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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 ï 

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 
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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. 
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1.2 Immune system composition 

1.2.1 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.  
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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 ñmemoryò 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 

ñtrainingò 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 



5 

 

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 ï which 

also include macrophages and B cells ï display fragments of antigens from pathogens or 
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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 targetôs cell membrane and induce 

apoptosis20. However, NK cells also regulate adaptive immunity through cytokine production, 

and can become ñmemory NK cellsò 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 
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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. 

 Adult peripheral blood Term cord blood Preterm cord blood 

Total 4.0 - 10.5 # 10 - 26ǒ 5 - 19ǒ 

Neutrophils 2.0 - 6.4 # 5 - 13ǒ 2 - 9ǒ 

Eosinophils 0.1 - 0.2 # 0.2 - 2.0ǒ 0.1 - 0.7ǒ 

Basophils 0 - 0.09 # 0 - 1ǒ 0 - 1ǒ 

Monocytes 0.2 - 0.9 # 0.5-3ǒ 0.3 - 1ǒ 

Lymphocytes (total) 1.0 - 3.2 # 3.5-8.5ǒ 2.5 - 6ǒ 

NK cells 0.13 - 0.25ƺ 0.15-1.89 ^ 0.10 - 1.62 ^ 

B cells 0.16 - 0.27ƺ 0.35-1.17 ^ 0.09 - 2.29 ^ 

T cells (total) 1.0 - 1.5ƺ 1.64-3.83 ^ 1.21 - 4.65 ^ 

CD4 T cells 0.60 - 0.98ƺ 1.07-2.56 ^ 0.91 - 3.23 ^ 

CD8 T cells 0.42 - 0.66ƺ 0.50-1.24 ^ 0.27 - 1.42 ^ 

Erythroblasts 0 0 ï0.64*  0 ï 1.67*  
ǒ = reference ranges (5-95 percentiles), Milcic32; * = reference ranges (25-75 percentiles), Perrone et al.33; ƺ = 

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 fetusô immune system is preparing for 

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

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 liver-

seeding 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 erythroid-

focused process to also produce megakaryocytic cells, other myeloid cells, and B cells39. At 
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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 weeksô 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 
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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 ï 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, 201168. 
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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 ñnormalò 

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 ï 

including observations of nRBC counts as extreme as >100/100 WBC69 ï 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 neonatesô 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 ñwavesò 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 ñadult-likeò 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-1Ŭ, IL-1ɓ, TNF-Ŭ, 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 ï 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-1ɓ 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-Ŭ while maintaining production of IL-6, an anti-

inflammatory Th2-skewing cytokine113. This effect is amplified by neonatal immune cellsô 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 pro-

inflammatory 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 neonateôs 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 anti-

inflammatory 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 ñwaveò 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 Preterm birth  

1.4.1 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 ï 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 (40-

45% 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 disease-

burdened 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, attention-

deficit 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-Ŭ) 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 Th1- 

and Th17-polarized responses in term neonates, and this skewing is even more exaggerated in 

the preterm infant57. Impaired production of IL-12, IL-1ɓ, 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-1ɓ 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 neonateôs 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 pre-

implantation 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 geneôs 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 ñopen seaò 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 promoters162,165-

167. 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 CpG-

dense 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 lineage-

specific 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 lineage-

specific 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 ï such as H3 

and H4 acetylation and H3K4 trimethylation ï 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 ï such as H3K27 trimethylation ï 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 infection-

induced 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 pro-
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inflammatory cytokines TNF and IL-1  ̡in response to a variety of bacterial and fungal 

pathogens186. This monocyte priming occurred alongside significantly increased H3K4 

trimethylation in the promoters of TNFŬ 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 Arra y-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 ɓ-value correlations of 

0.992 within the 450K array and 0.95 with ɓ-values measured by whole genome bisulphite 

sequencing193. Although the 450K arrayôs 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 arrayôs 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 arrayôs 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 subjectôs 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 

ñbatchò 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 Fluorescence-

Activated 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 Methods 

2.2.1 Sample collection and cell purification 

Ethics approval for this study was obtained from the University of British Columbia 

Childrenôs and Womenôs Research Ethics Board (certificate numbers H07-02681 and H04-

70488). 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 Childrenôs and Womenôs 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 ñstandardò and ñstringentò 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 manufacturerôs 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 manufacturerôs 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 typeôs 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 ɓ 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 



40 

 

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 between-

group difference in DNAm (ȹɓ) 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 |ȹɓ|>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 |ȹɓ|>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 Results and discussion 

2.3.1 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 genome-

wide 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%, |ȹɓ| >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%, |ȹɓ| >0.30; 457 CpG sites). 

 

We assessed the impact of these rare heterotopic RBC-to-WBC interactions on genome-

wide 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%, |ȹɓ| >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 

(ɓ >0.80) or unmethylated (ɓ <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 array-

wide 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%, |ȹɓ| >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%, |ȹɓ| >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%, |ȹɓ| >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 



47 

 

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 

|ȹɓ| 

nRBCs Monocytes T cells 

Standard 

FACS 

Stringent 

FACS 

Standard 

FACS 

Stringent 

FACS 

Standard 

FACS 

Stringent 

FACS 

NA 61,405 197,237 41,451 80,600 39,284 111,965 

0.05 38,295 144,949 32,558 32,846 23,060 50,621 

0.10 11,848 63,099 22,829 14,864 10,868 27,420 

0.20 2,338 8,982 11,855 5,940 2,602 12,014 

0.30 457 2,628 6,486 3,162 879 5,474 

0.40 17 648 3,520 1,757 292 2,600 

0.50 0 41 1,884 878 48 1,268 

0.60 0 1 908 319 2 553 

0.70 0 0 255 51 0 158 

0.80 0 0 3 1 0 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 cell-

specific 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 cell-

DM sites. (C) 5,940 monocyte-DM sites. Solid lines represent group mean, dashed lines represent individual samples. 

 


