

Location in gene

Mean nRBC β
(min., max.)

cg18764164

CpG location:
chromosome,
closest gene
11, HBB

TSS200

cg14544583

11, HBB

cg18768582

11, HBG1

TSS1500;
enhancer*
Intron

cg20896063

11, HBG2

Intron

cg12559170

11, HBG2

Intron

cg27009246

11, HBG2

TSS200

0.478
(0.355, 0.582)
0.709
(0.647, 0.733)
0.570
(0.466, 0.666)
0.371
(0.237, 0.474)
0.404
(0.273, 0.511)
0.460
(0.241, 0.608)

450K array CpG
identifier

Mean nonerythroid cell β
(min., max.)
0.904
(0.843, 0.935)
0.940
(0.912, 0.962)
0.842
(0.788, 0.884)
0.714
(0.662, 0.761)
0.658
(0.570, 0.734)
0.897
(0.768, 0.954)

TSS200: within 200 bp of TSS; TSS1500: within 1500 bp of TSS
*Based on UCSC Genome Browser: ENCODE Enhancer- and promoter- associated histone mark (H3K4Me1) in
K562 cells
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A.3

Supplementary figures

Supplementary Figure A.1 Publicly available gene expression data (GEO dataset GSE24759) of hemoglobin
alpha, beta, and gamma genes in hematopoietic cells isolated from peripheral and cord blood by flow
cytometry. Expression reported on a log2 scale.
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Supplementary Figure A.2 Scatter plots of major principal components following principal component
analysis of T cells, monocytes, and nRBCs sorted by the standard and stringent FACS strategies.
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Supplementary Figure A.3 DNAm of B cells, CD4 T cells, CD8 T cells, granulocytes, monocytes, NK cells, and nRBCs from cord blood at the top eight
CpG sites at which nRBCs are significantly DM from each of the other cell types (FDR <5%, Δβ >0.50).
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Supplementary Figure A.4 DNAm in nRBCs is influenced by their proportion in whole cord
blood, as measured by number of nRBCs/100 WBCs. (A) The 450K array-wide median methylation in nRBC
samples shows decreasing DNAm with increasing nRBC count. (B) DNAm in nRBCs, CBMCs, whole cord blood
(WB), and CD4 T cells at two of the CpG sites with the strongest association between nRBC DNAm and nRBC
proportion (FDR <5%, magnitude of regression coefficient > 0.05). CBMCs and whole cord blood are included to
display the potential impact these DNAm changes in nRBCs could have on cord blood cell mixtures; CD4 T cells
are included as a reference for the other blood cell types, which do not show an association with nRBC count. (C)
DNAm in nRBCs, CBMCs, whole cord blood, and CD4 T cells at the three of our eight identified erythroid DNAm
marker CpGs that are significantly associated with nRBC proportion.
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B.1

Supplementary methods

DNA methylation data quality control and probe filtering
Once 450K array intensity data were converted into M values in R software, sample
identity and quality were evaluated in three ways: 1) clustering with the 65 SNP probes provided
on the array, with samples from the same individual grouping together; 2) clustering with probes
on the X and Y chromosomes, with samples grouping by known sex; 3) clustering based on all
probes, producing groups based on cell type. Based on these checks, one NK cell sample was
removed as an outlier.
Probes were removed from analysis if they fell into any of the following categories: 1)
probes that target SNPs (n = 65); 2) probes that target or cross-hybridize with sites on the sex
chromosomes (n = 11,648 and 11,388, respectively); and 3) probes that target CpGs which may
also contain SNPs (n = 19,474)203. Probes that had a detection p-value >0.01 or under 3 bead
replicates in more than one sample were also removed (n = 1,400). Finally, additional filtering
was performed to remove CpG sites that are suspected “epipolymorphisms”, in which changes in
DNAm levels were associated with individuals rather than cell types. For each probe, the
standard deviations in DNAm within each cell type and within each individual were calculated.
If the mean cell type standard deviation was greater than the mean individual standard deviation,
and the mean cell type standard deviation was greater than 0.05, that probe was removed from
the dataset. 9,835 probes met these criteria and were filtered out, producing a final dataset of
431,767 probes.
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Supplementary tables

Supplementary Table B.1 Complete blood counts for each individual. All WBCs reported as x 109/L, %

A
B
C
D
E
F
G

Total WBC
(x 109/L)

Total RBC
(x 1012/L)

Lymphocytes
(x 109/L, %)

Neutrophils
(x 109/L, %)

Eosinophils
(x 109/L, %)

Basophils
(x 109/L, %)

Monocytes
(x 109/L, %)

nRBCs
(x 109/L,
/100 WBC)

9.86
12.21
8.04
13.66
13.13
10.84
11.64

3.72
4.99
3.91
3.65
3.94
3.77
4.62

4.17, 42.3
3.92, 32.1
3.62, 45.0
4.75, 34.8
5.41, 41.2
3.57, 32.9
6.45, 55.4

4.59, 46.6
6.81, 55.8
3.70, 46.1
6.69, 49.0
6.27, 47.7
6.16, 57.0
4.27, 36.7

0.27, 2.7
0.45, 3.7
0.22, 2.7
0.85, 6.2
0.52, 4.0
0.20, 1.8
0.41, 3.5

0.03, 0.3
0.16, 1.3
0.01, 0.1
0.08, 0.6
0.12, 0.9
0.07, 0.6
0.10, 0.9

0.80, 8.1
0.87, 7.1
0.49, 6.1
1.29, 9.4
0.81, 6.2
0.84, 7.7
0.41, 3.5

0.09, 0.9
0.14, 1.1
0.13, 1.7
0.54, 3.9
0.76, 5.8
0.80, 7.4
1.22, 10.5
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Supplementary Table B.2 Top 50 GO terms from ErmineJ analysis of cell-only nRBC DMRs, ordered by corrected p-value.

GO term
modulation of growth of symbiont involved in
interaction with host
negative regulation of growth of symbiont involved
in interaction with host
cardiac conduction
osteoblast development
regulation of growth of symbiont in host
negative regulation of growth of symbiont in host
defense response to Gram-positive bacterium
regulation of cardiac muscle contraction
defense response to fungus
calcium-mediated signaling
tumor necrosis factor receptor binding
regulation of cardiac muscle contraction by calcium
ion signaling
regulation of defense response to virus by virus
Rac protein signal transduction
multicellular organismal signaling
response to fungus
regulation of striated muscle contraction
neutrophil mediated immunity
myeloid leukocyte activation
regulation of chemokine biosynthetic process
regulation of leukocyte migration
regulation of cardiac muscle contraction by
regulation of the release of sequestered calcium ion
myeloid leukocyte mediated immunity
tumor necrosis factor receptor superfamily binding
hydrolase activity, acting on glycosyl bonds

GO ID
GO:0044144

Number of genes
15

Raw score
0.267

Corrected p-value
0.238

GO:0044146

15

0.267

0.238

GO:0061337
GO:0002076
GO:0044126
GO:0044130
GO:0050830
GO:0055117
GO:0050832
GO:0019722
GO:0005164
GO:0010882

31
18
14
14
35
53
17
56
22
13

0.161
0.222
0.286
0.286
0.143
0.113
0.235
0.107
0.182
0.308

0.245
0.256
0.266
0.266
0.277
0.295
0.303
0.311
0.348
0.385

GO:0050690
GO:0016601
GO:0035637
GO:0009620
GO:0006942
GO:0002446
GO:0002274
GO:0045073
GO:0002685
GO:0010881

27
13
67
27
62
13
67
12
88
12

0.148
0.231
0.090
0.148
0.097
0.231
0.090
0.250
0.080
0.250

0.410
0.423
0.431
0.433
0.441
0.444
0.458
0.461
0.485
0.494

GO:0002444
GO:0032813
GO:0016798

26
30
100

0.154
0.133
0.070

0.518
0.531
0.535
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GO term
hydrolase activity, hydrolyzing N-glycosyl
compounds
regulation of relaxation of cardiac muscle
regulation of relaxation of muscle
disruption by host of symbiont cells
killing by host of symbiont cells
sperm midpiece
cell killing
regulation of lymphocyte migration
regulation of mucus secretion
positive regulation of interleukin-8 biosynthetic
process
macrophage activation
micropinocytosis
positive regulation of interferon-gamma production
cytokine production
microvillus assembly
purinergic receptor activity
regulation of bicellular tight junction assembly
regulation of glial cell apoptotic process
negative regulation of glial cell apoptotic process
killing of cells of other organism
disruption of cells of other organism
cell communication by electrical coupling involved
in cardiac conduction
regulation of defense response to virus
positive regulation of cysteine-type endopeptidase
activity
positive regulation of endopeptidase activity

GO ID
GO:0016799

Number of genes
17

Raw score
0.176

Corrected p-value
0.589

GO:1901897
GO:1901077
GO:0051852
GO:0051873
GO:0097225
GO:0001906
GO:2000401
GO:0070255
GO:0045416

5
6
5
5
6
39
20
6
5

0.400
0.333
0.400
0.400
0.333
0.103
0.150
0.333
0.400

0.597
0.609
0.616
0.616
0.622
0.633
0.634
0.635
0.636

GO:0042116
GO:0044351
GO:0032729
GO:0001816
GO:0030033
GO:0035586
GO:2000810
GO:0034350
GO:0034351
GO:0031640
GO:0044364
GO:0086064

20
6
40
91
5
18
7
6
6
16
16
7

0.150
0.333
0.100
0.066
0.400
0.167
0.286
0.333
0.333
0.188
0.188
0.286

0.647
0.649
0.654
0.654
0.657
0.659
0.663
0.664
0.664
0.669
0.669
0.674

GO:0050688
GO:2001056

67
92

0.075
0.065

0.676
0.677

GO:0010950

95

0.063

0.677
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Supplementary Table B.3 Top 50 GO terms from ErmineJ analysis of count-associated nRBC DMRs, ordered by corrected p-value. Significantly
enriched terms (corrected p-value <0.10) are shaded.

GO term
Rho guanyl-nucleotide exchange factor activity
Ras guanyl-nucleotide exchange factor activity
RISC complex
RNAi effector complex
cytoskeletal adaptor activity
phosphatidylinositol 3-kinase binding
regulation of cell shape
peptidyl-tyrosine phosphorylation
peptidyl-tyrosine modification
amide transmembrane transporter activity
TAP1 binding
TAP2 binding
Rho GTPase binding
positive T cell selection
MHC class I peptide loading complex
response to hydrogen peroxide
actin filament bundle assembly
actin filament bundle organization
anchored component of external side of plasma
membrane
ferric iron transport
transferrin transport
trivalent inorganic cation transport
iron ion homeostasis
cellular transition metal ion homeostasis
non-membrane spanning protein tyrosine kinase
activity
myelination in peripheral nervous system

GO ID
GO:0005089
GO:0005088
GO:0016442
GO:0031332
GO:0008093
GO:0043548
GO:0008360
GO:0018108
GO:0018212
GO:0042887
GO:0046978
GO:0046979
GO:0017048
GO:0043368
GO:0042824
GO:0042542
GO:0051017
GO:0061572
GO:0031362

Number of genes
63
100
6
6
16
17
95
88
89
12
5
5
47
17
5
64
31
31
18

Raw score
0.317
0.250
0.833
0.833
0.500
0.471
0.221
0.216
0.213
0.500
0.800
0.800
0.277
0.412
0.800
0.234
0.323
0.323
0.389

Corrected p-value
0.003
0.010
0.062
0.062
0.076
0.079
0.138
0.197
0.211
0.211
0.225
0.225
0.226
0.228
0.250
0.258
0.264
0.264
0.267

GO:0015682
GO:0033572
GO:0072512
GO:0055072
GO:0046916
GO:0004715

25
25
25
67
68
36

0.320
0.320
0.320
0.224
0.221
0.278

0.280
0.280
0.280
0.281
0.281
0.282

GO:0022011

18

0.389

0.283
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GO term
peripheral nervous system axon ensheathment
transition metal ion homeostasis
cellular iron ion homeostasis
alpha-beta T cell differentiation
alpha-beta T cell activation involved in immune
response
T cell differentiation involved in immune response
alpha-beta T cell differentiation involved in
immune response
regulation of interleukin-4 production
establishment or maintenance of cell polarity
alpha-beta T cell lineage commitment
osteoblast development
Schwann cell development
negative regulation of myeloid leukocyte
differentiation
iron ion transport
alpha-beta T cell activation
3',5'-cyclic-GMP phosphodiesterase activity
CD4-positive or CD8-positive, alpha-beta T cell
lineage commitment
SH3 domain binding
MHC class II protein complex
peptide transporter activity
excretion
inorganic anion transmembrane transport
Rac guanyl-nucleotide exchange factor activity
response to transition metal nanoparticle

GO ID
GO:0032292
GO:0055076
GO:0006879
GO:0046632
GO:0002287

Number of genes
18
90
49
30
14

Raw score
0.389
0.200
0.245
0.300
0.429

Corrected p-value
0.283
0.288
0.288
0.292
0.292

GO:0002292
GO:0002293

14
14

0.429
0.429

0.292
0.292

GO:0032673
GO:0007163
GO:0002363
GO:0002076
GO:0014044
GO:0002762

19
90
6
18
20
30

0.368
0.200
0.667
0.389
0.350
0.300

0.293
0.298
0.298
0.301
0.301
0.304

GO:0006826
GO:0046631
GO:0047555
GO:0043369

41
35
11
7

0.268
0.286
0.455
0.571

0.312
0.327
0.329
0.330

GO:0017124
GO:0042613
GO:0015197
GO:0007588
GO:0098661
GO:0030676
GO:1990267

100
11
7
45
64
11
78

0.190
0.455
0.571
0.244
0.219
0.455
0.205

0.336
0.338
0.338
0.339
0.341
0.347
0.351
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Supplementary figures

Supplementary Figure B.1 (A) Median absolute deviation distribution and (B) principal components analysis show that nRBCs are a distinct and highly
variable blood cell population.

153

Supplementary Figure B.2 nRBC DNAm is similar to other blood cells at imprinted and placenta-specific
DMRs, and does not change with nRBC proportion in cord blood. (A) Scatterplots of DNAm for exemplar
known somatic imprinted DMRs. (B) Scatterplots of DNAm for exemplar placenta-specific imprinted DMRs. (C)
DNAm by cell/tissue type at all 450K array probes located in known somatic imprinted DMRs240. (D) DNAm by
cell/tissue type at all 450K array probes located in placenta-specific imprinted DMRs240. (E) Median DNAm across
somatic and placenta-specific imprinted DMRs by nRBC proportion in cord blood.
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Appendix C : Supplementary material for Chapter 4
C.1

Supplementary methods

Cord blood collection and hematopoietic cell sorting
Cord blood was collected from neonates delivered by elective caesarean section in
absence of labor at the Children’s and Women’s Health Centre of BC (Vancouver, Canada).
Cord blood was collected in sodium heparin anti-coagulated Vacutainers (Becton Dickinson).
CBMCs were extracted using a Lymphoprep (StemCell Technologies Inc.) density gradient
centrifugation, washed and resuspended in phosphate-buffered saline.
T cells, monocytes, and nRBCs were purified by FACS. The following conjugated
antibodies were used to sort these cells: anti-CD3 PE (clone UCHT1; BD Bioscience), antiCD14 PE-Cy7 (clone 61D3; eBioscience), anti-CD19 Alexa Fluor 700 (clone HIB19;
eBioscience), anti-CD71 APC (clone OKT9; eBioscience) and anti-CD235 FITC (clone
10F7MN; eBioscience).
Cells were sorted from a total of 10 subjects: 5 preterm (GA range 26-30 weeks) and 5
term (GA range 38-40 weeks). Unstained, single-stain compensation and FMO controls were
prepared for each sample run. Compensation for spectral overlaps between fluorophores was
done before cell acquisition. Cells were sorted on the FACSAria III flow cytometer using
FACSDiva Software (both Becton Dickinson). Data analysis was performed with Flowjo
software (TreeStar, Inc.). T cells were sorted according to the following parameters:
CD3+/CD19-/CD235-/CD14-. Monocytes were sorted according to the following parameters:
CD3-/CD19-/CD14+/CD71-. nRBCs were sorted according to the following parameters: CD3/CD19-/CD235+/CD71+.
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Granulocytes were obtained from the bottom fraction of the Lymphoprep gradient during
CBMC purification, mixed with 3% dextran/0.9% saline solution to allow separation of
granulocytes from erythrocytes by sedimentation, and followed by three steps of hypotonic lysis.
Hypotonic lysis was achieved by incubation of the granulocyte fraction with ice cold 0.2%
sodium chloride (NaCl) for 30 seconds to lyse remaining red blood cells. Following lysis,
isotonicity was restored by adding an equal volume of 1.6% NaCl solution at room temperature.

DNA methylation data quality control and probe filtering
Once 450K array intensity data were converted into M values in R software, sample
identity and quality were evaluated in three ways: 1) clustering with the 65 SNP probes provided
on the array, with samples from the same individual grouping together as expected; 2) clustering
with probes on the X and Y chromosomes, with samples grouping by known sex as expected; 3)
clustering based on all probes, producing groups based on cell type.
Probes were removed from analysis if they fell into any of the following categories: 1)
probes that target SNPs (n = 65); 2) probes that target or cross-hybridize with sites on the sex
chromosomes (n = 11,648 and 11,366, respectively); and 3) probes that target CpGs which may
also contain SNPs (n = 19,283)203. Probes that had a detection p-value >0.01 or under 3 bead
replicates in more than one sample were also removed (n = 2,943). Additional filtering was
performed to remove CpG sites that are suspected epipolymorphisms: for each probe, the DNAm
standard deviations within each cell type and within each individual were calculated. If the mean
cell type standard deviation was both greater than the mean individual standard deviation and
greater than 0.05, that probe was removed from the dataset. 10,507 probes met these criteria and
were filtered out, producing a final dataset of 429,765 probes.
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Supplementary tables

Supplementary Table C.1 Significantly enriched GO terms (corrected p-value <0.10) from ErmineJ analysis of prematurity-DM sites for each cell type,
ordered by corrected p-value.

GO term
T cells
embryonic placenta development
Granulocytes
negative regulation of ERK1 and ERK2 cascade
Ras guanyl-nucleotide exchange factor activity
Monocytes
molting cycle
hair cycle
hair follicle development
molting cycle process
hair cycle process
skin epidermis development
hair follicle morphogenesis
epidermis morphogenesis
nRBCs
forebrain generation of neurons
regulation of fat cell differentiation
Ras guanyl-nucleotide exchange factor activity
actin filament binding
negative regulation of fat cell differentiation
Rho guanyl-nucleotide exchange factor activity
forebrain neuron differentiation
axon part
renal system process
sarcolemma

GO ID

Number of genes

Raw score

Corrected p-value

GO:0001892

71

0.099

2.90E-02

GO:0070373
GO:0005088

25
100

0.320
0.140

1.66E-02
7.85E-02

GO:0042303
GO:0042633
GO:0001942
GO:0022404
GO:0022405
GO:0098773
GO:0031069
GO:0048730

69
69
65
65
65
65
24
28

0.159
0.159
0.169
0.169
0.169
0.169
0.250
0.214

2.75E-03
2.75E-03
2.94E-03
2.94E-03
2.94E-03
2.94E-03
4.25E-02
8.21E-02

GO:0021872
GO:0045598
GO:0005088
GO:0051015
GO:0045599
GO:0005089
GO:0021879
GO:0033267
GO:0003014
GO:0042383

46
64
100
72
32
63
36
99
66
86

0.609
0.531
0.460
0.500
0.625
0.524
0.611
0.455
0.500
0.465

3.68E-03
9.61E-03
1.12E-02
1.23E-02
1.28E-02
1.34E-02
1.39E-02
1.53E-02
1.60E-02
1.82E-02
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GO term
positive regulation of JNK cascade
site of polarized growth
neurotransmitter secretion
regulation of dendritic spine morphogenesis
positive regulation of synaptic transmission
regulation of interleukin-2 production
growth cone
skeletal muscle tissue development
negative regulation of fibroblast growth factor
receptor signaling pathway
digestive tract development
T cell differentiation
positive regulation of stress-activated MAPK
cascade
positive regulation of leukocyte differentiation
canonical Wnt signaling pathway
positive regulation of stress-activated protein
kinase signaling cascade
positive regulation of neuroblast proliferation
regulation of cardiac muscle contraction
antigen receptor-mediated signaling pathway
regulation of protein kinase B signaling
cell cortex part
regulation of axonogenesis
inositol phosphate metabolic process
odontogenesis
G-protein coupled chemoattractant receptor activity
chemokine receptor activity
positive regulation of alpha-beta T cell activation
regulation of interferon-gamma production
pallium development

GO ID
GO:0046330
GO:0030427
GO:0007269
GO:0061001
GO:0050806
GO:0032663
GO:0030426
GO:0007519

Number of genes
84
94
66
14
60
34
91
99

Raw score
0.464
0.447
0.485
0.786
0.500
0.588
0.451
0.444

Corrected p-value
2.18E-02
2.22E-02
2.31E-02
2.31E-02
2.41E-02
2.43E-02
2.43E-02
2.47E-02

GO:0040037
GO:0048565
GO:0030217

9
97
97

0.889
0.433
0.433

4.00E-02
4.11E-02
4.31E-02

GO:0032874
GO:1902107
GO:0060070

91
88
69

0.440
0.443
0.464

4.36E-02
4.47E-02
4.63E-02

GO:0070304
GO:0002052
GO:0055117
GO:0050851
GO:0051896
GO:0044448
GO:0050770
GO:0043647
GO:0042476
GO:0001637
GO:0004950
GO:0046635
GO:0032649
GO:0021543

92
13
53
93
87
75
87
42
87
20
20
40
65
91

0.435
0.769
0.491
0.430
0.437
0.453
0.437
0.524
0.437
0.650
0.650
0.525
0.462
0.429

4.64E-02
4.73E-02
4.75E-02
4.79E-02
4.80E-02
4.91E-02
4.96E-02
5.06E-02
5.13E-02
5.14E-02
5.14E-02
5.39E-02
5.40E-02
5.40E-02
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GO term
embryonic digestive tract development
regulation of alpha-beta T cell activation
cardiac muscle cell differentiation
regulation of reactive oxygen species biosynthetic
process
postsynaptic density
regulation of glucose import
adherens junction organization
filopodium
negative regulation of blood pressure
regulation of alpha-beta T cell differentiation
regulation of fibroblast migration
positive regulation of blood circulation
cardiocyte differentiation
positive regulation of protein kinase B signaling
ventricular cardiac muscle cell differentiation
negative regulation of interferon-gamma
production
regulation of JUN kinase activity
regulation of osteoblast differentiation
regulation of synapse structure or activity
negative regulation of vasculature development
regulation of striated muscle contraction
hindgut morphogenesis
hindgut development
regulation of catenin import into nucleus
hair follicle morphogenesis
Z disc
hair follicle development
molting cycle process
hair cycle process

GO ID
GO:0048566
GO:0046634
GO:0055007

Number of genes
30
51
62

Raw score
0.567
0.490
0.468

Corrected p-value
5.47E-02
5.49E-02
5.52E-02

GO:1903426
GO:0014069
GO:0046324
GO:0034332
GO:0030175
GO:0045776
GO:0046637
GO:0010762
GO:1903524
GO:0035051
GO:0051897
GO:0055012

38
98
38
57
57
33
34
14
56
83
62
19

0.526
0.418
0.526
0.474
0.474
0.545
0.529
0.714
0.464
0.422
0.452
0.632

5.72E-02
5.81E-02
5.85E-02
5.88E-02
6.02E-02
6.03E-02
6.22E-02
6.23E-02
6.26E-02
6.26E-02
6.27E-02
6.30E-02

GO:0032689
GO:0043506
GO:0045667
GO:0050803
GO:1901343
GO:0006942
GO:0007442
GO:0061525
GO:0035412
GO:0031069
GO:0030018
GO:0001942
GO:0022404
GO:0022405

24
65
86
52
56
62
8
8
19
24
86
65
65
65

0.583
0.446
0.419
0.481
0.464
0.452
0.875
0.875
0.632
0.583
0.419
0.446
0.446
0.446

6.31E-02
6.32E-02
6.33E-02
6.33E-02
6.34E-02
6.35E-02
6.37E-02
6.37E-02
6.39E-02
6.40E-02
6.40E-02
6.40E-02
6.40E-02
6.40E-02
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GO term
skin epidermis development
regulation of dendrite development
regulation of synapse organization
digestive tract morphogenesis
ventricular septum development
positive regulation of stem cell proliferation
positive regulation of alpha-beta T cell
differentiation
regulation of nitric oxide biosynthetic process
regulation of heterotypic cell-cell adhesion
negative regulation of glucose transport
tissue remodeling
phospholipid transporter activity
regulation of dendrite morphogenesis
negative regulation of angiogenesis
regulation of interleukin-4 production
M band
stress-activated protein kinase signaling cascade
odontogenesis of dentin-containing tooth
myoblast differentiation
stem cell division
transmembrane receptor protein tyrosine
phosphatase activity
transmembrane receptor protein phosphatase
activity
T cell mediated immunity
diencephalon development
positive regulation of humoral immune response
T cell receptor signaling pathway
smooth muscle contraction
muscle cell development

GO ID
GO:0098773
GO:0050773
GO:0050807
GO:0048546
GO:0003281
GO:2000648

Number of genes
65
64
48
45
39
55

Raw score
0.446
0.453
0.479
0.489
0.513
0.473

Corrected p-value
6.40E-02
6.41E-02
6.42E-02
6.42E-02
6.42E-02
6.43E-02

GO:0046638
GO:0045428
GO:0034114
GO:0010829
GO:0048771
GO:0005548
GO:0048814
GO:0016525
GO:0032673
GO:0031430
GO:0031098
GO:0042475
GO:0045445
GO:0017145

29
36
12
10
80
31
40
52
19
17
98
64
29
26

0.552
0.528
0.750
0.800
0.425
0.548
0.500
0.481
0.632
0.647
0.408
0.453
0.552
0.577

6.44E-02
6.45E-02
6.45E-02
6.46E-02
6.46E-02
6.46E-02
6.47E-02
6.47E-02
6.48E-02
6.49E-02
6.50E-02
6.52E-02
6.53E-02
6.54E-02

GO:0005001

17

0.647

6.57E-02

GO:0019198
GO:0002456
GO:0021536
GO:0002922
GO:0050852
GO:0006939
GO:0055001

17
19
61
10
70
42
91

0.647
0.632
0.459
0.800
0.443
0.500
0.418

6.57E-02
6.57E-02
6.57E-02
6.58E-02
6.62E-02
6.64E-02
6.65E-02
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GO term
negative regulation of blood vessel morphogenesis
stress-activated MAPK cascade
photoreceptor outer segment
regulation of neurotransmitter levels
regulation of dendritic spine development
cell proliferation in forebrain
A band
cerebral cortex development
response to activity
positive regulation of endothelial cell migration
positive regulation of dendrite development
regulation of nodal signaling pathway
tumor necrosis factor receptor superfamily binding
receptor localization to synapse
cardiac muscle cell development
neurotransmitter-gated ion channel clustering
negative regulation of axonogenesis
lens development in camera-type eye
regulation of urine volume
response to electrical stimulus
hyperosmotic response
oligodendrocyte differentiation
signaling adaptor activity
central nervous system neuron development
positive regulation of behavior
regulation of endothelial cell migration
humoral immune response
T cell differentiation in thymus
thymocyte aggregation
Golgi lumen
positive regulation of excitatory postsynaptic

GO ID
GO:2000181
GO:0051403
GO:0001750
GO:0001505
GO:0060998
GO:0021846
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GO:0014823
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GO:0005796
GO:2000463

Number of genes
53
97
43
97
22
22
27
63
35
46
30
5
30
5
38
5
38
49
13
25
20
41
55
55
91
73
85
44
44
67
11

Raw score
0.472
0.412
0.488
0.412
0.591
0.591
0.556
0.444
0.514
0.478
0.533
1.000
0.533
1.000
0.500
1.000
0.500
0.469
0.692
0.560
0.600
0.488
0.455
0.455
0.407
0.425
0.412
0.477
0.477
0.433
0.727

Corrected p-value
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7.71E-02
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7.82E-02
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membrane potential
axonal growth cone
regulation of development, heterochronic
regulation of timing of cell differentiation
negative regulation of interleukin-2 production
epidermis morphogenesis
labyrinthine layer development
regulation of N-methyl-D-aspartate selective
glutamate receptor activity
gas homeostasis
negative regulation of developmental growth
regulation of cardioblast differentiation
ephrin receptor signaling pathway
C-C chemokine receptor activity
positive regulation of lymphocyte differentiation
regulation of fibroblast growth factor receptor
signaling pathway
myotube differentiation
regulation of gliogenesis
regulation of synapse assembly
regulation of wound healing
main axon
embryonic placenta development
actin filament bundle assembly
actin filament bundle organization
glomerulus development
negative regulation of axon extension
second-messenger-mediated signaling
hypothalamus development

GO ID

Number of genes
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GO:0044295
GO:0040034
GO:0048505
GO:0032703
GO:0048730
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11
11
11
11
28
36

0.727
0.727
0.727
0.727
0.536
0.500

8.32E-02
8.38E-02
8.38E-02
8.45E-02
8.62E-02
8.67E-02

GO:2000310
GO:0033483
GO:0048640
GO:0051890
GO:0048013
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9
7
53
9
23
9
56

0.778
0.857
0.453
0.778
0.565
0.778
0.446

8.69E-02
8.70E-02
8.75E-02
8.76E-02
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8.83E-02
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GO:0044304
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23
39
59
31
80
42
71
31
31
42
16
99
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0.565
0.487
0.441
0.516
0.413
0.476
0.423
0.516
0.516
0.476
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0.394
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8.85E-02
8.87E-02
8.93E-02
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9.14E-02
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C.3

Supplementary figures

Supplementary Figure C.1 Overlap of prematurity-DM sites between each hematopoietic cell type. The 25
common prematurity-DM sites are highlighted with bold text.
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