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Abstract

Neonatedhave a uniquelgtructured immune system characterized by imotolerance,
an unprimed adaptive immune system, and a heavy reliance on innate immune responses.
Although this preventexcessive hyperinflammatorgsponseduring gestation and postnatal
microbial colonizatiorof the neonatdt also confers vulnerabtyi to infection. This risk is
heightened in those born preterm (prior to 37 wegstatior), asdevelopment oftheir immune
systemis interrupted by early birth.

Throughout gestation, the predominant hematopoietic organ shifts in a defined temporal
patten. Each hematopoietic source produces different types of immune cells in different
proportions, to accommodaiige needs of thdeveloping fetusOne of the greatest differences
between these organs is the release of nucleated red blood cells (nRBCisguration’
ranging from the yolk sac, which exclusively releases primitive nRBCs, to the bone marrow,
which erythroid cells are enucleated before entering circulation. Although generally regarded as
a consequence of high erythropoietic demand irigtus, recent functional studies have
indicated a immunosuppressive role for fetal NnRBCs as well.

DNA methylation(DNAmM) is the addition of a methyl group tocytosine basea
modification which does not change the underlying genetic sequehizen medides
hematopoietic lineage commitment and can be a useful marker for cell compoditiomaume
function in bloodUsing thelllumina Infinium HumanMethylatiod50 BeadChip micrarray,
this thesis establishes DMAprofiles for major cord blood hematopoietiells in both term and
preterm birthsin-depth examination dNAm in term NRBG revealedhat epgenetic mark in

this enigmaticcell population are likelighly regulated Comparisons betwearordblood



hematopoieticells collected from term versusgpermbirthsallowed for the identification of
both cell-specificand systemiprematurityassociatedifferential methylationThese findings
contribute to current understanding of the molecular mechanisms behind preterm birth and
highlight candidate gessfor follow-up gene expression or functiorealysis of preterm
hematopoietic cell populationsicludingCDC42EP]1 CLIP2, FBXO31,the oncogen¥VWTR1

andtumoursuppressogene STK10andRARRES3
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Chapter 1: Introduction

1.1 Overview

Preterm birth (PTB)or birth prior to 37 weeks gestational age (GA), occurs in
approdimately 11% of live births PTB is the greatest direct causenebnatatleathand
increaseshe risk of neonatal infection. PTB is associated with a variety of-sradtlongterm
sequelae, including increasedkrisr respiratory illnesses and learning disabilities in childhood
as well as hypertension and heart disease in adufthood

Premature birth interrupts fetal immune development, resultiagimmune system
with distinct celltype composition and cebpecific limitations in immune responsé&pigenetic
marks such as DNA methylation (DNAmhave been found tmediatechangesn both immune
system structure arfdnction®®. The goalof my project is to characterize tB&NAm profiles of
key immune cellsn term and preterm neonates, to improve our understandingraine system
regulation in these populatioridentifying epigengc patterns unique to the prateimmune
systemmay reveal methods for early identification or treatment of neonatal infecttbrs
vulnerable group

In the introduction of this thesis, hematopoietic processes that give rise to the immune
system will e 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 pretermHiriatys.the rde

of epigenetics in cell fate decisions and fetal development will be outlined.



1.2 Immune system composition
1.2.1 Hematopoiesis

Hematopoiesis is popular system for studying stem cells and lineage commitment,
partially due to the simplicity of its original mdd&he 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 cfee#fwal Figurel.1). As a first
step towards differentiation, HSCs be@multipotent progenitorsvhich cannot selfenew but
maintainthe potential to commit to any blood cell lineAgeneage commitment then progress
into a seriesfobifurcating decisionsthe first of which being betweeheg common myeloid
progenitorandthe common lymphoid progeniftt The myeloid routeanlead tothe
granulocytemonocyte linege (with monocytes, macrophages, neutrophils, basophils,
eosinophils and mast cells as terminalifferentiated cells) and the megakaryoegtgthroid
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 andidaltes marker
analyses have revealed an increasing number of intermediate cell populations, which blur the
boundaries of the traditional hetopoietic hierarch}'3. Rather than abrupt pairwise decisions,
cell lineage commitment is more likely to be a progression towards a given ceNHatk,is
inherently more flexible and sensitive to chanigegene expressioand the microenvironment
For exanple, 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 tiendtis*. This revealed



that the earliest cell fate decision is not necessarily a myimphoid oneand is one ofmany

studies that have shifted oumderstanding 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
|l ymphocytes and involves an i mmunol ogi cal i me
used to produce pathogspecific immune responses, conferring ldagn protection to the
individual. Upon antigen recognition, adaptive immune cells operatattivate or directlill
the invading target cell as well as initi@gpropriate downstreaimmune responsés
Innate immunity is a nespecific system that provides an immediate, stesrh response
to pathogens. The innate immune system relies on phagocytic cells such as granulocytes,
macroplages andlendritic cells These cells express various pattern recognition receptors
(PRRs), which recognize pathogemd dangeassociated molecular patterns (PAMPs and
DAMPs, respectively) and subsequently trigger an immune response ¢&stddes
culminates irthe release of antimicrobial proteins and pept{@¢¥s) and componentsf the
complement system. Both phagocytic cells and the soluble factors they produce work together to
identify, digestand destroy invading microganisms. Certain phagocytek the innate and
adaptive immune systems by presenting antigenic peptides to lymphocytes, thus instructing
adaptive system developmé&n The innate immune system is also capable of developing its
own form of immunological memoyjn a phenomenon called trained immuMityrhis immune
Atrainingo involves phe eotdnpgbeiinonure calls thpgsulten r e g u |

their heightened activity in response teecondary infectiorAntigen-specific immune training
4



has been shown in invertebrates and plants, however only nonspespibmseblave been

observed in vertebrates to ddte

1.2.3 Major hematopoieticimmune cells

The myeloid lineage can be divided into two general cpksy granulocytes, and
monocytederived cells Granulocytes, which include neutrophils, basophils, eosinophils, and
mast ells, are blood cells with multobed nuclei and secretory granules in their cytoplasm.
Neutrophils are the most abundant white blood cell (WB@plel.1) and are key phagocytes
of the innate immune response. They are highliley@nd upon infection travel to the affected
site by chemotaxis. Neutrophillsen combat the invading microorganism by phagocytosis,
release of antimicrobial granules, or formation of neutrophil extracellular(IK&pHEs Y°.
Basophils, eosinophils, and mast cells are much tiaaagranulocytesTablel.1). Thesecells
produce key cytokinegjrowth factorsand other signaling molecules likestamine and heparin
as part of inflammatory reactions to parasitic infections, allergies, and 8%thma

Monocytes and macrbpges arenajor 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 aohdebris from tissues and circulation even in the absence of an immune response
Resident macrophage populations presenin tissues throughout the bodigrivedfrom a
combination of yolk sac macrophages, fetanocytes, and adult hematopoietic prages?,

Dendritic cells can be derived from both myeloid and lymphoid lineage commitment
pathways, and are an essernygle ofantigenpresenting cell (APC). Professional APCwhich

also include macrophages ana@lsi display fragments of antigens from pathogens or



allergens bound to majhistocompatibility compleX molecules on their membrane. 8de
APCstheninform and activate the adaptive immune system through interaction with B and T
lymphocyted®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 ofrgtegsponders to infection,
releasing granules upon recruitment that pertf
apoptosi€. However, NK cells also regatie adaptive immunity through cytokine production,
and can become fAmemory NK cel | séncouhterad ar e pri
pathogen®.

B cells have two rolestablishing humoral immunity by produgiantibodies, and
presenting antigens to T cellBhe 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 lmed in mucosal immunity; IgD, which
activates basophils; and IgG, which has broad functions in complement activation, neutralization
of microbes, and opsonizatidrf*2627

T cells are a diverse cdilpe and are classified into subsets by tlagstinct celtsurface
markers and functions. CD8 T cells, called cytotoxic T cells, release cytotox@mngrapon
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, includingde array of Th cells. Three of the most
studied Th cell subtypes are Th1l cells, which promotensetliated immunity and respond to
intracellular pathogens; Th2 cells, which promote humoral immunity and respond to extracellular

parasitic pathogensandTh17 cells, which produce interleukin (HL)7 andrespond to



extracellular bacterial and fungal pathog&?d% Another key T cell population is the regulatory

T cell (Treg) which is an immunomodulatory cell type that prevents immune hyperattivity
Although notconsidered immune cells, erythrocytes are the most abundant cells in blood,

present at around 1000 times the number of WBCs. In adults, neady allood cellsRBC9

are enucleate by the time they enter circulation. In contrast, many fetal circulating RBCs retain

their nucleus, with the proportion of nucleated red blood (eR8Cs) in the fetus declining as

gestation progrességTablel.1).

Table 1.1 Absolute blood cellcount ranges for adult peripheral blood, term cord blood, and preterm (<37

weeks GA) cord blood All cell counts reported as x36ells/uL

Adult peripheral blood Term cord blood Preterm ord blood

Total 4.0- 10.5% 10- 26° 5-19
Neutrophils 2.0-6.4% 5-13° 2-9°
Eosinophils 0.1-0.2% 0.2-2.0° 0.1-0.7
Basophils 0-0.09% 0-1° 0-1°
Monocytes 0.2-0.9% 0.5-3° 0.3-1°
Lymphocytes (total) 1.0- 3.2 3.58.5 2.5-6°
NK cells 0.13-0.25 0.151.897 0.10-1.62~
B cells 0.16- 0.2 0.351.17~ 0.09- 2.297
T cdls (total) 1.0-1.% 1.643.83" 1.21- 4.65"
CD4 T cells 0.60- 0.9 1.07-2.56" 0.91-3.237
CD8 T cells 0.42- 0.66 0.501.24" 0.27-1.42~
Erythroblasts 0 070.64 07 1.67*

6 = reference ranges-@b percentiles), Milci&?;, * = reference ranges (ZBb percentiles), Perroret al33; 2 =
reference ranges (25 percentiles), Hulstaegt al3; # = reference ranges (lowepper limit), Adeliet al35; » =
reference rangesofver-upper limi), Walkeret al36

1.3 Neonatal immunity
The prenat al period is a <cr it ispraphringforme

life outside of the sterile womb. However, the fetus is satogeneido the mother, sharing



only 50% of her DNANucleated cells cross the placenta in both direct&em$oth the maternal
and fetal immune systems must be kept in clhe@void antifetal and antmaternal immune
responses, respectivélyExcessive inflammatioduring pregnancy increaseisk for
spontaneous abortion and preterm Bitlihefetalimmune system changes markedly over
gestatiorto adapto theseshifting demandsas does the neonatal immune sgsin the period

immediately after birth.

1.3.1 Feta hematopoiesis
Throughout gestation, hematopoiesis transitions between multiple locatitwesfeius
and extraembryonic membranes in a defined temporal pagurél.2). The blood cells
produced by each hematopoietic organ vary widely and reflect the changing demands of the fetus

with immune system development andremsing oxygenation.
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Figure 1.2 Shifting hematopoietic sources throughout gestatiarAdapted from Mikkola, 2005 and Dzierzak,
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Hemaopoiesis begins in the yolk sac, at day 16 of develogtdibod cells produced
by the yolk sac are largely of erythroid lineage, but early myeloid cells are also pddce
Yolk sac erythrocytes are primitive: they are larger than definitive erythrocytes, retain their
nucleus in circulation, and express embryonic hemogltbiBy 7 weeks gestation, yolk sac
hematopoietic progenitors are noriger detectabté?>

As hematopoiesis in the yolk sac declines, the agteadmesonephros (AGM) and the
placenta become dominant hematopoietic sources. T, AG embryonic structure consisting
of the dorsal aorta and urogenital ridges, disptieyaovdormation of HSCs from
approximately 32 days gestatjaithough these HSGserelatively low in numbe4¢,

Placental hematopoietic activity has been suggested to occur {tdmvBeks gestatidf but

HSCsare presenin the placenta from 6 weeks gestatiortladl way to terrff. 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 hemat6hoiesis
Erythroid maturation is also facilitated by the placenta early in gestation (from day 24 to 7

weeks), with primitive erythroblasts associating with placental macropKidgésauer cells)

during the enucleation procé%s’

The fetal l'iver is the | argest contributor
gestatiofi*. However, the liver does not generate H8Esovo and requires seeding framther
organs. When hematopoiesis is initiated in the fetal liver, the placental HSC pool is as much as
15 times greater than that of the AGMThus, it has been suggted that the majority of liver
seeding HSCs comedim the placenta, with smaller contributions from the AGM and yol®sac
Throughout gestation, fetal liver hematagsis expands its repertoire from a mostlythroid

focused process @soproducemegakaryocyticells, other myeloid cells, and B céisAt



around 89 weeks gestation, the thymus and spleen are seeded from the liver and make moderate
contributions to lymphopoiesis (the thymtfs)nd to the myeloid and erythroid lineadthe
spleenj*>3**At 24 weeksO6 gestation, hematopoiesis ir
hepatayte proliferaion®®,

As hematopoiesis is reduced in the fetal liver, it increases in bone marrow. Although the
bone marrowdoes not becomiie predominant source of blood cellsil gestational week 24,
HSCs(derived from the fetdiver) have been observed in the bone marrow as early as 10 weeks
gestatiof®>* Early in bone marrow hematopoiesis, myeloid and erythroid cells are produced in
equal number, however the myelarythroid ratio becomes similar to the adult level of 3:1 by
the time the bone marrow is the predominant hematopoietic 6rgdme 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 wgpadeaptive immune system
and aconsequentlyeavy 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 cdlular composition
Term ©rd blood shows higher overall WBC counts relative to adult blood,higtin
numbers of neutrophils in neonateming one of the largest contributors to this differefi@ble

1.1). This elevated neutroghgountis transient, with levels decreasing to a low at 72 hours after
10



birth, and stabilizing at roughly osthird of the number at birth by 120 hours of ®g& Further
distinctive featves of neonatal blood include: 1jelative lack of memory Tellscomparedo

adult T cell$* 2) high numbers of Tre§5°8 3) a higher ratio of CD4 fAcellsto CD8 cytotoxic

T cells% 4) a higher number of unconventionallgCD54+) B cell€; 5) fewer circulating

dendritic cells, whichmayimpair T cellmemory developmeft and 6) the frequemtresence fo
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 Nucleatedred 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 algenerallyretan their nucleus in cirdation,
although there isvidence of primitive erythroblast enucleation in the plac&raythropoiesis
is exclusively primitive from & weeks gestation, and primitive nRBCs have beearubd
throughout the fst trimester of gestation. Atweeks gestation, definitive erytipaesis begins,
with erythroblasts enucleating in their site of origitypically the liver or bone marrcit/®2
Erythropoiesis is a twphase 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 unérythroid; and 2) terminalrgthroid differentiation, in
which the proerythroblast differentiates into enucleated reticuld@y®srminal erythroid
differentiation occurs with the proerythroblast progressing through the basophilic,
polychromaticand orthochromatic erythroblast stages in 3 cell divisions. The orthochromatic

erythroblasts then enucleate to become reticulocytes, which mature in circulation to become
11



RBCs. Each intermediate cell in the erythropoietic process is markedly distiresttirgflthe
largescale changes in membrane composition, the cytoskeleton, and nuclear structure required
before the erythroblast is ready to expel its nuétgyre1.3). Some of the many changes
occurring during terminal erythieb differentiation include decreasing cell size, increasing
chromatin condensation, increasing hemoglobin, decreasing levels of adhesion molecules, and
increasing levels of most major transmembrane and cytoskeletal ptbt@inse condensed, the
nucleus is polarized, and the erythroblast prepares to divide into the reticulocyte, the eventual
mature RBC, and the pyrenocyte, the membanmeounded nucleus that will likely be digested

by macrophages. This causes dramagganal differences in the erythroblast, which are

mediated by protein sorting, membrane maturation, vesicle trafficking, and auttpamgher

key change in maturing erythroblasts is the progressive globadttglation of DNA, which has

been observed in both mouse and human erythropBigsis

Pyrenocyte

Contractile
Nuclear polarization actin rin i O
Proerythroblast Early erythroblast Late erythroblast Reticulocyte RBC

Figure 1.3 Major steps of erythropoiesis.As the erythr@ 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 membearecytosotomposition devep, based on whether that

area will be incorporated into the pyrenocyte or the reticulocyte. Adapted from J¥8.2011
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The proportion of NRBCs declines throughout gestation, but nRBCs are commonly seen
in term cord blood0-10/200WBC is consdered a healthy range, witi2ZI100WBC being the
most commo?>>® In absolute terms, 500nRAC has been suggelsded to
countl. After birth, nRBC counts drop rapidly: all nRB@secleared from the bloodstream
within 4 days of life in healthy term infants awithin around7 daysin healthy preterms.

There is wide intemdividual variability innRBC proportion, as it depends on both total
leukocyte counand rate of erythropoiesis and enucleafionevels of NnRBCs above the typical
neonatal range o-00/100WBC are associatedith 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 diaegtand chorioamnionifis’®’®. Since bone marrow architecture
doesnot allow nRBCs to enter circulation, it is thought that adverse events increase nRBC levels
either through activation of extramedullary erythropofésis through increased levels of
erythropoietin, which upredates erythropoiesis and influences bone marrow structure and blood
flow31767" However, a small proportion of observed elevated nRBC cases are idigpathic
including observations of NRBC counts as exte as>100100WBC® i making nRBCs an
enigmatic cell population. Highroportionsof nRBCs arealso associated with adverse postnatal
outcomes, including perinatafain damage, cerebral palsy, eashyset sepsis, intraventricular
hemorrhage, and necrotizing enterocdlftfé. The association between elevated nRBC count
and newborn morbidity and mortality is particularly strong when nRBCs persist aftét.birth

The functional importance of nRBCs in humans, if one exists,tiwelbunderstoodin
norrmammalian vertebrates, the matargthrocyte retains its nucleasd participatein

immune system processes. These mature nRBCs express PRRs, can recognize PAMPs, and
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produce cytokines in response toRPRctivatiod*2. Early studies of potential immune roles for
nucleated erythrocytes showed that nRBCs from mice had immunosuppressivareffixcts
which included dampening of antibody resporesas limiting B cell proliferatiofy°. More
recent studies have revealed other immunomodulatory interactions between RBCs and WBCs,
including regulation of Tell andneutrophil surviva®®®2 and immunosuppression of T and B
cells and dendritic cefi3®®. 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 produdtioatefimmune
cytokines via arginine depleti&h This immunomodulatory effect wasund to be specific to
neonatalCD71+ erythroid celland not displayed in their adult counterpangh neonatal cells
expressing lgher levels of the arginirgepleting enzyme arginagd®. The immunosuppressive
effects of nRBCs have been suggested to occur by direaatkiihteractions, nRB&erived
cytokines, and other soluble facttr¥°¢ However, it should be netl that a recent study could
not replicate the same specific effects of neonatal CD71+ splenocytes: for example, although
these cells did redu@ult dendritic cell cytokine productiax vivq co-culturing with either
neonatal or adult bone marrow producedshme effeé. Thelack of consensus abongonatal
NRBC function calls for further study of thisusual cell population.

The presence of nRBCs in fetal and neonatal circulation is generally considered a
consequence of higerythropoietic demand, so thusll populationis relativelyunstudied. Based
on their uniqueness to the fetus and neonate, dodethassociation 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 doesmmune 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 di fferenoidyso | i kel vy
infection, as well as the limited effectiveness of vaccines early in life.

Adult naive T cells require an initial infection and response evesdtablish
immunological memorybuttherelativelysterile environment of the womb does not provide
fetal T cells withmanyopportunities to develop their adaptive immune sysidmat is not to say
that the fetus is conhgtely isolated from antigenthe placenta has its owmcrobiomeand
pathogens are present iretimtrauterineenvironment®®1°% plusmaternal cells in fetal
circulationprovideexposire tonorrinherited maternal allntigeng’>8 Indeed,CD4 T cells
with an effector memorphenotype are present inrddlood at an abundance 66%; although
thisis far less than the adult abundancembroximately60%, it is still indicativeof T cell
activationin uterd®% Anotherlimitation of adaptie immune system development is the
immunotolerant profile of the fetus/hich is necessary to prevent matesfieshl rejection and
PTB. Maternal and placentainediatedmmunosuppressiowill be discussed in Section 1.3.2.4,
butthe fetal immune systemsal plays a roleOne of thefetal contributionsto immunotolerance
istheAhwaves oo of prdducton tthrouBlyestationl Earlier populations kyfnphocytes
are more prone to innate or tolerant respotis®s thosgroduced later in gestatipwhich
behave in -hi kmeo &MiE%UKherdare some exceptions the limited neonatal
adaptive immune response, includingservations of functional, adtike cytotoxic T cells in
neonates who experienceduteroinfection of humarcytomegalovirusand ofAscaris

reactivity in infants whose mothers were infected by the parasite during pretfli&icin
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general, however, neonatal T an@dlsare largely unprimed for immune responses
immediately following birth.

Despite this lack of immune education, neonatal naive T cells perform important immune
functions byactivating innate immune systensp®nses. Recently, it has been shown that naive
CDA4 T cells from both preterm and term birdas produce CXCL8 (di.-8) upon
stimulaton'®’. CXCLS8 is a potent neutrophil activatiratis typically associated with geloid
and epithelial cells, and innate immune responBasability for naive T cells to produce
cytokineswithout differentiation into a helper cell is unique to the neoaatklikely essential
for rapid immune responses before immunological memorpéas established

Neonates have atypical responses following activation oflikelreceptors (TLRs) and
other PRRghat result in skewing of T helper celtsvards Th2polarized responseand away
from Thl- and Thl7polarized responses tharget intacellular pathogersnd extracellular
mucosal pathogens, respectivdly response to certain types of TLR activation, neonatal
dendritic cells and monocytes have been found to produce reduced amountgbépnmatory
cytokineslL-1 UL-1 B , -0 ,N-E8 dnd I-12p70 compared to adultsyt equal or greater
secretion of artinflammatory cytokineslL -6 andIL-10, as well as increased-W production by
basophil$®®112 These differences from adult cytokine production are not due to inadequate
expression of TLR$13 put limitations in cytokine producth and secretioi for example,
neonatal immune cells dwt show the same capacity to produce multiple cytokines
simultaneouslasadult immune celf$. This unbalanced cytokine production biases the immune
systemtowards the extracellular pathogen defence systems of Th2 responses, but limits Thl

response$® Additionally, the increased proporti@nd activity of Treg cell# the neonate
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promote &aolerogenic, antinflammatory immune profié°8 Fetal Tregs are critical to inhibit
immune responses to the maternal cells that cross the placenta into the fetal blodd*$fream
Neonatal T ell development is further impast byaltered dendritic cell function. In
addition to being less abundant in infant circulation than in adults, neonatal dendritic cells are
less responsive to Tl-Related activatiot*®1 Specifically, neonatal dendritic cells produce less
IL-12p70 in response to TLR stimulation, which is an important cytokine for the Th1 pathway
Thisis partially causedly theincreasedasophiliclL-4 productionwhich limits IL-12p70
production in dendritic celt$? T cell polarizatioris further influenced by high H23 production
in neonatal dendritic cells that, in combination with increased ptmluof IL-1 b a+#%,d | L
promotes Th17 responsés
Infants show differences e variety ofcirculating molecules relative to adults, with
higher concentrations of immunosuppressive factors piogbj fetal tolerance of circulating
maternal cell@nd2) antrinflammatory responses to postnatal microbial colonization. For
example, high neonatal concentration of adenosine, a purine metabolite, is thought to inhibit the
production of prenflammatory cytokine TNRJ whi | e mai nt ai +,jamanti pr oduc
inflammatory Th2skewing cytokin&'® This effecisa mp | i fi ed by neonatal ir
sensitivity to adenosine. Neonatal plasma also has significantly lower ayafwatrious
APPS"1%and decreased concentrations of various complement components relative to adults,
the latter ofwhich is accompanied by decreased activity of both the classical andgern
complement pathwa$s Reduced levels of fibronectin in neonatal plasmathaéxtracellular
matrix may reduce attachment between phagocytes and invading microbes, further limiting

innate immune functidhi.
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Recruitment and functioning of firsesponse 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 haveluzed phagocytic abilities once recruited to the affected
site’”118117 These cells also are less effective at fornNEJ sas well as releasing APPs and
reactive oxygen sies to kill microbed>118129 Monocytes display normal antibodigpendent
cellular cytotoxicity in the neonate, but are limited in their chemotactic abiate have
reduced phagocytimduced cell death abilitiés'? NK cells show poor cytotoxic function in
neonates compared to adults, which manifests as reduced production of key cytokines and

impaired degranulatich®’.

1.3.2.4 Immunosuppression in fetaldevelopment

Diminished immune reactivity in infants was once attributed to a general immaturity of
the neonatal immune system, but nowhisught to be actively maintained. This
immunosuppression is protectiveducingthe risk of maternaletal rejection duringpregnancy
andpreventingexcessive inflammation in the newborn during microbial colonization. Much of
this immunosuppressiaa medatedby the placenta. Maternal Tregs pass through the placenta
into fetal circulatior’, and the placentalsosecretes several factors that pronitité-polarized
responses or inhibithl-polarized responses, such asiilIL-10, prostaglandin E2, and
progesteone® 122123 |n addition to their influence on T cell polarizationeseplacentafactors
promotedecidualTreg development and?2 (alternative) macrophage producti@ithough the
latter has only been demonstrated in mice to'&at&dditionally, both newborns and pregnant
women contain high numbers @fculatingmyeloid-derived suppressor cellsatmayinhibit T

cel proliferation, promote regulatory T cell development, and limit T and NK cell cytotoxic
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activities through expression of modulatory factors like arghiaseactive oxygen species, and
nitric oxide synthas&. Finally, arginaseexpressing 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 maturd&tit?i12® However, it should be
notedthat thesuggestedoles of myeloidderived suppresor cells and CD71+ erythrocytes are

relativelynew and contentioygsndrequire further study.

1.3.3 Postnatal immune maturation

The neonateds I mmune system undergoes dr as
adjust to life beyond maternal control and protection. Two major events occur during parturition
that demand these immune system changes: release of placental control gandeetxp
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 ef anti
inflammatory cytokines, prostaglandin E2, and progesteroniée aiso supplementing the fetal
immune system with key plasma factors from the mother, most notab§; Eg@Howing birth,
the neonatal immune system must adjust to the release of placental aid and control; this is
partially achieved through breast feeding, which conféBCs and circulating factors such as
IgA, lysozyme, and lactoferrin to the newb#ri?’128 Additionally, a successfutansition 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
responseslhese two changes, in combination with thedominance of less immunotolerant T

cells arising fromalatey e st ati on Awaveo of | ymphopoiesis,
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upregulation of Thipolarized responses over early infaf{d{* B cell maturation is also

upregulated as a result of microbial colonizatfén

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. million cases of PTB, representing 11.1% of total live birtR3Bs are
overrepresented in cases of neonatal morbidity and mortality, with prematurity being a risk factor
in over 50% of neonatal deattté Although rates are generally higher in laveomecountries
(11.8%) versusigh-income countries (9.3%), theresignificantvariability on a petcountry
basisi for example, the 2A1PTB rate in the 1. was 11.%"*° PTB and neonatal infections
also pose a considerable economic problem, with an estimated annual cost of $25 billion in the
U.S. aloné*,

PTB has three main clinical etiologies: spontaneous labour with intact membranes (40
45% of PTBs), preterm pilabour rupture of membranes (38% of PTBs), and medically
indicated PTBs (3@5% of PTBs)*2 Risk factors for PTB include male fetal sex, assisted
reproductive technologies, and maternal health conditions like renal disease, hypertension, and
obesity-132133 Although improved clinical care has increased the suriates of PTB%*, the
rates of PTB are still on the rise due to factors like increased obstetrical intervention and rising
maternal aget*1132 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 associatethygrematurity is infection, which causes
approximately 1.6 million neonatal deaths anndtyrhe incidence of infection is GA
dependent, progressing o46% in infants born <25 weelgestation to 29% at 288 weeks,
10% at 2932 weeks, and 2% at >32 we&KRsGA is alsoa significant predictor of death in
infected neonaté§ The major cause of increased infection susceptibilityétepm newborns is
likely theirunderdeveloped immune systgmdescribed in the section below. However, a variety
of other physiabgical factorssuch asindedeveloped organs, aneméamd increased oxidative
strescontribute to theoorhealth outcomesf PTB, which includebronchopulmonary
dysplasia and necrotizing enterocoliti$® The invasive medical treatmemgseterm infants
typically require as well as the extended time they are exptseucrobes in the neonatal
intensive care unit, also contribute significantly to their increéaisé of infectiort”137

The immediate health concerns the preterm neonate faces set therstagiséase
burdened life. In childhood, those who were born preterm are more likely to develop cerebral
palsy, sensory deficits, and respiratory complicetiike asthm&®4%. Those born preterm are
more frequently hospitalized for infectiodaring childhood*’. PTB has also been associated
with atypical behavior and cognition in childhoodhcludinglearning disabilities, attentien
deficit hypertension disorder, anorexia nervosa (in females), and mental iliness (in males), as
well as decrased cognitive performané&142144 Prematurelyborn adults are more prone to

chronic diseases such as type 2 diabetes, hyperteosiamary heart disease, and k&fd*>4,
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1.4.3 The preterm immune system

Fetal hematopoietic development spans the entire gestgtiemnad, and PTB inteupts
this process. As a result, there is a variety of deficiencies in the preterm immune system, with the
greatest diects observed ilmmune sigalling and antigen presentaticether thann pathogen
killing*".

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 biffh'*> Preterm neonates alpooduce even lower
amounts of prenflammatory cytokines (such as-B.andTNF-U) relative to term infants, who
already produce low amounts of these cytokines relative to &3d#8°% As described
previously, this antinflammatory cyt&ine profile biases the Téell population againsthi-
and Thl7polarized responses in term neonates, and this skewing is even more exaggerated in
the preterm infaif. Impaired production of [L12, IL-1 pand IL-23 in preterm dendritic cells
likely adds to this skewing, as these cytokines are key for commitment towarthih@L-12)
and Th17 (11 fand 1L-23) cell pathway$%1°% Reducedepresentation of the Th17 system may
contribute to the high susceptibility of preterm infants to mucosal infections caused by
StaphylococcuandCandidaspecie$®.

Both the complement systeamd APPs show GAlependent maturation; thus, preterm
infants are deficient in both of these immune factorss s implication$or impaired
opsonisation processashich mark pathogens for digesti@s, well as TLRnduced immune
response pathways, whiinvolve therelease of APP$!'° TLR responses display unbalanced
development, witltertain TLR responses weaker than otlietie preterm infanfTLR7/8

responseare themost maturen pretem infantsand TLR5 responsese themost immaturg
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with more heterogeneodd R4 responses’. Thisasynchronougrogression in TLR maturation
may influence what types of microbes are mdlyi to infect preterm ifants.

Neutrophils are the last WBC population to appear in fetal circulation, so preterm infants
often have very low neutrophil counts relative to term infanisstead, lymphocytes are the
dominant WBC popul#on in preterm bloot?®. Not only are neutrophils low in number, but they
are even more inefficient than neutrophils of term infants in terms of neutrophil rolling and
adhesiof. Ineffective opsonisation in preterm immunity, due to the limited complefaetatrs
andlgs described above, also impairs neutrophil phagoagiivity'’.

Finally, the preterm immune system is marked by an ase@ proportion of NnRBE%>
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 baareow'>°. Therefore arginine
depletion by erythroid cells may also contrib

immunosuppressive proffle!?>

1.5 DNA methylation

Epigenetics refers tmodifications to DNA or the proteins around which it is bound that
do not changéhe genetic sequencehese include DNA and covalent histone modificatioats
specific residues, such asetylation, methylation, phospiytation and ubiquitination.
Epigenetic marks can affect chromatin structure, thus influencing-pfé#ein interactions and
the potential for gene expression.

DNAm is the covalent addition of a methyl group to a cytosine, vasieh generally
occurs in theontext of one of the 28 million cytoshgeianine dinucleotidg(CpGs) in the

human genome. Cytosines in RGPGs can also be methylated, although these are significantly
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raret®°, CpGsare generally depleted in tjenome, due to the tenderfoy methylated
cytosinedo be deaminated to thymines. Exceptions to this are CpG islands (6@ pG
density regions often associated with gene promdtitetdend to be unmethylated and thus less
prone todeaminatiot112 DNAm is establishede novaby DNA methyltransferassDNMT3A
andDNMT3B and maintained bPNMT 2,

In general, DNAm is mitotically heritad) with the methylation patterns in a parent cell
getting passed on to the daughter céllswever, there are two discrete periods of geranae
DNAm erasureactive demethylatiom primordial germ cells, anpassivdoss inthe pre-
implantation embryaThis loss ofmethylation removespigenetic marks of differentiation,
producing pluripotent cells for embryonic developmeateRtof-origin-specific epigenetic
marksare also removed, with the exceptionmprinted differentially methylated regions
(DMRs) thatare establishede novan thegermlineor after fertilizationand retainedh the

embryd-16%

1.5.1 Relationship with gene expression

By impacting chromatin structure and accessibility tagcaiption factors, DNAmM can
infl uence a gexpressioeDNAnoi$ ceassicallythdught ob as a marker of
transcriptional repressiaat CGls associated with gene promatersh the methyl group of
modified cytosines extending into the magooove of DNA to botlalterchromatin structure and
prevent transcription factor bindifidHowever, there is increasing evidence thatréhationship
betweerDNAmM andgene expression extends beyond classical CGI pgesbBor example,
DNAm at theCpG shoreshatstretch 2 kb on either side of CGls has been more strongly

associated withematopoieticell-specific gene expression and myetbichphoid lineage
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decisions compared DNAm at CGIS. CpG shores show thgreatest variation in DNAm
betweercell types and in cancér Additionally, CpG sites withinCpG shelveswhichextend
another 2 kb beyond CpG shorasd theflopen seaare gainingnore interest as potential distal
regulatory regionsparticularly when they are also associated with enhancer attf#ity*

Epigenetic studies have also reeshthe significance of intergenic DNAm, with a far
greater proportion of cefipecific DNAm occurring in gene bodies tharCGl promotert216°
167 This intergenic DNAmM has been postulated to regulatespektific alternative transcripts
and limit transcriptional noi$& "%, Exonsaremore densely methylated than introns, wita
exception of first exons, which arelatively unmethylated. This has led some to suggest that
DNAm closer to theranscription start siteTSS (for examplejn the first exon) blocks
transcription wiereas DNAm in the gene body relates to the level of gene expréésion

The tentativecurrent model of thenpact of DNAmM on gene expression is that, pGe
dense promoters, methylation represses transcription. Irasgr@G-poor regions do not have
asclearof a relationship with DNAmM, and genomic context needs to be considered to better
understand thimfluence of DNAmM on gene expressianthese sité$®. Additionally,
differenially methylated regionddMRs) often have a clearer functievhen considered in the
context of gene regulatory sites, such as transcription factor binding sites and enhancers, rather
than the genes themsel¥s 3

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 ragly expressediore likely to gain DNAMr doesthebinding d transcription factors
duringactive gene expression open the chromatin and facilitate DNAMRegsdlessDNAmM

studies are useftb uncovemarkers of genes that may be differentially expressed in a condition
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of interest, and findingfrom these studiesan highlight molecular pathwaysr further

investigation.

1.5.2 Hematopoietic lineage commitment

DNAm shows some of the greatest biological differences eathand tissueype.
Through its influence on chromatin structure and gene sgiore, DNAmM can mediate
development and maintenance of cell identitgnstitutiveDNAmM marks in HSCs that are
required for their selfenewal abilities have been identiftéti As HSCs differentiatetheir
uniqueDNAmM profile is lost: genes associated with multipotency gain DNAm and lineage
specific genes are demethylated, presumably to activate genes associated-gbcded|
function$. DNAm appears to play the biggest roldineage commitment and gene expression
changes early in differentiation, particularly at intragenic E&1©&n a global scale, it has been
found that DNAm generally increases with lymphoid commitment, but deseath myeloid

commitment?,

1.5.3 Epigenetics and hematopoietic cell function

Not only areepigenetic marks involved in hematopoietic cell lineage commitment, but
they are also associated witamatopoieticcell function.For example, theegulationof lineage
specifictranscription fact@and effectorsluring Th cell differentiation is thought to be guided
by epigenetianarks The beststudied of these are located in cytokioeus control regios
(LCRs), clusters of cytokine gentsat areregulated in a coordinated fashion for-3pecific
expressionOnce activated by T cell receptor bindipgrmissivehistone mark$ such a3

and H4acetylationandH3K4 trimethylationi accumulaten promotes and enhancers of the
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appropriate Thineagespecific cytokine gené®. In cytokine genes associated with alternative
Th lineages, rassive mark$ such as H3K27 trimethylationare gainedvhile low-level
permssive epigenetic marks of the naive T cell state ar&Ydst mice, decreases in DNAmM
have been observed in lineaggecific genes during commitment to Thi2-4), Th1 (118r1 and
Ifng), and Tregfoxp3d pathways’®1’S. The importance of epigeneticarks atthese. CRsfor Th
cell functionis shownby theaberrant cytokine gene expressinh cellstreated with inhibites
of DNAm andof histone deacetylatidff'8! Although the majority of thesstudies were done in
mice, the Th cytokineCRs are conserved across mammalian genpties similar epigenetic
processesikely alsooccurwith human Th cell differentiatian

Another role of epigenetics in hematopoietic cell function th@&establishment and
maintenance of trained immunitiyor exampleafter nfection with cytomegalovirusnurineNK
cellsbecome esidentanddisplayrapid expansion, degranulation, and cytokine release upon
reinfectiort®2. These primed NK cells cadsoself-renew,maintaining theiimmurological
training for several months after the initial iofien'®. Since epigenetic marks allawfection
induced gene regulation changedéostably inherited to subsequent cell generations without the
need for reinfectionthey are thought to be a key component of traimadunity. This is
suppoted by sudies of histone mark changesmacrophagewith trained immunitywhich
identifiedde novoenhancershat develop afteinfection and likelyallow for faster
transcriptional responses to subsequent activV&fidit

Direct connections between epigenetic marks and trained immunity have been shown in
monocytesBCG vaccination in humans was foundrniduce a variety of expression changes in
monocytes that persed for over 3 months after vaccination, including increasefhce

expression of divation markers CD11b and TLR& well alevatedproduction of pre
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inflammatory cytokines TNF and 4li in response to a variety of bacterial and fungal
pathogent®. This monocyte primingccurred alongsidsignificantly increaseéi3K4
trimethylationin the promoters 6f N FalddIL68. Treatment with a histormaethyltransferase
inhibitor preventedBCG-induced trainingsuggesting that these histone modifications are key
for maintenance of innate immunological trairlfig

Studies on the epigenetic influence of immune cell activatwe fiocused mostly on
histone modifications, sind@NAmM changesre not typically thought of as rapidowever, a
recent study evaluatingNAm in dendritic cellfound active demethylation updu.
tuberculosisnfection'®’. Moreover a significant proportion of these DNAm changesrlapped
with infectioninduced changes in chromatin state, includmagsitions from heterochromatio
de noveenhancer$’. These findings suggest thaith histone marks anBNAm reflect

functional immune changes caused by infection

1.5.4 DNA methylation and gestational age

As the fetus develops, many distinct tissues and organtogenihin a short time
frame. DNAmM changes associated WA have been igntified that reflect both the histological
changes associated with tissue development as well as epigenetic dwgesgwith cell
maturatiofl. This means that DNAm measuremeintsn a fetus or neonate ardéluenced by
GA. Indeed, CpG sites that show &fpecific DNAmpatterns have been identified in several
genomewide methylome studies of cord blood and of placerdali#®®1%, PTB-associated
methylationhasalso ben identified incord blood;some ofthese findings werassociated with

GA, and othersvereindependent of 1£%192,
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1.5.5 Array-based measurements ddNA methylation

A widely-used method of measuring genemiele DNAm is the lllumina Infinium
HumanMethylation450 BeadChip (450K array), which interrogates over 485{@06 28
million CpG sites in the genomehis array uses lllumiasingle nucleotide polymorphism
(SNP)genotyping on DNAreated withsodium bisulphitewhichconvertsunmethylated
cytosinedgnto thymines but leaves methylategtosines unchange@he450K arrayis a popular
tool for epigenetic studies becauspribvides a globk albeit lowcoverage, perspective of the
methylome while beingetatively inexpensivén comparison to largecale sequencing methods.
It alsooffers good reproducibility, withetc h ni ¢ al r e pdvalue eotretatsonsoh owi ng D
0.992 within the 450K array and 0.95 wiitvalues measured by whole genome bisulphite
sequencinf> Al t hough tchveragé ménEmeside ritasgobrardom: itwas
designed with particular focus éteference Sequence (RefSeq) genes (National Center for
Biotechnology InformationBethesda, MD, USAand CpG islandf which it represents 99%
and96% respectively. ere is also considerable representatb8pG shores (92%), which

flank CGls, and CpG shelvé88%), whichextend beyon@pG shores®.

1.5.5.1 Considerations for 450K array studies

As the 450K array increadén popularity, important findings otine biology ofDNAmM
as well aghetechnology itselhighlighted the importance careful study design imicroarray
studies. Sex, ethnicity, genetic variability, and age (including GA) have associated DNAmM
patterns, and thus have been identified as confounding variallENAmM studie¥&1%,

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 eactypelhas its own epigenetic signature, the
proportion of different cells influences ovB@NAmM measued in wholetissué®,

Ways to work around thesonfounding variables includeatching samples by these
variabks,including them as covariatésiring data analysigr, in the case of cell composition,
by correctig for variabilityusing deconvolution algorithms. The latter approach has become
very popular in studies of adult blood, and refereinee methodfiavebeen developethat
could, in theory, be used on any tissue p€&’.

There are also technical variables to consider when implementing a study using the 450K
array (Figurel.4). The 450K array targets CpG sites withtikelong probes adhered to beads,
which are randomly arranged on the array. The array contains two different probe types, with
two different chemistries. Type | probes,wth come from the 450K array
paired methylated and unmethylated probes, for which the presence of a fluorescent signal (but
not its colour) indicates methylation. Type Il probes, wiiakiea chemistry developed for the
450K array, havenly a single probe, where methylation is inferred from the green signal and
lack of methylations inferred from the red sigrt&t1%81% Not only do these probes diffi
signal interpretation, but they also leaviological differences, wittype | probesble to cover
more CpGdense regions than typ®8. A variety ofnormalization methodsave been
developedo accountdr theg probe type differences; howevtirere is no consenswn which
normalization methotb use, nor any set 8 on how to evaluatiata processing methdd%2°2

After the 450K arrayo6s r el eas eprobeswithe penden
design flaws such as SNPs at the targeted CpGosiietendency tarosshybridize toother

regions of the genom&. At these poorlydesigned probe§NAmM measurements may be
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influenced by the subjectds genotype or by
respectively. The conservatia@alyticapproach is to filter these probes from the dataset

The 450K aray 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 sanfalesan be analyzed in one
A kt ac of the 450K array is ninetgix. This protocol introducgethreetechnical variables: batch
chip, and positio (referring to which of the twelve spots on the chip the sample is loaded onto)
(Figurel.4). Computational methogdscluding surrogate variable analysis (SVA) and ComBat,
have been developed to adjust for this technical variability in existing’tiZfaHowever,
recent findings have shown that using batorrection methods can introduce fgiesitives into
DNAm data, resulting in overestimation of the effect of intéP&&t” Ultimately, the best way to
eliminate batch effects is careful cheration 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 lllumina 450K array.(A) The 450K array has two distinct probe

chemistries that target different regions of the genome and have differentategn of fluorescent signals.

Adapted from Bibikova, 202%3. (B) Batch, chip, and position atechnical variables in 450K array studies.
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1.6 Research bjectives
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
functionwill be evaluated by investigating how these DNAm profiles differ both between cell
types and across GA. | hypothesize thanges in DNAnmobserved across GiA cord bloodare
due toa combination of1) cell-specific DNAmM and progressive changes in cethposition
and (2) epigenetic maturation within cell populatiddy thesis has three main objectives:
1. To evaluate the impact of nRBCs on standard fluoreseacioeated cell sorting (FACS)
techniquedo isolate WBCs from cord blogpdndto 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 populatios (granulocytes, monocytes, CD4 and CDé&ells B cells, and
NK cells) isolated from termard blood.
3. Develop a celbspecific 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: NucleatedRed Blood Gall Contamination during Fluorescence
Activated Cell Sorting ImpactsEpigenetic andGene ExpressionAnalyses of

Cord Blood Cells®

2.1 Background

With the increased accessibility of high throughput technologies for epigenetic and gene
expression studies, genowide approaches have gained popularity in ssidfdhematopoietic
cell lineage relationship$?2°%-2°° However, although genonvéide profiling of isolated blood
cells can provide a large amount of informatidata interpretation is notoriousdjfficult in
mixed cell populationt§4210211 To address this issue, studies beperformedeither on
homogeneous cell populatigrs on mixed cell samplesith deconvolution algorithmapplied
to correct for differences in cell compositldh'®’ One concern with the former approach in
blood is thaRBCshawe been shan to engage in functional heterotofmnteractions with other
hematopoietic celf§°3°6212 |f not formally excluded using lineage markers, these interactions
could impact whole genome studies of hematopoietic cells sortEAG$, particularly in cord
blood which has a notable grartion of NRBCs

The proportion of nRBCs in cord blood varies considerabtwbe individuals.
Typically these cells represent only a few percent of the total nucleated cell count; hoegver
can comprise up to 50% of all nucleated cells in some chronic hymakiemierelated

pregnancy situatiods®. 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., RazzaghiaRrigeRE.M., Jones, M.J.,

Kobor, M.S., Robinson, W.P., and Lavoie, P.M. (20lbxleated red blood cells impact DNA methylation and
expression analyses of cord blood hematopoietic cells. Clinical Epigenetics. 7(1): 95. This article is distributed
under he 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 hematigtic cell populatior’d®. Depending on their
proportion, the presence of nRBGzuld complicatdoth epigenetic and gene expression
studies

Under norpathological conditions, DNAmM showgseatbiological differencesvith tissue
and cell type. @stering of adult blood cells based on their DNAm profiles is consistent with the
classical model of hematopoietic lineage relationsfig¥ 197 However, our initial analysis of
genomewide DNAm in cord blood cell populations isolated by FACS suggested significant
crosscontamination between cell types. We observed low incid&f8€ heterotopic
interactions with nRBCthatwere undetectelly traditional singlet FACS gatingue to the
small size of nRBCsTo obtain pure WBC populations/e developed and implemented a
stringentsortingprotocolthat excludegrythroidspecific surface markers. The DNAm profiles
of cell populations obtainedylour stringent FACS method were usBdo evaluate the impact
of NRBC contamination on the DNAm profile§ T cellsand monocytes; and &) identify
nRBC-distinct DNAmM markers tdetect erythroiccontamination igenomewide DNAmM

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
Chil drends and Womends ReseaHWb268HanthH0d s Boar d
70488). Written, informed parental consent to pgéte was obtained. Individual patient data is

not reported.
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Cord blood was collectedom termneonate$38-40 weeks GAjlelivered by elective
caesarean section in absence of ehtebf@8 at t he
(VancouverBC, Canada)B cells, T cells, monocytes, NK cellachnRBCs were purified by
FACSas described iAppendixSectionA.1. Two sorting protocols wereompared, which are
referred t o aadi st e prndtpedh.d mestrangedt tethod includeslditional
negative gating steps, mainly for erythroid lineagpecific cell surface protein markdf&gure
2.1, Supplementary Tablg.1).

For DNAm studies, cells were sorted from a total of 12 subgectiescribed iAppendix
Section A.1 Whole (CD3+) T cells, monocytes, and nRBCs were collected from 5 individuals
by the standard sorting methd®icells, CDAT cells, CD8T cells, granulocytes, monocytes, NK
cells, and nRBCawvere collectedrom 7 individualsby the stringent sorting method.
Granulocytes were collected by hypotonic lysis as describAgpendixSection A.1For
genomewide gene expression analysis, naive CD4 T cells were sorted from 12 additional
subjectsNaiveT cells were sorted according to the following parameters: CD3AHCID25

/CD45RG/CCR7+ for the standard protocplus CD235 for the stringent protocol.
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Figure 2.1 Schematicrepresentation ofcell sorting strategies(A) The standard cell sorting strategy used to
purify whole (CD3+) T cells, nRBCs, and monocyl®sFACS.(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 genomewide expression profiling

Total RNA was extraetd 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, Canaddjeirquantitiesveremeasured with a NanoDrop
spectrophotometer (Thermo Fish&ieitific, DE, USA) and sample integrity was evaluated
using Agilent RNA 6000 Nano kit and Agilent 2100 Bioanalyzer (Agilent, CA, USAERNA
samples weréhenhybridized to the lllumingCA, USA)HumanHT12_v4 BeadChip array
foll owi ng matocol$ Ehe resulting daia sereptransferred to GenomeStudio
(lllumina), then further processed and normediasing the lumi packag¥in R softwaré?®,
Any gene probes with signaltensity <100 wereansidered background expressamd
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 ea gene in T cells collected by the stringent sorting strategy.

2.2.3 lllumina Infinium HumanMethylation450 BeadChip

DNA was extracted fronsolated cell populations using standard protocols and purified
with the DNeasy Blood and Tissue kit (QiagdDINA was bsulphiteconverted using the EZ
DNA Methylation Kit (Zymo Research, CA, USA) befamplification anchybridizationto the
450K array(lllumina)f ol | owi ng meotoaols 4b@Karayckips dvere spanned with
a HiScan readetliumina).

Rawintensily datawerebackground normalized in GenomeStudio (lllumina). Quality
control was performed using the 835 control probes included in the array. The intensity data

were then exported from Geno8tedio and converted into M values using the lumi
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packagéin R softwaré®. Sample identity and quality weevaluated and probe filtering was
performed as described Appendix Section A 1toidentify and remove one NK cell sample as
an outlie andproduce a final dataset of 440,315 CpG siBaskground intensity ancead-green
color bias wereorrected for using the lumi packagend the data were normaliziegsubset

within-array quantile normalizatigft.

2.2.4 DNA methylation data analysis

Since the stringent FACS strategy was designed based on resultbéretandard FACS
strategysample collection and 450K array runs these two protocols were done separately. To
avoidconfounding bybatch effectsDNAmM analysesverealsoperformed separately for the data
from each FACS protocoMy analytic approach was to compare tgtles sorted by the same
FACS protocol to eacbther, andhento evaluate whethex given celtyped s epi genet i c
relationship withthe other celltypes changed between FACS methdsig.making comparisons
between cell populations derived from the same set of individuals, | reduced DNAm differences
that can arise due to genetic effects.

For the standard sorting method, DNAm data wesglavlefor nRBCs, monocytes, and
T cells from 5 individuals at 440,315 sites after-precessing. Unsupervised Euclidean
clustering of the samples based on DNAmMm b val
step.Differential DNAm between each bl cell pairingwas tested by linear modeling through
the R package limm#. SVA usingthe R package s was performed taccountor
unwanted vaability in the linear modeng. Surrogate variab$gSVs)were used as covariates in
the model, with cell type as the main effect. Resulpivglues were adjusted for multiple

comparisons by the Benjamini & Hochbé&rfalse discovery ratéFDR) method and
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statistically significant sitewere limitedto those that passed an FDR <5%-&Wrected data
was used for DNAnrbased filtering of the statistically significant sites. At each site, a between
group difference in DNA( qpb ) wa s bysabitracting rmeareDINAmM for one cell type
from the other. Differentially methylated (DM) sites were considered as those having both an
FDR <5% ando f>0.20.

For the stringent sorting method, DNAm data were available for B cells,TGiadls,
CDS8T cells granulocytes, monocytes, NK cellsid nRBCs from 7 individuals at 440,315 CpG
sites after prgorocessing. To analyze the data in a comparable way to the standard FACS
protocol, only CD4 T cells, monocytes, and nRBCs were considEnedDNAm profiles of
these cell populations were analyzed as described for the standard sorting protocol

To identify DNAmM markers specific to nRBCs, data frira stringent sorting method for
all 7 cell typesnvereused. DM sites between nRBCs aneéry other cell type wereatected by
linear modeling with nRBCs as the refereced# type and SVs included as covariates
Significantly DM sites were defined as those with a FDR <5% dquipa0.50. Finally, to
evaluate the relationship between nRBC proportion in whole cord bloadd@NAmM of nRBCs,
the S\tcorrected 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 @fewd no covarigs

2.3 Results anddiscussion
2.3.1 Heterotopic cell interactions impact genomevide signatures of hematopoietic cells
Heterotopic celinteractions ara welkknown occurrencéhat may confound cell

specific studiesTo avoid this problem, cell doublets are gaiig excludedduring FACSby
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employing forward/side scatt@ridth singlet gatingsDespite applying thestandardriteria,

we observed small proportions of double positive evenexpoessing both T cel{CD3) and

erythroid (CD235) specific lineage ankers 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 Eigure2.2A). Examination of these sortedents under lighthicroscopy
confirmedthatthey wereT celllRBC doubletsTo a lesser extent, waso detected events

positive for expression of bo#rythroid (CD235) and monocyte (CD14) or B cell (CD19)

markers (not shownThese findings indicate that heterotopic RBSNVBC doubles can be

undetected by FACS using conventional singlet gating
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We assessed the impact of these rare heterotopictBBYBC interactions on genome

wide DNAmM and gene expression analyses of hematopoietic cord blood cells. First, DNAmM data
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from T cells, monoces, and nRBCs sorted without formal exclusion for an erythroid cell

lineage marker were evaluated. Unsupervised Euclidean clustering efhwdeadNAmM showed
unexpected clustering of nRBCs with T cells, and monocytes as the most epigenetically distinct
population Figure2.2B). When these cell populations were compared to identify differentially
methylated (DM) sitesHFDR< 5 %, | pb| >0.20), nRBCs wversus T c
than either nRBCs versus monocytes §52) or T cells versus monocytes (18,7@8yure

2.2C). Even at their largeshagnitude DM site:)RBCs sorted by the standaFACS strategy

often displayed DNAm values intermediate to EN¢Am of monocytes and T cell§igure

2.2D). This is unusualsince exemplacell-specificDM sites ardypically either fully methylated

(b >0.80) ob &0 mthOnparisarcebsdxhiljit opposing levels of

DNAm®4218 Next, wholegenome expression data were compared between naive CD4 T cells
sorted by the standard FACS method anden@®B4 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 protdégjure2.3). Finally, we examing

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 dat&spfdgmentaryFigure Al).
However, increased hemoglobin gene expression was not observed in hematopoietic cells
collected from adulblood. Togetherthese DNAmM and gene expression findings suggest that
heterotopic celinteractionsthougha rare occurrers; cansignificantly impacigenomewide

molecular signaturesf cordblood hematopoieticells from cord blood
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Figure 2.3 Genomewide transcriptomic profiles of naive CD4 T cells sorted by either the statard or
stringent FACS strategy.Log2(expression) of 20,876 gene probes in naive CD4 T cells sorted by either a standard

(no erythroid exclusion) or stringent (exclusion of erythwgjibcific surface markers) FACS strategy.

2.3.2 Revised DNAmethylation profiles of hematopoietic cells obtained by a more
stringent cell sorting strategy

When employing a stringent sorting strategy that formally excludes RBCs, the DNAmM
relationships between cord blood T cells, monocytes and nRBCs were more consistent with
previous lematopoietic lineage studies' ’4219220ynsupervised Euclidean clustering by asray
wide DNAm showed that nRBCs were epigeneticallgetdo 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 ahgsis (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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compaed to standard sorting (Figure 2.2C). CD4 T cells and nRBCs sorted by the stringent
protocol showed a greater number of -sglécific DM sites than whole (CD3+) T cells and
NRBCs sorted by the standard protocol (Table 2.1). In contrast, monocytes gdiedtringent
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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indicate different cord blood donors. (R)u mber of | arge magnitude DM sites (FD
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protocols for (C) T cells, (D) monocytes, and (E) nRBCs.

Top DM sites for each cell type (FDR <5%,
two sorting protools. For T cells, the majority of DM sites (>98%) discovered by the standard

method overlapped with the DM sites identifiedtbg stringent protocoFgure2.4C). A
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notable percentage (47%) of monocii® sites found by the stalard protocol were also
discovered byhe stringent protocoFigure 2.4D. For nRBCs, the DM sites identified by the
two protocols showed the least overlap (36%), withsthiegent protocol identifying far more
NRBGC-DM sites than the standard protoc®)982 versus 2,33&Figure 2.48. Of the 8,982
stringenhRBCG-DM sites six were located ithe hemaglobin genes we found to be highly
expressed in cord bloaBCssorted by a standard protogahd thus presumed to be
contaminated with RBggFigure2.3; Supplementariyrable A2). These genes were also
reported asighly expressed in publicly available datasets of cord blood WBCs, indicating
widespread erythroid contaminaticBupplementaryigure A1). 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 dfdése CpG sites are located in either the body of the
associatethemoglobingene or within 300 bases upstream of its transcriptistaal site and

may be associated with erythresgecific gene expression.
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Table 2.1 Number of cellspecific DM CpG sites (FDR <5%) following the standard and stringent FACS

strategies

o nRBCs Monocytes T cells
Minimum ) : :
P b Standard Stringent Standard Stringent  Standard Stringent

FACS FACS FACS FACS FACS 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 morscywhole (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 nRBOM sites, 12,014 CD4 T ceDM sites, and 5,940
monocyteDM sites).Thus | used these sites to confirm heterotopic cell interactions in the
standard protocol. The distribut®af DNAm values for each cell tygay-protocol combinabn
show a defined shift inRBC DNAmM between sorting methodBi§ure2.5). When sorted by the
standard method, nRBC DNAmM was more similar to the DNAm patterns of T cells. The
exclusion of other hematopoietic lineages in the génirh sorting of nRBCs dramatically
decreased nRBC DNAmM, suggesting a cleaner population of thesdrcetiatrast, the impact

of sorting protocol on DNAm profiles of monocytes and T cells was modest.
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Figure 2.5 DNAm changeswith FACS strategyin nRBCs, T cells and monocytes at their top DM sitegA) 8,982 nRBCDM sites. (B) 12,014 CD4 T cell

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