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Abstract 

It has been proposed that the in utero environment along with the genetic susceptibility 

for atopy might influence the risk of allergic disorders in infants. Two key features that are most 

related with allergic disease are eosinophilia and a heightened T helper cell 2 (Th2) cytokine 

profile. The differentiation and accumulation of eosinophils and their progenitors are associated 

with the pathogenesis of these disorders. Eosinophils arise from CD34+ progenitors in the bone 

marrow and peripheral tissues. Two important molecules related to eosinophilopoiesis are GATA1 

and major basic protein (MBP). GATA1 is an essential eosinophil transcription factor and MBP 

is a cataionic protein found in the granule of mature eosinophils. MBP is coded by the PRG2 

gene. The time course of eosinophilopoiesis upon IL-5 stimulation in umbilical cord blood 

CD34+ progenitor cells from infants with and without risk of atopy has not yet been adequately 

examined. Additionally, knowledge of the potential differences in cytokine profiles during 

eosinophilopoiesis between children at high and low atopic risk is lacking.  

This thesis studied cord blood non-adherent mononuclear cells (NAMNCs) as surrogates 

of the CD34+ progenitor population in order to examine various predictive biomarkers of future 

allergic disease. First, differences in gene expression patterns of GATA1 and PRG2 during IL-5 

induced eosinophilopoiesis were established. In addition, cell population changes were 

determined. Specifically, the percentage of CD34+, IL-5Rα+, CD4+ and CCR3+ cells were 

measured through flow cytometry in NAMNCs following IL-5 stimulation for 72 hours. Finally, 

cytokine profiles of the NAMNC supernatants were determined.  

This study found no significant differences in the patterns of gene expression of GATA1 

and PRG2 as well as cell population changes in NAMNCs from infants born to atopic versus non-

atopic mothers. Levels of IL-2,IL-4,IL-6,IL-7,IL-8,IL-10,IL-12,GM-CSF,TNF-α and IFN-γ were 

significantly up-regulated over time but only the levels of IL-2 and IFN-γ at 48 and 72 hours were 

significantly different between the atopic and non-atopic samples. 
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This research describes features of progenitor cell differentiation and cytokine profiles 

that could be used as putative biomarkers of atopy as early as birth. 
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Chapter 1 

Introduction 

Atopy is described as the predisposition to mount pro-inflammatory responses to 

otherwise harmless molecules usually proteins, referred to as allergens (1–3). Established signs of 

this condition include exaggerated immunoglobulin E (IgE) production and the heightened 

presence of specific effector cells such as eosinophils (1,2). The prevalence of allergic disorders 

in Europe and North America has been steadily increasing over the last 50 years (4–6). Many 

researchers consider atopy to be the primary determinant of allergic diseases such as asthma, 

eczema, food allergies and allergic rhinitis (2,7–10). The atopic state can potentially further lead 

to a process known as the “atopic march” which is defined as the tendency for allergic individuals 

to develop atopic dermatitis, followed by food allergy, and ultimately progressing to asthma 

and/or allergic rhinitis (2,7,11).  

The two major theories that attempt to explain the dramatic increased prevalence of 

allergic diseases are referred to as the “Hygiene Hypothesis” and the “Environmental 

Hypothesis”. The Hygiene Hypothesis proposes that infections in early childhood might protect 

against future atopic disorders in children (9,12). Alternatively, the Environmental Hypothesis 

suggests that both maternal exposure during pregnancy and early newborn exposure to allergens, 

pollutants and/or contaminants play a role in the development of atopy (3,13).  

Not surprisingly, atopic disorders are classified as complex immune diseases; hence a 

variety of genetic and environmental risk factors can affect their development and manifestation 

(12,14). Among the risk factors identified are parental smoking (maternal in particular), allergen 

and infection exposure, frequent antibiotic use, birth order, and maternal diet (12,15–18). 

Multiple studies have shown that the genetic risk of developing an allergic disorder primarily 
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relates to the atopic status of the mother (19,20).  However, genetics alone cannot explain the 

increased prevalence of allergic disease, nor predict which individuals will be affected. 

The association of maternal atopic status with the future development of childhood 

allergies indicates that the maternal-fetal interactions may have a powerful influence over the 

developing immune system of the fetus and hence promote atopy in the newborn. Infants born to 

atopic mothers have high circulating levels of IgE antibodies and inflammatory cells such as 

eosinophils and mast cells, indicating a heightened susceptibility to develop allergic diseases (21–

23). It has been hypothesized that the allergic phenotype begins to emerge in utero (17,24–26). 

Thus, studying umbilical cord blood provides a unique, non-invasive platform that allows for the 

examination of the maternal and fetal environments. 

Atopy is characterized by an overproduction of T helper cell 2 (Th2) induced cytokines 

such as Interleukin (IL)- 4, IL-5 and IL-13 and a deficiency of the Th1- induced Interferon (IFN)-

γ, IL-2 and IL-12 (14,27,28). During pregnancy, there is a heightened presence of Th2 cytokines 

thought to minimize the T helper cell 1 (Th1) immune response, which is potentially damaging to 

the fetus and may be responsible for fetal rejection (29). Once the child is born, the heightened 

Th2 profile in newborns shifts towards a Th1 response (30–32). However, infants who later 

develop allergic diseases display a deficiency and/or lack of progression towards a balance 

between the Th1 and Th2 profiles (31–33).  

The increased levels of Th2 cytokines could potentially lead to the upregulated 

recruitment and activation of circulating eosinophil-committed progenitors and mature 

eosinophils in atopic individuals (34–36). Eosinophils are multifunctional leukocytes that develop 

from CD34+ hematopoietic stem cells (HSCs) in the bone marrow through the effects of IL-3, IL-

5, and granulocyte macrophage colony-stimulating factor (GM-CSF) (37,38). In recent years it 

has been proposed that the maturation and accumulation of eosinophils and their progenitors is 

associated with the pathogenesis of allergic diseases (39–41). In addition, studies have shown that 
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CD34+ HSCs in infants born to atopic mothers are decreased in numbers and phenotypically 

different than HSCs in infants at low atopic risk (42–44).  Non-adherent mononuclear cells 

(NAMNCs) are a special subset of umbilical cord blood cells that have been demonstrated to be 

reflective of the CD34+ population (45). The phenotype of hematopoietic eosinophil-committed 

progenitors, and cytokine profiles in umbilical cord blood NAMNCs could be examined as 

potential predictors of the development of atopic disorders in infants at high risk of atopy. 

Potential targets of interest in examining HSC phenotype differences include GATA 

binding protein 1 (GATA1), an essential transcription factor specific to the eosinophil lineage 

commitment. GATA1 has been shown to be necessary for eosinophil development as loss of 

eosinophil lineage occurred in both mice with the GATA1 gene knock-out, and in mice with 

GATA1 promoter site deletion (46–48). Another biomarker of interest is Major Basic Protein 

(MBP), which is a highly cationic protein found in the granules of mature eosinophils (49,50). 

Eosinophils act as effector cells by secreting, through exocytosis, a range of toxic granule 

proteins such as MBP, eosinophil catatonic protein (ECP), and eosinophil peroxidase (EPO) 

(10,13). These three molecules are harmful to heart, brain, and bronchial epithelial tissues due to 

their chemical properties (47,49,50). Specifically, the release of MBP alters smooth muscle 

contractions by affecting muscarinic receptors; it also activates the degranulation of mast cells 

and basophils leading to further tissue damage. Moreover, MBP secretion increases vascular 

permeability and mucus production, which in turn effects airway obstruction (50,51). MBP is 

encoded by a gene called PRG2, which could provide an ideal target for expression analysis.  

Other related potential targets of interest include proteins found on the surface of 

eosinophil-committed HSCs. Others have shown that various surface receptor differences can be 

found in the cord blood cells of atopic infants, specifically that these HSCs express less surface 

receptors – rendering them more immature (42–44). Molecules of interest include: CD34, a 

sialylated glycoprotein found on the surface of hematopoietic stem cells (39,41,52,53); 
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Interleukin-5 receptor alpha (IL-5Rα) which binds IL-5, an essential cytokine for the 

development, growth and survival of eosinophils (40,44); the CC-chemokine receptor (CCR3) 

which binds eotaxin, eotaxin-2 and eotaxin-3 with high affinity and is related to eosinophil 

recruitment to sites of inflammation (54); and CD4, a transmembrane glycoprotein found on the 

surface of most thymocytes, helper T cells, and monocytes/macrophages (55).  

An important characteristic of the atopic state is a Th1/Th2 imbalance in which Th2 

cytokine production is heightened. Notably, there is an overproduction of IL-4, IL-5 and IL-13 

and a deficiency of IFN-γ, IL-2 and IL-12 which might be a contributing risk factor in the 

subsequent development of allergic diseases (32,56–59). Therefore, these soluble mediators are 

expected to be expressed at different levels in atopic and non-atopic cord blood samples. Studies 

have shown that variations of cytokine levels have been linked to clinical outcomes (32). 

Cytokine profiling of umbilical cord blood of infants at high and low risk of atopy could provide 

a better understanding of the complex interplay of Th1/Th2 imbalance and immune maturation.  

1.1 Main hypothesis 

Atopic risk is associated with variations in hematopoietic lineage commitment to the eosinophil 

pathway in umbilical cord blood samples. 

1.1.1 Hypothesis 1: Gene expression patterns 

There will be variations in the patterns of gene expression of GATA1 and PRG2 in umbilical cord 

blood samples from infants at high risk versus infants at low risk of atopy. 

This study will examine cord blood non-adherent mononuclear cells (NAMNCs) and the 

comparison of relevant molecular biomarker expression in two groups of infants: Those with low 

genetic risk of atopy whose mothers are non-atopic and those at increased risk of atopy, by virtue 

of being born to atopic mothers. By means of messenger RNA (mRNA) expression pattern 

analysis; this study will focus on the measurement of expression of the GATA1 and PRG2 genes. 

Examining these gene expression patterns will not only enhance our knowledge of 
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eosinophilopoiesis in newborns, but also potentially provide a set of genes capable of predicting 

atopy as early as delivery. Therefore, it is hypothesized that the patterns of gene expression of 

GATA1 and PRG2 will differ between umbilical cord blood samples from infants at high atopic 

risk, as compared to those at low atopic risk. 

1.1.2 Objective 1: Gene expression patterns 

1. Examine the expression of GATA1 and PRG2 following IL-5 stimulation of cord blood 

NAMNCs as surrogates for CD34 positive HSCs, and determine if differences exist 

between samples from newborns with and without attributable risk of atopy. In order to 

examine this objective, the following sub-objectives were identified : 

a. Optimize RNA extraction, reverse transcription and qPCR mixes for the qPCR 

analysis of eosinophilopoiesis-specific biomarkers. 

b. Evaluate GATA1, PRG2 and HPRT1 (reference gene) primer pairs. 

c. Measure gene expression of GATA1 and PRG2 in umbilical cord blood samples 

from infants born to atopic and non-atopic mothers. 

1.1.3 Hypothesis 2: Surface receptor expression hypothesis 

Differences exist in the expression of CD34, IL-5Rα, CD4 and CCR3 on the surface cells during 

the induction of eosinophilopoiesis in cord blood NAMNCs of children born to atopic mothers 

versus infants born to non-atopic mothers. 

Studies have shown that there are intrinsic differences in the cord blood HSCs of children 

at high genetic risk of atopy (39,42,43). In particular, it has been revealed that these 

dissimilarities relate to the surface expression of relevant hematopoietic growth factor receptors, 

such as IL-3R, IL-5R and GM-CSFRα (42,43). Together these findings show an association 

between the genetic risk for atopy and a distinct progenitor phenotype and support the theory that 

allergic phenotypes may begin to manifest during the prenatal period. Indeed, it is important to 

continue to examine these alterations by extending the inflammatory receptor repertoire. 



 

6 

 

Therefore, we will examine the surface expression differences in umbilical cord blood NAMNCs 

between children born to atopic and non-atopic mothers. It is hypothesized that CD34+, IL-5Rα+, 

CD4+ and CCR3+  cells will differ between cord blood from high risk infants versus low risk 

infants. The time course of changes in these cell surface markers between 0 and 72 hours post-IL-

5 stimulation will also be examined.  

1.1.4 Objective 2: Surface receptor expression hypothesis 

2. Measure the expression of CD34, IL-5R, CD4, and CCR3 receptors on the surface of 

umbilical cord blood NAMNCs. 

1.1.5 Hypothesis 3: Cytokine hypothesis 

Cord blood NAMNCs of children with attributable atopic risk will exhibit differing levels of Th2 

cytokines, Th1 and regulatory cytokines when compared to those of lower atopic risk. 

It is thought that children born to atopic mothers who have a higher risk of developing 

atopic disorders display altered cord blood cytokine levels. It is thought that an imbalance in the 

Th1/Th2 equilibrium causes a heightened Th2 response in children with atopic risk. This shift to a 

Th2 milieu has been suggested to result from the heightened IgE antibody levels observed in 

allergic mothers (30,32,56,60–62). There is a complex interplay of Th1/Th2 responses between 

the immune maturation and the development of allergic disorders. The actual mechanisms that 

influence atopic risk in infants are still not fully understood. As such, it is important to establish 

cord blood cytokine profiles that provide insight into the immunological development leading to 

the skewed immune responses observed in atopic infants. In addition, this study might shed a 

light on the relationship between maternal history of atopy and the umbilical cord blood cytokine 

responses. It is hypothesized that the Th1, Th2 and regulatory cytokine levels in cord blood 

samples of infants at high atopic risk will be distinct from low risk samples.  
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1.1.6 Objective 3: Cytokine hypothesis 

3. Determine and measure cytokine level differences in the supernatant of NAMNCs during 

the IL-5 induced eosinophilopoiesis between infants with high atopic risk versus infants 

with low atopic risk. 

 

Examining these putative biomarkers will not only provide evidence of basic mechanisms 

of allergic disease but also provide predictive measures for detecting atopy as early as delivery. 

Specifically, the study discussed herein will provide new knowledge regarding the intrinsic 

differences of eosinophil-committed progenitors and cytokine environments in cord blood of 

newborns with an attributable risk of atopy. Therefore, we ultimately aim to examine a 

combination of gene expression, receptor expression, and cytokine profile analysis as a part of a 

potential predictive biomarker panel. 
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Chapter 2 

Literature Review 

2.1 Atopy 

Atopy is the predisposition to develop pro-inflammatory responses to harmless allergens 

(1–3). This predisposition is thought to be causative of allergic diseases such as atopic dermatitis, 

food and environmental allergies, and asthma (7,8). The prevalence of these atopic diseases has 

been increasing in developing countries, reaching epidemic proportions  (5,6).  

The progression of atopic diseases begins with the manifestation of eczema or atopic 

dermatitis (AD) (63). The “atopic march” progresses to food allergies and can ultimately lead to 

asthma and/ or atopic rhinitis (7,8,11). The development of AD has been found to be a risk factor 

for the development of asthma later in life. It has been found that 40% of children with eczema 

ultimately progress to asthma and/or rhinoconjuntivitis (63). In addition, the presence of allergic 

rhinitis is a risk factor for the development of asthma in the first 3 years of life (3).  

2.2 Causative hypotheses 

One possible explanation for the rising number of people affected by allergic diseases is 

“the hygiene hypothesis”. The hygiene hypothesis was proposed by Strachan to explain 

differences in trends of allergic disease development among Western populations (9). According 

to the hygiene hypothesis, individuals living in conditions of improved hygiene have less 

exposure to infections and are thus more susceptible to future hypersensitivity to common 

allergens (12,19). It is known that pregnancy leads to an overall T helper cell 2 (Th2) skewed 

environment which helps to prevent fetal rejection. Therefore, newborns display a heightened 

Th2 profile, leading to a shift towards a T helper cell 1 (Th1) response as part of the immune 

maturation process (30,57). It has been proposed that the reduced exposure to childhood 

infections leads to a deficiency of this Th1 shift, allowing for the prevalence of a Th2 pro-
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inflammatory response (27,28,64). Th2 effector cells promote allergic reactions and upregulate 

the production of cytokines such as IL-4, -5, -9, and IL-13, which cause the subsequent 

stimulation of  eosinophils, and mast cells as well as the production of IgE antibodies (1,18,28).  

Another theory, known as the “environmental hypothesis” has also been introduced to 

attempt to explain the sudden rise of allergic diseases. This hypothesis suggests that maternal 

exposure and very early exposure to allergens play an important role in the development of atopy 

(3,13). Recently, it has been proposed that the allergic phenotype emerges in the prenatal period 

due to maternal in utero influences (18,20,26,65–67).  

These hypotheses ultimately highlight the complexity of the allergic paradigm and the 

importance of exposures early in life to induce a Th1 shift, which antagonizes the natural 

tendency to maintain pregnancy-induced Th2 responses. 

2.3 Important risk factors in the development of atopy 

There are many risk factors currently identified in the development of atopic diseases in 

infants. van Gool et al demonstrated an inverse relationship between the development of atopic 

dermatitis and the number of siblings in the family (19). It was argued that this effect may be due 

to the greater chances an infant in a large family has of contracting infections from older siblings, 

in larger families and this could play an important role in the protection against atopic diseases 

later in life. Moreover, this study showed a reduction in cord blood IgE levels with increasing 

birth order (19). The collective exposure to other siblings and early childhood viral infections 

serves as a protection for the development of allergic rhinitis later in life. In particular, the 

cumulative effect of sibling exposure causes a reduced risk for developing early onset allergic 

rhinitis (9,68). Although it has been proposed that infections contracted from older siblings are 

protective against atopy, the research examining early childhood infections and atopic 

sensitization is conflicting. The timing, severity and the specific microbes responsible may all 

play a role in determining whether the infection will ultimately confer protection. 
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Tobacco smoke exposure, particularly maternal exposure, has been associated with a 

significant increase in airway pathologies in children, including wheezing and asthma (69,70). 

However, it has not yet been established whether the correlation between maternal smoking and 

asthma is due to ante- or post-natal exposure (70). Umbilical cord blood from infants born from 

ex-smoker mothers displayed high levels of pro-inflammatory cytokines that were intermediate 

between those of active smokers and non-smokers, implying that outcomes of maternal smoking 

may not be fully prevented by quitting smoking during pregnancy (57).  

It has also been shown that mothers exposed to antibiotics during pregnancy are more 

likely to have children with allergic symptoms such as eczema, and wheezing (15,71). Moreover, 

ingestion of acetaminophen by expectant mothers has been associated with asthma and/or 

wheezing in the newborn (72,73). It is thought that a combination of maternal alterations in 

antioxidant pathways and acetaminophen exposure may increase the risk of disease development. 

In particular, there is a relationship between acetaminophen and decreased levels of glutathione 

which is an antioxidant molecule. Antigen presenting cell depleted of glutathione produce less IL-

2 following allergen contact thus favoring a Th2 pathway (72). The increase in antibiotic and 

acetaminophen usage and the increasing number of individuals affected by allergic disorders 

suggest an association (71–73). 

Another factor to consider is the prenatal exposure to farming environments and how it 

may confer protection against the development of hypersensitivity (74). It has been shown that 

the specific factors that may offer this protection include farming exposure to mold, high levels of 

pollen and fungi (74). Studies have demonstrated high levels of pollen and microbes including 

Bacillus licheniformis , Acinetobacter lwoffi , and Lactococcuss lactis in farm cowsheds, and that 

these levels particularly peak in the winter time. These long-term exposures of both farmers and 

their children has been proven protective (75). In addition, maternal exposure related to farm 



 

11 

 

environments such as agriculture, pig and poultry farming, and barns have been identified as 

protective against atopic sensitization (25,76).  

It appears that maternal exposure to a microbial rich environments helps to protect 

against the development of atopic disease and leads to the upregulation of receptors of the innate 

immune system, such as the pathogen associated molecular patterns (PAMPS) binding Toll-like 

receptor 2 (TLR-2), TLR-4, and CD14, perhaps causing a heightened Th1 shift (17). In fact, 

umbilical cord blood CD34+ progenitors from high risk infants have significantly decreased 

TLR-2, TLR-4 and TLR-9 expression (20). It has also been shown that chronic and active 

geohelmith infections can serve as protective barriers against positive skin prick tests in school-

age children living in rural endemic areas, thereby supporting the hygiene hypothesis (77).  

Even though some exposure to allergens in utero and early in life might confer protection 

against developing allergic disorders, there is a complex interplay between the time of exposure 

and the actual dose of the allergen (18). For example, infants whose mothers were exposed to 

birch pollen during pregnancy were more likely to themselves be skin test positive to birch (65). 

Furthermore, lifestyle variations also appear to have an effect in the development of 

atopy. Maternal diet has been shown to contribute to the increased risk of atopy (16,64). In a 

study by Denburg et al, 98 pregnant women were given a diet rich with n-3 polyunsaturatted fatty 

acids (PUFAs) which is found in fish oil and has been known to have anti-inflammatory 

properties. It was found that PUFAs had a significant effect in the increase of cord blood CD34+ 

cells found in infants with high atopic risk versus placebo (16).  

Despite the impact that environmental factors have in the development of allergic 

diseases, the best predictors for atopy might be hereditary, particularly as determined by maternal 

atopic status (8,64). Maternal atopy creates a significant risk factor for the development of 

allergies in infants due to the maternal in utero influence on the fetal immune environment 

(20,26,65–67). In fact, the risk of developing future allergies from an atopic mother is 
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approximately four times higher than from an affected father (3). This suggests that in addition to 

the genetic predisposition, exposure of the fetus to a maternal cytokine milieu that is Th2-skewed 

also contributes to the increased risk. A recent study by Herberth et al, compared the Th1/Th2 

cytokine ratio in both mothers and their infants, and showed a Th2 response bias in the infants 

born to atopic mothers (26). 

It is important to take these factors into account when studying a newborn’s medical 

history. If the maternal atopic status is known, then preventive measures such a high 3-n PUFA 

diet or tobacco smoke avoidance could be implemented, thereby reducing the chances of high-

risk infants developing atopic disorders. 

2.4 Umbilical cord blood and the study of atopy 

The mechanisms that influence atopic risk in infants are not fully understood. It is 

thought that the immunological interactions of the mother affect the fetal environment and thus 

the overall immunological programming of the fetus (19,78). There is also consensus that 

maternal irregularities in immune function related to atopy are associated with the future 

development of allergic disorders in infants (8,64,71). The fetal immune response might be 

primed by the in utero environment, and cytokines from the mother may have a positive or 

negative impact on the immune system of the infant (56). Furthermore, cord blood mononuclear 

cells from both infants born to atopic and those born to non-atopic parents display allergen-

specific cytokine responses implying that in utero allergen priming can also occur independently 

of the mother’s atopic status (79). Therefore, examining umbilical cord blood provides a unique 

platform for studying the combined maternal and fetal environments in a non-invasive manner 

(11,43).  

As mentioned above, during pregnancy the overall fetal-maternal immune response is 

characterized by high levels of Th2 cytokines in order to veer the maternal immune response 

away from a damaging Th1 response. Normally, there is a shift “back” towards balance between 
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Th1 and Th2 responses in the infant after birth (30,31). During vaginal birth, the newborns pass 

through the birth canal and ingest maternal flora and thus initiate the commensal colonization. In 

addition, introduction to breastfeeding to the newborn increases the chances of exposure to 

indigenous and non-pathogenic microbes which can increase the Th1 switch (30,31,80).  

Various studies support the idea that maternal exposure to allergens affects the in utero 

fetal environment through maternal effector cells secreting antibodies and even crossing the 

placental barrier (19,28,65). Some researchers have demonstrated that fetal IgE antibody 

production can be detected as early as 8 weeks of gestation (24,65). Antigen presenting cells can 

also be introduced to the fetus during pregnancy. A study by Prescott et al found that cord blood 

mononuclear cells were able to proliferate in response to food and inhalant allergens, supporting 

the theory that fetal T cell priming can occur in the pre-natal period (81).  

Additionally, cord blood from infants with high atopic risk showed reduced capacity of 

regulatory T cells (Treg) function when compared to infants with no atopic risk (28). Mothers and 

children that display high numbers of circulating Tregs showed reduced total IgE concentrations 

(56). Therefore, it is also thought that atopic mothers may have reduced levels of circulating Treg 

cells, whose function in vitro is to reduce the production of Th2 cytokines, such as IL-5, and IL-

13 (30,56). It appears that these cells may function similarly in vivo, thereby indirectly inhibiting 

the production of IgE antibodies (56).  

Cord blood mononuclear cells cultured in vitro can become active and proliferate 

following allergen stimulation, indicating that these cord blood cells are already primed to react 

to those specific allergens (65). Specifically, Gabrielsson et al found that cord blood mononuclear 

cells from children with family history of atopy displayed a Th2 cytokine bias when stimulated 

with environmental and food allergens (79). It has been shown that infants born to atopic versus 

non-atopic mothers differ in their immune responses due to the differences in pro-inflammatory 
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molecule levels (28,43,65). It is expected that by examining cord blood response to various 

stimuli one would detect variations between atopic and non-atopic individuals (16). 

2.5 Hematopoietic stem cell differentiation 

In order to further understand allergic reactions in atopic individuals, it is necessary to 

explore their origin and differentiation. HSCs have been defined as self-renewing, pluripotent 

cells of the immune system. Depending on their function, HSCs have been divided into long-term 

reconstituting HSCs and short-term reconstituting HSCs. The short-term reconstituting HSCs 

subsequently differentiate into the common myeloid progenitor (CMP) or the common lymphoid 

progenitor (CLP) (82,83). The CMP can then differentiate into eosinophil lineage-committed 

progenitor cells, finally giving rise to eosinophils under the influence of specific cytokines, 

chemokines and cell-to-cell interaction with stromal or epithelial cells (37,82).  

Undifferentiated HSCs express high levels of a CD34+ glycoprotein, which indicate the 

earliest of progenitors (1,84,85). CD34+ is thought to play an important role in the migration of 

HSCs from the bone marrow out to the periphery due to interactions with integrin and stromal 

cell components (84,86). This hematopoietic marker decreases in expression during maturation 

and it is completely lost on terminally differentiated cells (35,84). Studies have consistently 

shown that CD34+ cell numbers in bone marrow and circulation are much higher in atopic 

patients in comparison with normal non-atopic individuals, which would represent a skewed 

response to inflammation (36,85,87). There is also evidence that asthmatic individuals possess an 

increased bone marrow pool of eosinophils available for rapid mobilization during allergic 

reactions due to an increased upregulation of CCR3 expression (54). Likewise, atopic individuals 

have been shown to possess a higher percentage of mature and immature eosinophils in both the 

bone marrow and the periphery (54,88).  

Cell differentiation can occur in the bone marrow and peripheral tissue, where the 

influences of cytokines, growth factors, and cell-to-cell interactions direct the fate of progenitor 
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cells (84,89). Molecules such as stem cell factor (SCF) affect the bone marrow endothelial and 

stromal cells, thus increasing a release of eosinophil-specific cytokines (84). There are a number 

of important cytokines involved in the signaling of differentiation, the most important being SCF, 

IL-3, and the GM-CSF (84–86). Furthermore, research by Gauvreau and colleagues has shown 

that the regulation of eosinophil-specific commitment of progenitor cells is performed by three 

pro-inflammatory cytokines: IL-3, IL-5, and GM-CSF (84). These cytokines exhibit some 

redundancy, as eosinophil-specific commitment can still occur in the absence of one 

(36,44,84,86). For example, studies have shown that even though IL-5 is required for eosinophil 

differentiation in response to allergen challenge, administering a monoclonal antibody directed 

against IL-5  does not completely interrupt eosinophilia due a degree of redundancy within the 

signaling systems (87,90). 

During differentiation, SCF and GM-CSF can stimulate the induction of both IL-3 and 

IL-5 (1,37), whereas IL-5 and IL-9 cytokines can upregulate the IL-5-Rα cell surface expression 

of terminally differentiated eosinophils (44,91) . Th2 secreted cytokines also influence the 

commitment of progenitor cells into the eosinophil lineage, augmenting the inflammatory 

reaction. Committed eosinophil progenitors are defined as CD34+ cells, which also express IL-

5R (35,37,84).  

As previously mentioned, IL-5 is a key cytokine in eosinophil development, activation, 

and survival (92,93). This cytokine acts by binding to the high-affinity IL-5R found in the surface 

of terminally differentiated eosinophils. The IL-5R is comprised of an α and a β chain (44,91,92). 

The common β chain is a signal transducing molecule shared by other receptors such as IL-3R 

and GM-CSF (44,92,94). The α chain is unique to mature eosinophils and specifically binds to 

the IL-5 cytokine. The IL-5R α gene can produce two mRNA species, a soluble and a 

transmembrane isoform. The soluble form serves as a neutralizer of IL-5 activity and is 
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considered a form of immunoregulation, whereas the transmembrane isoform initiates signal 

transduction (37,44,94). 

In order for CD34+ progenitor cells to differentiate and commit to the eosinophil lineage, 

pro-inflammatory cytokines activate the required transcription factors necessary for differential 

regulation (84,95). These eosinophil-specific transcription factors include GATA1, CCAAT 

enhancer-binding protein-alpha (C/EBP-α), C/EBP-Є, and PU.1 (95). C/EBP-Є is preferentially 

expressed in progenitor cells transitioning into myelocytes during terminal differentiation of 

eosinophils (95). GATA1 is a transcription factor believed to be essential for eosinophil 

development as loss of the eosinophil lineage occurred both in mice with GATA-1 gene knock 

out, and mice with GATA1 promoter binding site deletion (47,48,96). In addition, GATA1 has 

been shown to drive the eosinophil-specific production of MBP, CCR3 and IL-5Rα (45,47).  

Once triggered, these transcription activators will increase gene expression and 

subsequent production of eosinophil-specific molecules that will continue the maturation of 

eosinophils. Mature eosinophils can then be transported to the sites of inflammation in order to 

further augment the allergic reaction. 

2.6 Local differentiation of HSCs  

Examining the differentiation of HSCs into eosinophils is necessary in order to 

understand allergic reactions. In addition to bone marrow, eosinophils and basophils are able to 

differentiate in peripheral tissues, particularly during an allergic reaction (39). This phenomenon 

is called “in situ hemopoiesis” wherein the bone marrow CD34+ haemopoietic cells are 

constantly released into peripheral organs via the circulation. Once in specific tissues, 

inflammatory microenvironments alter and drive the differentiation of these cells into eosinophils 

(11,12). Mouse models of allergic airway disease have demonstrated the upregulation of myeloid 

progenitors in circulation, and in upper and lower airway tissues (35,36,97).  
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During allergic inflammation, CD34+ cells upregulate the expression of IL-5Rα, which in 

turn increases eosinophil differentiation. Circulating IL-5 increases the number of eosinophil cells 

in peripheral circulation, and through the alteration of the expression of surface receptors for 

cytokines, chemokines and integrins may ease the trafficking of mature eosinophils from the 

periphery to specific airway tissue (44,92). IL-5 is also thought to have a major involvement in 

local differentiation during asthma as anti-IL-5 therapies induce a significant decrease in 

bronchial mucosal CD34+/IL-5Rα mRNA. Furthermore, anti-IL-5 therapy has been proven to 

decrease eosinophil progenitors and mature eosinophils in the bone marrow, which would suggest 

a partial maturational arrest of the eosinophil lineage in the bone marrow (84,87). 

More importantly, this reaction causes the upregulation of a CCR3 on CD34+ cells, 

which is an important eotaxin receptor involved in increased trafficking of progenitor cells from 

the bone marrow to peripheral circulation and sites of inflammation (98). Therefore, chemokines, 

such as the eotaxin chemokine family may coordinate the emergence of progenitor cells from the 

bone marrow microenvironment and the homing of CD34+ cells to sites of inflammation. An 

important chemoattractant secreted by epithelial and stromal cells, stromal cell-derived factor 

(SDF-1) might also play a role in the trafficking HSCs signaling towards inflammatory sites (86). 

CD34+ cells have been shown to also act as potent effector cells, initiating and promoting 

allergic inflammation in response to epithelial cell produced cytokines (39,45). Studies have 

shown that CD34+ cells are able to not only differentiate into eosinophil lineage-committed cells 

and ultimately mature eosinophils, but CD34+ cells can also themselves respond to allergens. A 

study by Johansson and colleagues, demonstrated that ovalbumin (OVA)-stimulated CD34+ cells 

were able to express IL-5 cytokines (41). This IL-5 production can imply that these cells have 

some degree of immunocompetence, in that the CD34+ cells are influencing differentiation in an 

autocrine manner. This evidence demonstrates that CD34+ cells also have an important role in the 

pathogenesis of allergic reactions (41).  
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It has also been found that there are a higher proportion of CD34+ cells expressing IL-

5Rα immediately following an allergen challenge (40,98). Taken together with the previous 

evidence that CD34+ HSCs produce IL-5, these data demonstrate the skewing of CD34+ cells 

towards eosinophil differentiation following an allergic response (41,52,98). Other studies have 

shown that there is an increased expression of IL-5-Rα on CD34+ cells from the bone marrow 

and circulation of atopic individuals, thus demonstrating that progenitor cells of atopic subjects 

are genetically primed to respond more readily to IL-5 stimulation (45,84).  

 CD34+ cells have also been shown to secrete high levels of other Th2 cytokines and 

chemokines in response to the influence of epithelial microenvironments (39,99). This response is 

dependent on the presence of both IL-3 and SCF (39,84,86). Epithelial cell secretion and 

interactions might also turn on an activation cascade that will trigger a Th2 and IgE dependent 

allergic reactions (89). Indeed, the tissue environment where the progenitor cells are sent to can 

have an essential impact in eosinophil differentiation. 

2.7 Eosinophils in allergic reactions 

Eosinophils have been shown to be important in the development and augmentation of 

atopic diseases. Therefore, the study of their progenitors in cord blood could provide further 

insight into the causes and development of allergies.  

Mature eosinophils derive from committed CD34+ HSCs in the bone marrow and 

peripheral tissues. These cells emerge from the bone marrow due to cytokines such as IL-3, IL-5 

and GM-CSF, as well as chemokines RANTES and eotaxin-1 (35,37). Eosinophils are 

multifunctional leukocytes that specialize in the secretion of granules, and pro-inflammatory 

mediators that are considered to play a central role in the development and augmentation of 

allergic reactions (36,97). In recent years, it has been proposed that the maturation and 

accumulation of pro-inflammatory cells such as eosinophils and basophils, are associated with 

pathogenesis of allergic diseases (36,89). In addition to the cytokines and chemokines described 
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above, cell-to-cell interactions with bone marrow stromal cells and endothelial cells aid with 

intensifying the inflammation cascade (89).  

Eosinophils play an important role in the maintenance and augmentation of inflammation 

during allergic response (1,37,84). In individuals predisposed to atopy, CD4+ T cells will acquire 

the Th2 phenotype and will produce cytokines such as IL-4, IL-5, and IL-13. These pro-

inflammatory cytokines will induce the B cell dependent class switching of IgE. In turn, this 

antibody will tightly bind to the surface of basophils, mast cells, and eosinophils, activating them, 

and thus leading to the cell’s degranulation causing tissue damage (1,35). Furthermore, the 

secretion of IL-5 causes the differentiation, activation, and increased survival of eosinophils 

(44,91,92). Once activated, eosinophils are not only capable of producing Th2 cell-specific 

cytokines that further promote inflammation they also directly activate naïve CD4+ T cells 

through antigen presentation and promote Th2 differentiation (35,41). Additionally, activated 

eosinophils upregulate β7 integrin surface receptors for migration and are able to travel towards 

and accumulate at sites of allergic inflammation (84,89). Once homed in the affected tissue, these 

eosinophils are able to secrete their granule contents causing smooth muscle changes and hence 

the overall pathogenesis seen in atopic diseases such as asthma (37,49).  

Several studies suggest that the severity of asthma symptoms correlates with heightened 

levels of eosinophil-induced inflammation. In fact, asthma has, by some authors, been defined by 

increased level of eosinophils present in the blood and tissue (36,98,100). The skewed Th1/Th2 

ratio towards Th2 seen in atopic infants contributes to the elevated levels  of IL-4 and IL-5, which 

may directly confer the high risk phenotype through the cytokine’s effects on increased 

eosinophil recruitment and activation (101). 

Given the evidence supporting a key role of eosinophils in atopic disorders, one could 

argue that mothers, whose genetic predisposition is skewed towards a Th2 bias may have altered 

levels of eosinophils or their precursors (35,43). 
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2.8 Putative Biomarkers  

2.8.1 IgE as cord blood predictor of atopy 

It is known that atopic diseases are closely related to elevated levels of IgE present in 

affected individuals (1,19,21,23). In umbilical cord blood, heightened IgE levels are associated 

with atopy and recurrent wheezing in late childhood (102).  

However, the range of IgE levels in cord blood that would be considered elevated and 

thus atopic varies widely between studies (7,64). Some studies consider levels of 0.3 kU/1 as a 

cut-off for elevated IgE levels in newborns (103), whereas other research has defined elevated 

antibody levels as high as 0.9-1.2 kU/1 and thus a higher atopic risk (21,23). Despite this 

variation, multiple studies have found a correlation between the levels of cord blood IgE and the 

development of atopic diseases in infants (64,103). Pesonen and colleagues found that elevated 

cord blood IgE levels (0.5 kU/1), when combined with a positive family history of atopy predict 

future allergic sensitization and symptoms (104). Conversely, other investigations found no 

strong correspondence between cord blood IgE antibody levels and any atopic risk (7,64). 

Additionally, the definition of allergic symptoms and the length of time for follow-up 

appointments vary greatly between studies.  

In fact, a study by Bonnelykke and colleagues showed that the allergen-specific IgE 

levels measured in the cord blood were not detected in the infant at 6 months of age suggesting 

that the allergen-specific IgE levels may not have been produced by the fetus but rather were 

transferred from the mother to the umbilical cord blood (105). In a follow-up study Bonnelykke et 

al found that up to half of the umbilical cord blood samples displayed “maternal contamination” 

meaning that the detected allergen-specific IgE was transferred through the placenta rather than 

produced by the fetus itself. These findings suggest that previous investigations examining total 

IgE cord blood levels may have measured combined maternal-fetal allergen-specific IgE levels. 
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These studies highlight the consequences of using cord blood IgE levels as a marker for atopy 

(56,106). 

In summary, research analyzing IgE levels can be difficult to compare due to the 

discrepancies in antibody levels, allergic symptoms, and follow-up times. In addition, total cord 

blood IgE levels also have to be examined with discretion as IgE levels from maternal origin may 

be present as well. Therefore, IgE cord blood levels by itself is not sufficient as a predictive tool 

of atopic disease in children (22). 

2.8.2 Chemokines and soluble molecules as markers for atopy 

In addition to Th2-dominated cytokine levels, the upregulation of Th2-induced 

chemokines has been associated with atopic disorders such as asthma and atopic dermatitis (30). 

Chemokines are soluble protein molecules that bind to their respective receptors on the surface of 

inflammatory cells, such as eosinophils and monocytes. Once bound, these chemokines direct 

leukocyte maturation and trafficking to inflammatory sites (1,30). High levels of a chemotactic 

molecule, IL-8 in cord blood, has been found to be positively correlated to recurrent wheezing at 

one year of age (58). 

Sandberg et al found a strong correlation between elevated maternal IgE levels during 

pregnancy and heightened CCL22 cord blood levels, a macrophage-derived chemokine (30). In 

addition, CCL22 cord blood levels and family history of atopy were associated with infant 

sensitization and allergic disease development (30). Although the ratio of CCL22/CXC10 could 

be potentially used as a predictor for the development of allergic diseases later in life, more 

research is needed to evaluate the role of chemokines in immune dysregulation. 

2.9 Established and potential predictors of atopy 

2.9.1 Novel gene expression markers 
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As discussed above, it has been shown that the number and functional phenotype of 

CD34+ hematopoietic stem cells, particularly the eosinophil-committed progenitors, are altered in 

infants at high atopic risk compared to low atopic risk (16,35,43).  

It is important to examine surrogate biomarkers of the phenotype and function of 

hematopoietic eosinophil progenitors in umbilical cord blood as potential predictors of the 

development of atopic diseases in high risk infants. Ultimately, phenotypic differences could be 

attributed to the expression of specific transcripts and molecules that drive the hematopoietic 

progenitors to develop as eosinophils (42,45).  

A variety of transcription factors are believed to determine the lineage commitment of 

CD34+ progenitor cells to mature eosinophils (47,48). GATA1 is a transcription factor believed 

to be essential and sufficient for eosinophil development as a loss of eosinophil lineage occurred 

both in mice with Gata1 gene knock out, and mice with a GATA1 promotor binding site 

deletions (47,48,96). In addition, GATA1 has been shown to drive the eosinophil-specific 

expression of MBP, CCR3 and the IL-5Rα (47,49). GATA1 has been established as a critical 

molecule specific to the eosinophil lineage as well as a key transcription factor in the early steps 

of eosinophil differentiation (48). The fact that GATA1 is essential in the regulation of eosinophil 

development makes the study of GATA1 mRNA expression a candidate to measure GATA1 

differences between infants of high versus low atopic risk. 

Eosinophils act as effector cells by secreting, through exocytosis, a range of toxic granule 

proteins such as MBP (37). MBP is a highly catatonic protein found among other inflammatory 

and cytotoxic proteins present in secondary granules of eosinophils (49,50). The release of MBP 

alters smooth muscle contractions by affecting muscarinic receptors; it also activates the 

degranulation of mast cells and basophils leading to further tissue damage. Moreover, MBP 

secretion increases vascular permeability and mucus production, which in turn affects airway 

obstruction (50,107). The expression of MBP mRNA has been found to be upregulated during 
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eosinophil differentiation, then downregulated once maturity has been reached, making it an ideal 

candidate as a biomarker of eosinophilia in cord blood (45,49,50).  

It has been proposed recently that examining the expression patterns of these markers of 

eosinophilopoiesis, could aid in the identification of an atopy-predisposed infant (45). Further 

research is needed to examine the intrinsic differences of eosinophil marker expression in cord 

blood. 

2.9.2 Surface receptors 

CD34+ hematopoietic stem cells (HSCs) can be potent inflammatory effector cells, 

secreting IL-5 despite not being fully matured to eosinophils (39,84). HSCs release Th2 cytokines 

and chemokines shortly after allergen exposure. Therefore, a heightened presence of eosinophil-

committed progenitors may serve as a predictive measure for the future development of atopic 

diseases (39,43).  

Multiple studies have shown that there are intrinsic differences between the HSCs of 

newborns whose mothers have a known atopic versus non-atopic status (20,43). Increased 

numbers of eosinophil-committed CD34+ progenitor cells have been found in cord blood from 

infants whose mothers have a positive atopic status (43). Additionally, a study by Upham et al 

showed that expression of the GM-CSF receptor is reduced in newborns with low atopic risk 

compared to high atopic risk (42). The reduction in GM-CSF receptor expression may seem 

counterintuitive, however, it was hypothesized that perhaps the overall hematopoietic changes in 

atopic individuals are not reflected in umbilical cord blood but rather in other areas such as bone 

marrow and peripheral blood (42).  

Umbilical cord blood HSC profiles have been shown to predict acute respiratory 

symptoms, such as wheezing in infancy (43). In a study by Fernandes et al, cord blood CD34+ 

hematopoietic stem cells were examined after cytokine stimulation and were associated with 

acute respiratory illness (ARI) in the first year of life (43). Specifically, the expression of IL-3R 
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was increased in progenitors of cord blood from infants at high risk for atopy, whereas IL-5R 

expression was decreased in these subjects. Indeed, the responsiveness to IL-3, as well as the 

absence of IL-5 responsiveness correlated positively and significantly with symptoms and the 

frequency of ARI. In addition, there was an overall skewing towards a heightened number of IL-

3-responsive progenitors in the cord blood from infants with a high risk for atopy versus a low 

risk (43).  

The lack of IL-5 responsiveness might seem counterintuitive; but it may be due to the 

delayed immune alteration thought to be present in infants with atopic risk. Fernandes et al 

proposed that the lack of IL-5 in infancy could result in the overcompensation of IL-5 

responsiveness in late childhood (43). Another explanation as to why there is a reduction of GM-

CSF and IL-5R expression in umbilical cord progenitors might reflect the in utero exposure to 

high levels of maternal Th2 cytokines. Specifically, a heightened secretion of IL-5 could result in 

a negative feedback loop, causing a downregulation of these cytokine receptors (43,45). 

Conversely, Sehmi et al showed that progenitor cells of atopic adults had an increased 

expression of IL-5R, specifically the IL-5Rα subunit (98). In addition, it was found that 

progenitors from atopic adults showed an increased expression of IL-5R and thus were more 

prone to the development of blood and tissue eosinophilia compared to non-atopic subjects 

(98,98).  

Together these findings show an association between the genetic risk for atopy and a 

distinct progenitor cell phenotype and support the theory that allergic phenotypes may begin to 

manifest during the pre-natal period. 

2.9.3 Cytokines as cord blood predictors of atopy 

There are considerable numbers of soluble molecules that may influence the development 

of atopic diseases (64). It is thought that atopy may be due to a dysregulated ratio of Th1/Th2 

immune response, in which the Th2 response is heightened. This immune response is also related 
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to the production of IgE antibodies (3). Specifically, atopy is characterized by an over-production 

of Th2 induced cytokines such as IL-4, IL-5, and IL-13 and a deficiency of Th1-induced IFN-γ, 

IL-2, and IL-12 (32,61,81,107).  

Cytokines are signaling molecules that induce responses in cells through binding to their 

respective receptors (1). Although a Th2 bias is considered a characteristic feature of atopy, the 

use of Th2 cytokine expression as predictor of future atopic disease development has been 

inconsistent. While studies have shown lower secretion of Th2 cytokines from atopic infants, 

others have found cord blood levels of IL-4 and IL-5 to correlate with subsequent atopic disease 

development (108,109). Measurements cytokine production with no stimulation or “spontaneous” 

by cord blood mononuclear cells of children at high risk of atopy reveals that there is a Th2 

skewed response with higher production of IL-4, IL-5 and IL-10 (60). In vitro cord blood studies 

that investigated cytokine levels found that T-cells of infants born to atopic parents also exhibited 

heightened ability to produce IL-4 and IL-5 (61). It has also been found that there is a high Th2 

bias found in children born to both atopic parents, whereas the lowest Th2/Th1 ratio was found in 

children with no family history of atopy (79). These results suggest that genetically predisposed 

immune alterations could affect the mechanisms influencing IL-4 and IL-5 expression, and may 

be responsible for the preferential activation of Th2 responses against common allergens (61).  

Other markers of interest can be related to the atopic dysregulation in the induction of 

Th1 cytokines such as IFN-γ and IL-12, as well as the upregulation of T-cell surface integrins, 

which might account for the increased susceptibility of infants with an underlying predisposition 

to develop atopic disease (64). An inverse relationship between the cord blood production of IFN-

γ and the genetic risk for atopic disease has been proposed by Rowe et al (110). 

Studies examining IFN-γ show the highest consistency when related to subsequent 

disease development in high risk infants. It has been found that non-atopic infants show a gradual 

increase in IFN-γ responses to phytohemagglutinin (PHA), whereas atopic infants show reduced 
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IFN-γ responses that are developmentally delayed (32). There is also evidence that INF-γ 

production in β-lactoglobulin stimulated cord blood MNCs was lower in children who developed 

food allergies (46). A study by Kondo et al showed that the maximal IFN-γ levels of antigen 

stimulated cord blood MNCs were reduced in infants who developed allergic disorders versus 

infants who did not develop allergic diseases later in life (110). In addition, there is an association 

between decreased IFN-γ producing cord blood CD4+ T cells and the development of atopic 

dermatitis by 2 years of age (111). Together these results provide significant evidence for the 

association of reduced IFN-γ with an increased risk for allergic diseases (110–112).  

Other cytokines have also been evaluated as predictors of future allergic disease 

development. Hauer and colleagues found that the spontaneous production of the cytokine TGF-β 

was lower in infants born to atopic mothers (60). In addition, it has been demonstrated that there 

is an inverse relationship between umbilical cord blood levels of TNF-α and the risk of asthma, 

atopy or a combination of both at 6 years of age (57).  

IL-10 is a cytokine involved in regulatory responses which has anti-inflammatory 

activity. The regulatory actions of IL-10 include inhibition of cytokine synthesis, and suppression 

of leukocyte activity. Research has shown that the spontaneous production of IL-10 was not 

different between cord blood from children born to atopic versus non-atopic mothers (60). In 

addition, there have not been any differences found in the IL-10 secretion of LPS-stimulated cord 

blood mononuclear cells of infants with wheezing or healthy infants (113). Conversely, Neaville 

et al found that reduced IL-10 production by cord blood mononuclear cells was associated with a 

higher incidence of egg allergen sensitization (32). 

Collectively, these studies suggest a complex interplay of T cell  responses between the 

immune maturation and the development of allergic disorders. It is largely unknown exactly when 

and how the shift towards a skewed Th2 response occurs in atopic infants. Therefore, it is 

important to conduct specifically targeted cytokine profile studies in order to obtain more insight 
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into the immunological development and processes leading to the Th2 skewing seen in atopic 

infants. 
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Chapter 3 

Materials and Methods 

3.1 Establishing an attributable risk birth cohort 

The ethics of this study and the protocols for obtaining participants’ consent and samples 

were approved by Queen’s University (Cord Blood Predictors of Atopy in Newborns with 

Attributable Risk, Code#DMED-1161-08-Romeo file# 6004432) and Kingston General 

Hospital (KGH) (Appendix 1). One hundred and fifty women were recruited at Obstetrical clinics 

and at the Labour & Delivery ward at KGH. Once consent was obtained from participating 

women, information was recorded on their self-reported atopic status, smoking status, home 

environment, work information and current medications. From the enrolled cohort, 107 umbilical 

cord blood samples were collected at the time of birth (Figure 1). Within 3 months to a year after 

delivery, participants were invited to return to undergo Skin Prick Testing (SPT) in order to 

confirm their atopic status. SPT involved the administration of up to 19 prick sites on the 

participant’s forearm using a plastic probe with the following environmental allergens: Rye grass, 

timothy grass, ragweed (short), alternaria, birch, maple, oak, Dermatophagoides pteronyssinus 

(Dust mite), Dermatophagoides farinae (Dust mite), cat pelt, dog epithelium, cocklebur, lamb’s 

quarter, mugworm, pigweed, plaintain, negative control, and positive control (histamine). 

Samples of participants were then grouped as “atopic” or “non-atopic”: the former if one or more 

allergens caused an immediate ‘wheal and flare’ response, with a minimum wheal diameter of 

3mm greater than the negative control; the latter if no reaction occurred at any site (114) (Table 

1). All confirmed samples were used for gene expression, cytokine profile and flow cytometric 

analysis (Figure 2). 
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Figure 1 Study flow chart 

 

 

 

 

 

 

 

 

 

Attributable Birth Cohort   

Samples collected (n= 107)  

SPTs confirmed participants (n= 51)  

Cord blood samples not collected 

after delivery  (n= 43) 
 

Participants not back for 

confirmation SPT (n= 56) 
 

Atopic samples (n= 28) 
Positive SPTs 
 Non-atopic samples (n= 18) 

Negative SPTs 
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Information Number of samples

Comfirmed atopic mothers 28

Comfirmed non-atopic mothers 18

Confirmed Atopic Sample 

Information Number of samples

Non-smoker/Vaginal deliveries 5

Non-smoker/Cesaerean sections 20

Smoker/Vaginal deliveries 2

Smoker/Cesaerean sections 1

Confirmed Non-Atopic Sample 

Information Number of samples

Non-smoker/Vaginal deliveries 6

Non-smoker/Cesaerean sections 11

Smoker/Vaginal deliveries 0

Smoker/Cesaerean sections 1  

Table 1 Summary of SPT confirmed umbilical cord blood samples. There are a total of 46 

participants with confirmed atopic status in the birth cohort, 28 are confirmed atopic samples and 

18 are confirmed non-atopic samples. Information acquired once non-atopic participants return 

for the follow-up SPTs. Categories are defined by type of birth and tobacco exposure.  
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Figure 2: Sample flow chart 
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3.2 Umbilical cord blood procurement 

Umbilical cord blood samples were collected in a 60 ml syringe containing 2 ml of 

heparin and processed within 12 hours of the birth. All samples were depleted of red blood cells 

via density gradient sedimentation in 1 % Dextran (Sigma-Aldrich Corporation, Saint Loius, MO, 

USA), followed by Accu-Prep ™ (Accurate Chemicals Inc., Westbury, NY, USA) density 

gradient (later changed to Lymphoprep
TM

) to isolate mononuclear cells (MNCs); obtained MNCs 

were then frozen and temporarily stored in liquid nitrogen. 

3.3 Cell culture 

 At the time of analysis, all samples were individually flash-thawed at 37 °C for 1.5 

minutes. McCoy’s 3+ media was prepared using the following reagents: 15 % Canadian Gold 

FBS (Sigma-Aldrich Canada Co, Oakville, ON, CA), 2-β mercaptoethanol, McCoy’s 5A media 

(Invitrogen Corporation, Carlsbad California) and Penicillin Streptomycin (Life Technologies 

Corporation, Carlsbad, CA, USA); media was then warmed to 37 °C. The MNCs were incubated 

at 1x10
6
 cells/ml in a 75 cm

2
 flask in up to 25 ml of McCoy’s 3+ media for 2 hours at 37 °C (5 % 

CO2) to isolate the non-adherent mononuclear cell (NAMNC) population. The NAMNCs were 

harvested and suspended in RPMI complete media. The RPMI complete media was made using 

the following reagents: 12 % Canadian Gold FBS, HEPES (Life Technologies Corporation), 

RPMI media and Penicillin Streptomycin (Life Technologies Corporation). The 0 hour un-

stimulated control was separated (2.5-5x10
6
 cells/ml). Recombinant human Interleukin-5 (rhIL-5) 

(1 ng/ml) (Life Technologies Corporation) was added to the remaining cells. The NAMNCs were 

then reseeded at 2.5-5x10
6
 cells/ml in 3 cm tissue culture dishes (Greiner bio-one, Monroe, NC, 

USA). The NAMNCs and their supernatants were collected at 24, 48 and 72 hours post-

stimulation. The cell supernatants were also collected and stored at -80 °C for future use. The 

cells were centrifuged for 5 minutes at 1500 RMI; cell pellets formed were then re-suspended in 
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500 µl of RNA protect Cell Reagent (Qiagen, Valencia, California, USA) and frozen at -80°C for 

further analysis.  

3.4 RNA extraction and reverse-transcription 

Frozen NAMNCs were thawed and RNA was extracted for each time point using 

RNeasy® Plus Mini-kit columns (Qiagen) according to the manufacturer’s instructions. Previous 

validation testing of various RNA extraction kits indicated that the RNeasy® Plus Mini-kit was 

optimal for these particular samples. The concentration of RNA in each sample was quantified 

using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). 

All four samples (0, 24, 48, and 72 hours) of each participant were diluted based on the lowest 

concentrated sample using RNase-free water. The highest RNA concentration was determined to 

be 25 ng/ml. Three different reverse-transcription kits were tested and it was found that the 

iScript ™ Select cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was more 

efficient for the purpose of this study. The samples were then reverse-transcribed using the iScript 

™ Select cDNA synthesis kit (Bio-Rad Laboratories, Inc.,). The cDNA was aliquoted (7 µl) and 

stored at -20 °C for further analysis.  

3.5 Evaluation of GATA1, PRG2 and HPRT1 primer pairs for qPCR analysis 

The GATA1 primer pairs were designed by our collaborators; Dr. Denburg and Delia 

Heroux at McMaster University using the PrimeTime® assay builder. The Basic Local 

Alignment Search Tool (BLAST®) program was used to match the sequences to the GATA1 

target. In addition, self-complementarity was analyzed using Oligo Calc: Oligonucleotide 

Properties Calculator (Northwestern University, 1997-2010). The GATA1 primers included a 

hydrolysis probe containing a FAM fluorochrome. The PRG2 and hypoxanthine-guanine 

phosphoribsyltransferase (HPRT1) primers were designed using Primer-BLAST. The PRG2 

primer pair contains a hydrolysis probe (HEX fluorochrome). The reference gene HPRT, was 
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selected using the TATAA Bio Reference Gene Panel Human (TATAA Biocentre, SF, USA). 

The gene sequences used for GATA1, PRG2 and HPRT1 primers are listed in Table 2. 

All primers were evaluated as per the minimum information for publication of 

quantitative real-time PCR experiments (MIQE) guidelines (115) and purchased through 

Integrated DNA Technologies, Inc (IDT, Coralville, IA, USA). The mRNA expression of 

GATA1, PRG2 and HPRT1 were measured using qPCR analysis. The cDNA of a randomly 

selected participant was used and all time points (0, 24, 48 and 72 hours) were pooled together. 

First, thermal gradients were performed and the primers were tested over a temperature range of 

56 to 66 °C to select an optimal annealing temperature for each primer pair. Melt curves were 

also generated to ensure primer specificity, which is depicted as a single peak. In addition, 8-point 

standard curves were produced using random pooled cDNA in two-fold serial dilutions to 

establish proper amplification, optimal efficiency and Cq values. 

Eight randomly selected qPCR products from the standard curve were selected for 1.5 % 

agarose DNA gel electrophoresis to confirm the expected amplicon size. Finally, the most 

concentrated qPCR products from the standard curve were sent to AGCT Corp (AGCT 

Corporation, Toronto, ON, CA) for sequencing. Resulting sequences were compared against the 

human genome database using the Basic Local Alignment Search Tool (BLAST®). 
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Gene Primer Sequence 
Amplicon 

Size 

GATA1 

 

Forward: CCTCTACTACAAGCTACACCAG 

Reverse: CTTTTTCCCTTTTCCAGATGCC 

Probe: TCGAGTCTGAATACCATCCTTCCGCA 

97 bp 

 

PRG2 

 

Forward: CCTGCCGCTACCTCCTG 

Reverse: TCCAATCCAGACTTGACCCTG 

Probe: CCGGAGGTGCTACAGGGGCA 

153 bp 

 

HPRT1 

Forward: CTGGCGTCGTGATTAGTGATG 

Reverse: TCTCGAGCAAGACGTTCAGT 
139 bp 

 

Table 2 Primer sequence and amplicon size information for GATA1, PRG2 and HPRT1
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3.6 Optimization of multiplexed qPCR analysis of GATA1 and PRG2 

Eight point standard curves were generated using pooled cDNA (from all four time 

points) in a two-fold dilution to determine optimal primer concentration, efficiency and Cq values 

for both GATA1 and PRG2 amplification. It was determined that the multiplex reaction of GATA1 

and PRG2 showed no evidence of inhibition or competition. 

3.7 Analysis of the variations in the mRNA expression of GATA1 and PRG2 in 

umbilical cord blood NAMNCs  

cDNA samples of forty-six umbilical cord blood NAMNC were selected from the 

Attributable Risk Cohort based on our ability to confirm their atopic status  by SPTs (n= 28 

atopic, n= 18 non-atopic). The cDNA was diluted four-fold using RNase-free water to attenuate 

any qPCR inhibitors present in the sample (i.e Ethanol residues). qPCR mastermixes were 

prepared using Sso Fast Probe Supermix (Bio-Rad Laboratories, Inc.) and Sso Advanced SYBR 

green Supermix (Bio-Rad Laboratories, Inc.) for the multiplex reaction and the HPRT1 gene, 

respectively. A standard two-step qPCR reaction was used to measure the mRNA expression of 

the reference gene and genes of interest. In addition, melt curves were performed in tandem to 

ensure specific amplification of the HPRT1 gene. On each assay plate included a set of negative 

controls such as a “no template” control (DNAse-free water), and “no RT” control (Sample with 

no reverse-transcriptase enzyme added during the reverse-transcription reaction). DNA and 

pooled cDNA samples were used as positive quality controls. GATA1/PRG2 multiplex reactions 

were simultaneously analyzed with HPRT1 as the reference gene. 

3.8 Immunofluorescent staining of NAMNCs 

Six cryo-preserved MNC samples were thawed and NAMNCs were isolated as per the 

protocol described in Section 1.2 (n= 3 atopic, n=3 non-atopic). In short, cells of the 0 hour 

unstimulated control were collected and the remaining NAMNCs were stimulated with human 
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recombinant IL-5 (rh-IL5) (1 ng/ml) and incubated at 37 °C and 5 % CO2. The cells were 

collected at 24, 48 and 72 hours post-stimulation (1 million cells/ml). At each time point the 

samples, isotype controls, positive controls, and unstained controls were spun at 300 g for 5 

minutes to pellet the cells and remove the supernatant. Cells were then washed twice with 2% 

FBS staining buffer (in DPBS). The conjugated antibodies, or isotype controls were incubated in 

their respective cells at 4 °C for 20 minutes on ice in the dark. The cells were then washed once 

with 2% FBS staining buffer then washed once more in 1% DPBS. Finally, the cells were 

resuspended in 1% paraformaldehyde (in DPBS) stored at 4 °C in the dark for further analysis. 

The following fluorochrome-conjugated antibodies were used to stain the cells for flow 

cytometry: Fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD34 (560942, 

Clone: 581, BD Pharmingen ™), Phycoerythrin (PE)-conjugated mouse anti-human CDw125 

(IL-5Rα) (555902, Clone: A14, BD Pharmingen ™), APC/Cy7-conjugated mouse anti-human 

CD193 (CCR3) (310711, Clone: 5E8, BioLegend) and PerCP-Cy5.5-conjugated mouse anti-

human CD4 (560650, Clone: RPA-TA, BD Pharmingen ™). Selected isotype controls were used 

for their corresponding receptors: Mouse IgG1κ for CD34, IL-5Rα and CD4 and mouse IgG2b κ 

for CCR3. 

3.9 Flow cytometric analysis of CD34, IL-5Rα, CCR3 and CD4 markers in 

NAMNCs 

Immunofluorescence was measured by fluorescence-activated cell sorting (FACS) flow 

cytometer (Beckman Coulter) to determine the percentage of cells expressing the surface 

markers: CD34, IL-5Rα, CCR3 and CD4 on cord blood NAMNCs. Compensation settings were 

determined using the unstained and positive controls for each fluorophore. The number of events 

acquired for each sample or control was 10,000 to 50,000. Flow cytometric data was analyzed 

using FlowJo Software (Tree Star, Inc., Ashland, OR, USA). The NAMNC population was gated 

on from the total acquired cell population, and a multiparameter gating strategy was used for 
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three different combinations of receptors: CD34+IL-5Rα+, CD34+CCR3+ and CD4+CCR3+. A 

quadrant gate was established using the appropriate isotype control and the same gate was applied 

to each sample (at all four time points). Once established, the percentage of receptor expressing 

NAMNCs was determined by subtracting the percentage of cells with positive staining to that 

marker in the isotype control quadrants from each experimental sample quadrants to account for 

any background staining.  

3.10 Cytokine profiling in NAMNC supernatants  

Sixteen umbilical cord blood samples were selected from the attributable risk cohort (n= 

10 atopic, n=6 non-atopic). The NAMNC were stimulated with RhIL-5 as described in Section 

1.2. Culture supernatants were obtained at 0, 24, 48 and 72 hours post-IL-5 stimulation and 

temporarily stored at - 80 °C. The samples were examined using the Bio-Plex 
TM

 200 Luminex 

xMAP system (Bio-Rad Laboratories, Inc.). The MILLIPLEX High Sensitivity Human Cytokine 

Magnetic Bead Kit (EMD Millipore, Billerica, MA, USA) was used to measure IL-1β, IL-2, IL-4, 

IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IFN-γ, GM-CSF, and TNF-α concentrations. 

The supernatants were first thawed to room temperature and centrifuged at 300g for 5 

minutes to remove any leftover cells. The filter plate was pre-wetted with wash buffer, sealed and 

placed on a plate shaker for 10 minutes. The wash buffer was removed by vacuum and stained 

beads were added to each well. The plate was again dried by vacuum. The standard was then 

added and an 8-point standard curve was generated. Then 50µl of each sample was added into the 

appropriate wells and the plate was incubated overnight (16-18 hours) at 4°C.  

The following day, the well contents were gently removed and the plate was washed 

twice with wash buffer. The detection antibodies were allowed to warm to room temperature and 

then added into each well. The plate was sealed, covered and incubated on a plate shaker for 1 

hour. Streptavidin-Phycoerythrin was then added to each well of the plate and incubated on the 

plate shaker for 30 minutes. All well contents were then removed and the plate was washed twice 
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with wash buffer. The Sheath Fluid was added and the plate was incubated in a plate shaker for 5 

minutes. The plate was the analyzed using Luminex technology.  

3.11 Statistical analysis 

3.11.1 qPCR analysis 

All data were normalized to the HPRT1 reference gene expression. Relative ratios of all 

time points per sample were calculated with the ΔΔ Cq method using the Bio-Rad CFX Manager 

Software (Bio-Rad Laboratories, Inc); each participant’s 0 hour unstimulated time point sample 

was used as their control. A two-tailed t test was performed on the resultant data using GraphPad 

Prism (GraphPad Prism Software, Inc., Version 5.0, La Jolla, CA, USA).  

3.11.2 Flow cytometric analysis 

All data were analyzed using GraphPad Prism (Version 5.0, GraphPad Prism Software). 

The Mann-Whitney test was used to compare atopic versus non-atopic samples at each time point 

(0, 24, 48 and 72 hours). Likewise, a repeated measures ANOVAs were used to compare changes 

in receptor expression percentage over time in atopic and non-atopic samples.   

3.11.3 Cytokine analysis 

All data were analyzed using the Luminex Xmap Software. Standard curves were 

generated for each analyte and statistical analyses were performed using GraphPad Prism 

(Version 5.0, GraphPad Prism Software, Inc.). The Mann-Whitney test was used to compare 

atopic versus non-atopic samples at each time point. Repeated measures ANOVAs were used to 

compare changes in cytokine levels over the course of 72 hours (0, 24, 48 and 72 hours). 

 

 

 



 

40 

 

Chapter 4 

Results 

4.1 Evaluation of primer pairs 

4.1.1 GATA1 primer pair 

The GATA1 primers were optimized as per MIQE guidelines to ensure the reliable 

amplification of the GATA1 transcript. Using a thermal gradient qPCR, the optimal annealing 

temperature for this GATA1 primer pair was identified as 60 °C (Figure 3A);  the melt curve data 

indicated sufficient primer specificity as only one curve peak was detected (Figure 3B). Primer 

specificity was confirmed by gel electrophoresis. An 8-point standard curve (2-fold) using pooled 

cDNA samples exhibited optimal efficiency (100 %) and Cq values (Figure 3C). In addition, 

qPCR products were sequenced and compared to the human genome database, returning a 99% 

match to the human GATA1 transcript (NM_002049.3). 

4.1.2 PRG2 primer pair 

A thermal gradient (Figure 4A), melt curve (Figure 4B), and standard curve (Figure 4C) 

were performed to determine the primer pair’s optimal temperature and reaction efficiency, the 

results were 60 °C and 92.9 %, respectively. In addition, the sequenced qPCR product matched 

the PRG2 gene (99 %) when compared against the human genome database (NM_001243245.1). 

4.1.3 HPRT1 primer pair 

Using a thermal gradient, 60°C was identified as the optimal annealing temperature for 

the HPRT1 primer pair (Figure 5A). In addition, primer specificity was confirmed by the melt 

curve data, as a single peak was displayed at various annealing temperatures (Figure 5B). The 

standard curve generated showed an ideal efficiency of 99.2 % (Figure 5C). The sequenced qPCR 

product matched the HPRT1 gene when compared against the human genome database 

(NM_000194.2). 
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4.2 Optimization of the multiplex qPCR analysis of GATA1 and PRG2  

Once the GATA1 and PRG2 primer pairs were individually optimized, the primer pairs 

were evaluated simultaneously in a multiplex qPCR reaction. An 8-point standard curve was 

generated using primer concentrations of 0.25 and 0.5 µl per reaction. It was found that using 

primer concentrations of 0.25 µl and 0.5 µl (per reaction) for GATA1 and PRG2 respectively 

showed a combined efficiency of 92 % (Figure 6). 
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Figure 3: Validation of GATA1 primer pair and hydrolysis probe. (A) A temperature 

gradient identified 60 °C as the optimal annealing temperature for this primer pair. (B) By 

displaying a single peak in the graph, the melt curve data indicated primer specificity at the given 

annealing temperature. (C) An 8-point standard curve generated using pooled cord blood cDNA 

samples, showed an efficiency of 101% indicating optimal amplification.  

 

A. B. 

C. 



 

43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Evaluation of the PRG2 primer pair including hydrolysis probe. (A) The 

temperature gradient assay identified 60 °C as optimal annealing temperature for the PRG2 

primer pair. (B) Primer specificity was confirmed with the melt curve data in which a single peak 

is displayed at various annealing temperatures. (C) An 8-point standard curve generated using 

pooled cord blood cDNA samples showed an efficiency of 92.9 % indicating optimal 

amplification.  
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Figure 5: Validation of the HPRT1 primer pair. (A) The temperature gradient assay identified 

60 °C as the optimal annealing temperature for the HPRT1 primer pair. (B) Primer specificity 

was confirmed with the melt curve data in which a single peak is displayed at various annealing 

temperatures. (C) An 8-point standard curve generated using pooled cord blood cDNA samples 

showed an efficiency of 99.2%, indicating an optimal amplification.  
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Figure 6: Standard curve of GATA1 and PRG2 primer pairs multiplexed. An 8-point 

standard curve generated using pooled cord blood cDNA samples. The standard curve showed an 

efficiency of 92% for both GATA1 and PRG2, indicating optimal amplification. 

 

 

 

 

GATA1 

PRG2 



 

46 

 

 

4.3 mRNA expression of GATA1 and PRG2 in umbilical cord blood NAMNCs 

4.3.1 GATA1  

Over the course of the 72 hour stimulation with IL-5 (at 1ng/ml concentration), a 

downregulation in GATA1 gene expression was observed (Figure 7). This pattern of 

downregulation was similar in both atopic and non-atopic samples. Fold decrease was calculated 

relative to the each sample’s 0 hour unstimulated control. GATA1 expression is downregulated 

starting at 24 hour post-stimulation (atopic mean fold decrease of 0.9452; non-atopic mean fold 

decrease of 0.7612), at 48 hours (atopic mean fold decrease of 0.4498; non-atopic mean fold 

decrease of 0.4365) and at 72 hours post-stimulation (atopic mean fold decrease of 0.2643; non-

atopic fold decrease of 0.1799). However, there were no significant differences in patterns of 

gene expression between atopic and non-atopic samples (P = 0.2285 at 24 hours; P = 0.3166 at 48 

hours; P = 0.1174 at 72 hours).  

4.3.2 PRG2 

The NAMNC stimulation with IL-5 resulted in a steady upregulation in the expression of 

the PRG2 gene. The pattern of PRG2 expression is similar in both atopic and non-atopic samples 

(Figure 8). It is upregulated at 24 hours post-stimulation (atopic mean fold increase of 3.738; non-

atopic mean fold increase of 2.252). This upregulation continues at 48 hours (atopic mean fold 

increase of 10.39; non-atopic mean fold increase of 12.31). The expression of the PRG2 transcript 

continues to increase, peaking at 72 hours post-IL-5 stimulation (atopic mean fold increase of 

45.30, non-atopic mean fold increase of 48.61). No significant differences were noted between 

atopic and non-atopic samples (P = 0.1663 at 24 hours; P = 0.6285 at 48 hours; P = 0.7612 at 72 

hours). However, there was a significant difference in the time dependent changes in PRG2 

expression at 24, 48 and 72 hour post-stimulation (24 hours is significantly different from 72 

hours P = 0.0002; 48 is significantly different from 72 hours P = 0.0243).
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Figure 7: Downregulation of GATA1 expression in cord blood samples starting at 24 hours 

post-stimulation. Twenty-eight confirmed atopic and eighteen confirmed non-atopic cord blood 

samples were examined. Non-adherent mononuclear cells (NAMNCs) were isolated and 

stimulated with human recombinant interleukin 5 (rhIL-5). At 0, 24, 48, and 72 hours post-

stimulation, RNA was extracted and reversed transcribed. Shown are the relative GATA1 

expression levels (ΔΔCq) normalized to HPRT1 at 0, 24, 48, and 72 hours post-IL-5-stimulation. 

A two-tailed T test showed no significant difference between the atopic and non-atopic groups at 

all time points. 
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Figure 8: Upregulation of PRG2 expression in cord blood samples starting at 24 hours post-

stimulation. Twenty-eight confirmed atopic and eighteen confirmed non-atopic cord blood 

samples were examined. Non-adherent mononuclear cells (NAMNCs) were isolated and 

stimulated with human recombinant interleukin 5 (rhIL-5). At 0, 24, 48 and 72 hours post-

stimulation RNA was extracted and reverse transcribed. Shown are the relative PRG2 expression 

levels (ΔΔCq) normalized to HPRT1 at 0, 24, 48 and 72 hours post-IL-5 stimulation. A two-tailed 

T test showed no significant difference between the atopic and non-atopic groups at all time 

points. 
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4.4 Flow cytometric analysis of CD34, IL-5Rα, CD4 and CCR3 

The cell surface expression of CD34, IL-5Rα, CD4 and CCR3 receptors were analyzed 

by flow cytometry following IL-5 stimulation of umbilical cord blood NAMNCs. Representative 

dot plots display the percentage of cells expressing a given receptor in the NAMNC 

subpopulation of total cells analyzed (Figure 9).  

4.4.1 CD34+ cells 

In general, the percentage of CD34+ cells in atopic samples remained stable during the 

72 hours of IL-5 stimulation. The percentage of CD34+ cells in non-atopic samples decreased 

after 24 hours (Figure 10A). Atopic samples contained a mean of 1.994 % CD34+ cells at 0 hour 

whereas non-atopic samples demonstrated a mean of 0.874 %. However, these percentages were 

not significantly different between the two groups (P = 0.1 at 0, 24, 48 and 72 hours). At 24 hours 

post-IL-5 stimulation, the atopic samples demonstrated an increase in CD34+ cells, to a mean of 

2.121 %, while in non-atopic samples CD34+ cell numbers decreased to a mean of 0.277 %. At 

48 and 72 hours, the CD34+ cells in atopic samples decreased to a mean percent of 1.695 % and 

increased at 72 hour of 1.780 % in CD34+ cells. The non-atopic samples exhibited a decrease in 

CD34+ cells (mean at 48 hours of 0.250 %; mean at 72 hours of 0.208 %).  

4.4.2 IL-5Rα+ cells 

The surface expression of IL-5Rα in stimulated cord blood NAMNCs was low over time 

in both atopic and non-atopic samples (Figure 10B). Additionally, there appeared to be a drop in 

IL-5Rα from the 0 hour unstimulated control over time (atopic mean at 0 hour of 0.131 %; non-

atopic mean at 0 hour of 0.066 %; atopic mean at 24 hours of 0.064 %; non-atopic mean of 0.021 

%). Downregulation of IL-5Rα+ cells peaked at 48 hours post-IL-5 stimulation (atopic mean of 

0.020 %; non-atopic mean of 0.021 %).  
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Figure 9: Four-color flow cytometric analysis of cell surface expression of CD4, IL-5Rα, 

CCR3 and CD4 in umbilical cord blood NAMNCs following IL-5 stimulation. (A) 

Representative dot plot of umbilical cord blood, with gating on the NAMNC population (black 

oval). Higher cell densities are red, and lower cell densities are blue. Quadrant gating was 

determined relative to the isotype controls (not shown). (B) Plot displays CD34+ and IL-5Rα+ 

cells within the NAMNC gate; Q1 portrays the CD34 + hematopoietic stem cells, Q2 displays the 

CD34+ IL-5Rα+ cells, and Q3 represents the IL-5Rα+ cells. (C) Plot displays CD34+ and 

CCR3+ NAMNCs; Q5 shows the CD34+ cells; Q6 shows the CD34+ CCR3+ cells; Q7 shows the 

single positive CCR3 expressing cells. (D) Plot displays the CD4+ and CCR3+ NAMNCs; Q9 

displays the CD4+ cells; Q10 shows the CD4+ and CCR3+ cells; Q11 shows the CCR3+ cells.  

A. B. C. D. 
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Figure 10: CD34+, IL-5Rα+, CD4+ and CCR3+ populations in atopic and non-atopic 

umbilical cord blood NAMNCs following IL-5 stimulation. Percentages of cells expressing the 

cell surface molecules were determined relative to the isotype controls. Horizontal bars depict 

mean percent expression value. Vertical bars represent the standard error of the mean. (A) Percent 

expression of CD34+ NAMNCs at 24, 48 and 72 hours post-IL-5 stimulation (P = 0.1, atopic 

versus non-atopic at 0, 24, 48 and 72 hours) (B) Percent of IL-5Rα+ cells in NAMNC population 

over time (P = 1, atopic versus non-atopic at 0 and 72 hours; P = 0.1, atopic versus non-atopic at 

24 hours; P = 0.8248, atopic versus non-atopic at 24 hours). (C) Percent expression of CD4 

receptor in the NAMNC population over time (P = 0.7, atopic versus non-atopic at 0 hour; P = 

0.2, atopic versus non-atopic at 24 and 48 hours; P = 0.1, atopic versus non-atopic at 72 hours 

post-IL-5 stimulation). (D) Percent of CCR3+ cells in NAMNC population over time (P = 8248, 

atopic versus non-atopic at 0; P = 0.3537, atopic versus non-atopic at 24 and 48 hours; P = 

0.1212, atopic versus non-atopic at 72 hours).

A. B. 

C. D. 
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Unexpectedly, an upregulation of IL-5Rα expression at 72 hours was detected (atopic 

mean of 0.081 %; non-atopic mean of 0.068 %). IL-5Rα+ cell numbers were not significantly 

different between atopic and non-atopic groups (P = 1 at 0 and 72 hours; P = 0.1 at 24 hours; P = 

0.825 at 48 hours).  

IL-5Rα was found to be co-expressed with CD34 (data not shown); however, the 

percentage of cells co-expressing CD34 and IL-5Rα was small (range from 0-0.053 %) therefore 

co-expressed molecules were not further analyzed.  

4.4.3 CD4+ cells 

Overall, the percentage of NAMNCs expressing the CD4 receptor increased over time 

following IL-5 stimulation (Figure 10C). Atopic samples showed higher numbers of CD4+ cells 

at 0 hour compared to non-atopic samples (mean of 47.74 %). This increase in cells expressing 

the CD4 surface marker peaked at 72 hours post-IL-5 stimulation (mean at 24 hours of 53.31 %; 

mean at 48 hours of 58.01 %; mean percentage at 72 hours of 59.21 %). The non-atopic samples 

contained 40.18 % CD4+ cells at 0 hour. The number of cells expressing CD4 continued to 

increase at both 24 and 48 hours post-IL-5 stimulation (mean at 24 hours of 42.83 %; mean at 48 

hours of 43.07 %). However, there was a slight decrease in the CD4 receptor expression at 72 

hours (mean of 40.61 %). There were no significant differences between atopic and non-atopic 

samples (P = 0.70 at 0 hour; P = 0.2 at 24 and 48 hours; P = 0.1 at 72 hours). 

4.4.4 CCR3+ cells  

Lastly, CCR3 receptor expression was examined following IL-5 stimulation of cord 

blood NAMNCs. It was found that both atopic and non-atopic samples underwent decreases in 

CCR3+ cells from the 0 hour time point, culminating at 48 hours and followed by a slight 

upregulation at 72 hours (Figure 10D). At 0 hour, atopic and non-atopic samples show a mean of 

0.296 and 0.003 %, respectively. The CCR3 receptor was downregulated at 24 and 48 hours post-
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stimulation in both atopic and non-atopic samples (atopic mean at 24 hours of 0.078 %; non-

atopic mean at 24 hours of 0.001 %; atopic mean at 48 hours of 0.029 %; non-atopic mean of 

0.001 %). Finally, CCR3+ cells increased at 72 hour post-IL-5 stimulation (atopic mean 0.087 %; 

non-atopic mean 0.007 %). There were no significant differences between atopic and non-atopic 

groups over time (P = 0.824 at 0 hour; P = 0.353 at 24 and 48 hours; P = 0.121 at 72 hours). 

Similar to the IL-5Rα, the CCR3 receptor was also co-expressed with both CD34 and 

CD4+ cells; however, the percentage of cells co-expressing either CCR3/CD34 or CCR3/CD4 

was small (data not shown). 

4.5 Cytokine expression 

Supernatants from atopic cord blood samples stimulated with IL-5 displayed  significant 

upregulation in the concentrations of IL-6 and TNF-α at 24, 48 and 72 hours (P<0.05 compared to 

0 hour unstimulated control by repeated measures ANOVA). The concentration of IL-10 was 

significantly increased at 48 hour post-stimulation (P<0.05). Conversely, the concentration of IL-

1β was not significantly different from the 0 hour unstimulated control) (Figure 11).  

The concentration of IL-8, a chemotactic molecule, was significantly increased in 

NAMNCs from atopic samples at all time points (P<0.05 compared to the 0 hour unstimulated 

control) (Figure 12). The concentrations of growth factors IL-7 and GM-CSF are also upregulated 

over time following IL-5 stimulation of NAMNCs. Specifically, there was a significant 

upregulation in the expression of IL-7 at all time points, whereas GM-CSF expression was 

significantly upregulated at 48 and 72 hours post-IL-5 stimulation (P< 0.05, compared to 0 hour 

unstimulated control) (Figure 13). 

In addition, concentration of theTh2 cytokine IL-4 was upregulated in atopic samples 

over time following IL-5 stimulation. This upregulation was significantly different compared to 

the 0 hour unstimulated control (P< 0.05) (Figure 14). Also, the expression levels of the Th1-

related cytokines IFN-γ, IL-2 and IL-12 were upregulated over time. NAMNCs from atopic 
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samples showed a significant upregulation of IL-12 concentration at 72 hours (P< 0.05, compared 

to the 0 hour unstimulated control). IL-12 concentration was significantly upregulated at 24, 48 

and 72 hours (P< 0.05) (Figure 15).  

In NAMNC supernatants from non-atopic participants, there were no significant 

increases in the concentrations of IL-10, IL-1β, IL-6, TNF-α, GM-CSF, IL-4, IFN-γ, or IL-12 

compared to the 0 hour control. Conversely, IL-8 and IL-2 concentrations at 72 hours were 

significantly increased from the unstimulated control (P< 0.05). Likewise, IL-7 concentration was 

significantly upregulated at 24 and 72 hours (P< 0.05 compared to the unstimulated 0 hour 

control). 

When comparing cytokine concentrations in atopic versus non-atopic samples, there were 

no significant differences noted for IL-10, IL-1β, IL-6, TNF-α, IL-8, IL-7, GM-CSF, IL-4, or IL-

12. Interestingly, there was a significant difference in IFN-γ and IL-2 concentrations between 

atopic and non-atopic samples at 48 and 72 hours, respectively (P< 0.05, by Mann-Whitney test) 

(Figure 14). 
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Figure 11: NAMNCs from atopic samples show a significant upregulation in expression of 

IL-10 (A) , IL-6 (C) and TNF-α (D) over time  (P< 0.05, compared to 0 hr unstimulated control 

by repeated measures ANOVA). Non-adherent mononuclear cells (NAMNCs) stimulated with 

IL-5 display an upregulation of the anti-inflammatory cytokine IL-10 (A), as well as the pro-

inflammatory cytokines IL-1β (B), IL-6 (C), and TNF-α (D). Shown are the observed 

concentrations of cytokines (pg/ml) at 0, 24, 48 and 72 hr. Error bars represent the standard error 

of the mean. (*= P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001).NAMNCs from atopic samples show 

significant upregulation in the expression of IL-10 (A), IL-6 (B), and TNF-α (D) over time (P< 

0.05, compared to 0 hour unstimulated control by repeated measures ANOVA.  
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Figure 12: IL-8 concentration is elevated over time. NAMNCs from atopic samples show a 

significant upregulation at all time points, whereas non-atopic samples show significant 

upregulation at 72 hour post-IL-5 stimulation (P< 0.05, compared to 0 hour unstimulated control). 

Shown are the observed concentrations of cytokines (pg/ml). Error bars represent the standard 

error of the mean. (*= P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001). 
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Figure 13: Growth factors, IL-7 (A) and GM-CSF (B) show an upregulation in 

concentration over time following IL-5 stimulation of NAMNCs. Atopic samples show a 

significant upregulation in the expression of IL-7 at all time points, whereas GM-CSF expression 

is significantly upregulated at 48 and 72 hr post-IL-5 stimulation (P< 0.05, compared to 0 hr 

unstimulated control). Shown are the observed concentrations of cytokines (pg/ml) over time. 

Error bars represent the standard error of the mean. (*= P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001). 
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Figure 14: IL-4 concentration is upregulated following IL-5 stimulation in NAMNCs over 

time. Atopic samples are significantly upregulated at 24, 48 and 72 hr post-IL-5 stimulation (P< 

0.05, compared to 0 hr unstimulated control). Shown are the observed concentrations of cytokines 

(pg/ml). Error bars represent the standard error of the mean. (*= P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 

0.001). 
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Figure 15: IFN-γ (A), IL-2 (B) and IL-12 (C) expression is upregulated over time following 

IL-5 stimulation. NAMNCs from atopic samples show a significant upregulation of IL-2 

concentration at 72 hr (P< 0.05, compared to 0 hr unstimulated control). Non-atopic NAMNCs 

show a significant upregulation in the concentration of IL-2 at 72 hr post-IL-5 stimulation (P< 

0.05). IL-12 concentration is significantly upregulated over time (P< 0.05). There is a significant 

difference in IFN-γ and IL-2 concentrations between atopic and non-atopic samples at 48 and 72 

hours, respectively (P< 0.05, by Mann-Whitney test). Shown are the observed concentrations of 

cytokines (pg/ml) over 0, 24, 48 and 72 hr. Error bars represent the standard error of the mean. 

(*= P ≤ 0.05, **= P ≤ 0.01, ***= P ≤ 0.001, #= P<0.05 compared to non-atopic sample group). 
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Chapter 5 

Discussion 

5.1 Evaluation and optimization of primer pairs following MIQE guidelines 

In order to achieve reliable results, we sought to evaluate and optimize the primers 

specific to the genes of interest. The importance of methodological guidelines such as MIQE has 

been previously established (115,116). Specifically, the lack of optimization of essential qPCR 

steps such as sample collection, RNA extraction, and gene normalization can lead to the wrongful 

interpretation of data (116). Therefore, MIQE guidelines were followed to ensure the optimal 

amplification of the GATA1, PRG2 and HPRT1 mRNA transcripts. 

First, RNA extraction, reverse-transcription and qPCR mixes were optimized to 

specifically suit the processing of the cord blood NAMNCs. In addition, a panel of genes was 

evaluated to find the most favorable reference gene for measurement during IL-5 induced 

eosinophilopoiesis.  

Reference genes are commonly used to normalize gene expression for a specific sample 

due to their expression stability under most experimental conditions. However, this is specific to 

cell type and experimental settings (116). Therefore, in order to find an appropriate reference 

gene, its utility must be experimentally validated. Our laboratory recently examined a gene panel 

and concluded that HPRT1 was the most suitable gene to serve as reference gene under the given 

conditions and was thus used as such in this study (unpublished data). 

Another step taken to avoid non-specific amplification was to utilize hydrolysis probes in 

the qPCR reaction. Not only do these probes allow us to specifically detect our genes of interest, 

but they also allow for the multiplexed reaction used simultaneously with other fluorescent dyes 

to detect other genes. These probes are oligonucleotides that bind specifically to target genes of 

interest. During qPCR, the probe binds specifically to the cDNA sequence in the annealing phase. 
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The DNA polymerase extends the bound primers and extends the nascent stand meanwhile the 

polymerases’ exonuclease activity releases the fluorophore thus elimininating the quenching. 

Then, the sequence extension causes an interaction, which is detected as fluorescence. We have 

now successfully optimized the GATA1 and PRG2 primers for measurement by qPCR. 

5.2 GATA1 and PRG2 mRNA expression in IL-5 stimulated NAMNCs 

In this study, we examined the patterns of gene expression of two eosinophilopoiesis-

specific genes to further understand the development and maturation process of hematopoietic 

stem cells. In particular, we sought to compare the patterns of mRNA gene expression in 

umbilical cord blood samples from infants at high and low risk of atopy (based on maternal atopic 

status). We hypothesized that the atopic samples would display varied patterns of gene expression 

of GATA1 and PRG2; however, no significant differences in the patterns of gene expression 

between infants at high versus low risk of atopy were identified. 

The GATA binding protein 1 (GATA1) is an essential transcription factor in the survival, 

development and terminal maturation of eosinophils. (45–48,96,117). GATA1 is part of a 

transcription factor family with highly conserved DNA binding domains (48). Low GATA1 

expression levels activates eosinophil-specific genes, whereas high concentrations repress gene 

expression (118). Specifically, GATA1 coordinates the transcription of eosinophil specific 

granule proteins such as MBP, which is coded by the PRG2 gene (46–48,96,117).  

This study demonstrated a downregulation in GATA1 mRNA expression of cord blood 

NAMNCs following 24, 48 and 72 hours of IL-5 stimulation. The downregulation seen in the 

GATA1 gene is followed by an upregulation in the expression of PRG2 starting at 24 hours post-

IL-5 stimulation. This pattern of gene expression has already been established by Ellis et al in 

which the GATA1 gene expression is downregulated while the PRG2 expression is upregulated as 

eosinophil lineage commitment progresses (45). The decrease in the GATA1 gene expression 

suggests that the transcript has already been translated and it has already served its transcription 
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factor function by activating the gene expression of PRG2. As maturation progresses the GATA1 

protein is no longer produced (47); therefore, the decline in mRNA expression fits with the 

current understanding of eosinophilopoiesis (45,47,48). Our results suggest that upregulation of 

the GATA1 gene occurs earlier than 24 hours. Crawford et al. showed that the GATA1 expression 

is upregulated as early as 6 hours (unpublished data). It would be interesting to examine the gene 

expression of GATA1 prior to the 24 hour mark. Furthermore, other detection techniques which 

measure protein, such as Western blotting or enzyme-linked immunosorbent assay (ELISA) could 

be used to further examine the kinetics of GATA1 expression.   

Our results show an upregulation in the PRG2 gene starting at 24 hours post-IL-5 

stimulation but there are no significant differences between atopic and non-atopic samples. 

Preliminary pilot data (119) had shown differences in the mRNA gene expression of MBP (now 

known as PRG2) between cord blood samples from atopic and non-atopic infants at 48 and 72 

hours post-IL-5 stimulation. In contrast, our study did not find significant differences, perhaps 

due to the reference gene used for the relative expression ratio analysis. MIQE guidelines were 

published a year prior to the pilot study and were not yet widespread. As such, GAPDH and beta-

actin were used as reference genes, but as mentioned above the most suitable reference gene to 

examine gene expression in NAMNCs stimulated by IL-5 is currently HPRT1. The use of 

appropriate reference gene is essential for the relative expression ratio calculation in qPCR 

reactions.  

The gene PRG2 codes for MBP which is a cationic granule protein specific to 

differentiated eosinophils and secreted once eosinophils are activated (50,51,120). In mice, the 

expression of the MBP protein is necessary for eosinophilopoiesis. In fact, a loss of MBP causes a 

loss of eosinophil lineage-committed progenitors, suggesting that MBP has a role as a 

eosinophilopoiesis regulator (51). Furthermore, MBP is not detected by immunostaining in 

freshly purified CD34+ cells but it is detected at the protein level from day 16 and 28 of 
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eosinophil maturation (121). Through the binding of soluble IL-5 to its receptor IL-5Rα, it is 

expected that PRG2 expression will increase over time and eventually decrease as maturation into 

eosinophils progresses and the MBP protein is sequestered into granules (47,120,122).  

Although GATA1 and PRG2 genes are important to the eosinophil lineage commitment, 

there were no differences in the cord blood of infants born to atopic versus those born to non-

atopic mothers. Further research is needed to better understand the underlying mechanisms of 

eosinophil development through genes that are specific to this lineage.  

5.3 CD34, IL-5R, CD4 and CCR3 expression in umbilical cord blood NAMNCs 

It has been shown that hematopoietic CD34+ progenitor cells found in the umbilical cord 

blood of infants at high risk of atopy differ in their phenotypic features. Particularly, these 

differences are found in receptor expression on the surface of these progenitors, including IL-3R, 

GM-CSFR, CCR3 and IL-5Rα (42,43,52). In fact, these phenotypic changes have been linked to 

clinical outcomes such as wheezing and fever (43). These differences persuaded us to examine 

pro-inflammatory receptor expression on the surface of cord blood NAMNCs following IL-5 

stimulation. We sought to examine CD34+ hematopoietic stem cell receptor surface expression 

variation between infants with and without attributable risk of atopy determined by the maternal 

atopic status. We hypothesized that the percentage of CD34+ cells would be reduced in the cord 

blood of infants at high atopic risk.  

CD34 is a glycoprotein found on the surface of hematopoietic stem cells, which is lost 

once the cells become differentiated (39,52,53). The CD34+ mRNA transcription in cord blood 

cells decreases after 6 days and it completely ceases by 18 days (118). Studies examining the 

quantity of CD34+ cells have found a reduced number of CD34+ HSCs in the cord blood of 

atopic infants, thus rendering them more immature in nature (43). It has been previously 

demonstrated that umbilical cord blood NAMNCs can serve as surrogates for the smaller CD34+ 

progenitor population in random umbilical cord blood samples (45). Unfortunately, the 
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enrichment of cord blood CD34+ cells depletes the number of mononuclear cells in precious 

umbilical cord blood samples. The results herein reflect and reiterate the use of NAMNCs as 

surrogates of CD34+ cells, as no CD34+ enrichment was used in our protocol and CD34+ cell 

numbers were measured from the total NAMNC population. This study found no significant 

differences in the CD34+ cell numbers in NAMNCs of infants at high and low risk of atopy. 

Perhaps, it would be more suitable to also explore the CD34+ at the mRNA level to compare 

expression levels between atopic and non-atopic samples.  

We also considered the expression of IL-5Rα, which is unique to eosinophils and it 

specifically binds to soluble IL-5 (91,92,98,118). IL-5 is a key cytokine in eosinophil 

development, activation and survival. This cytokine acts by binding to the IL-5R which is 

comprised of an α and β chain (92,123). The β chain is common to IL-5R, IL-3 and GM-CSF. 

Therefore, we were interested in the eosinophil-specific IL-5Rα. Mature eosinophils show an 

increase in IL-5Rα expression (42,123). However, it has been previously shown that cord blood 

CD34+ cells from infants who develop ARI display a downregulation in the cells expressing IL-

5Rα (43). Thus, it was hypothesized that the percentage of IL-5Rα+ cells would be decreased in 

the cord blood of infants at high atopic risk. 

We found that there was very low surface expression of IL-5Rα following IL-5 

stimulation. While these results may initially seem counterintuitive, they are consistent with the 

current literature. It has been shown that IL-5R is downregulated when exposed to soluble IL-5 in 

a negative feedback loop relationship, in which increased levels of IL-5 cause the downregulation 

of the receptor expression (44,123). In fact, the downregulation in IL-5Rα mRNA expression is 

dose dependent and can occur as early as 2 hours following IL-5 stimulation (123).  

IL-5Rα is expressed in two different isoforms: Transmembrane and soluble (92,123). 

When stimulated with IL-5, the mRNA transcripts for the soluble and transmembrane forms are 

interchangeable in their expression, meaning that the expression of the transmembrane isoform is 
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downregulated, whereas the soluble isoform expression increases over time (45,124). Liu et al 

proposed that the transmembrane to soluble IL-5Rα switch is due in part to proteolytic cleavage 

which in turn releases the soluble IL-5Rα (124). Hence, the low quantity of surface IL-5Rα may 

be due to the soluble isoform secretion and binding the anti-IL-5 antibody. In addition, the levels 

of serum soluble IL-5Rα have been associated with the development of late onset eczema by age 

5 (125). Hence, it may be more accurate to measure the levels of both IL-5Rα isoforms in order 

to acquire a more complete picture of the IL-5R in infants with high risk of atopic disease 

development.  

We also explored the expression of CD4 on the surface of NAMNCs. CD4 is a 

transmembrane glycoprotein present in the surface of thymocytes, T-helper cells, NKT cells and 

monocytes/macrophages (55). Upon presentation of an allergen, activated CD4+ cells can 

become Th17, Tregs, Th1 or Th2 (1,110,111). Th17 cells are a subpopulation of highly 

inflammatory T cells involved in autoimmune diseases. These T cell differentiate in the presence 

of IL-1β, IL-6 and IL-23 and upon stimulation can secrete IL-17 and IL-22, which are known to 

recruit and activate neutrophils and macrophages and increase microbial barrier functions 

(118,126). Tregs are a distinct subpopulation of T cells that suppress immune activation by 

secreting TGF-β and IL-10. TGF-β prevents the polarization of Th1 and Th2 cells so it is required 

in the polarization of both Th17 and Tregs. In the setting of an allergic response, CD4+ T cells 

are activated and acquired the Th2 phenotype to produce IL-4, IL-5 and IL-13, which are 

necessary for the IgE secretion by B cells. Therefore, CD4+ helper T cells are essential in pro-

inflammatory responses, particularly antigen-driven responses. Cord blood CD4+ T cells with 

decreased secretion of IFN-γ have been associated with the development of atopic dermatitis 

within 2 years of age (111). With this in mind, it was hypothesized that there would be a higher 

percentage of CD4+ cells in the cord blood of infants at high atopic risk versus low atopic risk. 

Our results show CD4+ cells increasing during IL-5 stimulation, however there are no differences 
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between atopic and non-atopic samples. This upregulation in the CD4+ expression could be due 

to the stimulation with IL-5. Additionally, atopic dermatitis has been linked to an increased 

number of naïve CD4+ T cells (127). CD4+ and CD8+ T cells have been involved in the in vivo 

regulation of eosinophil differentiation in the bone marrow following allergen stimulation (99). 

Interestingly, cord blood CD4+ T cells have been shown to have reduced effector cell function 

compared to adult and older children (128). Although no differences were found in the number of 

cord blood CD4+ cells, it may be best to examine functional variances in T cells of infants at high 

atopic risk instead.  

Finally, we investigated the expression of CCR3 in NAMNCs stimulated with IL-5. 

CCR3 is the eotaxin receptor expressed at high levels in the surface of eosinophils as well as Th2 

helper T cells and mast cells (118). CCR3 can also be found on the surface of CD34+ progenitor 

cells and through the binding of eotaxin leads to the transport and migration of these progenitors 

from the bone marrow (129,130). It was therefore hypothesized that there would be higher 

proportions of CCR3+ cells in the cord blood of infants born to atopic mothers.  

It has been shown that peripheral eosinophil progenitors stimulated with IL-5 display an 

upregulation in the CCR3 receptor within 3 to 7 days of differentiation (131). This upregulation is 

due to the effects of the GATA1 transcription factor transactivating  the expression of the CCR3 

gene (132). We found that CCR3 expression is much lower than expected in infants born to 

atopic and non-atopic mothers. This could be due to the concentration of IL-5 used for 

stimulation. Lamkhioued et al found a higher percentage of CCR3+ cells but their group 

maintained the cord blood CD34+ purified cells in media containing IL-5 at 20 ng/ml, whereas 

our study maintained a final IL-5 concentration of 1 ng/ml (130). Therefore, the concentration 

used in our study causes eosinophilopoisis (43–45) but may not elicit the increases in CD34+ 

CCR3+ cell numbers previously reported by Lamkhioued et al. Perhaps it would be more 

appropriate to measure CCR3 activity through mRNA rather than receptor expression. CCR3 
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mRNA has been measured as an indicator of its expression as it is mainly regulated at the 

transcriptional level (51).  

In summary, we did not find any differences in the percentage of cells expressing CD34, 

IL-5Rα, CD4, and CCR3 between infants at high and low atopic risk. However, this could be due 

to the stimulation protocol, measurement procedure, or modest sample size. It is important to 

continue to explore the phenotypic variations in the umbilical cord blood cells from infants with a 

heightened risk of developing atopic diseases.  

5.4 Cytokine expression profiles 

Atopy is characterized by an overall cytokine bias towards a Th2 profile. This skewed 

milieu is due to a dysregulated Th1/Th2 ratio (32,59,60,111). Therefore, we hypothesized that the 

cytokine profiles in cord blood samples from infants born to atopic mothers would tilt toward a 

Th2 profile. We measured the cytokine levels in NAMNC supernatants following IL-5 

stimulation over a period of 72 hours.  

The secretion of IL-8 has been related to infants who develop wheezing compared to 

healthy infants (113). In addition, pro-inflammatory cytokines IL-1β, and  IL-6 are increased in 

cord blood MNC from infants who develop wheezing at 2 years of age (113). Although not 

statistically significant, our results also demonstrate this trend as atopic samples displayed higher 

levels of these three cytokines.  

IL-4 can cause the induction of Th2 responses in an autocrine manner (55). As expected, 

IL-4 expression was upregulated over the 72 hour IL-5 stimulation. The IL-5 cytokine can 

activate T cells to develop a Th2 profile. In the case of our NAMNCs, IL-5 was added to cause 

eosinophilopoiesis. Other groups have found very low levels of IL-4 which have been linked to a 

delay in maturation causing low levels of secretion at birth (133). In our study, we report an 

upregulation in the IL-4 levels following IL-5 stimulation but these levels were not significantly 

different between atopic and non-atopic samples.   
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The expression of the regulatory cytokine IL-10 increases more during IL-5 stimulation 

in the atopic samples compared to non-atopic samples after 24 hours post-stimulation. However, 

these differences were not significant between atopic and non-atopic samples. It has been shown 

that reduced IL-10 secretion by cord blood mononuclear cells is related to future development of 

egg allergy, and that these IL-10 levels can be measured even with lack of stimulation (60).  

It has been previously demonstrated that T cells secrete reduced levels of Th1 cytokines, 

such as IFN-γ and IL-2, in cord blood from infants with a family history of atopy who 

subsequently develop allergic disease (79). Stemming from these findings, we hypothesized that 

Th1 cytokine levels would be lower in infants with attributable risk of atopy. Therefore, we 

examined the expression of Th1 cytokines in NAMNC supernatants stimulated with IL-5. 

Remarkably, IL-12 levels increased over 72 hours. IL-12 acts as an antagonist for Th2 cytokines 

such as IL-5. This IL-12 increase could due to an overcompensation to counteract the heightened 

IL-5 levels in the culture media. It has been previously shown that allergen-stimulated cord blood 

mononuclear cells from non-atopic children display high numbers of IL-12 producing cells 

compared to atopic samples (79).  

There were low levels of IL-2 in both atopic and non-atopic samples prior to 48 hours. 

Interestingly, there was a significant increase in IL-2 levels at 72 hours in the atopic samples 

compared to non-atopic samples. This change was unexpected, as IL-5 acts as an antagonist as 

well (134). It has been shown that low IL-2 levels at 9 months of age are associated with positive 

parental SPTs (134).  

Over all, IFN-γ values were low even after IL-5 stimulation. These low levels of IFN-γ 

are expected as the Th2 cytokine IL-5 is an antagonist for IFN-γ. There was a significant 

upregulation at 48 hours in the atopic samples, but these results should be interpreted with 

caution, as the increased average could primarily be due to an outlier at this time point. 

Spontaneous IFN-γ secretion is lower than the Th2 cytokines, such as IL-4, IL-5, IL-10 and TGF-
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β (60). Amongst the most variable issues in cytokine secretion measurement are the stimulation 

and handling protocols. As Hagendorens et a.l determined, even the time of cord blood 

procurement affects cytokine secretion. When cord blood stimulation was postponed there was a 

substantial decrease in cytokine secretion compared to samples that were immediately processed 

and stimulated (133).  

Another possible reason for the discrepancy between studies is the use of various kinds of 

allergenic and mitogenic stimulation. Several studies have shown that there are reduced quantity 

of cells producing IFN-γ and therefore lower levels detected in the umbilical cord blood of infants 

with family history of atopy who later develop atopic diseases (24,79,110,111). However, these 

studies used specific allergens and/or LPS to elicit cord blood MNCs responses which would 

have triggered different pathways (59,60). It has also been shown that cord blood mononuclear 

cells stimulated with PHA, cow’s milk and bovine serum albumin (BSA) actually cause reduced 

Th2 cytokine levels in atopic samples (60).   

In the present study, we focused on eosinophil progenitor-specific changes over time by 

using IL-5 stimulation to induce differentiation. It is known that IL-5 levels are higher in atopic 

individuals. Particularly, the presence of IL-5Rα in primitive CD34+ eosinophil progenitors 

suggests that IL-5 binding is essential for very early hematopoietic events (98,124,135). For this 

reason, using IL-5 stimulation may be more clinically relevant in the investigation of 

eosinophilopoiesis. 

Allergic disorders have been associated with abnormal patterns of cytokine levels. This 

has prompted research attempting to determine the patterns of imbalance related to the atopic 

phenotype. To our knowledge, no other studies have examined the cytokine levels during IL-5 

induced eosinophilopoiesis in cord blood NAMNC supernatants. In future research, it will be 

necessary to increase our sample size as only 16 samples were examined.  
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There are certain limitations to the interpretation of our findings. In the absence of 

follow-up appointments with the infants, we cannot positively predict the development of future 

atopic disorders confidently. This is presently being pursued by other members of our lab. In 

addition, the sample size is particularly small in the flow cytometry experiment measuring surface 

receptors.  

5.5 Conclusion 

In conclusion, there were no significant differences in the expression of 

eosinophilopoiesis-specific GATA1 and PRG2, nor were there differences in the receptor 

expression on the surface of cord blood NAMNCs from infants at high versus low atopic risk. 

Nevertheless, these results provide unique information on time-dependent changes during 

eosinophilopoiesis in umbilical cord blood. As such, this study enhances the knowledge of 

eosinophil development in an IL-5 induced model.  

Until now, no study had examined the effect of IL-5 on cytokine production of 

NAMNCs. These results provide the first cytokine profile of atopic and non-atopic sample 

supernatants during eosinophilopoiesis, and complementing the repertoire of literature attempting 

to establish precise patterns of dysregulation in samples of infants at risk of future allergic disease 

development.  

Given the increasing prevalence of atopic diseases, the determination of specific 

predictive molecular biomarkers such as gene expression patterns, phenotype variances and 

cytokine profiles would not only allow for the development of diagnostic tools for atopy but also 

provide insight into the intrinsic variations in infants at high risk of future atopic disease 

development. Therefore, the research discussed herein provides a better understanding of the 

implications behind the dysregulation of fetal immune system development. 

Ultimately, we sought to expand potential contributors to a diagnostic tool for future 

atopic disease development. However, this will require a more extensive understanding of the 
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phenotype of molecular biomarkers present in the umbilical cord blood of newborns with a 

known atopic risk. 

5.6 Future directions 

The most important next step is to follow up with the infants to determine if any have 

developed atopic disorders. This study examined infants at risk of atopy based on maternal skin 

test results  and not clinically-defined allergic conditions in the child. Therefore, it would be 

important to examine the progression of any affected infants on an annual basis, and compare 

them to gender and age matched controls. It would also be helpful to examine the peripheral 

blood of the participants throughout their infancy. 

Additionally, we need to increase the sample size as some of our experiments 

unfortunately only included a limited number of participants. In particular, it is imperative to 

include more samples to the cytokine profile and the flow cytometric analysis. 

We plan to continue to measure the biomarkers of interest using other techniques to 

complement the eosinophilopoiesis knowledge. In particular, it would be interesting to explore 

the GATA1 and PRG2 at a protein level using such techniques as Western blot, ELISA and 

immunostaining. It would also be useful to study the surface receptors at gene levels, using qPCR 

in order to accurately measure time-dependent changes in CD34, CD4, IL-5Rα and CCR3 

expression during IL-5-induced eosinophilopoiesis.  

Finally, it would be interesting to examine all predictive tests together in an all-

encompassing diagnostic algorithm as opposed to looking at each biomarker in isolation. This is 

being currently pursued by our collaborators at McMaster University.  
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